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MACHINE LEARNING METHODS APPLICATION
FOR SOLVING THE PROBLEM OF BIOLOGICAL DATA ANALYSIS

According to statistics, every fifth married couple is faced with the inability to conceive a child. Male germ cells are very
vulnerable, and the growing number of cases of male infertility confirms that in today's world there are many factors that
affect the activity of spermatozoa and their number. But the important thing is not so much their quantity, but quality. The
spermogram is an objective method of laboratory diagnosis, which allows to accurately assess the man’s ability to fertilize
by analyzing ejaculate for a number of key parameters. Only a spermogram can answer the question of a possible male
infertility and the presence of urological diseases. When constructing spermograms, it is important to determine not only
the number of good spermatozoa, but also their morphology and mobility. Therefore, research and improvement of some
stages of spermogramm is the purpose of the study. This article addresses the problem of classification of spermatozoa in
good and bad ones, taking into account their mobility and morphology, using methods of machine learning. In order to
implement the first stage of machine learning (with a teacher) in the graphic editor, educational specimens (training
sample) were created. The training was implemented by three methods: the method of support vector machine, the logistic
regression and the method of K - the nearest neighbors. As a result of testing, the method K - the nearest neighbors is
chosen. At the testing stage, a sample of 15 different spermatozoa was used in different variations of rotation around their
axis. The test sample did not contain specimens from the training sample and was formed taking into account the
morphological characteristics of the spermatozoa, but did not copy them from the training sample. At the final stage of
study, the program's functioning was tested on real data.

Keywords: machine learning; spermogram; morphology; mobility; pattern recognition; binary classification; method K—

the nearest neighbors.

Introduction

Male and female infertility is a problem that is
relevant all over the world. According to statistics,
every fifth married couple is faced with the inability to
conceive a child. Male germ cells are very vulnerable,
and the growing number of cases of male infertility
confirms that in the modern world there are many
factors that affect both the activity of spermatozoa and
their number [1, 4]. But when fertilizing the ovule, not
only the quantity and mobility of the spermatozoa, but
also their morphology, that is, the appearance, is of
paramount importance. Only the spermatozoa with
normal shape move in a straightforward manner with
the required speed and can give birth to a new life.
Different anomalies of the body and tail of spermatozoa
reduce the chances of conceiving naturally.

Statement of the problem

It is precisely to assess the quality of biological
data that the spermogram exists. The applied form of
spermogram is based on the standards of the World
Health Organization. The document contains the
following graphs listing the main parameters that are
evaluated during the analysis: the volume of the
ejaculate; acid-base balance; definition of spermatozoa
antibodies; leukocytes; concentration of spermatozoa;
total spermatozoa count; mobility; morphology; share of
live spermatozoa.

Some other physical and chemical properties are
also studied: appearance, hue, viscosity, speed of self-

expansion. Sharp deviations from normal values indicate
a pathology that reduces or completely eliminates
reproductive function. And if most of the parameters can
be estimated without the use of an ECM, only with
chemical reagents, others, such as concentration and
quantity - are evaluated using a special device -
hemocytometer, then the latter can be improved with the
help of special equipment and software.

Currently, there are only a few systems for the
recognition and testing of spermatozoa, but all of them
are based on the CASA (Computer Assisted Sperm
Analysis) [8, 9]. Let’s consider the two most common:
IVF 1 and SCA.

The essence of the IVF 1 system is as follows.
When computer analysis of sperm, the computer
identifies and tracks every sample that is observed in the
microscopic field. For a fraction of a second the path
through which the sperm passed can be traced, and
many different parameters can then be calculated with a
high degree of accuracy. Fig. 1 shows the functionning
of the IVF system 1: shaky lines are the path of
individual spermatozoa. The dots mark the non-moving
spermatozoa.

But this computer system for determining
morphology is only at the testing stage and can conduct
research only on the basis of Kruger's criterion [2, 3].

SCA The SCA® CASA system for sperm analysis
(Fig. 2) allows for accurate, repeat and automatic
evaluation of the following sperm parameters: mobility,
concentration, morphology, DNA fragmentation,
viability and acrosomal response.

© Akhiiezer O., Dunaievska O., Serdiuk 1., Spivak S., 2018
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Fig. 1. The functionning of the IVF system 1
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Fig. 2. The functionning of the SCA system
for the evaluation of morphology

Spermatozoa are registered as normal or abnormal,
according to established criteria: W.H.O., Strict Kruger-
Tygerberg, David modified, adaptive or individual. At
the same time, the system evaluates the size of the
acrosomes, the head, the middle, the tail and the

presence of vacuoles. However, the analysis of
biological materials using this system is very costly and
not always fast.

The classification of spermatozoa in the normal
and pathological forms by methods of machine learning,
the allocation of their morphological features, the
determination of the trajectory of motion and the
calculation of distribution density will undoubtedly help
scientists and biologists to improve and facilitate the
research methods and improve the accuracy of the
calculation for the compilation of spermogram.
Therefore, there is a need to develop a system for
analyzing biological data, which, on the one hand,
would work in real time, and on the other hand, its
operation would not lead to large financial costs.

Solving the problem

Taking into account the above-mentioned, it was
decided to solve the problem of mobility by means of
computer vision, and the problem of the establishment
of morphological deviations - by means of machine
learning [6, 7].

In order to determine how the spermatozoa look in
the norm, it is necessary to correlate them with certain
diagnostic criteria [5]. Normal spermatozoon consists of
an oval head and a long, curved tail. Abnormal forms
are characterized by very large or, conversely, small
heads, double tails, irregular head shape, and others.

Initially, the input data were screenshots from a
real video provided by the biological center, obtained
using a microscope. Since there is a plurality of
biological objects present on the video, and a single
specimen is required for the training sample, each
spermatozoon has been allocated with the additionally
developed application (Fig. 3) and the resulting image
was converted into binary format: black and white.

Fig. 3. Application for selecting individual objects

Since each instance has a different contrast level
compared to the background, a single threshold value
was selected. As a result, the data was not suitable for
analysis and training, since they looked completely
different from the original frames (Fig. 4).

LAESCEEP

Fig. 4. Initial data with a dimension of 72 by 72 pixels
for the training sample
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The figure shows that the data obtained are
unsatisfactory  for  processing,  analysis  and
classification. Based on this, it was decided to form
perfect, close to real data in order to carry out a learning
process on them and to see if further research is
appropriate. Acquainted with the morphology and
peculiarities of real spermatozoa, educational specimes
were created in the graphic editor.

At the first stage of machine learning, a normal
spermatozoon is considered as a reference, and a double
one - as a defect, since it is this group that has the most
pronounced deviations for analysis. The data were 1
normal and 2 bad spermatozoa (two tails and two
heads), each of which was turned around its axis in a
cycle with an increase of 1 degree (Fig. 5).

NE=FH
e o I B B
o~ e AN

Fig. 5. Initial view of the data
of the study sample (1077 pieces)

The data were received by the program, not as an
image, but were presented as a code (Fig. 6).

[CO0O0D000000002552552552550000
0000000000

000000000000 2552552552550000
00000 000D0DD]

Fig. 6. Software representation of images

Since the classification problem is solved, and
given the nature of the data for training, we will
consider three methods of machine learning: support
vector machine (SVM), logistic regression (LR) and K-
the nearest neighbors (KNN).

The functionning of the selected three methods has
been tested on the training sample. It turned out that the
method K - the nearest neighbors works better than others
and has a sufficiently high speed of training. The results
of the three teaching methods are shown in Fig. 7-9.

Fig. 7. The result of the program using the KNN method

Fig. 8. The result of the program using the SVM method

Fig. 9. The result of the program using the LR method

At the second stage of machine learning a sample
for further study was formed. Each specimen of the data
for the training sample was placed on a large black
coordinate plane measuring 100 by 100 pixels at its various
points. In total 34560 elements of the training sample
were received (Fig. 10). Since the spermatozoa were
stored in blocks (good-bad-bad), the first 11520 pieces
were labeled as good, and the remaining (2/3) were bad.

/
2 AN o

Fig. 10. The final version of the training sample

For testing, a sample of 15 different spermatozoa
was used in different variations of rotation around their
axis. The test sample did not contain copies from the
training one and was formed taking into account the
morphological characteristics of the spermatozoa, but
did not copy them from the training sample (Fig. 11).

RN e P
YN e
XA

Fig. 11. Test sample measuring 30 by 30 pixels
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Next, three spermatozoa were randomly selected
(1 good and 2 bad) and were placed on a black
background with the dimension of 720 by 720 pixels.
On this background, the samples also rotated around
their axis and also directly moved around the
background in different directions on a certain
trajectory. The video was artificially added to the
rubbish of three types of different sizes and shapes.

The final picture for the testing was as follows:
one good and two bad spermatozoa with a different
angle of rotation and in different points on the
coordinate plane moved in a random direction with a
certain speed. Artifacts simulating biodegradable
garbage in the amount of 9 pieces, three of each type,
also at different random points on the coordinate plane
(Fig. 12).

Fig. 12. A screenshot of the video that served
as a platform for testing

The result of the program functionning on
artificially simulated data using the KNN algorithm is
presented in Fig. 13.

In the figure we can see that the main task of
recognizing biological images is realized: the
spermatozoon is framed with the help of the framework
of the corresponding color. White, if it meets the
necessary requirements and is recognized as good or
otherwise, it is placed in the frame of grey color, which
corresponds to its unsuitability for further biological
tasks. Above the appropriate object is the inscription
"good", which corresponds to a good specimen and
"bad". For each of the spermatozoa the head is defined
and it stands out in dot, and if the object has two heads,
then each one stands out in its circle. The trajectory of
the spermatozoa movement is represented by a white
line, which originates from the center of the head. The
distance traveled is always written under the object, it is
calculated from the starting point of motion. In the
upper right corner, the counter counts all spermatozoa
on the plane and records these values in two categories:
good and bad. Artifacts are not affected, but simply
ignored as an object that does not carry any useful
information.

Fig. 13. The result of the program with the KNN method

At the final stage of the training the program was
tested on real data. In Fig. 14 shows the work and
results of the program on one of the real-time live stop-
frame.

@

Fig. 14. Representation of the full functionality
of the program on real data

Analyzing the results of the program, we can make
a number of certain conclusions. The program shows
good results for all the initial requirements for both
artificially simulated data and real data that were
provided by the biological center.

Conclusions

The task of displaying the trajectory, analysis of
the traversed path for each individual sample is fully
executed on both types of data, as well as the allocation
of the head. Artifacts are not taken into consideration in
both cases, the calculation of all biological objects is
also successfully performed, which in the future will
allow finding the concentration of spermatozoa for
spermogram. As for the differences, on the real data we
partly managed to morphologically allocate tails. On
artificially modeled, we managed to achieve the
classification of biological objects in normal and
defective, although the study was conducted on the most
notable morphological pathologies.
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3acTocyBaHHsI METOAiB MALUIMHHOI0 HABYAHHS
IJ1sl BUPilIeHHs 3a/1a4i aHaJIi3y 0ioJI0riYHMX JaHUX

0. b. Axiesep, O. I. [lynaesceka, 1. B. Cepatok, C. B. CniBak

3a CTaTHCTHKOIO, KOXKHA I'ATa MOAPYXKHS Mapa CTUKAETHCS 3 HEMOXIIMBICTIO 3a4arTs AMTHHU. HouoBiui craTeBi KIITHHU
JIy’Ke Bpa3JIUBi, 3pOCTal04e YKCIIO BUMAIKIB YOJIOBIUOro O€3ILTi UL i ATBEPIDKYE, 110 B Cy4aCHOMY CBITi [JyXe 6araTto YMHHUKIB,
SIKI BIUTUBAIOTH 1 HA aKTHBHICTH CHEPMAaTO30I/iB 1 Ha IX KUIBKICTh. Ta Ba)XKIHMBOIO € HE CTUIBKM IX KUIBKICTB, CKUIBKHU SIKICTb.
Crniepmorpama € 00'€KTHBHUM METOJIOM J1ab0paTOpHOI JIIarHOCTHKH, IO J03BOJISIE MAKCUMAaIBHO TOYHO OLIHHUTH 3/aTHICTH 10
3aIUTITHCHHS YOJIOBiKa, NPOaHANi3yBaBIIM EAKYJIAT 33 PsJOM HalBaXIMBILIMX mHapaMerpiB. TUIbkKM crepMorpama 3JaTHa
BIINMOBICTM HAa MNMTaHHSA PO MOXIIMBE YOJOBide OE3IUIJUIA Ta HPO HAABHICTb YPOJOriYHMX 3aXBOpIOBaHb. [Ipum moOynoBi
CIepMOrpaMy, BaXJIMBO BU3HAYaTH HE TUJIBKU KUIBKICTh IOOPHX CIIEpMAaTo30iliB, ane ¥ ix Mopdonorito Ta pyxiausicts. Tomy
JIOCHI/KEHHS Ta BJIOCKOHAJICHHS AESKHMX €TalliB CIIEPMOrPaMH i € METOI0 JIOCHIDKeHHs. Y JaHiil cTarTi BUPIIIYeThCs 3ajada
Kinacudikamii crnepmaro3oiniB Ha 100pi Ta MoraHi, 3 ypaxyBaHHAM IX PyXJIMBOCTI Ta MOpQOIOrii, i3 3aCTOCYBaHHSAM METOJIB
MAlIMHHOIO HaBuaHHA. [ peani3awii mepiioro eramy MAaIllMHHOIO HAaBYaHHA (3 BUMTENeM) Yy rpadiuHOMy penakTopi Oymu
CTBOpEHI HaBYAJbHI €K3eMIULIpH (TpeHyBajbHA BHOiIpKa). HaBuanHs Oyio peamizoBaHa TpbOMa METOJAMH: METOJOM OIIOPHUX
BEKTOpiB, JorictudyHa perpecis ta meron K — HaiiGmmxuux cycimiB. 3a pesynpTaTamu TecTyBaHHA oOpaHo Merox K —
HalOmmwkunx cycigis. Ha erani TecTyBaHHS BHKOpPHUCTOBYBajacst BHOipka 3 15 pi3HHX CIEpMaTo30ifiB B pi3HHX Bapialisx
obepraHHsA HaBKONO CBO€l oci. TecroBa BuOipka He MICTHJIA NPUMIPHUKIB 3 TpeHyBaibHOI BMOipku i Oymaa cdopmoBana 3
ypaxyBaHHAM MOpPQOJIOriYHUX OCOONMBOCTEH CIIEpMaTo30iliB, aje He KomiroBana ix 3 TpeHyBaibHOi BHOipku. Ha
3aBeplIaIbHOMY €Talll HaBuaHHsA poOOTY Hporpamu 0yJI0 IPOTECTOBAHO HA PEaIbHUX JaHUX.

Knaro4doBi cioBa: MamMHHE HaBuaHHSA; criepMorpaMa; MopQoIoris; pyXJuBiCTb; po3mi3HaBaHHA o0pas3iB; OiHapHa
kiacuikaris; Mmerox K-HalOmmKaux cyciis.

IIpumeHeHue METOA0B MAILIMHHOIO 00y4eHuUst
IJISl pellieHHs] 321249 AaHAJIM3a OHOJIOrMYeCKUX AAHHBIX

E. b. Axuesep, O. U. [lynaesckas, 1. B. Cepatok, C. B. CniuBak

IMo craTucTuke, KaXkiast MATas CYNpYyXKecKas napa CTAIKUBACTCs C HEBO3MOXKHOCTBIO 3a4aTust pebeHka. MyXKcKHe M0JIOBbIC
KJIETKH OYEHb YSI3BUMBI, PACTYILEE YHCIIO CIIy4aeB MYKCKOr0 OECIUIONNS IOATBEPKIAET, YTO B COBPEMEHHOM MUPE O4Y€Hb MHOT'O
(baKkTOpOB, KOTOpPBIE BIMAIOT M Ha aKTUBHOCTb CIIEPMATO30MIOB M HAa MX KOJUYECTBO. I BaXKHO HE CTOJIBKO MX KOJIHMYECTBO,
CKOJIbKO KadecTBO. CriepMorpamma sIBISeTcs OOBEKTHBHBIM METOIOM Ja0OpPaTOPHOM JIMarHOCTHKH, 4YTO MO3BOJSET
MaKCHMaJIbHO TOYHO OLIEHHTb CIIOCOOHOCTH K OIUIOZOTBOPEHHIO UEJIOBEKa, NPOAHAIU3UPOBAB AAKYIAT 10 Psly BaKHEHIIMX
napameTpoB. Tolbko crepMorpaMma CrocoOHa OTBETHTh Ha BOIPOC O BO3MOXKHOM MY)KCKOM O€CIUIOAMHM U O HaJIUYHU
yponoruueckux 3aboneBaHuid. IIpu NOCTPOCHMM CIIEpMOrpaMMbl, BaXKHO OIPEAEINATh HE TOJNBKO KOJIMYECTBO XOPOLIMX
CIIEPMAaTO30HMI0B, HO U UX MOP(OIOru0 U MOIBHKHOCTb. [109TOMY HCCIE€I0BaHUS U COBEPLICHCTBOBAHUS HEKOTOPBIX 3TalloB
CIIEpMOrpaMMBbl U SIBJISETCS LEbIO MCCeloBaHus. B janHOll craThe pemiaercs 3ajaya KilaccM(UKAlUM CIIEPMATO30MIIOB HA
J00pbple M IUIOXHE, C y4eTOM HUX IOJBMXXHOCTH M MOP()OJIOrHH, ¢ NPUMEHEHMEM METOJOB MAIIMHHOro oOydenus. s
peanu3alyy IEpBOro 3Tala MallMHHOro oOydeHus (¢ ydurenem) B rpaduyeckoM peNakTope ObLIM CO3JaHbl ydeOHbIE
9K3EMIUIAPB (TPEeHUPOBOYHAsl BbIOOpKa). OOydeHHe OBbLIO peann30BaHa TPEMS METONAMH: METOIOM OIIOPHBIX BEKTOPOB,
norucrudeckast perpeccust 1 Merox K - Gmmxaiimmx coceneil. ITo pesynpraraM TectupoBanus BeiOpaH Meton K - Ommxaiimmx
cocezieil. Ha srame TecTMpoBaHMS HCIONB30BaJach BBIOOPKA M3 15 pasIMUHBIX CIIEPMATO30MIOB B PA3IMYHBIX BapHALUAX
BpallleHuss BOKpyr cBoei ocu. TecroBas BBIOOpPKAa He cozpep)kalla 3K3eMIULIPOB C TPEHUPOBOYHOW BBIOOPKHM U Oblia
copmupoBana ¢ ydeToM MOP(HOIOrMYECKUX OCOOEHHOCTEH CIIEpMaTO30MI0B, HO HE KONMPOBAJa HX C TPEHHPOBOUHOM
BbIOOpKHU. Ha 3aBepiaromem srane o0ydeHust pabore nNporpaMmsl ObUIM HPOTECTHPOBAHbI HA PEabHbIX JaHHBIX.

KawueBpie ciaoBa: MallMHHOE OOydeHMe; criepMorpaMma; Mopdonorus; NoABMKHOCTB; PAaclo3HaBaHUE OOpPa30B;
6unapHas kinaccudukaims; meron K-Ommkaiinmx coceneit.
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ADAPTIVE ALGORITHMS OF FACE DETECTION AND EFFECTIVENESS
ASSESSMENT OF THEIR USE

Subject of research is the detection and recognition of faces. The purpose of this work is creation of modified algorithms
of face detection, which are providing automatic brightness stabilization of the analyzed image regardless of brightness
level. A technique is proposed for assessing the effectiveness of their work in comparison with the classical algorithm.
Research methods. We will dwell in more detail on the first part of the problem — face detection and recognition. In the
meantime, the most popular method used for searching the face area on an image is the Viola-Jones method, which is
popular because of its known high speed and efficiency. It is based on an integral image representation, on the method of
constructing classifiers based on adaptive boosting algorithm (AdaBoost) and on the combination classifiers in cascade
structure method. The Viola-Jones method is firstly using cascades of wavelets (primitives) - Haar features. All of the
above made it possible to build a face detector that works in real-time with a fairly high quality. However, there are a lot of
disturbing factors, which are limiting the efficiency of such algorithm work. The major of them are spacial face position
ambiguity on the analised image and poor quality of stage lighting. The results of the study. The adaptive algorithms of
face detection and recognition on digital images and video sequences in real-time, based on the Viola-Jones method, are
suggested. An automatic stabilization of frame brightness is additionally added to the classical structure of such algorithms
to compensate an effect of changes in the stage illumination level on quality of face detection. The structure of the
algorithms is described and the software developed in Python programming language for a face detection and recognition
using OpenCV library resources. Video data is processed in real time. An original method for the efficient estimating of the
algorithm based on the criterion of the maximum probability of faces and their main elements (eye, nose, mouth) correct
detection is proposed and implemented programmatically. The results of work of classic and suggested algorithms are
compared. The examples of work and testing of software are given. Conclusion. The use of the obtained results allows to
improve the quality of work and the reliability of the results when recognizing faces in different systems.

Keywords: face detection and recognition; the Viola-Jones method; an automatic stabilization of frame brightness; the
probability of face and its main elements correct detection.

Introduction

Practical needs in face recognition are constatly
increasing in different fields. The examples of the above
are: security and face-control in the segment of mass
social events and entertainment, search of potentially
dangerous visitors suspected in terrorist intenstions,
bank cards and electronic payment verification and a lot
of other actual and useful tasks. All of these is
permanently attracts an attention to the fundament task
of computer vision — veracious face detection and
recognition on digital images and video sequences in
real-time. It is necessary to steadily increase the quality
of video data processing and improve face detection and
recognition algorithms in complicated conditions.

Face detection process is generally divided in two
parts: a face search and recognition on an image and
comparing found face with faces stored in databases. In
our work, we will dwell in more detail on the first part
of the problem — face detection and recognition. In the
meantime the most popular method used for searching
the face area on an image is the Viola-Jones method [1,
2], which is popular because of its known high speed
and efficiency. The essence of the method is widely
known. It is based on an integral image representation,
on the method of constructing classifiers based on
adaptive boosting algorithm (AdaBoost) and on the
combination classifiers in cascade structure method.
The Viola-Jones method is firstly using cascades of
wavelets (primitives) - Haar features, representing a
breakdown of a given rectangular area into sets different
types of rectangular subregions. All of the above made

it possible to build a face detector that works in real-
time with a fairly high quality. However, there are a lot
of disturbing factors, which are limiting the efficiency
of such algorithm work. The major of them are spacial
face position ambiguity on the analyzed image and poor
quality of stage lighting.

The purpose of this work is creation of modified
algorithms of face detection, which are providing
automatic brightness stabilization of the analyzed image
regardless of brightness level. A technique is proposed
for assessing the effectiveness of their work in
comparison with the classical algorithm.

Methods and tools for constructing
new algorithms

Let’s consider the methods for solving the task and
the means involved.

Using tools. When creating algorithms, the authors
used the Python programming language and OpenCV [3,
4] library resources. This choice is due to open access to
the software products and their compatibility with
operation systems, such as Windows, Linux and Android.
In this approach, the work of algorithms is easily
implemented on a single-board computer Raspberry Pi.
The peculiarity of writing codes in Python is the formation
of the necessary programming capabilities by connecting
external libraries. To solve our task, the imported resources
of the OpenCV [6] library are relatively small:

import cv2,

import numpy as np

import matplotlib.pyplot as plt

import matplotlib.patches as mpatches.
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The number of programming resources being used
does not have a significant load on the processor and
creates good prerequisites for processing data in real-
time. For a significant increase in the speed with the
processing of video data, all the basic procedures are
implemented using standard OpenCV library functions,
optimized by the library developers even at the stage of
their creation.

Stabilizing the contrast of video data. Detection
and registration of individuals faces using various video
sensors usually occurs against a background of various
types of interference with a constant dynamic change in
the background of the observed scene. One of the
dominant negative factors is variability of illumination.
Note that this can be both rapidly changing lighting
conditions, as well as its slow changes due to, for
example, the onset of twilight. All this leads to poorly
controlled variations in the contrast of the frames, and,
consequently, to a deterioration in the quality of
processing. Recall that the brightness values for video
data is usually changing in the range of numbers
0 +255. This corresponds to the uint8 data format. To
overcome these difficulties (poorly controlled changes
in the contrast of the frames depending on the
illumination), the authors suggested the original video
sequence from the RGB color space to be converted into
the YUV space using the function

img_yuv = cv2.cvtColor
(img, cv2.COLOR_BGR2YUV).

The range of RGB values is [0 + 255] for each
component, and for the YUV color space, the ranges

e Y —[0=255];

o U [-112+112];

o V- [-157 = 157].

A distinctive feature of the YUV color space [5] is
that it uses an explicit separation of information on
brightness and color. Color is represented as three
components - brightness (Y) and two color difference
(U and V).

After the RGB frame of the video sequence has
been transferred to the YUV color space, an
equalization procedure (enhancement of the contrast) of
only the Y component with the function

img_yuv[:,:;,0] =
cv2.equalizeHist(img_yuv[:,:,0]),
and then the frame is converted back from the YUV
format to the RGB format
img_output=cv2.cvtColor
(img_yuv,cv2.COLOR_YUV2BGR).

In this case, the color balance remains unchanged,
since the color difference components U and V were not
transformed.

Note that the transition from the RGB color space
to the YUV space makes it easy to estimate the average
level of brightness of the frame by component Y. The
most objective and stable indicator in our opinion is MB
(Medium Brightness), which is calculated as

LS Y ()
MB=——. Y(i,j
M-N i=0 j=0

where Y(i,j) is a two-dimensional array of numbers that
determine the brightness of pixels of a M xN frame
image. This indicator is all the more useful because at
low levels of frame brightness in video surveillance
systems for face recognition it is convenient to use the
procedure of its comparison with a preset threshold for
automatic switching on / off of the scene illumination
system. However, the use of the indicator of average
brightness MB causes significant difficulties. In the
OpenCV library, there is no optimized function for
calculating the normalized average brightness of
images, and cyclic summation of pixel brightness
indicators throughout the frame (especially large ones)
too slows down the algorithms and does not allow
processing in real-time. Therefore, in the proposed
algorithm, this indicator is not used, and control of the
level of illumination of the stage is carried out
adaptively on the basis of other indicators, the work of
which will be described below.

Thus, the use of the equalization procedure ensures
alignment of the brightness distribution histogram and
brings the average brightness indicator of the image to
the value (MB = 127) regardless of how this indicator
was for the original image. This makes it possible to
stabilize the level of average brightness of the frames,
and consequently, to simplify the adjustment of the
devices' parameters for detecting faces and their main
elements (eyes, nose, mouth). Such processing makes
the algorithm more resistant to external factors. An
example of usage the equalization procedure in the
process of face and eyes detection is shown in Fig. 1.

] Color input image

ﬂ‘ﬁ ] Histogram equalized ﬂ‘iﬂ‘

B 33 filter

Fig. 1. Input image — histogram equalized — image after
filtration — output image after recognition

Face detection and recognition based on the
Viola-Jones method. As noted earlier, most modern
recognition systems for searching and selecting faces
are oriented to the use of the Viola-Jones method, which
is based on the integrated representation of the image,
the construction of classifiers based on the adaptive
boosting algorithm, and the creation of classifiers in the
form of a cascade structure. The most time-consuming
process is learning the Haar cascades using the
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AdaBoost machine learning algorithm. However, at the
present time for Haar cascading classifiers there is a
large number of already trained cascades, including the
standard supply of the OpenCV library. Its installation
package contains a whole set of ready-trained classifiers
stored as files with an extension “.xml”. In this set there
are classifiers, both for face searching, and for its
separate parts (eyes, mouth, nose) searching.

When synthesizing recognition algorithms, the use
of standard (pre-trained) classifiers is most productive.
In this regard, we consider it appropriate to provide a
list of the main pre-trained classifiers for reference:

« haarcascade_eye_tree_eyeglasses.xml;

e haarcascade_fullbody.xml;

o haarcascade_mcs_lefteye.xml;

e haarcascade_profileface.xml;

« haarcascade_eye.xml;

« haarcascade_lefteye 2splits.xml;

e haarcascade_mcs_mouth.xml;

« haarcascade_righteye 2splits.xml;

e haarcascade_frontalface_alt2.xml;

« haarcascade_lowerbody.xml;

e haarcascade_mcs_nose.xml;

e haarcascade_smile.xml;

« haarcascade_frontalface_alt_tree.xml;

« haarcascade_mcs_eyepair_big.xml;

« haarcascade_mcs_rightear.xml;

e haarcascade_upperbody.xml;

e haarcascade_frontalface_alt.xml;

e haarcascade_mcs_eyepair_small.xml;

« haarcascade_mcs_righteye.xml;

« haarcascade_frontalface_default.xml;

e haarcascade_mcs_leftear.xml;

e haarcascade_mcs_upperbody.xml.

Without dwelling in detail on the purpose and
properties of individual classifiers, we note that special
interest among them are those that allow us to determine
the position of the eyes. This is a very useful procedure,
since it enables evaluation of the distance between the
pupils. This further analysis allows to eliminate factors
associated with the inclination of the head. Classifiers
trained in the search for the eyes are very sensitive to
the presence of glasses. In most cases, they fail,
especially for glasses that completely hide the eyes. In
such cases, a more effective eye detection classifier
should be used «haarcascade eye tree eyeglasses.xmly,
trained to look at the image of the eyes with glasses. It
can be used as a backup option in cases of failure in the
normal classifier.

The most effective methods are searching for the
main elements in the already selected area of the face,
as this locates the search region and shortens the
analysis time, and also significantly reduces the
probability of false positives. Selecting areas of interest
for eye, nose and mouth detection requires optimizing
the position and size of the area of interest for each
element. An example of such a partitioning of the
selected area into search zones of individual face
elements in our algorithm is shown in Fig. 2.

Dimensions of the search areas of our algorithm
were determined experimentally, but if necessary, they
can be further optimized. Note that there are two ways
of detecting the eyes - highlighting the common area of
interest for two eyes (or the search area) and searching

and detection of left and right eyes separately. In
OpenCV, the appropriate classifiers are provided for
this. Which of these methods is preferable, in our work
will be determined experimentally.

The quality parameters of algorithms work and
methods of their use. An objective criterion for the
effectiveness of any algorithm for detecting faces and
their elements in frames of a video sequence is the
probability of correct face detection, provided it is
present in the frame.

The procedure for detecting a face in the current
frame using the appropriate cascading classifier, if
successful, is completed by building a rectangle using
the OpenCV function

cv2.rectangle(frame,(x,y)(x+w,y+h),
255,0,0),2).

Successful completion of face detection in the
program code of the algorithm is necessary accompany
the appearance of the event with a logical 1; otherwise,
the appearance of a logical 0. In our work, in order to
create a stable criterion for the quality of correct faces
detection, the probability P,, which is the result of the
counting the number of successful detections in a
sliding window with the size of 100 frames and
normalized to the size of the window. At a standard
video frame rate of 30/s, the window has a time constant
of change P, approximately equal to 3.3 s. The quality
of the detector can be considered satisfactory for
P,>0,9. According to the probability value of correct
faces detection in the frame, it is easy to analyze the
influence of various factors (including changes in
illumination, geometric factors, etc.) on the quality of
the faces detection and detection algorithms.

Similarly, the probability of correct detection of
the eyes, nose, and mouth in the corresponding areas is
calculated. These indicators are calculated as the
conditional probability of such an event, provided that
the entire face is correctly detected. With confidence
that is acceptable for practical use, it is possible to
consider events of individual elements of a face
detection as an independent, and consequently, the
probability of correctly detecting all elements is
estimated as a product of these elements detection
probabilities.

To adapt the algorithms for detecting faces
proposed in our work to the conditions for changing the
external illumination of the scene, it is suggested to
organize two channels for processing video data (see the
diagram in Fig. 3). In one of them, the original video
stream is used directly for the detection of faces, and in
the second channel, it is pre-equalized to bring the
brightness of the frame to an average value. On the
outputs of both processing channels in sliding windows
with the size of 100 frames, the probabilities of the
correct detection of faces and their elements are
calculated, and then they are compared in the
comparison block. Depending on the sign of the
difference in probability 4P, with the help of the
feedback loop, the results of detecting faces from the
channel in which the lighting conditions are more
comfortable for the operation of the face detection
algorithm are transmitted to the system output.
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Fig. 2. Zones for searching faces and their elements in the frame (coordinates of individual search zones)
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Fig. 3. Generalized structure of the adaptive algorithm for detecting faces

According to the authors, this method of adaptation
to changes in scene illumination is much better than the
method for estimating the average brightness of the MB
frame, since its use does not impose significant
restrictions on the processing speed of video data.

Practical implementation of algorithms

Working versions of the face detection algorithms
were created taking into account the approaches and
resources described above. The task was to find faces,
eyes, nose and mouth. In this case, eye detection was
carried out in two ways - using a classifier to detect the
eyes in the general search area and the classifiers of
separate detection (the right and left eyes separately).
Next, compare the two methods in terms of the
probability of eye detection.

To save resources and simplify the implementation
of algorithms, our project used a set of pre-trained Haar
cascading classifiers for the corresponding facial
elements imported from the OpenCV library. It is worth

recalling the need to place these classifiers in the root
folder of Python. This helps to avoid errors in finding
ways to access them and speed up the processing of the
original data. The set of these classifiers is the next:

e face_cascade =
cv2.CascadeClassifier(‘haarcascade_frontalface_default.xml')

e eye_cascade = cv2.CascadeClassifier('haarcascade_eye.xml')

e right_eye_cascade =
cv2.CascadeClassifier(‘haarcascade_righteye_2splits.xml')

o left_eye_cascade =
cv2.CascadeClassifier(‘haarcascade_lefteye_2splits.xml')

e nose_cascade = cv2.CascadeClassifier('haarcascade_nose.xml')

mouth_cascade = cv2.CascadeClassifier('haarcascade_mouth.xml")

Since the methods and tools for creating
algorithms have already been discussed in sufficient
detail, we will dwell only on the structural features of
constructing new algorithms.

Let's consider two different variants of constructing
adaptive algorithms for detecting faces and their
fragments on video sequences and assess the advantages
and disadvantages of each of them. The structural
diagrams of these algorithms are shown in Fig. 4, 5. In
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the first version, the principle of adaptation to changes in
the level of scene illumination 1is completely
implemented, based on determining the values of the
current difference in the probabilities of correct detection
of faces and their elements when using the frame
equalization procedure and without it (see Fig. 4). The
main disadvantage of this method is a noticeable decrease
in performance, since in this situation the amount of
computational operations is actually doubled. The one
shown in Fig. 5, the variant of constructing an adaptive

Yes

algorithm for searching faces in video frames is much
simpler, since the procedure for equalizing video data is
only used in those situations when, due to poor lighting
conditions in the current frame, the face detection did
not take place, despite its presence in the frame.

This approach is much more economical - the
number of calculations is almost half that of the first
version of the algorithm construction. This allows to
confidently carry out processing of video data in real-
time.
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!
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!
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Determine difference of
probability successfulness
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Fig. 4. Adaptation of the algorithm to lighting conditions according to the probability of correct detection of faces in the frame
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Fig. 5. A simplified version of the algorithm adaptation for detecting faces to lighting conditions

The results of detection of one or more persons condition of the frontal location of the light source of
using the proposed algorithms are shown in Fig. 6. It  the scene. A favorable geometric factor of the detection
should be noted that the most stable results of the face  procedure assumes the head inclinations are not more
and its elements detection are observed under the than 30°.

a b

Fig. 6. Results of detection of faces and their elements in the frame

15



Advanced Information Systems. 2018. Vol. 2, No. 3

ISSN 2522-9052

Results of experimental studies

Specific properties of algorithms for detecting
faces based on the use of trained cascading classifiers
determine the probabilistic nature of their functioning.
Therefore, the main indicator of the quality of such
algorithms in our work is considered to be the
probability of a correct detection of the face and its
elements. For clarity of the results obtained, in the first
variant of the detection algorithm construction, a special
graphic form was synthesized, inside of which, in
individual windows, the probability of detecting faces
during work without using the equalization procedure
(red curves) and using it (blue curves) for the face and
its elements (eyes, nose and mouth). In addition, in the
lower left window of this form, the current difference in
the probabilities of correct detection is displayed (when
the video frame uses equalization and does not). The
form of this generalized reporting form is clearly shown
in Fig. 7, a. Similarly, a graphical form was constructed
for the current estimation of detection efficiency and for
the second algorithm. It contains four windows that
display the current probabilities of correct detection of
the face, eyes, nose and mouth (see Fig. 7, b). These
means of visualization of current detection processes are
quite effective, but they do not answer the main
question - what is the efficiency of the algorithm in the
long analysis of the video sequence?

s Wy

Eyes detection

W Desoction success: 26 0%

Fig. 7. Windows of the current probability control
of the correct detection of faces and their elements

For a generalized evaluation of the efficiency of
algorithms, two methods are possible: qualitative
(visual) and quantitative. In the first case, a visual
observation is made of the multicolored rectangles that
limit the detected face and its elements (eyes, nose and
mouth). If the process of their drawing is perceived as
continuous, then the quality of detection can be
considered acceptable (equal to ~ 100 %). However, the
inertia of the viewer's view at a high frame rate (30/s)
does not allow visual perception of the missing frames
for detecting individual frames. This can significantly
distort the results of testing. Therefore, for quantitative
evaluation of the effectiveness in the program, a one-
dimensional array is formed for all frames of the video
sequence (1 for the fact of detection of the face in the
frame, and O for the case of missing the face), along
which probabilistic characteristics of the algorithm's
performance are constructed. However, one should keep
in mind that for this, a reliable annotated test video
sequence is needed. The simplest version of this
sequence is the video sequence, which has a face for
each detection in each frame, the lighting conditions
(front light source) are met and the geometric factor is
maintained (the head inclination is less than 30°). Of
course, you can use a more complex test video, which at
certain intervals of time, the faces in the frame are
missing. Then it becomes possible to evaluate not only
the probability of correct detection of persons, but also
the probability of false detection (detection of a person,
provided it is not in the frame).

There is a special form of a generalized evaluation
of the effectiveness of the algorithm for detecting faces
and their main elements for a video sequence of 1000
frames is shown in Fig. 8. The duration of such a
recording is ~ 33 s. For the detection procedures of all
elements, periodograms are constructed, where for each
of the N frames, 1 (if detected successfully) is placed in
correspondence and O (if not detected) of the
corresponding face element. In addition, for each
periodogram, the probability of correct detection on a
sample of 1000 frames is calculated. This form allows
us to obtain not only generalized estimates of the
detection probabilities, but also clearly shows which
frames the detection was not performed on.

To assess the effectiveness, a number of test video
recordings that meet the specified requirements were
made. Records were made in the format “.avi” with a
frame size of 480x640 pixels from a fixed camera.
Significant artifacts, due to human movement in the
frame, were excluded. The distance from the face to the
camera lens was ~ 1 m. To control the level of
illumination of the scene, when recording test video
recordings, was used a Yu-16 lux meter with a photocell
F102, which allows to fix the level of illumination with
accuracy +10% .

Since the proposed algorithms should automatically
stabilize the brightness of the frames of the analyzed
video sequence irrespective of the level of illumination,
first of all the results of the detection of persons in
records with different levels of illumination of the scene
were compared. The results of this experiment are
summarized in the Table 1. Analysis of tabular data
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showed that the probability of correct detection of
individual facial elements increases with increasing level
of illumination, provided that data processing is
performed without automatically adjusting the average
brightness of the frame. In cases where the equalization
procedure is used to adjust the brightness, the probability
of detection remains stable. In other words, with a low

.'5_'\: Figure 1

level of illumination, the efficiency of algorithms with
automatic brightness adjustment is higher, and when the
scene is brightly lit, the quality of work of both types of
algorithms is approximately the same. It is necessary to
note the high quality of the proposed algorithms, since
similar modern technical solutions provide the probability
of correct detection at the level of 95 - 97%.

Face detection
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Fig. 8. Window for assessing the effectiveness of detection of a face and its main elements on video data

Table 1 — Performance indicators of the proposed algorithms

Scene Face Eyes Nose Mouth
illumination, | detection, | detection, | detection, | detection,
Lx P % P % P % P %
Without equalization
100 100 96,5 98,1 97,2
150 100 97,2 98,5 97,5
200 100 97,8 98,7 97,7
With equalization
100 100 97,1 98,6 97,4
150 100 97,2 98,6 97,45
200 100 97,1 98,62 97,4

In addition, a study was made of the efficiency of
the algorithms, depending on the distance of the face to
the digital video recorder.

The initial distance was 0.7 m, and the final distance
was 2.5 m. The rest of the shooting conditions were
similar to previous researches. Note that the face

detection procedure was insensitive to increasing the
distance between the face and the video camera. But if
this distance is increased by more than 1.5 m, this
results in the interruption of the detection procedure for
the facial elements (eye, nose and mouth). This
limitation is related to the relative decrease in the size of
the face in the frame, and can be eliminated by
adaptively managing its dimensions.

Conclusion

New algorithms for detecting and detecting faces
on digital images and video sequences are proposed.
They implemented the ability to adaptively adjust the
average brightness level of the frame, which allows to
improve the basic performance. Probability of correct
detection of faces for such algorithms is ~ 96%. They
are implemented in Python programming language
using OpenCV library resources.

This allowed real-time data processing. Using
these results makes it possible to improve the quality of
work and the reliability of results when recognizing
faces in different systems.
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AJaNTHBHI AJITOPATMH JETEKTYBAHHS 00JIHIYS
i oninka e)eKTMBHOCTI IX BUKOPUCTAHHSA
K. 1O. [leprauos, JI. O. Kpacuos, O. O. Uensnin, A. 5. 3umoBiH

IIpeamer moctigkeHHs! - BUSABJICHHS 1 po3Mi3HaBaHHs 0ci0. MeToro i€l craTTi € CTBOpeHHS MOM(DIKOBAaHUX aIrOPUTMIB
po3mi3HaBaHH: 0Ci0, [Ki 3a0e3Medy0Th aBTOMaTHYHY CTa01Ii3alli10 AICKPABOCTI aHAI30BaHOI0 300pPaKEHH HE3aJIeHHO Bifl PiBHS
SICKPaBOCTi. 3aIlpOIIOHOBAHO METOAMKY OLIHKM e(EeKTHUBHOCTI iX poOOTH B INOPIBHAHHI 3 KIACHYHHUM ajlroputmMoM. Meroau
gociikenns. Halinomynsphimmii MeToq, sIKHil BAKOPUCTOBYETHCS I NOIIYKY 00nacTi o0auyyst Ha 300paXKeHHi, - 1€ METOJ
Biona-/I)oHca, skuil momynsapHUil 3aBJIIKK CBOIH BUCOKIH MIBHAKOCTI 1 eekTHBHOCTI. BiH 3acHOBaHMiI Ha MojaHHI LUIICHOrO
300paxxeHHs, Ha MeToxi mNoOynoBM Kiacu(ikaTopiB Ha OCHOBI aJaNTUBHOrO aiuroputMmy npuckopeHHs (AdaBoost) i Ha
koMOiHaliHHNX KI1acudikaTopax B KACKaJHOMY CTPYKTypHOMY MeTozi. Meton Biona-/IoHC mo-nepiie BUKOPUCTOBYE KacKaau
BeHBIIETOB (MPUMITHBIB) - QyHKLIT Xaapa, 10 MPEICTaBIAOTh PO30MBKY 33/1aHOI NPSIMOKYTHOI oOJacTi Ha Ge3nidi pi3HUX THIIIB
NPSIMOKYTHHUX cyOperioHiB. Bce 1e 1103BONIMIO CTBOPUTH AETEKTOP OCOOH, KM IIPAlllO€ B PEKHMI PEaIbHOrO 4acy 3 JIO0CHTh
BUCOKOIO sKicTIO. OnHak icHye 0e3iid TPHUBOXKHHUX (HaKkToOpiB, sIKi OOMEXYIOTb €(EeKTHBHICTH POOOTH TaKOrO AIrOpUTMY.
OCHOBHHMH 3 HHX € JIBO3HAUHICTb IIPOCTOPOBOIO IOJIOKEHHS OCOOM Ha YKE 3raJyBaHOMY 300pa)K€HHI 1 HM3bKa SKiCTb
OCBITJICHHS CLEHU. Pe3yabTaTn gociifKeHHs. 3aponoHOBAHO aalTHUBHI AJITOPUTMH BUSBIICHHS Ta JIETEKTYBaHHS 00JIMY Ha
(ppPOBUX 300paXKEHHSAX 1 BiJCONOCIIJIOBHICTAX B PEXKMMI pEaJbHOrO 4acy, 3acHOBaHi Ha Meroni Biomu-Jxonca. [lns
KOMIICHCALi] BIUVIUBY 3MiH PiBHS OCBITJICHOCTI CLIGHH Ha SIKICTb BUSABJICHHS 00JIMY B KIIACHYHY CTPYKTYPY aJITOPUTMY AOJATKOBO
BBeZIEHa MpoIelypa aBToMaTuyHoi crabinizamii sickpaBocTi kaapy. OmHMcaHo CTPYKTYpPY aJTOPUTMIB i po3poOJIeHO IporpaMHe
3a0e3IeueHHs Ul po3Ili3HaBaHHs 001u4 Ha MoBi Python 3 Bukopucranusam pecypceis 6i6miorexn OpenCV. O6pobka BigeonaHnx
3[IHCHIOETBCA B pealbHOMY MaciuTabi uacy. 3alpoNOHOBAaHO 1 NPOrpaMHO peali30BaHAa OpHMIiHAIbHA METOAMKA OLIHKK
e(eKTUBHOCTI POOOTH AITOPUTMIB 3a KPUTEPiEM MAKCUMyMY HMOBIPHOCTI IPaBHJIBHOTO BUSIBIEHHS 00nMY i iX rosOBHHX
eJeMeHTiB (o4el, Hoca, poTa). 3iCTaBISIOTHCS PE3yNIbTaTH POOOTH KIACHYHOTO Ta 3aIllPONOHOBAHKMX alropuTMiB. HaBomsThcs
NPHUKIaAn poOOTH Ta Pe3yJbTaTH TECTYBaHHS IPOrpaMHOro 3abesneueHHs. BHCHOBOK. BUKOpHUCTaHHS OTpUMaHHX pe3ylbTaTiB
JIO3BOJISIE MOJIMIINTH SIKICTh POOOTH 1 HaAiHHICTb Pe3yJbTaTiB IPH PO3Ii3HaBaHHI 0Ci0 B PI3HUX CHCTEMaX.

Kaw4yoBi cioBa: BUABIEHHS i IeTeKTyBaHHS oOnmnudst; metox Biomu-/[)oHca; aBTomMaTndHa cradimizaliist sickpaBoCTi
KaJipy; KMOBIpHICTb NPABUIILHOTO BUABIIECHHS OCi0 1 IX FOJIOBHUX €JIEMEHTIB.

AZanTHBHBIE ATOPUTMBI JeTEKTHPOBAHUSA JIULL
M OLleHKA 3P (PEeKTHBHOCTH HX MCIIO0/Ib30BAHUSA

K. }O. [lepraues, JI. A. KpacHos, A. A. Yenanus, A. 5. 3umoBuH

Ipeamer wuccaenoBanmsi - oOHapyKeHHe U pacno3sHaBaHue Jin. Lleablo 3Toif cTaTbM SBISETCS CO3JaHUE
MOAN(UIMPOBAHHBIX AJTOPUTMOB PACIIO3HABAHUS JIML, KOTOpbIE OOECIICUMBAIOT ABTOMATHYECKYIO CTAOMIM3aLMIO0 SPKOCTH
aHAJM3UPYEeMOro M300pakeHHsT He3aBUCUMO OT YPOBHsI sipkocTH. [Ipeioxena MeToquka oneHKH 3p(eKTHBHOCTH nX paboTHI 110
CPaBHEHMIO C KJIACCUYECKUM anroputMoM. Meroasl uccaeqoBanusi. CaMblil NOMYISIPHBINA METOJI, UCIIOIB3YEMBIH IS ITOUCKA
o0yacTHl JHIla Ha U300pakeHHH, - 3T0 Merox Buona-J[oHca, KOTOpBIN MOMyINsipeH Ojaromapst CBOeH BBICOKOH CKOPOCTH H
s¢dexruBHocTH. OH OCHOBAaH Ha NPEJICTABICHHU IIEJIOCTHOIO M300pa)K€HHs, Ha METOJE IMOCTPOCHUs KiIacCH()UKATOpOB Ha
OCHOBE aJalTHBHOTO ajroputMa yckopenus (AdaBoost) 1 Ha KOMOMHAIIMOHHBIX KIIACCU(PHUKATOpaxX B KAaCKaJHOM CTPYKTYpPHOM
metone. Meron Buonbl-/KoHca BO-TIEpBBIX HCHONB3yeT KacKaasl BeWBIEeTOB (IPUMHUTHBOB) - (yHkumm Xaapa,
MIPE/CTaBISIOMMe Pa3OMBKY 33JaHHOM IIPSIMOYTOJIBHOM 00JIacCTH Ha MHOXECTBAa PAa3IMYHBIX THIIOB IPSIMOYTOJBHBIX
cyOpernoHoB. Bce 3T0 1mo3BONMIIO CO31aTh NETEKTOp JIMIA, KOTOPBI paboTaeT B PEKHME PEealbHOrO BPEMEHH C JIOBOJIBHO
BBICOKMM KauecTBOM. OIHaKO CYIIECTBYET MHOKECTBO TPEBOXKHBIX (DaKTOPOB, KOTOPBIE OrPaHUIMBAIOT 3P (PEKTUBHOCT PAOOTHI
Takoro anropurMa. OCHOBHBIMM U3 HUX SIBJISIOTCS JBYCMBICIIEHHOCTb IIPOCTPAHCTBEHHOI'O ITOJ0KEHU JIULIA HA aHAIU3UPYEMOM
N300paKeHUH W HHU3KOE KauecTBO OCBEUICHMs cleHbl. Pe3ynabTaTrhl mccienoBanusi. [IpeaiokeHsl alanTUBHBIE alTOPUTMBI
OOHapyXEHHUs W JETEKTHPOBAHMS JIMI Ha LU(POBBIX H300pKEHUSX M BHUIIEONOCIENIOBATEIBHOCTSAX B PEXUME PEabHOTO
BpEMEHH, OCHOBaHHbIN Ha mMerone Buomnsl-/[xoHca. [ljig koMIeHcay BIMAHKMS U3MEHEHUI YPOBHS OCBELEHHOCTH CLEHBI Ha
Ka4eCcTBO OOHApYXCHUs JIMI[ B KJIACCHUYECKYIO CTPYKTYPY QJITOpUTMa JONOJHHTEIBHO BBEIEHA IpoIeypa aBTOMAaTHUECKOU
cTabmn3amy sSpKoCTH Kaapa. OmnrcaHa CTpyKTypa aJIrOpUTMa M pa3paboTaHo MporpaMMHOE 0OeCIieueHne IS PacIio3HaBaHUs
i Ha si3eike Python ¢ wmcmonb3oBanmem pecypcoB Ombmmorekn OpenCV. OOpabGoTka BUICONAHHBIX OCYIIECTBISICTCS B
peanbHOM Maciutabe BpeMeHH. [IpeiokeHa W NMPOrpaMMHO peali30BaHa OPUTHMHAIBHAS METOHKA OLEHKH 3()(eKTHBHOCTH
paboTHI aNrOpUTMOB IO KPUTEPHIO MAaKCHMyMa BEPOSITHOCTH NPABHIBHOIO OOHApPYKEHHS JIUII M UX TIABHBIX JIEMEHTOB (IJia3,
Hoca, pta). CoIOoCTaBIISIOTCS Pe3yabTaThl padOThI KIIACCHUECKOI0 M MPE/UIOKEHHBIX anropuTMoB. [IpuBoasTest mpuMepsl paboTh
U pe3yNbTaThl TECTUPOBAHUS IporpaMMHOro obecriedeHus. BeiBoa. lcnonp3oBaHne MONY4EHHBIX PE3yJIBTATOB IIO3BOJISIET
YAY4IINTH Ka4eCTBO PabOTHI M HAaZeXKHOCT PE3yJIbTaTOB IIPH pPacliO3HABAHHU JIMII B Pa3HBIX CUCTEMaX.

KaodyeBbie cioBa: OOHapyKeHHE M IETEKTHPOBAHME JIUL@; MeTox Buonsl-J[)koHca; aBTOMaTHYECKast CTaOMIN3aLMs
SIPKOCTH KaJIpa; BEPOSITHOCTD MPaBHIILHOIO OOHAPY)KEHHS JIMI[ U MX [VIABHBIX JIEMEHTOB.
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PARALLEL IMPLEMENTATION OF THE METHOD OF GRADIENT BOOSTING

The issue of machine learning has been paying more attention in all areas of information technology in recent times. On the
one hand, this is due to the rapid growth of requirements for future specialists, and on the other - with the very rapid
development of information technology and Internet communications. One of the main tasks of e-learning is the task of
classification. For this type of task, the method of machine learning called gradient boost is very well suited. Grading boosting
is a family of powerful machine learning algorithms that have proven significant success in solving practical problems. These
algorithms are very flexible and easily customized for the specific needs of the program, for example, they are studied in
relation to different loss functions. The idea of boosting is the iterative process of sequential building of private models. Each
new model learns based on information about errors made in the previous stage, and the resulting function is a linear
combination of the whole ensemble of models, taking into account minimization of any penalty function. The mathematical
apparatus of gradient boosting is well adapted for the solution of the classification problem. However, as the number of input
data increases, the issue of reducing the construction time of the ensemble of decision trees becomes relevant. Using parallel
computing systems and parallel programming technologies can produce positive results, but requires the development of new
methods for constructing gradient boosting. The article reveals the main stages of the method of parallel construction of
gradient boosting for solving the classification problem in e-learning. Unlike existing ones, the method allows to take into
account the features of architecture and the organization of parallel processes in computing systems with shared and distributed
memory. The method takes into account the possibility of evaluating the efficiency of building an ensemble of decision trees
and parallel algorithms. Obtaining performance indicators for each iteration of the method helps to select the rational number
of parallel processors in the computing system. This allows for a further reduction of the completion time of the gradient
boosting. The simulation with the use of MPI parallel programming technology, the Python programming language for the
architecture of the DM-MIMD system, confirms the reliability of the results. Here is an example of the organization of input
data. Presented by Python is a program for constructing gradient boosting. The developed visualization of the obtained
estimates of performance indicators allows the user to select the necessary configuration of the computing system.

Keywords: gradient boosting; parallel algorithm; decision tree; estimation of parallel algorithm efficiency; e-learning.

Statement of the problem

Recently there has been a rapid development of
computing power and this development has significantly
increased the ability to collect, process and analyze
information. These opportunities are now used in a
variety of subject areas, such as advertising, medicine
and trade [1]. The section of science that deals with the
research of algorithms for analyzing and forecasting
data using information systems is called machine
learning. Machine learning allows you to work with
parameters that are not manually set, but appear in a
semi-automatic mode thanks to the primary processing
of data. One of the main tasks of data analysis in
machine learning is the task of prediction and
classification [2]. There are many algorithms for solving
these problems, such as linear regression, support vector
method, nearest neighbors’ method, logistic regression,
solving trees, neural networks, etc. Unfortunately,
sometimes the data has complex or combined
properties, in such cases, not one algorithm or model is
used, but a set of models combined into a composition
(ensemble of models). Then the result is determined in
the form of aggregation of the results obtained, for
example, in the form of a linear combination [3]. The
first papers devoted to the study of this problem of weak
and strong learning algorithms were carried out in the
80's. Weak learning algorithm means that in a
polynomial time it is possible to build an algorithm of
recognition, the accuracy of which will be at least
slightly more than 50%. By strong learning ability it is
meant that it is possible to construct an algorithm in
polynomial time, which could give arbitrarily accurate

results. Studies have shown that strong training is
equivalent to a weak one, since a weak model can be
strengthened by constructing the correct composition
[2]. In 1996, based on these studies, the Ada Boost
algorithm was developed. This algorithm quickly gained
popularity due to its simplicity and efficiency. The
continuation and generalization of the Ada Boost
algorithm is a gradient boosting which is one of the
most popular ensemble methods. Successful application
of ensemble methods is conditioned by the variety of
basic models, on the basis of which the final model is
built. Boosting began to be actively used in the tasks of
ranking the issuance of search engines. This task was
discharged from the point of view of the function, which
is penalized for errors in the order of issuance, so it
became convenient to simply insert it into gradient
boosting realization [2].

One of the first to implement the AltaVista ranking,
and soon followed by Yahoo, Yandex, Bing and others.
Gradient boosting is not a specific algorithm, but a
general methodology, how to build model ensembles.
Moreover, the methodology is quite flexible and
extensible: it is possible to train a large number of
models, considering the various loss functions, and at the
same time to attach various weight functions to them [1].
The article presents the main stages of constructing a
model using parallel gradient boosting and decision trees
for solving the classification problem.

Objectives of the article. The aim of the article is to
describe the main steps of the gradient-boosting method for
e-learning tasks using the parallel construction of the
tree in the interest of creating information technology
for solving classification problems.
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Research and Results

We introduce some definitions and concepts.

Gradient boosting is a method of machine
learning for regression and classification problems
that creates a forecasting model in the form of an
ensemble of weak prediction models, usually
decision trees. He builds the model step-by-step, like
other enhancement methods, and generalizes them,
allowing to optimize an arbitrary differentiable loss
function. In Fig. 1 shows an example of the Python
gradient program boosting.

for i in range(30):
tree = DecisionTree(xi,yi)
tree.find_better_split(0)
r = np.where(xi == tree.split)[0][0]
left_idx = np.where(xi <= tree.split)[0]
right_idx = np.where(xi > tree.split)[0]
predi = np.zeros(n)
np.put(predi, left_idx, np.repeat(np.mean(yifleft_idx]), r))
np.put(predi, right_idx,
np.repeat(np.mean(yi[right_idx]), n-r))
predi = predi[:,None]
predf = predf + predi

ei =y - predf
yi = ei
# plotting after prediction

xa = np.array(x.x) # column name of x is x
order = np.argsort(xa)

Xs = np.array(xa)[order]

ys = np.array(predf)[order]

#epreds = np.array(epred[:,None])[order]

f, (ax1, ax2) = plt.subplots(1, 2, sharey=True, figsize
=(13,2.5))

ax1.plot(x,y, '0")

ax1.plot(xs, ys, 'r")

ax1.set_title(f'Prediction (lteration {i+1})")
ax1.set_xlabel('x’)

ax1.set_ylabel('y / y_pred')

ax2.plot(x, ei, 'go")

ax2.set_title(fResiduals vs. x (Iteration {i+1})')
ax2.set_xlabel('x’)

ax2.set_ylabel('Residuals')

Fig. 1. Python gradient program boosting

Busting is a meta-algorithm of machine learning
of the ensemble, which primarily reduces bias, as
well as variance in controlled learning and a family
of machine learning algorithms that turn weak
students into strong ones [6].

Decision trees are a way of presenting rules in a
hierarchical, consistent structure [1]. In Fig. 2
showed an example of the temporary parallel model
of boosting decision trees.

Loss functions - In mathematical optimization,
statistics, econometrics, decision theory, machine
learning and computational neuroscience, a loss
function or cost function is a function that maps an
event or values of one or more variables onto a real
number intuitively representing some "cost"
associated with the event [6].
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Fig. 2. Temporary parallel model
of boosting decision trees

Ginny index - A statistical indicator by which
one can describe the nature of the change of one
magnitude relative to the change in the other [1].

The main stages of the construction of the
method are shown in Fig. 3.

Input data:

— Decision trees built using a parallel method.;

— Architecture Classes (VLIW - GPU,
AMD/ATI Radeonv (HD5770), RISC - ARM

ThunderX, CISC - IBM System z10);

— decision time T, task;

— architecture characteristics: the number of
NM processors.

— Parallelization (CUDA, Open MP API-
interface, MPI)[2]

Output data:

A subset of the original data distributed in
accordance with the classes. Estimates of
performance indicators: acceleration, accuracy, time
building a model, the complexity of the program.
Consider the appointment and formalized description
of the main stages of modeling [1].

Stage 1 (symbol 2, Fig. 3) choice of the
architecture of the computer system, depending on
the requirements of the customer.

Step 2 (symbols 3,4,5,6, Fig. 3) - provides a
kind of decomposition depending on the chosen
architecture.

Step 3 (symbol 7, Fig. 3) - provides a choice of
technology for parallel construction of the algorithm
of gradient boosting.

Step 4 (symbol 9, Fig. 3) - building a decision
tree on each node (Fig. 3.4)

Stage 4 (symbol 8, Fig. 3) - the construction of
an ensemble of trees in one process.

Step 5 (symbol 10, Fig. 3) forwarding all an-
tree-trees to a single process. The parallelism of the
algorithm for constructing gradient boosting
becomes possible only with the method of
constructing the calculation process, based on the
use of the associativity of the addition operation to
calculate the loss factor.
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— 1

Input data:

- Decision trees constructed using parallel
computation;

- Time to solve the problem Tj;

- NM, — the maximum number of
processors;

- classes of parallel architectures {vliW-
GPU, AMD/ATI Radeon (HD5770),
RISC-ARMThunderX, CISC-IBM
Systemz10};

- parallel computing technology {CUDA,
Open MP, MPI}

2
Choice of the architecture of computing
systems NM=1

SISD

Data decomposition

—7
Choice of parallel processing technologies

Functional decomposition

|A

I~

— 8
The distribution of solution trees by the
number of processes

p |
Construction of decision trees ensemble on
every process
10 |

Implementation of the modified cascade scheme and
transfer the data to a single process
—11 [
Evaluation of performance indicators:
the time of building the model T,, the acceleration
S.m» the complexity of the program Q, coefficient
Logistic loss

No

Yes
< No —13 NM<= NM,
—15
Output data: Yes
- A subset of the classified data; 14
- evaluation of performance indicators: ’7 NM =NM + 1 —
Logistic loss coefficient,

problem solving time T,
acceleration,
error of results.

Fig. 3. The main stages of the method of parallel gradient boosting
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This stage is divided into several iterations. sum
able values are divided into (n/logyn) groups, each

of which contains fog,n elements;

Next, for each group, the sum of the values is
calculated using a sequential summation algorithm;
calculations in each group can be carried out
independently of each other (ie, parallel — for this,

there must be at least (n/fogzn) processors); further

for (n/log,n) the sum of individual groups is

applied cascade scheme. In this scheme, there are
two stages in the first stage of the cascade scheme,
all the initial data is divided into pairs and for each
pair the sum of the values is calculated, then all the

resulting sums of pairs are also divided into pairs
and again the summation of the values of the pairs,
[5]. This approach is the implementation of a
modified cascade scheme (Fig. 4).

The results of using parallelism in the
construction of gradient boosting can be commented
as follows.

The best acceleration gain is achieved by using
8 processes. Using the parallel gradient boosting
algorithm allows you to speed up the retrieval of
results by 14 times, but the process of writing a
program becomes more complicated, and adding
parallelism increases the probability of the need to
change the classifier (improving the detail)
otherwise the function of the classifier logistic loss.
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Obtaining
classification results
and obtaining a
coefficient loss factor

Fig. 4. The scheme of parallel gradient boosting

Level of confidence in parallel execution
72.24% when using one stream confidence level
68.1%.

Conclusions

1. The main stages of constructing gradient
boosting using a parallel construction of the decision

tree are considered for e-learning tasks in the
interests of creating information technology for
solving classification problems.

2. Parallelism of the gradient algorithm

It becomes possible only when construction of
the process of calculations, based on the use of
associatively of the operation of addition.
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IMapajesibHa peastizanisi MeTOxy rpaficHTHOrO OyCTiHTY
O. I'. Toncronysska, b. B. [lapmennes, O. FO. Mopo3

OcTaHHIM 4acoM NHUTaHHIO MAIlMHHOIO HAaBYaHHS IPUAUIAETHCS Bce Oulblle yBarm y BeiX ramys3sx iHhopmariiHux
TeXHOJOrii. 3 oqHOro OOKy Iie OB’ A3aHO 31 CTPIMKUM POCTOM BUMOT 10 MaiOyTHIX (axiBLiB, a 3 1HIIOTO - 3 Jy)KE IBUAKUM
PO3BUTKOM iH(pOpManifHUX TeXHONOriH Ta [HTepHeT KOMyHiKanii. OnHI€IO 3 TOJIOBHUX 3a1ady e-learning € 3agava kiacugikaii.
Jliis maHoro THIy 3amad ayxe Jo0pe MiIXOAUTh METOJ MAaIlMHHOIO HaBUAHHS ITiJ| HAa3BOIO IpamieHTHH OycTiHr. I'pamieHTHHI
OyCTHHI' Ll CIMEHCTBO IMOTY)KHMX aJTOPUTMIB MALIMHHOTO HaBUYaHHSA, SKi NPOJEMOHCTPYBAJIM 3HAYHUM YCIIX Y BHUpIIICHHI
NPaKTUYHUX 3aBIaHb. JlaHi anropurMu € IyxKe THYYKMMH 1 JIETKO HAJIALITOBAHUM I KOHKPETHHUX IIOTpeO® mporpam,
HAIPUKIIAJ, BUBYAIOTBCA MO BIJHOLIEHHIO 10 pi3HUMX (YHKUiH Brpar. Ines OycriHra nomdrae B iTepaTUBHOMY MpOLEC
OC/IiZIOBHOrO 10OYI0BK NpHUBaTHUX Mozelsield. KoxHa HOBa Mozenp HaBYA€THCS IPYHTYIOUMCh Ha iH(GOpMaLii npo MOMMIIKH,
3po0JIeHNX Ha TOIIepeTHhOMY €Talli, a pe3yabTyloda (GyHKIIs sBisie coOOk0 NiHIMHY KOMOIHAMLiI0 BCHOro aHCcaMOIIio Mozieleit 3
ypaxyBaHHAM MiHiMi3awii Oyab mrpaduuit pyakuii. MaremMaTHuHui anapaT rpafieHTHOro OYCTiHI'Y FrapHO IPUCTOCOBYEThCS JUIS
pimenHst 3ama4i knacugikarii. OnHak, 3 POCTOM KUIBKOCTI BXIJHUX JaHHX CTAa€ aKTyaJbHUM ITUTaHHS 3MEHIIEHHS dacy
noOynoBy aHcaMONI0 JiepeB pillleHb. BuKOpHCTaHHS HapanenbHUX OOYMCIIOBAIBHUX CHUCTEM Ta MapalelbHUX TEXHOJIOTiH
MPOrpaMyBaHHsI JI03BOJISIE OTPUMATH MO3UTHBHI PE3yJIbTaTH, ajle BUMArae po3poOKM HOBUX METOAIB MOOYIOBH I'pajliEeHTHOrO
OycTiHry. ¥ €TaTTi pO3KPHBAIOThCS OCHOBHI €Tallld METONy MapajenbHOi MOOYZOBH I'paJieHTHOro OYCTIiHTY ULl BUPILIEHHS
3amaui knacudikanii B e-learning. Ha BiaMmiHy Bin iCHYroYMX, METOJ I03BOJSE BPaxOBYBATH OCOOJIMBOCTI apXiTEKTypu i
opraizarii napajaeabHUX IPOLECiB B 00UMCIIOBAIFHUX CHCTEMAX 13 3araIbHOIO 1 PO3IOIICHO0 TaM sITTIo. B Meroxi BpaxoBaHa
MOJJIMBICTD OLIHKU MOKAa3HHUKIB e()eKTUBHOCTI MOOYJ0BH aHCAMOJIIO AepeB PIllleHb Ta MapaielbHUX anroputmis. OTpuMaHHA
MOKA3HHUKIB e()eKTUBHOCTI Ha KOXHIH iTepalii MeToly aornomarae oOpaTH palioHaNIbHY KUIBKICTh HapasieNIbHUX HPOLECOPiB B
obunciroBasbHIM cuctemi. lle n03Bonse NOMOrTHCS NOIANBIIOIO CKOPOYEHHS 4acy 3aBEpIICHHS TI'PajieHTHOro OycCTiHra.
ITpoBeneHe MOJENIOBAHHS 3 BUKOPHCTAHHIM TE€XHOJIOrIT napaienbHoro nporpamyBanis MPIL, moBu nporpamysanns Python s
apxiTekTypu obuucioBaibHOi cucremu DM-MIMD ninreepikye 10CTOBIPHICTh OTPUMAHKX pe3yibTaTiB. HaBoauThes npukiial
opranizauii BxizHux nanux. IIpencrasneno Python mporpamy juis nmoOynosu rpagientHoro Oycrinra. Po3poOnena Bisyanizaris
OTPHMaHUX OLHOK IIOKa3HHUKIB €()eKTHMBHOCTI JO3BOJSIE KOPHUCTyBady oOpaTH HeoOXinHy KOH]irypariro 004MCIIOBaIBHOL
CHCTEMHU.

Kaw4yoBi ciaoBa: rpaiieHTHE HiJCUICHHS; TApaICIbBHUN alrOpUTM; AEPEBO PIillleHb; OLIHKA e()eKTHBHOCTI MapajebHOro
aITOPUTMY; €IEKTPOHHE HaBUAHHSI.

[MapanneabHas peann3anusi MeTo1a rPaJueHTHOro OyCTHHTA.
E.TI. Toncronyxckas, b. B. Ilapmennes, O. 0. Mopo3

B nmocnemHee Bpemst Bompocy MamIMHHOrO oOydeHHsi yheisiercs Bce Oonblle BHUMAaHUS BO BCEX 00JIacTsIX
nHpopMaoOHHbIX TeXHONOrud. C OIHOHW CTOPOHBI 3TO CBSI3aHO CO CTPEMHTENIBHBIM pPOCTOM TpeOOBaHMH K OyIyIuM
CIIEIHAJIUCTOB, a C IPYTrOi - C OY4EHBb OBICTPBHIM pa3BUTHEM MH(GOPMALMOHHBIX TeXHONOruil 1 ViHTepHeT KoMMyHHKarmi. OqH0N
W3 TJIaBHBIX 3ajay e-learning siBisieTcs 3amada Kiaccuukarmu. /s JTaHHOTO THIIA 3aJa4 OYE€Hb XOPOIIO HMOIXOIUT METOI
MAIIMHHOT0 00y4YeHUsI 110J] Ha3BaHUEM T'paJieHT OycTuHT. [ pagueHT OyCTHHT 3TO CEMENCTBO MOIIHBIX aJlTOPUTMOB MAIIHHOTO
00y4eHHUs, KOTOpBIE IPOJEMOHCTPUPOBAIN 3HAYUTEIBHBIN yClleX B pEIICHWH IpaKTUUeCKuX 3anad. J[aHHble anropuTMbI
SIBJISIIOTCSL O4€Hb THOKMMU | JIETKO HACTPauBaeMbIM ISl KOHKPETHBIX HYXK IIPOrpaMMBI, HAIPHMeEp, H3y4al0TCsl 110 OTHOIICHUIO
K pa3nu4yHbIM (QYHKIHMSM HOTepb. Mnest OycTHHra 3aKiIiodaeTcsi B HTEPaTUBHOM IIPOIECCE ITOCIE0BATEIFHOTO HOCTPOSHHS
4qacTHBIX Mojeield. Kaxkias HOBast MOZieNIb yUUTCSl OCHOBBIBasICh Ha MH(opMamyy 00 omubKax, CAeTaHHBIX Ha MPEeIbIIyleM
JTame, a pe3yabTHUpYomas (YHKIUS IPeACTaBisieT COO0OH JMHEHHY0 KOMOMHAIMIO BCErO aHCaMOJsl MoJeleld C ydeToM
MHUHUMHM3AIHN J1I0001 mrpadHOi GyHKIMU. MaTeMaTndeckuil anmapaT IpaJieHTHOro OyCTHHIa XOPOIIO NPUCIOCa0IMBAEMBbIit
JUIsL perieHust 3axaun kiaccudukanuy. OmHAKoO, ¢ POCTOM KOJIMYECTBA BXOIHBIX JaHHBIX CTAHOBHUTCS aKTYaJbHBIM BOIPOC
YMEHBIIEHHs] BpEMEHH ITOCTPOCHUSI aHCaMOJIsl IepeBbeB peleHui. Vcnonp30BaHne napauielIbHbIX BBIYUCIHTEIBHBIX CUCTEM H
MapauIeNIbHBIX TEXHOJOTHH MPOrpaMMHPOBAHMS MO3BOJISET MOJNYYHTH MOJIOKUTEIBHBIE PE3YbTaThl, HO TpeOyeT pa3paboTKu
HOBBIX METOJIOB IIOCTPOCHUS TpagueHTHOro OycTuHra. B cTaThe pacKphIBalOTCS OCHOBHBIE 3Tallbl METOZAA IapajlIeIbHOM
MIOCTPOEHUS I'PaIMeHTHOr0 OyCTHHTa ISl pelieHus 3a1aun Kiaccudukanmy B e-learning. B otimume ot cymecTByommx, MeTox
MO3BOJISIET YYUTHIBATh OCOOEHHOCTH apXUTEKTYphl H OpPraHW3aliH MapaulelIbHBIX MPOLECCOB B BEIUYUCIUTEIBHBIX CHCTEMax C
obmeil U pacrpezeNieHHON MaMATbIO. B Meroze ydTeHa BO3MOMKHOCTH OLICHKH IOKa3arened 3()(EeKTHBHOCTH IIOCTPOEHUS
aHcaMmOJIsl IepeBhEB PEIICHUH M MapaulelbHBIX anropuTMoB. [lomydeHne mokasatenel 3()(EKTUBHOCTH Ha KaIOH HTepanuu
MeToJa IOMOraeT BHIOpaTh PAIMOHAIBHYIO KOJMYECTBO IapajUIebHBIX IIPOLECCOPOB B BBIYHUCIHUTENBHOW CHUCTEME. JTO
MO3BOJISIET JOOHUTHCS TAJIBHEHIIIEr0 COKPAICHNs] BPEMEHH 3aBepIIeHHs I'paJlieHTHOro OycruHra. [IpoBeieHo MoJeInpoBaHue ¢
HCITOJIb30BaHIEM TEXHOJIIOIHHU MapauiensHoro nporpammupoBanus MPI, si3eikn nporpammupoBanust Python s apxutektypsr
BbIUMCIUTENbHOH cucreMsl DM-MIMD nonrsep:kgaeT OCTOBEPHOCTh IIOJIYYEHHBIX pe3yibTaToB. lIpuBomurcs Inpumep
opraHu3aliy BXOIHBIX JaHHBIX. [IpexcraBnensr Python mporpaMmy muist mocTpoeHus rpagueHTHOro Oycrunra. Paspaborannas
BH3yallM3alUsl IOJYYeHHBIX OLIEHOK IT0Ka3zaTened 3()(EKTUBHOCTH II03BOJISIET IIOJIB30BATEIIO BBHIOPATh HEOOXOIUMYIO
KOH(UTYpaIHIO BEIYUCIHTEIHHON CHCTEMBIL.

Kao4deBble c0Ba: IOBHIIICHUE rpaancHTa, HapaJ'[J'leJ'[BHBIﬁ AJIrOpUT™M; IEPEBO pemeHHﬁ; OLICHKa 3(1)(1)GKTI/IBHOCTI/I
TapaJujICJIbHOI'O aJIrOpUTMa; JICKTPOHHOE 06y'-leHI/I€.
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MOJEJUPOBAHUE MOBUJIbHOM IJIAT®OPMBI
C BCEHAIIPABJIEHHBIMHU KOJIECAMU

IIpeaqmerom n3yueHus B CTaThe SABISIETCS MPOLIECC IePEeMEILeHU MOOMIBHON MIaT(hOpMbl ¢ BCEHANPaBICHHBIMU KoJeca-
miu. Ilesap — pa3paboTaTh KOMITBIOTEPHYIO MOJIEIIb, OIMCHIBAIOIIEE JIBHKEHUE MOOMIBHON IIaTGOPMBI C BCEHAIPABIIEH-
HBIMHU KoJlecaMi. 3aJa4a: Ha OCHOBE Pa3paOOTaHHON MOJIEIH BBIIOIHUTH KOMIIBIOTEPHOE MOJAEIUPOBAHUE I'OJIOHOMHOIO
JBIKeHUs TpéxKonécHol miatdopmsl B cpene Matlab Simulink. Hcrione3yeMbiMu MeTOZAMH SBISIOTCS: CUCTEMHbIH aHa-
JIU3, YUCIICHHbIE METOIbl, METO/Ibl MATEMATHYECKOI0 U KOMIIBIOTEPHOT0 MOJEINPOBaHus. [loydeHs! ciueyomue pe3yJib-
TaThl. PaccMOTpeHbl BO3MOXHBIC BapHaHThI NEPEMEICHUsT MOOMIBHON IIAaT(OPMbI B YCIOBUSIX OIPAaHUYEHHOTO IpO-
CTPAHCTBA, NIPH HAJIMYUHU NPEIATCTBUI. BhINOIHEHO KOMIIBIOTEpPHOE MOJEINPOBAHNE, OMHCHIBAIOLIECE TOJIOHOMHOE JIBIDKE-
HHEe MOOMIIBHOH TIaT()OPMBI C BCEHATIPaBICHHBIMU KolecaMu U B cpee Matlab Simulink. Beisoasl. [IpemioxkenHas kom-
IIBIOTEPHAs. MOZIEJIb TOJIOHOMHOI'O JBI)KCHHUS TPEXKONECHOH IUIaThOpMbl IO3BOJIACT NPOCICANTD JUHAMHUKY U3MEHEHUS
JIMHEHHBIX U YIJIOBOH cKOpocTel m1aThopMbl IPU M3MEHEHHH MCXOHBIX I1apaMeTpoB. AHAIIN3 NOJIYYE€HHBIX PE3YJIbTaToB
I0Ka3bIBaeT HeCTaOMIBHOCTD U3MEHEHHUS JIMHEHHBIX CKOPOCTEH MO OCSAM X U ). XapaKTep U3MEHEHHUs YIII0BbIX CKOpPOCTei
U yIJ1a TI0BOPOTa IAT(OPMBI IIPSAMO IIPOHOPLHOHAIBHO 3aBUCUT OT PACCTOSHHS MEXKIY LIEHTPOM IUIaT()OPMbI U IEHTPOM
KoJleca, a JIMHeHHbIe CKOPOCTH — OT Macchl 1u1aTdopmbl. ITonydeHHbIe pe3ynbTaThl MOTYT ObITh HCIOIB30BAHbI IIPH MIPOBE-
JICHUU JaJIbHEHIINX HCCIe0BaHuil Ipolecca ynpaBieHHs OJIOHOMHBIM JIBIDKGHHEM MOOMIBHON Iu1aT(OopMbl C BCEHa-
MPaBJICHHBIMU KOJICCAMH B YCJIOBUSX OrPaHUYEHHOIO IIPOCTPAHCTBA, IIPU HAIMYMH NIPEMIATCTBUH, 1 MOIEIMPOBAHUH IIPO-
LIECCOB, CBSI3aHHBIX C €€ IEPEMELICHUEM.

Kamw4ueBble ciaoBa: BCCHAIIPABJICHHOC KOJIECO; MOOHUJIbHAS rmaT(i)opMa; KHMHEMaTH4YCCKasA MOJICJIb, IT'OJIOHOMHOEC JIBU-

KCHHUC.

BBepeHue

K Hay4HO-TeXHUYECKHM 3aj[a4aM, IPUBIIEKAIOINM
BHUMAaHHE CIIEIUAJINCTOB B pacCMaTpUBaeMON 00IacTH
OTHOCSTCS 33Ja4yM, CBSI3aHHBIE C WCCIIEJOBAHUEM BO-
MPOCOB, IMO3BOJSIIOMIMX — obOecrieunTh 3dhexTHBHOE
yIIpaBJeHHEe MaHEBPEHHOCTHIO MOOMIIBHBIX IIaT()OPM B
YCIOBHUSAX OTPaHMYEHHOTO MPOCTPAHCTBA, MPU HAIUYUH
BCEBO3MOXKHBIX MPENSTCTBHH, 3a CYET CIIOCOOHOCTH
BCCHAIPARBJICHHOTO TepeMeIieHus 0e3 pa3sopora [1-3].

MoOwuibHbIe TIATGOPMBI C BCEHAIPaBJICHHBIMHU
konecamu (MIIBK) mmeror psin cnenuduyeckux oco-
OeHHOCTei:

- MoOWIbHas 11aThopMa MOXKET B JIFOOOH MOMEHT
BpPEMEHNM M3MEHHTh TPAaeKTOPUIO CBOETO JBMXKEHHsS Ha
MIPOU3BOJIBLHBIH yron 0e3 BHINOIHEHHs pa3BopoTta [1];

- BO3MOXHOCTh COYETaHUS TOCTYIATEIBHOTO
JIBIDKEHUS] C BpalIaTeJIbHBIM, YTO MO3BOJISIET ILIAT(Op-
Me IOABE3KATH K MECTY Ha3HA4YEHHs IO/ ONpEeNeH-
HBIM yTioMm [2].

OCHOBHBIM DJIEMEHTOM HCCIEIYeMOH MOOMIBHOM
TUIATQOPMBI SBJISIETCS BCEHANPABIEHHOE KOJIECO, Mpe-
CTaBJIsIONIEe COOOM MUCK C POIMKAMH, YCTaHOBJICHHBI-
MH [0 OKpPYXHOCTH moj yrioMm 90° (puc.1, a) wim 45°
(puc.1, 0) k HampaBJeHUIO BpamieHus. Ponnku BceHa-
MPaBJIEHHOTO KOJeca PaclOiIOKEHbl TaK, YTO UX OCH
BpAIllCHUs SIBJISIOTCS KacaTellbHBIMH K OKPY)KHOCTH
KoJieca, TakuM OOpa3oM [BIDKEHHE KoJieca SIBIISIETCS
PE3YNBTHPYIOMIUM JIBYX JBW)KEHUH — JABIKCHHUS I10
BpAICHUIO JIUCKA M JIBM)KEHUS 10 BPAIEHUIO MacCUB-
HOro ponuka. KOHCTpyKIHs TaKUX KOJIEC TO3BOJISIET UM
BpaIaThCsl HA MECTE P MUHUMAJIBHON CHJIE TPEHUsS U
HHU3KOM BpalliaTeIbHOM MOMeHTe [4].

Puc. 1. Pa3HOBUAHOCTH BCEHANIPABIEHHBIX KOJIEC

BeiOop pa3mepa u nuaMerpa Kojiec 3aBUCHT OT
oxugaemoit ckopoctu MIIBK, Beca u ap. mapameTpos.
Taxoke cienyer OTMETUTh, YTO, PEATN3Ys TOJIOHOMHOE
JIBIDKEHUE TUIATQOPMBI, Ka)KI0€ BCEHANPaBICHHOE KO-
JIECO UMEET TPH CTENEeHH CBOOOBI: BpallleHHE BOKPYT
KOJIECHOW OCH; BOKPYT' OCEH POJIMKOB U BOKPYI' TOYKH
COINPUKOCHOBEHHUS (pHC. 2).

——"1 ;
Puc. 2. '010HOMHOE ABIKEHUE
MOOWIIBHOH TIaT(OPMBI C BCEHAIPABICHHBIMH KOJIECaMHU
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lonoHoMHOE ABWXKEHHE — A3TO JBIKEHHE, IPH
KOTOPOM Y JBHXKYIIErOCs Tejla HEeT OIpaHHYEHHH MO
HAIIPaBJICHUIO BEKTOpa CKOPOCTH, a OOBEKTHI, obia-
JIAIOIIME TAKUM CIIOCOOOM ABIDKEHHS, MOTYT IepeMe-
aThes B JIOOYI0 TOYKY IO OcH adcCIuce (X) U ocH op-
muHat (y) [5].

B psize pabot, MOCBSIIIEHHBIX UCCIEA0BAaHHIO MO-
OWJIBHBIX KOJIECHBIX IUIAT(QOPM, HCHONb3yEeMBIX, Ha-
TIpUMeED, TPH CO3JIaHUH POOOTOB, PACCMaTPHBAIOTCS, B
YaCTHOCTH, NMPEUMYIIECTBA Pa3INYHBIX BUIOB KOHCT-
PYKIMH MOOWJIBHBIX KOJECHBIX IUIaT(GOpPM, UX KHHE-
MaTHYECKHE MOJEIH, KOJIMYECTBO W THIl HCIIOIb3ye-
MbIX Konec [4, 5]. OgHako MpH 3TOM, Ha Halll B3I,
npencraBienrne MIIBC ocHOBbIBaeTcs Ha HE COBCEM
MOJTHOM TPE/ICTaBICHUHN €€ MaTeMaTHYeCKOH MOJEINH,

e X

3

YTO MOXKET CIIOCOOCTBOBATH IMOSIBICHUIO HETOYHOCTEH
NIPU KCCIIEJIOBAHUH JWHAMHUKH MOOWIBHOH miaTdop-
MBI, C IENBbI0 JOCTIKEHUs Oosee 3ddekTUBHOrO
yIIpaBiieHus TIATGOPMON B YCIOBHSIX OrPaHUYCHHOIO
MIPOCTPAHCTBA.

Kak Obuto ykazaHo Bblmie, IuiaTpopmMa MOXKET
OCYIIECTBIISITh TOJOHOMHOE JIBWKEHHE B YCIOBHUSX
OTpPaHUYEHHOTO MPOCTpPaHCTBa (pUC. 2). ABTOPHI paboT
M0 JAaHHOM TeMaTHKe OOBIYHO OIPaHHYMBAIOTCS pac-
CMOTPEHHEM  HECKOJNBKMX OCHOBHBIX BapHaHTOB
ynpasieHus koiecamu MIIBK. OnHako BO3MOXHBI U
Jpyrue BapuaHThl IepeMelIeHUusT MOOWIBHOW IuIaT-
(OpMBI, KOTOpbIE MOTYT OBITH HCIIOJNB30BAHBI MPHU
00be3/1e BCEBO3MOXKHBIX MPEISITCTBUN 0€3 ee pa3Bopo-
Ta, HAIIPUMep, MPeACTaBIeHHbBIE Ha puUC. 3.

2 1
3
r A
Z%A
3

n K

-

Puc. 3. Hal'[paBJ'leHI/Iﬂ JABHKCHUS MOOMJIBHOM HJ'IaT(i)OpMLI C BCCHAIIpAaBJICHHbIMHU KOJIECaAaMU

OcCHOBHbIe pe3ynbTaTthbl

OOBEKTOM HCCIIeIOBaHUS B JJAHHOW paboTe SIBIISIET-
csl TpexkoJiecHass MOOMJIbHAs TIaTopMa C BCEHAIPaB-
neHHbIMH Konecamu. Koneca mccienyemoit miathopmsl
pacnionoxensl nof yriioM 120 rpaaycoB, ocu KOTOPBIX
MIPOXOIAT Yepe3 IIEHTP TPaHCIOPTHOro cpexacrtsa. s
BBINONHEHUS onpenenienHoro nBwkennss MIIBK HeoO-
XOAMMO YIPABIATh CKOPOCTHIO BpaIlleHHs Ka)kKAOro Hc-
MIOJTHUTENIFHOTO MPUBO/IA.

Jlnst ontuMu3anuy paboThl MPUBOIOB MOOHIBHOM
IaTGOpMBbI HY)KHO YYUTBHIBATH CIIEIYIOIINE OCOOEHHO-
CTH:

- nus 3amanHoro nsrkeHuss MIIBK nHeoOxoxumo
BBIJIEP)KUBATh OIPE/IECIIEHHOE COOTHOIICHUE YIJIOBBIX
CKOpOCTEH NPHUBOMOB, NMPU 3TOM JIsl YBETUUEHHSI 00-
meld CKOpocTH TpedyeTcs MpsSMO MPOMOPIHOHAIBEHO
YBEJIMYMBATH YIIIOBBIE CKOPOCTH IPUBOJIOB;

- JUI BCEHAIIPaBJIEHHOT'O Kojieca, KOTOpOe Bpala-
€TCsl C ONpENENIEHHOW CKOPOCTBIO, CIEAYET N00aBIATh
WJIN BBIYUTATH TIOPOBHY CKOPOCTH Ka)<JIOr'0 MPHUBOJIA;

- WCIIOJHUTENbHBIE IPUBOJABI MOOWJIBHOW ILIaT-
(hOopMBI OTpaHUYCHBI (PU3MYCCKUMHU CBOWCTBAMH OOMO-
TOK pOTOpa, MOATOMY IpU (POPMHUPOBAHHMU YIPABIISIO-
IIEro BO3ACUCTBHSI HEOOXOIUMO YOEUTHCS, YTO OHU HE
paboraroT Ha npesene CBOeH MOITHOCTH.

Ha puc. 4 nokazaHo BEKTOpPHOE ONHCaHUE MEpe-
MEIEHUs OJHOTO KoJieca, KOTOPOE HENOCPEACTBEHHO
YIIPaBISI€TCS JBUTATENIEM, TPUHATH 0003HAYCHUS:

XOY — cucrema KOOpOUHAT MOOWIBHOHM IUIAT-
(b opmbI;

V; — HeoOxoxuMas CKOpOCTb i-I'0 KOJIeca;

V; — CKOPOCTh TACCUBHOT'O IBU)KEHUS KOJIECa;

V. — ’enaemas IOCTyHaTelIbHAs CKOPOCTh LEHTPA
Macc KoJeca 110 OCH X;

V, — xKenaemas mocTynarteibHas CKOPOCTh HEHTpa
Macc KoJeca 110 OCH y;

r — paguyc Koieca.

i)
|

—

o_l_____ X

Puc. 4. BeKTOpHOG OIIMCAaHUC NEPEMEIICHUSA
BCCHAIIPAaBJICHHOI'O KoJIeca
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CKOpOCTh KaXXI0ro W3 Tpex Koiec OyJerT paBHa
YIIIOBOM CKOPOCTH KOJieca, YMHOKEHHOW Ha ero paju-
yc¢, onpeensiercs no Gopmyse:

Viapzy =w-r, (1)

IIe r— paauyc BCEHANPABICHHOTO Kojeca (CM);
W — yIJI0Basi CKOPOCTh BCEHAIIPABIIEHHOTO Kojeca
(pazm/c).

YpaBHEHHUS MOCTYNMATEIBHOTO YCKOPEHUS IEHTpa
Macc (2), KOTOpBIA PACIOIOKEH B TCOMETPHUUCCKOM
LEHTpe TUIATQOPMBI, U YIJIOBOrO ycKopeHus (3) ruiat-
(OpMBI IMEIOT BUI:

1
V=—W+V+V;), (2)
m

1
o, =—W+V,+V;), 3
- JR(l »+13) 3)

rIe m—mMacca maThopMBl, Kr;

R — paccrosHMe OT LeHTpa Kojeca IO LEHTpa
TUIATQOPMBI, CM;

J — MoMeHT uHepiwy miatdopmsl [7].

Takum oOpa3om, cxemaTH4yecKash MOJAEIb TPEXKO-
JIECHONH MOOWIBHON TIAT(OPMBI C BCEHANPABICHHBIMH
KOJIeCaMU C YKa3aHHBIMU BEKTOpaMH JICHCTBYIOIINX
CHJI UMEET BUJ, IPEACTaBIEHHBIN Ha puc. 5.

CoOOTBETCTBEHHO, HMCIONB3YSl PHUC. 5, IMOcjie pas-
JIO)KEHHSI COOTBETCTBYIOIINX ITaPaMETPOB Ha OCH X U ,
MOXXHO TOJIyYHTh KHHEMAaTHYeCKHe YpaBHEHHs CHUCTe-
MBI aBmxkeHus (4) — (6).

e W

V3

Puc. 5. Kunemaruueckoe mpezcraBieHe
MOOWIIBHOH TIaT()OPMBI C BCEHAINPABICHHBIMH KOJIECAMHU

YpaBHEHHsI, ONKMCHIBAIOIINE OCTYIIATENbLHOE JABH-
JKEHHE, HCIONb3yeMble B CHCTEME YIPaBJICHUS ILIAT-
(bopMOii, MOXKHO TIPEICTABUTD CICAYIONMM 00pa3oM:

1
V=0 =V cos(y) =~V cos) s (4)

v, = l(Vl -sin(y) =V, -sin(y)), ®)
m

IIe Y — yroj OpHUEHTAUUd MOOWIBHOHN IIaT(opMbI
(yron MexJy OCbhlo i-T0 KoJieca 1 OChIO V);

V. — 'kemaeMas TIOCTyMaTeNnbHass CKOPOCTh IIEHTpa
Macc Kojieca Mo OCH X;

V, — ’enaeMasi OCTyIaTeNbHasi CKOPOCTh LEHTpa
Macc Kojeca o OcH .

VYpaBHEeHHE, OMUCHIBAIONICE BpPAIIATENLHOE JBH-
JKEHHE, HUCIOJIB3yeEMOE B CHCTEME YIPABJIEHHS ILIAT-
(b opMOii, IMEIOT CIICTYFOIIUI BHT;

h.n. n

=—+t— s (6)
JR JR JR

)

IIe (@, — YIJIOBas CKOPOCTh MOOMJIBHOH IIaT(OPMEI

(pazm/c).
YpaBuenus (4) — (6) MOXKHO 3amucaTh B MaTpH4-
HOH popme:

Vo] | -eosw) —cosw) 1 7
Vy |=— sin(y) —sin(y) 0 ||V |. (7)
o, S I I (R

JR JR JR

ITockombKy Kojeca pacIoNOKEeHBl CUMMETPHIHO
OTHOCHTEINILHO ApyT OT apyra (120°), To v = 60°.

[TosTomy ypaBHeHHE (7) MOXKHO YIPOCTHUTS:

1
=~ 1

| —_

2 2
Vy "

NEIENC
o= 22 g |, | 8
y 5 5 2 ()
S I AT T I | L

JR JR JR

Jl1st onpeenieHnss CKOPOCTH U OPHCHTAIMH ILIaT-
¢bopMBl B JIIO00H TOYKE CIIEAYeT HCIIOIB30BaTh Clie-
IIYIOIINE YPaBHEHUS:

VR=AVE+VE s ©9)

VX
p= arctg(V—) . (10)

y

Ecnu 3amaBath yriioByro CKOpPOCTH BpalleHUs KO-
Jlec He OJUHAKOBOM, To, ucxons u3 ¢opmyinsr (7), mo-
CTyNaTelbHOE IBIXKEHUE OYyJET COMPOBOXKAAThCS Bpa-
ieHueM miatdopmer [7, 8].

Komn bHOTEpHOEe MoaenunpoBaHue

Jlnst paccmaTtpuBaeMoil MaTeMaTHUECKON MOJIENH,
oruceiBaeMol BelpakeHusimu (4) - (6), Obuia pazpabo-
TaHa KOMIIbIOTEpHAsi MOZAEIb U MPOBEIEHO COOTBETCT-
ByIOIllce MonenupoBanue B cpeme Matlab Simulink
(puc. 6) nns pa3IUYHBIX UCXOIHBIX JAaHHBIX, 3aJaHHBIX
B TaO. 1, TaKMX Kak:

paccTosiHAE OT LIEHTpa Kojeca JO0 IIHTpa IuiaT-
¢dopmel R (cm);

Macca MOOWITbHOM riaTdopmbl m (Kr);

JIUHEHWHBIC CKOPOCTH KOJIeC MOOHIBHOW ImiaTdop-
MBI V; (M/C).

Pesynpratel MonenupoBaHUS IS Pa3IUYHBIX
WCXOAHBIX JIAaHHBIX, 3aJaHHBIX B TaOm. 1, mpeacras-
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JeHsl Ha puc. 7-12 cienyromumu rpadukaMu u3Me-

HEHUMN:

JTUHEHHOU ckopocTH V; (a);

yria noBopora miathopmsl 6 (0);
YIIIOBOH CKOPOCTH @ (B);
nvHeRHoi ckopocth V), (T).

=~r1\2\\ >
L~ X
}lz\/ GainZ R4 e
j GeinZ RZ ‘ > 1
X
Step V1 - |_|.
P cas Scoped Vx
. . Product2
I\\\\\_ Trigonometric
Function?
| > o T e ureter N
E [/’
i Integratar =i Scopeltheta
Step1 V2 GainZ A2 GainZ deg cop
W
=~b
Step2 V3 Gain2 R1 |—> sin
Trigonometric
Funclion
ProductE
Puc. 6. Monenuposanue MIIBK B cpene Matlab Simulink
Vx Psi Omega 1
5 ‘ 400 08 " T :
11 PR ST SRR SR URRRR RO [IN:1 05 """"""""
: 1] P TR O PP U PO PP ] n4f ] ........................ 0
100 FERUTSTO ST D2F et D5} T SHSIITE IR
5 ; 1 i 1 B 1 L
0 2 5 E wmt 0 2 4 5 8 wt” 0 2 4 5 8 wt” 0 E 4 B E Mt
a 0 B r
Puc. 7. Pezynbratsl MonenupoBanus npum =1, R=5, V;=1
Vx Psi Omega Vy
§ . 200 T T T 04 - T - 1 T
TR0 03 OEE
100} ........ ................... ] 1] PR RO SUURUIR ST ______ i
50 S (NN CLER S 1R U DTS U Ut PP 05k
5 i . L 0 i i L i ] L L L ; 1 !
0 2 3 8 10t 0 2 4 B B wt 2 4 g ] 10t 0 2 4 6 [ 10t
a 0 B r
Puc. 8. Pesynbratsl MmoznenupoBanus npum =1, R=10, V; =1
Vx Psi Omega Vy
5 ‘ 200 . . 04 . . 5 ‘

 [51] SRP

oof----

1] PP T

g g 0t

Puc. 9. Pesynpratel MogenupoBanus npu m =2, R =10, V; =1
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Puc. 10. Pesynprater MonenupoBanust npum =2, R=5,V; =1

1t

Vx

Psi

400

300}

200

100

na

Omega

vy

i1

04

0z

Vx

0t

2000

1500+t - -

1000 -

500

0t

vy

0t

Puc. 12. Pe3ynbratel MogenupoBanust npu m =2, R=5,V; =5

Tabnuya 1 — Pe3yabTaThl MOACTHPOBAHHUS

0t

Hcxoanbie 1aHHbIE V. max 0 (mpu t =10) ® V, max
m=1,R=5V,=1 3 300 0.6 0
m=1,R=10,V;=1 3 150 0.3 0
m=2,R=10,V;=1 2 150 0.3 1
m=2,R=5,V,=1 2 300 0.6 1
m=2,R=5,V,=2 3 600 1.3 1.5
m=2,R=5,V;=5 6 1500 3 3

BbiBOoAabI

[pennoxxeHHas: KOMITBIOTEPHASI MOJIENb TOJIOHOM-
HOI'0 JBIKCHHUS TPEXKOJIECHOHN IUIATPOPMBI, peau3o-
BaHHas1 B cpene Matlab Simulink, nmo3Bomsier mpocie-
JIUTh TUHAMUKY M3MEHEHUS JIMHEHHBIX U YIJIOBOH CKO-
pocreit MIIBK (puc. 7-12) npu n3MeHEHHH HCXOIHBIX
IapaMeTpoB.

AHanu3 TONy4YEeHHBIX pPE3YJbTaTOB IIOKa3bIBAET
HecTaOMIIbHOCTh U3MEHEHHsI JIMHEHHBIX CKOPOCTEH MO
0CsIM X M ). XapakTep U3MEHEHHUs YIIIOBBIX CKOPOCTEH

W yIJ1a NOBOPOTA IUIATGOPMBI TIPSIMO MPOIIOPIIMOHAIBEHO
3aBHCHT OT PACCTOSHHSI MEXIy IIEHTPOM ILIaT(OPMBI U
LIEHTPOM KoJleca, a JIMHEHHbIe CKOPOCTH — OT MAacChl
IUIATQOPMBI.

[onyueHnsle pe3ynbTaThl MOTYT OBITH HCIIOIB30-
BaHBl IIPH TPOBEICHHU JAIBHEHIINX HCCIIEI0BaHUH
mpoliecca yIpaBieHUs TOJIOHOMHBIM JIBUKEHHEM MO-
OMNbHON TIATGOPMBI C BCEHANPABICHHBIMH KOJIECAMHU
B YCIIOBUSIX OTPaHUYEHHOI'O IPOCTPAHCTBA, IIPU HAIU-
YUW TPENSTCTBUH, U MOAEIMPOBAHUH IIPOIECCOB, CBS-
3aHHBIX C €€ [epEeMEIICHUEM.
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MopesroBanHst MOGIJTBHOI INIATGOPMH 3 BCEHANIPABJICHAMH KOJIeCaMHu
B. I. Bapcos, O. IO. Kocrepna

IIpeqmerom BUBYEHHS B CTAaTTi € MPOLEC HepeMillleHHs MOOUIbHOI Iu1aThopMHu 3 BCeHaIpaBiIeHUMH Koiecamu. Mera —
KOMIT'FOT€PHE MOJISIIIOBAHHS, SIKE OIHMCYE MOXIIMBI HAIPSAMKH PyXy MOOLNBHOI I1aTdOpMH 3 BCeHAIpaBIeHUMHU KojlecaMu. 3a-
Ja4a: BUKOHATH KOMIT'FOTEPHE MOJIEIIOBAHHS I'OJIOHOMHOI'O pyXy TpuKoiicHoi miatdopmu B cepenosumii Matlab Simulink. Bu-
KOPUCTOBYBAaHMMH METOJAMH €: CHCTEMHUI aHaJIi3, YUCENIbHI METO/IM, METOAU MaTEMAaTHYHOr'0 Ta KOMIT'IOTEPHOI'0 MOJIEIIIOBAH-
Hi1. OTpuMaHi HacTynHi pe3yJabTaTH. Ha ocHOBI mpoBezneHOro orisigy myOmikaliid 3 JaHol TeMaTHKH OOIpYHTOBAHO HEoOXin-
HICTb YJJOCKOHAJIEHHS MaTeMaTH4HOI Mozielli MOOUIbHOI 1aTGOopMH 3 BCEHANPABICHUMH KollecaMu. PO3riisHyTo MOXJIMBI Bapi-
aHTH NepeMilleHHs MOOIBHOI IuIaT(OpMHU B YMOBaX 0OMEXEHOI0 IIPOCTOPY, IPU HASBHOCTI HepeIkos. BukoHnano koMm'toTep-
He MojeloBaHHS B cepenosuii Matlab Simulink, sike omucye ronoHoMHHI pyX MoOUIBHOI IUIAT(HOPMH 3 BCEHAIPaBICHUMHU
KosecaMi. BucHOBKH. 3anpornoHoBaHa MOJIENb JIO3BOJISIE AOCIIKYBATH TOJIOHOMHHI PyX TPUKOIICHOT MOOiIbHOT I1aTdopMu.
AHai3 OTpUMaHHX Pe3yJIbTaTiB MOKa3ye HECTAOUIBHICTh 3MiHM JIIHIHHUX MIBUIKOCTEH 1O OCsM X 1 y. Xapakrep 3MiHU KYyTOBHX
MIBUJIKOCTEH 1 KyTa IOBOPOTY IIAT(GOPMHU IPSIMO MPOHOPLIHHO 3a]I€XKUTh BiJl pPACCTOSHUSA MK LIEHTPOM IIAT(GOPMH i LIEHTPOM
KoJleca, a JiHIHHI MBUIKOCTI - BiJ Macu miardpopmu. OTpuMaHi pe3yJbTaTH MOXKYTh OyTH BUKOPHCTaHI IIPU NIPOBE/ICHHI MOa-
JBLINX JIOCHIZKEHb MPOLECy YIPABIiHHSA MOJIOHOMHOI'O PyXy MOOiibHOI IIIaTGOpMHU 3 BCEHANPABICHUMH KOJIECAMU B YMOBaX
00MEKEHOT0 IPOCTOPY, PH HAsIBHOCTI MEPEIIKO, 1 MOJIETIOBAaHHI IIPOLECIB, NOB'I3aHUX 3 11 IEPEMIIICHHSIM.

KuarouoBi ciioBa: BceHanpaBleHe Koeco; MOOiIbHA MIaTGopMa; KiHeMaTHIHA MOJIENIb; TOJIOHOMHHH PYX.

Mobile platform with omnidirectional wheels modeling
V. Barsov, E. Kosternaya

The subject of the article is the process of a mobile platform with omnidirectional wheels moving. The purpose is com-
puter modeling, which describes the possible directions of a mobile platform with omnidirectional wheels’ movement. The task:
to perform computer modeling of the holonomic movement of the three-wheel platform in the Matlab Simulink. The methods
used are: system analysis, numerical methods, mathematical and computer modeling methods. The following results are ob-
tained. Possible options for the mobile platform moving in limited space conditions are suggested, in the obstacles presence.
Computer simulations describing the holonomic movement of a mobile platform with omni-directional wheels and in the Matlab
Simulink environment were performed. Conclusions. The proposed model allows to investigate the holonomic movement of a
three-wheeled mobile platform with omnidirectional wheels. Analysis of the obtained results shows the instability of the change
in linear velocities along the x and y axes. The nature of the change in the angular velocity and the angle of rotation of the plat-
form is directly proportional to the distance between the center of the platform and the center of the wheel, and the linear velocity
depends on the mass of the platform. The obtained results can be used for further studies of the controlling the holonomic move-
ment process of a mobile platform with omni-directional wheels in limited space conditions, in the obstacles presence, and mod-
eling the processes associated with its movement.

Keywords: omnidirectional wheel; mobile platform; kinematic model; holonomic movement.
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IMITATION MODEL OF SUPPORT FOR DECISION-MAKING
BASED ON ASSESSMENT OF THE SITUATION BY OPERATORS
OF THE AUTOMATED AIR TRAFFIC CONTROL SYSTEM

Significance. A human-operator cannot conduct a situation assessment in a timely manner and to react in a proper manner
when situation changes. The problem is worsening with the uncertain procedure of selection of dispatchers for duty shifts in
control centers and their adequate preparation to carry out the tasks for intended purpose. This doesn’t allow to reach the
adequate level of competency during the process of their professional activities. Aim of the article. Developing an imitation
model of the operator's complex activities to make a decision based on the situation assessment. The results of the work. The
analysis of automated air traffic control system (AATCS) operator activities while assessing the situation with use of existing
automation complexes allowed to identify following limitations of informational support of AATCS, which are influencing the
effectiveness of its work. Most of the time of situation assessment (up to 41%) is spent by operator to receive additional
information from another decision makers and informational elements, showed as part of informational model (IM). These time
expenditures are due to low level of information content of information elements presented as part of IM and which are not
corresponding to the character of the operator's activity in situation assessment. Methods for reducing the errors of the ACS
operator can be divided into the following groups: automation of the most complex operations; introduction of information
redundancy at the stage of designing systems for ensuring operators activities; increasing the workload of operators; advanced
training for the operator; increased responsibility for errors with increasing interest in error-free operation etc. Conclusions. The
generalized analysis of the operator's activity is conducted, the features of the operator's work with the information model are
marked; the directions of the conceptual model formation in the decision-making process during the situation assessment are
determined; simulation modeling has been carried out and a model of the operator's activity has been developed for the study
of the activities of decision-makers during the situation assessment; giving the estimation of time expenses for performance of

the various actions connected with the analysis of information models in various conditions.

Keywords: simulation modelling; operator activity; situation assessment; decision-making.

Introduction

Significance. The problem of ensuring the required
indicators of the effectiveness of decision-making by
operators of the automated air traffic control system is
being thrown into sharp relief recently. Both physically
and morally outdated automated systems at the given
level of command results into a slow reaction in critical
situations and information lags. As a result — a human-
operator cannot conduct a situation assessment in a
timely manner and to react in a proper manner when
situation changes. The problem is worsening with the
uncertain procedure of selection of dispatchers for duty
shifts in control centers and their adequate preparation to
carry out the tasks for intended purpose. This doesn’t
allow to reach the adequate level of competency during
the process of their professional activities.

Aim of the article. Developing an imitation model
of the operator's complex activities to make a decision
based on the situation assessment.

Literature analysis. The development and
description of models of operator activity in man-
machine systems has been devoted to a sufficiently large
number of works, for example [1-4]. Series of works [1,
2] are devoted to the principles and theoretical
foundations of the formation of human activity models,
others are looking on models of simple actions or
processes that are elements of a complex human activity.
Models of complex systems [5, 6] are usually formed on
the basis of the application of the theory of queuing
systems. Such models allow us to obtain generalized
characteristics of the system and its "human" link

(average service time of applications, probability of
service, etc.). At the same time, the reliability of studies
of air traffic control systems largely depends on the
degree of detailed consideration of human activities in the
system. The development and implementation of
simulation models of complex activities of the operator
[2, 7] became possible with use of the achievements of
modern information technologies.

Main part

In order to estimate the influence of informational
models (IM) quality on the situation assessment
conducted by the operators of the automated air traffic
control system (AATCS) we will analyze main processes
related to them. In the system being under consideration,
decision maker’s (DM) activities are related to the
perception and analysis of the IM environment and its
fragments. Materials in the field of ergonomics and
human factors engineering are devoted to analysis of
these activities [3]. Many DMs can take part in situation
assessment during the process of obtaining information
about current air situation, air objects, airfield objects etc.

In consequence of this, during the analysis of DMs
activities it is important to take into account group
hierarchical character of their activities and special
aspects of controlmen and analysts activities.

Mark out a set of features, which are present while
working with environment informational model: during the
assessment DM is correlating received data to really
possible results; data is being decrypted during its analysis.
Herewith, in some instances, human can reconstruct
several parameters which have not been present at the IM;
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basing on the operational image of situation status and
experience, DM can predict changes in the situation and,
therefore, the emergence of new information; assessing
the complex situation, the DM is acting on the
assumption of more extensive information than the one,
he is getting from IM; on the basis of previously gained
knowledge and experience, DM is armed with additional
intelligence about possible situation condition and objects
under control in comparison with those displayed at the
informational model.

Data received from IM together with additional
intelligence is utilized as a basis to form a conceptual
model (CM) of the analyzed object (current situation) [9]
which is specifying DMs’ activities. This way, IM is
specifying only a part of CMs’ content and serves as a
basis for its forming.

Conceptual model is helping the DM to understand
the whole amount of information on current situation and
represents a basis to decision-making when determining
the variant of control actions based on the situation
analysis. In its turn in order to assess the situation DM
has to create a particular CM based on gathered and
processed data about current situation.

The process of forming the CM used to assess the
situation by DM is influenced by [10] current air
situation, active tasks, sophistication of the situation,
flights, different in terms and conditions: normal
conditions and low flight intensity; normal conditions and
average intensity of flights; complex conditions and
maximum intensity of flights. Variation of difficulty of
the situation will influence on the order of situation
assessment and will define the necessity to attract other
AATCS operators to decision-making process, which is
caused by: absence of specified beforehand methods how
to solve current task; lack of beforehand specified pieces of
information required to assess the situation; high tempo of
situational changes, which leads either to necessity of
constant adjustments of CM or to its significant

simplification; peculiar properties of the intellectual
character of DMs activities during the creation of CM L.

aimed to choose an optimal decision on situation
assessment depending on the difficulty of the situation.

We will carry out an analysis of the process of
situation assessment by the AATCS operator in difficult
conditions with the maximum intensity of flights. Received
results of the study of the process of situation assessment
will be used to establish the expenditures time required to
carry out actions related to assessment of DMs.

Situation assessment is a complicated process,
which main aim is to establish its true state for the
AATCS operator’s benefit. The complexity of this
process is due to involvement of a number of interrelated
elements of the information support system (ISS) for the
situation assessment and each of them affects, to a greater
or lesser degree, the achievement of the goal.

In its turn, the effectiveness of situation assessment
is also conditioned by the uncertainty of determination of
its difficulty, dynamics of change, for reliable estimation
of which it is necessary to use various IM and to involve
other operators of the air traffic control center (ATCC).
Content and degree of detail or generalization of
information about current situation are affected by the

conditions, assessed by the DM.

Research on the process of situation assessment by
the DM can be conducted in several ways [11, 12].

The most objective results of the DM’s activities
assessment can be received during the researches of his
activities at the ATCC, which is economically
impossible.

It is impossible to build the analytical model of
DM’s activities during situation assessment due to
absence of adequate ways of formal description of DM’s
intellectual activity, absence of strict algorithm of his
activity, impossibility to calculate all factors which are
affecting his activity [2, 4, 11].

Thus, the only one way to carry out researches of
DM’s activity is to conduct simulation modeling.

Imitation model allows to take into account group
character of activity during situation assessment, DM’s
capabilities on processing and deciphering of the
information, represent his particular qualities on work
with different information display devices (IDD), take
into consideration necessary time expenditures needed to
conduct conversion from IM to CM.

DMs’ activity model during solving the task of air
traffic control in complex situation with maximum
intensity of flights can be represented as a graph (Fig. 1).
The considered model of DMs’ activity in situation
assessment can formally be defined as follows:

(M @)

where P — a matrix of possibilities of transition between
events ij; T — matrix of time spent on work, while
transiting from event i to event j; p; — possibility of
transition from event i to event j; tj — time spent on

T=|tl“|,

P=|py-

transition from event i to event j; i = j = N — corresponds
to an amount of states in which DM can be.

On Fig. 1 values of p;; and t;; are represented as wj;,
where wi (pjj, ).

w33

f an automated
workplace

operators

{Work with the indi
panel

Fig. 1. Model of DMs’ activity model
during situation assessment

It is impossible to establish the order and sequence
of the actions, performed by the DM in the proposed
model. Therefore, in general case, transitions between p;;
states are equally possible. Suppose that a variant of the
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complexity degree — are normal conditions with a low
intensity of flights. In this way, the situation will be
relatively simple, DM is well-informed about it and can
analyze and decide on the information, displayed on the
CU IDD. Suppose that in this case transition wo;; has
next characteristics: wo; (0,75; to ;). Herewith, the sum
of the probabilities of the transition from state 9 to other
states is equal to 1. Vertices of the graph correspond to

Table I — Events in the process of situation assessment

events, such as “information, presented with collective use
information display devices (CU IDD), apprehended”,
“Input of commands into the computer is completed”,
while edges of the graph correspond to possibilities of
transition from one event to another and also time
expenditures on each transition. Determine the content of
the vertices of a given graph, as well as the meaning and
sequence of transitions between vertices (Tables 1, 2).

Events Event content

1 The beginning of the automated control system operator’s work for solving problems of situation assessment

2,10 Perception of information displayed on CU IDD

311 Searching for additional (up-to-date) information about situation, also changing the content (form) of the
’ information showed on CU IDD upon operator’s request.

412 Searching for additional (up-to-date) information about situation of other operators, also changing the content
’ (form) of the information showed on CU IDD upon operator’s request.

5,13 Assessing the situation basing on information, presented on AW IDD.

6,14 Input of control commands, to change the composition of information displayed on the IDD

7,15 Other operators’ work on receiving required information about the situation

3.16 Other operators’ work on clariﬁcation of quali'ty of sources of information about the situation, actions, conducted to
’ improve the quality of information about the situation

9 Operator’s transition to solution of the control actions problem

17,18 | Work of an operator with other operators on proposals development to improve the quality of provided information.

19.20 Report of cpnclgsions made' from situation assessment to the chief of duty shift with proposals on the degree of

’ impact on air objects and their agreement
21 End of work for solving problems of situation assessment

Table 2 — Contents of transition from state to state

Transitions Actions, taken by DM when transiting from one state to another

Wiz, Wo 1o Operator’s assessment of the situation with CU IDD

Woi, Wigo Finding more information about the situation by the operator

Wi W, Referring to other DMs for searching or clarifying information about the situation, or to change
13, T9,11 the content of the information, shown on CU IDD

Wi W Referring to other DMs to receive information about situation or to change the content of the
14 719,12 information, shown on CU IDD

Wis. Wo i3 Assessing the information shown on AW IDD

Wes, Wse, Wiz 14, Wia iz

Input of commands to change information display parameters on AW IDD and control
(processing) of the command input results.

Wiz, Wi, Wisi1, Wins,
Wag, Wea, Winie, Wie.12

Searching and receiving additional information about situation from other DMs.

Wo 17 Information about situation has been assessed by the operator.
Wisi17, Wi71g Stating the tasks on specification of control actions.

Wi719 Report of conclusions made from situation assessment to the chief of the duty shift.
W90, Wag 19 Refinement of the results of situation assessment with the chief of the duty shift

Wioso Input of the control commands into the computer, end of the situation assessment phase.

In case of complex conditions and maximum
intensity of flights, it is possible to suggest a decrease of
information volume, displayed on the IDD. This
determines the need of the operator to contact other
DMs for information. Researching the model when
possibilities of transitions pis, Poi1s P4 Po.r2
sequentially take values (0,25; 0,5; 0,75), while in each
experiment the sums of the probabilities of the transition
from one state to another are equal to 1. Consider the
obtained results of the study of the proposed model of
the ATC operator's activity.

Based on the results of the imitation modeling, the
mathematical expectation of the time spent working
with CU IDD (7 1pp ) 18 ey ipp =75,7 — 863,15 sec.

Allocation of time, spent by DM on processing the
information presented on the IDD received with use of

both researched model of an ATC operator activities
and from expressions (1, 2) for different situation
options is presented on the Fig. 2.

On diagrams, presented on the figures we can see
allocation of time expenditures of operator working
with other DMs in standard conditions; in normal
conditions with low intensity of flights; in conditions of
situation assessment under normal conditions and the
average intensity of flights and during situation
assessment in difficult conditions and the maximum
intensity of flights respectively.

Thus, situation assessment in normal conditions
with low intensity of flights; under normal conditions
and the average intensity of flights, time expenditures
remain practically unchanged and are equal to
Ty = 158,33 sec.
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Fig. 2. Time expenditures to assess information: a — on IDD; b — on IDD in normal conditions; ¢ — on IDD in difficult conditions

This is due to the inability of the DM to conduct an
independent comprehensive assessment of the situation
and the need for a great deal of time to process
information and to create CM. DM produces a large
number of decoding operations, reveals the structural

M. realisation M, realisation

200

200

elements of the situation, tries to process the information
presented both on CU IDD and received from other DMs.
From Fig. 3 we see that time expenditures on work with
CU IDD are decreasing as the situation becomes more
complicated.

M, realisation
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Fig. 3. Allocation of time expenditures of operator working with: a — other DMs;
b — other DMs while assessing situation in normal conditions; ¢ — other DMs while assessing situation in difficult conditions

Therefore, it is necessary to distribute the task of
assessing the situation between the operators of the duty
shift, in order to ensure a time reserve for the
establishment of the DMs’ CM. In the study of the
developed model of the DM activity, an estimation of the
time spent on the evaluation of the information presented
on the operator’s automated workplace IDD of the
automated control system and on the input of commands
to the computer. The allocation of time for the situation
assessment using the automated workplace and the input
of commands are presented on the fig. 4.

Mathematical expectation of time spent by DM for

processing information about the situation is t_éf,” ~ 87 sec,
and mathematical expectation (ME) of time spent for input

of commands and control of their accuracy is (t_HCA{”) -

t_HCA{” ~48 sec. Obtained results demonstrate that time

expenditures on work with IDD of automated workplace
and input of commands into computer practically do net

depend on the degree of situation’s complexity. This, in its
turn, leads to the fact that main sources of information are
CU IDD and other duty operators. Automated workplace is
used to solve additional tasks of situation assessment.

The analysis of DM activities made it possible to
establish the following: an operator of automated ATC
workplace is performing actions and operations to
assess the information, shown on CU IDD and of
individual use; performs independent actions to change
the display settings on IDD of the automated workplace,
assesses their results; collects information and corrects
its displaying on CU IDD with help of other operators,
and receives from them information about the situation,
absent on the IDD. Time expenditures to solve
mentioned tasks: processing information, displayed on
CU IDD will take 7py, = 75,7 — 863,15 sec, which is

50% from the time, spent to solve current tasks; analysis
of the information, displayed at the computer-automated
workplace takes 13% from the overall time.
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t_éf,” ~ 87 sec are spent on data analysis, which is 9,4%
from the overall time, input of commands into the

t_HCA{” ~ 48 sec or 4,6 % from overall time; time spent on

work with other operators is equal 7p;, = 158,33 —

computer and analysis of their accuracy takes 388.39 sec or 37% from overall time.
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Fig. 4. Time expenditures to assess information: a —on IDD; b on IDD in normal conditions; ¢ — on IDD in difficult conditions

Conclusions

The analysis of AATCS operator activities while
assessing the situation with use of existing automation
complexes allowed to identify following limitations of
informational support of AATCS, which are influencing
the effectiveness of its work.

Most of the time of situation assessment (up to
41%) is spent by operator to receive additional
information from another DMs and informational
elements, showed as part of IM. These time
expenditures are due to low level of information content
of information elements presented as part of IM and
which are not corresponding to the character of the
operator's activity in situation assessment.

Significant time expenditures to input commands
to change parameters of displaying IM on the computer-
automated workplace.

Necessity to conduct big amount of operations to
decrypt information when creating CM, caused by
discrepancy of the way information is displayed in the
IM to the peculiarities of information processing by the
AATCS operator.

Limited use of automation tools of ATCC to select
data and form IM, controlling parameters of displayed
information on CU IDD.

Low automation of solving these tasks leads to
sufficient time expenditures to solve them.

Wherein human made mistakes are subdivided into
logical (wrong decisions), sensorial (false information
perception) and operational, or motoric (wrong
realisation of the decision). Intensity of human made
mistakes can vary widely from 1-2% to 15-40% of
overall amount of operations, conducted when solving
the task.

Methods for reducing the errors of the ACS
operator can be divided into the following groups:

- automation of the most complex operations;

- introduction of information redundancy at the
stage of designing systems for ensuring operators
activities;

- increasing the workload of operators;

- advanced training for the operator;

- increased responsibility for errors with increasing
interest in error-free operation etc.
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ImiTaniiina moxeJb MiATPUMKH NPUHHATTS PillleHb 3 OIiIHKA 00CTAHOBKH
onepaTopamM aBTOMAaTH30BAHOI CHCTEMH YNIPABJIiIHHSA MOBITPAHAM PyXoM

O. M. [Imutpies, 1. O. bopozerens, C. I'. IlInno, T. M. Kanimymin

AKTyanbHicTb. JfonuHa-onepaTop He MOXe CBOEYACHO NPOBOJMTH OLIHKY CHTYALi i pearyBaTi HaJICKHUM YHHOM IIPU
3MiHi cutyauii. [IpoGnemMa mocHIOEThCS HEBU3HAYEHOK IIPOLEIYPOIO BiIOOpY QMUCIETUYEPIB A YEProBHX 3MiH B LIEHTpax
YIpaBIIiHHS 1 1X a/leKBaTHOI MiJrOTOBKOIO J0 BUKOHAHHS 3aBJaHb 3a IPU3HAauYeHHAM. Lle He NO3BOJSE AOCAITU JAOCTATHHOIO
PIBHS KOMIIETEHTHOCTI B Iporeci ix mpodeciiiHoi nisibHocTi. Mera crarTi. Po3poOka imMiraniiiHOi Mozmelsi KOMILIEKCHOT
JUSIIBHOCTI orepaTopa 1 IPUHHATTS PillleHHs Ha OCHOBI OLIHKM cuTYyalii. Pe3yabTaTu podorn. AHaii3 JisuIbHOCTI onepaTropa
IpY OLIHII CHUTYyauii 3 BUKOPHCTAHHSM ICHYIOUMX AaBTOMAaTH30BaHMX KOMIUIEKCIB I03BOJIMB BHSBHTH HACTYHHI OOMEXEHHS
iH(opManiifHOl MiATPUMKHM CHCTEMH, sIKi BIUIMBAIOTh Ha €(EKTHBHICTH HOro poOorH. Benuky 4acTHHY yacy OLIHKM CHTYarli
MIPOBOJMUTH OIEpaTop ISl OTPUMaHHS nonatkoBoi iHpopmarii Bix inmux OIIP Ta iHhopMaIiiiHUX eIeMeHTIB, ITOKa3aHHUX SK
yacruHa IM. Ili uyacoBi BuTpaTH 0OyMOBJIEHI HM3bKMM piBHEM iH(OpPMALiHOr0 HAIOBHEHHs iHGOPMAIIHHUX EIEeMEHTIB,
npeJicTaBiIeHuX K yactiHa IM, 1 He BiJOBINAIOTh XapaKTepy MisIbHOCTI orepaTopa IpH OLiHLI cuTyarii. MeToau ckopodeHHs
noMuiiok omnepatopa ACY MOXKHA PO3AUINTH HAa HACTYIHI PYHM: aBTOMAaTU3allisl HAWCKIAIHIIIMX Ollepaliif; BIPOBaKEHHS
iHdopmaniiiHol HaaMIPHOCTI Ha eTaIl NPOEKTYBAaHHS CHUCTEM s 3a0e3MeUeHHs IisUIbHOCTI OnepaTopiB; 301IbIICHHS. poOoUOro
HAaBaHTAXEHHS OIepaTopiB; MiJBUIICHHA KBai(ikanii [uist oneparopa. BucHoBku. IIpoBeieHo y3aranbHeHHI aHaNi3 OisIbHOCTI
oreparopa, BHIIIEHI OCOOIMBOCTI poOOTH omeparopa 3 iHGOpMaNiHHOI MOJEIUII0; BH3HAUEHO HAmpsMH (HOPMyBaHHS
KOHIICTITYaJIbHOI MOJIeNi MPUHAHATTS PIillleHb IOAO OIIHKHW OOCTAHOBKH; ISl JOCITIJDKEHHS JISUTBHOCTI Oci0, IO NMpHHAMAaloTh
pilIeHHST TpH OIUHII OOCTAaHOBKH, INPOBEJICHO iMiTalliiHe MOIEIIOBAaHHS Ta PO3POOJIEHA MOJAENb JISUTBHOCTI OIepaTopa;
HaBEJICHO OLIIHKY BUTpAT 4acy Ha BUKOHAHHS PI3HUX [}, HOB'I3aHUX 3 aHATi30M iHpopManiiiHUX Mojieneil B pi3HUX yMOBaXx.

Kar4dosi ciaoBa: imiTaiiliHe MOAEIIOBAHHS; TisUIBHICT ONEPATOPA; OLlIHKA OOCTAHOBKH; IPUHHATTS PillICHHS.

HMmuTanuonHas MoaeJIb NOAJAEPKKHA MPHHATHS PElICHNH 110 OlIeHKe 00CTAHOBKH
onepaTopamMu aBTOMaTH3MPOBAHHOH CHCTEMBbI YIIPABJICHUS BO3IYIIHBIM IBHKEHHEM

O. M. Imurpues, 1. A. boposerew, C. I'. llluno, T. M. Kanumynun

AKTyaIbHOCTB. YesI0BeK-0IepaTop He MOKET CBOEBPEMEHHO IPOBOJUTH OLEHKY CHTYAIl[UH M PearupoBaTh HaJUICKAIIUM
obpa3oM Ipu M3MeHeHHMH cuTyauuu. IIpobiema ycyryOnsercs HeolpeleleHHOH mpouexypoil ordopa QUCIIETYEPOB JUIS
JIeKYPHBIX CMEH B LICHTpax YNpPAaBJICHUs M UX aJICKBAaTHOH INOATOTOBKOM K BBIIOJIHEHHIO 331ad II0 HAa3HA4YEHWI0. JTO He
MO3BOJISIET JOCTUYb JOCTATOYHOI'O YPOBHSI KOMIIETEHTHOCTH B IIpolecce ux npodeccuoHanbHoi aesrensHocty. Heab craTbu.
Pa3paboTka MMHTAIlMOHHOH MOJENM KOMIUIEKCHOW IEATEIbHOCTH OIepaTopa Ul NPUHATUS PEIICHUS Ha OCHOBE OLIEHKU
curyaiuu. Pe3ysbTaTel padoThl. AHaIN3 IEATEIBHOCTH OIEPaTOpa MPH OLEHKE CUTYALU C UCIIONb30BAHIEM CYIIECTBYIOIIUX
aBTOMATH3MPOBAHHBIX KOMIUICKCOB MO3BOJMI BBISIBUTH CIEIYIOIINE OrpaHUYEHHS HHGOPMALMOHHOH INOAJEPKKU CHCTEMBI,
KOTOpbIE BIUAT Ha 3((deKTUBHOCTH ero paboTbl. Bonbliyto 4acTe BpeMEHM OLEHKM CHTYallid IHPOBOAUT ONEpaTop Ul
TOJTy4eHUS JOMOIHUTENbHON nHpopManuu ot apyrux JIIIP 1 uHGpOpPMALMOHHBIX 3J1€MEHTOB, NOKa3aHHBIX Kak 4acTe M. Otn
BpPEMEHHbIC 3aTpaThl OOYCIIOBJICHBI HHU3KMM YPOBHEM MH(OPMALMOHHOIO HANOJHEHHUS HH(OPMAIMOHHBIX 3JIEMEHTOB,
IPEJICTABICHHBIX Kak 4acTb VM, U He COOTBETCTBYIOT XapakTepy AEATENbHOCTH OlepaTopa IpH OLEHKE CHTyaluu. Meroasl
cokparieHus omnook oneparopa ACY MOXKHO pas3[enuTh Ha CIEIyOIIIe IPYIIIbl: aBTOMATU3ALMs CAaMbIX CIIOKHBIX OIEpallii;
BHEJIpeHHEe UH(GOPMAIIMOHHOM M30BITOYHOCTH HA dTalle NPOSKTHPOBAHUS CUCTEM JUIs 00eCHeYeHHs JEATeNIbHOCTH OIepaTopoB;
yBenm4yeHue pabouell Harpy3ku OIepaTopoB; HOBbILIEHHE KBanupukaiuu st oneparopa. BeiBoasl. IIpoBeneH o6001meHHbIH
aHaJIU3 JIATEIBHOCTU OIIepaTopa, BBIACJICHBI OCOOCHHOCTH PaboThl oneparopa ¢ MHGOPMALMOHHON MOJIEIbIO; ONpPEIENICHbI
HarpaBleHUs (OPMUPOBAHUS KOHLENTYAIbHOH MOJENM IPUHSATHA PELICHUH IO OLEHKEe OOCTaHOBKH; JUIS HCCIEIOBaHUS
JIEATEIBHOCTH JIUL, TNPUHUMAIOMMX pEIIeHHUS IIPU OLEHKE OOCTAHOBKM MPOBEJEHO MMMTALMOHHOE MOJEINPOBAHNE
JIeATEIbHOCTH OllepaTopa; MPHUBE/ICHA OLICHKA 3aTPaT BPEMEHH Ha BBINOIHEHUE PA3JIMYHBIX JCHCTBUH, CBA3aHHBIX C aHAIN30M
UH(POPMALIMOHHBIX MOZIENICH B PA3JIMYHBIX YCIOBHSX.

Kao4ueBble CJI0BA: NMUTAIIMOHHOE MOICIIMPOBAHUEC; ACATCIIBHOCTD OIIEpaTopa; OLICHKA 00CT: AHOBKU; [IPUHATUEC PCILICHUS.
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CONCEPTUAL MODEL OF A SPECIALIZED GEOINFORMATION SYSTEM

One of the most important directions for solving the problem of improving the process of providing geospatial information
on the systems of command and control of troops and weapons is the implementation into the practice of the Armed Forces
of Ukraine management of military information systems (MIS), representing software and hardware complexes, that was
designed to collect, process, store, analyze, simulation and visual display of geospatial information necessary to support
decision-making on military command in peacetime and wartime, and tactics digital (electronic) cards and perform military
applications (settlement) problems associated with the assessment of operational and tactical planning properties of the
terrain and the use of force (means). To this end, the author proposes a conceptual model of a specialized geoinformation
system in this article. This model allows us to combine into a single whole the views of researchers on the creation and
operation of specialized geoinformation system. In the course of the study, classic methods of analysis and synthesis,
methods of decomposition, mathematical statistics, modeling, complex technical systems, and others were used. As a result
of the research carried out in the article, the author obtained a conceptual model of a specialized geoinformation system.
The given model makes it possible to combine separate theoretical researches, to supplement and improve them and to
enter a new scientific level. The proposed research may become a new scientific basis for the development and
improvement of existing specialized geoinformation system. The author's proposed model allows describing the
functioning of individual subsystems of a specialized geoinformation system, as a whole, and individual subsystems. The
practical implementation of the above conceptual model of MIS will provide the provision of geoinformational resources to
all information necessary for the management of troops and weapons. A distinctive feature of MIS will be the
differentiation of the provision of geospatial data for various parts of the control of troops and weapons systems. In other
words, this or that unit of military control will be provided only by the set of geospatial data that is necessary and sufficient
for the purpose of the task.

Keywords: geoinformation systems; mathematical modeling; special systems; conceptual model; Armed Forces of
Ukraine; analysis; synthesis; decomposition; generalization.

Introduction

At the present stage of historical development in
connection with the emergence of new weapon types,
such as high-precision weapons and weapons, is based
on new physical principles (electromagnetic, laser,
infrasound, etc.), which has a great destructive force, as
well as in the coup in the military affair took place with
the creation of their devices of delivery, which led to
the necessity to improve the process of providing
geospatial information on the control systems of troops
and weapons [1-7].

One of the most important directions for solving
this problem is the introduction in the practice of the
Armed Forces of Ukraine management of military
information systems (MIS) that represent hardware and
software complexes designed to collect, process, store,
analyze, simulate and visualize the geospatial
information, that is required for supporting the
decision-making on military command in peacetime
and wartime, as well as the creation of digital
(electronic) maps and execution of military-applied
(settlement) tasks, according to associated with the
assessment of operational-tactical properties of the area
and the planning of the forces (devices) using.

Modern geoinformation systems, that is using in
the Armed Forces of Ukraine are different in
purpose, incompatible with one another and
functionally limited.

An urgent scientific task arises, which consists in
generalization, systematization and improvement of
existing views on the creation and application of
geoinformation systems of special purpose [5-7].

Proceeding from the foregoing, the purpose of
this article is to develop a conceptual model of a
special-purpose geographic information system.

Presentation of the main material

Nowadays, the following MIS are supplied to the
Armed Forces of Ukraine: "Violit", "KIDD", "Arta" and
"Combat". These geoinformation systems are actively
used to provide troop control units with geospatial
information.  However,  despite  the  positive
recommendations of users about MIS adopted, their
significant disadvantages were also noted, the main
ones are [7-11]:

1) special software is not implemented in the
network, but in the form of local automated workplaces,
which causes its high cost;

2) devices of remote access through MIS servers
are poorly designed;

3)there is no single database of geospatial
information in the interests of providing users of MIS,
which is part of the geographic information space of
Ukraine, containing updated digital (electronic)
topographical, naval navigation, special maps and plans of
cities of all scale; spatial models of terrain in various
formats with metadata, which ensures the creation of a
mapping coverage on any parts of the Earth's surface in
two-dimensional and three-dimensional form in vector and
raster forms in different coordinate systems; providing this
information on a user's request, subject to their permission,
through geoservices for its viewing and download;

4) military-applied (estimated) tasks related to the
assessment of tactical properties of the area and the
planning of using of forces (devices) in MIS are not
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implemented, analytical functions are based only on
cardometry, morphometry and graphic transformation,
due to the lack of algorithms for the transformation of
geospatial information according to consumer requests.
Despite a number of developments in this direction [1,
2, 5, 6], they are still underdeveloped. At the beginning
of the XXI century, a similar situation occurred in the
US Army and a number of NATO member states, that
refused to develop new MIS and selected the ArcGIS
specialized software as the MIS core of the combined
commercial set of cartographic instruments (JCMTK).
This specialized software is widely used in most
government departments and commercial structures and
is constantly being improved by ESRI, and units of the
engineering corps develop and implement in the
practice of geoinformational support for troops
individual modules for solving military-applied tasks
and processing of non-standard geospatial data;

5) knowledge base, that is necessary for solving
military-applied (settlement) tasks;

6) MIS architecture is based on the principles of
the so-called "stable" system, that contain once and for
all the volume of special information contained therein;

/ Composition and sources
of geospatial data
Composition: cartographic images of objects or Natural Resources,
phenomena, their qualitative characteristics. topographical

Sources: digital and electronic maps of terrain, ministries.
digital terrain models, digital aerospace materials,
digital astronomical and geodetic and graphic
materials, electronic background-targeted

\ intelligence and other data, data of the state cadastre.

'

\ Geospatial data providers N,

State _Ministries: Ukrgidrometcentre, Ministry of
state
and geodesic divisions of state
ministries and departments, as well as other sectoral

Power departments: the Armed Forces of Ukraine,

the NGU, MID, SES, SSSCIP, the SSTS, the SSU,

situational centers, topographical and geodesic units
\ of the ministries and departments. K \

7) during the life cycle of MIS are not
accompanied by software developers, so new versions,
and systems in general, differ little from each other (in
the best case, add separate modules for solving one or
two military applications (settlement) tasks).

In addition, MIS users point out, that the contents
of databases and knowledge bases should be updated
promptly as new and/or more accurate and detailed data
is received. It is also necessary to improve and special
software both in terms of increasing the efficiency of
providing information to the consumer, and in terms of
the reliability of the protection of special information
from unauthorized admission. At the same time, the
software must ensure correct operation of existing
databases and knowledge bases. In the article, the author
considers the conceptual model of MIS, which in his
opinion, will eliminate the above-mentioned shortcomings
and will ensure the effective transformation and
presentation of large volumes of various geospatial
information to military command, both in peacetime and
in wartime.

The proposed conceptual model of MIS consists of
three main subsystems (Fig. 1):

/" Devices of collecting and processing of ’
geospatial data

register  enterprises, Software: system-wide, applied, basic.

Technical facilities: fixed measurement and
observing networks, electronic geodetic devices of
data collection, positioning systems, electronic
computing facilities, documenting devices, devices
of displaying geospatial information, information
carriers.

\

@ Server component of the geographic information system (information resources)
| Converters | | Instrumental devices of MIS |
g :
5 | | | | I 5 .
2llg | i : i~ R <e— z :
<||= ! | DBDTI | ;! ''| DBOI ! 1| bBOI | ! ' 5 !
a|la o I h ' H : H @ .
3 I i N 1 I i 1 . 3 i
§ 11 N 11 11 T ? 11 o = !
= | A | T A A | Y1 H | Y1 H | A A— T » = H
@ 8 i | Subsystem ||| Subsystem | !i Subsystem | ! '| Subsystem | ' [ Subsystem |1 S '
» i | management |! | driving 11| interactions | ! i | interactions | ! | | interactions 2 !
8 ' [(MIS . 1| from the ' | from the ODD) | 1 |with the library| 1 5 '
g P [MIScore) it oo |1 | - D] ofhewrp |} 3 |
S I i 11| database 1 1| database | . 1| otthe | < i
[ The process of aggregation and processing of geospatial data ] i

[ User interface ]
[ Organization of access to the results of processing of geospatial data ]

v

[ Consumers of geographic information resources: Centers of combat management, Military authorities; automated systems and equipment for weapons ]

Fig. 1. The conceptual model of the geoinformation system of special purpose

1) subsystem of information support, that
characterizes the process of obtaining geospatial data
necessity for the functioning of MIS;

2) the subsystem of processing geospatial data,
characterizing the process of automated and interactive

conversion of coordinate-time information in
accordance with user requests and the need to submit it
in a convenient way for them;

3) the subsystem of access to information
resources of MIS, which characterizes the process of
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obtaining information resources of the processed
information by consumers.

Briefly consider the features of each of these
subsystems.

1. A subsystem of information support. It deals
with the content, sources, suppliers, devices of
collection and pre-processing of geospatial data
necessary for the functioning of MIS. It is assumed, that
the source information will include the entire spectrum
of astronomical-geodetic and gravimetric data, that
determine the spatial position of the objects of the area,
and cartographic models of the earth's space with their
quantitative and qualitative characteristics.

The sources of geospatial information are all
available data on terrain objects with their
characteristics, including various digital and electronic
maps, various special maps and schemes, digital models
of the parameters of the gravitational field of the earth
and coordinate directories of geodetic points

Suppliers of geospatial information should be all
ministries and departments, that use in their work data
on the terrain and objects located on it. First of all,
suppliers of such information will be geodetic and
cartographic enterprises of the State Register, as well as
parts and topographic units of the Armed Forces of
Ukraine.

Once the content of the source information has
been generated, there will be a problem of bringing the
heterogeneous data to the uniform appearance set for
MIS.

First of all, it concerns the transformation of all
the original information into a single system of geodetic
coordinates, which will ensure the creation of a single
geoinformation space for all geospatial data, used in the
system.

In addition to this problem, the problem of the
correct combination of all formats of geospatial
information and the transition to a single internal format
established for the geoinformation system under
development is relevant. In this format, the
representation of geospatial information in the domestic
MIS is the SFX format.

The actual task will be the filtration of the original
geospatial information. The fact is that the same objects
and elements of the locality may be contained in
various specialist materials supplied by various
ministries and departments.

At the same time, the same information in
different sources will be kept with different accuracy,
and in relation to the plane objects of the terrain and
relief, and with different details. Hence, there is a
problem of allocation from the available output arrays
of the highest quality in accuracy and most detailed in
the content of information.

2. A subsystem of geospatial data processing.

It contains five main elements:

1) electronic card control (MIS core);

2) element of conducting operational environment;

3) element of interaction with the database of
operational information;

4) element of interaction with the database of
knowledge of military-applied (settlement) tasks;

5)element of interaction with the library of
military-applied (settlement) tasks.

Let's briefly consider the main functions of each
element of this subsystem [4]. Electronic card control
(MIS core). It communicates with the database of
digital terrain information (DTI) and provides the
following functions:

1) control the display of electronic maps at a given
scale, coordinate system, cartographic projection,
according to the specified display criteria, in accordance
with the requirements of the information and
cartographic provision of the Armed Forces of Ukraine;

2) searching for objects of digital information
about terrain by the given criteria;

3) conducting a classifier of digital information on
terrain;

4) realization of the calculated functions of
cartographic algebra, analytic and geometric functions;

5) preservation of digital terrain information in the
internal format of MIS or using the cartographic
converter of digital information on the terrain in an
exchange format;

6) reception of solid copies of digital information
about the terrain.

An element of operating the operating environment.
It communicates with the library of electronic conditional
signs of the operational environment (LECSOE) and
provides the following functions:

1) support of the library of conventional signs of

operational and tactical appointment,  which
corresponds to the domain of military information
systems;

2) support of the rules of applying the operational-
tactical situation in accordance with the domain of
military information systems;

3) the formation of an operational-tactical
situation on an electronic card in an interactive mode;

4) the formation in an automatic mode of a tactical
situation on an electronic map in a given system of
conditional signs according to the data available in the
database of operational-tactical information;

5) display of the operational situation, deposited
on an electronic card.

The element of interaction with the database of
operational information (OI). It communicates with the
database of operational information and provides the
following functions:

1) the interaction of MIS with the database of the
operational environment through the software
interfaces;

2) viewing, editing, adding of records and sections
of thematic information in the database of the
operational environment;

3) the formation and execution of requests for data
necessity for decision-making by public officials;

4) application of operational and tactical situation
on electronic maps;

5) graphical representation of the results of the
decision of military-applied tasks;

6) execution of queries and reception of reference
attributive information about objects of the electronic
card from the database of the operational environment.
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An element of interaction with a database of
knowledge of military-applied tasks. He communicates
with the database of knowledge of military-applied
(settlement) tasks and provides the following functions:

1) support in the current state of knowledge
necessary for solving military and applied problems in
the environment of MIS;

2) formation of the knowledge about the subject
area;

3) formation of requests to the knowledge base for
obtaining the reference information necessary for
decision-making by public officials.

An element of interaction with the library of
military-applied (settlement) tasks. He communicates
with the library of military-applied (settlement) tasks
and provides the following functions:

1) Launching and solving military-applied
(settlement) tasks in the environment of MIS;

2) obtaining and displaying the results of the
decision of military-applied (settlement) tasks on
electronic maps;

3) using of MIS-core functions while working
with digital terrain information;

4) using of operational-tactical information in the
decision of military-applied (settlement) tasks;

5) preservation of the results of the decision of
military-applied (settlement) tasks in the database of
operational information.

3. A subsystem of access to information resources
of MIS. It contains two elements: an access control and
a user interface.

Let's briefly consider their main functions. Access
control It provides the following functions:

1) authentication of users and verification of their
rights and powers to work with information resources
MIS;

2) delimitation of access to information resources
of MIS;

3) Individual setting of parameters for each user
(official).

User interface. It provides the following functions:

1) the visibility of using the subject area, adopted
for the solution of military-applied (settlement) tasks;

2) informing the operator about the results of
checking the correctness of his actions and warning
about possible errors of the operator or failure of the
software as a result of his improper actions;

3) connection of the operator to the MIS help
system by interactively calling the electronic
instructions and context-sensitive information about
those or other MIS capabilities necessary for the
solution of the task, and also by using "pop-up"
prompts;

4) the ability to configure the operator to
configure the necessary elements of the user interface
for the more effective solution to a military
application task.

The conclusion from this explosion

In the article, a conceptual model of a specialized
geoinformation system is proposed.

The proposed model allows describing the
functioning of individual subsystems of a specialized
geoinformation system, as a whole, and individual
subsystems.

The practical implementation of the above
conceptual model of MIS will provide the provision of
geoinformational resources to all information necessity
for the management of troops and weapons.

A distinctive feature of MIS will be the
differentiation of the provision of geospatial data for
various parts of the control of troops and weapons
systems.

In other words, this or that unit of military
control will be provided only by the set of geospatial
data that is necessary and sufficient for the purpose
of the task.

Directions of further research will be the
development of methods for processing various types of
information in geoinformation systems of special

purpose.
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Konnenryansna mozgesn
reoingopManiiHoi cCHCTEeMH CIIeLiaIbHOr0 NPU3HAYCHHS

O. A. Komnanp

OnHuM 3 HalMBaKJIMBIIIMX HANPSMKIB BUPILICHHS 3aBJAHHS YIOCKOHAIIOBAHHS IPOLECy 3a0e3NeYeHHs I'eOnpPOCTOPOBOO
iHopmamiero cucreM ynpaBiliHHA BiHCbKaMH Ta 30pO€I0 € BIPOBAKEHHS B IPAKTHKY YrpasiiHHs 30poiHnmu Cuiamu
Vkpainu reoindpopmaniitnux cucrem (I'IC) BilicbKOBOro NHpH3HAa4YeHHS, IO IPEACTaBIAIOTH COOOK IIPOrpaMHO-aNapaTHi
KOMIUIEKCH, TIpH3HAUeHi Uit 300py, 00poOKH, 30epiraHHs, aHasi3y, MOJIEIIIOBAHHS Ta HAOYHOTO BiJOOpa)KEHHs I'€0IPOCTOPOBOL
iHdopmanii, HeoOXinHOT Ul MIATPUMKM NMPUHHATTS PilllEHb 1O YHPABIiHHIO BiiCBKAMHM B MHUpPHMI 1 BOEHHHMi yac, a TaKkoX
CTBOpPEHHSI LU(POBUX (SIEKTPOHHHMX) KapT 1 BUKOHAHHS BIHCHKOBO-TIPUKIIQJHUX (PO3PaxXyHKOBHX) 3aBJaHb, ITOB’SI3aHUX 3
OLIIHKOIO ONEpaTHBHO-TAKTHYHMX BJIACTUBOCTEH MICHEBOCTI Il IUIaHyBaHHSAM 3acCTOCYBaHHs CHIJI (3ac0o0iB). 3 Ii€I0 METOIO B
3a3Ha4eHil CTATTi aBTOPOM 3alIPOIOHOBAHO KOHLENTYaJIbHY MOJIEJb IeoiHpopManiiiHOl cucTeMH CIIeLiabHOTrO NMPU3HAYEHHSL.
3a3HayeHa MoOJENb JIO3BOJSIE IOEAHATH B €IUHE LJIe NOMIAAM JOCHIJHUKIB IMOJO CTBOPEHHS Ta eKCIUTyaramii
reoiHpopMaLlifiHUX CHUCTEM CIELiaJIbHOrO NpU3HAYCHHS. B X0zl NMPOBENEHOro IOCHiIKEHHS BUKOPUCTOBYBAIMCSA KIACHYHI
METO/Y aHali3y Ta CUHTE3Yy, METOAU JICKOMIIO3UIIii, MaTeMaTH4HOI CTAaTUCTHKH, MOJCIIOBAHHS, CKJIAJHUX TEXHIYHUX CUCTEM Ta
iHm. 3a pe3yslbTaTaMM IPOBENCHOrO B CTATTI JOCIIJUKCHHS aBTOPOM OTPHMAHO KOHLENTYAJIbHY MOJeNb reoiHdopmMauiiiHol
CHCTEMH CIIeLiAJIBHOTO NPU3HAYEHHs. 3a3HaueHa MOJEb JI030Js€ 00’ €HaTH OKpPeMi TEOpETHYHI JOCIiIKEHHs, JONOBHUTH Ta
YIOCKOHAJIMTH 1X Ta BUHTH Ha HOBUH HayKOBHH piBeHb. 3a3Ha4yeHe JIOCHiPKEHHSI MOXKE CTATH HOBUM HAyKOBHUM IIAIPYHTSIM IIPU
PO3po0IIi HOBHX Ta YIOCKOHAJICHHI 1CHYIOUHX I'e0iH(OpPMAIifHIX CHCTEM CHELiIbHOTO IIPH3HAYCHHs. 3alpOIIOHOBAaHa aBTOPOM
MOZIENb JIO3BOJISIE OIKcaT (QYyHKIIOHYBaHHSI OKPEMUX IiZICUCTEM I'eoiH(OopManiiHOl CHCTEMH CHeliabHOrO IPH3HAYEHHS SIK B
nitoMy Ta 1 OKpemi mizcucreMamu. llpakTHdHa peanizamisi po3risiHyToi BuIe KoHIenTtyaibHoi Moxeni ['IC 3abesnedynth
HaJaHHA CIOXuBa4daM reoiHdopmaniiiHux pecypciB Beiel iHopmalii, HeoOXiIHOI I YIpaBlliHHA Biiicbkamu # 30poeto.
Binminnoro pucoro I'IC crane nudepeHuiiioBaHicTs HaJlaHHs Ie€ONPOCTOPOBUX JIAHKUX JUIS PI3HUX JIAHOK YHPAaBIiHHA BilficbkaMu
Ta cucreMaMu 030poeHHs. [Hakie kakyud, Toi abo iHIIMKA opraH BiCBKOBOro KepyBaHHs Oyle 3a0e3nedyBaTuCs TUIBKH TUM
KOMIIIEKTOM I'€OIIPOCTOPOBUX JAHUX, 110 HEOOXiJHUM 1 JOCTATHIN [JIsl PillICHHs 3aBAaHb 3a IPU3HAUCHHSAM.

Kaw4yoBi ciaoBa: reoiHpopMamiiiHi CHCTEMH; MaTeMaTHYHE MOJCIIOBAHHS; CHELiaJIbHI CHCTEMH; KOHIENTYyalbHa
Mozenb; 30poiiHi Cun YKpaiHu; aHasli3; CHHTE3; JEKOMIIO3HILIS; y3araJbHEHHSI.

Konnentyansnas mogenn
reonH(pOPMANMOHHOI CHCTEMBI CIIENMATBLHOI0 HA3HAYCHHSI

A. A. Konutane

OnHuM U3 Ba)KHEHIINMX HANpPaBICHUN PEIICHUs 3a]a4d COBEPIICHCTBOBAHMUS IPOLECCa 00ECIeUeHHs TeoNpOCTPaHCTBEH-
HOH MH(OPMALUK CUCTEM YIPABJICHUS BOHCKAMU U OPY)KHEM SBJIICTCS BHEAPEHUE B IIPAKTUKY yIpaBiieHus BoopyxenHbix Cuit
Vkpannsl reounpopmanuonsslx cucreM (I'MC) BoeHHOro HaszHa4yeHMs, IPEACTaBILIOIINE OO0 HpOrpaMMHO-annapaTHble
KOMIUIEKCHI, NpeAHa3Ha4deHHbIe Ul cOopa, oOpabOTKH, XpaHEHHs, aHalIW3a, MOJECIMPOBAHMS U HArILIHOIO OTOOpaXKeHWs
reoNpOCTPAHCTBEHHON MH(OpMaLiK, HEOOXOAUMOMN JUIsl MOIEP KKU IIPUHATHS PELLIEHHH 10 YIPABICHUIO BOCKAMU B MUPHOE U
BOCHHOE BpeMs, a TaKXkKe CO3JaHue LU(POBBIX (IEKTPOHHBIX) KAPT U BBIIOIHEHUS BOCHHO-TPUKIIAHBIX (PacUeTHBIX) 3a/ad,
CBSI3aHHBIX C OLICHKOH OIEpaTUBHO-TAKTHYECKUX CBOWCTB MECTHOCTH M IUIAHMPOBaHMEM IpuMeHeHMs cui (cpencrs). C aroi
LEIbI0 B YKAa3aHHOH CTaThe aBTOPOM MPE/UIOKEHA KOHIENTYallbHas MOJENb reOMH()OPMALOHHON CHCTEMBI CIIELUAIBHOIO
Ha3HAueHMs. YKa3aHHas MOJENb IMO3BOJsIET OOBEAMHUTh B €QUHOE LEJoe B3IJIAAbI HCCIENOBaTeNed 10 CO3JAHHI0 U
9KCILTyaTaly reonH(OPMALOHHBIX CUCTEM CHELMAIbHOIO Ha3HAuYeHHUs. B Xoz1e poBeIeHHOr0 NCCIleJOBaHUS UCIIOIb30BAINCh
KJIACCHYECKHME METO/bl aHalKM3a M CHHTE3a, METOABI JEKOMIIO3ULNH, MaTEMaTH4YECKOH CTaTHCTHKH, MOAEINPOBAHMS, CIIOXKHBIX
TEXHUUYECKUX cucteM M 1p. Ilo pesyapraTam NpOBEJEHHOTO B CTAThE MCCIEAOBAHMS aBTOPOM IOTYYEHBI KOHLENTYAIbHYIO
MoOJieNlb Fe€OMH(OPMAIIMOHHOM CHCTEMBbI CHELMAIbHOIO Ha3HA4YeHMs. YKa3aHHAs MOJENb II03BOJIACT OOBEAMHUTH OTJEIbHbIC
TEOPETHYECKHE HCCIEI0BaHUs, JOMOIHATh M YCOBEPIICHCTBOBATH MX M BBINTM Ha HOBBIM HaydHbIH ypoBeHb. JlaHHOE
HCCIIEJIOBAHUE MOXKET CTaTh HOBBIM HaydyHbIM OCHOBAaHHMEM IIPU Pa3pabOTKE HOBBIX M COBEPIICHCTBOBAHUM CYIIECTBYIOIIUX
reonH(OPMALIMOHHBIX ~ CHCTE€M CIELMAalbHOrO Ha3HaueHus. [Ipe/UlokeHHas aBTOPOM MOZENb II03BOJNSET  OIMCATh
(GYHKIIMOHUPOBAaHUE OTJIEIBHBIX IIOACUCTEM TI'€OMH()OPMAIMOHHONW CHCTEMBl CIELMAIbHOrO Ha3HAYEHUs KaK B IIEJIOM HU
OTZIeNIbHBIC MOZicUcTeMBl. [IpakTHueckas peanu3alds PAacCMOTPEHHOW Bbllle KoHuentyanbHod Moxenn I'MC obecrieunt
IPEJIOCTABIICHHE TIOTPEOUTENAM IreOnH(OPMALIMOHHBIX PECYPCOB Beell MH(pOpMaIMy, HEOOXOMMMOM JUIS YIIPaBIICHUs] BOHCKaMU
n opyxueM. OrnuuurensHoit ocodenHoctsto ['MC craner nuddepeHInpoBaHHOCTD NPEIOCTaBICHUS T'€ONPOCTPAHCTBEHHBIX
JTAHHBIX [UISl Pa3JIMYHBIX 3BEHBEB YNPABICHHUS BOWCKaMH M CHCTEMAaMH BOOpYXKEHHs. VHaue roBops, TOT WIM WHOH OpraH
BOCHHOI'O YyIIpaBlieHHs OyneT o0ecredmBaThesl TOJIBKO TEM KOMIUIEKTOM TI'eONpPOCTPAHCTBEHHBIX IaHHBIX, HEOOXOOUMBIH M
JIOCTATOYHBIH [JIsl PEIIEHNs 337124 110 HA3HAYEHHIO.

KawueBbie ciaoBa: reonHpOpMAaMOHHBIE CHCTEMBI; MaTeMaTHYECKOE MOJECIUPOBAHHUE; CIIENUabHbIE CHUCTEMBI;
KOHIIETITYaJIbHasi MozieNb; BoopykeHnbsie CUitbl YKpauHbl; aHaJIM3; CHHTE3; ICKOMITO3UIIHS; 0000IIECHHS.

40



ISSN 2522-9052

CyuacHi indopmaniiini cucremu. 2018. T. 2, Ne 3

Adaptive control methods

YK 004.41:004.056

O. B. KoBanenko

doi: 10.20998/2522-9052.2018.3.07

LenTpanbHOYKpalHCHKU HalliOHATBHUI TeXHIYHUH yHiIBepcuTeT, KponuBHUIBKUH, YKpaina

YJIOCKOHAJIEHUA METO/ YIIPABJIIHHS PU3UKAMUA
INPOTPAMHOTI'O 3ABE3IIEYEHHSI HA OCHOBI
HAIIIBMAPKOBCBKOI MOAEJII IPUUHATTSA PILLEHDb

B po6ori npoBeneHi KociiHKeH s, SKi MOoKa3ally, 10 YIPaBIiHHA PU3UKOM PO3POOKH IIPOrPaMHOro 3a0e3NeUeHHs BKIIO-
Yae CHCTEMY 3aXOJIiB, 3JiHCHIOBAHUX SIK JI0 NPOSIBY HETATHBHOI MOAIi, Tak 1 micis oro peamizanii. OfHaK NpeBEHTUBHUIMA
aHaui3 1 00K OLIBIIOCTI MOXIIMBUX €KCIUTyaTalliiHUX MOMUIIOK JJO3BOJIMTH 3HU3UTH (IHAHCOBI Ta 1HIL BUTPATH B KUTTE-
BOMY LIMKJII pPO3poOKu mporpamHoro 3abesneueHHs. Bike 3rajaHa 3a7aya ynpasiliHHA PU3UKaMH PO3POOKH HMPOrPaMHOro
3a0€3IeUeHHs IIPY NIEBHUX OOMEKEHHAX HA 3aXO/ 3 TECTYBAHHS SIKOCTI Ta Oe31eKkH, chopMyIIbOBaHa y BUTIIAI HaIliBMap-
KIiBCBKOI MOJIeNi NPUHHATTS PillleHb UL KEPOBAHOTO MApKiBCBKOI'O Ipolecy B Oe3NepepBHOMY 4Yacy 1 JMCKOHTOBAHMMHU
noxoznaMu abo Butparamu. Ilpu 1poMy aHMil BUJ €KCILUTyaTalliiHUX PU3HKIB OTOTOXHIOETHCA 3 MOCHIZOBHO 3'€THAHUMU
HE3aIeKHUMU €JIEMEHTaMH, BiJJHOBJIIOBAaHMMH 3a KiHLEBUH yac. OnTHMalbHa HEPaH/IOMi30BaHa CTalliOHApPHA CTpaTeris
YIIPaBIIiHHS BU3HAUCHA 3a JIOIIOMOI'OI0 I1CEBO0YIICBUX METO/IB OiBalI€HTHOrO MPOrpaMyBaHHs, 3HAXOIA4M BCl pillICHHS
cucTeMu 00OMEeXXeHb. Y IOCKOHAJICHO METOJL YIPABIIiHHSA PU3UKaMHU PO3POOKH IIPOrpaMHOro 3abe3NedeHHs] Ha OCHOBI Harli-
BMAapKOBCBbKOI MOJZIENi NPUIHATTA pillleHb Ul KEPOBAHOIO MapKiBCHKOIO mpolecy B Oe3nepepBHOMY vaci. BigMiHHOMO
0COOJIMBICTIO 3aIPOIIOHOBAHOIO METOJY € BUKOPHUCTaHHs IICEBI00YICBUX METO/IB OiBaJIEHTHOrO MPOrpaMyBaHHs 3 Helli-
HiHOT LJIbOBOO PYHKLIEFO 1 IIHIHHUMU OOMEKEHHAMM JUIsl BU3HAUCHHS ONTHMAJIBHOI CTpaTerii yCyHeHHs eKCILTyaTarlii-
HHUX noMuIoK. [IpoBezneHi ociiKeHHsT B poOOTI IOKa3ally, 1110 BUKOPUCTAaHI TEOPETUYHI MOJIOKEHHS B JIOCTATHHOMY 00-
cs131 BiZIoOpaXaroTh CTAHAAPTH Ta MOXMJIMBOCTI CY4aCHUX METOJOJIOTIH TeCTyBaHHs IIPOrpaMHOro 3a0e3neueHHs. Sk npuk-
J1a]] pO3rIISIHYTI CUTYallii BAHMKHEHHS IOMIIIOK Oe3nexu nporpamuoro 3abesnedyenss (I13), i Bu3sHaueHa ontuMalbHa cTpa-
Teris ynpaBJiHHA 1J1 YCYHCHHs 3a3Ha4eHol aHOMaJlbHOI cutyaii. IIpeacraBiieHuii B poOOTi METo JOLIBHO BUKOPHCTO-
BYBATH HE TUIbKM IPH YIIPABIiHHI PU3HKaMU O€3IEKH NPOrpaMHOro 3abe3NedeHHs, ae i Mpu (yHKLIiOHAIbHOMY, HaBaH-
Ta)KyBaJIbHOMY, CTPECOBOMY Ta IHIIMX BUAAX TECTYBaHH I 3a1100iraHHs MOXIIMBUX BTPAT.

Karo4doBi coBa: ynpaBiniHHS pU3MKaMU; HalliBMapKOBChKA MOJIEINb; IPUIHATTS pillieHb; 11CeB100yeBl MeToau OiBa-

JICHTHOI'O IIpOrpaMyBaHHs.

BecTtyn

[IpoBeneHi qocimimKeHHs MMOKa3aiu, MO0 YIpaBiiH-
Hs pU3UKOM po3poOku I13 nosnsirae B 3aB4acHOMY BUSIB-
JICHHI IOB'S3aHUX 3 PU3UKOM (DiHAHCOBUX, TEXHIUHHX,
[ICUXOJIOT1YHHUX, 1 1H. HEOE3IEeK, 1 BKUTTS 3aX0/iB II0J0
3HW)KEHHS PH3MKY NUISIXOM MIECTIPSIMOBAHOI 3MiHH
uux (akTopiB 3 ypaxyBaHHSIM e(EeKTHBHOCTI 3aXOJIiB,
10 BXXUBAIOTHCS [1-3]. YnpaBiiHHS pU3UKOM PO3POOKH
[13 BkIIOYAE CHUCTEMY 3aXOiB, 3MIMCHIOBAaHHX SK IO
MPOSIBY HEraTHBHOI MOMil, Tak i micis ioro peamizamii.
OpHak, SIK MOKa3ajiH JOCIiKEHHs, TPEBEeHTUBHUI aHa-
i3 1 o0JiK OINbIIOCTI MOXKJIIMBHX EKCIUTyaTalliiHUAX
MOMHJIOK JTO3BOJINTH 3HU3UTH (DIHAHCOBI Ta 1H. BUTPATH
B JKUTTEBOMY ITUKJII po3podku I13.

AHaNi3 JocjigKeHb Ta NMOCTAHOBKA 3aBJAHHS.
Psin aBropiB [1, 2] mig TepMiHoM "ympaBIiiHHS PHU3H-
KOM" pO3YMiIOTh PO3pOOKY i OOIpYHTYBaHHSI OINTHMa-
JBHUAX TIPOTpaM JisUIBHOCTI, MOKIUKaHUX €()EeKTHBHO
peai3oByBaTH PIllICHHS B Taiy3i 3a0e3medeHHs Oe3re-
ku. [Ipu bOMY TOJIOBHUM €JIEMEHTOM TaKOi JIiSUIHOCTI
€ TPOLIEC ONITHUMAIIFHOTO PO3IONITY 0OMEXEHUX pecyp-
CIB 3 ypaxyBaHHSM XapaKTEPHUX eKCIUTyaTaliiHuX,
€KOHOMIYHUX 1 coIliasbHUX (DaKTOpIB.

PosrnsinyTy 3aauy yrnpaBiiHHS pU3UKaMU pO3po-
O0xu 13 npu meBHUX OOMEXKEHHSX Ha 3aXOIU 3 TECTy-
BaHHS SKOCTI Ta Oe3neku, cHOopMyIIOeMO y BHIVISL
HaITiBMApPKOBCHKOI MOJIE NMPUHHATTS PillIeHb I Ke-
POBAaHOTO MapKiBCBKOTO TMpolecy B Oe3lepepBHOMY

Yaci 1 JUCKOHTOBAaHMMH NOXOJaMH (3 Koe(illieHTOM B
HOpPMaJIBHUX yMOBax mporiecy crBopenHs [13) abo Bu-
Tpatamu (B yMOBax 3 BIAXHJICHHSMH BiJ IUIaHY, MOB'sI-
3aHUMH 3 ITHOPYBaHHSIM HE BUSBIICHHS BPa3JIMBOCTEH
(momuitok) Ge3mexu). [lpu bOMy naHWi BHUI eKCILTya-
TaIliiHUX PU3UKIB OTOTOXKHIOIOTHCS 3 TMOCHIIOBHO 3'€1-
HAaHUMH HE3aJIOKHUMH eJIEMEHTaMH, BiJHOBIIOBAHUMHU
3a KiHIIEBUi Yac.

OntuMmanbHy  HEpaHIOMI30BaHy  CTalllOHApHY
CTpATETiI0 YIPaBITiHHA BU3HAYMMO 32 JIOIOMOTOO TICe-
BIOOYJIEBUX METONIB OiBaJEHTHOIO IIPOrpaMyBaHHs,
3HAXOJSIYU BCI PillICHHS CHCTEMH 0OMexeHb. 11i pirneH-
HSl BU3HAYAIOTHCS HA OCHOBI JIITOPUTMY NEPETUHY pi-
LIeHb OKPEMHX HEPIBHOCTEH-00MEXEHb, 3alpOIOHOBA-
HOT'0 B PO0OTI [4] Ui 3HAXOMKEHHS 0a3UCHUX PilllcHb
CHCTEMH JIIHIHHUX HEPIBHOCTEH 3 OyJI€BUMH 3MiHHHMHU.

B Takux ymoBax c(OpMYIIOEMO OCHOBHY 3ajauy.

Hexaii koxkHOMY cranHi y i€S,0eS = {0,1,2,...,N}
JAHOI CHUCTEMHU YTPABIIHHI pH3MKaMu po3podku [13
TIOCTAaBJIEHO Y BiJNOBiMHICTh KiHIEBY MHOXUHY R;
pillleHb, eneMeHTH SKoi Mo3Ha4uMo Ak r=1,2,..,%.
Skmio cucreMa 3HAXOMUTHCSA B CTaHi (€S 1 mpuiima-
€ThCS PILICHHS 7 = R;, 1o ii monanema [IOBEIiHKA BU-
3HAYAETHCS IMOBIPHICHUM 3aKOHOM.

v (=P B (1), Jes, M

[/
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nie PU(V) — WIMOBIPHICTD TIEpPEXOAy CHUCTEMH i3 CTaHy B
CTaH i ; lq-l(-r) (1) — bynxuis posnoziny uacy nepeGysa-
HSl CHCTEMH B CTaHi i IpY MPUHHSATTI PillIEHHS ¥ Ta IPU
YMOBI, II[0 HACTYITHUI TIepeXi1 BiOyAEThCs B CTaHi j.

[Ipu mpomMy 3poOMMO IOIyIIEHHS, IO BHKOHAHI
TaKi yMOBH:

Cran i = 0 BIiAMOBiTae HOPMAIHLHOMY MPOIIECY PO-
3pobku I13, a i # 0 - cuTyarlist HOMIIKU Oe3mneku. DyH-

K1 FO(;)(t) i F%)(t), jeng/{O}, r€R; pazom

31 CBOIMU MEPIIUMH MOX1THUMH Oe3repepBHi pu ¢ > 0,
3a BUHATKOM KiHIIEBOTO YHCIIa TOYOK, 1 3pOCTalOTh Biji-
TOB1THO JI0 CKCIIOHCHITIaTbHAM 3aKOHOM PO3TIOMLTY.

3a omuHUIIO Yacy repeOyBaHHS B CTaHl i B pasi
TOPUAHATTS PILICHHS 7 BHUTPAYAETHCS B CEPETHHOMY

r . . r . . .

kl-( ) komrtiB (ipu i # 0 YHCIIO kl-( ) MiHYCOBE 1 JIOpiB-
HIOE BUTpATaM CHCTEMH 3a OJIUHUIII0 Yacy repeOyBaHHs!
B CTaHi i 3a YMOBH BHXOJY 3 I[bOI'0 CTaHY 3 ypaxyBaH-

HSM pilleHHs ). Benmnunan ‘kl-(r) 0o0OMeXeHi Ipu BCiX

. o . . r
IGS, I"GRI- Ta HWMOBIPHOCT1 Pl( ) 3a10BOJIBHAOTH

CIIiBBI{HOIICHHSM:

r . r ..
S P2, ies, rer, BV>0,ijes, rer.
Jjes

TakuM 4HHOM, B KO)KHOMY CTaHi i€S € 7 pi-
IIEHb 3 KiHI[eBOI MHOXUHU R;. Bubip nesxoro pimeHHs

r 3 i€l MHOXUHU R; Y BIATOBiTHOCTI i € S O3Ha4Yae

1 ’ 1

3aBianns Benwann Y (1), A gl (1), kl-(r), JES.

L _ Lo (r)
IMpu i=0, Ry={0}, iimoBipHicTs Fy;’ #0,
j€S € UMOBIpHICTIO Tiepexoay y crtaHi j. MMoBip-

. r N .
HICTb PO(;‘) #0, je€S§ 0o04YHCIIOETBCS HAa TPaKTHIN SIK

JIOJIS CTaHIB 3 IOMHJIKAMH O€3MEeKH TUITY j B 3arajibHii
CYKYITHOCTI Bpa3IMBOCTCH OE3MEKU pPI3HUX THIIIB Ha
OCHOBI JTaHUX TepexnicTopiil mponecy po3podku I13. B
(r) . .

oMy BHNAIKY Fj; (1) — dysxuis posmoxmimy yacy
TecToBOI ekciuryaraunii [13 Mixk BUSBICEHUMH ITOMUIIKA-
MU O€3MeKU THITY | .

i=L.,N

PIE)V) =1, Pll(r) =0, j#0, Qynxuis Flgr) (1) ue dynk-

sl PO3MOALTY Yacy YCYHEHHsS! Bpa3JIMBOCTEl Oe3neku 3
BUKOPHUCTAHHSM PIllIeHb 7 TP MOMUJIL THITY j .

IIpu ot Oynp-skoro  reR;,

3a ymMoBU Oe3MepepBHOCTI B Yaci JOCHIHKYBAHOTO
nporiecy OyaeMo KOPHUCTYBATHCS TIEPEOIIHKOK EKCIIo-
HEHI[aTBHOTO BUY 3 HOPMOIO & , TOOTO SKIIO B TIEBHUI
MOMEHT Yacy BUTPaTH CTAHOBIIATH SKYCh OJMHHYHY Be-

JIMYMHY, TO 4Yepe3 4ac { Iii BUTpATH Bike Oymyts e &

OUHUYHHX BEJTUYHH.
Tomi sIKio k; - BUTpaTa 3a OOUHHUIIO Yacy, TO Cy-
MapHi BUTPATH 3a Yac { Ma€ BUIIIS;

t k.
[keordr = —’(1 _eot ) . )
0 a

ITo3HauuMo i, CTaH CHCTEMH TICIs A -TO TIepexo-
Iy, u, - IpUHHATE pillleHHs, a 7,, - 4ac nepeOyBaHHA B
npoMmy crasi (n'=0,1,2,...),i,- noyatkoBuii cran. Jlo-
MyCTUMY CTpaterito [ IUis CUCTEMHU YIPaBJIiHHSA pO3-

pobkoro  I13  BuU3HAUMMO K  IOCIIJOBHICTh

{ﬂ()’ ﬂ]a ﬂZsm} , AC ﬂn (./Zn)

30cepeukena Ha GyHKuii ooMexenns U (S) Ha npuiis-

IMOBIpHiCHa Mipa,

ATl pimeHHs (yNpaBiiHHS), SKi BU3HAYalOThCS CHCTE-
MO0 HEPIBHOCTEH:
Zc,jx,j <b,, reR=UR;, 3)
Jjes jes
1 3QJISKUTH BiJl iCTOpii KEPOBAHOI CUCTEMH /10 MOMEHTY
n-ro nepexony z, =(igsUg,Tgse iy 1sUy_1sTy_tsiy) -
Mipa S, (o / zn) 3aJla€ paHIOMi30BaHE MPABUIIO BHOO-
py pimieHHs u, Ha ocHOBi iHdopmanii z, . Taky cTpa-
Terito § MOXKHA Ha3BaTH PaHAOMi30BaHOI.
Crparerits [ €  MapKiBCBKOIO,
Bu(e/z,)=B,(*/i,), ne n=0,1,2,.. Mapkiscbka

CTpaTeris

SIKIIO

Ha3MUBAa€ETHCA CTaHiOHapHOIO, SKIITO

By, (O/in) =p, (O/in) . HlinpHicTh BUMIipY Takoi cTpa-

terii  npu i, =i,u, =r,(r€R;) nosHaunMoO dl-(r).
Skmio crpareris 8 - MapKiBchbKa CTalliOHapHa, TO Ke-
POBaHUII MPOIIEC € HAMIBMaPKiBCHKUM.

AmHani3 nitepaTypu IOKa3aB, 10 HaHOLIBLI TOITY-
nsipHa iH(pOpMalis PO HaliBMapKiBChKI MPOLECH 1 Ke-
pOBaHi HamiBMapKiBChKI MOJIENI 3 JOJAATKOBUMHU BHUTpA-
TaMU 1 TUBIICHIaMU BUKIaJicHa B podoTtax [1-4].

Iosuaunmo uepes g; (o, 8) cymapui BuTpaTH
CHCTEMH, KEpOBaHOI BiJIIIOBIIHO A0 cTparerii 3, 3 HO-
PMOIO NIEPEOIIHKU ¢ , 33 Yac { YXUTTEBOrO IIUKIY PO3-
pobku I13. OOOB'SI3KOBOI0 YMOBOIO € Te, IO IPOLEC
MOYMHAETBCI B MOMeHT ¢=0 3i crany i. Yepes
v (t,a,B)=g;(t,a, )/t nosuaummo cymapHi cepeni
BUTpATH CUCTEMH 32 4ac ! 3a THX CAMHX YMOB.

o ' . . .
Hexaii C}.,l- - BUTpATH, OB A3aH1 3 p€an3all€ro 3a-

Xofly r B pasi noxii nopyuwenss 6esnexu I13 7 i x,; -
OyieBa 3MiHHA: X,; =1, SKIIO 7 3aCTOCOBYETBCS IPH
noxii j, x,; =0 B iHIIOMY BUIIaJKY.

[Mpunycrumo, mo 3arajgbHUE OOCAT KOIITIB, Bif-
MyIIEHHUX JUIS yCyHEHHs HenoiikiB Oe3nexu [13 (3axoqu
TUITy 7) OOMEXEHHH KOHCTaHTOIO b, , TOOTO BUKOHY-
€ThCSI HEPIBHICTH (3).

SIKIWo BUTpATH C,; NO3BOJSIIOTH BUKOHATH KOXKHE
3 oOMexeHb (3), To peanizoBaHa Ha miacTasi (3) cucre-
Ma BH3HAYa€e B MPOCTOPI iRd, d =dimR , nesxy KiHIe-
BY MHOXKUHY JMCKPETHUX TOUOK. Toxi BiJMOBITHO 10
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poOiT [5, 6] icHye HepaHIOMi30BaHa CTalliOHAPHA CTpa-
Terist B ,3BaHa f - ONTHMAJIBHOIO, SIKA MiHIMi3ye Cy-
MapHi cepeiiHl BUTpaTH NP JOBLIBHIN cTparerii [ i

Hopmi niepeoninkn o (o >0). Tlpn wsomy v(a,fB) €

(N +1)x1 -mipruii BekTOp (1)0 (a. B), ...,UN(a,ﬁ)) , e
v;(a, B) = lim v, (t,a, B), i €S. 4)
t—0

HeoOxinHO 3HaliTH @ - ONTUMaJbHY HEpaHIOMi-
30BaHy MapKiBChbKy CTalliOHapHY cTparterito [ , sika
MiHIMI3ye CyMapHi cepelHi BUTPaTH u(a,ﬂ ) pu  10-

BUILHOMY IIOYaTKOBOMY PO3IOLII IPOIIECY
y=(Y0s Vs N )5 (5)

Ziesyzl,yZO,iGS. (6)

He 3MeHIIyr04H CIiJIbHOCTI, B IKOCTI TOYaTKOBOTO
posmoziny BiseMemo Bekrop y=(1,0,...,0), ToGTO

MOYaTKOBUH CTaH cHCTeMHU. Ha OCHOBI HamiBMapKiBCh-
Kol MoJielli MPUIHATTS pillleHb 1Ie 3aBJaHHS PHUBEAEMO
JI0 €KBIBaJICHTHOI 3a/1a4i OiBaJICHTHOTO MPOTrpaMyBaHHS
3 BUKOPHCTAHHSIM NICEBAO0YIEBUX METOIIB.

Mertoro po00TH € yIOCKOHAJIEHHS METONy yIpaB-
JIHHS PU3HKAMH PO3POOKH MPOrPaMHOro 3a0e3MeueHHs
Ha OCHOBI HaIliBMapKiBChbKOI MOZEINI MPUHHATTS pillleHb
Ul KEPOBAHOTO MAapKiBCHKOTO IpOIECy B Oe3nepeps-
HOMY 4aci.

OnTumisauinHa cTpaTeris
HaniBMapkKiBCbKUX Moaeneun
NPUNHATTA pilleHb

VIMOBipHOCTI IepexoiB PO3IJISHYTOrO, JUIS CHC-
Temu po3poOku 13, HamiBMapKiBCHKOro IpoOIECy MpH-
WHATTS pillleHb B MOMEHTU CTPHOKIB 3 CTaHy i B CTaH
J TpH NpUHHATTI pilleHHA 7 € R; BU3HAYAETHCA CTO-

pgr)} :

sKa 3a7a€ BKJIAJeHui naHitor MapkoBa. Enementu

pl-(-r ) npu Oyab-sKuX i, j€S 1 r € R; NO3BOIAIOTH BU-

xactnunow (N +1)x (N +1) marpuueto plr) ={

3Hayatd 3a ¢opmynoro (1) coiTbHYy WMOBIPHICT

Ql.(.r) (t) TOrO, 1[0 TPUBANICTh MepeOyBaHHS B CTaHi i

He TepeBUIIye 4yac ! 3i cTaHy i Tpu 7 € R; Tporec

(r)

MepeXOJUTh B CTaH j 3 HMOBIPHICTIO pl-l-r . Oyl
Ql.(.r) (¢) B (1) 3210BONBHSIOTH YMOBAM
Q}.’) (0)=0, i, jeS,reR;, (7)

ZjeSQ}ir) ()= Z_iespgir) =1, i,eS,reR;. (8)

3a J0IOMOTOK0 MAaTpPHIT Q;r)(t) ={Ql.(.r)(t)} Te-

PEXIIHUX PO3MOIiIIiB, BA3HAYMMO (YHKIIIO

1 (0=2,5070), iesirer, O

siKa € (PYHKITIEIO PO3MOILTY Yacy nepeOyBaHHs MPOIECY
B CTaHi/ NpH NPUHHATTI pillleHHs ¥ € R; .

BunankoBuii mporiec (Z,),tZO 31 3HAYEHHAMU

Z; =i, SKIIO B MOMEHT ! CHCTEMa 3HaXOAUThCS B CTa-
Hi [, SBJSIETHCS HAMIBMAPKIBCHKUM, 1 33JIa€THCS BEIU-

ypHaMu N, Y, Ql-(jr)(t), i,jeS,reR;.

HamniBMapKkiBChKHiA ITpoIIeC Ha3UBAETHCS PEryIIsp-
HUM, SIKIIIO 32 KiHIIEBUH MPOMDKOK 4acy BiH 3 HMOBIp-
HICTIO pp =1 mepeiine B Oynb-sIKMii CTaH He Oijble
KIiHIIEBOrO yKcia pa3. TakuM 4nHOM, peryisipHUil Hari-
BMapKiBCBbKHI Iponec 3a KIHIEBUH MPOMDKOK 4Yacy
3aBXKIM 3/ICHIOE JIMIIE KiHIIEBE YUCIIO TepexomiB. Jla-
Ji B po3niii OyneMo po3misifaTé TUNBKU peryJsipHi Ha-
MiBMapKiBChKI ITPOLIECH.

V pa3i oHOETEMEHTHUX MHOXMUH DillleHb R; B pe-
3yAbTATI CTAaHAAPTHHX IS Teopii BigHOBIEHHS [7] Mip-
KyBaHb OTPUMYEMO HACTYITHE PiBHSHHS BiJIHOBJICHHS

ieS.0;(0)=(1-H ,(1))-(kiJa)- (1= )+
; ZS [ ((kl- Jar) (1= )+, (1 —r))de- (r).

xe v; (1) - KOpOTKHMIf 3aIIHC CyMApHUX CEPEIHIX BHTPAT
v; (t,a, B) 3auac .

VY BUNAAKy KiHIEBUX MHOXHH R; piBHSHHA Bif-

(r)

HOBIIEHHS 3 YpaXyBaHHAM HMOBipHOCTeH d; ' mHpuiin-
SITTS PILICHb 7 B CTaHI { 3alHUIIEMO Y BUTJISAII
i)
ieS, y(1)= Zd{(l—}/f’)(t))l—(l—e‘“’)+
rek; a
(10)

¢ k(r)
+Y Zjdf ’—(l—e_al)+e_alqj(t—r) Q!(I-r)(z'),

jeSreR: 0 a

ne kl-(r) — BUTpaTa CHCTEMH 3a OJMHHMIIIO Yacy mnepedy-
BaHHA B CTaHi / INIPH BUPIIIEHH] ¥ € R; ; v; (t) - cyma-
PHI cepeliHi BUTpaTH 3 ypaxyBaHHSIM IEPEoLiHKH (2), 3a
YMOBH, IO TPOIIEC TIOUYMHAETHCS IpH ¢ = 0 31 cTaHy j .

Benuaunn v; (@, B) 3 Bupasy (4) MoxHa 3amuca-
TH y BUITIAAL U; (a) , 1 1711 IbOTO PIBHSHHS CKOPHCTA-

THCSI OCHOBHUMHU TIOJIOKCHHSIMH PIiBHSAHHA (iHTerpasa)

Jlammnaca-Crinteeca. BimnoBigno poboram [3, 8] mns
Oyab-sxoi pymkuii F (), moxinua F'(r) sKoi € dyHk-
LI€I0-OPUTIHAJIOM, IO  3aJ0BOJIGHAE  HEPIBHOCTI
F '(t) < Ce® nmma Beix t<0 , TIpH BCiX KOMILICKCHUX

s, konmu Re s > a icHye pyHKis

0

F*(s)=Ly(F(2))= [e™dF (1),

0

(11)

43



Advanced Information Systems. 2018. Vol. 2, No. 3

ISSN 2522-9052

—st

TOOTO (QYHKIIS e npu Res>a iHTerpoBana mo

dyuxuii F(¢). Oyukuiro F*(s) Ha3sHBaroTh IepETBO-
pennst Jlamaca-Crintbeca pynkuii F (7).

3 BupasiB (8) 1 (9
H) () =1,

1

BUIUTUBAE, IO
ieS,reR;, ToMy nepia cymMa B BUpasi
10 mpu ¢ —> o0 3BOAUTHCA B HyJb. IHTErpyrouu mo yac-

Tunax Bupas (11) wis L <F(t)> , OTPHMYEMO

sLy (F (1)) =Ly (F (1)) - F (0), (12)
e F(s)=L <F(t)> = ]?e_”F(t)dt € TepeTBOPEHHS

Jlannaca yskuii F(¢). 13 (12) mpu s # 0 3Haxommmo

1

L (F (1)) =~(L: (F (1))~ F (0)).

N

(13)

[HTErpyeEMO MO YacTHHAM 3 ypaxyBaHHSM BHPa3y
(9) Ta 3HAXOMUMO

Zi( Yo (7)-

(14)
- Zaje_le- (r)dz.

o J O

~(1-e )X a0l (v)

[IpoBoas4UM TIEPETBOPEHHS, MEPEXOISIUN y BUPA3i
(14) mo mexi t—>o  Ta 3acrocoByroun (13) mis

s=a, (a > 0) , 3 ypaxyBaHHsM criBBigHomeHs (7)1 (8):

t

2 (- )aef) ) =0-0) e 117 -
1= (1) (0)) =140 (@),

(15)

e hl.(r) (o)=L, <Hl-(r) (t)> 3acrocoByroun 10 QyHK-

,
i (Dﬁ’)(t)z.[e‘“’

0
TpaHUYHUI Nepexij B iHTerpaii 1o napamerpy, Bij SKo-
O 3ajJie)KaTh TPaHUIN IHTErpyBaHHS Ta ITiAiHTErpajibHa
¢byHkuis [8], mpu ¢ — © oTpUMyEMO

v;(t- r)dQ@-(jr) (1) reopemy mpo

of) ()= [ (@)a0)) (7) = (@) (@) 10
0
e ql_-(l-r) (a)=Li, <Qz(r) (a)> :

Iepexonstun y Bupasi (10) 1o rpanumi mpu
t = o, 3 ypaxyBauusiM (15) u (16) orpumyemo:

=Zdz(r)( ) qul

reR; Jjes

). (A7)

e d@)=(H) fa){1-1") ().
G (@)=3, (A @)
() =G0 (@).eenrl@)) + (@) =(vo (@).vrovy (@)

(T — cumBoA TpaHcTionyBaHHs Matpuiti). Toxmi
p(a)=3(a)+q(a)p(a),
e g(a)={ay (@)}, a5(a) =3, dl"d)])(@)):

I3 Bupazy (19) 3naitnemo

p(a)={I-q(a)} " 3o(@).

Jlanmii BUpa3 mpaBWIBHUM, ToMy II0o mpu « >0

(18)

Hexait

(19)

‘ (20)

MaTpuIs {I - q(a)} — HEBUpO[KeHa, [ — OfMHUYHA

marpuist posmipy (N x1)x (N x1).
[MomHOXUMBIIK ABI yacTuHM piBHAHHA (19) 31iBa
Ha BEKTOp J , OTPUMAEMO TaKe:

a)=2 2, 2 Vit ()¢ (@)d").

{1-q(a)} " ={u;(a)}.

Bemmumnn - 11;; (a) sanexars Bix dl_(’ )’ reR;,

21)

i€S, Tak fAK €JEMEHTH MaTpUIi {I—q(a)} MOYKHA
BUPAa3HUTH Yepes3 dl-(r), reR;,ies§.

Hexait {dl-(r)} (r € R;) — HepannomizoBana Map-

KiBChbKa CTaI[lOHapHA CTpaTeris cucreMu po3podku 113 y

& efory, ¥ od =1, i

cTaHi j. s%
X = d( ), reR;, je S . Minimisanis Butpar (Bupas

X00 =1,

21) MPU3BOJUTH 10 HACTYIHOI 3a7a4i onTuMmizarii uis

MYJICBHX 3MIHHHX X = {xri } , TeR;, je§:

ZZ Zylyll a, X () j —> min, (22)
leS/eSreR
pu Z x5 =1j€ S, (23)
reR; .
Zcrlx <b,, reRl-,jeS', (24)
Jjes
x;€{0.1},jeS, reR;. (25)

MoGyaoBa onTMManbLHOI HepaHAOMI30BaHOI
MapKiBCbKOI CTallioHapHOI cTpaTerii

[Moznaunmo cucremu (24), (25) sx cucremy C.
BoHa sBISETBCS cCUCTEMOIO TIceBI00YIEBUX HEpPiBHOC-
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Teil. ITiakmroYuBIIY ajli TOJaTKOBY YMOBY (23) mo3Ha-

yuMo cuctemy sik C, a TONYCTUMI pillIeHHs 7 -0l Hepi-

BHOCTI cucremu C K X(,k) = {xglf),...,xﬁil‘ij)}, k=1,...k,.

Jlst moOymoBu piteHHs cucreMu C TIPH BiTOMHX
JIONYCTUMUX DILIEHHSX KOXHOI HepiBHOCTI (24) 3acro-

cyeMO HacTymHuH migxin. Po3s’si3ku cucremu C 3Ha-

XOIATBCA Y BHIIIAMIL Z={sl-}, j=1L...N, ne sj—

MHOXHHa HOMepiB r, I AKUX JOIYCTHUMEC piBHHHHH

Xy =1. PimeHHs 3HaXOIAThCA 32 M KPOKIB, ¢ m —

YHCII0 0OMexeHb (24). B mouaTkoBOMY CTaHI KOXKHA 13

0 ) . .
MHOXUH S(]‘ ) BEKTOpa Z( ) BKJIFOYA€ BC1 MOXKJIMB1 3Ha-

4yeHHA r € R;. Ha r-My kpoui BinOyBaeTbcsi mepeTHH

r—1 . . .. . .
BEKTOPY Z( ) 3 OJHHUM i3 pillleHb / -0i HEPIBHOCTI.
Jonyckaroun, mo # -iif HEpiBHOCTI BIANOBIAE ¥ =17, a

TaKOX, 110 al- SABIIAETHCA ] -M CJICMCHTOM JOIIYCTUMO-

ro pilIeHHS JTaHOI HEPiBHOCTI, a; € {0,1,¢} , e ¢ —
HEBU3HAUYEHUH MapaMmerp 3 MHOXHHU {0,1}, MOKHA
c(OpMYJIIOBAaTH TaKi MpaBuiIa UL ¥ -TO KPOKY aJrOpH-
T™MY 100Oy0BH pitteHb cucteMu C :

(r)

. -1
1. Slkmo o; He pikcoBane, TO S5 =s(l-r ).

2. Sxmo o; =1, 10 npu 7 € 1) JIOMyCKAEMO
s = {ri},anpn 5 € s ponyexaemo s =@ .

3. fxmo a; =0 To0 s =s(r_])/{r1}. Ipu 1po-

My IepeciueHHsI CIMEHCTB pillieHb 3IIIHCHIOETHCS 3 Bpa-
XYBaHHIM JTOJaTKOBUX 0OMExeHb (23).

Ha m-my xpoui 7(m) ={al(m),...,a§\;")}, KOKHA

m
KOMITOHCHTA O{g- ) SKOIro € OAHOCICMCHTHOKO MHOXHU-

Hoo {r}, reR, R={l,...m} i omxke, Z(m) o pic

menHs cucteMd C . BHHATOK CTaHOBIIATH BUIIa KU,

ko C € meBHUM HaOOpOM uucen » 3 MHOXKUHA R . B
LIOMY BHIIQJIKYy 32 JOMOMOTOI0 IO€JHAHHS EJIEeMEHTIB

0araTo3Ha4HUX KOMIIOHEHT 3 BEKTOpa Z(m) MOYKHA
oTpuMaTH Kinbka pimens cucremu C . IlotiM B pe-
3yJAbTaTI 3HAXOJAMMO CYKYIHICTH BCIX pillleHb CUCTEMH
C, 3 AKUX BUOHPAEMO ONTHMAJIBHE PIllICHHS, IO J0C-
TaBise MiHiMyM minsoBoi ¢ymkuii f(a,X). Le pi-
HICHHS] MOXKE 3HAXOMUTHUCS Pi3HUMHU BiIOMHUMH METOJIA-
MU JIHIHHOTO IMPOrpaMyBaHHs, a00 IMPOCTO MUITXOM
GesrocepeIHBOro mopiBHsAHHs 3HaueHs [ (a,X) mnpu

pisHauenni X cucremu C .

UncenpHa  peainizalisi BHKJIAJEHOTO  METOAY
YIIPaBIiHHA PU3UKAMH O€3MeKH 1HIyCTpil MPOrpaMHOro
3a0e3MeueHHs 11 HalliBMapKiBCbKOI MOJIENI MTPUHHATTS
pillIeHb NPY aHOMaJBHUX CHTYAI[isIX O€3MeKH MpecTaB-
JIeHa HIDKYe.

PekomeHpaauii no BUKOPUCTaHHIO
yAOCKOHaneHoro metoay

PosrisiHeMo Bi MOXJTUBI cuTyanii MOMUIOK Oe3-
neku [13: curyanist 1 - HasiBHICTH (PyHKIIIOHATBHUX T10-
muitok 13 (pynkuionansHi MoxknuBocrti [13, He onmcani
abo He BIANOBINAIOTH ONMHMCAHWUM Y JOKYMEHTallii, TpH
BUKOPHCTAaHHI SIKMX MOMJIUBE IMOPYIIEHHS KOH(iaeH-
uiitHOCTI, JOCTymHOCTI 200 IiTiCHOCTI 0OpOOIIOBaHOI
iHpopMarii); curyauis 2 - HasBHICTh He (YHKIIOHAIb-
Hux momwiok [13 (Hammmmkosi @O i IB, nepenoBHeHHS
Oy(depa, BUTOKY IaM'saTi, TOMUJIKK THITIB JaHUX, TIOMU-
JKU TIOKQKYHMKIB Ta 1iH.). AJbTEpPHATHUBHI 3aXOIH
(cniporieHo) y pasi rmepiioi aHoMalibHOT CUTYaIil Taki:

- Biaryk I13 (st ycyHeHHs TOMUJIIOK);

- JIEKOMITO3HIIiSl IPOTrPaMU 1 OLIHKa METPHK CKJIa-
JTHOCTI;

- CUTHAaTypHHUH aHaIi3.

VY pasi HasBHOCTI He (YHKI[IOHAJHHUX ITOMHUIIOK
13 anbTepHaTHBHI 3aX0AN HACTYIIHI:

- Biaryk I13 (uist ycyHeHHs TOMUJIOK);

- aHaJli3 MOKaKYHKIB, 3QJIE)KHOCTEH 332 JaHUMH Ta
IHTEepBaJIbLHUI aHAaI3.

[Mpunycrumo, mo B 000X BHUIAAKaX MEPUIMH 3aXin
(Bigryk II3) 3miiicHIOETBCS 3a ONMH 1 TOW e dYac
T =1y.e. Tomy, 3 oIy Ha HU3BKY I[IHY BiAIOBITHUX
(YHKIIH TecTyBaHHs B MOPIBHSHHI 31 30MTKaMU TPOCTE
13, MoxHa BBa)kaTH HepIIl 3aXOAW B 000X BHITAJKaX
OJTHAKOBMMHU 32 BUTPATAMHU.

VYsBUMO 3aX0/M B pa3i Hepiuioi aHOMaJIbHOI CHTYa-
uii B BUIIISiAL R = {rl;rz;r3} , @ 3aX0IH Ul YCYHEHHS
Jpyroi aHOMaNbHOI cuTyauii B BUIILAI R = {”1 ;r4} .
Toni uncino exeMeHTiB cucreMu ckiaae N =2, a 3ara-
JILHE YKMCJIO PI3HMUX 3aXOMIB I 1X YCYHEHHS m =4 .

Tak camo mpeacTaBUMO ONMKMCaHI aHOMAJIbHI CHTY-
amil j 1O BIJHOIIEHHIO 3 OKPEMUMH MOAYIISIMH 1 OJ10-
kamu [I3 sk mocmimoBHI 3'eMHaHHA (IO HATIHHOCTI).
[Momunku (BigMoBH) 1 iX yCyHEHHs HE BIUIMBAIOTH Ha
HAJIMHICTh 1HMX MOomyaiB i enemeHtiB I13. Yac ycy-
HEHHS| TIOMHJIKH HE 3aJISKUTh Bifl TOTO, BHSBIISIOTHCS
YM iHIII TOMWIKH B 3QJIMIIKOBUX MOJYJNSX. [HIIMMU
CIIOBaMH, KOXKHA TIOMHJIKA BUSBIISIETHCS 1 YCYBA€ThCS
HE3aJIeKHO OJTHA BiJl OTHOI.

Iosnaunmo yepes F; (t) (G YHKIIO pO3MOILTY Ya-

Cy eKCIUTyaTalii CHCTEeMH MiX JBOMa IOCTiIOBHHUMH

aHOMAJILHUMU CHUTYAIlisIMU THUIY J , a 4epes ng) (t) -

(GYHKINIO PO3MOAUTY Yacy YCYHEHHS ITOMIJIKH ITiCHs
aHOMAaJIBHOI CUTYallil TUIY j TPH NPUHHATTI PillICHHS

. (k) .
r. Bynemo BBaxatu, mo F;(r) i G; (¢) migkopsi-
I0ThCSl EKCIIOHEHIIaIbHUM 3aKOHAMH 3 (YHKLISIMH 1H-

TEHCHUBHOCTI BIAMOBIAHO A 1 (k).
jLHG
(r)

Fi()=1-¢™", W ()=1-¢ " "

J (206)

_ () .
ne A =VT; 5wy’ =1Tp 5 T,

IUTyaTaliiHOrO eTamy YXHTTEBOrO LUKITY po3pobku I13

— cepemHiil yac ekc-
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MK /IBOMa aHOMJIbHUMU cuTyallisimu tany j; Tjp —
cepeHii Yyac BiTHOBIIOBAHOTO €TAITy KUTTEBOTO IIUKITY
po3podku I13 micnst BUSBICHHS TOMHJIKH TUIY j TpH

. . . (k) . .
pimenni 7. Hexall d;"/ — HepannomizoBaHa cTallioHa-
pHa cTparterisi CHCTEMH B CTaHi i (i es ) IIpY pillleHH]
k (AMOBIpHICTh IPUHHSTTS pillIEeHHS 7 B CTaHI [ ),

detory, T d el ics.

keK

27)

Toni 3akoH pPoO3MOMiTY EKCIUTyaTallii i 3aKOH po3-
MOy YCYHEHHS TIOMUJIOK B LIJIOMY 3aITUIIIEMO 5K

Fi(n=1-¢7 ¢ (1)=1-"",

S S5 (1) (1)
ae DRV EDIII A

J=1 J=1
Hexait

Q)

2
h=8ye T =8yeT), (2)

=1yeT)’ =2 ye,

(28)
7](23) = 1 y-e, Tz(;) = 1 ye, Tz(;) = 0, 5 y.e.

[Mpunycrumo, mo i =0 ¢ikcye HOpMaJIbHUI CTaH,
i =1 aHomanbpHU# cTaH (curyawist 1), i =2 aHOMaJb-
Huii crau (curyauis 2); S ={0,1,2}, S= {1,2} . VY Bin-
moBimHOCTI 3 (28) 1 BpaxoByrouu (25)-(27) orpumaemo:

Fo(t)=F(t)=1-"P F;(r)=1- ">,

j=12; Gl(l)(t)zl—e", Gl(z)(t)=l—e_0’5[’
6 =1-¢", o) () =1-¢, AV () =1- .
Hexaii BUTpaTu Bil HEBUKOHAHHS CBOiX (DYHKITIH

MIPOrpaMHOI CUCTEMH Ha TpoTs3i yacy 7T = lu CKIAAyTh
70000 y.o. Ilo3Haunmo 4yepe3 ¢ ; BUTPATU Ha 3axig k

B pa3i aHOMAaJILHOI CI/ITyaI_Iﬁ ] . TOI[i, HEXTYIOUH BUTpaA-
TaMH Ha TECTYBaHHA B 3axoz[i r=1 , OTPUMYEMO
C1=CQr2=C = 70000 y.o. Hexait z[am

€21 =300, ¢31 =400, ¢y , =600 y.o. Bynemo BBaxaruy,
o B cTaHi i =0 NPUHHATO €IUHE PilIEHHS (r = 0) -

MIPOJIOBXXHUTH HOpMaJibHE (DYHKIIOHYBAaHHS, i B LOMY
CTaHi 3aJIJaHO HACTYITHHUI PO3ITOIT HMOBIPHOCTEH:

2 =0.7. 90 =01, pl%) =0.2. (29)
Dymii (1) i (9) sanmmenmo sx:

0l (1) =0.7(1-¢02), o) (1) = 0.1 1125 )
o) (1)=0.2(1-¢13) off) (1) = (1-¢7).
ol (0=(1-¢%). o) =(1-7).

o (=0 (=0, (k=123).

S0

3 ypaxyBaHHSAM HO3HAa4YeHb Xg( = I, X; j=d;7,,

re Rj, je S MaTpHILsI q(a,x) = [ql-’j (a,x)] (i,j € S)

3 g(a,x)= ZVGRJ xk’l-ql(’.rj) (a)(i,j€S) e Takotwo:

0,175 0,0125 0,025
a+0,25 a+0,125 a+0,125
g(at,x) = B ) 0 0
’ a+l  a+0,5
i VI 0 0
a+l a+2 ]

3HaliIeMO BU3HAYHUK MATPHIII [[ - q(a,x)} :

D(a,x)=-

0,025 X12 +2X42 _ 0,175 _
a+0,125\a+1 a+2 a+0,25

_ 0,0125 X11 n X721
a+0,125\a+1 a+0,5)

Martpuis [[—q(a,x)}_l = [ul-’j (a,x)}, (i,j € S)

Mae€ TaKl eJIEMEHTH:

Hoo (a,x) =0, g (o, x) = D(;,x) aoioolj;,
toa (a.x) =1/D(a,x)-(0,025/(a +0,125)),
e 30 2
w1 (a,x)=1/D(a,x)x
X( 0,175 0,0125 (xlz L 25 B
a+0,25 a+0,125\a+1 a+2

po (er,x) =1/D(a,x)x

0,025 X1 +)C3] n X721
a+0,125( a+l  a+0,5)

tao (0, x) =1/D(at,x)-(x15 [(0 +1)+2x45 /( + 2)).

1 0,0125 X12 +2)C42
a+2)

D(a,x) a+0,125
x| 1- 0,0175 _ 0,0125 X1]+X31 n X721
a+0,25 a+0,125\ a+1 «a+0,5))

tyy (@, x)=1/D(a,x)x
VY Bupasi (18) kl-(r) MPUIMalOTh TaKi 3HAYEHHSI:

a1 (%) = a+1
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K 270000 ye, &Y =-70000 y.e, K =-150 ye.

K2 =400 ye, &) =-70000 ye, K = -12000 y.e .
()

a BCJIIMYUHU gl- 3aIMUCYIOTBCA Y BI/IFJ'IHI[iZ

O e e
A (a) =_@(l_%} 47 (@) =—%{1‘ai’g,s}
o)=L, b)) L)
(@) =—%(1_ ai2)

3naiinemo pimeHHs cucremu C 32 JOMOMOrOO
ITOPUTMY TIEPETHHY pIlIeHb OKPEMHUX HEPiBHOCTEH
(24), BBaXKarouH, IO MpaBi YaCTHHU by, LUX HEPiBHOC-
Tl BiAMOBINAIOTH YMOBAM:
C”<bl <2C1,b2>C21,b3>C31,b4>C42. (30)

3 ypaxyBanusM ymoB (30) 3HaXOJUMO HACTYITHI
pillleHHs OKpeMuX HepiBHOCTEH cructemu C

A =1:1—(1,0); 2—(0,1), 3—(0,0);

—(1,0); 2—(0,0);
2-(0,0); 5 =4:1-(0,1); 2—(0,0).

[Ipu HasBHOCTI Z(O) = {{1,2,3},{1,4}} Ha OCTaH-
HBOMY KpOIIi JITOPUTMY OTPUMYEMO:

(4) _ (4)

Z1221 - {{1} ’{4}} ? Z1222

2121 {{2 ,nycma MﬁoofcuHa}, 2(21)22
7

1 =3:1-(1,0);

= {{l} ,nycma MHoofcuHa} s

- {21},
= (3.1,

}
221 | = {{3} , nycma MHoofcuHa}
}{41}.2 3122 ={{2},nycma ynoxcuna ,

3121 {{ ’
3211 {{ }’

Taxum YHUHOM, piIJ_IeHHHM cucremu C € BCKTOpH:

I={ {4 2-{{2n ) 3= {3040
4={{2). {4, 51314

M BigmoBiarOTh TAKi 3HAYCHHS OyJIeBUX 3MiHHUX

{4
{4

}} 3212 {{3},nycmaMHoofcuHa}.

{xk’j} . xl’l = l, .X'4’2 =1 N x2’l = l, xl’z =1 N

xz’l = l, .X'4’2 =1 N X3’l = l, xl’z =1 N X3’l = l, .X'4’2 =1.

He BkazaHi 3MiHHI Y KOXKHOMY [ -My pillleHHI JI0-
PIBHIOIOTH HYJIIO.

3 ypaxysaunsm Bupasis (28) i (29) f(a,x) npu
a =0,1, mo Bignosigae iH}ALIT, 110 KopiBHIOE 10%, 1
y= (l, 0,...,
3HaveHHs: f =-51903; f, =-5329040; f; =-17161;
Jf4 =-26939; f5 =-3325.

Takum uuHOM, mpu « = 0,1 1 y=(1,0,...,

MOYaTKOBOMY PO3IO/IiICHHI 0) npuitmMae

0) om-
THMAaJIGHOIO HEPaHIIOMi30BaHOI0 MapKOBCBHKOIO CTallio-
HAapHOIO cTparerieto Oyme ctparterit x;=0,x,; =0,

x31=1Lx,=0, x4o=1, WO BiANOBiZae pillEHHIO

{{3},{4}} cucremu C .

BucHoBKMu

VY po3aiii yIOoCKOHAIEHO METOJI YIPaBIiHHS PH3H-
kamu po3podOku I13. B ocHOBY maHoro meromy Oyio
MOKJIAJICHO HAIMIBMapKiBCbKY MOJENb HpPUHHATTS pi-
LIEeHb ISl KEPOBAHOTO MapKiBCHKOTO Tpollecy B Oe3re-
pepBHOMY uaci. BiaMiHHOIO OCOOJHBICTIO 3aIpONOHO-
BaHOTO METONy € BUKOPUCTaHHS ICEBAO0YIEBUX METO-
JIiB OIBaJICHTHOT'O NMPOrpaMyBaHHs 3 HEJIHIHHOIO IiJIbO-
BOIO (DYHKITIEIO 1 JIHIHHUMU OOMEKEHHIMHU I BU3HA-
YEeHHs ONTHMAJILHOI CTpaTerii yCyHeHHs eKCIUTyaTallii-
HUX TTOMUJIOK.

[IpoBeneHi mociKeHHs TOKa3au, 110 BUKOpHC-
TaHi B IAaHOMY PO3/IiJIi TEOPETHYHI MOJOKEHHS B J]OCTa-
THHOMY 00Cs31 BiI0OpakaloTh CTaHAAPTH Ta MOXITUBO-
CTi Cy4acHHX METOMOoJIOrii TecTyBanHs [13.

Crip 3ayBakKWTH, IIO TPEACTaBIEHHH B PO3ZILTI
METOJl JOLIJbHO BHUKOPUCTOBYBATH HE TUIBKH TIPH
yIIpaBJiHHI pu3ukamu Oesnexu [13, ane 1 npu GpyHKIio-
HaJIbHOMY, HaBaHTa)XyBaJbHOMY, CTPECOBOMY Ta 1HIINX
BU/IaX TECTYBaHHS JUIS 3all00IraHHs MOMJIMBUX BUTPAT.

[omanbIm TOCTIKSHHST HAalpaBJIeHI Ha pO3POOKY
KOMIUIEKCY MaTeMaTHYHUX MOJEJeH TEeXHOJIOri TecTy-
BanHs WEB-3acTocyHKiB, Ha po3poOKy MaTeMaTHYHHX
MoJesel TexHosorii TecryBanns DOM XSS ypasnuBo-
CTi 1 TEXHOJNOTIT TecTyBaHHs ypa3nuBocTi 10 SQL iH'ex-
i Ha ocHoBi migxomy GERT-MepexeBoro cuHTe3y.
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'YcoBepuieHCTBOBaHHBII METO YIPABJICHAsI PHCKAMH IPOrPAMMHOI0 o0ecredeHust
HA OCHOBE MOJIYMAPKOBCKOI MOJeJIM NPUHATHSA PelIeHA

O. B. KoBanenko

B pabore npoBeneHbI HCCIeI0BaHMs, KOTOPbIE TIOKA3alld, YTO YIIPABJIEHUE PUCKOM Pa3paboTKH MPOrpaMMHOro odecnede-
HUS BKJIIOYAET CHCTEMY MEPOIPUSTHH, OCYIIECTBIISIEMbIX KaK 10 IIPOSBICHHUS HEraTUBHOIO COOBITHSA, TaK U IIOCIIE €ro peaan3a-
1u. OlHaKO NPEBEHTHUBHBIN aHAIN3 U y4eT OOJBIIMHCTBA BO3MOXKHBIX 3KCIUTyaTallMOHHBIX OIIMOOK IO3BOJIMT CHU3UTD (hHHAH-
COBBIE U JIPYTHe 3aTPaThl B )KU3HEHHOM LIMKJIE pa3pabOTKH MPOrpaMMHOro obecrneuenus. PaccmaTpuBaemas 3a1a4a yrpaBiIeHHs
PHUCKaMM pa3pabOTKH MPOrpaMMHOr0 00ECIeUeHHUs! IIPU OIPEJICIICHHBIX OrPAHMYEHHUAX Ha MEPONPHATHS MO TECTUPOBAHUIO Ka-
4ecTBa U 0E30I1aCHOCTH, ChOPMYINPOBAHA B BUJE MOIYMapKOBCKON MO NPHHSATHS PEIEHUH Ul yHpaBiIseMOro MapKoB-
CKOT'0 IPOLIECcCa B HEIPEPIBHOM BPEMEHU M AMCKOHTUPOBAHHBIMU JI0XOAAaMHU WM pacxofamu. IIpu 3ToM naHHbINA BUJ 9KCILTya-
TAIMOHHBIX PUCKOB OTOMK/IECTBILIOTCS C IOC/IEIOBATENILHO COSIMHEHHBIMU HE3aBUCHMBIMHU JIEMEHTAMH, BOCCTAHABIMBAEMbIMU
3a KoHe4yHoe Bpems. OnTuMalibHas HEpPaHIOMHU3MPOBAHHAs CTALOHAPHAs CTPATErHs YIPABJICHHUs OIpeJie]eHa C IIOMOLIBIO
IceB100YIICBBIX METOA0B OMBaJICHTHOTIO IIPOrPaMMHUPOBAaHUS, HAXOJISI BCE PELIECHUS CUCTEMbl OrPaHUUECHUH. Y COBEPIICHCTBOBAH
METOJ YIPaBICHHs PUCKAMU Pa3pabOTKK NPOrpaMHOro 00ECIeUeH s Ha OCHOBE IOJIYMAPKOBCKOM MOJEIN NPUHSATHS PEICHUH
JUISL YIIPaBIIIEMOrO0 MapKOBCKOI'O MPOLiecca B HENPEPHIBHOM BpeMeHH. OTIIMUUTENBbHON 0COOCHHOCTBIO IPETIOXKEHHOI0 METOIa
SBJISICTCS UCIOJIb30BaHKUE ICEBIOOYIIEBBIX METOIOB OMBAJIEHTHOIO IPOrpaMMHUPOBAHMS C HEJIMHEHHOW LieaeBOi (QyHKUMeH u
JIMHEHHBIMH OTPaHMYEHUSAMU JUIS OIPEeIeHHs ONTUMAIIbHOM CTPATeruy YCTPaHEHHUs! SKCIUTyaTallMOHHbIX owubok. [IpoBenen-
HbIE HCCIIEN0BaHUs B paboTe IMOKA3ald, YTO HCIOJIB3YeMblC TEOPETHUYECKUE IOJOKEHHS B JOCTATOYHOM O00bEME OTPaXaroT
CTaHJAPThl U BO3MOXXHOCTH COBPEMEHHBIX METOIOJNIOT Ml TECTHPOBAHUsI IIPOrpaMMHOro odecrieueHus. B kagecTse npumepa pac-
CMOTPEHBI CUTYallul BO3HUKHOBEHUs omubok Oe3onacHocty [10, u onpezeneHa onTUManbHas CTpaTerus ypaBJIeHUs 1 yCT-
paHeHUs yKa3aHHOW aHOMaJIbHOH cuTyaruu. IlpencraBieHHsli B paboTe MeTox Lesieco00pa3HO MCIOIb30BaTh HE TOJIBKO IPU
YIIPaBJICHUH PUCKaMH 0€30IIaCHOCTH MPOrpaMMHOr0 obecredeHus, Ho U Mpu (QYHKIMOHAILHOM, Harpy304HOM, CTPECCOBOM U
JIPYrUX BUAX TECTUPOBAHUS JUIS IIPEOTBPAILIEHHS BOSMOKHBIX IIOTEPb.

KawueBnlie caoBa: YHpaBJICHUE PpUCKAMH; ITOJTYMApPKOBCKasgs MOZICJIb; IPUHATUA pemeHHﬁ; HCGBZ[O6yJ'[eBI>Ie MECTO/IbI
OHBaJIEHTHOIO IporpaMMH1poOBaHUsL.

Improved method of software risk management
based on the semi-Markov decision-making model

0. Kovalenko

The studies carried out in this work showed that risk management of software development includes a system of activities
carried out both before the appearance of a negative event, and after its occurence. However, preventive analysis and considera-
tion of the majority of possible operational errors will reduce financial and other costs in the life cycle of software development.
The considered task of risk management of software development under certain restrictions on quality and safety testing activities
is formulated as a semi-Markov decision-making model for a managed Markov process in continuous time and discounted in-
come or expenses. In this case, this type of operational risks are identified with sequentially connected independent elements that
are restored in a finite time. The optimal non-randomized stationary control management strategy is defined using pseudo-
Boolean methods of bivalent programming, finding all solutions of the constraint system. Objective: to improve the method of
risk management of software development on the basis of a semi-Markov decision-making model for a managed Markov process
in continuous time. A distinctive feature of the proposed method is the use of pseudo-Boolean methods of bivalent programming
with a nonlinear objective function and linear constraints to determine the optimal strategy for eliminating operational errors.The
research conducted in the work showed that the applied theoretical positions sufficiently reflect the standards and capabilities of
modern software testing methodologies. As an example, the situation of the occurrence of software security errors is considered,
and an optimal control strategy for eliminating the indicated anomalous situation is determined. The method presented in the
work can be used not only for managing software security risks, but also for functional, load, stress, and other types of testing to
prevent possible losses.

Keywords: risk management; semi-Markov model; decision-making; pseudo-Boolean methods of bivalent programming.
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YHPABJIIHHA HEOBMEXKEHOIO KIVIBKICTIO XMAPHUX CXOBHUII]

IIpeameToM cTaTTi € JOCHIHKEHHS MOXKJIMBOCTI CTBOPEHHS 3pYYHOT0 MEXaHi3My YIpaBIIiHHS MIPOLIECOM 30€peKeHHs Jia-
HUX 3 BUKOPHCTaHHAM HEOOMEXEHOI KiJIBKOCTI XMapHHUX cXOBHUIL. MeTOI0 € JOCIiDKeHHsS METO/IB ONTHMI3alli i crpo-
IIEHHSI YIIPaBIIiHHS NPOLECOM 30epeKEeHHS JaHUX 3 BUKOPUCTAHHAM HEOOMEKEHOI KiJIbKOCTI XMapHHUX CXOBHIL. 3aBAaH-
HSI: PO3POOUTH aPXiTEKTYpy IPOrPaMHOr0 KOMIUIEKCY JUIsl YIPABIIiHHSA PO3MIILCHHAM J[@HUX Y HAWMOMIMPEHIINX XMap-
HHUX CXOBHMILAX; 00paTH €(pEeKTUBHUI anroput™M poOOTH Ipu BUOODI CXOBHUIIA 11 30€pEXKEHHS AHMX; BUKOHATH TECTY-
BaHHs NIPOrPAMHOr0 NPOJYKTY. BUKOPHCTOBYBaHMMH METOZAMH €: CIIOCTEPEKEHHSI 3a IPOILYCKHONO 3[aTHICTIO XMapHUX
(baiIOBUX CXOBMIL; NOPIBHAHHA 3pYYHOCTI BUKOPHCTAaHHS (DyHKIIOHAIy XMAapHHUX CEpBiCiB; BUMIp 3aBaHTaXEHOCTI CXO-
BUIIA Ta [IEPEBipKa HAsBHOCTI BUIBHOTO MPOCTOPY; EKCIIEPUMEHT 110 CTBOPEHHIO IIPOrPaMH YHPABIiHHA XMApPHUMH CXOBH-
mamu. OTpuMaHo Taki pe3yabTaTu. OOIpyHTOBaHO Cr1ociO BUOOPY CXOBHIIA /Ul BUBAHTAXEHHS NaHuX. Po3pobieHo mpo-
rpamHe 3a0e3NeueHHs, sIKe HaJlae MOXIINBICTh 00’ €IHATH HEOOMEXEHY KUIbKICTh XMapHUX CXOBHIL y €IMHHUI HPOCTIp Ta
HaJaTH MOXJIMBICTb 3pYYHOrO YNPABIIiHHSA Ta HajaHHA HeoOXinHOi iHdopmawii mis kopucryBada. PesynpraTtom nocmi-
JUKEHHS € po3po0Ka MPOrpaMHOro KOMIUIEKCY, SIKHIl BUCTYIIA€ B POJIi KOHLIEHTPATOpa ULl XMAPHUX CXOBHILI, a TAKOX pea-
Ji3ariss MeToiB BUOOPY CXOBHINA ISl BUBAHTAXXEHHs (DaifiIiB, 3aCHOBAaHMX Ha OLIHIII IPOLEHTY BUILHOIO IPOCTOPY KOX-
HOTr'0 CXOBHUIIA Ta (YHKIIT GanaHCYBaHHS 3aBaHTAXXEHOCTI CXOBHUIL JaHMMH. BucHoBKH. HaykoBa HOBH3HA OTpUMaHUX pe-
3yJbTATIB MOJITAa€ B HACTYITHOMY: JIOCHI/PKEHO iCHYIO4i METOAM 30epeKeHHs JaHUX y XMapHHUX CXOBHUILAX; yAOCKOHAIECHO
METOJ TiOpHIHOro 30epexeHHsT JaHUX 32 PaxyHOK 00’€JHAaHHS HEOOMEXEHOI KTBKOCTI CXOBHII y €IMHMH MPOCTIp Mg
LIEHTPAII30BAHOI0 CUCTEMOIO YNpaBiliHHA. Po3pobiieHo cucreMy BMOOPY CXOBHMILA /Ul BUBaHTaXKECHHs (ailiB, 110 3aCHO-
BaHa HA OLIHLI Ta IOPiBHAHHI NPOLEHTY BUIBHOTO IPOCTOPY, YaCTOTH BUKOPUCTAHHA 1 cepeJHBOro yacy gocryiy. Po3po6-
JICHO alroputM OajaHCYBaHHS 3aBaHTaXKCHOCTI XMapHHUX CXOBHMIL AaHUMU. [IpoBeleHi eKCriepuMMEHTalbHi JOCIIDKeHHS
M ATBEPIKYIOTh MOXIIMBICTh BUKOPHCTAHHS 3alIPOIIOHOBAHOTO MiAXOJY Ul 3pY4HOTO YIpPaBIliHHSI HEOOMEXKEHOI KIJIbKi-
CTIO XMapHUX CXOBHIIL.

KawuoBi ciroBa: xmapHi CXOBHIIA; TiOpHIHE XMapHe CXOBHIIE; XMapHi TexHoioril; Google Drive; Google Drive API;

Mega; Mega API; nyOniuni XxMapy; 00'e/lHAHHS XMapHUX CXOBHIIL.

BecTtyn

IHocTanoBKa mpodjemMu. Y Haml 4ac PO3BUTOK
IU(POBUX TEXHOJIOTIH HE CTOITh Ha MicHi. | mo6 Binmo-
BiJJaTH Cy4aCHHM CTaHAapTaM IOTPiOHO MOCTiIHHO BIO-
CKOHAJTIIOBATH OOJIaJIHAHHA 1 MeTomu 30epiraHHs iH}O-
pmaii. Takok NMOCTIHHO BUHUKAE MUTAHHS 3PYYHOCTI
Ta JOCTYIMHOCTI BHUKOpPHCTaHHS AaHHMX. JaHi MOXyTbh
30epiraTicsi B JIOKQIBHMX CXOBHUINAX, Ha >KOPCTKUX
JIMCKaX KOMIT'IOTEpIB, Ha MEPEHOCHUX MPUCTPOsX abo B
XMapHUX CXOBHIIAax. 30epiraHHsi AaHUX B «XMapax»
BUPILIye TUTAHHS 3pYYHOCTI Ta JTOCTYITHOCTI, TOMY IIIO
B TaKOMY BHIIQJIKy JIaHi CTAlOTh JOCTYITHI 3 Oyab-sKOi
TOYKM CBITY, Jie € migKitodeHHs a0 [arepuery. B pasi
BUKOPHCTAaHHS XMapHUX CEPBICIB BCi AaHi 30epiraroThCs
Ha BIIJAJEHUX CepBepax, a KOPUCTyBay, MalOYH TapHY
LIBHIKICTH [HTEpHETY, MOXe IpaIfoBaTi 3 HUMH Tak,
HiOU BOHM 1Iepe0yBaroTh y HHOTO Ha KOMIT'IOTEPI.

CriocoOu opraHi3ailii XMapHOTo CXOBHIIA OYBAIOTh
pi3Hi, ane cyTh Yy BCIX OIHAa — HaJaTH KOPHCTYBady
BiIIaJIeHUH JOCTYN 10 JaHWX. XMapHi cepBicu OyBa-
I0Th MyOJIIYHUMH, TpUBaTHUMHU abo TiopunHuMu. [Ipu-
BaTHI CEpPBICH JTO3BOJISIIOTh KOPHCTYBAdy HaIAIITyBaTH
XMapHe CXOBHIIE IMOBHICTIO MiJ ce0e, JIETKO PEryJIroio-
4yu 00CATH 1 Oy/b-sIKi 1HIII MapaMeTpH, TaKi SIK IpoIyc-
KHa 37aTHiCTh i ToMy monione. [TyOmiuni cepBicu Ha-
KJIaJIaloTh OOMEXEHHS Ha YIPaBIIiHHS XMapoIo 1 3aBXKIH
MaloTh 0OMexeHHd 0e3KOmTOBHUN 00csT mam'sari. ['10-
PHIHI K, B CBOIO 4epry, 00'€IHYIOTh B OJJHY CHUCTEMY i
NpUBaTHI 1 MyOJiuHI XMapu 3 MeTor OallaHCyBaHHS
HABaHTa)XEHHS HAa IPHUBAaTHE CXOBWIIE, 32 paxyHOK
BHUKOPHCTaHHS MyOJiuHOro, abo Juisi pe3epBHOrO KOIi-
IOBaHHS JCSKUX JaHHX.

Amnauri3 agiteparypu [1, 2] noka3sas, mo icHye 0a-
raTo OHJIAHH-CEPBICIB, SKi HAJAIOTh OE3KOLITOBHO Jie-
SKUH o0csr npoctopy. 3a3Buyail ne 6muspko 10 rira-
0aiiT, 1 IS BUKOPHUCTaHHS OLTBIIOrO 00OCITY IPOCTOPY
Tpeba IUIATUTH IIOMICSLs, B CepeaHbOMY, Onm3bko 10
nmonapiB. Jlo mepeBar iCHYHOUHMX METOMIB 30epeKeHHS
iHpopMamii y XMapax MOXKHa BiHECTH HaIiHHICTb,
CBOEYACHICTh OTPUMAHHSI 1 TOCTYITHICTD JIaHUX B «XMa-
pi», SKa Jy)Ke CHIBHO 3aJIeKUTH Bifl 6araThOX IPOMiX-
HUX IapaMeTpiB, TAKUX SK: KaHaJM Nepejadl JaHuX Ha
LUISAXY BiJ KIIEHTa JI0 «XMapw», HaAIHHICTh OCTaHHBOI
MU, SKiCTh pobOoTu IHTEepHeT-mpoBaiijepa KIli€HTa,
JIOCTYTIHICTh CaMoi «XMapu» B JIaHWH MOMeHT 4dacy. J{o
HEJIOJTIKIB MO)KHA BiJJHECTH IIOMICSIYHY aOOHEHTCBKY
IUIaTy 32 BUKOPHUCTAHHS CEPBICIB, a TaKOX 3arajibHy
MPOAYKTUBHICTH NPH POOOTI 3 JaHUMHU B «XMapi», siKa
MOXe OyTH HIKYe, HXK IpU poOOTi 3 JIOKAIILHUMHU KO-
MiSIMH JIAHUX.

OCHOBHUM METOZIOM YCYHEHHS 3a3Hau€HUX HeJo-
JIIKIB € BJIOCKOHAJICHHS TEXHOJIOTIi XMapHOro 30epe-
JKEHHsI JIaHWX 32 paxyHOK OajlaHCyBaHHs 3aIlOBHEHHS
XMapHUX cXoBHUII iH(opmariero. Takox, s IOKpa-
LIEHHS IBUIKOCTI 0OpOOKH (haiiiB, BBOAUTHCS KEUIy-
BaHHA (ailmiB, JOCTyn A0 SKUX HaWdacTimmid. J{is
BUpILIEHHS NPOoOJieM 3 aOOHEHTCHKOIO IUIATOI0 MOXKHA
BHUKOPHCTOBYBATH el IIPOrPaMHHUI KOMIUIEKC.

VY [3, 4] HaBenEHO JIMIIIE OIUC BXKE ICHYIOUUX TEX-
HOJIOTi# Ta crmoco0iB 30epeKeHHS MaHUX Y XMapax, IIo
JISITJIA B OCHOBY KOMIDIEKCY 00’ €/IHAHHS CXOBHILL.

MeTo10 CTATTI € JIOCHTIHPKEHHSI MOXKJIUBOCTI OITH-
Mi3alii i CIIPOIIEHHS YIIPaBIiHHS MPOLIECOM 30epeKeH-
HS JIaHUX 3 BUKOPHCTaHHSIM HEOOMEXKEHOI KiJIbKOCTI
XMapHUX CXOBHIIL.

© TIlaceko . A., Momyanos I'. 1., [laBunos B. B., 2018
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Jlst po3poOKHU POrpaMHOTO KOMIUIEKCY yIpaBIIiH-
HsI TIPOILIECOM 30epeXKEHHS JTaHUX OYyJI0 BUKOPHCTAHO JIBa
xMapHux cepicu: Google Drive Ta Mega.

Google Drive — ne cimyx0a 30epiraHss i CHHXpOHi-
3amii  ¢aitmiB, po3pobiena kommaniero Google [5].
Google /Iuck no3Bomnsic kopucTyBauam 30epiratu (ainm
Ha CBOIX CepBepax, CHHXpPOHI3YBaTH (ailiil Ha DI3ZHUX
npuctposix i odminroBatucs Qaimamu. Google Jnck
MIPOTIOHYe KOpPUCTyBauaM 15 rira®aiiT OE3KOIITOBHOIO
CXOBHINA Ta iHII PO3MIpH, MPOIOHOBAHI 32 JIOTIIOMOTO0
JIOAATKOBHUX IUIATHUX TUIaHiB. 11100 migkmounTn Kopuc-
TyBaya JI0 CUCTEMH, TOTPiOHO BKIIIOYUTH BHKOPHCTAHHS
API nns #ioro obmikoBoro 3amnucy [6], CTBOPUBIIH iJIeH-
tudikatop kimenta OAuth 2. ITicimsa 1poro, oONMIKOBUIA
3aMic MOXKHA JI0JaBaTd JI0 MPOrpaMH pa3oM 3 paHilie
CTBOpPEHUM (hailiioM iieHTH(iKaTOpa.

Mega — (aii1000MiHHUK 3 IH(PYBAHHSIM JaHUX
[7]. Mega mmdpye Bech KOHTSHT MpsMO B Opay3epi 3a
nonomoroto  anroputmy AES. KopucryBaui MoxyTh
nepeaBaTi OIWH OXHOMY (aitim B 3ammdpoBaHOMY
BUIJISA, IIPY LOMY BCi JaHi 30€piraroTbCs B «XMapi».
Mega nanae 15 I'b 6e3komrroBHoro posmipy (S0I'B y
MepIINi MicAIlb KOPUCTYBaHHS), a TAKOX 1HII TUIATHI
IUTAHY VTS 301IBIICHHS po3Mipy cxoBuiia. [TiIKIroueHHs
JI0 TIPOTPaMH BUKOHYETHCSI BBEJICHHSIM JIOTiHY 1 ApOII0
BiJl 00JTIKOBOT'O 3aIUCY JI0 IIPOTPaMHU.

Jlnist 00’ €eqHAHHS CXOBHI Y €JJMHY CUCTEMY, CIIOYaT-
Ky TOTpiOHO OyJ10 BUPILINTH MUTaHHs 30epiraHHs CTPYK-
TYpH JaHuX, Y SIKOMY BHIJISIII TIPEACTABISITH Ta BigoOpa-
xKyBatu ¢aim. 30epirati aitn Oyno BUPILIEHO Y TOMY
BUJIi, B IKOMY BOHH 3aBaHTa)KYBaJICS 3 XMApHUX CEPBICIB
— y BUDIAL cniMcKiB. BimoOpaxysaru ¢aiinm Oyio BHpi-
LIIEHO B OJJHOMY 3 HaHITONIMPEHIIIHNX CIIOCOOIB — Y BUMVISI
nepeBa. Koxxen ¢aiin mae iHdopmariito mpo «pomudisy,
TOMY JIETKO MOXXHa CTBOPUTH JiepeBo. JlepeBo CTBOPIOETH-
csl 32 JIOIIOMOTOK0 PEKYpCii, BHKOHYETHCSI TOLIYK ISt
KOKHOI TTAaTIKi KOPEHEBOro Karajory Horo diTei, Ta CTBO-
PEHHS HOBOI TUTKH, TTCIIS IIbOr0 PEKYPCUBHO BUKOHYETBCS
TIOIIYK JAITEH JUIsl KOYKHOTO TIONEPEAHbOro eleMeHTa i Tak
i, OKU JIEpeBO He OyIie CTBOPEHO.

IIpu 00’emHanHi CXOBHIL, MU OyZEeMO BUKOPHCTO-
BYBAaTH paHillle CTBOPEHI JiepeBa ISl KOXKHOTO CXOBUIIIA.
OO0’eiHaHHS CXOBUI POOMTHCS TEX PEKYpPCUBHO, SK i
cTBOpeHHs jepeB. [Ipu 00’€lHAaHHI HE CTBOPIOETHCS
HOBOT'O JIepeBa, a OJal0ThCsl HOBI TUJIKH Y JIEPEeBO roJIo-
BHOTO CXOBHIIIA (SIKe OyJI0 00paHO 3a3aIeriib). 3aBIsKU
LIOMY HE TIOTPiOHO PEKYPCUBHO MPOHUBIISITHCS YCI TLIKA
CXOBHIIIA, 3 SKUM POOUTHCS 00’€HAHHS, TOMY IO, PU
JIOJIaBaHHI y TOJIOBHE JEPEBO, MOJAETHCA TUIKA 3 YCIE0
CBOEIO CTPYKTYPOIO 1 TITHMHU.

ANTopuT™M 00’ €THAHHS:

1. TlepeBipsieMo, UM € y KOPEHEBOMY KaTaJlory ro-
JIOBHOTO CXOBHIIIA TIaIIKa C TAKOIO K HAa3BOIO, 5K 1 B CXO-
BHIITi JOHOPI.

2. SIkmio Taka marka iCHye, TO pOOMMO MOMITKY B
CTPYKTYp1 IIi€l MamnKku TOJIOBHOTO CXOBHINA, YKa3yluH,
II0 BOHA HAJICSKUTH OOOM CXOBHIIAM (JOJAEMO JIOTIH
CXOBHIIIA, SIKOMY BOHA T&X HAJIEXKUTh) 1 MIEPEXOAUMO 10
Kpoky Ne3. Skimo % Takoi Manku He iCHye, MPOCTo J10/a-
€Mo Ti 10 TOJIOBHOTO CXOBHIIIA 1 EPEX0ANMO MTOPIiBHIOBA-

TH iHIIY MANKy CXOBHIIA-JOHOpA 3 IAKOK CXOBHINA-
PpElHUITiENTA.

3. PekypcuBHO TmiepemaeMo miTeli 000X CXOBHII
(TOJIOBHOTO 1 JOHOPA) JI0 IILOT'O METOY, TOOTO MOBEpTa-
eMocsi Ha Kpok Ne2, ajie BKe HOpIBHIOEMO [iTei, TOOTO
CIyCKaeMOCsl Ha piBeHb BHM3 MO JepeBy. Komm mu miid-
JIeMO 70 KiHIA JepeBa, TOOTO MIiTEH HE 3aHIIHTHCH,
ATOPUTM 3aKiHIYETHCS.

O0’enHaHHA AepeB POOUTHCS, JOKU HE Oyme 3po0-
JICHO 00’€AHAHHA 3 yciMa nepeBamu. [licns mporo, Ha
eKpaH KOPHCTyBa4ya BUBOAUTHCS €MHA CTPYKTypa Jepe-
Ba 3 MAMKAMH 3 YCIX CXOBHIIL.

AJropuTtM 3arpy3ku (ailylie y CXOBHUIIA CKIAa€Th-
cs 3 mBOX eramiB. [leprmii - KOpUCTyBay oOHpae HEOO-
XiHI (paiim IS BINpPaBIICHHS y CXOBUIIA, Ta MIEPETATYE
iX y 30HM BianpaBieHHs ¢ainis (puc. 1), y skili BoHH
BiZIOOPaXKyIOTHCS ITICIS JO/IaBaHHSI.

CLOUD SPACE: 30 GB

USED: 235 MB

File 1 A

File 2
File 3

File 4

Puc. 1. ®aiinu y 30Hi1 BifnpasieHHs

[Ticnst mporo, HacTae Ipyruil eram — OIiHKa CXOBU-
ma, y sike Oyne BimmpasieHo daitnmu. Etam rpyHTyeThCs
Ha OLIHII MPOLEHTY BIJILHOrO NPOCTOPY Ha AMcKy. Oti-
HIOETBCSI HE PO3MIp BUIBHOT [aM’ATi, a MMPOLIEHT BIJIBHOTO
MPOCTOpY, TOMY IO y XMapHHX CEpBICIB MOXe OyTH
Ppi3HMI pO3MIp MaM’sITi, IKy BOHH HaJal0Th KOPUCTYBady.
Takum YUHOM JIETKO MOYKHA OaJlaHCYBAaTH 3aBaHTAKEHHS
JTAHUMU YCIX CXOBHIIL.

Ha puc. 2 MoxxHa MOOAYUTH 3aBAHTAKCHICTH JaHH-
MH y MPOLEHTHOMY BiJHOIIECHHI CXOBHII, SIKI BUKOpHC-
TOBYIOThCSl Y Mporpami, a y Tabi. 1 HaBeneHO iHpopma-
IIiF0 PO BUTBHE MicCIle y Tirabairax.

*® 100
£ %
8 a0
c
7o
(2]
50
40
30
20
10
[
Mega Google Drive Mega 1 Google Drive 1 Mega 2
m BinbHMii NpocTip W 3aHATHIA NpocTip Cepaic

Puc. 2. CraH CXOBHIII 10 3aBaHTa)KSHHs (hailliB

Tabnuys 1. CTan MPoCTOPY CXOBHII 10 3aBAHTAKEHHS

aiinis
CxoBMIIe Binbnmii 3ansaTui

llI npocrip, I'b npocrip, I'b

Mega 14 1

Google Drive 12 3

Mega 1 15 0

Google Drive 1 10 5

Mega 2 11 4
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[Ticnsa Toro, sik OyJI0O OTPUMAHO iH(pOPMAINIO MPO
3aBAHTAXKEHICTh CXOBUIL, (hailii MOYNHAIOTH BiIIPaBIIs-
THCS 0 cxoBuII (puc. 3).

/ / /
Gggle Dyive ﬁlega Goﬁle Dri
e § 7B j

Puc. 3. [Toueprose BinnpasnenHs Qaiinis y cxouina

[Micnst Bimnpasnenus 7 ¢aiiniB pozmipom 2 I'b,
3I6,4T5B,4Tb, 516, 3T'B, 2 I'b, HanoBHEHICTH CXO-
BUIII BUIVISIA€ HACTYITHUM YUHOM (IUB. puc. 4), a 'y Ta0-
J.2 MOXHA TMOOAYUTH CTAH TPOCTOPY CXOBHI TiCIIs
3aBaHTa)KEHHS (hailiiB.

Mpoctip, %

100
90
80
70
60

50
40
30
20
10

o

Buma. Koiu paHi po3mnofisieHi piBHOMIpPHO, TO 3MEHIIIy-
€THCS IIAHC BTPATHTH YCIO iH(OpMALIIo, SK B CUTYaIlii,
SKIO BOHAa OM 30epiranacst JUII Ha OJHOMY CXOBHIII.
[Tpu HemoCTYyMHOCTI XMapHOTO JHUCKY (TeXHi4HI mpobiie-
MU, 3aryOJeHHs Napoiio) Mu OyaeMO MaTH JOCTYII JIO
IHIIUX CXOBHILL, 1 10 iH(OpMAIlil, sIka TaM PO3IIO/iJIeHA.

Takox, Oy70 po3po0JICHO AJTOPUTM OAJTAHCYBAHHS
PO3IOMIICHHS JIAHUX B Pa3i, KOMM J0NA€THCS HOBHI aKKa-
VHT JI0 CUCTEMH. AJITOPUTM HaJa€ MOXKIIUBICTh 30aJ1aHCy-
BaTH HABAHTAKEHHS HA YCi CXOBHIIA, SIKIIIO OTHH 3 OOJIi-
KOBHX 3aMUCIB IEPEBAHTAKECHUI Y1 BITbHHUH.

Jlomamo 10 HaIIoi CHCTEMH IOBHICTIO 3aIIOBHEHHUIH
akkayHT Google Drive cxoBuia (puc. 5), B Ta0i. 3 HaBe-
JIEHO CTaH PO3MIipPy CXOBHIII IiCIIS TOJaBaHHS 00JIIKOBOTO
3aIHCy.

NpocTip, %

100
a0
30
7o
o0
50
A0

30

20

10

o
Mega Google Drive Megal

Google Drivel  Mega2  Google Drive 2

Cepsic
M BinbHuit npoctip @ 3auamuid npoctip

Puc. 5. 3an0BHEHHS CXOBUIII MiCJIs JOaBaHH
HOBOT'0 00JIIKOBOT'O 3aITUCy

Tabauys 3. CTaH MPoCTOPY CXOBHUII IicJIs1 A0AABAHHS
HOBOro0 00J1iKOBOr0 3aMucy

Mega Google Drive Megal GoogleDrivel Mega?  Google Drive2 . . .
Cepsic BinbHuii 3ausTuii
B Binbhuii npoctip M 3aHaATHiA npoci CXOB“IIIC : .
FocTie poctip npocrip, I'b npocrip, I'b
Puc. 4. Cran cxoBuII NicIst 3aBaHTaXKeHHS (aiiniB Mega 9 6
Tabnuys 2. CTad MPoCTOPY CXOBHUII MicJI51 3aBAHTAKEHHS Google Drive 8 7
aiinis Mega 1 9 6
C BinbHuii 3ansaTui Google Drive 1 5 10
XoBHue npocrip, I'b npocrip, I'b Mega 2 8 7
Mega 9 6 Google Drive 2 0 15
Google Drive 8 7
Mega 1 9 6 Jlnst GanaHCcyBaHHSI HABAaHTa)KEHHS NAHUMH Y CHC-
5 TeMi, KiJIbKICTh JaHHX, SKi TOTPiOHO BiANpPaBHUTH B iHIII
Google Drive 1 5 10 o
CXOBHIIIA, 3 OKPYIJICHHAM B MEHIIHHA OiK Oyme po3paxo-
Mega 2 8 7 BaHO 3a (opmyno: S=M/N, ge M — po3Mip JaHHX,

MoskHa Mo0a4YHTH, 1110 AITOPUTM PO3IOAUICHHS J1a-
HUX II0 CXOBHWIIAM, Maibke PIBHOMIPHO 3aIllOBHHB YCi
cxoBua (ainamu. Ha erani BignpaBieHHs 5-ro Ta 6-ro
(aiiiniB eKibKa CXOBHII Mald PIBHUHA BUIBHUIA 0OCHT,
ane ¢aitmu Oynu BiampasieHi go cxoeumia Google
Drive 1 Ta Mega 2 BiANoBiIHO, TOMY IO IO I[LOTO MO-
MEHTY TyAH HIYOTO He BiJIIPaBIIsUIOCS.

AJITOPUTM OLIHKH BUTBHOTO NPOCTOPY TPH BiAmpa-
BJIcHHI (paiiiB Oyi10 00paHO, TOMY IO I OaaHCYBaH-
Hs 3aBaHTAXXCHOCTI BCIX CXOBHII, SKI MAKIIOYECHI 0
mporpamu, nei crocib € onTumansHuM. BiH Hajgae MOX-
JIUBICTh PIBHOMIPHO PO3MOAUIATH JaHi, Ta JoroMarae
3MEHIIUTH BIUIUB OJHi€T 3 MpoOIieM BUKOPUCTAHHS XMa-
PHHUX CXOBHIII, @ caMe — MPoOJIeMy HETOCTYITHOCTI CXO-

SIKI IOTPIOHO PO3MOMUIUTH 1O CXOBHIIaM, a N — KiJlb-
KiCTb XMapHHUX CXOBHIIL.

[Ticnst Toro, siK po3Mip JaHUX, sIKi ITOTPiOHO BiAmpa-
BIATH y KOXXHE CXOBHIIE PO3PaXOBaHO, MOYHHAETHCS
BijinpaBka (aiiniB 10 iHMMX cXxoBuIl. BoHa BinOyBa€eThb-
csl, JIOKM 3aBaHTAXXEHICTh XMAapHUX IMCKIB He Oyne Maii-
e piBHOI. 3a (hOopMYJIOK0, TIporpamMa Oy/ae po3MOAUIATA
no cxoBumaM 1o 2 I'b ganux. CxemaTuuHuil mporec
OajlaHCYBaHHS 300pa’keHO Ha pHC. 6.

Pe3ynprar OGanancyBaHHs 300pa)keHO Ha pucC. 7, a'y
Tabn. 4 MOKHa MOOAYUTH CTaH PO3MIPY CXOBHII MiCIIst
OanaHCyBaHHSL.

B pesynbraTi OanaHcyBaHHs, AaHi Oynu BiftpaBiie-
Hi B Mega 1 — 2 I'b, Mega — 2 I'b, Google Drive — 2 I'b,
Ta Mega2 -2 Tb.
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BucHoBKMu

B po0OoTi BHUKOHAHO MJOCIHIHKEHHS MOXJIHBOCTI
CTBOPEHHSI IICHTPaJII30BaHOI CHCTEMH YIPaBIIiHHS XMa-
PHHMH CXOBHIIAMHU Ta PO3POOJIEHO MPOrpaMHHUHA KOM-
TUIEKC sl 00'€IHAHHS HEOOMEXKEHO!I KIJIbKOCTI Hak-
MOIIMPEHINX XMapHUX cepBiciB Google Drive Ta
Mega. Ha puc. 8 300paxkeHo iHTepdelic mporpamu.

+27B - o
*276 RELOAD RENAME CREATE DELETE UPLOAD DOWNLOAD
= ] /root Name Size Created Time|
i : Bi:}:,ﬁm XyaoxHARH . tXE 0,02 Kb ur 26.04.2018
-8B +21B « BothFolder opam. txt 6,54 Kb ur 26.04.2018
KateFolder Denisl 10,02 Kb ur 26.04.2018
» KateMega DenisMega Empty Bc 20.05.2018
~ Megalest
h 4 +27B egatosth
« MegaTest?
Megalnside
Mega2
Mega3
A - ) .
- v Yuneep
» TNKC
o » OBK
» Apxutextypa
Mpaso
. B>
Puc. 6. banancyBaHHs 3aBaHTaKE€HOCTI XMAapHHUX CXOBHII , :h.,i‘.ﬁ
ly
» E:zggvery
10 w DRAG & DROP
a » Photos
= 90 p— - -
E FREE SPACE: 1 £ CLOUD SPACE: 230 GE USED: 45.2 GB
2 80 N
€ 1 Puc. 8. InTepdeiic mporpaMHOro KOMILIEKCY
60 UTSL YIIPaBJTiHHSI CXOBHUIIIAMHU
50
0 OOrpyHTOBaHO BHOIp aJTrOPUTMY  YIIPaBIiHHS
%0 [POIIECOM 30ePEKEHHS JaHKX.
it} . .
0 VY I0CKOHAJIEHO ICHYIOYI QJITOPUTMHU 30€peKeHHs
0 JIAHUX y XMapHHUX CXOBHIIAX 33 PaxyHOK MOJIUBOCTI
Mega  GoogleDrive  Megal Google Drivel  Mega2  Google Drive 2 00’ e1HAaHHS HEOOMEKEHOI KIJILKOCTI O0JIIKOBHUX 3aIUCIB
W Bintatwi npocrip. W Savsvi npocrip Cepeic CXOBHIII Ta OajlaHCYBaHHS 3aBAaHTA)KEHOCTI KOXKHOTO 3a
. .. aXyHOK peai3alii aJlropuTMy OLIHIOBAHHS ITPOIIEHT-
Puc. 7. Cran cxoBum micist O6anaHcyBaHHs (aiinis PaxyHok p . P y o pott
HOT'0 BiTHOIIEHHS MiCL y CXOBHIIAX.
Tabnuys 4. CTaH MPOCTOPY CXOBHII IiCJIs1 GaTaHCyBAHHS ByB po3pobieHuii Ta peanizoBaHUA alrOPUTM IIO-
AaHHX €JIHAHHS CXOBHUII JUIs 3pYYHOTO YIPaBIiHHS Ta BiJO-
. . . JKeHHs (hailyliB KOpUCTyBaya.
CxoBHe Binbnmii 3ansaTui 6pa le) (16)"1 JIIB KOPHCTYBa 6a
it npocrip, I'B npocrip, I'B . 03pO0NIEHO aropHT™M OanaHCyBAHHS 3aBaHTaKe-
HICTIO TJaHUMH CXOBHII TP J0/IaBaHHI HOBOTO OOJIIKO-
Mega 7 8 BOTO 3aITHCY, SIK HE3AIIOBHEHOI'O TaK 1 B)KE 3aIIOBHEHOT'O
Google Drive 6 9 JIaHuMH. bamaHCyBaHHS MO)KHA BUKOHATH 33 Oa)KaHHIM
Mega 1 7 8 KopucTyBaya.
Google Drive | 5 10 HpOBe}:[eI:Il JIOCTII/DKEHHS TATBEPIKYIOTb, IO Ha-
Mooa 2 P 5 BEJIeHa OpraHi3allisi CXOBHII MiJBUIIYE CTAOUIBHICTH
cea 30epe)KeHHs JaHWX, a TaKOXX HaJae MOXIIUBICTh MaTH
Google Drive 2 7 8 BEJIMKUM PO3MIp XMapHOI0 CXOBHINA GE3KOIITOBHO.
CIIMCOK JIITEPATYPU
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Yupasiienne HeorpaHNYeHHBIM KOJIHIECTBOM O0JIAYHBIX XPAHUIUILIL
J. A. ITaceko, I'. 1. Monyanos, B. B. JlaBbi10B

IIpeamerom craTbu SIBIASTCS UCCIEIOBAHME BO3MOXKHOCTH CO3JaHMS YZIOOHOr0 MEXaHM3Ma YHPaBIEHHS IPOLECCOM Xpa-
HEHMs JIaHHBIX C HCIIOIb30BaHUEM HEOIPAHWYCHHOr'0 KOIM4ecTBa 001auHbIX XpaHwmil, [lesiblo sBisieTcst uccie1oBaHue MeTo-
JIOB ONTHMH3AIMKU U YIPOLICHHS YIPaBJICHHS MPOLIECCOM XPAHEHUs JaHHBIX C HUCIOJIb30BAaHUEM HEOIPAHUYEHHOTO KOJINYEeCTBA
001a4HbIX XpaHWwHil, 3asaya: pa3paboTaTh apXUTEKTYPY HPOrpaMMHOI0 KOMIUIEKCA ISl YIPABICHUS Pa3MEIICHUEM JIAHHBIX B
CaMbIX PacHpPOCTPAHEHHBIX OOJIAYHBIX XPaHWINIIAX; BbIOpaTh 3 (eKTUBHBIN airopuT™ paboThl NP BHIOOPE XpaHWIMINA JUIS
pa3MelIeHUs] JaHHbIX; BBINOJIHUTH TECTUPOBAHHUE HPOrPaMMHOIO NMpoAyKTa. Mcnonab3yeMbIMi MeTOAAMH SIBIISIOTCS: HaOmozie-
HHE 32 MPOITYCKHOH CIOCOOHOCTBIO 00JIauHBIX (haiIOBBIX XPaHWIIMIL; CPABHEHHMS YI00CTBA HCIIOIB30BaHHS (YHKIMOHANA 00-
JIAYHBIX CEPBHUCOB; U3MEPEHHE 3arPyKCHHOCTH XPaHWIMILA U IPOBEPKa HaIN4YMs CBOOOIHOrO MPOCTPAHCTBA; SKCHEPUMEHT I10
CO3JIaHHUIO IIPOrPaMMbl YHpaBI€HHUs O0Ja4HBIMU XpaHWwiumamu. [lomydensl cnepyromue pe3yiabTaTbl. O00CHOBaH crocod
BbIOOpA XpaHUIIMILA JUIS BBITPY3KH AaHHBIX. Pazpaborano nporpaMmMHoe obecrieueHue, KOTopoe Mo3BoisieT 00beAMHUTD Heorpa-
HUYEHHOE KOJIMYECTBO OOJAYHBIX XPAHWIHUIL B €JMHOE IIPOCTPAHCTBO, a TAKKE IPEJOCTaBIIsIeT BO3MOXKHOCTD Y00HOr0 yIpas-
JICHUs U HOJY4eHHs HeoOXOAMMOH MH(OpMaluH JUIS I0Jb30BaTelsl. Pe3ynbraToM HccienoBaHus siBIseTcsl pa3paboTka Hmpo-
I'PaMMHOI'0 KOMILIEKCa, KOTOPBII BBICTYIIAET B POJIM KOHLEHTPATOPA Ul OOJaYHBIX XPAHHIIMIL, & TAKKE Pealn3alus METOI0B
BbIOOpA XpaHWINIIA JUIS BBI'PY3KU (hailJIOB, OCHOBAaHHBIX Ha OLIEHKE IPOLEHTA CBOOOJHOIO IIPOCTPAHCTBA KaXKIIOr0 XpaHWIUIIA
n GyHKIMKM OanaHCHUPOBKU 3arpyKeHHOCTH XPAHWWIMIL JaHHBIMU. BeiBoabl. HayuHas HOBM3HA IOIYYCHHBIX PE3yJbTaTOB 3a-
KIIIOYAETCs B CIEYIOIIEM: HCCIIEA0BaHbl CYIIECTBYIOIIME METO/IbI COXPAHEHUS JaHHBIX B OOJIAUHBIX XPAHWIMILAX; YCOBEPLICH-
CTBOBaH METOJ TMOPUIHOTO XPAHEHMS JAHHBIX 3@ CYeT 00bEANHEHHs HEOIPAHMYEHHOI0 KOJIMYECTBA XPaHWIHIL B €IMHOE IIPO-
CTPAHCTBO MOJ| LICHTPAIM30BAHHON CHCTEMOH ympasieHus. Pazpaborana cucrema BbIOOpa XpaHWIIMILA I BBI'PY3Ku (aiinos,
OCHOBAaHHAsl HAa OLICHKE M CPaBHEHUM HPOLIEHTa CBOOOZHOIO NPOCTPAHCTBA, YACTOTHI HCIIONB30BAHUSA U CPEIHETO BPEMEHH J10C-
Tyna. Pazpaboran anroputm 6anaHCHPOBKH 3arpyK€HHOCTH OOJauHBIX XPAHWIMI JaHHBIMH. IIpoBeZieHHbIE AKCIIEPHMEHTAIIb-
HbIE HCCIIEZIOBAHNUS OATBEPAKIAIOT BO3MOXKHOCTD UCIIONIB30BAHUS PEUIOKEHHOT0 OAX0/1a A1 yAOOHOr0 yIpaBieHHs Heorpa-
HUYEHHBIM KOJIMYECTBOM OOJIAYHBIX XPaHWIHLII.

KawuyeBbie cioBa: obiayHble XpaHWINILA; THOPUIHOE 00NauHOe XpaHWIHiie; obnaunble TexHoioruu; Google Drive;
Google Drive API; Mega; Mega API; myGinunbie obnaka; 00beJMHEHNE 00JIauHbIX X PaHIIIHIIL

Unlimited cloud storage management
D. Pasko, H. Molchanov, V. Davydov

The subject of the article is the management of the data storage process using an unlimited number of cloud storages. The
goal is to study the possibility of optimizing and simplifying the management of the data storage process using an unlimited
number of cloud storages. Objective: develop the architecture of a software package for managing the placement of data in the
most common cloud storages; select the most efficient storage selection algorithm for storing data; perform software testing. The
methods used are: monitoring the throughput of cloud file storage; comparing the usability of the cloud services functionality;
measuring storage load and checking for free space; experimental creation of cloud storage management software. The following
results have been obtained. The storage selection mechanism for loading data is described. Developed software for uniting in a
single space and convenient management of an unlimited number of cloud storage. The result of the research is the development
of a software package that acts as a hub for cloud storage. Methods for selecting storage for uploading files based on an estimate
of the percentage of free space of each storage and the function of load balancing of storage data are Implemented. Conclusions.
The scientific novelty of the results is as follows. Investigated the existing methods of storing data in the cloud storage. The
method of hybrid data storage has been improved by combining an unlimited number of storages into a single space under a
centralized management system. A system for selecting storage for uploading files has been developed which is based on estimat-
ing and comparing the percentage of free space with the frequency of use and average access time. An algorithm for balancing
the workload of cloud storage has been developed. The conducted experimental studies confirm the possibility of using the pro-
posed approach for convenient management of an unlimited number of cloud storages.

Keywords: cloud storage; hybrid cloud storage; cloud technology; Google Drive; Google Drive API; Mega; Mega API;
public clouds; cloud storages union.
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MNOBY1OBA TEMITIOPAJIBHUX ITPABUJI 1JI51 ITPEICTABJIEHHSA 3HAHD
B IHOOPMAIIMHO-YIIPABJISIIOYNX CUCTEMAX

IIpeameTom BUBUYEHHS B CTaTTi € NMpOLECH MOOYNOBH MPEJCTABICHHs 3HAaHb B IHQOPMAaLiiHO-YIPaBIAIOYUX CUCTE-
Max Ha OCHOBI TEMIIOpaJIbHUX 3aJIEKHOCTEH, 1110 3a/1a10Th IIOCIiOBHICTh BUKOHAHHS Ail Ha KOMIUIEKCHOMY 00’ €KTI
ynpasiinHsA. MeTa nossrae B po3po01i MeToziB Mo0yI0BH TEMIOPAJIbHUX MpPaBUI, sKi 0a3ylOThCS Ha pe3yibTarax
aHaJli3y J)KypHAJiB MOJil 00’€KTy YNpaBJIiHHS Ta BPAXOBYIOTb OCOOJIMBOCTI SIK NPOLIECHOT0, TaK i ()YyHKLIOHAJIBHOTO
MiAXOJIB 10 YNpaBIiHHA HiANpHeMcTBOM. 3azadvi: noOynoBa Mojenell TEMIOPAIBHUX 3aJIEXHOCTEH, IO OB’ SA3YHOTH
MiXk cOOOI0 TIOCIIIIOBHI Mapy JIiHf, a TakoX MOTOYHY JIiI0 3 HACTYITHOIO JIi€I0 y MaOyTHHOMY; PO3po0Ka METOIB IT00Y/I0BH
TEMITIOpaIbHUX MPAaBUIL, 10 NPU3HAYEHI UL I ITPUMKH IIPUHHSTTS YNPaBIiHCKUX PIlllCHb HA OCHOBI NPOTHO3YBAHHS I110-
BE/IIHKM 00’ €KTY YNpaBIIliHHS B NOTOYHIH, B TOMY YMCII HeCTaHIApTHIH curyauii. MeTogaMu, 1110 BUKOPUCTOBYIOThCS, €:
METO/Y 1HTENEKTyaJbHOr0 aHalli3y HPOLECIB, sIKi epeadadaroTh N00YyI0BY 3aI€XKHOCTEH MiXK MOJISIMI HA OCHOBI aHANi3y
KypHally 00’€KTy ynpaBiliHHS B iHpOpMaLiliHO-yIIpaBisitounx cucreMax. OTpuMaHO Taki pe3yabTaTH. Po3pobiieno moze-
JIi TeMIIOpaJIbHUX IPAaBUII, SKi BU3HAYAIOTh IOCIIJIOBHICTB Y yaci iif Ha 00 €KTi ynpaBiliHHA. 3aIPONOHOBAHO METOMH I10-
OyIOBH TEMIIOPAIBHUX HPABWI JUIS MIATPUMKH SIK IIPOLIECHOr0, TaK i (QyHKI[IOHAJIBHOTO YIIPaBIIiHHS MiANPUEMCTBOM. Bu-
cHOBKH. HaykoBa HOBM3Ha OTpMMaHHX pe3YJIbTaTiB MOJIArae B HACTYIHOMY: PO3POOJICHO MOJIENI TEMIOPAIBHUX MPABUII, 110
TIOB’SI3y0Th MXK COOOIO TIOTOYHI TOAIT 3 HACTYITHUMH Ta HOMISIMU y MaifOyTHbOMY, IIPHYOMY KOXKHA ITOJIis BITIOBIZA€ OKpeMii
i Ha 00’ekTi ynpaBitiHHA. Taki MozieNi BpaxOBYIOTb SIK 3HAY€HHs BCIX aTpuOyTiB MOAiH, TaK i BUIUICHY IiIMHOKHHY aTpUOYTIB
Y BIIOBITHOCTI 10 OCOOIMBOCTEN JKYpHAJIIB IOAIH MPOLECHOro i (yHKIiOHAIBHOrO yripasiiHHs. Lle mae MoxmBicTb chopmy-
BaTH MIMOBIpHI ITOCIIIOBHOCTI Aii B 3a/1aHiil CUTYyaIlii 1 THM caMHUM 3a0€31eYNTH MOKIIMBICTD ITiITPUMKH IIPUHHSTTS YIPaBIIiHCh-
KHX pillIeHb UIIXOM BUOOpY i3 IMX MOXJIMBHX IIOCIIIJOBHOCTEH il 3alpornoHOBaHi METOIM MOOY0BH TEMIIOPAIBHUX HPaBUII
MiCTsITh y c00i eTanu BigOopy BXiIHUX Tpac IPH MPOLECHOMY yIpaBiliHHI a00 GopMyBaHHS 1oCIiIOBHOCTEH MO 1 KUTTeE-
BHX LIMKJIIB apTedakTiB Npu QyHKIIOHAIBHOMY YIIPaBIIiHHI, ()OPMYBAHHS MPABUII ULl KOXKHOI Tpack abo IOCIIiIOBHOCTI O
JKUTTEBOrO IMKITY Ta IHTErparyii IyX MpaBI Ha BCI MHOXKMHH BXiTHHX Tofiil. OTpuMaHi METOIM NpH3HAYCHI VISl MOOYIOBH
TIPEZICTaBIICHHs 3HaHb B iH(QOPMALiHO-YIIPaBISIFOYMX CUCTEMaX.

Karw4dosi caoBa: napagurma «Enterprise 2.0»; TeMnopaiibHi IpaBuiIa; JIOTiYHE BUBEICHHS; KYPHAI MO,

BcTtyn

AXTyasbHa B OCTaHHI POKHU Iapagurma ynpasiliH-
Hs mianpuemcrBoM «Enterprise 2.0» nepenbadae Bupi-
LIEHHS YaCTKOBO CTPYKTYPOBaHHX 3a/ay HULIXOM I10-
enHaHH (YHKIIIOHAJIBLHOTO 1 MPOIECHOTO MiIXOIIB 10
yrpasiiaas [1]. YacTkoBO CTpyKTypOBaHi 3a1adi xapa-
KTEpU3YIOThCS SIK KUTbKICHUMH, TaK 1 SIKICHUMU 3aJIeXK-
HOCTSIMHU 1 TOMY TPaJMIII{HO BUPILIYIOTBCS 3 BUKOPHUC-
TaHHIM NepcoHanbHUX 3HaHb OITP.

ABTOMaTH3allisl BUPILIEHHs TaKUX 33/1a4 B paMKax
iH(popMaiifHO-yIpaBisitoYoi cucreMu morpedye ¢op-
Maji3alii BKa3aHUX 3aJIOKHOCTSH Ta MOOYIOBH 0Oasu
3HaHb, sKa 3a0e3medyBaja O MOXIMBICTD MiATPUMKH
NPUHHATTS YNPaBITiHCHKHUX PIIlIEHb.

SIkicHI 3aneHOCTI BimOOpa)karoTh MEPCOHAIBHI
sHaHHA Ak OIP, Tak i BUKOHABIIB [2], IO YCKITaTHIOE
ix ¢opmamizaniro. ICHylO4Wi MOMIJIMBOCTI BHSIBJICHHS
SIKICHUX 3aJIGKHOCTEH 0a3yrOThCs Ha aHai31 MOBEIIHKU
00’€KTy yNpaBIiHHS, MPEACTABICHOI y BUIIAIL KypHa-
niB moxii. Takuii aHami3 J0O3BOJSE BUABUTH TEMIIOpa-
JIbHI 3aJIGKHOCTI MiX TOMISIMH, 10 (PIKCYIOTh Y KypHa-
JIi BUKOHAHHS Ail Ha 00’€KTi ynpasiniHasi. ToMy BkazaHi
TEMIIOpaJIbHI TpaBHWIa 3aJal0Th MEpeBard IpU BUKO-
HaHHI Ii{ 1 THM CaMHMM BH3HAYarOTh MOPSAOK UX MiH y
yaci. Buknanene cBiT4nuTh PO aKTyalbHICTh aBTOMATH-
30BaHOI MOOYAOBH TEMIIOPAJIBHUX MPaBWII, O (HOpMY-
I0Th TpencTaBieHHs 3HaHb B [YC sk npu nporecHoMy,
Tax i npu (yHKIIOHATBHOMY MiIX0/IaX /0 YIIPABIIHHS.

Jlane mpezcraBieHHs 3HaHb Ma€ WMOBIPHICHHH
xapaktep [3] Ta BHUKOPHCTOBYETBCS ISl MIATPUMKH

NPUAHATTS YNPaBIiHCBKUX pillleHh HUIIXOM BHOOPY
OJHi€T 13 HAWOUIBII IMOBIPHHUX ITOCTIIOBHOCTEH AiH y
noTouHii cutyauii [4]. Bkazani mocmigoBHOCTI (hopmy-
I0ThCSI Ha OCHOBI IHMOBIpHICHOrO BHBeAEHHS y 0asi
3HaHb, MPEJCTABJICHII MHO)KUHOIO 3Ba)KCHUX TEMIIOpa-
JIBHUX TpaBui [5].

IcHyr04i MeTOM ONUCY MOBEIIHKU 00’ €KTY yNpaB-
JIHHS Ha OCHOBI aHaJIi3y )KypHAaJIiB MOJiH NMpHU3HAYEHI B
nepiry 4epry i (opMmyBaHHS TpadoBHX MoJenei
npotueciB Ha mignpueMctsi [6]. Taxi migxomu opieHTO-
BaHI B IEpIIy 4Yepry Ha MPOLECHWH MiAXix IO ympas-
JIHHS, MAlOTh METOIO MOPIBHSHHS anpiopHO BiZOMOI i
(akTH4HOI TOBeNiHKH Oi3Hec-TpoleciB [7], Ta He MpH-
JIUISIIOTH TIOCTaTHHO YBaru BUSIBICHHIO OKPEMHUX TEMIIO-
PaNbHUX 3aJIeKHOCTEH.

3 iHII0r0 OOKY, METOI! IHTEJIEKTYaJIbHOTO aHATI3Y
JITAaHUX OPIEHTOBAaHI NIEPEBAKHO HA MOOYAOBY CTATHYHUX
3aJIOKHOCTEH MDK pI3HUMH 00 €KTaMU TpPEeIMETHOI
obnacri [8]. TeMropajibHOMY aclekTy B JJaHOMY BHIIa-
JIKY He TIPUIUISETBCS TOCTAaTHHO yBary.

3anpornoHoBaHi METOIM ISl BUIUICHHS 3aJIeKHOC-
Tei M MOAISIMU Ta aTpuOyTaMu Mofiit [9] 103BONSIOTH
BUSIBUTH KOHTEKCTHI 3aJI€KHOCTI ISl BUKOHAHHS il,
aje B HUX HE PO3MIANAIOTHCS BiIMIHHOCTI BXIJTHHX
JAHUX — JKyPHAJIIB MOi# IS TIPOIIECHOTO 1 (hYHKITIOHA-
JIHOT'O yTIpaBIiHHA. B TOM ke yac BKa3aHi BiAMIHHOCTI
MalOTh CYTTEBHH BIUIMB TPH MOOYAOBI WMOBIpHICHOTO
MIPE/ICTaBIICHHS 3HAHb.

TakuM uyuHOM, 3ajada MOOYIOBU TEMIIOPAIBHUX
npaBwi, Mo 3a0e3nedyBasd O MIATPUMKY NPUHHATTS
pillleHb Ha OCHOBI NPOTHO3YBAaHHs MOBEMIHKU 00 €KTY
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YIIPaBJIiHHS B IOTOYHIH, B TOMY YHCII HECTaHAAPTHIH
CHUTYyallil, BUMarae CBOro BUPIilICHHSI.

Mertor cTaTTi € po3poOka METOIIB MOOYIOBH Te-
MIIOpaJIbHUX TPaBWJI Ha OCHOBI aHAIli3y KYpHay MOJIH
00’€KTy YIpaBIIiHHA 3 YpaXyBaHHSIM OCOOJHUBOCTEH SK
MPOLIECHOT0, TaK 1 (YHKIIOHAIBHOIO TMiAXOMIB JIO
YIIPaBJIIHHS IiIIPHEMCTBOM.

Po3poOka Bka3aHUX METOIIB MOTpeOye MmoIepe-
HBOI (popmaizanii TeMIIOpaJbHUX MPaBHJI, IO BPaxo-
BYIOTb SIK 3B’sI3KH 0€310cepeIHbO MiXK MOJIISIMH YKypHa-
Iy, TaK 1 MiX aTpHOyTaMu IUX TOJIH.

Mopaeni TemMnopanbHMUX NnpaBun
ANA XypHaniB nogin npouecHoro
Ta PyHKUiOHaNbHOro ynpaBniHHSA

TemrmopasnbHi IpaBUiIa BiIOOPaKAIOTh JAOMYCTUMY
MTOCTTITIOBHICTE IiHl y Yaci, 1o 3MiHIOIOTh 00 €KT yIpagB-
JiHHA. 3HaHHS PO TakKi MOCHIIJOBHOCTI MOXYTh OyTH
MIPE/ICTAaBIIEHI MOJAIBHUMHU 3JICKHOCTMH TPHOX TH-
miB: NeXt, Future, Until.

SanexHicte THITY NeXt 3amae Oe3mocepeqHe Ciii-
JIyBaHHS BHW3HAYCHOI Mii 3a IMOTOYHOI. 3aJCKHICTH
Uy Future 3aae CiilyBaHHs BU3HA4€HOI Aii 3a moTo-
YHOI0O B MaWOyTHbOMY (TOOTO uepe3 OAHY, MBI, ... N
niit). 3anexsicts tuny Until BU3HaYae MaiOyTHIO Aif0
SIK PE3YNIbTAT 3MiHM KOHTEKCTY. [HIIUMH clioBaMH, IS
Iii JaHOTO THITY HEOOXIJHO MepeBipsATH MOTOYHUH KOH-
TekcT. KOHTEKCT BH3HAYA€THCS SIK (PparMeHT MpenMer-
HOI 00J1acTi, 1110 BIUTMBAE Ha ITOCHIIOBHICTh BUKOHAHHS
Iifi Ha 00’ €KTi yIpaBIIiHHSL.

BigMiHHICTE MK TEMIOPaIbHUMHU 3aJICKHOCTSIMH
NeXt, Future, a maxooc Until nonarae B Tomy, 10 Iie-
plIi 1Ba TUMH IO3BOJISIIOTH BPaxOBYBATH JIMILE MOCIi-
JIOBHICTh BHKOHAHHS JNili, a TpeTs — moTpeOye BH3HA-
YEeHHS YMOB JUISl IX BUKOHAHHSI.

Le no3Bousie AeraizyBaTH 3HaHHS PO MTOBEMIHKY
00’€KTy YNpaBIIHHS 1, HANpPHKIAl, BpaxyBaTH 3MiHY
CTaHy MOTOYHOI Jii.

BximHUMU gaHUMU IS TOOY/IOBH TEMITOPAbHUX
MIPaBUII € )KypHaJIH nmofii. OcTaHHI MICTATH y c00i auc-
KpEeTHY NOCIiZIOBHICTh CTaHIiB 00’€KTy YIPABIiHHSA Yy
BHIVISAI TOCHiTOBHOCTI moxiii. KoxkHa moist sxypHany €
3aIMCOM ITPO BUKOHAHHs OKpeMOi i Ha 00’€KTi ynpas-
JHHSA Ta MICTHTH iHpOpMAaINiio Mpo cTaH apredakTis,
SIKM BUHHUKAE TICIsA BUKOHAHHS miei mii. ITix apredak-
TaMu OyIEeMO PO3YMITH OKpeMi HemiauMi 00’€KTH, sKi
BXOJSITh JIO0 CKJIQAy cllabo CTPYKTYpOBAHOTrO 00’€KTy
yIIpaBJIiHHS.

CrpyKTypa *KypHaily MOJii 3aJIeKUTh BiJl MAX0AY
JI0 YHpaBJIiHHS, IO peaji30BaHO Ha KOHKPETHOMY Tij-
MPUEMCTBI. B sKkoCcTi 0a30BUX PO3MIAAATUMEMO IpOIIe-
CHMIA Ta (yHKITIOHATBHUHN migxonu. [IpomecHuid miaxin
JI0 YHpaBIIiHHS 0a3yeThcs HA BU3HAYEHHI TOPH30HTAIIb-
HUX 3B’SI3KiB MDK MOCTa4aJbHUKAMHU, BUKOHABISIMHU Ta
KOpHCTyBa4aMH TPOAYKIIT mianprueMcTBa. Taki 3B’ I3Ku
(dopManizyroTscst y Burisiai OizHec-mporeciB. OyHKIIio-
HaJIbHUH TiOXiJ peaji3ye BepTHUKaJIbHO-OpPIEHTOBaHI
iH(opMaIli¥iHi 3B’SI3KH y BiIMOBITHOCTI 10 OpraHi3ariii-
HOI iepapxii mignpuemcrBa. B pamkax ¢yHKIiOHaIBHO-
ro IMAXOAY MOXe OyTH OpraHi3oBaHa KOJIEKTHBHA PO-
00Ta BUKOHABILIB. [HII BiJIOMi MiJIXOq¥ A0 YIPaBIiHHS

BUKOPHCTOBYIOTh KOMOIHAIIII0 TOpPH30HTAJIbHUX Ta
BEPTUKAJIBHUX 1H(OPMAIIHUX 3B’SI3KIB 3 ypaxyBaHHIM
TIOTOYHOI OpraHi3auiiHol CTPYKTYpH MiANPUEMCTBA.

KokeH »ypHaa Mol MpH HPOLECHOMY ITiIXO.i
JI0 YNPaBJIiHHS MICTHTh 1H(OPMAIIO JIUIIE PO OIUH
Oi3Hec-TpoLleC Ta CTPYKTYPYETbCS MO HOro Tpacam.
KoxHa Tpaca m; MicTuTh iH(bOpMAIIit0 IPO OTHOPA30BE
BUKOHAHHSI Oi3HEC-TIPOLIECY Y BHUIJISIII YIIOPSIIKOBAHOI
MHOKUHH NOIIH T; = <el-’l,el-’l,..el-’_l-,...> .

JlisTbHICT MIANMPHEMCTBA B IIIJIOMY MPH IPOIIEC-
HOMY MiIXO/i MPEACTAaBISEThCS Y BHIJISAI MHOXKUHH
6i3Hec-npouieciB. [Hdopmamiss Nnpo BHKOHAHHS LUX
MPOLIECIB BifOOpa)KeHa Y MHOKHMHH KYPHAJIB TOIIMH.
TakuM 4MHOM, 3HaHHS NPO TMOBEIIHKY Oi3Hec-TIpoIeciB
y BHIJISAI TEMIOPAILHUX TPaBHI MOXYTh OyTH cop-
MOBaHI JUIS KOXKHOTO Oi3HEC-TIPOIIECY OKPEMO Ha OCHOBI
aHaJTi3y Horo )KypHary TOJIH.

[ndopmanis mpo IisUTBHICTH MIANIPUEMCTBA NPHU
(YHKI[IOHAJIBHOMY MiIXOAI /0 YIpPaBIiHHS IPEACTaB-
JIeHA Y BUIJISAI OTHOTO XKYPHAITy MOJIH sl MiApOo3aity
abo i mianpueMcTBa B isiomy. KoxkeH Takuit xypHan
3a3BHYail MICTUTh OIHY Tpacy, sika CKJIQJA€ThCs 3 T10-
Iii, Mo (iKCYIOTh BUKOHAHHS Pi3HOMAaHITHUX (pyHKII-
OHANBHHUX 3a1ad. ToOto iHdopMmalis npo 3aga4i Ta
MPOLIECH Ha IMIANPUEMCTBI «IIepeMilliaHa» Ta MpeJCTaB-
JICHa Y BUIJLIII JIMIIE OfHi€l mociimoBHOCTI nomii. Ile
HE JO03BOJISIE BUSIBUTH 3HAHHS PO THUIIOBI IMIAOJIOHU
BHUpilICHHS (YHKIIOHATBHUX 3amad 0e3 QinbTparrii
aTpuOyTIB BKAa3aHUX TOJIMH.

lonoBHa ifges ¢inpTpanii nomsrae B ToMy, 00
BU3HAYNATH IIOCNIJAOBHOCTI MOAIH, IO BIIIIOBIJAIOTH
KUTTEBOMY LIUKIYy LiJTHOBOrO apTedaxTy, HaNpHKIaa
IUIATKHOTO TOKYMEHTY, BY3Jy i3 BHOOpY IiANPUEMCT-
Ba, TOWIO. BU3Ha4YeHHS MiIMHOXHMH TOCIIIOBHOCTEH
MOAIN JJIs Pi3HUX apTe(aKTiB Ja€ MOXKIIUBICTh BUSIBUTH
TUTIOBI TEMIIOPAJIbHI 3aJICKHOCTI MK ITAMH TOisIMH.

BaxknuBo Big3zHauwTH, mo noOynoBa HMOBipHic-
HOTO TMpECTaBJICHHS 3HaHb Ha OCHOBI MapKiBCBKHX
JIOTIYHUX MEpPEeX IMOTpedye BH3HAYEHHs Bar JIOTTYHHX
npaBwi. L{i Baru OOYHCITIOIOTHCA Y BIAMOBIAHOCTI IO
3arpornoHoBaHoro B pobori [10] Meromy Ha OCHOBI
BpaxyBaHHS HMOBIPHOCTI TOSIBM BiANOBIAHOI Tpacu y
JKYpHaJIi TIOAIN BUNAJIKy IPOLECHOTO YIPaBJIiHHS Ta Ha
3 ypaxyBaHHSAM WMMOBIpPHOCTI peaji3alii >XHUTTEBOTO
UKy apTedakTy y BUNaaKy (yHKIIOHAJIBHOTO yIpaB-
JIHHS.

3B'sI30K TOAIH Ta MpaBH Ul IPOLECHOIO yIpaB-
JIHHS TPeCTaBJIEHO Ha puc. 1.

VY HaBeneHoMy Ha pHC. | NpUKIal HpencTaBieHi
Tpacu m; Ta T, . [IpaBuina tumy NeXt noB’A3yrOTb HOC-
JNi0BHI NOAIT, HANPUKIAan e Ta e, . TemropaibHe
NPaBWIIO THUITY Fufure BU3HAYa€ 3B'S30K MK HOIISMH
€] Ta €3, MK SIKHMHU € NPOMDKHA MO e 5. Tem-
nopajibHi mpaBwia Tuny Until BU3HAYalOTh HaCTaHHS
YMOB BHKOHaHHS Jii 1 TOMY 3aJIeKHTh BiJl aTpuOyTiB
mofiii. Tak, SKIIO BiIMIHHOCTI MiXK ampiopHO BU3HAYE-
HOIO IIIMHOKUHOIO aTpuOyTiB NOAIN € Ta ¢, 3ana-
I0Th YMOBM BHMKOHaHHs Mii, 110 3adikcoBaHa y momii
€| , TO MU MaeMo npasuio tuity Until.

55



Advanced Information Systems. 2018. Vol. 2, No. 3

ISSN 2522-9052

Future— rule

NeXt—rule
NeXt—rule
‘/e\ ‘/e » 2\ |

1,1 > 12 —> €3 )
: N 2 |,
. ‘ '.' = 2

Until — rule * Until - rule | -

Attributes Attributes Attributes

Puc. 1. 3B'130K noziit Ta npaBmII JUIS IPOLIECHOT'O YIIPABIIiHHS

Hanpuknan, Ko MoB’si3aHa i3 MOIi€0 e, mid
BUKOHYETHCS JIMIIE IICNs 3MIHA BHKOHABI, TO pealli-
3yeThes mpaBwiio tuny Until: 10 THX Tip, TIOKUA HE 3Mi-
HUBCS BHKOHaBelpb Ha <IMm’s>, ymoBu mist mii <Hasma
1> He BUKOHAaHI.

Baru mpaBun npu npolecHOMY YIpaBiIiHHI 3aje-
’KaTb BiJ HMOBipHOCTI P(T;) HOSBH TPacH T, , ISl IKOT
3aJlaHi TaKi MpaBuia;

w, = f(P()). (1)

OCKIUIBKY B XKYypHaJi Uil AaHOTO MPUKJIaLy 3ar-
CcaHi JIMIIE /IBI TPacH, TO BOHH MalOTh OJJHAKOBY HMOBI-
pHicTb, TOOTO P(m;) = P(n,)=0,5.

Bigznaunmo, 1o iHdopmaris mpo JisuTbHICTh ij-
MIPUEMCTBA B LIIOMY INPEACTAaBJICHA y BUTJISII MHOXH-
HU JKypHaJIiB MOJiH. 3B'130K MMOfii Ta mpaBui s GyH-
KL[IOHAJILHOTO YIIPABJIiHHS IIPEJCTaBIIEHO HA pUC. 2.

Future—rule

NeXt—rule

NeXt—rule

[ e\—»w/ez /83

&) \

@ g

Unti:Z —rule

Until:':— rule

—

Attributes Attributes |

Attributes

Attributes Attributes Attributes

Puc. 2. 3B'130K noztiii Ta mpaBmiI
Jutst QYHKILIOHAJIBHOTO YIPABITiHHS

VY HaBeseHOMY Ha puC. 2 MIPUKIAJl MPEACTaBICHO
€IMHYy Tpacy 7T I BCIX (PYHKIIOHAJBHHX 3a1ady, IO
BUPILIYIOTECSI Ha TianpueMctBi. Ha wiit Tpaci ToHOM
BHJIJICHO HUTTEBI MUKIHM MBOX apredaktiB. JKurreBuit
LMK ( NEepIIoro apTredakTy BimoOparkeHUH MOAiIMH
e, e3 Ta €5, a IPYyroro @, — MOMiAMH e, e; Ta €.
JlaHi )KUTTEBI IMKIN BUIUICHI Y BIAMOBIAHOCTI 10 ITiJI-
MHO)KUHH 3HaueHb aTpuOyTiB X nofii. TemmnopanbHi
MpaBwjIa MPEJCTaBJICHI ISl TIEPIIOro KUTTEBOIO IUKIY
(p; AHAJIOTIYHO NpaBUWJIAMU VIS IIPOLIECHOIO YIpPaBIiH-
HAL.

KokHa momiss e; Ha 3arajpHil Tpaci 7 BH3HaYa-

J
€TBCS 32 JOIMOMOI'OI0 MHOXXMHHU aTpUOYTIB apTedaxTiB

k
He J03BOJIA€ BU3HAYUTU JKUTTEBUI OUKIT @y
i—apTe(baKTy yepe3 €IMHC 3HAYCHHA (X,lmj anI/IGyTy
m
al" J
JKUTTEBOI'O IUKITY:

BCiX MOfiH ¢ j KypHay, IO HaNeKaTh [0 LBOro

el-’l,el-’l,..el-’j,...
¢; = 2)
m o, . m _ _m _ o

Vel-’jﬂ el"j . al"l = al"z =.= ai,_] =...
[HOIIMMU cTOBaMu, TpW 3HAXODKEHHI JKUTTEBOTO
UKy apredakry HeoOXifHo BigiOpatu Taki moii, 1mo
MalOTh OJHE W Te  camMe 3HAuYeHHS WOro amnpiopHO
BiJOMOTr0 KIJIIOYOBOTO aTpHOYTy, HANpUKIal, Ha3BY

MIPOAYKTY:

a;"g = Product _value , ocl’f’j ="PROD21",

TOOTO 171 BCIX MOJIH e; ;, IO HATIEKATh JO KUTTEBOTO

2J
LUKy ¢;, BHKOHYETbCA YyMOBa

Product _value="PROD21".

HaBenene y Bupasi (2) BU3HA4YCHHsSI Ha BPaxoOBYE
CHUTYaIlil0, KOJH JKUTTEBUU LIUKJI Yy 3arajbHill Tpaci T
TIOBTOPIOETHCS JeKiibKa pa3iB. Hanpukiaza, Oynu BUIU-
caHi JeKiJIbKa IUIATDKHUX TopydeHb. OpHak Oaratopa-
30B€ BUKOHAHHS JKUTTEBOIO IMKIY BIUIMBAE JIMIIE Ha
Bary npaBuJI Ta He BIUTUBAE HA caMi IpaBuIa.

Baru mpaBun npu QyHKIIOHAIEHOMY YIpaBIIiHHI
3ajexarh BiJ] WMOBIPHOCTI IOSIBH JKUTTEBOTO IHKITY

P(o;):

OCKIUIBKH B SIKOCTi aTpuOYTiB MOMIH BUCTYNAIOThH
aTtpubyTH apredakTiB 00’€KTy YIpPaBIiHHS, TO YKHTTEBI
LIUKIY JUIsL Pi3HUX apTedakTiB MOXYTh MaTH CHIJIBHI
noxii. Ile o3Hawae, M0 ICHYIOTH TaKi >KUTTEBI IUKIIH
apteakTiB i,7, SIKi MalOTh CIILJIbHI MOJIi 32 YMOBH, IIIO

HE CIIBIA/AI0Th Ha3BH aTpUOYTIB a; Ta a; , 3a AKUMH
(GUIBTPYIOTHCS TOAIT 0 IUX )KUTTEBUX UKIIB.

Ji,n:0;Ne, #D|a" #a, . 4)
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V Bupasi (4) s atpubyriB a;' Ta @ noxill BKa-
3aHO JIMIIE OJIWH 1HJEKC, OCKIJIbKM BKa3aHi aTpuOyTH
BU3HAYAIOTh JKUTTEBUHA 1MWK apredakTy i ToMy Haie-
JKaTh JI0 BCIX MOIH IILOT'O IUKITY.

OCKIUTBKH U KOXKHOI TMOJIT JKypHAILy 3aJa€ThbCst
MHOXXUHA i1 aTpuOyTiB, ICTHHHICTh j — TOAIT 3a1a€ThCS

TpenKaToM Bij ii aTpuOyTiB, TOOTO A(e j ) = A({al/‘?}) .
TemrmopanbHi TpaBuia IpU TMPOLECHOMY YIpaBIiHHI
OB’ SI3yIOTh MK COOOI0 TpemuKaTH, L0 BHU3HAYAIOThH
ICTHHHICTh TMOMIA Ha BIAMOBIMHMX Tpacax, Ta MalOTh
takuii Burisn. [IpaBuno tumy NeXt BU3Ha4Ya€e HasBHICTh

IBOX IOAill e j Ta e, Ha OfHiM Tpaci m;, MiXk SIKUMHU He

iCHye IPOMiKHOI TOfii e,, Ta Ma€ BUTIIAL:
Chexe =A(e;) X A(e,) [10]

[IpaBwino tuny Future BU3HAYa€e HASBHICTH TBOX

Ioaiu e]- Ta e, Ha OAHIM TpacCl T;, MDK JIKHMH ICHY€E

MOHaﬁMeHme OJITHa HpOMi)KHa HOI[iH €,, Ta Ma€ BUTIS

Clguture = A(ej)FA(en) [10].

[IpaBwno Ttumy Until BU3HA4Yae HASBHICTH JBOX

MoniN e j Ta e, Ha OJIHIH Tpaci T; , A7 AKUX 3MiHIOETh-

Csl 3HAYCHHS I[OHAHMEHIIIC OJIHOTO arpiopHO BUOpaHO-
ro arpudyTy 3 IHAEKCOM 711

(
Clnit = 5
Ty ©

=A(e]-)UA(en) y

B sxocrti Takoro atpuOyTy MU MOXEMO, HallpH-
KJIaJ, BU3HAYUTH CTaH Oil, BUKOHaBL aii, Tomo. Cema-
HTHKa TpaBuia (5) mojsrae B ToMy, 1110 3MiHa 3HaYEHHS
aTpuOyTy NPHU3BOAUTH A0 3aIycKy iHIIOI Aii a0 3MiHH
CTaHy MOTOYHOI Jii.

Hanpuxknan, ams nporecy cepBiCHOrO 00CIyroBy-
BaHHS TNPOAYKT OyIe OYiKyBaTH OOpPOOKH, MOKH HUM
3aiiMaeThCs MpUAMaNbHUK. [10TiM MeHemKep Mmiapo3Ii-
Ty Tiepeia€e el MpoayKT KOHKPETHUM BHKOHABIISIM, SIKi
MOYMHAIOTH peMOHT. ToOTO yMOBOIO omeparii po3mnoii-
Jy 3aBJaHb € Tepexia M0 MeHeKepy MiApo3aAlTy, a
PEMOHTY — Tepexil MPOAYKTY 10 Oe3rnocepeHiX BUKO-
HAaBIIiB.

TemmopanbHi mnpaBuwia npu  (QYHKIIOHAIHLHOMY
yIpaBIiHHI 0a3ylOThCSI Ha HaBEJCHOMY BH3HAYEHHI
)KUTTEBOTO LUKITY apTeQakTy ;.

Ve;,e, em;dm:a

[paBuio tumy NeX? Bu3Hauae HasiBHICTH JBOX I10O-

Aiit e; Ta e, [UIs KUTTEBOrO LHUKITY OIHOTO apredakTy

¢©; , MK SIKUMH He iCHye IpoMiKHOI nofii e, . Bunine-
Huii apTedakT BU3HAYAETHCA 3 HOro BAACTUBiCTIO @,

3HAYEHHS SKOi € iI[EHTI/I‘IHI/IM JJId aHTCUCACHTY Ta KOH-
CCKBCHTHY ITpaBuJia:

cy =
Next
\ (6)

Elm:ocj

= A(e;) X A(e,)

_om
=0, ,ej,en eQP; .

[IpaBwio tuny Future BU3HaYa€e HASABHICTH BOX

nomii e j OJTHOT'O

apTedaxTy T;, IPUUOMY MiX HHUMH iCHYe IOHaHMeH-

Ta e, I XUTTEBOTO HUKIY @;

IIe OfHA IPOMIXKHA IMOAIA e, B LbOMY X XHUITEBOMY
LUK

ce =

Future
= A({a.]/‘-T |Ela;-" S q)l-})FA({af‘; |Ela,’l" S (Pi})

()
|Vej,en €@;de €;:

A(ej)XA(el)vA(el)XA(en).

[IpaBwno Ttumy Until BU3HA4Yae HASBHICTH BOX

Mnoni e j Ta e, Ha OfHiM Tpaci m;, A AKHMX 3MiHIO-

€ThCS 3HAYEHHS IOHAMMEHIE OIHOrO AmpiOpHO BHO-
paHoro arpuOyTy 3 iHACKCOM 1

S =A(fa ) ()

/

n-

®)

.om _ .m I
‘Elm,l.ocj =a, Ado; #a

[opiBHSHHS TeMIOpaJbHUX MpaBuUi TUMIB NeX?
ta Future 13 npaBwiamu tumy Until mokasye, mo nepuii
JIBa TUMH 33/1al0Th TEMITOPaJbHi 3aJIEKHOCTI MK TOJI-
sIMH, a OCTaHHIN THI 3a0e3neuye ypaxyBaHHSI 3HAUYEHb
aTpuOyTiB apTedaxTis.

To6To B nijomy npaBuia Ty Until TOIUIBHO Po-
3MISAATH SIK JeTalli3alliio npaBui THITiB NeXt Ta Future
3 ypaxyBaHHSIM IIOTOYHOTO CTaHy apTe]akTiB, HaJ SIKU-
MU BUKOHYIOTBCS [Iil.

3a3HaveHe MOKA3ye BaXKIUBICTh PO3POOKH B TEp-
LIy 4epry MeTOMiB MOOYIOBH TEMIOpPAIBLHHUX IPaBUI
TIepIIUX JBOX THITIB.

MeToau no6ynoBu TeMnopanbHUX
npaBun TuniB NeXt ta Future

3anpornoHoBaHO METOOH MependayaroTh Gopmy-
BaHHS TEMITOpPAJIbHUX NpaBwWil TUIIB NeXt Ta Future
110 33J1al0Th TIEPEBary y 4aci Mpy BUKOHAHHI MOCIiI0B-
HOCTEH Jifl y BUNAJAKY SIK IIPOLECHOTO, TaK 1 (YHKIIiO-
HAJIHOT'O YIIPaBJIiHHS MiIIPHEMCTBOM.

BigMmiHHOCTI 'y MeTomax TOB’si3aHi i3 BiJAMIHHOC-
TAMU Y )KYpHaJIaX MO I MPOIECHOro 1 PyHKITIOHA-
JIHOTO yHPaBIIiHHS, K TOKa3aHo Ha puc. 1 Ta 2.

Meron moOynoBH TEMIIOPAJIbHUX IPABUII THILY
NeXt BUKOPUCTOBYE TaKi BXiJHI JaHi.

1. Y Bumajky mporecHOro ynpaBJiHHS — KypHaj
MOAIN y BUIIISLAI MHOXKHH Tpac { nl-} Ta Kputepii Bigbo-
Py Tpac: yacoBHi (HaNpHKJIaJ OCTaHHI 338 YaCOM TPacH
0i3Hec-Tiporiecy); 3a apredakroM (HANPHUKIAI, TPACH,
Jie BAKOHYBajlach 00po0OKa 3aJaHOT0 TOKYMEHTY).

2. Y Bunaaky QpyHKIIOHAJIBHOTO YIIPaBIiHHS — ap-
Te(aKT, Ui SIKOTO BUSIBISIOTHCS TEMIIOPAJIbHI 3aJIex-
HOCTI, Ta Ooro aTpuOyTH.

Meroj MicTHTB Y c001 Taki eTarny.

Etan 1. [ToOymoBa miIMHOXHHU TOJIH IS BHUSIB-
JIEHHSI TpaBW. Y BHUNAJAKY HPOLECHOTO YIPaBIiHHS
BUAIISIOTHCS TPACH 33 YaCOBHM KPUTEPIEM a0o 3a KpH-
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TepieM 00poOkM moTpiOHOro apredaxry. Y BHIAIKY
(YHKI[IOHAJIBHOTO YIIPABIIHHS BHUAUISIOTHCS TOCIIIOB-
HOCTI TMOJI{, IO BiAMOBIAAIOTh KUTTEBOMY LUKIY ap-
Tedakry.

Etan 2. Busnauenns npasui tuny NeXt 1uid KOX-
HOI ITap¥ MOCTIJOBHHUX TO/IN MOTOYHOI TpacH y BUTA[-
Ky IIPOLIECHOT'0 YIIPABIIiHHS 200 KOXHOI Mapy MOTOYHUX
TIOAIH KHUTTEBOTO IUKITY apTe(akTy y BUMAIKY (yHKI-
OHAJILHOT'O YIIPABIIIHHS .

Eran 3. BcraHoBIiIEHHS BIAMOBIZHOCTI MIXK ITOis-
MU 3 Pi3HUX TPAC/>)KUTTEBUX IMKIIIB IIIISIXOM TOPiBHSH-
HS 3Ha4eHb yCiX aTpuOYTiB IJIs KOXKHOI mojii. YMoBa
€KBIBJIEHTHOCTI NO/Iii Ma€ BUIIISA:

k k
€ j=en ko =0oy,. ©)

T ¢
Eran 4. Tloennanns npasun Cy,,, ta Cy, ., 32
YMOBH eKBiBaJieHTHOCTI momii (10) 3 pi3Hux Tpac abo
KUTTEBUX IUKIIIB:

c

nexti,j =

C

nextl,n “€i

J =

(10)

SE€n NG jrl =€l

Meroj MoOYAOBH TEMITOPAJIbHUX IPABHI THITY Fu-
ture € aHAJOTIYHMM MONEPEIHFOMY METOIY Ta BiIpi3-
HAETHCSA TOCIIIOBHICTIO TOOYIOBH TIpaBMII i3 Map Io-
.

Metoa MiCTHTB y CO01 Taki eTamy.

Etam 1. [loOynoBa mimMHOKUHK Tpac abo JKUTTE-
BUX IUKJIIB JUIsl BUSIBJICHHS ITPABHUIL

Eramn 2. BuznauenHs Bcix nap mofiii Buay:

(qﬁqﬁyj=LJ—Ln=1Jm—j>L (11)

Etan 3. ®opmyBanHs npaBui tuny Future 1uid Ko-

*HOT napu BigmoixHo (11).

Eran 4. BcraHOBIIEHHS BiANMOBIZHOCTI MIX IMOJIi-
SIMH 3 PI3HHX TPAC/’KUTTEBHUX IMKIIB MUISIXOM IOPiB-
HSHHS 3HAY€Hb YCiX aTpUOyTIB IJIs KOXKHOI IOAii
3rigHo (9).

Eran 5. INoexuanns npasun Cr,p,. 1a CE . 32

YMOBH eKBiBaJIeHTHOCTI moaii (10) 3 pi3HuX Tpac abo
JKUTTEBUX IIUKIIIB.

BucHoBku

1. Po3pobieno Mozerni TeMIopaabHUX TMPaBHII, IO
OB’ SI3YIOTh MiX COOOI0 IOTOYHI MOAIl 3 HACTYITHUMH
Ta TMOMISIMH y MalOyTHHOMY 3 BUKOPHCTAHHSM SIK 3Ha-
YeHb BCIX aTpUOYTIB MOAIN, TaK i BUIIICHOT ITiIMHOXH-
HU aTpuOYTIiB, Ta 3 ypaxyBaHHAM OCOOJIMBOCTEH XKyp-
HAJIIB MOJIH K JJIS MPOIECHOT0, TaK 1 I (yHKIIIOHA-
JILHOTO yHPaBIIiHHSL.

Y mnpakTHYHOMY IUIaHI OTPUMaHi TEMIIOpallbHi
MpaBuIIa JIO3BOJISIIOTH chopMyBaTH HMOBIpHI MOCIiIOB-
HOCTi Iifl U 3alaHOTO CTaHy O0’€KTY YNpaBIiHHS i
TUM CaMUM 3a0€3MEeYUTH MOXIIUBICTh MIATPUMKH IMPH-
WHATTS yIPaBIiHCHKUX PIIIEHb IUIIXOM BHOOpPY 13 IHX
MOKJIMBUX ITOCIIIOBHOCTEMN M.

2. 3anpoNOHOBAaHO METOAM IOOYIOBH TEMIIOpa-
JBHUX TpaBWII, IO IOB’S3YIOTh MiX CO0OI0 MOTOYHI
nonii 3 HACTYNMHUMHU Ta MOMISIMH Yy MailOyTHbOMY.
MeTtoau MicTATh y €00l eTanmu BimOOpPY BXiAHHUX Tpac
abo (opMyBaHHS MOCTIJOBHOCTSH MOIM J>KUTTEBUX
LIUKIIB apTedakTiB, GOpMyBaHHS MpaBHI Al KOKHOI
Tpacu (200 KUTTEBOrO LUKITY) Ta iHTErpamii ux mpa-
BUJI HA BCIM MHOHUHU BX1JHHUX IOIIN.

Mertoan npusHaueHi uisi MOOYNOBU TpeACTaB-
JICHHS 3HaHb B 1HQOpMAaIi fHO- yNIPaBJISIIOUNX CUCTEMAX
3 TUM, MO0 MiIBUIIUTH €(QEeKTUBHICTh YHpPaBIIHHS
MiANPUEMCTBOM Ha OCHOBI NPOTHO3YBaHHS KOHTEKCT-
HO-3QJIEKHHUX MOCTIIOBHOCTEH il 3 BHUKOPHCTaHHSIM
TEMIOPAJIbHUX TPABHIL.

REFERENCES

1. Vom Brocke, J. (2015), Handbook on Business Process Management 1. Introduction, Methods, and Information Systems,
Springer-Verlag Berlin Heidelberg, 709 p., available at: http://dx.doi.org/10.1007/978-3-642-45100-3.

2. Kalynychenko, O., Chalyi, S., Bodyanskiy, Y., Golian, V. and Golian, N. (2013, September), “Implementation of search
mechanism for implicit dependences in process mining”, 2013 IEEE 7th International Conference on Intelligent Data Acqui-
sition and Advanced Computing Systems (IDAACS). Institute of Electrical and Electronics Engineers (IEEE), available at:

https://doi.org/10.1109/idaacs.2013.6662.

3. Richardson, M. and Domingos, P. (2006), “Markov logic networks”, Machine learning, 62(1-2), pp. 107-136, available at:

http://dx.doi.org/10.1007/s10994- 006-8633-8.

4. Gogate, V. and Domingos, P. (2010), “Formula-Based Probabilistic Inference”, Proceedings of the Twenty-Sixth Conference
on Uncertainty in Artificial Intelligence, Catalina Island, CA — July 08 - 11, 2010.

5. Chala O.V. (2018), “Method of hierarchical deduction in the knowledge base of the information-control system in the para-
digm “Enterprise 2.0, Control, navigation and communication systems, 2018, No. 4 (50), pp. 86-90.

6. Kalenkova A A., van der Aalst W.M.P., Lomazova L.A. and Rubin V.A. (2017), “Process Mining Using BPMN: Relating
Event Logs and Process Models ”, Sofiware and Systems Modeling, 16 (4), pp. 1019-1048, available at:

http://dx.doi.org/10.1007/s10270-015-0502-0.

7. Miiller, D., Reichert, M. and Herbst, J. (2007), “Data-Driven Modeling and Coordination of Large Process Structures”, On
the Move to Meaningful Internet Systems 2007: CooplS, DOA, ODBASE, GADA, and IS, available at:

http://dx.doi.org/10.1007/978-3-540-76848-7_10.

8. Polyvyanyy A., Smirnov S. and Weske M. (2015), “Business process model abstraction”, Handbook on Business Process
Management, 1, pp. 147-165, available at: http://dx.doi.org/10.1007/978-3-642-45100-3.

9. Levikin V.M. and Chala O.V. (2018), “Development of the representation of causal relationships for the knowledge base of
the process management system”, Bulletin of the National Technical University "Kharkiv Polytechnic Institute". Series: Sys-
tem Analysis, Management and Information Technology, No. 21 (1297), pp. 48-53.

58



ISSN 2522-9052 CyuacHi indopmaniiini cucremu. 2017. T. 1, Ne 2

10. Levykin V. and Chala O. (2008), “Method of determining weights of temporal rules in Markov logic network for building
knowledge base in information control system”, EUREKA: Physics and Engineering, 5, pp. 29-35.

Hapniiimna (received) 22.06.2018
IpuitasaTa no npyky (accepted for publication) 15.08.2018

l'[ochoelme TEeMIIOPAJIBbHBIX NPABUJI I NPEACTABJICHUA 3HAHMT
B nnq)opmaunonno-ynpalmmoumx CHUCTEeMax

0O.B. Yanas

IIpeameTomM u3ydeHHsl B CTaThe SBJAIOTCS IPOLECCH MOCTPOCHMS NPEACTABICHUS 3HAHUI B MH(OPMAILMOHHO-
YIPaBIISIIONIMX CHCTEMaxX Ha OCHOBE TEMIIOPAJIbHBIX 3aBHCHMOCTEH, 3a/1al0llie [T0CIEe0BATEIbHOCTD BBIIIONIHEHUS JeH-
CTBHH Ha KOMIUIEKCHOM oObekTe ynpasieHus. Ileas 3axitouaercss B pa3zpaboTke METOAOB IOCTPOCHUS TEMIIOPAIbHBIX
IIPaBUJI, OCHOBAHHBIX Ha pe3y/bTaTax aHaJIM3a JKypHAJIOB COOBITHH 00BbEKTa yNpaBICHUSA, U YYHTHIBAIOT OCOOCHHOCTH
KaK NPOLECCHOro, Tak U (YHKIMOHAJIBHOI'O MOAXOA0B K YIPAaBJICHUIO NPEANPHUATHEM. 3aJa4M: [IOCTPOCHUE MOoAeeH
TEMIOPAJIbHBIX 3aBHCUMOCTEH, CBA3BIBAIOIIMX MEXIy COO0OH IociieoBaTelIbHbIE NMapbl ACHCTBUH, a Takke TeKyliee
JieficTBue ¢ mocienyromuM aeiictBueM B OyayiieM; pa3paboTka METOJ0B IIOCTPOEHHUS TEMIIOPaIbHbBIX IIPAaBUII JUIs obec-
MCYEHHsI MOJAEP)KKH NPUHATHS yNPaBIEHUYECKUX PELICHUH HAa OCHOBE NPOrHO3MPOBAHUS MOBEJIEHUS 00BbEKTa ylpasiie-
HUS B TEKYyIIEH, B TOM YHCIIe HECTaHJApTHON cuTyauuu. MeTogamMu, KOTOpbIe HCIOIb3YIOTCS, SBISIOTCS METOJbI MH-
TEJUIEKTYaJIbHOTO aHaJN3a MPOIECCOB, KOTOPbIE IPENIyCMaTPUBAIOT MOCTPOCHHUE 3aBUCUMOCTE MeXAy COOBITHAMM Ha
OCHOBE aHalM3a XypHaja o0bEeKTa ynpaBlieHHs B MH(GOPMALMOHHO-YIPABIAIOMNX cucreMax. [lonydeHsl cienyoniue
pe3yabTaTbl. Pa3paboTaHbl MOJENIM TEMIIOPAIBHBIX NPABHI, ONPEJCIAIOINX BPEMEHHYIO [1OCICA0BaTEIbHOCTh JIEHCT-
BUI Ha 00beKTe ynpasieHHs. [IpennokeHbl METObl IIOCTPOSHHS TEMIIOPANIBHBIX IPaBWII IS IOJAEPKKU KaK IMpolecc-
HOro, Tak ¥ (pyHKIMOHAJIBHOI'O yNpaBlIeHUs NpeanpusrueM. BeiBoabl. HayuHas HOBH3HA NONYYEHHBIX PE3yJIbTaTOB
3aKJII0YAeTCsl B CIEAYIOIIEM: pa3paboTaHbl MOJCIN TEMIOPAJIBHBIX HMPaBHI, CBA3BIBAIOIIMX MeXJy co0oi Tekymue
COOBITHS C TIOCIEAYIOIUMHI U COOBITHAMHU B OyIyILIeM, IPUUEM Ka)k[0e COOBITHE COOTBETCTBYET OTJEIBHOMY ACHCTBUIO
Ha 00beKTe ynpaBieHus. Takue MOJEIN YUYUTHIBAIOT KaK 3HAUEHUs BceX aTpUOYTOB COOBITHI, TaK M BBIJCIEHHOE I1OJ-
MHOXXECTBO aTpHOyTOB B COOTBETCTBHM C OCOOCHHOCTSAMH >KYPHAJIOB COOBITHH IPOLECCHOrO M ()YHKLIHOHAJIBHOI'O
ynpasieHus. ITO JaeT BO3MOXKHOCTb COPMHUPOBATH BO3MOXKHbBIE IIOCIEI0BATEIBHOCTU ACHCTBUI B 3aJaHHOM CUTYyalluu
U TE€M CaMbIM 00€CIEeYUTh BO3MOXKHOCTD IOAJEPKKU MPUHATHUS YIPABIEHYECKUX PELICHUH MyTeM BbIOOpa M3 DTHX BO3-
MOXHBIX IOCIe0BaTelIbHOCTEH neiicTBuid. [IpeluioxkeHHbIe METOABI IOCTPOCHUS TEMIIOPAJIbHBIX IPABUII BKIIOYAIOT B
ce0s aransl 0T00pa BXOAHBIX TPAcC NP MPOLECCHOM YIPaBICHUM WIH (OPMUPOBAHUS MOCIEIOBATEIbHOCTEH COOBITHI
Ul )KU3HEHHBIX IIUKJIOB apTe(akToB NpU (QYHKIMOHAIBHOM YINpaBlIeHUH, (OPMHUPOBAHUE MPABUI IS KaXJIOH Tpacchl
WIN TOCIIE0BATENbHOCTH COOBITHI XKU3HEHHOI'0 LIMKJIA, a TAKXKE MHTErpallud 3TUX NPaBUII Ha BCEH MHOXECTBa BXOJ-
HbIX coObITHH. [TomydeHHBIE METOJbI NpEIHA3HAYEHBbl IS IOCTPOCHUS IPEJCTAaBJICHHS 3HAHUH B MH(OPMAIMOHHO-
YNPaBIISIIOLIUX CHCTEMaX.

KawueBbie caoBa: napaanrma «Enterprise 2.0»; TeMopaibHble IpaBuIIa; JOrMYECKUI BHIBOJ; KYypHAI COOBITHH.

Construction of temporal rules for the representation
of knowledge in information control systems

0. Chala

The subject matter of the article is the processes of constructing the representation of knowledge in information
control systems based on temporal dependencies, which determine the sequence of actions on a complex control object.
The goal is to develop methods for constructing temporal rules based on the analysis of the event logs of the control object
and take into account the features of both the process and functional approaches to the management of the enterprise.
Tasks: constructing models of temporal dependencies linking successive pairs of actions, as well as the current action with
subsequent action in the future. Development of methods for constructing temporal rules to provide support for making
management decisions based on predicting the behavior of the control object in the current, including non-standard situa-
tion. The methods used are: methods that are used are the methods of intellectual analysis of processes, which provide for
constructing dependencies between events based on the analysis of the log of control object in information control
systems. The following results were obtained. Models of temporal rules that determine the sequence in time of actions at
the control object are developed. Methods for constructing temporal rules are proposed to support as process as functional
enterprise management. Conclusions. The scientific novelty of the results obtained is as follows: models of temporal rules
have been developed, linking current events with subsequent ones and future events, with each event corresponding to a
separate action on the control object. Such models take into account both the values of all event attributes and a selected
subset of attributes in accordance with the features of the process and functional management event logs. This makes it
possible to form possible sequences of actions in a given situation and thereby ensure the possibility of supporting man-
agement decision-making by choosing from these possible sequences of actions. The proposed methods for constructing
temporal rules include the steps of selecting input traces during process control or generating sequences of events for the
life cycles of artifacts during functional management, generating rules for each trace or sequence of life cycle events and
integrating these rules on the entire set of input events. The obtained methods are designed to build knowledge representa-
tion in information and control systems.

Keywords: paradigm "Enterprise 2.0"; temporal rules; logical inference; event log.
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CHUHTE3 APXITEKTYPU KOMIT'FOTEPHOI CHCTEMH
YHPABJIIHHA TPAH3AKIISAMU E-LEARNING

B pobGori po3risHyTO 3a7ady CHHTE3y apXiTeKTypH CydacHOI KOMITIOTEPHOI CHCTEMHM Ul YNPABIiHHA TPaH3aKLiIMU
e-learning. Mera craTTi — po3po0Ka JIEKOMITIO3UIIIHHOIO METOLy CHHTE3Y apXiTeKTypu KOMIT'TOTEPHOI CUCTEMHU YIPAaBIIiH-
Hsl TPaH3aKLiAMHU e-learning Ha OcHOBI cTpaTudikaiii opieHTOBaHOro rpada BapiaHTiB peanizauii KOMI IOTEPHOI CHCTEMH.
Pe3yabraTn gociimxkenHs. [IpoaHai3oBaHO OCHOBHI eTany CHHTe3Y apXiTekrypu. OOIpyHTOBaHO HEOOXiIHICTb IpOBeE-
JIeHHSI TIOIepeTHBOI IEKOMITO3UIIIT, CTPYKTYypH3auil i ¢popmanizawii cucremu. HaBeieHO OCHOBHI eTany iepapxigHoi 1mociti-
JIOBHOCTI IIpoIiecy JIeKoMIo3uLii. Po3po0ieHo 1eKoMIo3nLiiHNA METO CHHTEe3y apXiTeKTypH KOMII'FOTEpPHOI CHCTeMH Ha
ocHOBI crparudikanuii opieHToBaHOro rpada BapiaHTiB peanizalii koM’ 10TepHOI cucteMu. Po3pobieHo imitauiiiny Mozens
JIAHOTO Tporiecy. Pe3ynbraTu MOJEIIOBaHHS MOKa3aJld JIOLIIbHICTh 3aCTOCYBaHHS PO3PO0OIEHOr0 METOLy IIPU CHHTE31 ap-
XITEKTYpH KOMII'IOT€PHOI CHCTEMH 3 BEJIMKOO KiJIbKICTIO By31iB. BuCHOBKH. B po0oTi po3risiHyTO 3a1a4y CHHTE3y apXi-
TEKTYPHU Cy4acHOI KOMITIOTEpPHOI CUCTEMH YIPaBIIiHHA TpaH3akuUisMu e-learning. [IpoaHai3oBaHO OCHOBHI €Tany CHHTE3Y
apxiTekrypu. OOIpyHTOBaHO HEOOXiJHICTh MPOBEIEHHS MONEPeIHbOI AeKOMIO3HUIIT, CTpyKTypu3awii i Gpopmanizarii cuc-
Temu. HaBenieHO OCHOBHI eTanu iepapXigHoi MOCHIIOBHOCTI Ipomecy aekoMiosutii. Po3pobiieHo qekoMno3uniiiamii MetTox
CHHTE3Yy apXiTEeKTypd KOMIIFOTEPHOI CHCTEMHM Ha OCHOBI cTparudikaiii opieHroBaHoro rpada BapiaHTiB peaizawii
KOMIT'FOTepHOI cucTeMu. Po3pobieHo imitauiiiHy Mozens gaHoro npouecy. Pe3yibraTi MOAENIOBAHHS MOKA3aJd JOLIb-
HICTb 3aCTOCYBAaHHS PO3POOIEHOr0 METOY IPU CHHTE31 apXiTEeKTYpH KOMIT'FOTEPHOI CHCTEMH 3 BEJIMKOIO KiJIbKICTIO BY3IIiB.
Tak, npu N < 60 3acTocyBaHHS JaHOrO METOZY HeJIOLiabHO. IIpu KijabKoCTi By3iiB KoMm toTepHoi cucremu 60 < N <100
MPaKTUYHOTO BUIPALLy 32 4aCOM CHHTE3Y He Jocaraerbes. Onnak, npu N > 100 Burpam crae nomitHuMm. [Ipu npomy 3i 36i-
JIBLICHHSM KiJIbKOCTI BY3JIB IIepeBara JeKOMIIO3ULITHOro METOLy HApOCTAE.

KawuoBi caoBa: e-learning; koMn''oTepHa cucTeMa; TpaH3aKI[is; CHHTE3; CHCTEMa YIPABIiHHS; JISKOMITO3HIIIS]; CTpa-

TUQIKALS.
BecTtyn

Enexkrponne HaB4aHHs (e-learning) - me mepenava
3HaHb 1 yIPaBIiHHS [TPOLIECOM HABYAHHSI 33 JIOIIOMOT' OO
HOBUX iH(OpPMAaLiHHMAX 1 TEIEKOMYHIKAIHHUX TEXHO-
noridd. TexHomorii e-Learning 103BOJSIOTH CTBOPIOBATH
€JIEKTPOHHI KypCH, CUCTEMHU YIPaBJIiHHS HABYAHHIM Ta
HaBYAIBHUMHU 00'€KTaMH, CHCTEMH KOHTPOIIO 3HaHb, a
TaKOX 3aCO0M CTBOPEHHsI 3HaHb. EJIEKTpOHHE HaBYAaHHS
MOXe€ 3/IIHCHIOBATHCS HA OCHOBI BUKOPHUCTAaHHS IH(pPO-
BHX pero3uTapiiB — 0a3 JaHUX i 3HaHb, IO JIO3BOJISIOTH
30epiraTi 3HaHHS B E€JIEKTPOHHOMY BHIJISNI, CTPYKTY-
pOBaHi BIAINOBIHO MO NPUHIMUIIB 00'€KTHOTO OIHCY
MeraganuMHu. [{upoBi pernozutapii 103BOJISIOTH BUOY-
JIOBYBaTH B3a€MO3B'SI3KM MK 00'€KTaMH 3HaHb 3 MOX-
JIUBICTIO KOHTEKCTHOTO NOImyKy [1, 2].

ITpu moOynoBi a0 po3BUTKY e-learning HEOOXiAHO
CHHTE3yBaTH AapXiTEKTYypH KOMII'IOTEPHOI ~CHUCTEMH
YIIPaBJIiHHS TPaH3aKIisIMH. 3aBIaHHSI CHHTE3Y apXiTeK-
Typu cyudacHoi komm'torepHoi cuctemu (KC) mis
YIIPaBJIiHHS CKIaqHUM posnofiieHnM 00'ektoM (CPO) €
KOMILIEKCHOIO MpobaeMoro. Ii pilnenns HemoxIuBo Ge3
MOIEePEHBOI JEKOMITO3HIIIT, CTPYKTYpH3alii i opmarti-
3anii. Jlo TenepimHboro yacy 6arathbMa aBTOpaMH OIH-
CaHU# psii MOXKIIMBUX MIIXO/IB i BapiaHTIB pO3B'sS3aHHS
npobniemu [3, 4]. BigmosimHo 10 ux podoTaMu MOKHA
BUJIUITH TakKi eTanu cuHTe3y apxitektypu KC:

- CUHTE3 OpraHi3aliifHOi CTPYKTYpH CHUCTEMH
yrpasiiaas (CY) 00'ekTom;

- cunre3 apxirektypu KC, sika 3abe3neuye BUMOTH
110 (PYHKIIIOHYBaHHSI CUCTEMH;

- CHHTE3 apXiTeKTypu 0a30BOi KOMITIOTEpHOI Me-
pexi (BKC).

OCHOBHUM 3aBJIaHHSM CHHTE3y OpraHi3auiiHol
ctpykTypu CY 00'eKTOM € po3po0Ka JIOTIYHOT CTPYKTY-
pu CVY oO'exra. Taka CTpykTypa HOBHHHA BKIIIOYATU
OCHOBHI CKJIaJIOBi 00'€KTa 1 B3a€MO3B'SI3Ky MK HHMHU.
Jlana cTpykTypa BWU3HAUUTh BXiJHI JaHi JJIsI CHHTE3Y
apxitektypu KC, 3a [I0HOMOror sIKOi peami3yeThes
ympasiiaas CPO, crpsMoBaHe Ha BHpILICHHS 3aBJaHb
MeBHUX KiaciB. Taka apXiTeKTypa € JIOT1YHOI0 CYKYITHi-
CTIO HEOOXiJJHNX KOMIIOHEHTIB, cTpaTh(dikoBaHa 3a Bij-
MOBiHUMH piBHsIMH. KpiM Toro, BoHa MOBHHHA BPaxo-
BYBaTH 3B'SI3Ky MK KOMIIOHEHTaMH 1 PiBHSMH, SKi 3a-
Oe3reuyloTh 0OMIH SIK C1yk00BoI0 iH]OpMaIli€to, Tax i
iH(pOpMaIi€l0 KOpUCTyBaya.

CuHTe3 apxiTeKTypu 0a30BOi KOMIT'IOTEPHOI Me-
pexi BKIItOUYa€e po3poOKy (i3U4HOI CTPYKTYPH JIIsl OTPH-
MaHoI Ha rorepeIHbLOMY etari apxiTektypu KC.

Kpim Toro, B mporieci cuHTe3y, Ha KOXKHOMY 3 eTa-
B, PO3MOIUI CYKYITHOCTI BHpIIIYBaHHX 3aBIaHb, 3a
CYKYIIHICTIO BUKOpPHCTOBYBaHUX KoMmmoHeHTiB KC mo-
BUHEH IParHyTd A0 €KCTPEMyMY IO 3a/laHOMY KpHTe-
pito sIKOCTI 3 OOOB'SI3KOBUM ypaxyBaHHSIM BCiX oOMe-
KEHb, SIKi 3aCTOCOBYIOTHCSI.

1. AHani3 npo6nemu
Ta NOCTAHOBKa 3aBAaHHA
[ligxomu 1O CHHTE3y apXiTEKTYpH KOMII'FOTEPHOI
cucremu CPO posmisnaroTeess B 0aratbox podortax [5-

7]. BignoBigHo 10 WX poOOTAMU CHHTE3 CKIIATA€ThCS
13 TAaKMX OCHOBHHX €TalliB:
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1) dbopmanizauis CTPYKTYpH i KOMIIOHEHT, BKIIIO-
Yaroyl BU3HAYEHHS! HEOOXIMHOI KiJIBKOCTI KOMIOHEHT i
HEeOoOX1THOI KUTBKOCTI PiBHIB, 32 SIKUMH BOHHU ITOBHHHI
OyTH pO3MOJIiIIeHi;

2) dopmaizarliisi B3a€EMO3B'3KiB Mi>K KOMITOHCHTA-
MU, BKJIIOYAIOYM BiJITBOPEHHS HEOOXIHMX 3B'S3KIB B
3arajbHil iepapxii piBHIB;

3) dopmamizariis 3aaa4, MO Peai3yrOTbCsd TaAKUMU
KC, Briroyarouu iX ONTUMaJIBHUAN PO3MOALT MO KOMIIO-
HEHTax.

Opranizariitaa crpykrypa CY CPO noBuHHa naBa-
TH OJIHO3HAYHY BiJNIOBi/b HAa MHUTaHHS PO3MOALTY IPO-
LIECiB 0 MiJICKCTEMaX Pi3HUX PIBHIB, 8 TAKOX PO3IOIi-
JIy BCi€l CYKYMHOCTI MOMUIMBUX (GYHKINH 1 METOIB iX
peanizauii mo HeoOXimHUM mmigcucreM. [Ipu BupimeHHI
3a/a4i CHHTE3y NOTPiIOHO BU3HAYMTH:

- MHOXXMHH TIPHHIIMITIB 1 METO/IB, SIKi TIOBHHHI pea-
JII30BYBATHCS;

- MHOXKMHY B33a€MOIOB'sI3aHUX (YHKIIIN, IO peati-
3ytothea KC;

- muoxkunu komnoHeHT KC CPO, B3aemomnos'sza-
HHUX MIiX co00I0 1 cTpaTu(ikoBaHa 3a PiBHAMM;

- BiIoOpa)keHHs €JIEMEHTIB MHOXXHHHU B3a€MOIIOB'sI-
3aHuX QyHKIHA, mo peamizyiotbes KC CPO, Ha MHO-
KHHY KOMIIOHEHTIB 0a30B0i KOMIT'FOTEPHOI MEpexi.

B [8, 9] npomnoHy0ThCSA IPOBOJUTH JACKOMITO3HIIIIO
3amaui cunresy. B [10] 3anpomnonoBano iepapxivHa mo-
CJTiTIOBHICTh MPOLIECIB JEKOMITO3HUIII.

BaxnmiBuM 3aBaHHAM TOYATKOBOT'O €TAIly CHHTE3Y
€ Bi3Ha4YeHHs Ta (opmadnizauis Bumor g0 KC CPO [11].
Peamizailiss BEUMOr CHCTEMOIO YIPaBIIHHS MOXIIUBO
OaratbMa crioco0aMu, HaWOUIBII 3py4HO (QopMalizy-
€TBCS 3a JIOIIOMOI'OI0 MAaTeMaTHYHOrO amapaTty Teopii
rpa¢is [12]. Takum YUHOM, CTaE MOXKIIMBOIO (hopMalTi-
3allist B3a€MO3B's3KiB Ju1si cuHTe30BaHoi KC.

[Ipu BimoOpakeHHI Oe3iidi B3a€MOMOB'sI3aHUX (Y-
HK1i# 1 3aBgans KC CPO, ski 3amaHi y BUJISAI BiAIO-
BimHUX TpadiB, Ha Oe3miu KoMmmoHeHTIB KM MoxHa
OTpUMATU OpiI€EHTOBAHMH MYJIbTHIpad, OKpeMi YaCTHHH
SIKOTO BIJITIOBIAa0Th MOJKJIMBUM BapiaHTaM PO3MOILTY
¢yHkuii mo komnonenram bKC, a nmyru BigoOpakaroTh
B32€MO3B'I3KH M1’K HUMH.

OnrtumansHuM BapiantoM peatizanii KC Oyxe mia-
rpag opi€HTOBAHOTO MYNBTUTPadoM, SIKHH OHOYACHO €
JIONYCTUMHUM  BapiaHTOM peaiizamii opraHizamiiHol
crpykrypu CY CPO. BignorigHa Momenbs Moxke OyTH
MIPE/ICTaBJIeHa OPIEHTOBAHUM TpadoM

GA =(VD,RF,®), (1)
ne Vp = {vd,d =%} } — MHOXHMHa MOKJIMBUX Bapia-
HTIB OpraHizaiii JaHux; Rp = {rf, f= m} — MHOXH-
® =
(edf)’ d=1dy; f=1,f,;dimO =d x f, — marpui,

o BigoOpaxkae B3aeMO3B’S30K AaHUX 1 QyHKuUii. [Ipu
upoMy Oy = 1, AKWO M1t GOPMYBAHHA MHOKHHH Vg

Ha MOXJIMBUX BapiaHTiB peamizamii (QyHKIii;

BUKOPUCTOBYETbCs QyHKUis Ry u 64 = 0 iHakmue.

Ha rpadi G moxsiBe 3aB/IaHHs BapiaHTIB peasiza-
1ii JaHuX i crnocoOiB ix gopmyBanus. lle no3Boinse Bi-

JoOpakaTH BapiaHTU TEPETBOPEHHs BXIMHHUX JAHUX Y
BUXIJHI JaHi 3 METOI0 BUOOPY ONTUMAaJILHOIO BapiaHTy
NIPY 33JJaHUX YMOBaxX ONTHUMAIILHOCTI i OOMEXEHHS ic-
Hytounx [13, 14]. Oagnak Bemuka po3MipHicTs rpada (1)
3a3BHYail HE JJO3BOJISIE 3HANUTU ONTHMAJIBHUIA BapiaHT 3a
npuitHaTHHE 4ac [15]. Tomy Ha mpakTUIi BHKOPUCTO-
BYIOTh HAaOJIM)KEHI METO/IM MOUIYKY BapiaHTy 13 MHOXH-
HU JnorryctuMux. B [16] nmokazano, mo npu crpaTtudika-
uii BapianTiB peanizanii apxitektypu KC uvac momryky
3MEHIIYETHCS, @ TOYHICTh PillIeHHS 301IbITYETHCS.

ToMmy MeToI0 po0OTH € PO3POOKA AEKOMIIO3UILIH-
HOT'O METOAY CHHTE3Y apXiTeKTypH KOMITIOTEpHOI ChC-
TEMH YIpPaBJiHHA TpaH3aKLisIMU e-learning Ha OCHOBI
crparudikanii opieHToBaHOrO rpada BapiaHTIB peasiza-
mii KC.

2. BupilleHHA 3aBAaHHA
B opienroBanomy rpagi (1) MoxxHa BHIUTUTH J1Ba
MiIMHO)KUHHA TEPMiHAJBHAX BEPIIMH: S — BEPIIUHH-

JoKepena; 3 — BEpIIMHU-CTOKU. Tomi, sKmo N — Kijb-
KiCTh HeTepMiHAIBHUX BepiuH rpada (1), To

N, N, N
Vo =UseUy;Ux - )
k=1 j=1 =1

Je x; — HeTepMiHanpHa BepiuuHa rpada (1), s, €5;
1€ 3; Ny =cardS§; N, =cardJ;

Takox BBeIEMO MHOXHHY E = VDU Rp .

Bsenemo Ha Mepexi G4 BiJHOIIEHHS HACTYIHOC-
Ti eNeMEeHTIB TakuM 4nHOM. Hexaill emeMeHT j € Ha-
CTYITHHKOM EJIEMEHTY | Ta IMO3HaYuMO j € 6(i) , AKIIO

1) i —nmyra, 0 3aXOAUTH IO BEPUIUHU J ;

2) [ — BEpIMHA, i3 IKOi BUXOJUTH JIyra j .

IHakmre, sxmo [ — BepiMHA Mepexi, To o(i) —
MHOXKHHA YT, 110 BUXOJATS i3 HEl, a SIKIo { — ayra, TO
o(i) — BepuIMHA, B SIKY LS Iyra 3aX0IUTh.

Hexaif iec ! (), axmo ;e o(i), TooTo o @)
— MHO)KHHA €JIEMEHTIB, Ul SKUX €JIEMEHT € HACTYIHHU-
KoM. Bia3HauMMo, IO BiJHOIIEHHS HACTYITHOCTI eje-
MEHTIB G MOYKHA BBECTH Ha OY/Ib-IKOMY OPi€HTOBAHOMY
rpadi Oe3 xoHTypiB. Mepexy G, i3 MHOXKHHOIO elle-
MeHTiB E , Ha AKiii 3a1aHO BiJHOIIEHHS G , O3HAYHUMO
ak Gy (E ,c) .

Busnauumo sk (@,b)-IUISAX TOCIIAOBHICTH erre-
MEHTiB [y =a, [, , , ..[, =b,mo Vi=12,...,k emne-
MEHT /; € TOCNiIOBHUKOM /;_j, a HUIAX, IO 3’€AHYyE

JDKEPEIIo MEPEexi 13 T CTOKOM — TePMIiHAJIBHUM IUITXOM.

Bynemo BBakaTH, IO €IEMEHTH Mepeki 3aaaHi
CBOIMU HOMepaMu. [IpaBHIBHOI0 HyMepali€lo eIeMeH-
TiB (110 aHaJIOTii i3 MPaBHIBHOIO HyMEPAIi€lo BEPILHH)
HA3BEMO TaKy, 10 Ko jeo(i),Toi < j,me i, j—
HOMepa EJIeMEHTIB MEPEexi.

BigMmiTHMO, 110 e€IeMEHTH KiHIeBOro oprpada
Gy (E,cs) 0e3 KOHTYpIB 3aBXIW MOXKHA IPAaBUILHO

npoHyMmepyBatu. JlificHO, MOXHa MO0y yBaTH Oi€KTHB-

61



Advanced Information Systems. 2018. Vol. 2, No. 3

ISSN 2522-9052

He BinoOpaxenns y rpapa G,(E,c) ma rpad
G;l (E,Rp), y SKOro MHOXMHA BEDUIMH BiImOBizae
MHOXuHI BepmmH rpada G, (E,c), a BigHOmeHHs
CYMIDKHOCTI BEpIIMH Ry — BiJHOLIEHHIO HACTYIHOCTI
eneMeHTiB G Ha rpadi G. Bigomo, 1o Ha rpagax Tako-
ro BUIUIALY, K Fy (E, RF) , JUIsL BEPLIUH 3aBXIU MOX-
Ha 3aJIaTH NpaBWIbHY HyMepallito [17], To0To ii MokHa
3a7aTH 1 HA MHOXMHI E eneMeHTiB rpada Gy (E,cs) ,
IO CIiAye i3 OIEKTUBHOCTI BiIOOpaXkeHHS \ .
3mimannm (s,¢) -po3pisom aGo 3MilAHIM TepMi-

HaJIbHUM PO3pPi30M Ha3BEMO TaKy MHOXUHY P enemeH-
TiB Mepexi, M0 SKIO iX BUNAUINTH 3 HEl, TO HEe 3HaWi-
JIETHCS JKOAHOT'O TEPMIHAILHOTO IIISXY.

EnemenT ¢ Ha3BeMO HaJUTUIIKOBUM B po3pi3i P,

SIKIIO MHO’KMHA €JIEMCHTIB {P\Z} TeX € po3pizoM. Po-

3pi3, SIKMA HE MICTHTh HAJIMIIKOBHX €JIEMEHTIB, — Mi-
HIMaJbHUN, a PO3pi3, IO MICTUTh HAaJIHIIKOBI
€JIEMEHTU € Ha/UIMIIKOBHM. Y HaJUTHUIIKOBOMY pO3pi3i
3aBXKIU 3HAWAETHCS €JIEMEHT, SIKHMA MO)KHA BHIAJUTH,
HE TOPYIIYIOUX BJIACTUBOCTI PO3pi3y. 3ayBakKUMO, IO 3
OJTHOTO HaJUIMIIIKOBOT'O PO3pPi3y MOXKHA 1HO/I YTBOPUTH
KiJIbKa MIHIMaJIbHUX pO3pi3iB, BHUKIIOYAIOYM Pi3HI
HA/UTMIIKOBI BepInvHM. Hanaini 3Mimmani TepMiHalbHI
po3pi3u OynemMo Ha3MBaTH MPOCTO PO3Pi3aMu.
AJTOpUTM TIepepaxyBaHHsI PO3pi3iB MOBUHEH Mic-
TUTU crioci0 (opMyBaHHS BHXIJHOTO poO3pi3y, METOA
YTBOPEHHSI HOBUX PO3Pi3iB 3 MOOYIOBaHUX, MPOLEAYPY
BUKJTFOYECHHSI HA UTMIIKOBUX EJIEMEHTIB Ta IOPSIOK Iie-
pebopy. B stkocTi BUXigHOro po3pizy Bi3bMEMO MHOXKH-
Hy eleMeHTiB F) = o(s). SIcHO, 110 HaJTMIIKOBHUX eJe-

MEHTIB B HOMY OyTH He MOXKe. Y 1M00yJI0BaHOMY BHXi-
JTHOMY PO3pi3i €JIeMEHTH pO3TaIlIOBaHi B MOPSIIKY 3pOc-
TaHHS HOMEPIB.

I3 KOXKHOI'O
P={l, {5,

po3piziB. Sxmio ¢ € 6(4;) , TO

o0y T0BaHOTO po3pizy
.., £,} MoxHa chopMyBaTH ¢ < n HOBHX

B=((P\t;)wo(t)\ i, 3)

IS Ii — MHOXXHWHA HaJJIMIIKOBUX €JIEMEHTIB y Pl .

VY KO)XHOMY HOBO30YZOBaHOMY PO3pi3i BIOPSIIKY-
€MO €JIEMEHTH 3a 3POCTaHHSIM HOMEpIB, a €JIeMEHTH 3
OJTHAKOBMMHU HOMEPAaMU 3aMiHUMO OJHUM. Yci chopmo-
BaHI pO3pi3u 3aHOCHMO B 3arajibHUH CIHCOK PO3pi3iB B
JIeKCUKOrpa(hiuHOMY TIOPS/IKY 332 3POCTaHHSM HOMEpIB
CKJIaJIOBHX €JIEMEHTIB. 3ayBa)KUMO, 10 NPU HOPOJHKEH-
Hi po3pi3iB i3 P 3aMiHOIO Di3HHX €JeMEeHTiB /; Ha
6(¢;) kinbKa pa3iB, MOXKe yTBOPIOBATHUCS OIMH 1 TOM ke
MiHIMaJIBHUHA PO3Pi3, SIKMH CITiJ 32aHECTU B CITHCOK TiJIb-
KU NepIIui pas.

11106 Mo MOKJIHMBOCTI 3MEHILUTH KUIBKICTh TIepec-
TAHOBOK IIpU JIEKCUKOTpadivHOMY YIOPSIKYBaHHI, JI0-
IIJTBHO €JIeMEHTH i3 P 3aMiHUTH Ha iX G-00pa3u B IO-
PSIKY, 3BOPOTHOMY TOMY, SIK BOHH PO3TamioBaHi B P,
tob6to ¢, {,_1, ..., £;. Kpim Toro, cmin xoxen cop-
MOBaHHI MiHIMaJIbHUI pO3pi3 BiJpa3y 3aHOCUTHU B CITH-

COK TaKuM YMHOM, 1100 HE MOpyIIyBajacs JEeKCHKOrpa-
(biuHa BIIOPSIIKOBAHICTH BCHOT'O CITUCKY.

3aBIsKM MPUHHATIA NpaBUWILHOI HyMepallii ee-
MEHTIB MEpEXKi, KOKEH HOBO30YIOBaHHI PO3pi3 po3Ta-
LIOBYETHCS B JIEKCUKOTPa(ivyHO YIOPSIKOBAHOMY CITHC-
KY IIiCIIsl TOT'O pO3pi3y, 3a SIKMM BiH € TO0Y/I0BaHUM.

Po3risiHeMo cnoci® BHKIIIOYEHHS HaUTUIIKOBHX
€JIEMEHTIB 3 KO)KHOT'O MTOPOJPKEHOr0 13 po3pi3y P :

P=(P\l)us(l). (4)

B pospisi P nesikuii e1EMEHT r; € HaJUIMLIKOBHM,

SIKIIO YCi (s,rl- ) -nuisixu abo yci (rl-,t)-mnﬂxn IPOXo0-

JATh 1€ Kpi3b AKUH-HEOyIb eneMeHT 7, € P. Ane mns

MPUIHATOrO COCO0Y MOPOKEHHS PO3pi3iB Ha (s,rl- ) -

HIIAXax MOAIOHMX eNeMEeHTIiB 7, y po3pisi P OyTu He

Moxe. ToMy MoNIyK HaJJIMIIKOBUX €IEMEHTIB CIIiJl IPO-

BOJIUTH BPaXOBYIOUYH TUIBKHU BiIPi3KU (rl-,t) -IIUISIXIB.
Bropsinxkyemo B mopomkeHoMy po3pisi P eneme-

HTH 3a 3pOCTaHHsIM HoMepiB. Tofi Iy mepeBipku ere-

MEHTIB 7; Ha HaJAMiPHICTb MOXHA OOMEXHUTHCS BIApI3-

KaMH (I’j,t)-IJ_IJ'IHXiB, Ha SKAX HOMEP OCTaHHBOTO ee-
MeHTa He Ouiblie, HiXK HOMEpP OCTaHHBOTO €JIeMEHTa B
pospizi P .

[ozHaunmo P = {n, n, ..., r,} — po3pi3, yTBO-
peHuii i3 pospisy P={(y, {5, ..., {,} 3amiHOO /; Ha
o(¢;). Ilpouenypa BUKIIOUEHHs HaJIUIIKOBUX eJeMe-
HTiB Oy/ie MaTH TaKUi BUTJIS.

s Beix jj Bim 1 1o m BHKOHaEMO:

s Vpt-

SIKILO iCHye y €X Take, WO y>7ry,, TO r; — HE

nonokumo X =o(r;) =1{y, ..

HaI[J'II/IIJ_IKOBI/Iﬁ eJieMeHT B P N

Ak X € P, to = HaJJIMIIKOBUM eJIeMeHT P |

AKIIO JUIS BCiX y €X Oyae y<r,, TO CTBOPHMO
=2\ (Zﬂ 15) Ta TONOXKUMO X =G(¢), ICIs 4oro

nepeitaemo 1o 1. 2.

Po3pi3u BHOUpaIOTKCS 31 CIUCKY MOOYIOBAaHUX PO-
3pi3iB y JieKcHKOrpadiYHOMY MOpSAKY 3a HOMEpaMH
CKJIaJIOBHX 1X eneMeHTiB. [Ipu neperisiai po3pisy 3 HbO-
IO TOPOJDKYIOTHCSI HOBI pO3pi3U 3aMIiHOIO THX €JIeMEH-
TiB /;, s AKUX ©(¢;) HE MICTHTH CTOKY t.

Bech anroputm mepepaxyBaHHs MiHIMalTbHHX PO3-
.. . . )
pi3iB Mae Tpynomictkicte O(N°).

PosrisiHeMo criocié nmepeTBOpeHHs CIIMCKY po3pi-
3iB B MEepexky. Y (GopMari3oBaHOMY BHUIJISII 11 3aBIaH-
HSI MOYKHA C(OPMYJTFOBATH TaK.

€ CmucoK |, IO CKIamaerbcs 3 M psukiB
&> .- » Eps » TA BOJIOJIE TAKUMHU BJIACTUBOCTAMM:

panok &; =(a;, ..., Q,) MICTHTb m; HEMOBTO-
pIOBaHUX cHUMBOIIB andaButy 4 ={a;},.;;

JIOMYCKAETHCS TIEPECTAHOBKA CHMBOJIIB B PAJIKY;
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He icye §;, §; e, Takux, wo §; <§;.
3HaiiieThes X04 OJJHA Tapa CUMBOINIB ¢;, d j o I
AKAX He icHye psagka &; eu, Takoro, mo a; €&,

a; €&y . V 1bOMY BUIIAJIKY CHMBOJIH ¢; Ta d; HECYMi-

CHI.
Tpeba mobyayBaTH MiHIMAIBHUIN 32 KUTBKICTIO Be-
puuH oprpad G;l (Y ,R F) 13 TAKMMU BJIACTUBOCTSIMH.
KOXKHIH BepIIMHI y € Y BiANOBiga€ OAWH CUMBOI
@ € A ; IO3HAUNMO TaKy BEPIIUHY V, ;

JUIst KOKHOTO psifka &; e, i=1, 2, ..., M icHye
nUIsIX Ha rpadi G:4 (Y ,Rp ) , 0 TIPOXOJUTH KPi3b Bep-

HIMHYU 13 CUMBOJAMH @1, G;p, ... » Q;, ; HA3BEMO TAKUH

LUISX BIAMIOBIAHUM PSAKY &; Ta IO3HAYNMO SIK Mg
1
He icHye nuLIxy Ha rpadi Gy (Y , RF) TaKoro, 1o

Xq €M TA Xq; €H, SKIIO CHMBOIM @; U a; HecyMic-
Hi.

Ile o3Hayae, 1m0 MOTPIOHO BU3HAYUTH TaKUH IO-
PAIOK CUMBOJIB B PAAKAX CHHCKY, 100 00'€JHATH MaK-
CHUMaJIbHY KIJBKICTh CITIBIIAAI0YUX CUMBOJIB B PAAKAX
i IIpH IIbOMY HECYMICHI CHMBOJIM HE ONHMHWIIUCS O B

OIHOMY psiiKy. Bubepemo Tpiiiky cuMBOIiB @;, a; u

a; TaKy, o CHUMBOJI «&; HAJICKUTb OAHOYACHO ABOM

pamkam £, n ( KOTpi MICTATh HECYMICHI CHMBOJIH

q b
a; €S, n a; €S, . Ilpu upomy HEOOXI1/THO PO3MICTUTH

CHMBOIA y psifikax £, Ta [, 100

4 <aj, a;<aj (5)
abo a;>aj, a;>ay. (6)
CriBBigHomeHH (5) 3anuiemMo sk
f=aia;, ap), @)
a criBBiJHOLIEHHS (6) K
f=(a;, a)a; . (8)

Haszsemo ¢opmy (7) mpsmoro, a dopmy (8) — obe-
paeHoo. PopmMu f; U f, Ha3BeMO EKBIBaJIEHTHUMH,

AKWO fi =a;(a;, ai),a fr =a;(a, a;).

dopmu f| U f, Ha3BeMO AIbTCPHATUBHUMH 32
Bi/IHOWIEHHIO OIHA 1O OJHOI, AKIO f; =/, abo
H =]_”1. Hapani, f; cymepeunts f;, sKilo 3aranbHa
cucTeMa HepiBHOCTeH, cTBopeHa QopmaMu f; u f i€

Hecymichow. Toni popma [ =a;(a;, ap) Moxe cyne-
PEUYMTH TiBKK (POpMaM BHTIISILY (( € (I,_N)) :
h=aja, ap), fr=a(a; ap),

f3=(a;, ap)a;, fo =(ay, a)ay ©)

BiJITIOB1THO:

fhf; fFf fFf; fFf. (10)
Jlnst f = (a;, a)a; TIOMITHMO, 1110
FHA S RA T RA 7 A D

CknazieMo MoYaTkoBy cucTeMy ¢opM X =X, IO
MICTUTH TIpsAMi ()OPMU JUIS BCIX MOMIOHUX TPIHOK CHUM-
BomiB. [Iponymepyemo ¢opmu miei cucremu (Hexait ix
oyne Q). CkianemMo MaTpuIio MpoTHpiu (HOpM, BHKO-
pucroBytoun criBBinHomenHs (10) i (11) ta mpasuio:

I, sxmo f; |-fj;
vj =4 0, sikwo f; Hecymepeunts [ (12)
-1, skmo f; |'f1
ne fi, fj€X.

BBenemMo OTMOMIXHI BEKTOPH D+, D u mo
CKJIAJIAI0THCA 13 TAKUX €JIEMEHTIB:

0 2
viadi = Y vy,

=

J=LVy>0 J=1.V;<0

Y
51' =ZVU =dl'++dl'_' (13)
j=1

Bynemo 3mintoBatH cucremy gopm X, 3aMmiHIOIO-
4H, Jie NoTpiOHO, CKIIaAoBi ii (opMHU Ha anbTEpHATHUBHI

. *
Tak, 00 B pe3yJbTaTi OTPUMATH CUCTEMY X =X , sKa
MICTUTh MIHIMaJIbHy KiJIBKICTB (OpM, IO CyIiepedaTh
onna onHii. [TokaxxunkoM HeoOXiqHOCTI 3aMiHK (popMU

£ .
J; Ha f; cnyxuth BenuuuHa O; > 0 . IIpu 3amini dop-
MM f; Ha f; 3MIiHIOIOTbCA [ -H PANOK Ta i -i CTOBIEND
MaTpuIi ¥, a TaKOXK JeAKi KOMIIOHEHTH BEKTOpiB D,
D™ Ta A 3a TakuM NpPaBUIIOM:

B i -My DKy Matpuui V MiHsA€MO v; Ha —vj,

j=1 .., O, npuupomy

di+ (new)=d; (old), d; (new) = 14)
=d; (old), §;(new) = —8,(old);

B i -M CTOBMI] MaTpuui V MiHfeMO vy Ha —Vj;,

k=1, .., Q, npu upomy
di (new) = di (old) ~ vy (old)
dif (new) = df (old) - vj;(old) ,
& (new) = 8y (old) —2vy; (old) .

INoctynaroun Tak camo mias f;, y akux 6; >0,
MOCTYIOBO 3MEHIIYEMO 3arajibHy KUTBKICTh MPOTHPIY B
CHCTEM 1X, MOKM HEe BHUABUThCA, IO Bci J; <0,
i=1, .., Q. Ilpu upoMy OTpUMAEMO cHCTeMY GopM
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$=%" i3 MiHiManbHAM 4HCIOM nporupiu. Bona moc-
TaBUTh YaCTKOBHH (200 MOBHMI) MOPSJOK HA MHOXKHUHI
cumBoiiB A. Ile mo3BonuTh 00'€MHATH MaKCUMAaJIbHY
KUIBKICTh CHMBOJIIB B PsJKax, mo0 moOymyBatu rpad
HEOOXITHOT'O BUIJISTY.

3. AHani3 pesynbTaTiB

Jlst aHANMi3y epeKTHBHOCTI 3alpPOIIOHOBAHOTO Me-
TOJy CHHTE3y apXiTEeKTypH KOMI'IOTEPHOI CHUCTEMH
YIIPaBJIiHHA TpaH3aKIisAMH e-learning Oyma po3pobiieHa
iMiTaniiiHa MoJenb naHoro mporecy. [Ipu nposeneHHi
MOJICNTIOBaHHS (DiKCyBajucs BCI BXIOHI JaHi MOJEII,
KpiM KUIBKOCTI BY3J1iB KOMI'IOTepHOI cuctemu ( N ). Sk
BUXIJTHUX JaHHUX PO3TJIIIANIOCS Yac MOUIYKY ONTHMAallb-
HOTO BapiaHTa CHHTE3Y KOMITIOTEpHOI cucremu. Pe-
3yJIbTAaTH MOJIEIOBaHH [TOKa3aHi Ha puc. 1.

AwHani3 pe3ynbTaTiB MOJEIIOBAHHS I10Ka3aB, IIO0
3alpOIIOHOBAHUI METO]] JIOLIIBHO 3aCTOCOBYBATU ITIPH
CHHTE31 apXiTeKTYpH KOMIT'IOTEPHOI CHCTEMH yIpaBIIiH-
HS TPaH3aKLisIMU e-learning 3 BENUKOI KiIBKICTIO BY3-
miB. Tak, rpadiku puc. 1, a moka3yroTh HE3HAYHUH TIPO-
rpail 3a 4acoM IIPU BHKOPHCTaHHI 3alpONOHOBAHOTO
Merony. O4eBuHA IPUYKHA IHOTO — YaCOBI BUTPATH Ha
crpatudikanito rpapa G,. Onnak, 31 30UIBIIEHHAM
KIUJIBKOCTI BY3JIIB TepeBara JeKOMIIO3UIIHHOTO METOIY
Hapocrae (puc. 1, 6, B). OTKe, IPU CUHTE31 apXITEKTypH
KOMITIOTEPHOI ~CHCTEMHU YNpaBIiHHA TPaH3aKLisSMH
e-learning Ha erami (opMyBaHHS 3B'S3KIB MK KOMIIO-
HEHTaMU HEOOXIAHO I 3MEHIICHHS dYacy IpoIecy
3aCTOCOBYBATH JICKOMITO3UIIIMHUIN METOT

BucHoBKMu

B po6oTi po3risHyTO 33124y CHHTE3Y apXiTEeKTypH
Cy4acHOI KOMI'IOTEPHOI CHCTEMHU YNPaBITiHHS TpaH3aK-
uisimu e-learning. IIpoaHanizoBaHO OCHOBHI €Tany CHH-
Te3y apxiTekTypu. OOrpyHTOBaHO HEOOXiIHICTH NPOBe-
JIEHHS TOMEPEeaHbOI JICKOMIIO3MIIIi, CTPYKTypHU3aIli i
¢dopmaizanii cucremu. HaBeneHo ocHOBHI erany iepa-
PXi4HOI MOCHIJOBHOCTI Mporecy aexomno3umii. Po3po-
OJICHO JEKOMITO3MLIHHUN METOJ] CHHTE3Y apXiTeKTypH
KOMITFOTEPHOI CHCTEMH Ha OCHOBI cTpaTH(iKaIlii opieH-
ToBaHOro rpada BapianTiB peanizauii KC. Po3pobneno
IMITaIliiiHy MOJIENb JJAHOTO MPOIIECY.

Pe3ynpTaTit MOJICIOBAHHS MOKAa3adH JOIIBHICT
3aCTOCYBaHHS PO3pOOJIEHOr0 METOY IIPU CHUHTE31 apXi-
TEKTYpU KOMIT'TOTEPHOI CUCTEMH 3 BEJHMKOIO KLIBKICTIO
By3uiB. Tak, mpu N < 60 3acTocyBaHHsI IJaHOI'O METOIY
HenouineHo. ITpu kinbkocti By3mie KC 60 < N <100
MPaKTHYHOTO BWIpAIy 33 YacOM CHUHTE3y HE Jocsra-
erbesi. Onnak, npu N > 100 Burpam crae MOMITHHM.
[Tpu upomy 31 301NIBIIEHHSM KiJIBKOCTI BY3JIiB IIepeBara
JIEKOMIIO3UILIHHOTO METO/IY HApOCTAE.
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Puc. 1. 3anexHicTs yacy HOLUIYKY ONTUMAJIbHOTO PillIEHHS BiJ{
po3MipHOCTI Mepexi: 1 — TeKOMIO3i1Iist Mepexki 3a PiBHAMHU
crparudikarii; 2 — 6e3 IeKOMITO3UIIT Mepexi;

a — mauti cucrtemu (N < 100); 6 — cepenni cucteMu
(100 < N <1000); B — Benuki cucremu (N > 1 000)
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CHHTe3 apXUTEKTYPhl KOMIIBIOTEPHOI CHCTEMBI YNIPAaBJICHHs1 TPAaH3AKIUsAMH e-learning
H. C. 3bixoB, H. I'. Kyayk, C. 1. llImaTkoB

B pabore paccMoTrpeHa 3a1aua CHHTE3a apXUTEKTYPHl COBPEMEHHON KOMITBIOTEPHOH CHCTEMBI JUIS YIPaBICHUS TPaH3aK-
msiMu e-learning. Ileas craTbu — pa3paboTKa JEKOMIO3HMIMOHHOIO METOJa CHHTE3a apXHUTEKTYPhl KOMITBIOTEPHOM CHCTEMBI
yIpaBieHUs TpaH3akUWsMHU e-learning Ha OCHOBE CTpaTH(UKAIMA OPHEHTUPOBAHHOTO Tpada BapHAaHTOB pealn3aliu
KoMII'toTepHOi cucteMu. Pe3yabrarsl uccaenoBanmsi. [IpoaHanm3npoBaHbl OCHOBHEIE 3Tallbl CHHTE3a apXUTeKTypbl. OO0CHO-
BaHa HEOOXOIMMOCTb ITPOBEACHHS MPEIBAPUTEIFHON JEKOMIO3UIIUY, CTPYKTYPH3aIMU ¥ (OpMaTT3alliH CHCTeMBI. [IpuBeieHbI
OCHOBHBI€ ITaIlbl HePapXUIECKON MOCIIeI0BaTEIFHOCTH IPOLecca AeKOMITO3HINU. Pa3paboTaH NeKOMIIO3UIIMOHHBII METOJI CHH-
Te3a apXUTEKTYphl KOMIBIOTEPHOH CHCTEMBI HA OCHOBE CTpaTHU()UKAIUK OPHUEHTHPOBAHHOIO rpad)a BapHaHTOB pealn3aliu
KOMII’FOTepHOI cucteMu. Pa3paborana MMHTAIIMOHHAS MOJENb JaHHOTrO MpoLecca. Pe3ynbTaTsl MOIEIUPOBAHUS ITOKA3aIIH Lielle-
coo0pa3HOCTh MPUMEHEHUsI Pa3paboTaHHOTO METO/A IIPH CHHTE3€ apXUTEKTYPHl KOMITBIOTEPHOH CHCTEMBI C OOJIBIINM KOJIMYe-
CTBOM Y310B. BeiBogbl. B pabGore paccMoTpeHa 3amada CHHTE3a apXHTEKTYphl COBPEMEHHOH KOMIBIOTEPHOH CHCTEMBI IS
YIIpaBJIEHUS CIOXKHBIM paclpeesieHHBIM 00beKToM. [IpoaHann3upoBaHbl OCHOBHEIE 3TAIlbl CHHTE3a apXUTEeKTyphl. OOOCHOBaHA
HEOOXOUMOCTh IPOBE/ICHHUS NIPEIBAPUTEIHHON JIEKOMITO3UIINY, CTPYKTYpH3aluK U (opmanu3aimy cucteMsl. [IpuBeneHs! oc-
HOBHBIE JTaIbl HEPAPXIIECKO ITOCIIeI0BATEILHOCTH TIpoIiecca JeKOMITO3UIMU. Pa3paboTaH JeKOMITO3UIIMOHHBIH METO]] CHHTe-
3a apXHUTEKTYPhl KOMITBIOTEPHOI CHCTEMBI HA OCHOBE CTpaTH(HUKAIMH OpUEHTHpPOBaHHOrO rpada BapmantoB peanmsammu KC.
Pa3paGorana UMHTAIMOHHAsA MOJENb JaHHOrO Iporecca. Pe3yabTaTsl MOAEIUPOBAHUS IOKA3aIN LEIeCO00pa3HOCTh MPUMEHE-
HUS pa3pabOTaHHOr0 METOZA IPH CHHTE3€ apXUTEKTYPhl KOMITBIOTEPHOW CHCTEMBI C OOJBIIMM KOJMYECTBOM Y3IIOB. Tak, mpu
N < 60 npumeHeHHe TaHHOTO MeToja HenenecooopasHo. [1pu kommgectse y310B KC 60< N < 100 mpakTH4ecKoro BHIUTPHIIIA 10
BpEMeHH cHHTe3a He nocturaercs. OxHako, npu N > 100 BBIMTPHIII CTAHOBUTCS 3aMETHBIM. [IpHdeM ¢ yBeIn4eHHeM KOI4YecTBa
Y3JI0B IPEUMYIIECTBO JEKOMIIO3ULMOHHOIO METO/Ia HapacTaer.

Karoudesbie cioBa: e-learning; KOMIbIOTEpHAs CHCTEMA; TPAH3AKLMA; CUHTE3; CUCTEMa YIPABJICHUS; ICKOMIIO3ULINS;
crpaTudUKanys.

Architecture synthesis of the computer system of transaction control e-learning
I. Zykov, N. Kuchuk, S. Shmatkov

The paper deals with the problem of synthesizing the architecture of a modern computer system for managing e-learning
transactions. The purpose of the article is the development of a decomposition method for the synthesis of the architecture of
the computer system of transaction management e-learning based on the stratification of the oriented graph of options for imple-
mentation of the computer system. Research results. The main stages of the synthesis of architecture are analyzed. The main
stages of the synthesis of architecture are analyzed. The necessity of the preliminary decomposition, structuring and formaliza-
tion of the system is substantiated. The main stages of the hierarchical sequence of the decomposition process are given. Devel-
oped by the deck is a positional method for synthesizing a computer system architecture based on the stratification of an oriented
graph of options for implementing a computer system. A simulation model of this process has been developed. The results of the
simulation showed the feasibility of applying the developed method in the synthesis of the architecture of a computer system with
a large number of nodes. Conclusions/ The paper considers the problem of synthesis of the architecture of a modern computer
system for managing a complex distributed object. The main stages of the synthesis of architecture are analyzed. The necessity of
preliminary decomposition, structuring and formalization of the system is substantiated. The main stages of the hierarchical se-
quence of the decomposition process are presented. A decomposition method is synthesized for the architecture of a computer sys-
tem based on the stratification of a focused graph of the implementation options of the COP. The simulation model of this process is
developed. The simulation results showed the expediency of applying the developed method to the synthesis of the architecture of a
computer system with a large number of nodes. Thus, at N <60 the application of this method is not practical. With the number of
nodes COP 60 < N <100, no practical gain in time for synthesis is not achieved. However, at N> 100 the winning becomes notice-
able. Moreover, with the increase in the number of nodes, the advantage of the decomposition method increases.

Keywords: e-learning; computer system; transaction; synthesis; control system; decomposition; stratification.
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A ®POBA OBPOBKA IH®OOPMAIIIL B PO3OCEPEI)KEHUX CUCTEMAX
YIIPABJITHHA 13 3ACTOCYBAHHAM HIBUIKOI'O OPTOI'OHAJIBHOT'O
IHNEPETBOPEHHS HA OCHOBI TPIMKOBUX CUMETPUYHUX ®YHKIIN

Mertor0 n0cTiIKEHHsI € CUHTE3 LIBUIKOTrO IIEPETBOPEHHS HA OCHOBI OPTOrOHAJIBHOTO, OOYIOBAHOTO 3 BUKOPUCTaHHAM
CHCTEMH TPIMKOBUX CUMETPUYHMX (DYHKIIIH Ta OLIHIOBAaHHS e(eKTHBHOCTI HOro 3aCTOCYBAaHHS 3a KpUTEpieM onepauiiiHol
cknagHocti. PesyabraTn gociimkennb. Posrisiaerscss OpTOroHanbHe IEPETBOPEHHS Ha OCHOBI TPIHKOBUX CHMETPUYHHX
(yHKLIH Ta ioro eeKTUBHICTB 32 KpUTEpieM orepariitHoi ckiagHocTi. Ha 0CHOBI TaHOTO OpTOrOHAIBEHOTO IIEPETBOPEHHS
CHHTE30BaHE IIBUJIKE IepeTBOpeHHs 3a npuHuunoM divide-and-conquer. [IpoBenennii nopiBHUIbHUN aHai3 e)eKTUBHOCTI
PO3pOo0IICHOr0 LIBUIKOTrO MEPETBOPSHHS 3 OPTOrOHAJIBHUMHM HEPEeTBOPEHHIMH Youna-AnaMapa Ta Xaapa 3a KpUTEpieM
omnepaniifHoi ckiazHocti. Po3pobieHe 1mBuKe NEPEeTBOPSHHS I03BOJISIE Pealli3yBaTH MepeBaru OpTOrOHAIBHOIO IepPeTBo-
PEHHS Ha OCHOBI TPIMKOBUX cUMeTpUYHMX QYHKIIH y 3amauax mudpoBoi o0podku iH(opMalii, 0B’ A3aHUX 3 YIIIbHEH-
HM faHuX. HaykoBa HOBH3HA OTPHMAHUX PE3yNbTATIB MOJISATa€ B CUHTE3] MIBUIKOrO OPTOrOHAIBHOIO IIEPETBOPEHHS Ha
OCHOBI TPIHKOBHX CHMETPUYHHUX (YHKLIH Ta NOpPIiBHAHHI eeKTHBHOCTI HOro 3aCTOCYBaHHS 3a KpHUTEpieM orepaiiiiHoi
CKJIQIHOCTI 3 TepeTBopeHHs MU Y onmna-Anamapa ta Xaapa. [oganapmni gocigKeHHSI MOJISTAIOTH y po3poOLi Ta Jocii-
JUKCHHI aJITePHATUBHUX IUIAXIB peasti3alii MBUIKOro NEPEeTBOPEHHS Ta MOPiBHAIBHOMY OLIHIOBaHHI e)EeKTHBHOCTI 1epe-
TBOPEHHSI 3a BiIMIHHUMU BiJl ONepaLiifHol CKJIaJHOCTI Ta CTYNEeHs AeKOopelsLii koedillieHTiB NepeTBOPEHHs KPUTEPiAMH.

Karw4dosi caosa: nudposa o6pobka iHpopmaii; TpiikoBi cumeTpuyHi (YHKIIT; MBHUIKE OPTOrOHAJIBHE EPETBOPEH-

Hs1; divide-and-conquer.

BcTyn

udposa 00podka iHPOpMAIlii € KITIOYOBOIO CHC-
TEMHOIO (YHKIi€I0 iHpOpManiiHUX Ta CHCTEM YIpaB-
JIHHS PO3NOPOUICHUMH 00’ €KTaMH €KOHOMIKH, 30KpemMa
MIPOMUCIIOBOTO BHPOOHHWITBA, CEpH MOCIYT, YyIpas-
JiHHA Ta 3B’s13Ky [1-13]. 3 manoro ¢axry BHILIUBAE, IO
eeKTUBHI pillleHHs y Taiy3i uudppoBoi 00Opobdku iH(pO-
pMatii COpUSITUMYTD ITiIBUIEHHIO €)eKTUBHOCTI Iepe-
Oiry mpoIIeCiB Y BiAMOBITHUX TaTy3sX 3aCTOCYBaHHS.

AHani3 oCcTaHHIX JOCTIDKEHb y Taiy3i nugppoBoi
00poOku iH(oOpMalii BKasye Ha Te, IO AKTYaJIbHUM
3aBJIaHHIM € PO3po0Ka i BIPOBAKEHHSI METOMIB OPTO-
TOHAJBHUX MNEpPEeTBOPEHb iH(OPMALIHHUX IMOTOKIB [1—
3,6, 8,9-12]. OkpiM IBOr0, AKTYAILHOI 3aJIUAIIAETHCS
npobisiemMa e(eKTUBHOI, 3 TOYKH 30pY MIBUIKOIII, peati-
3amil JaHUX NEpeTBOPEHb, TOOTO CHHTE3 IIBHIKUX IIe-
perBopens [1, 6, 8, 11-14].

HesBakaroun Ha 3HaYHY KiJBKICTh JOCIIJIKEHb Y
BHU3HAYEHOMY HAampsIMi, )KOIHE 3 HUX HE CTaBUTh 3a
METy peaii3yBaTH IepeBard CHCTEMHU TPIMKOBUX CHMe-
TpUYHUX (QYHKIIH Ta MTOPOIKEHOI HEI0 CUCTEMH YHC-
JIeHHSI, sIKi € BigoMuMmu [3-5, 12].

VY pobori [2] noBeneHa eheKTHUBHICTh 3aCTOCYBaH-
HSl OpPTOr'OHAJILHOTO TMEPETBOPEHHS Ha OCHOBI TPiiKO-
BUX CHMETPUYHUX (YHKLIN AN 3a7a4 NEepeTBOPEHHS
CHJIBHOKOPEJIbOBAHUX CHUTHAJIB y CIaOKOKOpEIhOBaHi
KoedirieHTH. 3BiJCH BUILIMBAE HEOOXIIHICTh Ta aKTya-
JIBHICTH 3aBJIaHHS CHHTE3Y Ha OCHOBI IaHOTO OPTOTOHA-
JIHOTO TEPETBOPEHHS BiJIOBIAHOIO IIBHIKOIO HEper-
BOpEHHSI.

MeTo10 AOCTiMKEHHS € CUHTE3 LIBUIKOrO MepeT-
BOpEHHSI Ha OCHOBI OPTOrOHAJBHOIO, IMOOYJOBAHOTO 3
BUKOPDHCTaHHSIM CHUCTEMH TpPIMKOBHX CHMETPHYHUX
(GyHKIIH Ta OIiHIOBaHHA e(EeKTUBHOCTI HOro 3acTocy-
BaHHS 32 KPUTEPIEM OMepaliitHoi CKIIaIHOCTI.

HaykoBa HOBH3HAa OTpUMaHUX PE3YJbTATIB MOJIS-
rae B CHHTE31 HIBUAKOTO OPTOrOHAIBHOTO IEPETBOPEH-
HS Ha OCHOBI TPIKOBMX CHMETPUYHHX (QYHKIINA Ta
MOPiBHSIHHI €()EKTUBHOCTI HOTO 3aCTOCYBaHHS 3a KpH-
TEpieM OIlepaliiHOl CKJIQJHOCTI 3 MNEPETBOPEHHSIMHU
VYonma-Anamapa ta Xaapa.

OpToroHanbHe NepeTBOPEHHSA Ha OCHOBI
TPiIMKOBMX CUMETPUYHUX (PYHKLIN

TpilikoBi cumeTpuuHi (QYHKIIT 3aJal0THCS aHaNi-
TUYHUM BUpa3oM [3]

0, 0<modh(x—3",3")<3",
1, 3" <modh(x-3",3"1)<2.3", (1)
—1, 2-3" <modh(x-3", 3"y <31,

Ter, (x) =

Jie 1 — MOPSIIKOBUH HOMep (YHKIIIT, X — IIJIOYNCETbHUHI
aprymenT, mod (x, p) — momomikHa (YHKIIs, 3a7aHa
aQHAJI THYHUM BHPa30M:

modh(x. p) = { mod(x, p)+ p, ko x < 0, 2
mod(x, p), SIKIIO X > 0,
ne mod (x, p) — GYHKIIS 3aJIUIIKY Bij TUIEHHS YUCIa X
Ha YHCIIO p.
3 MeTor0 NMo0YIOBH OPTOrOHAJIBHOTO NEPETBOPEH-
HSl Ha OCHOBI TPIMKOBHX CUMETPUYHHX (DYHKIIH cucTe-
My (1) moaudikoBano no Burmsny [3, 4]:

Ter01,,;(60) = Texs,,_1_4(0 * 3, 3)

ne n=logsN — mopsinok Habopy Oa3ucHHX (GYHKIIH
TEOPETHKO-YUCIOBUX MEPETBOPEHb, N — KUIBKICTh (yH-
Kiii y Habopi, 6 =¢/ T — mapamerp yacy, TOOTO Uac,
HOPMOBaHUWH 110 iHTepBany 7, { — TOTOYHE 3HAYCHHS
gacy, i =0, 1, 2, ...,N — 1 — nmopsiakoBuii HOMep (QYHK-
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uii, Ter,(0) — TpilikoBi cumerpuuHi QyHKII, sKi 3a1aHi
aHATITHIHUM BUpaszoMm (1).

Jl1st momonaHHS HEMOBHOTU cucteMu (3) Ha i oc-
HOBI MOOYTOBAHO CUCTEMY OOYTKIB [3]:

Ter01Mult,,, g 1y (0) =
3ord

4/
= Ter01 num-+1
ll_ll er0 ord,30rd—j (9) P

(4)

ne ord = log;(logzN) — mopsiiok Habopy 0a3ucHUX (PyH-

ord
K[ TEOpETUKO-UYUCIOBUX TMEPETBOpEeHb, N = 3 -

KiIbKiCTh (yHKIIH y Habopi ord, num =0,1,....N-1 —
MOPSJIKOBUN HOMep (YHKWIT y HaOopi, { — MOTOYHE
3HaveHHs yacy, 3° — kinpkicts (ynkiii Ter01,;(0), sxi

3aj1aHi aHamiTHYHUM BupasoM (3), y Habopi ord, A7, —

€JIEMEHT PSJKa NUM Ta CTOBII ] MaTPHIIi TPIHKOBOTO
He3BaXkeHOro koxy I'pes A.

@ynkuii cucremu (4) HE € B3aEMHO OPTOTOHAJIB-
HUMHA 1 3 METOI0 TOJOJAaHHS JaHOrO HENONIKY Yy
pobori [3] mpoBenena ii oproronanizaris 3a mpouensy-
poto I'pama-IlIminTa. OTpuMaHa CHCTEMa OpPTOTOHAII-
30BaHUX JOOYTKIB € JIHIHHO HE3aJeXHOI, OPTOrOHa-
JIBHOIO Ta TMOBHOO [3] 1 IS CHPOLICHHS 3alHCy MOXeE
OyTH MO3HAYCHA 5K

Terl)(6), (5)
ne n=logz(logzN) — mopsimok Habopy 0a3UCHUX (PYHKITIH

TEOPETUKO-YUCIIOBUX NEePETBOpEHb, N= 33n — KIJIBKICTh
¢yHKii y Haoopi, i = 0,1,2,...,N-1 — nmopsiakoBuii HO-
Mep GyHKIIT y HaOOpi.

JleranpHuii aHaii3 Mpoueayp IEepeTBOPEHHS CHC-
temu (1) no Burnsiay (5) HaBeneHuit y pooori [3].

Jis xoxkHOI QyHKIIT cuctemu (5) MOXKHA BBECTH
HOPMYIOUHHA Koe(illieHT y BUTIsii [2]

0 3" /53 g, 0, /5
Gl =43/ 2y Ter,”|1/3

ne n = logz(logzN) — nopsimok HaOopy Ga3ucHUX (QYHK-
n
33

2
s

(6)

il TEOPETUKO-YHCIIOBUX NEPETBOPEHb, N=3" — Kiib-
KicTh GyHKIIN y HAOOpi, i=0,1,2,...,N-1 — mopsiIKOBHit
HoMep QyHKii y Habopi, Ter,fi) (0) — oproroHamizoBaHi
JIOOYTKH TPIHKOBUX CUMETpHYHUX (QYHKIH (5).

BuxopucroBytoun ¢yskuii (5) ta koediuieHtu (6),
MOXKHa TOOYJIYyBaTH MaTpPUII0 OPTOTOHAJIBHOTO IIEPEeT-
BOPEHHSI HAa OCHOBI TPIHKOBUX CHMETPHYHUX (DYHKILIH
BUIIIATY [2]

I, =T, ’/\/ﬁ’ (7)

ne T,'— matpurst posmipHocti N=3" 3HaueHb (yHKIii
cucreMu (5) MOMHOKEHHX Ha KoedimienTn (6).
JluckpeTHe OpTOroHaJIbHE MEPETBOPEHHS Ha OCHO-
Bi TPIHKOBUX CHMETPHYHUX (YHKI[H OIHOBUMIPHOTO
inpopMmariinoro noroky X = {X(0), ..., X(N-1)} B mar-
PUYHOMY 3aIKCi TIOAAETHCS 3TIHO CITiBBIIHOIICHHS

Y=T,X, (8)

ne Y = [¥(0),Y(1),...,Y(N-1)]" — N-koMmoHeHTHHiT Bek-
TOp CIEKTPAILHUX KOE]Iili€HTIB OPTOrOHAIBHOTO TIepe-
teOpenns, N=3", n=0,1,..., T, — MaTpuis nepeTBOpeH-
Hs po3Mipy NxN, sika 3amaHa BupaszoM (7), X = [X(0),
X(1),..., X(N-1)]" — N-KOMIOHEHTHH i BEKTOp AHCKPET-
HUX 3HA4Y€Hb OHOBHMIPHOI'O CUTHAIY, IJIS SIKOT'O 3JIiH-
CHIOETBCS TiepeTBOpeHHs. JleranbHuil aHami3 Qopmy-
BaHHS nepeTBopeHHs (8) HaBeneHo y pooori [2].

LUBI/IAKe OpTOroHaribHe nepeTBOpPEeHHA
Ha OCHOBI TPIMKOBUX CUMETPUYHUX
hyHKLIN

VY 3aranpHOMY BHUNQJKY U peaiisallii nepeTBo-
pennst (8) (mpsMuii Meron OOYHUCIEHHS) HEOOXiIHO
N(N-1) omepauiii nogaBaxms/BigHiManms, N° omepariii
MHO)KEHHSI JIBOX €JIeMEHTiB Ta N omnepaiiii MHOXXEHHS
Ha KOHCTaHTy (OCKIIbKM MOBa Mae NpO KOHCTaHTY
1/ JN , o nanux orepaniii Mo)kHa YHUKHYTH, TIOIepe-
JTHBO TEPEMHOXKUBIIH HA IaHY KOHCTAHTY BCi €IIEMEHTH
MaTpHIli TIEPEeTBOPEHHS). SIKIIO pO3MIISTHYTH MaTpull
T,' (and cIpoIleHHs Bi3yalbHOTO aHami3y i 6e3 BTpaTu
3arajlbHOCTi, MOXKHA PO3MVIANATH MaTpuio 7, ' po3Mip-
HOCcTi 9%9 (puc. 1)), To MOXXKHA IIHTH HACTYIHHX BHU-
CHOBKIB: TO-TIEpIlle, YACTHHY €JIEMEHTIB MaTpHIli CKJIa-
JIAIOTh HYJIi; TO-Jpyre, NPUCYTHI €JIeMEHTH, sIKi piBHI
MK 0000 ab0 piBHI 32 MOIYJIEM; IMO-TPETE, MEPIIHA
PSIOK MaTpHIl 3aBXKAU CKIagaeThes 3 onauHuIpb. OTpH-
MaHi BHCHOBKHM BKa3yIOTh Ha MOXJIMBICTH CIPOLICHHS
MPOIeIypH OOYMCIICHHS TepeTBOpeHHs (8), ToOTO Ha
MOXIIUBICTh (pOpPMYBaHHSI Ha HOTO OCHOBI IIBUIKOTO
TIepETBOPEHHSI.

1 1 1 1 1 1
Vg Ve Ve P
2 I A 00
¥ o0 =3 0 o
0 0 ([ %5 0
Ve g Ve P e Ve P s
,x/% N ,\/% o 0 0 \/% - \/%
JA -1 JA -1 N A A
Puc. 1. Matpuit 3HaueHb QYHKIIIH IEpIINX IBOX MOPSAAKIB

nepioro Habopy cucremMi (5) MOMHOXEHHX
Ha koedimieHTu (6)

IR
Ve Ve
o - 0 %
S L
% 0 0 0

ﬁo
=

Haii6inpin yHiBepcalbHUM Ta IHTYITUBHHM CIIOCO-
OOM CHpOIEHHS OOYUCIICHHS MEPETBOPEHHS € BUKOPH-
CTaHHs PEKYPCHUBHUX HPOLEAYP 3MEHIIEHHS PO3MipHO-
CTi, 30KpeMa, Tak 3BaHoro, merony divide-and-conquer
(anrn. «Po3ainsii Ta Bomoaaproin»), sSIKMii MOKHA BBaXKa-
TH OJHUM 3 HAWNPOCTIIIMX Ta HAHOUIBII Y)KHUBa-
Hux [7, 9, 14, 15]. JIns Toro, mo0 peani3yBaTH MIBUAKE
MIEPETBOPCHHS Ha OCHOBI IepeTBOpeHH: (8) 3a JT0moMo-
roto meroay divide-and-conquer, HEOOXiIHO BUALIHTH
BJIACTHBOCTI MaTpuip 7, ', sfKi JO3BONATH Ha OCHOBI

MaTpPHIh MOJIOANINX IMOPSIKIB OOYHCIIOBATH MAaTPHIII
CTapIINX MOPAIKIB.
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OCKIJIbKH  TIOMEPEIHIM TIEPEMHOKEHHIM PSIIKIB Y(0) 1 110000 0 0)X(0
matpuup 7,' Ha 1/\/ﬁ MOYXHA JIOCATTU 3MEHIIEHHS Y 0001 1100 0)xXD
oIepaIiiHoi CKIaJIHOCTI MepeTBOpPEeHHs (8), TO JOIiIb- Y@ 000000 1 1 1)XQ2)
HO Yy TMOJAJBIIOMY aHaJi3yBaTW BIACTUBOCTI Mart- YG) 00000000 0fX3)
pHLb (7)3aMiCTI> Tn" Y(4)|=TH»{0 0 0 0 0 0 0 O O X(4) |+
3 MeTOI0 3MEHIIEHHS KUILKOCTI OIepalii MHO- e 000000000} XC
X X patt M Y(6) 0000000 0 0 X(®)
YKEHHsI y TIepeTBOpeHHi (8) MOIIBHO yBeCTH KoedilieH-
TH, Ha sIKI JIOCTaTHRO OylIe TOMHOXHTH Pe3yJIbTaTH, () 0.000°0°000 0} X(7)
: iy P Y(8) 000 O0O0O0O0OO0 0){X(®
0o0uuCIIeHl 3a JIONOMOrOI0 Orepaiiil Ao/JaBaHHs/BiaHI-
MaHHS, JUIS OOYHUCICHHS BIONOBIIHUX CHEKTPATBHUX 00000000 0)XO)
KoedilienTiB. 0000000 0 0X(0)
Omicani Koe(illieHTH MOXKHA peaii3yBaTH y Ta- 00000000 O0)XAY
KOMY BHUTJISII: 11100000 0}X(12)
+TH,|0 0 0 I 1 1 0 0 O X13) |+
Cn(i—l)z\/I(Tn ’)l’f,kz argmin (|(7, ')i/‘)’ ) 0000001 1 1|X(14
3" JeNZ(n,i) 000 O0O0O0O0O0OO0]X15
000 O0O0O0O0O0O O0}Xx@e6
e n — nopsigok marpuui 7, ', (T,,")/ — enement Matpu- 00000000 0J\XAT (11
. , o . . 000 O0O0O0O0O0 0)XxX(1Y
ui 7, ', axuil 3HAXOOUTBCS Y i-My PAIKY Ta j-My CTOBII- 60000000 0| xdo
ui, NZ(n, i) — MHO)XMHa HOMEpIB CTOBIIIIB HEHYJIbOBUX 00000000 0xQo
eleMeHTIB i-ro psiaka Matpuui 7, ', i=1,2,...,3" 00000000 0|xQ
MHOXEHHSIM KOXKHOT'O 3 psIKiB MaTpuui 7, Ha “TH,|0 0 0 0 0 0 0 0 0 Xx(22)|=
obepHeHe 110 BiAmoBigHOro koedimieHra (9) wwmcio 00000000 0| xQ23
(BimOyBaeTbCsl MUNICHHS psiiKa Ha BiAMOBIMHUE oMy 11100000 0|xQ24
Koe(illieHT) OTpUMaHO nonoMikHi Matpuui TH, (mart- 00011100 0|x@5
putist TH, po3mipHocTi 9%9 npencrapiicHa Ha puc. 2). 0000001 1 1)x2e6
11 1 1 1 1 1 11 X0+ X(M+X(2) X1(0)
-1 -1 -1 0 0 0 1 1 1 X3+ X(4)+X(5) X1
11 1 =2 =2 =21 11 X(©O)+X()+X(®) X112
-1 0 1. 0 0 0 -1 0 1 XO)+X(10)+X(11) X10)
1 0 -1 0 0 0 -1 0 1 =THy| X(12)+X(13)+ X(14) |=THy| X1(4) |,
00 0 -1 0 1 0 0 0 X(A5)+X(16)+X(1A7) X1(5)
1 =2 1 1 =2 1 1 =21 X(18)+X(19)+X(20) X1(6)
-1 2 -1 0 0 0 1 =21 X(2D+X(22)+X(23) X1(7M
1 2 1 2 4 21 21 X(24)+ X (25)+ X (26) X1®)

Puc. 2. lonomixkna marpuns TH,,
OTpHMaHa Ha OcHOBI Marpuwi T,

JonomixxHi marpuni 7H, BOJOAIIOTH BIacTHBOC-
TSIMH, SIKi JTO3BOJISIIOTh PEKYPEHTHHUM MIISIXOM Ha OCHOBI
MaTpUIb MOJOMAIINX TOPS/KIB OOYMCIIOBATH MAaTpHUL
cTapmmx mopsakiB. OyHKIIOHYBaHHS TaKHX BIACTHBO-
cTell HaWKpalle MPOUTIOCTPYBATH Ha INMPHKIAIl Heper-
BOpEHHs po3MipHOcTi N = 27, sike Moxke OyTH obuunce-
HE 3TiHO

AHaNOriYHUM YHMHOM OOYHCIIOETHCS TPETS TPETH-
Ha KoeillieHTiB:

Y(18) X(0)-2X(1)+ X(2) X,(18)
Y(19) X(3)-2X(4)+X(5) X(19)
Y(20) X(6)—-2X(7)+ X(8) X1(20)
Y(21) X(9)-2X(10)+ X(11) X121
Y(22) |=TH,| X(12)-2X(13)+ X(14) |=TH,| X;(22) |. (12)
Y(23) X(15)-2X(16)+ X(17) X1(23)
Y(24) X(18)—2X(19) + X(20) X,(24)
Y(25) X(21)-2X(22)+ X (23) X1(25)
Y(26) X(24)-2X(25)+ X (26) X,(26)
Jus oOumciieHHss Apyroi TpeTHHH KoedillieHTiB

MIEPETBOPCHHS 33 JIOITOMOTOK PEKYPEHTHOI HPOICIypH
moxionoi 70 (11) ta (12) HEOOXiTHO YBECTH MaTpHII

Y(0) X(0)
Y (1) X(1)
Y2) | .| X
Y@) | | XQ) (10)
Y(26) X(26)

Jlist cripomieHHsl MOJAibIINX BHKJIAJOK MOXKHA,
0e3 BTpaTH 3arajbHOCTi, OITYCTUTH MHO)KEHHS Ha KOe-
¢imienTn (9) y npoMikHUX eramnax neperBopeHHs. Ile-
puIy TpeTHHy Koe]illi€HTIB MOXHa OOUUCIHTH TaKUM
yuroM (X1(7) = X(0 + 37) + X(1 + 3i) + X(2 + 3i), i =0,
1,...,8):

PEKYPCHTHOI'O IIEPETBOPCHHSA

1 1 1

MTi=|-1 0 1|=TH., (13)
1 21
1 01
MT,=|-1 0 1| (14)
0 10
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3a ymoBu, mo MTH=MT,, NONOMiXHI MaTpPHUIl
peKypeHTHoro nepersopenHs MTH, mis p > 1 BusHa-
YaroThCA 32 JOMOMOIOI0 aHAJIITUYHOTO BUPA3y
[ MT,®MTH ;) ]
MTy ® MTH ,_; »
MTy ® MTH ,_, 3

(15)

MTH |, =

MT,® MTH | 12

_MT2 ®MTH | p1 |
ge ® — nobyrok Kponekepa, MTH,; — i-it psaok MaT-
puni MTH,,.

3 BukopucraHHsaM Matpuip (15), aApyry TpeTtuny
KoedirieHTiB nepetBopeHHs (10) MoXHA OOYHUCITUTH
TaKUM YHHOM:

Y(9) 1 0 1 00 0 1 01
Yaoy| |-1 0 -1 0 0 0 1 0 1
ran| o o o 01 0 00
Yaz| |-1 o 1 -1 0 1 -1 0 1
Yas3) =1 0 -1 0 0 0 -1 0 1|x
Ya4| |-1 o 1 2 0 -2 -1 0 1
Yasy| (o 1 0 0 0 0 0 1 0
Yae)| |o -1 0 0 0 0 0 1 0
van) Lo o o0 0 1 0 00 (16)
-X(0)+X(2) X109
—X(3)+X(5) X(10)
—X(6)+X(8) X111
~X(9)+X(11) X1(12)
x| —X(12)+ X (14) |= MTH, | X1(13) |,
—X(15)+ X(17) X(14)
—X(18) + X(20) X1(15)
—X(21)+ X (23) X(16)
—X(24)+ X(26) X,(17)

e Xi(i +9) = (-X(0+3i)) + X(2+3i),1=0, 1, ..., 8.

VY pe3ynbTaTi MpOBENSHUX IMPOLEIYp 3MEHIICHHS
po3mipnocTi 3 meperBopenHs (10) posmipHocTi N=27
orpumano tpu nepersopenns (11), (12) ta (16) po3mip-
HocTi N=9. KokHe 3 HUX 33 CXOXKHM IPUHIMIIOM MOXE
OyTHu TozliJIeHe Ha TP MEePEeTBOPEHHS po3MipHOCTI N=3.
[Nepma Tperuna neperBopenns (11) moxe Oytu oOumc-
JIEHA TAKUM YHHOM:

Y(0) 11 1Y) X0 0 0 0)X03)
[Y(I)J:TH][O 0 OJ[X](I)}+TH][1 1 1][)«4)}
Y(2) 0 0 o)l x;2) 0 0 0)lXx05
0 0 0) X6 X1(0)+ X[ () + X[ (2)
TH][O 0 OJ[X]U)}:TH][X](3)+X](4)+X](5)J= (17)
11 1){Lx8) X1(6)+ X1(7)+ X;(8)
[Xz(O)J
=THy| X(D) |
X5(2)

ne Xo(i) = X1(0+30) + X1(1+30) + X;(2+30), i = 0,1,2.
Jlnst koeditieHTiB mepeTBOpeHHs 3 3 Mo 5 cmpo-
IICHHS BI0YBA€THCS 32 TAKOK MPOIETYPOIO:

Y(3) ~X1(0)+ X1(2) X503
Y(@) |=MTy| -X{3)+X15) |=MT3| X,(4)|,  (18)
Y(5) ~X1(6)+ X;(8) X5(5)

e Xo(i+3) = (=X;(0+31)) + X;(2+3i), i = 0,1,2.

Awnanoriyaum 10 (17) YUHOM OOYHCIIOIOTHCS KO-
edirienty 3 6 1o 8:

Y(6) X2(6)
Y(7)|=TH| X5(7) |,
Y(@®) X8

ne Xo(i+6) = X,(0+3i) — 2 X;(1+36) + X1(2+34), i = 0,1,2.
Koeoginientn neperBopenHst (12) o0YHCITIOIOTHCS
aHaJyioriyHo nepetBopenHio (11) i y Hux Qirypyrors Taki
3HAYCHHS BiAMOBIAHUX BeauuuH X, (i = 0,1,2):
Xo(i+18) = X1 (18+(0+37)) + X1 (18+(1+34)) +
+ X 1(18+(2+30));
Xo(i121) = (X1 (18+(0+31))) + X1 (18+(2+37)); (20)
Xo(i+24) = X,(18+(0+30)) — 2 X, (18+(1+34)) +
+ X1 (18+(2+3i)).
PexypcuBHa mporeaypa 3MEHIIEHHS PO3MipHOCTI
nepeTBOpeHHs uist piBHOCTI (16) momnsirae y momini Ha
Taki 3 4acTUHHU:

(19)

Y(9)
Y(10) |=[ MT, ® MT5; |
Y(11)

X,09) X19))]

X;(10) MT;| X1(10)

X,(11) X @1

X1(12) X1(12) X709

x| X1(13) |= MTy | MTy;| X1(13) | |= MT; | X,(10) |,

X,(14) X;(14) [Xz(l 1)]

X,(15) X,(15)

X(16) MT | X,(16)

X1(7) | X7 |

ne Xo(i+9) = X1(9+(0+31)) + X1(9+(2+3i)), i = 0,1,2.

Y(12) X,(12)
Y(13) |= MT;| X,(13) |, (22)
Y(14) X, (14)

76 Xo(i+12) = (= Xy (9+(0+34))) + X, (9+(2+37)), i = 0,1,2.

Y(15) X,(10)
Y(16) | = MT, | X;(13) |.

Y(17) X1(16)

(23)

PiBnocti (17) —(23) mnonmsArarote B 0OYHCIIEHI
3-TOYKOBOrO TiepeTBOpeHHs (8), 10 €, BOAHOYAC, Haii-
MEHIIIOI0 MOKJIUBOKO PO3MIPHICTIO JTaHOTO IIEPETBO-
penns. ToMy HACTYITHUM KPOKOM y peasti3aliii IIBUAKO-
r'0 MEepPeTBOPEHHS Ha OCHOBI meperBopenHs (10) e mimc-
TAHOBKA YHCIOBUX 3HAYCHb BIAMNOBITHUX MATPHIb Ta
OesrocepeHE OOYMCIIEHHS MaTPUYHHUX NOOYTKIB. Bu-
pas3u ans Beix koediuieHTiB Y neperBopenss (10) 3pyu-
HO TPECTAaBUTH Y BUIIIsAL TaOmuti (Tadu. 1).

Tabnuysa 1 —Bupa3u ais 06uncjaeHHs KoedilieHTiB
nepersopenns (10)

Koeoimient Bupas st o04ncieHHs BiIIOBiJHOTO
MIEPETBOPEHHS KoedinieHra
Y(0) G3(0)*(X(0)+X(1)+X5(2))
Y(1) C(D*(-X(0)+X5(2))
Y(2) G(2)*(X(0)-2X(1)+X5(2))
Y(3) G(3)*(X(3)+Xx(5))
Y(4) C(H*(XL(3)+X(5))
Y(5) G(5)*(Xx(4)
Y(6) C3(6)*(Xa(6)+Xn(T)+X5(8))
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3axinuenns maon. 1

Y(7) C(D*(-X(6)+X(8))

Y(8) C3(8)*(X5(6)-2X5(7)+X(8))
Y(9) GO (X9 +X(11)
Y(10) GUO* X9 +X(1D)
Y(11) Gy(1D)*(X5(10))

Y(12) C3(12)*(X(12)+X5(13)+X5(14))
Y(13) G(13)*(X(12)+X5(14))
Y(14) C5(14)*(X5(12)-2X5(13)+X5(14))
Y(15) Gy(15)*(X,(10)+X,(16))
Y(16) G(16)*(X,(10)+X,(16))
Y(17) G(7)*(X,(13))

Y(18) C3(18)*(Xo(18)+X5(19)+X5(20))
Y(19) C5(19)*(-Xa(18)+X5(20))
Y(20) C5(20)*(X(18)-2X5(19)+X5(20))
Y(21) C321)*(X(21)+X5(23))
Y(22) C3(22)*(-Xa(21)+X5(23))
¥(23) C3(23)*(X5(22))

Y(24) C3(24)*(X(24)+X5(25)+X:(26))
Y(25) C5(25)*(-Xx(24)+X5(26))
Y(26) C5(26)*(X5(24)-2X5(25)+X5(26))

I3 Taba. 1 Ta pekypcHBHOI IPUPOAN BIACTHBOCTEH
Matpuite TH, Ta MTH,, BumuBae, mo s 00YnCIeHHS
ycix KoedilieHTiB nepeTBopeHHs (§) 3aCTOCOBYIOTHCS
orepaniiHi 0J0KH, 110 HaBeeHi Ha puc. 3-8.

Xo
;(; e (Xo+X )+X,

Puc. 3. Onepariiinuii O110K, SIKHI peanizoBye
dynxuito f(xo, X1, X2)=(Xo+X1)+x2

X, =

Puc. 4. Onepaniiinuii O110K, SIKUI peanizoBye
ynxuito f(xg, x1)=(-Xo+x1)

XO

+

X Xy+X,)—2X
Xz( 0 1) 2

Puc. 5. Onepariiinuii O110K, SIKHI peanizoBye
dynxuiro f(xo, X1, X2)=(Xo+x1)-2X2

X,
Xw(XO+X1)

Puc. 6. Onepariiinuii O110K, SIKUI peanizoBye
ynxuiro f(xo, X1)=(Xo+x1)

1O

Puc. 7. Onepariiinuii O110K, SIKUI peanizoBye
¢dyskuiro f(x¢)=(x¢) (ToBTOpIOBaY)

xPxal O—>(ax)

Puc. 8. Onepauiiinuii 610k, sxuii peanizoBye GyHKIIi0O
f(x0)=(0x¢) (TOMHOXXyBa4 Ha KOHCTAHTY)

OOepHene mnepeTBOpeHHs a0 mneperBopeHHs (10)
MOXKHA TIOJIATH y BUTJISII:

X(0) Y(0) Y5(0)
X(1) Y (D) Yo(1)
XQ) |_pr| YO |_py 7| %O | (24)
X@3) Y(3) Yo(3)
X(26) Y(26) Y(26)

ne Ts' — tpancrionoBana Matpuis T3, Yo(i) = C3(i)* (i),
i=0,1,...,26.

BpaxoByroun oproroHanbHicTh Matpullb 7, [2],
BJIACTHBOCTI omepamnii TpaHCIOHYBaHHS MaTpuib (y
TOMY YHCII BiTHOCHO N0OYyTKy KpoHekepa) Ta BnacTu-
BIiCTh aCOIIIaTUBHOCTI MaTPUYHOTO MHOXXKEHHS MOXKHA
chopMyBaTH PEKYPEHTHY pealli3allifo IepPeTBOPCHHS
(24), Ky MOXHa TPOUTIOCTPYBaTH BUpazamu (25) mis
OOYHMCIICHHS! BIITHOBJIEHHX 3HAa4Y€Hb BEKTOPA BXIiTHHX
naHux X:

X(0+30)=Y2(0+i)-Y2(9+i)+ Yo(18+0),
X(1+30)=Y,(0+i)-2Y,(18+i),
X(2+30)=Y5(0+i)+Y5(9+i)+ Yo (18+i),
ne i=0,1,...,8,

Y2(0+30)=Y,(0+i)-Y,(3+i)+Y,(6+0),
Y,(1+30)=Y,(0+)-2 Y, (6+i),
Y2(2+30)=Y,(0+)+Y,(3+i)+Y,(6+i),
Y2(9+30)=Y1(9+0)-Y1(12+i),
Y>(10+36)=Y,(15+i),
Y(11430)=Y1(9+i)+Y,(12+0),
Y2(18+30)=Y,(18+i)-Y,(21+i)+Y,(24+i),
Y2(19+30)=Y,(18+i)-2Y,(24+i),
Y2(20+3:)=Y,(18+i)+ Y (21+i)+Y,(24+i),
ne i=0,1,2,
Y1(0+61)=Y,(0+(0+60))- Yo(1+(0+6i))+Y(2+(0+67)),
Y1(1+60)=Yy(-1+(1+6:))-2 Yo (1+(1+6i)),
Y1(2+6i)=Yy(-2+(2+61) )+ Yo (-1+(2+60))+ Yo (0-+(2+61)),
ne i=0,1,...,4,

Y1(3+6i)=Y,(0+(3+61))-Yo(1+(3+60)),
Y1(4+6i)=Y,(1+(4+60)),
Y1(5+60)=Yy(-2+(5+60))+Yo(-1+(5+60)),

ne i=0,1,...,3.

I3 piBHOCTEH (25) BUILIMBAE, MO [UIS BiIHOBJICHHS
BXiJHMX AaHux neperBopenns (10) 3a momomororo obe-
PHEHOTO TIEPETBOPEHHS OKPIM OIepaliiifHuX OJIOKiB, SIKi
300paxkeHi Ha pHcC. 3 — 8, 3aCTOCOBYIOTHCS ONeEpaliiiHi
0J10KM, 1110 HaBe/eHi Ha puc. 9-11.

(25)

Xy
X

X; e (X0+X1)_X2

Puc. 9. Onepariiinuii O110K, SIKUI peanizoBye
¢yuxuironf(x0, x1, x2)=(x0+x1)-x2

X,
X1 (X0_2X1)

Puc. 10. Onepartiitauii 010K, SIKMH peai3oBye
¢ynkuiro f(x0, x1)=(x0-2x1)

HE
x|
Puc. 11. Onepariitauii 010K, KUK peaizoBye QYHKIIIO
f(x0, x1)=(x0-x1) (BBOAUTHCS 3 METOIO CITPOLICHHS
Bi3YaJIbHOT'O CIIPUHHATTS CXEMH IIEPETBOPEHHS)

(XO_X1 )

BukopucroByroun ornepatiiiiti 0J10ku, sKi 300paxe-
Hi Ha puc. 3— 11, MoxHa peanizyBaT rpadidHy CXeMmy
(puc. 12) mBuakoro mneperBopeHHs (8) i KiJIbKOCTI
BiTikiB N = 27. 3i cXeMd IIBUAKOTO OPTOTOHAIBEHOTO
nepeTBOpeHHs (puc. 12) BUIUTUBAE, 110 KUIbKICTH Omepa-
Iif JTOMABaHHS/BIIHIMAHHS Ta MHO)KCHHS HAa KOHCTAHTY
B NPSIMOMY Ta 00€PHEHOMY IIEPETBOPEHHSIX CIIBIAAl0Th
i piBHi, BiamoigHo, 134 Ta 27. OxpiM HBOrO, MepIa
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iTeparlis mpsMOro i OCTaHHsI iTepalliss 00EpPHEHOTO TIepeT-

BOPEHHSI MICTATh OJHAKOBY KUIBKICTh ONEpaliii Joja- IO NpH HiJpaxyHKY onepaiiil oneparis MHO)KEHHS Ha 2

BaHHsI, aHAJIOTIYHO, Jpyra iTepalis MmpsMoro i mepejoc-  po3MIsAIaiach K CyMa JBOX OJHAKOBHX YHCEIL.
(n) X4n) X4n) Yyin) Y1(n) Yy )

n
0 0
FCOO o) O—> o“-e"-e‘ie X©
\ 1
r\
x2

TaHHA iTepallist ooepHeHoro i T.7. HeoOxiaHOo 3a3HaunTH,

Y.(n)

‘- < <-°
jj) :Qﬁ-:\":\‘ FEIO Y O QQ. 15 X
>3] 2 g)

xo) OS] =e L FeEO Y@) O QA“:EQ\Q"A l’?f X2
X O ® XCEI0 Y@ O (<C] “‘ P [0 x®
X(4) o '/ @D i) EJG1@ ﬁ \‘ x :f;: X(4)
X Ot 55 ,, \‘; 'l' Y6 O———{XCEHD ﬁ «|0 }W‘g’ﬁ x@)
x®) O ‘ [CE0 Ve O E01 5 RETCA ) {Q«/ﬁ X©)
X7) oy o& )“g".‘l 5 FEmO Y0 O o?‘:-’g ‘:%\;\t‘;\‘:f?;;iu X)
X® 0"‘40‘::% ‘\W’f,” e BCE0 Y6 O OA"O ‘-|=e ;‘“\" 'Q’;.o x®

X© o“-o ‘!a ‘q’@.’lﬁ.o BCEO Ve O———CE0 BS “(’ ' 10
X(10) 0'. 'Ea ' RSO0 Y(10) O o‘% =e X(10)
X1 OA \\ i =e RO Y(11) O % 10 xim
X1z f‘-°‘ -“ ,‘\ m gs FCazI0 Y(12) O \ -9“ %’, '«’ ‘Aﬁ=e X(12)
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Puc. 12. Cxema MIBUAKOTO OPTOrOHAJILHOTO NIEPETBOPEHHS HA OCHOBI TPIMKOBUX CHMETPUYHHX (YHKIIH po3mipHOcTi N=27,
peaiizoBaHoro 3a npuHiunoM divide-and-conquer

AmHani3 cxemMu NpsMOro MepeTBOPEHHs Ha puc. 12
BKa3ye, IIO JJIsl peatizamii Mmepioi ireparii MBHAKOTO
MIEPETBOPCHHS HEOOX1IHO

(N/3)-2+(N/3)-1+(N/3)-3=2N  (26)

omepariii J0naBaHHS/BigHIMaHHS. [laHe TBepIKEHHS
MOXKHa y3arajlbHUTH JJIsl JIOBIIBHOTO AO0mycTumMoro N
(sIke BKa3ye Ha PO3MIPHICTh MEPETBOPEHHS), BPaXOBYIO-
4w, 1o i3 piBHocted (11), (12) Ta (16) BummBae, mo Ha
nepinii iTepamii CiBBiIHOIIEHHS! KUIBKOCTEH orepa-
LiAHUX OJIOKIB 3QJIMIIAETHCS HE3MIHHUM. Y BHUIAIKY
Ipyroi  itepamii  KUIBKICTH — omlepamiid  J1oJaBaH-
H/BiTHIMAHHS BUIUIMBAE 31 CmiBBimHOIICHHS (27), a ¥
BHUIIAJIKy TPETHOI — 31 CHiBBiTHOMEHHS (28).

(N/3=N/9)*(2+1+3)+(N/9)-(1+1).
(N/3=(N/9+N/27))-(2+1+3)+
+(N/9+N/27)-(1+1).

27)

(28)

Crissignonienss (27) ta (28) He MO)XkHa y3araib-
HUTH JJIS1 TOBUTBHOTO JOMycTHMOro N, SIKIIIO PO3IJIsiia-
TH X Yy BIIHOIIEHHI J0 JIPYyroi Ta TPeTboi iTepalii me-
PETBOPEHHS, OJHAK, 1€ MOXXHA 3POOUTH, SIKIIO PO3TJIsi-
JIATH iX y BIJHOIIEHHI 70, BiAITOBIIHO, MEPEI0CTaHHBOT
Ta OCTaHHBOI iTepauiii meperBopeHHs. OuEBHIHUM €
¢axT, 1m0 BUpa3u AJIsl 00UMCIEHHS KIJIBKOCTI orepartii
JOJJABaHHS/BIMHIMAHHA JJIA iTepaliidi BiX Opyroi a0
OCTaHHBOI MarOTh MOAIOHY (y MEBHIH Mipi, pEKYPEHTHY)
CTPYKTYpY, Ha OCHOBI SIKOi MOXKHa c()OPMYBATH €JMHUI
aQHAITHYHUI BUpa3 Uil OOYMCIIEHHs KUTBKOCTI orepa-
i Ha KOXKHIN 31 3ragaHux iTepamii. ITocnmigOBHICT
gucen N/9, N/27 i T.4. yTBOPIOE T€OMETPUYHY TIpOrpe-
cito 31 3HamMeHHHKOM 1/3, a ix cyma moxe OyTu oOumc-
neHa, sik cyma nepmmux log;N-j (j=1 y Bumaaky ocras-
Hbol iteparii i j=log;N-1 y Bumaaky apyroi) 4ieHiB
BiJIMOBiTHOT nporpecii. BUKoHaBIIM eneMeHTapHi Tepe-
TBOPEHHSI OMKMCAHOTO BHPa3y CyMU T€OMETPHYHOI Ipo-
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rpecii oTpuMaHoO 3arajgbHUil BUpa3s (29) KijbKOCTI ore-
pamiii JomaBaHHA/BIMHIMAHHA B OMHIN iTeparii s
iTepauiii BiJ Apyroi A0 OCTAHHBOI.

) |
N-3 -z=4TN+z.3-/—‘, (29)

(N/3—(N—3/)/6)-6+

me j=logsN-(i-1), i=2,3,...,logsN — Homep irepamii,
N=3" — po3MipHICTb EPETBOPEHHS, N=2,3,....

Ha ocHosi Bupa3iB (26) ta (29) i oueBuaHoro ¢ax-
Ty, HIO KUIBKICTh iTepaliif y IIBUAKOMY HEPETBOPEH-
Hi (8) po3miprocti N piBHa logzN, MoxxHa copmyBaTH
saranbHui Bupa3s (30) s 0OYUCIICHHS CyMapHOi KiJib-
KOCTI ormepalliii JojaBaHHs/BiqHIMAHHS IJISI TIEPETBO-
pennst po3mipHocti N. Ilpu npomy, y Bupasi (30) Bpa-
XOBaHO, IO ITOCTITOBHICTh IPYTHX JOIAHKIB IpPaBol
YacTHHU piBHOCTI (29) mpu 30iNBIIEHHI BEJIWYUHH ]
YTBOPIOE TEOMETPUYHY IIPOTPECIIO 3 MEPIIUM WICHOM 2
Ta 3HAMEHHUKOM 3.

2N +(logy N—1)-(4N/3)+2-@°8N 1 _1y/(3-1) =
=N-1+4Nlogy N/3.

(30)

3 npuHuMniB QopmyBaHHs KoedimieHTiB (9) Ta
MEXaHI3MiB peaizallii MBUIKAX MPSMOro Ta 00epHEHO-
ro MEepPeTBOPEHb BHUIUIMBAE, IO KUIBKICTH OIeparlii
MHO)KEHHSI Ha KOHCTaHTy JUIs peaii3alii IIBUAKOTO
MIEPETBOPCHHS Ha OCHOBI mepeTBopeHHs (8) po3mipHOC-
Ti N piBaa N. [lanuii dakr ta Bupa3 (30) D03BOIAIOTH
3MIHCHUTH TOPIBHAHHS €(EKTUBHOCTI 3acTOCYBaHHS
st dpoBoi 00poOku iHopMmarii meperBopeHHs (8) 3
IHIIMMH OPTOTOHAJILHUMU TEPETBOPEHHSMH 3a KpHTe-
Pi€M omepaiiiHoi CKJIaIHOCTI.

OuiHKka etheKTUBHOCTI 3a Kputepiem
onepauinHoOi CKNagHoCTi

Kputepiii omnepaliiiiHoi CKJIaJHOCTI TO3BOJISIE OITi-
HUTH HIBUAKO/II0 OPTOrOHAJIBHOI'O INEPETBOPEHHS He-
3aJIKHO BiJl KOHKPETHOI amapaTHoi peamizamii [7, 9,
15]. Oninka 31iHCHIOETHCS 32 KOXKHUM THITOM OTIeparii
OKpEMO, BKa3ylOUM Ha IepeBaru i HEHONIKA 3 TOYKH
30py KOHKPETHOT'O TUITY Omepauiii. 3a JaHUM KpUTepieM
MIEpETBOPEHHST € OiIbIl e(eKTHBHUM Yy TOpPIBHSHHI 3
IHIIIMMH, SKIIO BOHO BOJIOMIE MEHIIOK OIEpaiiHO0
CKJIQJIHICTIO 32 MEBHUM THUIIOM onepauiid. Y 1mdposii
00po011i iHpopMarii onepaniiHy CKIaJHICTh MPUHHATO
omucyBaTd (QYHKIISIMHU (QHAJITHYHUMH BUpPA3aMH) Bij
po3MipaocTi BxigHoro Bektopa (N) [1, 7-9, 15].

Sk 1 y BHNamKy KpUTEpilo CTYNEHS 3MEHIIEHHS
Kopensii Koe(illieHTIB IepeTBOPEHHSI IOPIBHIHO 3
eJIeMEeHTaMH BXiJHOro BekTopa (poboTa [2]) mopiBHSH-
HS 332 KPUTEpIEM OlepamiiHol CKJIQJIHOCTI HPOBEAECHO
Mix neperBopeHHsM (8) (Ter) Ta oproroHambHUMU
nepeTBOopeHHsAMU  Yomma-Anmamapa (Wal) 1 Xaa-
pa (Har). Pe3ynbraTi NmOpiBHSHB 32 KpUTEpPiEM oIepa-
IiHAHOI CKJIaJHOCTI HaBeneHO y Tabi. 2. [ani y Tadmd. 3
JIO3BOJISIIOTH 3pOOUTH BUCHOBOK MPO T€, IO IEPETBO-
peHHst (8) Bosoie OLIBIIOIO OMEPAaIiifHOI CKIIAJHICTIO
3a ONepawisMH 10JaBaHHs/BIAHIMAHHS y MTOPIBHAHHI 3
nepeTBOpeHHsAM Xaapa (B cepeaHboMy Ha 156%) Ta
nepeTBOpeHHsAM Yomra-Anamapa npu N<81 (B cepen-
HBOMY Ha 9%), aje MEHIIOI Y TOPIBHIHHI 3 OCTaHHIM
mpu N > 81 (B cepenubomy Ha 4,5%). Lle o3Hadae, 110,

y 3araJlkHOMY BUNAJKy, po3poOiieHe rnepeTBopeHHS (8)
y TAaHOMY BUTJISI HE PEKOMCHIOBAHE 10 BUKOPHCTAHHS
y cucreMax IudpoBoi 00OpoOku iHpopMaIlii, AT SKUX
TOJIOBHUM IMPIOPUTETOM € IIBUIKOIIS.

Tabnuya 2 — OnepauiiiHa cKIAHICTh OPTOrOHAILHUX
nepeTBopeHb 3a THNaMH apHpMeTHYHHX

onepauii
OnepauniiiHa cKIaJHICTD
Iepe- 32 TUIIAMHU apu(pMeTHYHHUX onepanii
TBOPEHHS aonaBaHHs/ MHOKEeHHSI Ha
BigHiMaHHs KOHCTaHTY
N (3 ypaxyBan-
Wal N log,N HSIM MHOYKCHHS
Ha 1/N)
Har 2(N-1) N
Ter N-1+4/3-Nlog;N N

I3 Tabi. 2 MOXkHA 3pOOUTH BHCHOBOK, IO 33 CKJIa-
JHICTIO BIJIHOCHO ormepallii MHO)KCHHS Ha KOHCTaHTY
MIpOaHaJIi30BaHi MEPETBOPEHHS MAlOTh OMHAKOBY e(eK-
TUBHICTh, TOMY OUIBII JCTAIbHOMY aHATI3y IiJJIsIrae
CKJIaJIHICTD BIJIHOCHO OIlepalliii oJaBaHHs;/BiIHIMAaHHS
(Tabm. 3).

Tabnuys 3 — KinekicTh onepauiii 1omaBanns/BiqHiManns
JJIs1 Pi3HHX 3HAYeHb PO3MipHOCTI
OPTOrOHAJIBLHUX NEPETBOPEHb

N Wal Har Ter
8 24 14 27,19
9 28,53 16 32
16 64 30 68,84
27 128,38 52 134
32 160 62 165,60
64 384 126 386,04
81 513,53 160 512
128 896 254 880,75
243 1925,74 484 1862
256 2048 510 1977,86

OpHak, y cucTeMax, y sIKUX TOJIOBHHM IpiopuTe-
TOM € CTYIIHb YIIIJIbHEHHS JaHHX, JaHe TepeTBOPEHHS
PEKOMEH/IOBaHEe 10 BUKOPUCTAHHS Y 3B’SI3KYy 3 pe3yilb-
TaTaMu OTPUMaHHMHU 332 KPUTEPIEM CTYIEHS 3MEHIICHHS
Kopensii Koe(illieHTIB IepEeTBOPEHHSI IOPIBHIHO 3
elleMeHTaMu BXifgHoro BekTopa [2]. OkpiM mporo, y
BUIIAJIKy TPIOPUTETY MIBHAKOAII, BUHATKOM 13 3araib-
HUX PEKOMEHJIAIN € CUCTEMH, y SIKUX Ha OCHOBI IIEpeT-
BOpeHHs Youma-AnamMapa OmparboByOThCS MTOCIIIO0B-
HOCTI JaHUX JOBKHMHOIO >64 BiIJIiKiB, OCKIJILKH 3aCTO-
CyBaHHSI IEpeTBOpEHHs (8) y TakuxX cuUCTeMax J103BO-
JIUTH 30UTBIIUTH MBUIKICTh ()YHKIIOHYBaHHS CHCTEMHU.

BucHoBKMu

[ToOynoBane Ha OCHOBI TPIHKOBUX CHMETPHYHHX
¢GyHKIIH oOpToroHajgbHe mepeTBopeHHs (8) y Qopmi
MaTpUYHOro J00YTKY HE pealizye yCi MOXIJIUBOCTI
CHPOUIEHHS MPOLEAYPU HOro OOYMCIICHHS, SKHMHU BO-
JIOAIIOTh MATpHI JaHOTO IepeTBopeHHs. PeanizyBaTu
iX mo3Boysie OOYMCIIEHHS JAHOTO MEPETBOPEHHS 3a
npuHounom divide-and-conquer.

PearnizoBaHe mIBUIKE TIEPETBOPEHHS HA OCHOBI Op-
TOTOHAIBHOTO TIepeTBOpeHH: (8) 3a mpuHImoM divide-
and-conquer 03BOJWJIO 3MEHIIMTH, y TOPIBHSHHI 3
OesrocepeHiM OOYHCIIEHHSAM y BUIJISIAI MaTpUYHOTO
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JOOYTKY, omnepauiiHy CKIaJHICTh IepeTBopeHHs (8) 3a
olepamisiMi TUIY JoJaBaHHs/BinHIMaHHsS Ha 81,35%,
BIZIMOBHUTHUCH BiJ oOIepamniii MHO)XEHHS IBOX YHCEN 3
IUIaBaIOY0I0 KOMOKO (CKJIAJHICTh 3a JaHUM THUIIOM OIle-
pauiii 3meHmack Ha 100%) Ta 3aMMIINTH HE3MiHHOO
KIUJIBKICTh HEOOXIZHUX omepaliii MHOXKEHHsI Ha KOHCTa-
HTY, SIKa JIOPIBHIOE PO3MIPHOCTI MEPETBOPEHHS 1 Y IEB-
Hill Mipi MOXK€ BBa)KaTHCh MiHIMAJILHO MOJIUBOIO JIJISI
PEKYPEHTHOI IPOLETypH TIEPETBOPEHHSL.

OTpHrMaHi OKpAIIEHHs 3 TOYKH 30py OrnepamniiHol
CKJIAJIHOCTI JTO3BOJISIIOTH y OIbIIIM Mipi peanizyBaTH
nocijpkeHi [2] mepeBaru meperBopeHHs (8) B 3aBIaH-
HSX YUIUTBHEHHS JaHHUX Y cHCTeMax Hu(ppoBoi 0OpoOKH
iHpopMarii, Ui SKUX MBUAKONIS (YHKIIOHYBaHHS HE

€ TIepIIOYEepProBUM MpiopuTeToM. J[JIst cuctem 3 rmeprio-
YEeproBUM IIPIOPUTETOM MIBHAKOIT 3aCTOCYBaHHS Iiepe-
TBOpEHHS (8) y JaHOMY BHIUISAI € OOMEXEHUM, Ha II0
BKa3aJH Pe3yJbTaTH MOPIBHAIBHOI OLIHKU €PEeKTUBHO-
CTi pO3pOOJICHOTO MIBUAKOTO NepeTBopeHHs (8) 3a Kpu-
TepieM orepariiHoi ckiaaHocti (Tadi. 2, 3).

[Momanpmii gociiPKeHHST TONATAI0Th Y po3po0li Ta
JIOCITIJPKEHH] aJIbTEPHATHBHUX NUISIXIB peastizalii mBH-
JIKOTO TIEPETBOPEHHS Ha OCHOBI mepeTBopeHHs (8) Ta
MOPIBHSUIGHOMY OI[IHIOBaHHI €()EKTHBHOCTI TEepeTBO-
peHHs (8) 32 BIIMIHHUMH BiJl ONEPaNidHOI CKJIaTHOCTI
Ta CTYIEHs JAeKopersuii Koe(illieHTIB IepeTBOPEHHS
KpPHUTEpisIMH Ta BU3HAYEHHI KOJIa 3aJ][ay, U BUPIMICHHS
SIKHX TIepeTBOPeHHS (8) € HaWOUTBII TPHUCTOCOBAHUM.
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13.

14.

15.
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Hudposas 06padoTka nHpopMauuHu B paccpeloTOYEHHBIX CHCTEMax yIpaBJeHus
¢ HCNOJIb30BaHHEM OBICTPOr0 OPTOrOHAJILHOI0 MpPeodpa3oBaHHst
HA OCHOBE TPOMYHBIX CHMMETPHYHBIX (pyHKIMI

A. B. U3smaiinos, JI. b. Iletpuimmn

Heabo uccienoBaHus SBISETCS CUHTE3 OBICTPOro NpeoOpa3oBaHMSA Ha OCHOBE OPTOrOHAIBHOI'O, MOCTPOEHHOI'O C HC-
HOJIb30BAaHHEM CHCTEMbl HAaYaIbHUKOB CHMMETPHYHBIX (YHKIMII U OLEHKH 3((PEKTUBHOCTU €ro HNPUMEHEHHs 1O KPHTEPHUIO
OIEPAIMOHHON CclOKHOCTH. Pe3yiabraThl HMccienoBaHmii. PaccmaTpuBaeTcss OpTOroHanpHOe INpeoOpa3OBaHHE HA OCHOBE
TPOMYHBIX CHMMETPHUYHBIX (QYHKUMH M ero 3((HEeKTHBHOCTH IO KPUTEPHUIO ONEPAlMOHHOH cioxHocTH. Ha OcHOBE maHHOrO
OPTOrOHAJBHOTO IPeoOpa3oBaHMs CHHTE3MPOBAHO ObICTpoe IMpeoOpazoBaHue mo npuHnumy divide-and-conquer. IlpoBenen
CpaBHUTEIbHbIH aHaN3 3QQEeKTUBHOCTH pa3pabOTaHHOro OBICTPOro Npeodpa3oBaHMs C OPTOrOHAIBHBIMU IPE0OPa3OBAHUAMU
VYonma-Anamapa 1 Xaapa 10 KpPUTEpHIO ONEPAllMOHHON ciiokHOcTH. Pa3paboranHoe OblcTpoe HpeoOpa3oBaHHE IMO3BOJSET
peanu3oBaTh MPEHMYILECTBAa OPTOrOHAIBHOrO HPeoOpa3oBaHUs HAa OCHOBE TPOMYHBIX CUMMETPUYHBIX (QYHKIHMII B 3aadax
1rdpoBoit 00paboTKN MH(OPMALMH, CBA3AHHBIX C YIUIOTHEHHEM NaHHbIX. HaydyHasi HOBH3HA NOJIYYEHHBIX PE3y/IbTAaTOB 3a-
KJIIOYaeTCsl B CHHTe3€ OBICTPOro OPTOrOHAJIBHOI'O HPeodpa3oBaHysl Ha OCHOBE HAYaJIbHUKOB CUMMETPHYHBIX (YHKIMII U cpaB-
HEeHHIO 3()(EKTUBHOCTH €ro NPUMEHEHHs 10 KPUTEPUIO ONEPALMOHHOM CII0KHOCTH ¢ IpeoOpa3oBaHUAMH Yonma-AnaMapa U
Xaapa. JasbHelime HCC/IeJ0BAHUS 3aKII0YAIOTCS B Pa3pabOTKe U MCCIIE0BAaHUM AJIbTEPHATUBHBIX ITyTeH pean3auu ObIcT-
poro 1npeodpa3oBaHus U CPaBHUTEIBHOM OLEHKe 3()(heKTUBHOCTH NPEoOPa30BaHuUs IO OTJIIMYHBIM OT ONEPALMOHHON CIOKHOCTH
U CTENICHH JIEKOPPEIIALNH K09 HIMEHTOB Ipeodpa3oBaHysl KPUTEPUSIM.

Karouesbie ciaoBa: nudpposas o6paborka HHGOPMAIMHU; TPOUUHBIE CUMMETPUUHbIE (QDYHKIIMHU; ObICTPOE OPTOrOHAIIb-
Hoe npeobpasoBanue; divide-and-conquer.

Digital information processing in dispersed control systems
with application of the fast orthogonal transform
based on symmetric ternary functions

A. Izmailov, L. Petryshyn

The paper deals with orthogonal transform based on symmetric ternary functions and its efficiency due to the criterion
of operational complexity. The purpose of the study is to synthesize a rapid transformation on the basis of an orthogonal,
constructed with the use of a system of triple symmetric functions, and to evaluate the effectiveness of its application accord-
ing to the criterion of operational complexity. Research results. Digital information processing (DIP) is an important part of
most of the information technologies applied in different areas of economy, production, medicine, etc. Thus, effective solu-
tions in DIP give efficiency increase in all its application areas. Orthogonal transforms play a significant role in DIP proc-
esses and therefore, the problem of synthesis of new efficient orthogonal transforms has high practical significance. The
former efficiency analysis of orthogonal transform based on symmetric ternary functions due to the criterion of decorrelation
degree of the transform coefficients proved its application efficiency for problems of data compression. However, implemen-
tation of this orthogonal transform straight in form of matrix multiplication has maximal possible operation complexity. At
the same time transform matrices of the described transform give many opportunities for simplifying its calculation. From
properties analysis of transform matrices it follows that it is possible to build a fast transform based on the given orthogonal
transform using recursive calculation procedure known as divide-and-conquer principle. The described fast transform was
successfully built and its efficiency was tested in comparison with Walsh-Hadamard and Haar transforms using the criterion
of operational complexity. The scientific novelty of the results obtained is the synthesis of a fast orthogonal transformation
based on triple symmetric functions and compares the effectiveness of its application with the criterion of operational com-
plexity with the Walsh-Hadamard and Haar transformations. Further research is to develop and explore alternative ways to
implement rapid conversion and to compare the efficiency of conversion to different from the operational complexity and the
degree of decoupling of the coefficients of conversion to the criteria.

Keywords: digital information processing; symmetric ternary functions; fast orthogonal transform; divide-and-conquer.
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METO/J CUHTE3A TrEHEPATOPOB B KOHEYHOM ITOJIE GF(3)
C YIIPOIEHUEM BJIOKOB YMHOXEHUSA

ITpeamerom nccieoBaHKS B JAHHOM CTaThe SABISETCS MPOLIECC CUHTE3a FeHEepaTOPOB HEIMHEIHOM MeeBocny4aiiHoil mo-
cienoBatenbHOCTH B KoHewHOM nosie GF(3) ¢ ynporuenuem Giioka ymuoxeHus. Ilean — pa3paboraTh METO/ CUHTE3a IeHe-
paToOpOB HEJIMHEHHOW IICeBROCIydaliHOM nocnenoBaTensHocT B koHeuHoM nosie GF(3) ¢ ympomeHueM Onoka yMHOXe-
HHsl, OCHOBAHHBIN Ha MCIHOJIb30BAaHUM MATPHIBI CBA3EH B KaueCTBE OCHOBHOIO DJIEMEHTA IeHepaluy. 3aja4a: Ha OCHOBE
aHaJIM3a M3BECTHBIX IOIXOIOB K FCHEPHPOBAHUIO OCIIENOBATENILHOCTEH pa3paboTaTh METOM, KOTOPBIH 110 CPaBHEHHUIO C
JIBOMYHBIM PETHCTPOM CIBMI'a IO3BOJIIET YBEIMYUTh JJIMHY IOCIIEJIOBATEIBHOCTH U YHPOCTHTH CXeMy renepauuu. Mc-
T0JIb3YEMbIMU MOAXO0AMH SBJISIOTCA: IPUMEHEHHE LUKIMIECKOr0 KOJMPOBAHUS COCTOSHMM, KOTOPBII M03BOJISET B Kade-
CTBE OIEpalMi YMHOXKEHHS IPUMEHATh NEPEKPECTHBIC JIMHUM BBIXO/IOB TPUITEPOB COOTBETCTBYIOIIETO KaHaJla PErucTpa,
YTO MO3BOJIACT CYIIECTBEHHO YIPOCTUTH OJIOK yMHOkeHus. [TomydeHsl cieyromnye pe3yJbTaThl: METO CHHTE3a IeHepa-
TopoB B koHeuHoM rntosie GF(3) ¢ ynpomernem 6710KOB yMHOKEHHS Ha K03()(UIMEHTHI, OCHOBAaHHBIN Ha HCIIONB30BaHUN
MaTpulbl CBA3€il B Ka4eCTBE OCHOBHOI'O JieMeHTa renepaiuu. [IpuBesieH MaTeMaTH4eckuii anmapar onucaHust yHKIHO-
HHUPOBAHUSI PETHCTPA CIBUI'A C HEJIMHEHHBIMU OOPaTHBIMU CBA3AMH M €ro (yHKLMOHAJIbHAas cxema. B pabore moka3aH
nprMep GopMUPOBaHUS IEPBOTO COCTOSAHUS HEIMHEHHOr0 PEeriucTpa CABUIa B 3aBUCUMOCTH OT CBOOOIHOr0 K03 GuLeH-
Ta obpasyromero noauHoMa. BeiBoabl. [IpeioxeH MeTOz CHHTE3a I'€HEepaTopOB HEJIMHEHHOM IMCeBJIOCTYYalfHO! Iocie-
JoBatesbHOCTH B KoHeuHoM nosie GF(3) ¢ ynporenuem 0510ka yMHOXKEHUs], TIOKA3aHbl IIPUMEPBI TIOCTPOSHUS MATPULL CBS-
3l B KOHEUHOM I10J1€ TPOMKH.

Kamwo4ueBnle ciioBa: reHepaTop JIBOMYHOU I10CJICA0BATCIIBHOCTH, HCGBZ[OCJ'[y'-IaﬁHafI TOCJICAOBATECIIBHOCTD, PErUCTp

CIIBUTA.

BBepeHue

I'eHepaTopsl TCEBIOCITYy4allHBIX YHCENl HaXOJMT
LIMPOKOE NMPUMEHEHUE B Pa3IMYHBIX OONACTSIX HAYKU H
TeXHUKU. Takumu 00JacTAMH MOXXHO CUMTATh M HAyd-
HBIE KCCJIEJOBaHUs, M MOJEIUPOBAHHUE, W KpPHUIITOIpa-
(UF0, U CTATUCTHKY, U Pa3IUYHbIC UTPHI, 1 Pa3BICUCHHUSI,
9KCIEPTHBIE CUCTEMBI IPUHATHA pelieHui u T.4. [ 1, 2].

IIpu BBIOOpE cXeM T'eHEpaTOpOB HEMAJIOBAYKHOE
3HAYEHUE MMEET JUIMHA TeHEepUpPYeMOH IOCIIeI0BaTeNb-
HOCTH U mpoctoTa cxemsl [3-8]. Ilpu sToM, renepupye-
MBI€ TICEBJIOCITy4aiHbIe TIOCIIE0BATEIBHOCTH 00J1aJal0T
PSIOM CYIIECTBEHHBIX HeMocTaTKoB. OIMH W3 TJIaBHBIX
HEJIOCTATKOB — JOCTATOYHO KOPOTKHUI IIEPUOJI TeHEepaIiiu
TaKHUX JBOMYHBIX TOCIenoBaTenbHocTeil. Hanbomee mpo-
CTO PEANU3YIOTCSl TAKHE TeHEPATOPhl C UCIIONB30BaHHEM
cymmaTopoB 1o mod2. B atom ciyuyae miuHa reHepu-
pyeMoli IOCIIeIOBaTEIbHOCTH OrPaHHYMBAETCS OCHOBA-
HHEM JBOMYHOW CHCTeMBl cuucieHus. Kpome Ttoro, cy-
IIECTBEHHBIM HEJIOCTATKOM SIBJISIETCSI OUSBHIHASI 3aBHU-
CHUMOCTh TEHEPUpPOBAHHUS IOCIIENYIONEed I10CIea0Ba-
TEJILHOCTH OT Mpenaplaymiei. Takol HemIocTaTOK Xapak-
TEpeH BCEM aJTOPUTMUYECKUM METOJlaM T'€HEepalyu I10-
CJIE/IOBATENBHOCTEH, HO ATOT HEOCTATOK IO3BOJISIET CY-
LIECTBEHHO YIIPOCTUTH CXEMY CAMOI'0 F'eHepaTopa.

Jlo HacTosiero Bpemenu mpoOiiemMa co3iaHusi Obl-
cTporo, 3G QEKTHBHOrO TeHepaTopa MCEBI0CITyYaliHbIX
YuceNn MO-MpexHeMy He peuieHa. CyliecTByeT OYeHb
OO0JIBILIOE KOJNIMYECTBO METONIOB M MPOCTO CXEM TeHepa-
TOPOB IICEBAOCITYYaHHBIX ITOCIIENOBATEILHOCTEH, OTIH-
YaIOMIMXCsl KaK 3aKOHAMHU MX OITHCAHUS, TaK M IIPOCTOTOM
peanuzanyu. OIHAKO, TPYAHOCTH CO3/IaHUS TEHEPATOPOB,
JIUIIEHHBIX TPaJMIMOHHBIX HEIOCTaTKOB, Ha JaHHBIH
MOMEHT, OKa3aJI0Ch O4YEHb CIIOXKHOM 3aaueit.

s yBenuveHusl JUIMHBI LUKJIA TeHEepaluu npes-
JlaraeTcsi UCMoiIb30BaTh B IEMH 0OpPaTHBIX CBs3EH peru-

CTpOB caBura cymmatopbl o mod3. Takue perucTps
C/IBUTA, B IIEMSIX OOPATHBIX CBSI3€H KOTOPBIX MPOHM3BO-
JISITCSl HEMHEWHbIe Tpeo0pa3oBaHus, Ha3bIBAIOTCS He-
nuHelHbIMU. [lomyueHue mceBAoCIydaltHON mociIeno-
BaTeabHOCTH B KoHewHOM mnone GF(3), ocHoBaHHOI Ha
WCIIONIb30BAaHUU ITPOBEPOYHON MATPHUIBI M MaTPHIIBI
CBsI3eil B Ka4eCTBE OCHOBHOI'O AJIEMEHTA T'€HEepaluH, a
TaKKe 3aMeHa 0J0Ka YMHO)KEHHS! Ha KOMMYTAIHIO JIH-
HUH ¥ SBJSIETCS HEJTbI0 CTATHH.

OCHOBHbIe Npobnembl U pelueHUs

PaccMoTpuM MaTeMaTHYECKYI0 MOJCTh (YHKIHO-
HUPOBAHUS TeHepaTopa ICEBIOCIYYalHBIX MOCICIOBA-
TenpHOCTEH. [IpeAmonoxum, 4YTO aHAIU3HPYETCS I0-
CJIEJIOBATENIFHOCTh JITMHOM 7 C TIOMOIIBIO PErucTpa
cIBWra, KOTOPBIA MMeeT 7 37eMeHToB. O003HaYUM Tpe-
JbIIyIIee COCTOSHME j-TO 3JeMeHTa Kaa b, a ciemyro-
mee — blj. Torma mpenpiayIiee COCTOSHHE PErucTpa
CIBWra U3 5 3JeMEHTOB, Oyner B = ||by, by, ..., bs||, a
cnenytomee — B' = ||b,", by, ..., bs'||.

CocTosiHMe KaKIOTO 7 3aBHCHUT OT COCTOSHHS
JPYTHX ¥ B COOTBETCTBUH C BHIPAKECHUEM:

bjl = a1b1 @3 azbz @3 a3b3 @3 a4b4 @3 a5b5,
rae a; = {0, 1, 2}.

JI71s1 n-pa3psiTHOTO pErucTpa CIBUTA KaKI0e HOBOE
COCTOSIHUE CIIAPEHHBIX B TPYIITY TPUITEPOB PABHO

bjl = a1b1 @ azbz @ a3b3 D...® ajbj ®D...® a16b16.

OyHKIMOHAIBHAS CXeMa TeHepaTtopa IICeBIOCITY-
YaHOW MOCIIEI0BATEIPHOCTH C MCIIOIh30BAHUEM OJI0Ka
crnoxenns mo mod3 ¢ moxuHOMOM P(x) = 2x° @ x @5 |
npuBeneHa Ha puc. 1. Tak kak mpu cTapiueil creneHu
aprymeHTa KodpQuiueHT 2, To ero HeoOX0JUMO B CXe-
Me YMHOXHTh 10 mod3. ['eHepupyemas mociemaoBa-
TenbHOCTh [t P(x) = 2x° @; x @ 1, npuseseHHas B
BHJIC MaTPHUIIBI COCTOSHHIMA, TIPEICTaBJICHA HA PHC. 2.
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Puc. 1. OyHKIMOHAIBHAS CXEMa FEHEPATOpPa ICEBIOCTYIaiHBIX OCIE0BATENLHOCTEN
C UCMONB30BaHUEM 6J10Ka cioxkeHus 1o mod3
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Puc. 2. Marpuua cocTosHuii P(x) = 2x° @3 x @; 1

B cBsI3M ¢ TeM, YTO paccMaTpUBAaEMBIH MOIHHOM
TeHEpUPYET MaKCUMaJIbHBIN mepuo u ero deg P(X) = 5:

T = 390 — 1 =242,

Takum 00pa3oM, UIHHA TEHEPUPYEMOH 3THM II0-
nuHOMOM P(X) mocie10BaTeIbHOCTH paBHAETCS 242,

Kak crmemyer u3 puc. 2, mepBoe COCTOSHHE TeHepa-
Topa ¢ P(x) = 2¢’ ®;x @; 1 &y = ||10000]|, Bropoe —
hy = || 11000 ||, Tpetse — i = || 11100 u T

Anroput™  (OpPMHUPOBaHHUSI  COCTOSIHHI — HOBOTO
cTojbIa 3aKJIFOYacTCs B MEPBOHAYAIBLHOM CIBHIEC CO-
CTOSHHI TPEJBIAYIIEro cTondia U B (OPMUPOBAHUU
HOBOTO 3HAYEHHUS MEPBOr0 PEerucTpa. ITO 3HAUCHHE OIl-
pezensercs kKak cymMma 1o mod3 TeX MpeAbIAyIInX 3Ha-
YEHHIl PETHCTPOB, HOMEpa KOTOPBIX COOTBETCTBYIOT CTe-
MEHsIM 00pa3yroIero MojuHOMa, B COOTBETCTBHH C KO-
TOPBIMH U TIOCTPOCHA CXEMa CaMOr0 HETMHEHHOTrO TeHe-
paTopa mocne0BaTeIbHOCTH.

B cBsi3u ¢ TeM, YTO B HETMHEHHOM PETHUCTPe KOIH-
pyeTcs ABOWHON CHUTHAJ, TO JUTSA XpAaHEHHUS TaKHX CHUI'HA-
JIOM HCTIONB3YIOTCS Y)KE HE OT/IeNbHbBIC TPUTTEPA, a Mapbl
TaKUX TPUITEPOB, KOTOPHIC MPHHITO HA3BIBATh KAHATIOM
peructpoB. CBs3M BBIXOMOB i-X KAaHAJIOB PETHUCTPOB CO
BXoamu i + 1 KaHAJIOB PETUCTPOB OMHUCHIBAIOTCS (OIH-
CBIBAIOTCSI) MaTpullel ceszeid S. B oOmiem ciydae Takas
MaTpHUIla UMEET BH/I:

a ap a;.

0

(=)

1
S=[0

(=)

o 0 o0 .. 1 0

rae a; — Ko3(pQUIMEHTH 00pa3yoIEero MOJIUHOMA,
r = degP(X) — MakcuMaJibHas CTETIeHb PErucTpa.

B kauecTBe 3aKkoHa (DYHKIIMOHHUPOBAHHS TPOUY-
HOTO KOJia HMCIOJB3YIOTCS BBIPAXKCHUSA, KOTOPBIE CO-
OTBETCTBYIOT OOBIYHBIM MPABUIAM CIIOKEHHS TBOUY-
HBIX YHCEI:

0+0=0—00;
0+1=1—-01;
1 +0=1—-01;
1+1=2-—10.

BaxHOIT 0COOEHHOCTBIO ATOTO MpaBUIIA SIBISETCS
TO, YTO COBHT YMcia | Ha OMUH pa3psi BICBO (TO eCTh
YMHOKEHHE Ha JIBa) COOTBETCTBYET MPABUILHOMY 3Ha-
YeHUIo — ABOiKe (urcio 10).

Takum oOpa3oM, 00pa3yeTcst MUKINICCKHIA CIIBUT,
KOTOPBIi MO3BOJISIET B KAUECTBE OIMEPAIMU YMHOXKCHHS
MPpUMCHATH MECPEKPECTHBIC JIMHUU BBIXOAOB TPUITCPOB
COOTBETCTBYIOIETO KaHAlla PErucTpa, 4YTO TO3BOJISACT
CYIIIECTBEHHO YIIPOCTHUTH OJIOK YMHOKEHHSI.
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Takum 00pa3om, IJIsi MOCTPOSHUSI T'eHepaTopa B
koHeuHoM rosie GF(3) HeoOX0AMMO BBITIOIHUTE JIEHCT-
BUS:

OIPEJICTIUTHCS C JUIMHOW TeHepUpyeMOH IMocie/o-
BaTEIHLHOCTH;

OIPEJICIUTHCS ¢ MAaKCUMaJbHOW CTEIEHBIO MOJIH-
HOMa;

BBIOpaTh NCXOIHOE 3HAUCHUE;

BBIOpaTh 00pa3yIOIIUI TOJIMHOM C YYETOM IPEb-
SIBJSIEMBIX K MOCIIEIOBATEIBEHOCTH TPEOOBaHUIA;

BBIYUCIIUTH MaTPUILy CBSI3EH;

BBIYHMCIIUTh MATPUILy COCTOSIHUIA;

OIPEJICINTh JUIMHY IIMKJIA M CPaBHHUTH C TpeOye-
MOU JUTMHOM;

TIOCTPOUTH CXEMY C y4eToM oOpaTHBIX CBs3eii 1 OJ10-
KOB YMHO)KEHHsI Ha KO3((PHUIMEHT 2 TI0 MOJYJIIO TPH.

Ha puc. 3 npuBesieHa cxema IeHepaTopa ICEBIO-
CIIy4aifHOTr 0 MOCIIEIOBATEIBHOCTE! 110 MOAYIIIO TPH.

Pr i ] .
1, E><iL - 5;
Pr L2, 3 .
1, E><iL - 5,
K

| [ Ter 2 .
1, >< > 5n
4

Puc. 3. Cxema reHepatopa B 0011eM Bujie

Ha puc. 4 mpuesneH mpumep peaiu3aliy HeJlH-
HeliHoro resepaTopa ¢ P(x) = 2x* ®; 2x" @; 1.

YcrpoiicTBo BKIIOYaeT: rpymmy OsokoB 1; — 1,
JIBYXPa3psIHbIX PErUCTPOB; TPYIITY OJOKOB 2| — 2, yM-
HOKEHUS Ha JIBa IT0 MOIYJIIO TPU, KOTOPBIE BBIMOIHEHBI
B BHJIE NEPEKPECTHBIX JIMHUI Mepeaydl NaHHBIX; KOM-
MyTaTop 3, cxeMy cyMMaTopa 4 1o MOIYJIIO TPU U Mapsbl
BBIXOJIHBIX CHTHAJIOB 5; — 5, TCEBIOCITY4aitHOM IocIe-
JoBaTenbHOCTH. ['eHepaTop SBIISETCSl CXeMOM, KoTopast
OCYIIECTBIISIET CIIBUT COJEP)KUMOT0 PETHCTPA C YUETOM
00OpaTHBIX CBSI3€H, KOTOPBIE CTPOSITCSI B COOTBETCTBUH C
00pa3yloluMM  XapaKTepUCTHYECKUM  MOJIHMHOMOM

P(x)=a,x @®; a,..x" ®; ... ®; ax D; ay, IPUMHTHBHOTO
Haja koHeuHbIM 1ojieM GF (3). CBoOOIHBIN YiieH Xapak-
TEPUCTHUCCKOr0 00PA3YIOIIETo MOJMHOMA ) BIUSICT Ha
BHJ] MaTPHIIBI COCTOSHHUM M HE 3aBUCUT OT CBSI3CH peru-
CTpa CIBUTA, KOTOPBIE 3a/IaI0TCS MAaTPUIIEH CBs3EH S.

Pr -
11 " 51
Pr >
1, 5
‘ Pr
— —»
1 >< ‘53

Pr

\/

Puc. 4. Cxema reneparopa P(x) = 2x* @; 2x* @, 1

Ha puc. 4 cxema kommyraTopa 3 mpeoOpa3oBbI-
BaeTCS B ICMH COCIMHCHUS BBIXOJIOB JBYXPa3psIHOTO
perucTpa co BXoJaMH CyMMaTOpa IO MOIYJIIO TPHU C
MIEPEKPECTHBIMHU JIMHUSAMHU TIEPEIavy JaHHBIX B ClIydac
HEOOXOIUMOCTH YMHOKCHUS Ha KOA(PPHUIMECHT 2. DTO
03HayaeT, YTO €CIIM y TOKa3aTellsl CTENeHN MOJIHMHOMA
HAXOJWTCs JBOWMKA, TO BMECTO OJOKa YMHOXCHHS Ha
JIBa TI0 MOJIYJII0 TPU HUCIIOJIB3YETCsl MEpPEeKpecTHas Iie-
penada CHTHAJIOB, KOTOpPAasi U BBIMOJHSICT YMHOXKCHHUE
Ha J[Ba TI0 MOJYJIIO TPH.

BbiBOoAbI

[IpemioxxeH METOA CHHTE3a I'EHEPaTOPOB HEIIH-
HEWHOW TICeBAOCIYyYalHOW TMOCJIEeNOBATENbHOCTH B
koneyHoMm mosne GF(3) ¢ ynpomienueM 0ji0ka yMHO-
keHusA. Takoe yNIpoINEHHE BO3MOXXHO TPH OIpeie-
JICHHOM KOJIWPOBAHUHU CHUTHAJIOB, YTO IO3BOJISCT B
Ka4yecTBE OINCPAllMA YMHOXXCHHS TPUMCHITH Iepe-
KPECTHBIC JIMHHHM BBIXOJOB TPHUITEPOB COOTBETCT-
BYIOIIETO KaHajia perucrTpa.
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Merton cunTe3y reneparopis B kinuesomy noJi GF (3) 3i cipomeHHsiM 0/10KiB MHOKECHHSB
O. M. PucoBanuii

IIpeamerom [ociiPKEHHS B [aHill CTAaTTi € MPOLIEC CUHTE3y I'eHEepaTopiB HEJiHiMHOI IICeBIOBUIIAIKOBOI TIOCIiIOBHOCTI B
kinnesomy nom GF (3) 31 cipomenHsiM 6510ky MHOKeHHsI. MeTa - po3poOUTH METOJ] CHHTE3y I'eHepaTopiB HENiHIIHOI I1ceBo-
BHIIJIKOBOI ITOCHIIOBHOCTI B KiHIleBoMy noni GF (3) 3i cipoleHHsIM 010Ky MHOXXEHHsI, 3aCHOBAaHMI Ha BUKOPUCTAHHI MaTpHIIi
3B’SI3KIB B SIKOCTI OCHOBHOI'O €JIEMEHTa reHepanii. 3aBAaHHs: Ha OCHOBI aHaTi3y BIIOMHX IIIXOIB 10 T€HEPYBaHHS ITOCIII0B-
HOCTEH pO3pOOUTH METO[, KU B MOPIBHSAHHI 3 JIBIMKOBMM PETiCTPOM 3CYBY J03BOJISIE 30LIBIIMTH JOBXKUHY IOCHTIJOBHOCTI i
CIIPOCTUTH CXeMy IreHepallii. BukopucToByBaHUMU MiIX01aMHM €: 3aCTOCYBAHHS LIMKJIIYHOTO KOJYBaHHS CTaHiB, SIKUH JI03BOJIsIE
B SIKOCTI omepallii MHOXKEHHS 3aCTOCOBYBAaTH IIE€PEXPECHI JIiHIl BUXOIB TPUIrepiB BIAINOBITHOrO KaHaly PEricTpa, 10 J03BOJIE
icTOTHO cripocTuTy 0JI0K MHOMKeHHSA. OTpUMaHi HACTYIHI pe3yJbTaTH: METO/l CUHTE3Y IeHepaTopis B kiHuesomy noiui GF (3) 3i
CIIPOLIEHHSIM OJIOKIB MHO)KCHHS Ha KOe(illi€eHTH, 3aCHOBAaHMH Ha BUKOPUCTAHHI MaTpPHL 3B S3KIB B IKOCTI OCHOBHOI'O €JIEMEHTa
reHepaii. HaBeneHo MaTeMaTH4HMil anapar onucy (yHKIIOHYBaHHS pericTpa 3CyBY 3 HENiHIHHMMM 3BOPOTHHMHU 3B'SI3KaMH 1
Horo ¢yHKIiOHaTIBHA cxema. Y poOoTi Mmoka3aHuil npukian GopMyBaHHS HEPIIOro CTaHy HENIIHIHHOTO pericTpa 3CyBY 3aJIeXkKHO
Bifl BIIbHOrO Koe(illieHTa yTBOPIOIOYOro 1MojiHOMa. BHCHOBKH. 3anporoHOBaHO METO[] CUHTE3Y I'eHEepaTopiB HEeJiHIHHOI NCeB-
JIOBUIIAIKOBOT TOCHitoBHOCTI B KiHeBoMy moni GF (3) 31 cpomeHHsM 610Ky MHOXEHHS, [TOKa3aHi IPHUKJIa I Mo0yI0BU Mat-
PHIIb 3B’A3KiB B KIHIIEBOMY I10JIi TPIHKH.

Kar4dosi ciaoBa: reHeparop ABIHKOBiil NOCIIZOBHOCTI; IICEBIOBUIIAKOBA [IOCHIIOBHICTD; PETiCTP 3CYBY.

The method for the synthesis of generators in the terminal field of GF (3)
A. Rysovaniy

The subject of progress in this article is a process of synthesis of generators of independent pseudo-successive messages in
the main field of GF (3) for the multiplication unit. The problem: develop a method for the synthesis of generators of non-first
pseudo-disputable succession in the main field of the GF (3), which is based on a multiply basis based on victorious matrixes of
words in the basic element of the generation. The task: based on the analysis of known approaches to the generation of
sequences, develop a method that, as compared with the binary shift register, allows increasing the length of a sequence and
simplifying the generation scheme. The approaches used are: the use of cyclic coding of states, which allows to apply the cross
lines of the triggers of the corresponding channel of the register as the multiplication operation, which allows to significantly
simplify the multiplication unit. The following results were obtained: a method for synthesizing generators in a finite field GF
(3) with a simplification of the multiplication blocks for coefficients, based on the use of a coupling matrix as the main element
of generation. The mathematical apparatus for describing the operation of a shift register with nonlinear feedbacks and its
functional diagram are given. The paper shows an example of the formation of the first state of a nonlinear shift register,
depending on the free coefficient of the generating polynomial. Conclusions. A method for synthesizing nonlinear pseudo-
random sequence generators in a finite field GF (3) with simplification of the multiplication unit is proposed, examples of
constructing a matrix of links in a finite triple field are shown.

Keywords: binary sequence generator; pseudo-random sequence; shift register.
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METO/J OOIHKH AIAJIBHOCTI YEPI'OBOI 3MIHU
PAMOHHOI'O JUCHHETYHEPCBKOI'O IEHTPY

IIpeaMeToM BUBYEHHS B CTATTi € IPOLECH NISUILHOCTI aBiallifHUX JIUCIETYEPiB YepProBoi 3MiHN PaHOHHOTO JHCHETYEPCh-
koro nentpy (PZIL) cucremu oOGciyroByBaHHS! HOBITPSHOTO pyxy. MeTo10 € po3poOka METOIY OLIHKH JisUTBHOCTI 4epro-
Boi 3Minu P/IIl npu oOciayroByBaHHI HOBITPSHOrO PyXy. 3aBAaHHsS: OOIPYHTYBaTH MOXIIMBICTb 3aCTOCYBaHHS CHCTEMHU
aBTOMATH30BaHOI'0 KOHTPOJIO AisUIBHOCTI aBialliffHOro AMcIeTdYepa MpH YIpaBIliHHI HOBITPSHUM PYXOM. 3aCTOCOBAHHMHU
METO/IAMH € METOJM HEYiTKOI JIONiKH, METOM MaTeMaTH4HOI CTAaTUCTHKH, METOJM EKCIIEPTHHX OLiHOK. OTpHUMaHi Taki pe-
3yJIbTAaTH. 3alpoIIOHOBAHO METOIUKY OTPUMaHHS HePCOHAJILHUX OLIHOK ocobamu yeprosoi 3minu P/IL1. Po3pobneno me-
TOZ, OLIHKHU AisuIbHOCTI ueprosoi 3minu PJILI, skuii BpaxoBye opraHizamiro B3aeMozii MiXK aBialliliHUMH JUCIIETYEpPaMHU Ta
KEpIBHUKOM MOJIBOTIB IPK 00CIYroBYBaHHI HOBITPSHOrO pyxy. BucHOBKH. /Iyl aBTOMATH30BaHOIO KOHTPOIIIO JisIBHOCTI
yeprosoi 3Minu P/IL] Ta HanpaltoBaHHA PeKOMEH/ALIHN 1010 MiZBUIIEHHS SKOCTI 00CIyroBYBaHHS IOBITPSHOTO PyXy Oy-
JIO 3aIIPOIIOHOBAHO 3aCTOCOBYBAaTH METOJ OLIHKH JAisutbHOCTI deproBoi 3minu P/IL], ocHOBaHuMil Ha 3acTOCyBaHHI Moesel
JUSUTBHOCTI aBialliiHOTO JUcIeTdepa.

KawuyoBi cioBa: aBiamiiiHuii mucnerdep; paiioOHHMI TUCIETUYEPCHKUI LEHTP; MOIEIIOBAHHS MisUIBHOCTI aBialliiHOTO

JICIeTYepa; METo| OLiHKH JisUTbHOCTI ueprosoi 3minn P/LI.

BecTtyn

HaykoBo-TexHiuHHMH mporpec i MoB’si3aHa 3 HUM
aBTOMAaTH3allisi MPOIECIiB YIPaBIiHHSI iCTOTHO 3MiHIO-
I0Th XapakTep 1 YMOBH ITpalli aBialifHUX TUCHIETYEPIB B
crcTeMi 00CIyroByBaHHs HOBITpsSiHOro pyxy. Ilocriline
MOKPAIIEHHs] TEXHIYHUX XapaKTepUCTUK TMOBITPSHUX
00’€KTIB, 301IBIIEHHS MIIJIBHOCTI MOBITPSIHOTO Tpadiky,
BITPOBA/PKEHHSI HOBHX aJITOPUTMIB JisUIBHOCTI 3 00CIY-
TOBYBaHHSI MOBITPSHOTO PYXY, IX Pi3HOMaHITHE MOE]-
HaHHS, HeOOXiHICTh OpraHizalii B3aeMoJii Mk ocoba-
Mu 4eproBoi 3minu PJII] Ta 3acobamu aBTOMAaTH3AIlil
00YMOBJIIOIOTH HEOOXI/IHICTh BITPOBAPKEHHSI aBTOMATH-
30BaHUX CHUCTEM KOHTPOJIO (OI[IHIOBAaHHS) IisSUIEHOCTI
aBiallifHUX JUCIETYEPiB 3 METOI0 IiJIBHUILEHHS SKOCTI
00CITyrOByBaHHS TIOBITPSTHOTO PYXY.

AHagi3 JiTeparypu. AHaji3 JiTepaTypu IOKa3aB
[2, 5], m0 Ha cy4acHOMY eTami KOHTPOJb JisUTBHOCTI
aBiallifHUX JUCIETYEPIB 3MIACHIOETHCS TOCAIOBUMHU
oco0amMy (KOHTPOJIOIOYMMH OpraHamH), M0 3aJIUIIAE
MicIie cy0’€KTUBHOCTI Ta YCKJIQJHIOE MPOBEICHHS aHa-
Ji3y Ta HampaIfoBaHHS PEKOMCHMIAIN IIOI0 MOKpa-
LIEHHS SIKOCTI OOCIYrOBYBaHHSI IOBITPSHOTO PYXY.
Januwuii pakt 00yMOBITFOE HEOOXITHICTH PO3POOKU METO-
JIUKY OIIHIOBAHHS JisUTbHOCTI Yepropoi 3minu P11, sika
0a3yeThCsl Ha MOJEISIX TISUTBHOCTI aBialliiHOTO AUCIICT-
4yepa Ipu 00CIIyroByBaHHI MOBITPSHOTO pyxy [1].

MeTor cTaTTi € po3podKa METOMY OLIHKU HisUThb-
HocTi ueproBoi 3mMiau PIL] pu oOGcayroByBaHHi MOBIT-

PSIHOTO PyX.
OcHoBHUM MmaTepian

KonTpoas nisinbHOCTI aBianiiiHoro nucneryepa
PJIII. OcHOBHOO 3a7auci0 KOHTPOJIIO JisUTBHOCTI aBia-
uiifHoro aucrerdepa € oTpuMaHHs iHdopmarii, HE0O-
X1THOT JU1s1 OOTPYHTOBAHOT'O CYIDKEHHS PO YCIIIIHICT

1 TIPaBHJIBHOCTI BUKOHAHHS HUM POOOTH IO YIpaBIiH-
HIO TOBITPSIHUM PYXOM B XO[Ii HOro poOOTH.

OO0'€KTUBHICTh KOHTPOJIO AisUTLHOCTI JUCIIETUEPA
JIOCSITAETHCSL:

— BHOOpOM BIAMOBIAHUX 1H(OPMATHBHUX IIOKa3-
HHKIB;

— 00'€EKTUBHOIO PEECTPAIIIE0 HOTO JISUIBHOCTI, He-
00X1THOO JIJIS PO3PAXYHKY 1 OI[iHKH OOpaHUX ITOKa3HHU-
KiB;

— OOTpYHTYBaHHSIM TPaHHMYHUX 3HAUEHb TOKa3HH-
KiB (HOpMaTHUBIB) AJIs1 BU3HAUEHHS OIIiHOK;

— BIIIOBIIHICTIO YMOB POOOTH, IO CTBOPIOIOTHCS
B iHTepecax 00'€KTUBHOT'O KOHTPOJIO, PEaTbHHUM.

SIKicTh [MISUIBHOCTI OLIHIOOTH II0 TaK 3BaHUM
«IIPSMUM TTOKa3HUKaM» — TMOKa3HUKaM, SKi XapaKTepu-
3YIOTh CTYIIHb BiJIIOBIHOCTI pE3yNbTATIB IisSUIEHOCTI
JcneTdepiB (4eproBoi 3MiHK) MOCTaBIIEHIN 3a/1a4i.

[Ipu oIiHIOBaHHI OUCIETYEPIB, MOMUJIKOBI il
SKMX MaroTh CEpHO3HMI BIUIMB HAa BUKOHAHHS 3ajadi
YIPaBJIiHHS TOBITPSHUM PYXOM, MOPSAJI 3 TPSIMUMH
MOKAa3HUKAMU BUKOPUCTOBYIOTBCS TaKOXK «HENpsMi
MTOKAa3HUKI» — MIOKA3HUKHU OLIHKH (Di310JI0TTUHOI «ITIHM
OpraHi3My 3a JIOCSTHYTI pe3ynabraTd. Bubip HempsiMux
MOKa3HUKIB 00YMOBJICHHI XapaKTepoM MisIbHOCTI. Sk
MPaBWJIO, HENpsIMi TOKa3HUKU CIIPSIMOBAaHI Ha OLIHKY
IHTEHCHBHOCTI HEPBOBO-EMOLIIIHOT HANPYTH JAUCIIEeTYe-
pa B mporeci ciayx0o0Boi aisuibHOCTI. Tak, Hampukian,
NpU TIATOTOBII MiJOTa HAKOULIBII 1H(OPMATUBHUMHU
MOKa3HUKAMHU € YacTOTa CepIIeBUX CKOPOYEHb, YACTOTa
JIMXaHHS, 00CAT JIereHeBOI BEHTUIIALIIT 1 pe3epBH yBaru.
3acTocyBaHHSl TaKMX IOKa3HHKIB, MOPSI 3 TMPSIMUMH
MOKa3HUKAMU — SIKOCT1 JiSUTBHOCTI, JO3BOJISIE OLIHUTH
HE TUIbKHM pe3yJIbTaTH BHKOHAHHS TOTO YM IHIIOTO 3a-
BIaHHS, a ¥ BUTpayeHi HUM 3ycWUis. Y JaHid poOoti
Taki MOKAa3HUKU HE PO3IIISAIOThCS B CHIIYy HEOIHO-
3HAYHOCTI iX BIUIMBY Ha AisUIBHICTH AUCIIETYEpA.
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[IpsiMi TIOKA3HUKHA MOXKYTh OYyTH YaCTKOBUMH Ta
y3arajqbHeHUMH. YacTKOBI TMOKA3HUKU MPU3HAYCHI IS
OIIHKM SKOCTI BHKOHAHHS aBialliiHUM TUCIICTYCPOM
OKpeMUX OIepallii, y3araJbHeHi — Uil OLIHKH JisUTbHO-
CTi JCHIeTYEepa B ILJIOMY.

J1o 4acTKOBHX IMOKA3HMKIB OIIHKU MisJIBHOCTI Bij-
HOCSTBCS:

— IMOBIpHICT, BUKOHAHHS orepaiii (a0o BChOTo
aITOPUTMY IISUTBHOCTI) 3a 4ac ¢, IO HE MEepEeBHIIYE
3aganoro Tj;

— IMOBIpHICT, BUKOHAHHSA ormepaiii (a0o BChOTo
aITOPUTMY IiSUTBHOCTI) 3 MIOMWJIKAMHU #, IO HE Tepe-
BUILYIOTh 33JJaHOI BEJIMYUHU R ;

— HMOBIpHICTh TOTO, IO KibKICTh [; 0€3moMHi-

KOBHX pillleHb, IPUHHATUX B TpoLeci poOOTH, HE MEH-
1€ 3aJ]aHO0i BENUYUHU Ly ;

— cepeiHE 3HAuYeHHS (MaTeMaTH4YHe CIOAiBaHHS)
KOHTPOJIbOBAHOT'O MTOKA3HUKA;

— Cepe/IHbOKBAZIpaTUYHE BIJIXWICHHS (IJUCTIEPCis)
KOHTpPOJILOBAHOT'O MTOKA3HUKA;

— CYKYIHICTh CEpPEeIHbOr0 3HA4YEeHHS 1 cepeIHbOK-
BaJIpaTUYHOTO BIJIXWJIEHHS KOHTPOJIHOBAHOTO MOKa3HH-
KaiT. I

VY3aranbHEeHUM [TOKa3HUKOM OIHKH JisUTBHOCTI
aBialiifHOro Jucnerdepa € HWMOBIPHICTh BUKOHAHHS
MOCTABJICHOI Tepe/l HUM 3aJiadi 1O YIpaBJIiHHIO MOBiT-
PSIHUM PYXOM.

3a0e3mnedeHHs iHGOPMATHBHOCTI BUXIIHUX TaHUX
JIOCSITAIOTh Peai3aliero TAKUX BUMOT:

— MaHi, ofep)KaHi B MPOIECI KOHTPOJIO, MOBUHHI
OyTH 00'€eKTUBHUMH 1 3a0e3MleuyBaTH PO3PAXyHOK 00-
paHUX MOKA3HUKIB 13 33J]aHO0 TOYHICTIO 1 JOCTOBIpHicC-
TIO;

— KOHTPOJIbOBaHI MapamMeTpu MOBUHHI MaTH JO-
CUTh BEJIMKHH pO3KHJ (Jiama3oH BapifoBaHHSI) IIpH
3MiHi JiSUTEHOCTI aBialliftHUX JHUCIIETYEpiB.

OOTrpyHTOBaHICTh TPAHUYHHUX 3HAYCHBH MOKA3HUKIB
3aJICKUTH BiJ peaizaiii BUMOr, BUKJIaICHUX HIDKYE, i3
3aCTOCYBaHHSIM BINIOBIIHUX METOAIB MaTeMaTU4HOI
CTaTUCTHUKH.

[Mpoumec BU3HAYEHHS IMOBIPHICHHX IOKa3HHKIB
BUKOHAHHS 3aqaui P monsrac B 0OYMCIIEHHI BiTHO-
LIEHHS 4YWCla CIOPHUATIUBHX MO 7 A0 3arajabHOL
KIJIBKOCTI CIIOCTEpeKeHb N :

P=n/N, (1)
B AKHUX:

t:

1

Ipu owiHII MisUTEHOCTI MOYKITHBI JIBA THITH TIOMIJIOK:

— IOMHWJIKOBE 3aBHIIICHHS OI[IHKH AisUTBHOCTI (TI0-
MUJIKA TEPIIOTro POy — & );

— IOMHWJIKOBE 3aHW)KEHHS OIIIHKH AisUTBHOCTI (TI0-
MUJIKa Ipyroro poay — f).

J10CTOBIpHICTH KOHTPOJIO OLIHIOIOTH IMOBIpHICTIO
MOSIBH MTOMWJIOK « 1 B . Uepe3 pi3Hy 3HAYYINICTH IO-
MUJIOK TIEPIIOTO 1 JAPYrOro POAY MPAKTHUHO 3aBKIU
NpU  KOHTPOJIi JIisUTBHOCTI  aBialliifHOro Aucrerdepa
HEOOX1THO TOTPUMYBATUCS YMOBH o < [3 .

Jlyis oTprMaHHS MOBHOI 1HTETPAIBHOI OLIIHKK Bpa-
XOBYIOTBCSI BCl IMOKAa3HUKHU SIKOCTi JISUTBHOCTI JWCIIET-
yepiB. B poOOTI OMIHIOIOTHCA MPsSIMi MOKA3HUKU isUThb-
HOCTI: 4ac peaxilil, acKBaTHICTh 1 3araJIbHUM Yac BHKO-
HaHHS 3a/1a4i.

Po3risHyTI MOKa3HUKH SKOCTI AISUTBHOCTI JUCIICT-
4epiB MOXKYTh JaTH OIHY a00 KiJbKa pO3pi3HEHUX OLli-
HOK KOXKHOTO aBiaIlifHOro aucrieTdepa. IHOAI mbOro
HenocTaTHbo. HeoOXimHO naTtu iHTerpajbHy OLIHKY
SIKOCTI JisTBHOCT] aBiallifHUX JMCIETYEpiB K CYKYII-
HICTh BCiX IOKa3HHUKIB SIKOCTI pOOOTH i MiATOTOBKH B
X0/l poOOTH 3 YIpaBJIiHHS MOBITPSHUM pyxXxoM. Taka
CYKYIIHICTh MOXKe OyTH BH3HAueHa sK e(EeKTHBHICTbH
IisUTBHOCTI aBiartiiiHoro mucnerdepa. [Ipu ii Bu3HaYeHHI
HEeOoOXi/THO BPaxOBYBaTH HACTYIIHE.

[Tpu BU3HaYEHHI BaYKJIMBOCTI KOXKHOT'O YaCTKOBOT'O
MOKa3HUKA, TOOTO «Barm» KOXKHOT'O MOKa3HWKa B 3ara-
JIBHIN OIiHII, HEOOX1THO PO3PI3HATH BUIU POOOTH, SIKi
XapaKTepU3ylThCI CBOIMU YaCTKOBUMH OCOOJIHBOCTSI-
Mu. Tak HisbHICTD aBiawiiHOro aucrnerdepa (KepiBHU-
Ka TMOJbOTIB), & came, Yac peakilii, HOMIIKH 1 iX ycy-
HEeHHSl B XOJi BUPILIEHHS 3ajJad YNpaBIliHHSA IOBITpS-
HUM 00'€KTOM (TIOBITPSIHUM PYXOM) € NPiOPUTETHHMHU.
[Tpu BU3HaYEHHI IHTErpaJIbHOI OLIHKU IPUHMAEMO, IO
3a3HaY€HI BHWIIE TMOKa3HUKHA MAaroTh OJHAKOBY «Bary»,
TOMY IO € OIHAKOBO BU3HAYAJBHUMH B [isUILHOCTI
aBialifHOTO qUCIIeTYepa.

YacTKOBI IMOKa3HUKU BHMIPIOIOTBCS B PI3HHX Be-
JIMYMHAX, [I0 BUKJIMKA€E HASBHICTH OJHOYACHO Pi3HOpI-
IHOT iH(popMarii:

— TOYKOBUX BUMIpIB i 3Ha4€Hb IApaMeTpiB;

— IONMYCTUMHX IHTEpBaJIiB 3MiHH NapaMeTpiB, sKi
XapaKTepU3yIOTh OILIHKY;

— CTAaTUCTUYHHX 3aKOHIB PO3MOJLITY OKpEMHX Be-
JINYYH;

— JIIHTBICTUYHHUX KPUTEPIiB i 0OMEXeHb, OTpUMa-
HUX BiJI (haxiBIliB-€KCIIEPTIB 1 T.JI.

OTXe, BOHU MOBMHHI OyTH HpHUBeneHi 10 0e3po3-
MIpPHOIO 1 HOPMOBAHOT'O BiJTHOCHO MIESKOrO eTajoHa
BUJLY.

MOXXJIMBUM LUISIXOM JUISl IPUAHATTS PillleHb 0/10
OIIHKM MisUTBHOCTI aBialliiHOTO TUCIIETYepa B IBOMY
BUIIAJIKy € BHKOPUCTAHHS TEOpil HEYITKHX MHOXHH.
Bona nmo3Boisie ¢opmanizyBaTh TpoOLEC ypaxyBaHHS
PI3HUX BHiB HEBH3HAYEHOCTI.

HeudiTke JIHTBICTUYHE MOJEITIOBAHHS IPYHTYETHCS
Ha HAOOpi JIIHTBICTHYHUX MPABWII 1 ONEPYE MOHATTIM
JIHTBICTUYHOI 3MiHHOI. BUKOpHCTaHHS JIIHTBICTHYHUX
3MIHHHX JIO3BOJISIE TIEPEHOCUTH Ha CTPOTH MaTeMaTH-
YHY MOBY TaKi IOHSTTS SIK «BUCOKa», «HU3bKa», CTYyIIe-
HSl BUPa)XEHOCTI abo0 MposiBY mapameTpiB. 3HAYECHHSAMHU
JIIHTBICTUYHOI 3MIHHOI € CJIOBa, a He yucia. Hanpukian,
IHTerpajbHa OIliHKa ¢EKTHBHOCTI MisUIPHOCTI aBiarii-
HOT'O IUCIIeTYepa CTaHe JIIHIBICTHYHOIO 3MIHHOIO, SIKIIO
3HAYCHHAMH 11 OyyTh HE YHCIIA, a CJIOBA — JIIHTBICTHYHI
TEpMH, HAIPUKIAJ, «HE33J0BUIbHAY», «3a/I0BIJIbHAY,
«no0pay». HediTke mpaBUIIO MpeICTaBISETHCS B HACTYII-
HOMY BUDJIAIi: KO0 X € A (He4iTka mepeayMoBa),
Tomi Y € B (HEWITKHII BUCHOBOK).

VY mpoteci aBTOMaTH30BaHOTO ITOTOYHOTO KOHTPO-
JII0 JiSTTBHOCTI aBianiifHoro aucrerdepa (puc. 1), BuKko-
PHUCTOBYIOThCS 3a/1adi; iX mpaBmia (aJropuTMH) Biaro-
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Bigell (pimieHHs); Oe3mocepeqHbO CamMi BINIOBiAL; B
OUIBIIOCTI BUITAJKIB, OIIIHKY 332 BUKOHAHHS 3aja4; HOp-
MAaTUBY BUKOHAHHS 3a/1ad 1 peKOMEHIAIIIT 1Mo iHTepIpe-
Tali pe3yabTaTiB.

[IpuHIMIKM OIIHIOBAHHS MisJIBHOCTI aBialliiHOrO
JTUCIIETYEPa B CUCTEMI KOHTPOJTIO:

1. HasiBHICTB JIOTIYHOI CXeMU pillIeHHs 3a/1a4.

2. €MuHAN MOXiT OO OMIHKM MisIBHOCTI JUIA pi3-
HUX BHIIB 3a/1a4.

3. HasiBHICTB IHTErpyIOYHX IPOLEAYp, CIpPSIMOBa-
HUX Ha BceOiuHEe BpaxyBaHHS MisUIbHOCTI aBialliiHOTO
JcreTyepa.

3amaui YIIP, siki BHPINTYIOThCS B XOII1
IHTUBITYaTBHOI i SUTBHOCTI

IIporpama miArOTOBKH
(iHMBiTYaIbHA
TUSUTBHICTD)

OsHakd iHIUBITyasi3aIi1

!

Baza manux 3aymau
YIIP

Bubip 3agau VIIP,

PesynbTaTh isUTLHOCTI aBialfiifHoro
mucnerdepa B xomi YIIP

SIKi BUPINITYIOThCS B
XOJTi 1HIUBITYaIbHOI
NisTILHOCTL

Y

3aco6u 00'eKTUBHOTO
KOHTPOJTIO

Etanonti pirmeHHs
3a71a4

Y

Mogens misuibHOCTI
yeprosoi 3mian P/I1]

/

Y

Ominka

Puc. 1. 3aranpHa CTpyKTypa CUCTEMH aBTOMaTH30BAaHOI'0 KOHTPOJIIO JisUIBHOCTI
aBialliifHOro JucneT4yepa Npy YIpaBJliHHI HOBITPSHUM PYXOM

MeToauka OTpHMAaHHS TEPCOHATBHMX OLIHOK
aisiibHOCTi. HOopMaTHBY HisUTBHOCTI aBialliifHOTO JauC-
nierdyepa (4eproBoi 3MiHN) TOBUHHI MaTH:

— YOTHUPH Tpajallii s TOUHICHUX 1 YaCOBHX IIOKa-
3HHKIB SKOCTI POOOTH, SKi BiAMOBITAIOTH OIlIHKAMHU
IisUTPHOCTI  aBiallifHOTO JUCIIeTYEepa — «BiIMIHHOY,
«100pe», «3a/I0BITILHOY, «HE3a/I0BLITLHON;

— HE MEHIIIe IBOX DiBHIB (rpanamii) s ncuxodi-
310JIOT1YHHX TTOKa3HHUKIB (PYHKIIOHAILHOIO CTaHy JAWC-
meT4epiB, sIKi BiIIOBINAIOTH OIIHKAMHU «IIiATOTOBIIE-
HHUI 1 «HE MiArOTOBIEHHI,

— piBHI (Tpajariii) AisILHOCTI aBialliifHOrO AMCIIe-
T4epa, BiAMOBIAHI peayi3oBaHUM pIBHSIMH €(DEeKTHBHOC-
Ti BUKOpucroByBaHoro 3pa3zka K3A (ACY nositpsiHUM
pyxom).

[lpn Bu3HAuYEHHI ONTHMANBHOI KUIBKOCTI 3ajad,
SIKI BUKOPUCTOBYIOTBCS ITiJI 4ac MEpEeBIpKH, CIIOYATKY
BCTaHOBJIIOIOTh KUIBKICTh HAaWOUIBII Ba)KIMBUX KIIACH-
¢GikaniiHUX O3HAK, IO XapaKTePH3yIOTh CKJIAJHICTh
naHoi mucrierdepchkoi misuibHOCTI. Jlo 4mcna Takux
O3HaK BiJIHOCSTB:

— CTpYKTYpY iH(opMamiiiHOT Mosei;

— YMOBH CIIPHHHSTTS 1 IEpepoOKH BXiqHOI iH(Op-
Mariii;

— BHJ] IPUHHATOTO PillIEHHS;

— THIT BUKOHABYOI Jii aBiaIliiHOro JucIieTyepa Ta iH.

Jlani BU3HAYa€ThCS HEOOXiMHA KiNTBKICTh Tpamartiit
KOXKHOI O3HAKH.

Kinekicrs BupimyBanux 3amad (N, ) obuncio-

€THCS 32 POPMYIIOO:

v, =116 ®

Ze n — KUIbKIiCTh Kacu(ikaliiinux o3Hak; C; — 4ncio
rpajaniii j -i kinacugikaniitHoi 03HaKu.

B 1izomy, KiJbKICTh 3aJ1a4 MOBHHHA OYTH TaKoOo,
mo0 aBiamiifHi qucHeTdepy, siKi MPOMIUTH KOMILIEKCHY
MiATOTOBKY, HE BiJYyBaJH TPYIHOIIIB y BHKOHAHHI
3aj]1a4 yrpaBJIiHHS TOBITPSIHUM PYXOM.

VY 3araJlbHOMY BWIIAJKY, CKJIaJHICTh 3a7adi MOXKe
BH3HAYATHCS 4Yepe3 CKIaIHICTh aJrOpUTMY I BUKOHaH-
HA 33 (OPMYJIIOF0:

Vi =70_,‘Az'(AL/Az), “4)
ae Yo — Koe(illieHT MPOMOPIIHHOCTI; 4, — MOKa3HUK

TEMIIOBOI HANPY)XEHOCTI AiSNIBHOCTI; A; — IOKa3HUK
JIOTIYHOI CKJIQJIHOCTI aJTOPUTMY 3aBIaHHS (aJITOPUTMY
IisIBHOCTI); A, — IOKa3HUK CTEPEOTUIIHOCTI ajIropUT-

My 3aBAaHHS (aJITOPUTMY JIiSUTBHOCTI).

KinbkicHO Mipy 30iry ejleMeHTapHUX onepaiiil B
3a/ayax, IO XapaKTepH3ye CTaHIAAPTHICTh CHUTYAIIl,
MOXXHa OOYMCIMTH 3@ JONOMOIOH0 IOKa3HUKa K ; ox-

HOTHUITHOCTI J -0f 3a1a4i 3a (opMyJI0k0:

q q q
Kj =2 ZuiSwj | | 22 ZiSy+ 2 ZjSmj |+ (9
m=I m=1

m=l1
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me g(n) — umcno criBnazaodnx (HECIIBIIANAKOYNX)
€JIEMEHTApPHUX OTepallii MisIbHOCTI B 0a30Bii 1 BiaI-
PaLBOBYETHCA 3aBAAHHs; m (i) — HOMEp CHiBIIaJaIHX
(HecmiBIamar0YMX ) Omeparlii B ; -i 3aaaui; Smj (Si-) —
KOoe(iIliEHT Baru CHiBIaaardol (HECHiBIIaaaryvol) ore-
pauii; Ly (Zl--)

koedimieHT 30iry (po30iXKHOCTI)

orepartii.
KoeoinienT Baru cmiBnaiaroydoi (HeCIiBIaar040i)

omnepanii (Sl-l-) BU3HAYAIOTh METOIOM EKCIEPTHHX OIli-

Hok. Koedimuient 30iry (po30ikHocTi) omeparii BU3HA-
YarTh TAKUM YHMHOM: ij =1, Zy- =0, gKio omneparii

CHIBIIAJAIOTH MOBHICTIO; Z,,; = Z; = 0,5, siKio onepa-
mil CcoiBHajarTh YacTKOBO, ij =0, Zij =1, sxmo

orepanii He CIiBIaaloTh.

JIst BU3HAYCHHS IOCIITOBHOCTI BiIMpPAIFOBAHHS
3aad 3 ypaxyBaHHAM iX OIHOTHITHOCTI (TIEpCHECCHHS
HABUYOK) CIIiJ po3paxyBaTu kKoedirieHT K j AU KOX-

HOI 3 OMHOTHITHHMX 33Ja4 1 PO3TallyBaTH iX 3a CHaJaH-
HsM 3HayeHb. CKiaJieHui TaKUM YMHOM PsiJi BiIIOBia€e
LIYKaHi{ MOCIiIOBHOCTI.

JIy1s1 BUKOpPHCTaHHsI OTPUMAHOI OILIHKHU 30iry ee-
MEHTApHHX OIlepallii B 3araJibHid OINHIN JisTILHOCTI
aBialiifHOrO JucieTdyepa HeoOXiaHO mpoBectH (aszudi-
Kanii orpumanoi oniHku. [IpaBuio BuBony (KOHKpETH-
3allis 3Ha4YEHHs) OL[iHKH aaropuTMiuHoro 36iry I dop-
MaJli30BaHO METOZOM HEUiTKOi JIoriku. ba3oBy Tepm-
MHOXHUHY ['j cknanarots Tepmu: HesanosineHo, 3a10Bi-

nbHO, JloGpe. O6macts MipkyBanb X =[0;100] [%].
OyHKUii TPUHANEKHOCTI f1(X) IS KOXKHOrO TepMa

3amaHi y BUNIAAl Tpanenii [3]:

Pt QP
b-a
Lb<x<c,
pl)=1"" (6)
1- ,c<x<d,
d—-c
0, B iHIIKX BUTIAOKAX .

Yac iHAMBIAYaJbHOTO 1 KOJIEKTHBHOTO BiIIpario-
BaHHS 3aJ1adi 10 YIPABJIIHHIO TOBITPSHUM PYXOM 3aJie-
KHUTh BiJ crieni(ivHUX O0COOIMBOCTEH MisUTBHOCTI AWC-
ner4yepiB (4eproBoi 3MiHU) IPH BHUPIMIEHHI KOHKPETHOI
3anaui. Jlanuii yac Moxxe OyTH PO3MOAITICHUI HACTYI-
HUM YHHOM.

[omepeqHbO OOYHUCIIOIOTH YacC, HEOOXITHUU IS
BIMIPAIIOBAHHS KOXKHOI oOrepanii KOHKPETHOI 3aaadi

(tomp ), 3a opmyorO:

NOYI
tompi = Sl ZSI tn/’ (7)
i=1

Je S; — koedillieHT, 10 BpaxoBye Bary i -oi omepanii;
N,

on — UHUCIIO OMepalliif, o BiANPaIbOBYIOTECS B 3a/1a-

yl; ¢,. — 4ac, HEOOXIMHMHA I BiANpaLIOBaHHA [ -O1
nj

3ajayi, SKUH BU3HAYAETHCS 32 JOMIOMOTOI0 MOJEN [Iisi-
npHOCTI. KoedimieHT, 1110 BpaxoBye Bary i -oi oreparii,
PO3PaxoBYIOTh 3a (GOPMYIIOO:

) ®)

t:
Sl' = ml'al' -4
tnp

ae m; — Koe(illieHT, 0 BPaxoBye YHCIO JOTIUHUX

YMOB B i -iif onepanii; ¢; — Koedilli€HT, [0 BpaxoBye
THII 3B'A3KY MDX JIOTIYHUMH YMOBaMH B [ -iii orepanii;

1; — 4ac BUKOHAHH i -Oi Omepallii; 7,, — 4ac BHKOHaH-

HS OIepariii, 10 BUMarae HalMeHIINX BUTPAT 4Yacy.
Yac, BinBeneHuil Ha 1HAUBIqyalbHY (KOJIEKTHUBHY)
poboty aucreTdepa (4eproBoi 3MiHK), OOYUCITIOIOTH SIK

Ny M(P)
tn(k) = tompz_‘j b (9)
j=1 i=l
fie N, —4HCcio 33724, WO BiMpaIboBYoThes; M (P) -
KUIBKICTh OMeparlii, SKi BiAIPaIbOBYIOTHCS TP 1HIU-
BilyaJibHIN (KOJEKTUBHIMN) MISUTBHOCTI IO KOXKHIH 3a1adi

BIJIIOBIIHO; Lompij —4ac BiJITIpAIFOBAHHS [ -1 omeparii

B Jj -i 3a1a4i, T; £y, = (30+50)#; ; #;; —vac, HeoO-

X1THUH TS 0JJTHOPA30BOr0 BUKOHAHHS [ -O1 oreparlii B
j -i#t 3amadi, r. Tomi iHTerpaapHUi 0aj 3a 3a1ady po3-
PaXOBYETHCS 32 TAKUMU BHPa3aMH:

m+xg

po| = [ e
N2ro mtg

2 2
~(-m) 202 10,9973, (10)

ko p €(-30,30) i p=0 B iHmOMY BUNAAKY.
Jlist acuMeTpuYHOro posmonity p = p;/p, upu
xo € (m—307,m) orpumyemo:

(x—m)2

(x-m)?

m —272 m - ) B
p1=je T dx, p,= j e “°U dx, (11)
X0 m-3c

KO X € (m,m+30,) , T0 OTpUMaEMO:

2 2

g L) miza )

pl—je 203 dx, py= j e 202 dx, (12)
m m

wist xg € (m—307,m):

m —7( x_n;)z m _7( x_n;)z

p1=je 20i dx, py= j e 20 dx, (13)
X0 m-3c

wist xo € (m,m+30y):

(x-m)? (x-m)*

xXg — 3 m+30y — 3
P = je 203 dx, py = j e 202 dx, (14)
m m

&3
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i p=0 B iHmux Bunajxax. [Ipy BU3HAYEHHI MipH Tpa-
BIJIBHOCTI PillIeHb CKOPHCTAEMOCS TPABHIOM 30 .

PosrisiHeMo HacTynmHUI pi3HOBUA PillIeHb — Y BH-
IS iHTepBasliB. SIKIIO aBialliiHUM TUCIIeTYep Mpel-
CTaBJIA€ PIIICHHS Yy BUTJIAAI IHTEPBAITY (a,ﬂ ) , a eTa-
nonse pimenns (a,b), T0 Gail 3a pilICHHS BU3HAYAETH-
Csl HACTYITHUM YHHOM:

p=0,sxmo (S <

p =0, sxmo (ﬂSa

|
Ju—
N
o)
=
]
—
A
N
~—
>
—~
=
IN
S
~—

(15)

, KMo o <a< B <b.

Ha#i0inpm ckIaaHAM MO0 OLIHIOBAHHS € PIllleH-
HS y BUDJIAIl HewiTkoro inTepBaiy [13]. Hexait oninto-

BaHM BKa3ye Ha iHTepBall (m,m,a,ﬁ,h) SK BipHHUH, a
€TAJIOHHUM € iHTepBal (M,M,A,B,H) . YaBimo, 1110

h=H =1, sKke CBiIUUTHME NPO TE, IO IHUCIETYCP
MTOBHICTIO BIICBHCHUH y cBOoeMy pimreHHi. Toxmi Oymemo
BBaXXaTH, III0 OIiHKa p =0 , AKIIO:

(Z+ﬁ<M—A)v(M+B<E+ﬁ); (16)
i p=ntpr
o o =len([m,mJI[_M,MJ); a7
[107)
kllen(np([m—a,m I[M—A,M+BJ))
P2 = +
len([M ~ 4,M]Y[ M, M +B)) "

+k21en(np([%%+ﬂ] (M- AM+B]))
len([M—AaM Jy[M.m ])

ne ki, k, — xoedimieHTH, AKki BimoOpakaroTh Mipy

MepeTuHy 1 CKOIIEHOCTI rpadikiB QYHKIINA MpUHAIEK-
HoCTi; [en(*) — QyHKIis TOBXKHHH.

OHUM 3 HAWOUIBIIT BXKJIUBUX € OIIHIOBAHHS Yacy
BHKOHaHHs omepailiii. [lo3HaYnMo Iieil TOKa3HUK —
«4acoM KBiTyBaHH» (.

3anmani: Bun ¢yHkuid npunanexHocti (PII) tep-
MiB, nopir npunanexsocti (I1) 3nauenr ®@II s npu-
WHATTS pillIeHHS MPO 3HAYEHHS JIIHTBICTUYHOI 3MiHHOL
(JI3), obnacte 3nauens JI3 (aprymentiB PII).

1. ®opmyeTbcst TaOIMIS BiJMOBITHOCTI MiX 3Ha-
YEeHHSIM OLIIHIOBAHOTO MapaMeTrpa i Horo JiHrBICTUYHUM
TepMmoM (Tab:. 1). IToporu 3aar0Thest METOJIOM €KCIIep-
THHUX OI[IHOK a00 3 BUKOPUCTAHHSM JaHUX OTPUMaHHX
Ha KOHTPOJILHHUX Ipymax:

Tabnuysa 1 — CniBBiIHOLIEHHS 3HAYeHb MapaMeTpiB
i JIHrBiCTHYHHUX TepMiB

Tepm Hesan. 3az0B. Jobpe
Mexi ¢, , cex ty>1, <ty <I, |4 <1
n n

F/ —ZOZUEU Zall , (19)

ne i e [l,m]; j=12; m — KiIbKICTh €KCIEPTIB,; El.'i -

3HAUYEHHA j -I'0 IIOPOra, SIKE 3a1a€ThCA i -M EKCIIEPTOM;

all — BaroBuu KOC(blHlGHT, 1o Blz[06pa>1<a€ CTYIIIHb

JIOBIpH 10 i -TO eKCIIepTa.
2. BuszHauaeTbcsl BiZICOTOK KBITYBaHHs, BiJITIOBi-
HUX KOXKHOMY TepMy (Tabi. 2).

Tabnuya 2 — IpukJiag po3nofity KBiTyBaHHS 10 TepMaM

OmiHka HesanoBineHo | 3anoBisnsHO | [loOpe
% KBITYBaHHsI 5 6 89

3. OtpumanHs 3Ha4eHb (PYHKIIIH MPUHATIEKHOCTI.

[IpaBwio BUBOLY (KOHKpeTH3allis 3HaueHHs) JI3
O; dopmarnizoBaHO METOJIOM HediTKoi Joriku. basoBy
TepM-MHOXUHY O, cKiafaroTh Tepmu: HesamosinbHo,
Hobpe. O6acTh
X =[0;100] [%] OyHKIii TPUHAIEKHOCTI /,t(x) JUIS

3a10BiJIbHO, MipKyBaHb

KOXKHOTO TepMa 3aJ[aHi y BUTJISI TPaIeIii:

Pt QP
—a
Lb<x<ec,
p(x)= e (20)
1- ,c<x<d,
d—-c
0, B iHIIKX BUTIAIKAX .

VXBajeHHS DillleHHs JEMOHCTPYE HACTYIHMi
npuknan. Jlns x=85%: 4 (x)=0 — crynise npusa-

75 (x) =0,25 -
«3a10BIJIHHOY,

nexxHocti Tepmy «HeszamoBinbHOY,

CTYNiHb  TNPHHAJIEKHOCTI  TEPMY

7 (x) =0,75 — cTyniHp NpUHAIEKHOCTI TepMy «[]00-
pe». Pimenns: X(0,75), Y(0,25) , H(O).

4. BusHaueHHs 3HaueHHs O, 3a CyKYIHICTIO MPaBHIL.

[IpaBwio 1. BusHayaeTbess TepM, CTYIIHBb MpUHA-
JIOKHOCTI 10 SKOro MakcumanbHa fi; (x)=max(i). ¥
HAIIOMY BUNAJAKY — 11e TepM «JloOpey.

[IpaBuio 2. 3agaeTbca yMOBa: SKIIO IS 1EIKOTO
i Tax (x) <K, ne K — 3amgaHuii mopir cTyreHs
HpHHANEKHOCTI, TO JI3 O; HOpIBHIOE TepMY, CTYIiHb
MIPUHAICKHOCTI AKOr0 MAaKCUMAaJIbHUHA 3 JBOX, SKi JIU-
mwmcst O; <= max(j #i) p;(x). Inakme O, nopis-

HIO€ TEPMY, CTYIiHb PHHAICKHOCTI SIKOrO 4 ; (x) > K

Ta MakcumanbHui. [Tokasumk — «UYac peamizarii mid
JUCIIETYEPOM, CIPSIMOBAHMX HAa YCYHCHHS HACIIiAKIB
noMuwikoBux it (7)) (Or ».
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3amani BUA (YHKIIH MPUHATIEKHOCTI TEPMiB, IO-
pir I 3Hayens OII i NpUHHATTS pillleHHS PO 3HA-
yenns JI3, obnacts 3Hauens JI3 (aprymentis OII).

1. ®opmyeThes TaONMIA BiAMOBIMHOCTI MiX 3Ha-
YEeHHSIM OLIIHIOBAHOTO MapaMeTrpa i Horo JIiHrBICTUYHIM
TEPMOM JUTsI KOKHOT ITOMMIIKOBOI i (Tabu. 3).

Tabauys 3 — BinmoBigHocTi Mizk 3HAYEHHSIM OI[iIHIOBAHOTO
napaMerpa i Horo JiHrBiCTHYHUM TEpMOM

Tepm | Hesan. | 3an. | JloGpe.
ITomunkosa fis 1
Me)KiT,ceK‘T>F2 ‘ I'<T<I, ‘ T<TI
TTomunkosa aist 2
Me)KiT,ceK‘T>F2 ‘ I'<T<I, ‘ T<I
ITomuikoBa nist n
Me)KiT,ceK‘T>F2 ‘ I'<T<I, ‘ T<I

2. BusHayaeThCsl BiICOTOK IOMUJIKOBUX IiHl, MpH
YCYHCHHI SKHMX JHCIICTYCP BKJIABCS B YaCOBI IHTEpBAJIH,
110 BiJINIOBIIAIOTH KOXKHOMY TepMy (Tabi. 4):

Tabnuys 4 — lMpukaax po3nogiay T mo repmax

OmiHka Hesan. | 3amos. | loOpe.
% TIOMWJIKOBUX i 5 6 89

3. OtpumanHs 3Ha4eHb (YHKIIH MPUHATIEKHOCTI.

[IpaBuno BuBOay (KOHKperu3alist 3HaueHHs) JI3
Or ¢dopMmainizoBaHO METOJOM HeuiTkoi joriku. bazosa
TepM-MHOXHMHA (00nacTh 3HaueHb) O CKIANaOTh
tepmu: HeszamosinbHo, 3amoBinbHO, J[obOpe. OO6nacth
MipKyBaHb X =[0;100] [%]

OyHKUii IpUHANEKHOCTI 4 (X) Ul KOXKHOTO Te-

pMa 3aaaHi TpaHEHell.I[aHLHOI

Pt QP
b-a
Lb<x<c,
p(x)= e 1)
1- ,c<x<d,
d—-c
0, B iHIIKX BUTIAOKAX .

4. BuzHaueHHs 3HaueHHs Op 3a CYKYIIHICTIO IIpa-
Bui, aHanoriyHux O, . ITIoka3sHHK — «aJeKBaTHICTb»
(O4). 3amani: Bun (QyHKUIH NPUHATIEKHOCTI TEpMiB,
nopir I1 3nadenr OII mis NpUHAHATTS pilIeHHS TPO
3naveHHs JI3, obnacts 3HaueHs JI3 (aprymentis OII).

Bu3HayaeThCsl BiICOTOK MOMUIIOK IIPH JIIKBigaIlii,
SIKMX aBlalliiHUA JUCIIeTYep MisB aleKBaTHO, BIiIMOBII-
HO JI0 KOYKHOTO TepMy (Tabi. 5).

Tabauya 5 — CniBBiIHOLIEHHS 3HAYeHb apaMeTpa
i JIIHrBiCTHYHHUX TepMiB

Orinka HobGpe.

A>T

3a.
F2<A<Fl

Hesan.
A< Fz

% MOMWJIKOBUX ¥

CymapHuii 06an migpaxoBYEMO 3 BHUKOPHUCTAHHIM
BIIOMHUX aJUTUBHUX a00 MYJIbTUILTIKATUBHHX IPOIIE-

IIyp, OCKUIBKU OILIHKHU € MIPUBEICHUMH JIO IITKAJIN [0,1] .

Bynp-sika aBTOMaTH30BaHa CHCTEMa KOHTPOJIO Jii-
STTBHOCTI € e(peKTUBHOIO JIMIIE TO/I, KOJIW BOHA 3/IaTHA
aZlalITUBHO pearyBaTd Ha 3MiHY YMOB [isUTBHOCTI OLIi-
HIOBaHOrO aBiamiiiHoOro naucrerdepa. Taka ajanrtarys
MOBUHHA NependayaTd caMoOpraHi3allito, K CTPYKTypH
JIOTIYHOI CXEeMU 3a/a4, Tak i HaloBHEHHs iH(opMmariii-
HOI 0a3u. 3arnporoHOBaHUI METO T03BOJISIE OTPUMYBa-
TH 1HTErpajbHYy OLIHKY €(pEeKTUBHOCTI IisUIHOCTI JHC-
TeT4epiB Ha OCHOBI HE TiJIBKH OTPUMAaHHS 11 Bl eKcrep-
TiB, ajie 1 BWIYYCHHS ii 3 HAsABHOI KUIBKICHOI iH(pOpMa-
1ii, OTPUMAaHOI HIISIXOM O0OpPOOKH JaHUX 00’ €KTHBHOTO
KOHTPOJIIO. [HTerpaibHa oIiHKa e()eKTUBHOCTI MisTIbHO-
CTi aBiaIifiHOro AHCIeTUYepa MOXKE OYTH IpEICTaBlIcHA
y BUIJISI JIIHTBICTUYHOI 3MiHHOI. 11 3HaueHHs MU € He
yKcia, a JiHrBictuuHi Tepmu: HesamorinbHa (Hesan.),
3anosinbHa (3am.), Jloopa ([Jobpe.). 3aranbHa (iHTerpa-
JIbHA) OIIHKA € (DYHKIII€I0 OIIHOK OKPEMHUX MMOKa3HUKIB:

Mgy =F(0,,04.07.T;). (22)

@®opMyBaHHsl iHTErpajibHOI OLIHKH B3aeMOJil
aBianjifHoro aucneryepa 3 KepiBHUKOM TMOJIBOTIiB
PJLl. B pesynbrari mepeBipKH isUTBHOCTI KOXKHOTO
aBialiifHOro qucnerdepa 1Mo KOXKHOMY IOKa3HUKY OTpH-
MaHa OLiHKa y BUIIIsAI ogHOro tepma H , Y abo X .
[Tpu piBHii1 3HAYUMOCTI MOKA3HUKIB JiSTIBHOCTI Ta PiBHIN
3HAYUMOCTI JsUTBHOCTI JTUCIETYEpiB MOOYyI0BaHa aured-
pa JIHTBICTHYHUX BEJMYMH — 3aJAETHCS OMEpallis Jaoma-
BaHHJ 32 JIOIIOMOTOI0 JIAHUX TIPEJICTaBICHHX B Ta0JI. 6.

Tabnuya 6 — IlpaBujia ckIaJaHHA B ajaredpi
JIHTBiCTHYHMX TepMiB

Jlomauku Hesan. 3a. Jlobpe.
Hesan. Hesan. Hesan. Hesan.
3an. Hesan. 3an. 3an.
Jobpe. Hesan. 3an. Jlobpe.

B niroMy BUnaaxy
Hezao.+ 3a0.+ JJobpe. = Hezao ,

Jlobpe.+ Jlobpe.+ 3a0. = 3a0 n 1.1,

L5 orinka Moke OyTH OTpUMaHa SIK 3a NIEBHUH iH-
TepBaJl 4acy, Tak i 3a yac JIKBigaIlii HACTIIKIB TOMHII-
KoBHX fiil. Ha puc. 2 npencraieHa cTpykTypa NopsaKy
(¢hopMyBaHHS y3arajJbHEHOI OI[IHKH MisJIbHOCTI aBiariid-
Horo nucnetuepa PJI1I.

CTaTHCTHKA OL[THOK
AisTBHOCTI ‘
IwcrieTdepa

o) A [

\‘/

TIpoLiemypa repexofy Bifi CTATHCTHYHHX OLIHOK /{0 3Ha4eHb JIHTBi CTHUHHX

Tlepexix Ao OLIHOK ¥ 3MIHHHX
BHIVLL T T
THHTBICTHYHIX [ I I [ I I
| e
] e ]| e ][] o]
U

~

OTpHMaHHA Aure6pa MHIBICTHYHHX TepMiB
Y3aralbHEeHHK
ouiHok. Tepexin mo
BCTAHORJEHOT
OL[HOYHOI KA

M

Puc. 2. OtpumaHHs y3araibHEHO! OLIHKY JisUTbHOCTI
aBialliiiHOro ucreTyepa 3 BUKOPUCTAHHAM HEUiTKHX TEpMiB
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[pu ormiHOBaHHI JisUTbHOCTI Yeproroi 3Minu P/
B IUIOMY HEOOXi/JIHO BpPaXxOBYBaTH, 1[0 HAWOLIBII BaX-
JUBUM 1 3HaYHUM (PaKTOPOM Yy LLOMY OI[IHIOBaHHI €
opraHizaiis B3aeMofii MK KepiBHHKOM IIONIBOTIB 1
aBiallifHUX TUCIeTYepoM. Buxonsuu 3 mboro, s orri-
HIOBaHHS JISUTBHOCTI 4eproBoi 3MiHH MPOIOHYETHCS
OIIIHUTH JISUTBHICTH caMe IIi€l mapu.

Tak, He3aJqOBiNbHA OIIHKA JHCIIETYepa CBITYUTH
PO HEOCTAaTHIO OpraHi3amii AisTIbHOCTI 3 OOKY KepiB-
HHKa MOJBOTIB 1 HENMPaBHILHOMY B3a€MOIT B Mapi «asi-
aliffHUIA TUcrieTyep — KepiBHUK IONBOTIBY» 3 ypaxyBaH-
HSIM BHMOT CHHXPOHHOCTI poOoru. ToMmy uisi omiHto-
BaHHS KEpIBHUKA ITOJILOTIB MPOMOHYETHCS O MEPETIKY
OLIIHOK AisTTBHOCTI MPOIIOHYETHCS BBECTH TaKi OI[IHKH:

— y3arajibHCHa OIliHKa JisUTLHOCTI aBialliiHOro Ju-
crietuepa (M, );

— OIliHKA OpraHizaiii B3aeMOJil 3 aBiallitHUM JHC-
netyepoM (O ).

Toni, BpaxoByrouu (22) iHTerpajbHa OI[HKA Iisi-
JIBHOCTI KepiBHMKAa MONBOTIB Oyne (yHKHi€ro Bij Ha-
CTYIHHUX 3MiHHHX:

M, = F(0,,04.0p,M5,0p.T;).  (23)

Buxonsuun 3 mporo, (opMmyBaHHS y3arajabHEHOI
OIIIHKM JiSUTBHOCTI KEPiBHHUKA IMOJBOTIB MPEIACTABICHO
Ha puc. 3.

CrarHcTHKa OIiHOK
) (] (] (o] [we][¥ ][]
KepiBHHKA I0T0TIB N%
TIpouenypa NepexoAy BiXl CTAaTHCTHYHAX OLIHOK /10 3HA4eHb JIHTBiCTHSIHAX

Tlepexiz 10 OUiHOK y 3MiHHHX

BHIISI

JHHTBICTHY HEX
Tepuin

][ oo

e I

Otpumanms Asre6pa NI BICTHY HHX TepMiR
yaranbHeHHX
oninox. ITepexin mo
BCTAHOBJIEHOT
ONiHOYHOI mKaH

s m

Puc. 3. ®opmyBaHHS y3araibHEHO! OLIHKY JisUTBHOCTI
KEpiBHHUKA TIOJILOTIB 3 BUKOPHCTAHHSIM HEUITKHX TEPMiB

.

Toni y3aranpHeHa CTPYKTypa METONY OILIHKH Jisi-
JIBHOCTI KepiBHHMKa TOJILOTIB MaTUMe BUIJISA, MpEICTa-
BIIEHUI Ha puc. 4.

BucHoBKMu

Ha ocHoOBi aHamni3y enemeHTiB iHQopMamiiHOro
3a0e3MeueHH s MPOoIeciB poOOTH 3 yIpaBIiHHS HOBITPS-
HUM PYXOM BHJUIEHI HACTYIHI acCleKTH 3aCTOCYBaHHS
MoJielelt TisTbHOCTI YeproBoi 3minu PJIL:

— omepaTuBHE iH(OPMYBAHHS IUCIIETYEPIB IIPO
aITOPUTMU JIiSUTBHOCTI, SIKI PEKOMEHAYIOTHCS B JIAHHX
CHUTYALsIX;

— HaBYaHHs aBiaIlifHUX IMCIETYEPIB MO 3pa3Kam
(eranonam) (parMeHTiB pOOOTH B CHUCTEMi OOCIYroOBY-
BaHHS HOBITPSIHOTO PYXY;

— KOHTpOJIb JOCATHYTOTO PiBHS IiJTOTOBKH aBia-
LIHUX AWCITIeTYEPiB;

TuuBinyanpHa
ISUTBHICT

Sagaui YIIP, mo
BHPIIIYIOTHCS TUCTICTYCPOM B
XOJIi 1HAMBIAyAIbHOT
THSUTBHOCTL

!

QopMaizalis IpaBuiI
OTPHMAHHS OIIHOK
JSUIBHOCT] aBialiiiHoro
JHCIeTYepa

Mopeinb JisUIbHOCTL
yeprosoi 3miau PJIIT

A

Qopmaizanis
NPOLEAYPH OLIHIOBAHHS

PexoMennariii momo
JOJATKOBOI TPEHAKHOT
ITOTOBKH JTHCIICTYCPa ¢

Pekomenarii mo/10
BHCCCHHS 3MiH B
AITOPUTMH JAUTBHOCTI
aBlaliHHOTO JHCTIICTYCPA

OTpUMaHHI
IHTCTPATBHOI OLIHKH
JUSUTBHOCTI aBiallifiHOTO
JHCTICTYCpa

Pexomenpaii moao #
BHCCCHHS 3MiH B
nporpaMy miAroTOBKH

I'pymoBa RisUIbHICTS

L]

Sagaui YIIP, mo
BHPIILIYIOTBCS KEPIBHHKOM
MOJIBOTIB Y B3a€MOJIT 3
JIHCTIETYSPOM

PexomMenmariii moo
JOJATKOBOI TPECHAKHOT
I/TOTOBKH KEPiBHUKA

TOJTLOTIB

QopMaizalist IpaBuiI
OTPUMAHHS OLIHOK
JUSUTBHOCTI KepiBHHKA
TOJTLOTIB

Pexomenaanii mo0
BHCCCHHS 3MiH B

ACOPHTMH AISUTBHOCTL +

KepiBHHKa HOJIbOTIB

Mopeinb JisUIbHOCTL
yeprosoi 3miau PJIIT

Pexomengarii moo
BHCCCHHS 3MiH B
nporpamy MiATOTOBKH

OTpUMaHHI
IHTCTPATBHOI OLIHKH
JUSUTBHOCTI KepiBHUKA
TOJTLOTIB

A A

Pexomenpaii mo 10
MOKPAIICHHS B3aeMOii
MDK 0cobaME YeproBoi

aminu PJIIT

rd

Puc. 4. Crpykrypa METozy OLiHKH AisUIbHOCTI
yeprosoi 3miau P/IL]

— BHW3HAUCHHS IIOKA3HUKIB BIJOMHUX aJTOPUTMIB
TISUTHHOCTI,

— 1o0Oy0Ba HOBUX AITOPUTMIB JiSUTBHOCTI 1 BU-
3HAYEHHS X MOKa3HHKIB.

Po3pobneno amapat Qopmarizaiii HpaBwiI OTPH-
MaHHS OIIIHOK iH/WBITyaJlbHOI Ta TPYIOBOI MiSUIBHOCTI
aBialifHUX JHCTIeTYepiB. B ocHOBY po3poOieHoro ama-
paty dopMati3ariii mokyiagaeHa Teopis HEUITKUX MHOXKHH.
JlaHwuii miaxin JO3BOKB MIPUBECTU OLIIHKHU Pi3HOI MPUPO-
IIM 10 €1MHOT (popMabHOT cUCTeMi 1 BpaxyBaTH iX, BUKO-
PHUCTOBYIOUH €/1MHI (popMalibHI TIpaBUIIa.

Po3po0s1eHO METOMUKY 1HTErpabHOI OIHKH [Iisi-
JIBHOCTI aBiallifHOTO JUcIieTdepa Ta KEepiBHUKA IOJIbO-
TiB. OO'€KTUBHICTh OTPUMAaHOI OIIIHKK JTOCSATAETHCS 3a
paxyHOK BHUKOPHCTaHHSI CTaTHCTHYHHMX JaHMX, LIO Bi-
noOpakaroTh poboTy nucrerdepa (KepiBHUKA IOJIBOTIB)
B pI3HMX YMOBax MiJ 4ac CBOET AisuibHOCTI. Po3pobiena
METOJMKAa JO3BOJISE OTPHUMATH IHTETPANbHY SKICHY
OLIIHKY, & TAKOX OIIHKY IO KO)KHOMY OKPEMOMY ITOKa3-
HUKY 32 OyAb-sIKHi TIepioJ Jacy.
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OTpuMaB NONANBIINI PO3BUTOK METON OL[HKM Ji- Jild B mapi «aBiamiiHU{ AucrieTdep — KEPiBHUK MOJIBO-
SUTBHOCT]I KEpiBHHMKA TIOJNBOTIB, SAKUN BiIPIi3HAETHCA Bill  TiB». OTpUMaHi iHTErpajbHI OIIHKA O3BOJISIOTH ITiJI-
BIIOMHUX BHKOPHUCTAHHSAM TEOpii HEUITKMX MHOXKUH JUISI  BHIIMTH OO'€KTUBHICTH OLIHKH MisUIBHOCTI YeproBOi
OTpPUMaHHS SKICHHX IHTErpaJibHUX OIIHOK JisuibHOCTI  3MiHM PJIL] Ta oOrpyHTYBaTH BHpOOJIECHI peKOMEHAAIl
OIepaTopiB, a TAKOXK YpaxXyBaHHSAM OpraHi3allil B3aEMO- MO0 11 MOJATBIIOrO BJIOCKOHAICHHS.
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Merton OLCHKH JeATeIbHOCTH eKYPHOI CMEHbI PaiilOHHOI0 JUCIIETYEPCKOro HEeHTpa
J. E. I'puimanos, 0. B. Jlantok, A. FO. Hecmusn, M. A. [1aBnenko

IIpeamerom u3ydeHus B CTaTbe SIBJISIFOTCS IPOLECCHl NEATEIbHOCTH aBUALIMOHHBIX JUCIETYEPOB AEKYPHOU CMEHbI
pationHoro gucneryepckoro nenrpa (PAL) cucremsl obciyxuBanus Bo3aymHoro nemxenus. Lleaslo sBisercs paspaborka
METOoJla OLEHKU JEATeIIbHOCTH JIeKypHOi cMeHbl P/ npu oOcay)KMBaHUM BO3MYIIHOTO JBIKEHHS. 3agadyn: 000CHOBAThH BO3-
MOYKHOCTb IIPUMEHEHMSI CUCTEMBbl aBTOMaTU3UPOBAHHOIO KOHTPOIIS AEATEIbHOCTH aBUALMOHHOIO JUCIeTUepa MpH YIpaBICHUU
BO3AYLUHBIM JBMO)KEHHEM. [IprMEeHsIeMBbIMU METOAAMH SIBJISIFOTCSI: METOJbl HEUETKOM JIOTUKU, METOAbI MaTEMaTHUECKOH CTaTu-
CTHKH, METOJIbI SKCIEPTHBIX OLeHOK. [lonyueHs! cienyromue pe3yasTarhbl. [IpeioxkeHa METOAMKA MOIYy4E€HUs IIEPCOHATIBHBIX
OLICHOK JIMIaMu JexypHoid cmenbl PJIL. Pa3paGoran meTon omeHkH jaesTenbHOCTH NexypHod cmensl PJILI, yaurbiBarommit
OpraHM3alIMI0 B3aMMOACHCTBYS MEXK/ly aBHAIIMOHHBIMU JUCIIETYEPAMH U PYKOBOJHTENIEM MOJIIETOB IIPH 00CITY)KUBAaHUH BO3.TYIII-
HOTO JBIKEHUs. BeIBoabI. sl aBTOMaTH3MPOBAHHOIO KOHTPOJIS IETENBHOCTH AeKypHOH cMeHbI PJIL] 1 HapaOoTKy pekoMeHarmit
IO TIOBBIIICHUIO KauecTBa OOCITY)KHBAHHS BO3AYIIHOIO ABMKEHUS OBUIO TPEUIOKEHO MPUMEHSTh METOJ OLEHKH JIESTENIbHOCTH Jie-
xypHoii cMeHsl PJILI, ocHOBaHHBII Ha IPHMMEHEHNH MOJIENIEN ESTETPHOCTH aBHALIIOHHOTO JUCIIETYEpa.

Kamwo4ueBnle cioBa: aBHaHHOHHBIﬁ JAUCIIETYEP; paﬁOHHBIﬁ L[HCHeT‘-IepCKPII’I LHCHTP; MOACIUPOBAHUC NACATCIIBHOCTU
ABUAITMOHHOI'O AUCIIETUCpA; METOA OLICHKU JACATCIIbHOCTU I[e)KypHOﬁ CMCHBI PI[H

Method of estimation of activity of the duty change of the area control center
D. Grishmanov, Yu. Danyuk, O. Nesmiian, M. Pavlenko

The subject matter of the article is the processes of the activity of air controllers on duty shift of the area control center
(ACC) of the air traffic services system. The goal is the development of a method for assessing the activity of the ACC shift
on air traffic services. The tasks to substantiate the possibility of using the automated control system of the air traffic control-
ler in the air traffic control. The methods used are: methods of fuzzy logic, methods of mathematical statistics, methods of
expert evaluations. The following results were obtained: A methodology for obtaining personal ratings by persons on duty
shifts with ACCs is suggested. A method for assessing the activity of the on-duty shift of ACCs is developed, taking into
account the organization of interaction between air traffic controllers and the head of flights for air traffic services. Conclu-
sions. For automated control over the activity of the duty shift of the ACC and the development of recommendations for
improving the quality of air traffic services, it was suggested to apply the method of assessing the activity of the duty shift of
the ACC, based on the application of the models of the air traffic controller.

Keywords: aviation dispatcher; area control center; modeling of the air controller activities; method of assessing the
activity of the duty shift of the ACC.
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1 o o

XapbKoBCKHH yueOHO-HayuHbId HHCTUTYT [ BY3 YHUBepcuTeTa 6aHKOBCKOTO Jlena, XapbKoB, Y KpanHa
2 9 o

XapbKOBCKUH HAllMOHAJIBHBII YHUBEPCUTET PAaJUO3JIEKTPOHUKH, XapbKOB, Y KpanHa

IMPOTPAMMHAS CUCTEMA OIIEPATUBHOM OHEHKH HUHTEPBAJIbHOM
IOPEKTUBHOCTHU BAJIIOTHBIX OINEPALIUU, ITPE/THASHAYEHHAS
JIJISI MOBUJIBHBIX YCTPOMCTB

IIprBeneHs! OCHOBHBIE CBEACHUS O NIPOrpaMMHON CHCTeMe, pa3paboTaHHOM Ul MOOWIBHBIX YCTPOHCTB IO ONEePaliOH-
Hylo cucteMy Android, npenHa3HauYeHHOH ONEPATHBHO OLCHUBATh (G ()EKTHBHOCTb BAJFOTHBIX ONEPALHil B YCIOBHSIX CTO-
XaCTHYECKH HEOIPeIeICHHOMN BHEIHEeH SKOHOMUYECKOH cpezbl. [Ipy BO3SMOXKHOCTH OOMEHA CPECTB B HAIIMOHAJILHOM Ba-
more (HB) na CKB (cBoO0O1HO KOHBEpTHpYeMast BaIlOTa) U HA000POT, LIeIeCO00Pa3HO CPABHUBATH PE3YIbTAThl OT HEIO-
CPEJICTBEHHOTO Pa3MEIIeHHs MMEOIIMXCS CPEACTB B JEIO3MTHI, HIIH OIIOCPEJCTBOBAHHO, Yepes Jpyryro BamoTy. IIpo-
rpaMMHas CHCTeMa [03BOJISET OLlCHNBAaET dP(HEKTHBHOCTD JASTO3KUTA UL CISYIOIMX CXEM: pa3MEIleHHE ASTI03UTa B HHO-
CTPaHHOM BaJIfOTE C JIBOMHOI KOHBEpTalLel, pa3MelleHe JIeN03UTa B HALMOHAIBHON BatoTe 0e3 KOHBEpPTalUK; pa3Me-
IICHHE IeMO3UTa B HALIMOHAIBHOM BAIIOTE C ABOMHOIN KOHBepTamuei. s BBITOIHEHUS PacyeTOB MCIOIb30BaHA HHTEP-
BaJIbHAs M 9BKINO0BA apudmernka. CucreMa peanusyeT BBINOIHEHHE BBIYMCICHHI Ha OCHOBE KJIACCHYECKON CHCTEMBI aK-
CHOM MHTEPBAJIBHOH apu(pMETHKH M HECTaHIAPTHOH CHCTeMbI akcHoM. IIpu BbIOOpE CTPYKTYpHI HPEII0KEHHEIX hopMyrt
BBIOpaHbI T€, KOTOPBIe 00ECIEYNBAIOT HANMEHBIIYIO IIMPHHY MHTEpBaa HeONpeaeNEéHHOCTH. Pa3paboTaHHOE HPHIIOKEHHE
"BaHKOBCKHE KOHBEPCHOHHBIEC ONeparuyi’ OPUCHTHPOBAHO HA CTYICHTOB YKOHOMHYECKUX CIICLHAIBHOCTEH, OAHKOBCKUX
PabOTHHUKOB M IOCTYITHO BCEM JIMLIAM, XKEJIAIOIINM OLICHUBATh 3(G(EKTHBHOCT COBMEIEHHUS OIlepaliiy KOHBepcuu (oOMe-
Ha) BAJIIOTHI U HapallleHHe MPOCTHIX MPOLEHTOB. B yCIOBHAX BBHICOKOH BOJATHIEHOCTH BaTIOTHBIX KYpCOB, HAOJIIOJaeMbIX
B HACTOsIIEe BPEMsI BCEM MHUPE, YCIIeX XO3SHCTBYIOIIIX CYOBEKTOB 3aBUCHT OT NPABWIFHO NPUHSATHIX PEICHUH Ha BaJIOT-
HOM DBIHKE M TaKUM 00pa3oM IIOBBIIIAET YPOBEHb SKOHOMUUYECKHUX 3HAHMH CyObEKTa SKOHOMHUYECKOM AeSTENbHOCTH, He-
OOXOMMMBIH JUISl IPHHATHS IPABHIBHBIX U OOOCHOBAHHBIX PEIICHUI Ha BAJIOTHOM phIHKE. Pa3paboTaHHOE MPHIIOKEHHE
HIOMOTaeT OLIeHUTH 3(PPEKTUBHOCTH Onepalyii ABOHHOI KOHBEPCHH U IPUHUMATD PALIMOHATIEHBIC PELICHYS.

KawoueBble cjoBa: KOHBCPCHU BAJIIOT; BAJIFOTHBIC OlI€paliiy; NHTEPBAJIbHbIC BBIUHCIICHUS; CUCTEMBI aKCUOM KJIaCCH-

YeCcKon HHTepBaJ'[LHOﬁ MaT€MaTHUKH,; CUCTCMbI aKCUOM HeCTaHI[apTHOﬁ PIHTCpBaJ'ILHOﬁ MaTCMaTUKH.

BBepeHue

B ycnoBHsiX BBICOKOH BOJATHIBHOCTH, & YacTO M
CTOXaCTUYECKON HEOINpPEeeICHHOCTH BHEIIHEH 3KOHO-
MHYECKOH cpe/pl, 3aMeJICHUs] TEMIIOB AKOHOMHYECKO-
IO pOCTa, UCKJIFOUESHUSI KAITUTAJIOB M3 NHBECTHIIOHHOTO
pBIHKA, psina OaHKPOTCTB MPEANpPUSTHH OaHKOBCKOM
chepbl, 0COOCHHOE 3HAYCHHE NPHOOpETaeT aeATEIb-
HOCTh OaHKOB Ha (OHIOBOM pPBIHKE U CBSI3aHHBIX C
STUM BaJIIOTHBIX onepauuil. [IpuHaTHE pemeHuii oTHO-
CHUTENIbHO HMHBECTUPOBaHHMS OAaHKOBCKOIO KaIlUTala B
LIEHHbIe OyMaru XapaKTepu3yeTcs HENOJHOTOH U He-
YETKOCThIO WCXOJHOM WHpOpMaImy, 00YCIOBICHHBIX
OOJBIION Pa3MEPHOCTBIO 33/1a4M M BIMSHUEM MHOTHX
BHEIHUX (DakTOpoB. B yCIOBHAX HECTOXaCTUYECKH
3aJJaHHON HEONpE/IeIeHHOCTH Hanbomnee YPpPpeKTUBHBIM
SIBIISIETCS. TPUMEHEHHWE WHTEPBAIBHBIX BBIYHUCIICHHH.
VIMeHHO A7t 3TOTO co3/1aHa MPOrpaMMHasi CUcTeMa JIIst
BBIUUCIIEHH S(P(PEKTUBHOCTH BAIIOTHBIX OIEpaIui C
LIEHHBIMH OyMaraMu C UCIOJIb30BaHHEM MHTEPBAIbHBIX
apu(MeTHUECKUX ONepaluii, KoTopas INpeIHa3HaueHa
JUTSL peasTu3alny Ha MOOMJIBHBIX YCTPOWCTBAX.

IMocranoBka 3agaum. PazpaboTka mporpaMMHOI
CHCTEMBI, KOTOpasi Obl 0OecreurBaa BHIIONHEHUE pac-
YeTOB B JBYX BapuaHTax. B BapHaHTe 3BKINIOBOM
(kmaccuuecko) apuMETUKH, KOTOPYIO HEOOXOIUMO
WCIIONIb30BaTh Ha CTaJWU aHAIN3a JIEITEbHOCTH OaHKa
3a MPOLUIBIA TUIAHOBBIM NEPUOJ, U B BapHaHTE C HC-
TIOJIb30BAHUEM WHTEPBAJIBHBIX ONEpaIfii, KOTOPbIH He-
00XOIMMO HCIONB30BaTh Ha CTAJUU IUIAHUPOBAHUS
JIeSITeIbHOCTH (DMHAHCOBOTO YUpEXKIeHUs B Oyayliem
TUIAHOBOM IIEPHOJIE.

AHaau3 gutepatyphbl. B padorax [1-4] nonpobHo
PACcCCMOTPEHBI 3aJIa4M, BOSHUKAIOIIHME TPU BBITIOTHEHUU
BaJIIOTHBIX PACYETOB, METOIBI X PEIICHUS U SKOHOMHU-
YECKUU CMBICI MTOJTy4aeMbIX pe3yibraToB. HecMoTps Ha
HCIONB30BaHUEC B HCCICIAOBATEIBCKUX IEIIX COBpeE-
MEHHBIX METOJIOB IPOTHO3MPOBAHHs BAJTIOTHOI'O Kypca
IIPU TIPOBEICHUU OOJBIINHCTBA MPAKTHUCCKUX pPacyué-
TOB, UCIIOJB3YIOT METOIMKY, OIKMCAHHYIO B padoTe [5,
c. 30-35].

Tak kak onMcaHHas B JaHHOM COOOIICHHH IIPO-
rpaMMHasl CHCTEMa HMCIONb3yeT UMEHHO 3Ty METOMUKY,
TO paccMOTpHUM €€ MOIPOOHO.

Beeném crnenyromme abopesuarypel: CKB — cBo-
00MHO KOHBEpTHUpyeMas BajiioTa, HB — HalmoHaabHas
BaJTIOTA.

Bynem paccMaTpuBaTh CICAYIOIINE ONCPAIIHH:

1. Pa3zmenienue nemno3ura B MHOCTPAHHOHN BaJIlOTE
6e3 kouBepcun: CKB—CKB,;

2. Pa3zMmernienue emno3ura B ”HOCTPAHHOHN BaJIlOTE
¢ neoitHoi koHBepcueit: CKB—HB—HB—CKB;

3. Pa3merienue emno3uTa B HAIMOHAIBHOMN BaJIIOTE
6e3 kouepcun: HB —HB;

4. Pa3zMmernieHue IeMo3uTa B HAIMOHAIBHON BaJIlOTE
¢ nsoiinoit koueepcueit: HB—CKB—CKB—HB.

B nanpHelileM HUCMONb3yeM CIENYIOIINE YCIIOB-
Hele obo3Havyenus: P, —cymma genosuta B CKB; P, -
cymma pnenosura B HB; S| — Hapamennas cymma B
CKB; S, — napamennas cymma B HB; K — kypc oOme-
Ha B Havane omepaimu (kypc CKB mo otHomeHuto k
HB, BrIpaxensslii B eaunniax HB); K; — kypc oOmena
B KoHIe onepanuu, kypc CKB mo orHomenuto k HB,
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BBIpaXKCHHBIN B equnuIiax HB; n — cpok memoswura (ro-
IIbl); [ — TO/IOBasi CTaBKa HapaileHUsl Uil JIeTI03UTOB B
HB; j — romoBas cTaBka HapallleHUs JUIsl JETO3UTOB B
CKB; i, - T0XOIHOCTb ONEPALH.

PesynbTaThl uccrnegoBaHui

PaccMoTpuM BapuaHT pa3MelieHus Jero3uTa II0
cxeme: CKB—HB—HB—CKB.

Koneunas cymma BamotHoro aeno3uta B CKB, c
y4ETOM poCTa BKJIaJIa MO CXeMe MPOCTBIX MPOIEHTOB, MO-
JKET OBITh OMpeIeIICHA HCITONB3Ys Beipakerus (1) u (2):

S, =P,Ky(1+ni)/K;; )
Sy =P, (Ko/Ky)-(1+ni). (2)

OueBUIHO, YTO C MO3UIMNA KJIACCHYECKOW MaTeMa-
TUKU 3TU BBIPAKEHHS KBUBAJICHTHBI. B pabote [6] oT-
MEUEHO, YTO B HMHTEPBAJbHOU apu(METHUKE BEIMYWHA
WHTEpBaNa, COMACPKAIIEro pe3yJabTaT BBHIYMCICHUH, 3a-
BHCHT OT BHZa ()OPMYIBI, 10 KOTOPOI 3TH BBIYHCIICHHS
BBEINONHAIOT. OOOCHOBaHME BBIOOpA TOTO WM HHOTO
BBIpa)KeHHUs1 OyAyT pacCMOTPEHBI HUXKE.

MHOXHTENb HapamBaHUs AENo3uTa TpH ero
pasmemiennn 1o Bapuantry CKB—HB—HB—CKB
OIPEIEIISIIOT, HUCITONB3Ys BhipaxkeHus (3) u (4):

m=(Ky/K;)(1+ni); 3)
1+ni
m= —Kl/KO . 4

OTtHOCHTENBHYIO 3()(EKTUBHOCTD pacCMaTPHUBacMOU
olepaluy, BeTMYHHY #,, OLIEHUBAIOT 10 YCIOBHIO (5):
S, — P,
. _ -V Vv
I H (5 )

i
P,n

JUTSL €8 OLICHHBAHKS HCTIONb3YIOT BEIpakeHus (6) — (8):
i, =((Ko/Ky)(14+ni)=1) /n; (6)
i, =((1+ni) /(K1 /Ko)=1) [n (7)
iy=(m-1)/n. 8)

BenuunHy mnpenenbHBIX 3Ha4YeHHH aOCONOTHOTO
K, 1 OTHOCUTENBHOTO k,, KypCOB 0OMEHa B KOHIIE OIle-
paumy, oreHuBaronmx €€ 3¢dexTHBHOCTD, onpenens-
10T, UCTIONB3Ys BIpaxenus (9) u (10):

1+ ni
K =K, ; 9
nv 01+I’lj ( )
1+ ni
= . 10
" 1+nj (19)

IIpaBuiio NpUHATHA pEIIeHHs B Clydae HCHOJIb30-
BaHMA BeNM4MHBI K, cnenyromee: ecma K, <Kj, 10
BoirofieH Bapuantr CKB—HB—HB—CKB;
K,, = K; , To Beronen Bapuant CKB—CKB.

€ClIin

[IpaBwio NPUHATHS PEIICHUSA B CIydae HUCIONB30-
BaHUA BEIMYUHBI k,, crefyromee: ecnu k,, <k, To
BoirofieH Bapuantr CKB—HB—HB—CKB;
k,, =k , To Beironex Bapuant CKB—CKB.

€CJIn

B ycnosuu (10) npussiTo, uTo:

PaccMoTpuM 4eTBEPTHINM BapUaHT pa3MEIICHHU Je-
no3uta no cxeme: HB—CKB—CKB—HB. Hapamien-
HYI0O CyMMY B Hal[MOHAJbHOW BAJIOTE, BEIUYUHY S,
OMPENICIISIOT, UCTIONB3Ys Bhipakenus (12) u (13):

P
S, =2 (14 mj)K, . (12)
Ky

S, =P,(1+nj)-(K{/Ky). (13)

D¢ dexTHBHOCTD paccMaTpUBAEMOi OIEpaIvy Oll-
penenstor 1o ycnosusim (14) u (15):

(Ki/Ko)(1+nj)-1

i, = . (14)
n
i3=k(1+nj)_1. (15)
n

[paBuia NpuHATHS pEMICHUS] O BHIOOPE OAHOTO U3
JIByX BapUaHTOB (BapuaHTa 3 wiu BapuaHta 4), To ecTbh
pasMelieHre Aero3uTa B HAIMOHAIBHOW BallloTe 0Oe3
kouBepcun (HB —HB), win pa3menienue nemosura B
HallMOHAJIbHOW  BaJllOTeé C JBOWHOM  KOHBepcuein
(HB—CKB—CKB—HB) criexnytoriue.

[Ipu WCHONB30BaHUM BEIHYUHBI Kj, MPUHAMAEM
cnenyromee: ecnd K, > K|, TO BBITOJEH BapUaHT

CKB—HB—HB—CKB; ecin K, <K;, To BEIrojieH

Bapuant HB—HB.
IIpn ncnonb30BaHUM BeNU4MHBI Kk, NPUHUMAeM
cinenyromee: ecau k,, >k, TO BBHITOJIEH BAapHaHT

CKB—HB—HB—CKB, ecmu k,, <k, TO BbIromeH

ny —
Bapuant HB—HB.

Apudmernueckue Ornepanud C WHTEPBaJIbHBIMHU
YHCJIaMU BBIMOJHSIOT COTJIACHO TPaBHJ KIIACCHYECKOM
WHTEpBANBHOHN apupmeTuxH [5, 6]:

CoBpeMeHHbIE METO/Ibl MHTEpPBAJIILHOTO aHAIIN3a,
KpOME HHTEPBAIBHBIX apU(PMETHYECKUX Olepanui,
HUMEIOT JOCTaTOYHO Pa3BHUTHIE CIIOCOOBI VISl PEIICHHS
MHOTUX 33J1a4, HO JUISl CIIOKHBIX CHCTEM IPHMEHEHUE
WHTEPBAILHOIO aHaINW3a JaeT HeyJOBJIECTBOPUTEIbHbIE
pe3yNbTaThl U3-3a YpEe3MEPHOH MIMPUHBI BHIYUCICHHBIX
uHTepBaNOB. Yale Bcero 3To MpOUCXOAUT OT TOTO, YTO
MECCUMUCTHYECKUE OIIEHKH TOYHOCTH OKa3bIBAIOTCS Ha
MOPSAZIOK XYK€, YeM peasibHO JOCTHKMMasi TOYHOCTb
pesynbrara. KpoMe TOro, BO3HHMKaeT IMPUPOIHOE IIPO-
TUBOpEYHE MEXIY OTHOCHUTEIBHO OONIBIIMM JHana3o-
HOM HHTEPBAIbHBIX 3HAYECHUH, KOTOPBIE OTPAXKAIOT
HHU3KYIO TOYHOCTh COOTBETCTBYIOIINX 3HAYCHUMH, U Tpe-
JIETbHO TOYHBIM 3aJ]aHUEM TPaHUIl HHTEPBAIOB. Takum
00pazoM, OOIIHIA HEOCTATOK ITHX METOJIOB — IIHPOKHUE
WHTEPBAIbHBIE OLUEHKH PE3ylibTaTa, YTO HENPUMEHUMO
HE TOJBKO ISl IPOBE/ICHHS IPAKTUIECKUX PACUETOB, HO
W I JajbHEHIIero aHaiu3a JaHHOW MOJIEIIH.

B nmanHoOIi mporpaMMHO# cricTeMe, BBITIOTHEHHOH B
BUJI€ TIPWIOKEHHS IO/ OIEpPAIMOHHYIO CHCTeMy An-
droid 11t MOOHMJIBHBIX YCTPOWCTB, BKIIIOYAIONIYIO CIIe-
LMAJM3UPOBAHHBIA  WHTEPBAIBHBIA  KaJBKYIATOD |
BCTpOEHHBbIE (DYHKIMH JUIS BBITONHEHUS OaHKOBCKUX
orepanii MPU KOHBEPCUHM BAJIOTHBIX OIEpaIMi, HC-
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TIOJIB3YIOTCS HECTaHAAPTHBIE HHTEPBAILHO-apH(METH-
YeCKUe ONepanuy, YTO MO3BOJMIO YIPOCTUTh MX MpH-
MEHEHHUe NpH NMPaKTHYECKUX pacyerax. [5]

HccnenoBanusi, BHIIOTHEHHBIE aBTOPaMH B TIOCIIE-
HHUE TOJIbI, TIOKA3aJIi, YTO HauboJee YIoOHOM Il peau-
3allid B MOOWJIbHBIX YCTPOMCTBAaX MOXKET OBITh WHTEp-
BajbHas apupMmeruka B cucrteMe «LleHTp - paauycy. Eé
TEOPETUYCCKUE OCHOBBI H3JIOKEHBI B pabore [7], mpo-
rpaMMHas peau3alys ormucana B padore [8].

Android Emulator - motoc_API_25:5554

¥4 01153

Jlns peleHus MOCTaBlICHHBIX 3aJad pa3paboTaHa
MporpaMMHasi CHCTeMa, KOTopasl pealr3oBaHa Ha S3bIKE
Java u gaet BO3BMOXXHOCTB BBHITIOJTHUTE PACUETHI, UCTIOINb-
3ysl pAaCCMOTPEHHBIC B TAHHOW paboTe BHIBI HHTEPBAJIb-
HOM MaTeMaTHKHU. Buj okHa OCHOBHOM aKTUBHOCTH TpH-
BEJICH Ha puc. 1, a. 31ech nepeunciaeHsl Bce KaTeropuu
padoT, KOTOphIE MOXKET BBINIOJHATH MNpWIOKeHWEe. Ha
puc. 1, 6 moka3zaHO OKHO aKTUBHOCTU «HasHaueHHe npu-
JoxeHus: baHKOBCKHE KOHBEPCUOHHBIE OTEPALIUI.

Android Emulator - motoc_API_25:5554

. 01246
baHkoBCKMe KOHBEPCUOHHbIE One...
Bknap no cxeme:CKB>HB>HB>CK...
Kypc o6mena B wavane 2250 23.20
HasHaueHue ApUNoXXeHna BbaHkoBckue
KOHBEPCHMOHHbIE onepauumn
i P = Kypc ofmena 8 xoHue 24.50 25.20
Android Emulator - motoc API_25:5554 —
HeMHOro Teopuu ANA NOG03HATENbHbIX
CpoK AenoanTa-mMechusi 6 6
WMHCTpyKuus AnA paboTbl C NPUAOKEHUEM =i
HasHa4yeHue npunoxeHusa
MpoyenTHan craskagna HE 14.5 25
PekomeHaums No npuMeHeHuto n
punoXxeHue BaHkoBCcKue KOHBEPCHUOHHbIE ONepauvmM
OlieHKka 3bHEKTUBHOCTI ALN03UTa ND CxeMe: OPVEHTUPOBAHO Ha CTYAEHTOB IKOHOMUYECKHX
u A . CNELHANbHOCTER, BAHKOBCKIMX PABOTHUKOB 1 NpouenTHan crasxa ana CKB 7.0 14.0
CKB->HB->HB->CKB - BapuaHT 1 —
BCEM NHOGO3HATENBHBIM, XENAKLWNX OLIEHUBATb
OueHKka 3dEKTUBHOCTU Aeno3uTa No CXeme: 3 (heKTUBHOCTL COBMELLLEHIE OnepaLiu
CKB->HB->HB->CKB - BapuaHT 2 KOHBEpCHH(06MeHa) BankoTbl U HapalleHWe NpocTbiX flenoan & CKB 1000.00  1000.00
OueHka ahPeKTUBHOCTU Aeno3nTa Mo Cxeme: [IPOLERTOB: B YCIOBVAX BLICOKUH BONATHILHOCTY M 0987 1.033
. HOXWTENb HAPALLHBAHKA i £
HB->CKB->CKB->HB - BapuaHT 1 BMOTHbIX KYPCOB, Ha61_1+o,qaemmx 2 H:CTD““"'“ BPEM | | ¢y wma napawennan s HB  987.361 1,033.163
BCEM MMPe, yCnex X03ANCTBYIOLIUX CYELEKTOB 3aBUCHT | |oy\ua wapaurennan s CKB 1,035 1070
OueHka 3h(EKTUBHOCTM AENO3UTa NO CXEME! OT NPaBUNbHO NPUHATBIX PELLEHNIA Ha BaNKOTHOM SddpexruHocTb onepaumn  -0.21 0.553
HB->CKB->CKB->HB - BapuaHT 2 PbIHKE W TAKUM 06Pa30M NOBbICUTb YPOBEHb CBOUX MaKcuMansHo gonyctumoe 23.657 24,041
3KOHOMUYECKUX 3HAHUI ANA NPUHATUR NPaBWbHbLIX U Kypc o6m. B xoHye
MnaHnpoBaHwWe feno3nTa 060CHOBAHHBIX PELIEHWA HA BaNKOTHOM PbIHKE. LienecooGpassee [lenozur 8 CKB
a 0 B

Puc. 1. OxHa aKTUBHOCTH NPHUIIOKEHNS “BaHKOBCKHE KOHBEPCHOHHBIE ONEpaIin’’

[IpunoxxeHue MO3BONISACT OICHUTH 3P PEeKTUBHOCTH
JIETIO3HTA 10 PA3JIUYHBIM CXEMaM:

1. Onenka >(pQEKTUBHOCTH IEMO3UTa 10 CXEME
CKB—HB—HB—CKB (sapuanm I). Beimonusier ns-
TepBaJIbHBIE BBIYMCICHUS C HCIONB30BAHUEM AaKCHOM
KJIACCUYECKOW HWHTEepBaJlbHOM MareMaTukd. JlaHHas
cxeMa npeamnonaraer, yro 3a CKB noxynaercs HB, B
HB oTkpbIBaeTcst 1EMo3uT, Mo OKOHYAHUU CPOKA JIETO-
3UTa 3a HapauieHHyro cymmy B HB mokymaercs CKB.
Buji okHa akTMBHOCTH Ul 3TOTO BapUaHTa NpPUBEICH
Ha puc 1, B.

2. Onenka >(pQEKTUBHOCTH JEMO3UTa IO CXEME
CKB—HB—HB—CKB (sapuanm 2). Beimonsstorcs
WHTEPBAJIbHBIE BBIYMCICHUSI CO CPEJHUMU 3HAYCHUSMU
rapamMeTpoB M 3HAYECHUSIMH MHTEPBAJIOB 3aJIAOTCS KaK
MPOLIEHT OTKJIIOHEHHs OT cpernHero 3HadeHus. [IpomeHT
OTKJIOHEHUS 33/1a€TCsl C TIOMOIIBIO NIepeMEIIeH s M0JI-
3yHka. Ecnmu monb3oBatens YCTaHOBHJ MMOJI3YHOK Ha
0%, BBIYUCIICHUS MPOM3BOAATCS B OOBIYHOHN (IBKIMIO-
Boii) MaTemaTuke. Eciii monp30BaTens yCTaHOBHII ITOJI-
3yHOK B 3HaueHue oT 1 10 30%, BBIYUCICHHS BBINOJ-
HSIOTCS. B MHTEPBAJIBHON MaTreMaTuke B CUCTEME
«Uentp-paanycy. B aTom ciydae B kauecTBe LEHTpa
MIPUHAMAETCsI CpeHee 3HAueHHe, HalpuMmep, CpeaHee
MEXIYy KypcOM TOKYIKH M NPOAaXH BaJOTHL. Pamuyc
OIpeIeNsieTCss aBTOMATHYECKH OT BBEJEHHOT'O CPETHETO
W YCTaHOBIJIEHHOI'O IIOJIb30BATEIEM IIPOIEHTHOTO OT-
KJIOHEeHUs. Buj okHa akTHBHOCTH Uil STOTO BapHaHTa
MIPUBEIICH Ha pucC 2, a.

3. Ouenka 5(pQEeKTUBHOCTH JENOo3HuTa MO CXeMe
HB—CKB—CKB—HB (sapuanm I), BBINONHSAET UHTEP-
BaJIbHbIE BHIUMCIICHHS C HCIOIb30BAHUEM aKCHOM KIIaCCH-
YeCKOM MHTepBaJIbHOM MaTeMaTukH. [laHHas cxema Ipes-
nonaraer, yTo 3a HB nmokymaerca CKB, B CKB otkpbiBa-
€Tcsl JIeTIO3UT, MO0 OKOHYAHWM CpOKa JIETO3MTa 3a Hapa-
meaHyo cymmy B CKB mokymaercs HB. Ha puc. 2, 6
TIPUBEJICHBI PE3YNBTATHI IO OLieHKe () (heKTUBHOCTH JIeTIo-
3uta o cxeme HB—CKB—CKB—HB.

4. Pesynbratel 10 oueHKe 3((PEKTUBHOCTU JIETO-
sura mo cxeme HB—CKB—CKB—HB (sapuanm 2)
MIPUBEAEHB! Ha PUC. 2, B. BBINONHAIOTCA MHTEpBaJbHbIE
BBIUUCIICHUS CO CPEAHUMH 3HAYEHUSAMM NapaMeTpoB U
3HAYEHHUs] MHTEPBAJIOB 3aJal0TCSI KaK MPOLEHT OTKIIOHE-
HUS OT cpefHero 3HaueHus. [IponeHT OTKIOHEeHus 3aja-
€Tcs ¢ MOMOIIBIO NepeMelieHus nomsyHka. Eciau mons-
30BaTeNb YCTAHOBMJI MONM3YHOK Ha (0%, BBIYMCICHUSA
MIPOU3BOJTCS B OOBIMHOW (IBKIIMIOBOM) MaTeMaTHKE.
Ecnu nomnp3oBatens ycTaHOBHII MON3YHOK B 3HAYEHUE OT
1 1o 30%, BeIMMCIEHNS BHIIOMHIIOTCS B MHTEPBAIBLHOMN
Matematuke B cucteme «LleHTp-pamuyc». B atom ciyyae
B KayecTBe IEHTpa NPUHHUMAETCS CpeAHee 3HaueHHE,
HanpuMep, CpeaHee MKy KypCcoM MOKYIKU U IPOJaku
BamoTEL. Paauyc ompenensercs aBTOMaTHYECKH OT BBe-
JIEHHOTO CPEJHEr0 M YCTaHOBJIEHHOI'O IOJIb30BaTeNIeM
IIPOLIEHTHOT'O OTKJIOHEHUs. JlaHHas cxeMa Mpe/roiaraer,
yto 3a HB nokynaercss CKB, 8 CKB otkpsiBaetcs aemo-
3UT, M0 OKOHYAHHU CpOKa JENO3UTa 3a HapalleHHYIO
cymmy B CKB nokynaercst HB.
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Android Emulator - motoc_API_25:5554

¥4i0s22

Android Emulator - motoc_API_25:3554

V.83

Bknap no cxeme:CKB>HB>HB>CK...

Android Emulator - motoc_API_25:5554

Bknap no cxeme:HB>CKB>CKB>H...

¥.40823

Kypc o6meHa B Hawane 22.85
% OTKNnoHeHNA Kypca 1% PY Bknap no cxeme:HB>CKB>CKB>H... Kypoabuenasuovane SIS
o o

% OTKNOHEHHA o —e

1
Kypc o6MeHa B KoHUe 24.85 Kypc o6MeHa B Havane 22.50 2320 Kypea
% OTKNOHeHMA Kypca 1% —e Kype o6MmeHa B KoHue 24.85
oK gencanTy 6 Kypc o6meHa B KoHLe 24.50 25.20 X OTICHOHA Ko i
MpoueHTHan cTaeka 8 HB18.75 Cpok penosura-mecsis! 6 6 Cpok penoauTa 6
% OTKNOHEHUA 5% —o MpouexTHas cTaska gna HB 14.5 25 Npouexvuas crasxas HB  [JHFS
p —
rpueHTHaA cTaska B CKB10.5 ROTKRONES 5% —e
P MpouexTHas cTaeka gns CKB 7.0 14.0
% OTKNOHEHUe 1% —8 — | |NMpyenTHancraekaeCKB 10.5
Cymma enosuta s CKB 1000.00 Cymma HB wa samornoiii genoawr  1000.00 1000.00 | |% orknonenme x .
M 1.001 1.01 MHOXUTeNb HapaLHBaHUA 1.127 1.162 Cymma HB Ha penosuTe CKB1000.00
HOXUTENb Hapal.IJ'VlEaH“ﬂ B !
Cymma Hapauwennas 8 CKB1,001.412  1,010.032 CyMMA HaDaienHEn B D 1124 L162. 241 MuoxuTens Hapaumaanus 1.144 1.145
Cymma HapowenHas 8 HB 1,089.062 1,098.438 | piMge IapBLEHian B ) 10725 1,125 Cymma Hapaulet:ian B.CKB. 1,144,052 1,145.193
3dhexTnEHOCTE Onepaunmd 024 0.167 3ddextusHocTs onepayuu 2.117 2704 g;’;“"" HOPOULEIAs & HIY 70"';;:‘“62 ;-';'-2‘2‘433
& & eXTHBHOCTB Onepaumn 0. ¥
MakcumansHoo ponyctumoe 25.737 25.911 MakcumansHo fonyctamoe 22.5 232 MaKkc.4onycTHMOe 3Have-  24.049 24.051
3HaY.Kypca o6MeHa B KOHLe 3Hau.Kypca o6MeHa B KoHue HMe Kypca obMeHa B KoHLe
LI6paT ABOHEYID KOHBEPCHIO N0 CXeMe: CKB->HB->HB->CKB 11 p v aenosut B HB Bripars AB0AEY KOHEERCHIO N0 cxeme:CKB->HB->HB->CKB
a 0 B

Puc. 2. OkHa aKTUBHOCTH JUISL pacyueTOB 10 pa3/INYHbIM CXEMaM

B pesynbrare pacuera mo KaxIOMy W3 ITYHKTOB
1- 4 onpenensercs NPUOBLIBHOCT KOHBEPCHOHHOM
Ollepalyy, BBITIONHIETCS aHAJU3 U IPEAOCTABISIOTCS
PEKOMEHAALMK TOJIb30BATENI0 O BBIOOpE CXEMBI BBI-
nonHeHusi. Kpome Toro, mpu Bcex yIMOMSHYTBIX pacue-
TaX MPOU3BOIMTCS OLEHKAa I(P(PEKTHBHOCTH OIEpalHy.
OTpHuaTeibHble 3HAYEHUS! CBHIETENILCTBYIOT 00 yOBI-
TOYHOCTH OIEpalliK JIBOHHOrO KOHBepcuu. B paccmor-
PEeHHBIX TpHMepax HauOosee 3PQEeKTHBHON OKazanach
onepanusi Briaga no cxeme HB—CKB—CKB—HB
Ipu Kypce oOMeHa B Hauaje ornepaiuu paBHoM [22.50;
23.50], kypce oOMeHa B KOHIE OIEpald PaBHOM
[24.50; 25.20], cpoke nmemo3uTa B MecsAlax paBHOM [6;
6], npouentHoit craBke misi HB pasHoit [14.5; 25],
nporieHTHoM ctaBku A1 CKB pasnoit [7.0, 14.0], cym-
me HB Ha BamotHoM pnenosute paBnHoit [1000.0;
1000.0]. 3 hexTUBHOCTD ONEepanuy I STUX JaHHBIX
okaszanace paBHOH [2.117; 2.704]. Pexomennyercs s
BBIOpPaHHBIX JAHHBIX BBIMOJHHUTH pacyeT Mo IUIaHUPO-
BaHUIO JIETIO3UTa. Pe3ynbTaThl IPUBEACHBI HA PHC. 3.

BbiBOoAabI

1. IIpuBeneHbl OCHOBHBIE CBEIEHHS O MPOrpaMM-
HOU cucreMe, MpeaHa3HaYeHHOW AJIA BBIOJIHEHHUS Ba-
JIIOTHBIX PAacY€TOB B YCIOBUAX CTOXaCTUYECKU Heompe-
JIeNEHHON BHEUTHEW HIKOHOMUYECKOH cpeibl.

lNnaHupoBaHune geno3uTa

CymMa Ha QenosuTe 1000.00

% CTaeKa no AenosuTy 22.85

% oTKNOHeHWA cTaekn 1% —8
Cpok penoanta 6

Cymma Hapaw,-npocteie % 1,108.538 1,119.962
Cymma Hapouy.-cnomkele % 1,097.875 1,099.929
WUHTepean % cTaBKH 22,839 22.861

BEefuTe 3HaueHHA faHHbIX

Puc. 3. PeSyJ'lBTaTBI pacyera 1o IIaHupOBaHUIO ACIIO3UTaA

2. Ipunoxenue orieHnBaeT 3GGEKTUBHOCTD JCIO-
3UTa M0 CIEIYIONIMM CXeMaM: pa3MelleHue Jemo3uTa B
WHOCTPAHHON BallloTe 0€3 KOHBEPCUM, pa3MCIICHHE
JIEN03UTa B MHOCTPAHHOW BaJllOTe€ C JIBOMHOW KOHBEp-
CHeH; pa3MelleHne eno3uTa B HAIIMOHAIBHON BaJllOTe
0e3 KOHBEPCHH; pa3MEIlCHHE ICTO3UTa B HAI[MOHAJb-
HOM BaJIIOTE C JIBOWHOM KOHBEPCHUEH.

3. 1711 BBITIOJIHEHUS] PAcUETOB MCIOJNb30BaHA HWH-
TepBajJbHas MaTeMaTHKa.
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IIporpamna cucTeMa OnepaTHBHOI OLIHKH iIHTEPBAJILHOI e()eKTHBHOCTI BAIIOTHHUX ONepaniid,
sIKa MPH3HAYeHa I MOOLILHUX NPHCTPOIB

B. 1O. [Iyonunekuii, A. M. Kobuiin, O. A. KoGwmiin

HaBezieHO OCHOBHI BiIOMOCTI IIPO IPOrpaMHy CHCTEMY, PO3poOJIeHY [UIsi MOOUIBHUX NPUCTPOIB MiJ] OnepauiiiHy cucremy
Android, sixa npu3Ha4YeHa ONEPATHUBHO OLHIOBATH €(EKTHBHICTh BAIIOTHHUX OIEpallii B yMOBaX CTOXaCTMYHO HEBH3HAYEHOI'O
30BHIIIHBOTO €KOHOMIYHOTO cepeoBuina. [Ipu HasBHOCTI BHOOpPY 3aco0iB 0OMiHY 3aco0iB HamioHansHOi Bamtoty (HB) nHa BKB
(BUIBHO KOHBEPTOBAHY BAJIIOTY) 1 HABNAKH, JOLIBHO MOPIiBHATH PE3yIbTaTH Bijl 6€3110CepeHbOr0 PO3MILICHHS HAasIBHUX KOLITIB
B JIeNo3UTH, ab0 orocepekoBaHM, yepe3 iHnry Bamiory. [IporpaMHa cucremMa 103BOJISIE OLIHIOE €(DeKTHBHICTD JAEMO3UTY JUIS
HACTYITHUX CXEM: PO3MILIEHHS JETIO3UTY B 1HO3EMHIH BAIIOTI 3 IOJBIHHOIO KOHBEPTALI€I0, PO3MILEHHS JIETIO3UTY B HAlliOHAIb-
Hil BaioTi 6e3 KOHBepTaLl{; pO3MIILEHHS JENO3UTY B HalliOHAJbHIH BaIIIOTI 3 MO/BIIHOIO KOHBepTali€to. J{jis BUKOHAHHS PO3-
paxyHKiB BUKOpHCTaHa iHTepBalibHa 1 eBKIizoBa apudmernka. CucremMa peallisye BUKOHaHHA OOUMCIICHb Ha OCHOBI KIIACHYHOI
CHCTEMH aKCiOM iHTEepPBaIbHOI apr(METHKH 1 HecTaHAapTHOI cucteMu akcioM. [Ipu BHOOpI CTPYKTYpH 3alipoITOHOBaHUX (HOPMYIT
BUOpaHi Ti, sKi 3a0e3MeuytoTh HaliMEHIIy IIMPUHY iHTEepBaly HeBU3HauYeHOCTi. Po3pobnene 3acrocyBanHs "baHKiBChbKi KOHBEp-
CiliHi onepallii" OpieHTOBaHO Ha CTY/ICHTIB €KOHOMIYHMX CIeLliaJIbHOCTEH, OaHKIBCHKMX HPAIiBHUKIB i JIOCTYITHO BCIM oco0aM,
OXOYMX OLIHIOBaTU €(EeKTUBHICTb IOEIHAHHS onepalii KoHBepcii(0OMiHy) BaIIOTH i HApOILyBaHHS MPOCTHX BiJCOTKIB. B ymo-
BaX BHCOKOI BOJIATIJIBHOCTI BaJIFOTHHX KYPCiB, SIKE€ Ma€ MicIle Y JaHUI 4ac y BCbOMY CBITi, YCITIiX TOCITOJapPIOI0YHX Cy0'€KTIB 3a-
JISXKUTD BiJl IPaBUJIBHO yXBAJICHUX DIllICHb HAa BJIOTHOMY PUHKY i TAKMM YMHOM IIi/IBUIIYE PIBEHb €KOHOMIYHUX 3HAHb, KUK
HEOOXiIHO MaTH Cy0’€KTY Tocrogapyoi AisUIbHOCTI Ul MPUHHATTSA NPaBUIbHUX i OOIPYHTOBAaHUX pillleHb LIOJI0 Oepalliil Ha
BAJIIOTHOMY PHHKY. Po3poOinene 3acTocyBaHHs nornomarae oniHUTH epeKTUBHICTB onepaliil nozsiiiHoi KoHBepcii i 3pobuTn 00-
IDYHTOBaHUH BHCHOBOK.

Karo4doBi cioBa: KOHBepCis BAJIIOT; BAIIOTHI onepalii; iHTepBaibHi 00UMCIICHHS; CUCTEMH aKCiOM KJIACUYHOI iHTepBa-
JIBHOT MaTeMaTUKH; CUCTEMHU aKCiOM HECTaHJaPTHOI IHTepPBaJIbHOI MATEMaTHKH.

Software system exchange operations immediate estimation for mobile devices running
V. Dubnickij, A. Kobylin, O. Kobylin

Here described the essentials of a problem-solving environment that was developed for mobile devices running under An-
droid operating system, which was destined for exchange operations immediate estimation in the context of stochastically indefi-
nite external economic environment. Given the chance to exchange funds in native currency for freely convertible currency and
conversely, it’s viable to compare the results of available funds direct distribution to bank deposit or intermediated through an-
other currency. The application system allows evaluating the deposit effectiveness for following schemes: opening deposit in
foreign exchange with double conversion, opening deposit in native currency without conversion, opening deposit in native cur-
rency with double conversion. Interval analysis and Euclidean arithmetic used to perform accounting. System implements ac-
counting based on interval axiom classical scheme and substandard axiom scheme. When choosing the formula structure used
those which provides the least width of interval of uncertainty. Developed “Banking Forex transaction” application oriented to-
ward students of economical specialty, bank official and all people that want to evaluate the efficiency of funds exchange and
percentage buildup. In the conditions of high volatility of exchange rates, currently observed all over the world, the success of
economic agents depends on correctly taken decisions in the foreign exchange market and thus raises the level of economic
knowledge of the process owner, that’s required for making correct and an efficient solution on the currency market. Developed
application helps to evaluate efficiency of the double conversion and make an efficient solution.

Keywords: currency conversion; currency operations; interval calculations; axiom systems of classical interval mathe-
matics; system of axioms of non-standard interval mathematics.
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ANALYSIS OF SIGNAL PROCESSING METHODS IN MIMO SYSTEMS

Conflicts of the last decades (the Chechen war (Russian Federation), armed confrontation in the countries of the Middle
East and North Africa, anti-terrorist operation in the territory of Donetsk and Lugansk regions (Operation of the United
Nations)) go beyond the existing (traditional) forms and methods of warfare, conducted on the background of information
and psychological operations and the active using of electronic emitters. Therefore, provision of sustainable communication
is one of the priority directions of scientific research. One of the directions of increasing the noise immunity of radio
communication devices is using of the multi-antenna radio communication systems. However, they are complex technical
systems. There are many approaches to increase the impedance of multi-antenna systems, but the authors of this article
limited themselves to considering only the methods of signal processing, namely orthogonal spatial-temporal codes. During
the study, the authors used the basic provisions of the theory of communication, the theory of antennas, the theory of noise
protection and signal-code structures. In the course of the analysis, the authors found, that the computational complexity of
the orthogonal codes used in MIMO systems is directly proportional to the number of transmitting antennas in the system,
which leads to a linear increase in the number of computational operations in the processing of signals was using
mentioned spatio-temporal codes. However, this type of spatial-temporal codes has high energy efficiency in MIMO
systems with a small number of antennas. The authors propose to develop a method of space-time coding of signals in
multi-antenna radio systems with high energy and spectral efficiency, when the proposed method had an acceptable
computational complexity.

Keywords: signal-interfering environment; information transfer speed; bit error probability; spatial-temporal processing;

MIMO system; parallel channels.

Introduction

Conflicts of the last decades (the Chechen war
(Russian Federation), armed confrontation in the
countries of the Middle East and North Africa, anti-
terrorist operation in the territory of Donetsk and
Lugansk regions (Operation of the United Nations)) go
beyond the existing (traditional) forms and methods of
warfare, conducted on the background of information and
psychological operations and the active use of electronic
emitters.  Therefore, provision of sustainable
communication is one of the priority directions of
scientific research. One of the directions to increase the
noise immunity of radio communication devices is using
of the multi-antenna radio communication systems.

MIMO  (Multiple Input Multiple Output)
technology has been found to be practical in many
modern telecommunication systems, in particular
wireless LANSs of the IEEE 802.11n standard, as well as
WIMAX and LTE mobile wireless networks, and others
[1-5].

The essence of MIMO technology is similar to the
method of spaced reception, when several uncorrelated
copies of the signal created on the receiving side due to

the diversity of antennas in space, in polarization, in the
distribution of signals at frequency or in time. Spatial
multiplexing was implemented in MIMO radio systems:
the data stream on the transmission was split into two or
more sub-streams, each of which was transmitted and
received using various antennas [1-6, 10-12].

The transmission of signals in the MIMO system
results in inter-symbol interference (ISI) on the
receiving side and may cause errors in the receiver
output. In order to compensate for these distortions,
channel alignment or evaluation of its impulse response
must be performed, which will allow the most faithfully
recovered symbols.

The purpose of this article is analysis of signal
processing methods in MIMO systems.

Presentation of main material research

Let's formalize the work of the MIMO system. In
general, the structure of the MIMO system has in its
composition M, transmitters (transmit antennas) and M,
receivers (receiving antennas) (Fig. 1). Transmitted
signals after the influence of the relay fading and white
Gaussian noise (WGN) in the radio channel, arrive at
the M, receiving tracks [1-10].

hll
— L PG e :
' )
c(?) Vector N X Signal <
encoder |- Matrix processing
and switch : b : block
demulti- 'y
e N
plexer || Te-M, [ o —m L Re-M,
MZM)

Fig. 1. The block diagram of the MIMO system
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Consider the MIMO system M,xM,, depicted in
Fig. 1. High-speed data flow was divided into M,
independent sequences at 1/M,, which was then transmitted
simultaneously from several antennas, respectively, using
only 1/M, of their primary band.

The data flow converter at the transmitter end of the
communication line converts the serial stream into parallel,
and at the receiving terminal it performs the inverse
transformation.

In such a system, signals on the transmitting side
were emitted simultaneously and in the same band of
frequencies through the M, transmit antennas. The
transmitted signals, after the effect of the fading of the
signal and the additive white Gaussian noise, arrive in the

M, of the receiving paths. Each additive tract receives an
additive mixture of transmitted signals.

Due to the multidirectional effect in the path of radio
waves propagation, each of the transmitted signals is
repeatedly diverted from various objects, thus forming
independent trajectories of radio waves passing between
each transmitting and receiving antennas. In this way,
MIMO technology can benefit from the multipath effect. In
addition, due to the spacing of the antennas, both the
transmitting and the receiving side significantly reduces the
correlation between the complex transmission coefficients
of all paths of signal propagation from transmitting to
receiving antennas, which increases the efficiency of signal
processing on the receiving side (Table 1).

Table I — Characteristics of communication systems using MIMO technology

Generation 3G 3,5G 4G 5G
Beginning of 1990 <2000 2000 2014
developments
Realization 2002 2006-2007 2008-2010 planned to 2020
high capacity, I[P-oriented
even more increase the speed of network, multimedia high capacity, IP-oriented network,
Services capacity, up to 2 third-generation support, speeds up to multimedia support, speeds up to
Mbit/s networks hundreds of megabits per tens of megabits per second
second
Transfer rate to 3,6 Mbit/s to 42 Mbit/s 100 Mbit/s - 1 Gbit/s 10 Gbit/s - 100 Gbit/s
Modulation BPSK-64QAM BPSK-64QAM BPSK-256QAM BPSK-1024QAM
WCDMa, HSDPA, HSUPA, LTE-Advanced, WiMax Ha 6a3i Texnomnoriit WiMAX 2,
Standarts CDMA2000, HSPA. HSPA+ Release 2 (IEEE 802.16m), LTE-Advanced i Wi-Fi
UMTS ? WirelessMAN-Advanced '
. TDD, FDD |+ Epp, cpMa, | LPP: FDD, MC-CDMA, |15 ppiv, MIMO-OFDM,
Technologies WCDMA, EV- MIMO. OFDMA SC-FDMA, MIMO-BF, SDN
DO, OFDM ’ OFDM, MIMO-OFDM
Spatio-temporal ~ encoding started using in  higher the Rgrc symbolic spatial-temporal code, the

communication systems starting from the 3G standard.

On the transmission side, the information symbols
a; are divided into blocks of W symbols, respectively
processed and radiated through S transmit antennas for a
given number of time intervals K. The spatial-
temporal code can be presented as a generating matrix,
in which the rows correspond to the transmit antennas,

and the columns are the time intervals for the
transmission of symbols:

Sit S12 S1K given

$21 S22 S2K ;i

given , (l)

th] th2 thKgiven
where sy, j=1,S,k=1,Kgl-ven is function from
complex information symbols a;, i = 1, 2, ..., which is

emitted j-th antenna on k-th time interval.

The symbolic speed of the MIMO system is
defined as the ratio of the length of the information
symbol W to the amount of time required for
transmitting this block of time Kgiy: Rsrc = W/Kgiy. The

higher the efficiency of using the frequency resources of
the radio channel.

Spatial-time codes are divided into two classes:
orthogonal and non-orthogonal. Among the orthogonal
codes, it is necessary to allocate the code of Alamouti,
whose generative matrix has the form [2-7]:

’
q —a

G= )

ay aqf
Alamouti character code speed Rsrc = 1. In the
matrix (2) the rows are orthogonal to each other, the
same is valid for its columns.
In this research, we confine ourselves to
consideration of only orthogonal spatial-temporal codes.
If, in a complex, the transmission coefficients of
the first and second transmitting antennas /; and 4, to

the receiving antennas, respectively, one can record the
system of equations for the signals received in two time
intervals A and k,

N =hoy +hoy +ng;
{ (3)

Yy ==hoy + o +my,
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where y;,i =1,2 is the counting of the complex bending

in the receiving tract on the i -th time interval; n; is the
countdown of the complex Gaussian noise in the
receiving path at the i -th time interval.

It is believed, that the system carries out a coherent
reception, that 1is, the complex coefficients of
transmission of paths of propagation of signals between
each pair of transmitting and receiving antennas are
known.

System (3) can be rewritten in the following form:

Wy +hyy, = (|hl|2 +|h2|2)a1 +hny +hyny;

, , . , (4)
hyy1=hy, = (|h1| +|hy | )az +hmy +hpn;.
After conversion we get:
o = Wy +hyy btk
(R (N
)

(7o _h‘yé)_ hmy =y,
(1 +{2af) (s +1eof

In order to calculate the estimates of the
transmitted symbols in the demodulator in accordance
with the criterion of maximum likelihood, it is
necessary to minimize the squares of the norms of the
vowels of resignation

2 2
oy +hyy) (h2y1 _hlyz)

Oy ——— -
(1P el )| | (F +1F)

Thus, demodulation on the receiving side is
reduced first to the calculation of soft ratings

(6)

~ iy + -
ol = 1ty .

(P P
(héyl —hlyé)
(11 -+ )

System (5) consists of two equations, each
containing only one unknown variable, that is, one

unknown information symbol, it is possible to calculate
the estimates of symbols, that are optimal by the

criterion of maximum likelihood. It should be noted,
that while the number of arithmetic operations for
calculation is directly proportional to the number of
transmitting antennas, that is, the demodulation
algorithm according to the maximum probability
criterion has a linear computational complexity.

The separation of the two transmitted signals
becomes possible due to the orthogonality properties of
the matrix (2), which satisfies the following condition:

GG =([af +[arf 1. (8)

In the general case, the matrix (2) of the space-
time code of dimension M xK, satisfies a certain
condition

G'G =k, 9)

where k 1is a certain constant, then this code is
orthogonal; when it is used demodulation of symbols is
based on the criterion of maximum probability with
linear computational complexity, directly proportional
to the number of transmitting antennas.

Unfortunately, for systems with more than two
transmit antennas, QAM has no orthogonal codes at
speeds Rstc = 1. When switching to more transmit
antennas, for example, 3 and 4, the symbolic speed of
the corresponding orthogonal codes does not exceed
3/4. The symbol speed of the codes for five or more
transmitting antennas does not exceed 1/2.

Conclusions

In this article, the authors analyzed the parameters
of orthogonal spatial-temporal codes used for signal
processing in MIMO systems.

In the course of the analysis, the authors found,
that the computational complexity of the orthogonal
codes used in MIMO systems is directly proportional to
the number of transmitting antennas in the system,
which leads to a linear increase in the number of
computational operations in the processing of signals
using the mentioned spatial-temporal codes.

However, this type of spatial-temporal codes has
high energy efficiency in MIMO systems with a small
number of antennas.

Consequently, an urgent scientific problem arises,
which was solved in further studies by the authors,
which consists in developing spatial-temporal signal
processing methods with acceptable computational
complexity and high energy and spectral efficiency.
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AHauni3 meroaiB 00po0ku cursajis B cuctremax MIMO
P. M. )Kusotoscekuii, O. C. Momit

Konduixru ocrannix necarmiits (YeueHcrka BiiiHa (Pociiicbka ®eneparis), 30poiiHi npoTUCTOAHHS B KpaiHax banspkoro
Cxony Ta IliBHiuHOI AdpHku, AHTHTEpOPUCTHYHA onepauis Ha Tepuropii Jlonenpkoi Ta Jlyrancekoi obnacreit (Omneparis
0O06’ennanux Cuil)) BUXOAATH 33 paMKH iCHYIOUMX (TpaguuiiHux) ¢Gopm Ta crocobiB BeneHHs 0OHOBUX Iiif, NPOBOIATHCSA HA
¢oHni iHbOpMaIIHHO-ICHXONOriYHUX OIlepaliii Ta aKTHBHOI'O BUKOPHCTaHHs 3ac00iB Pa/liOENIEeKTPOHHOrO nozasieHHs. OTxe
3a0€3IeUeHHs CTIHKOro 3B’SI3Ky € OJHUM 3 NPiOPUTETHUX HAIPSAMKIB HAYKOBHUX JIOCITI/pKeHb. OIHUM 3 HAIPSAMKIB IiJIBUILCHHS
3aBaJI03aXMILEHOCT] 3ac00iB pajlio3B’A3Ky € BUKOPHCTaHHS 0araTOAaHTEHHUX CHUCTEM palio3B’si3Ky. IIpore BOHU € CKIIaJHUMU
TEXHIYHHMH CHCTeMaMu. IcHye 0araro miIXoziB A0 IiJBHILEHHS 3aBaJO03aXUILEHOCTI 0araTOAHTEHHUX CHCTEM, IIPOTE aBTOPU
3a3HA4YCHOI CTATTi OOMEXWINCS PO3IIIAJIOM JIMIIE METOHIB OOpOOKM CHI'HAJIIB, @ CaMe OPTOrOHAIBHUX IIPOCTOPOBO-YaCOBUX
koziB. B xoni nocmivkeHHs aBropamu Oyiii BUKOpHUCTaHI 0a30Bi IOJOXEHHS Teopii 3B’A3Ky, Teopil aHTeH, Teopii 3aBao-
3aXUIIEHOCTI Ta CUTHAIBHO-KOJIOBHX KOHCTPYKLiH. B Xoni mpoBeneHOro anaiisy aBTOpaMM 3’sCOBaHO, 11O OOYMCIIOBAJIBHA
CKJIa[JHICTh OPTOTOHAJIBHUX KOZIB L0 BUKOPUCTOBYEThCA B cuctemMax MIMO npsiMo mpornopiiiiHa KiJIbKOCTI INepeaaBalbHUX
aHTEH B CHCTEMi, III0 MPU3BOAUTH JO JIIHIHHOIO 3pOCTaHHS KUTBKOCTI OOYHCIIOBANBHHX ollepaniid mpu oOpoOIi CHrHaiiB 3
3aCTOCYBaHHSM 3a3HAYCHHX HPOCTOPOBO-4acoBHX KoaiB. IIpoTe 3a3HaueHMii BHJ NPOCTOPOBO-YACOBHX KOIIB MA€ BHUCOKY
eHepreTuuHy edexruBHicTh B cucreMax MIMO 3 Masoro KUIBKICTIO aHTEH. ABTOpaMH 3alpOIIOHOBAHO HPOBECTH PO3POOKY
METO/ly POCTOPOBO-YACOBOTO KOJYBAaHHS CHTHATIB B 0araTOaHTEHHHX CHCTEMAaxX pajio3B’sI3Ky 3 BHCOKOI €HEpPreTHYHOI Ta
CIIEKTPAIBHO0 e(heKTUBHOCTI, IIPU LIbOMY, 11100 3aIIPONOHOBAHUI METOJl MaB NPUHHATHY OOUMCIIIOBAIBbHY CKIIAHICTb.

Kar4doBi cioBa: curaaibHO-3aBajjoBa 00CTaHOBKA; IIBUKICTH Iepesaul iHpopManii; IMOBIpHICTH GITOBOI MOMMIIKY;
MIPOCTOpPOBO-YacoBa 00podka; cucrema MIMO; mapaiesbHi KaHaI.

AHam3 MeTo10B 00padoTKu curHajaos B cucreMax MIMO
P. H. J)KuBorosckuii, A. C. Momut

Kondaukrsl nocnennnx necsarunernii (Ueuenckas BoitHa (Poccuiickas ®eneparys), BOOpYKEHHbIC MPOTHBOCTOSIHHS B
crpaHax bimkuaero Bocroka u Ceseproit AQpuku, AHTUTEppOpUCTHYECKas onepalys Ha Teppuropun JloHernxoii Ta JlyraHckoit
obnacreit (Onepanus O6benuHeHHbIX CHil)) BBIXOAAT 38 PAMKH CYIIECTBYIOIIHMX (TPaJULHOHHBIX) (OPM Ta CIIOCO00B BEeIECHHUE
60eBBIX JICHCTBUH, IPOBOAATCS Ha GoHE MH(POPMAIMOHHO-TICUXOIOrHUECKHX OIEpalluii Ta aKTUBHOT'O MCIIOIb30BaHUE CPE/ICTB
PaaModIeKTPOHHOrO nozasieHus. [ToaTomy Bonpoc obecriedeHne CTOMKOH CBS3M €CTh OJHUM M3 IIPUOPHTETHBIX HAIPaBICHUH
Hay4HbIX HcciefoBaHud. ORHMM M3 HalpaBICHUH IOBBILIEHHUS IOMEXO3AIIMIIEHHOCTH CPEACTB pAaIHOCBSI3U  €CTh
UCIOJIb30BAHUE MHOTOAHTCHHBIX CHUCTEM paauocBs3u. OHM SBILSIIOTCS CIOKHBIMH TEXHMYECKUMH cucremamu. CyiecTByeT
MHOI'O ITOJIXOZIOB K IHOBBIIICHHIO ITOMEX03AIUIIEHHOCTH MHOTOAHTEHHBIX CHCTEM, TEM HE MEHEE, aBTOpbI YKa3aHHOW CTaTbU
OrpaHUYMIINCh PACCMOTPEHHEM JIMIIb METOJIOB 00pabOTKM CHI'HAJIOB, @ UMEHHO OPTOrOHAJIBHBIX IPOCTPAHCTBEHHO-BPEMEHHBIX
KoIoB. B Xone mccneoBaHus aBTopaMu ObLUIM HCIIOIb30BaHHbIC 0a30BbIC MOJIOKCHUS TEOPUH CBSA3HU, TEOPUH AHTCHH, TEOPUM
MOMEXO3alMINEHHOCTH U CHI'HAJIbHO-KOZOBBIX KOHCTPYKUMH. B Xozme HpOBEeNEHHOro aHainu3a aBTOPaMM BBICHEHO, 4YTO
BBIYUCIIUTENIbHAS CIOXKHOCTh OPTOrOHANBHBIX KOJOB, 4YTO Hcmoib3yercss B cuctemMax MIMO mpsmo mpornopruoHanbHas
KOJIMYECTBY IEPEJIAIOIINX aHTCHH B CUCTEME, KOTOpas MPUBOJUT K JINHEHHOMY POCTY KOJIMYECTBA BBIUMCIUTEIBHBIX ONepanui
npu 00pabOTKe CHrHAJIOB C NIPUMEHEHHEM YKa3aHHBIX NPOCTPAHCTBEHHO-BPEMEHHBIX KOIOB. TeM He MeHee, yKa3aHHbIH BHUI
[POCTPaHCTBCHHO-BPEMECHHBIX KOJOB MMEET BBICOKYIO 3Heprernueckyro sd¢exruBHocts B cucremMax MIMO c¢ manbiM
KOJIMYECTBOM aHTEHH. ABTOpPaMH IPEIOKEHO IPOBECTH pa3pabOoTKy METOIa MPOCTPaHCTBEHHO-BPEMEHHOI'O KOIMPOBAHMUS
CHTHAJIOB B MHOTO2HTCHHBIX CHCTEMaX PaJMOCBSA3H C BBICOKOH YHEPreTHYECKOH M CHEKTpalibHOH 3] (EKTUBHOCTH, NPU 3TOM,
4TOOBI PEATOKEHHBII METOJ] HMEJI IPUEMIIEMYIO BBIUUCIIUTEIIBHYIO CIOKHOCTb.

KiaoueBble ciIoBa: CHIHAIBHO-TIOMEXOBAas OOCTaHOBKA; CKOPOCTH Iepefadyd MH(MOPMAIWH;, BEPOSTHOCTH OWUTOBOH
OIIMOKH; IPOCTPAaHCTBEHHO-BpeMeHHas 00pabotka; cucrema MIMO; napanienbHble KaHabL.
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JOCJIIKEHHA CUCTEMU YITPABJIIHHA
BE3IIJIOTHUX JIITAJIBHUX AITAPATIB

IIpeqmerom BHMBYEHHS B CTarTi € JOCHIUKCHHS CHUCTEMH YIpPaBIiHHA O€3NUIOTHUMX JITalbHUX amrapariB Juist
KOMII’ FOTEPHOTO CUMYJLITOpa BipTyaJIbHOTro KBaspokonrepa. Mera — po3poOka anropurMy aBTOMaTHYHOTO MOIIYKY KOpO-
TKOT'0 IIUISAXY JUIS KBAIPOKOITEPa Ta JOCIIPKEHHS METO/IB YIIPaBIIiHHS KBaPOKOITEPOM y IIPOrPAMHOMY CEpEIOBUILL PO-
3p0o0IIEHOr0 KOMI IOTEPHOTO JIOAATKY 3 CydacHUM IpadiganM inTepdeiicom Uit poOOTH 3a JOIOMOTrok0 JUKOHCTHKA 13 Bip-
TYaJIbHOIO MOJIEJUTIO O€3MIIOTHOTO JIiTAJIFHOTO arnapaTy. 3agada — JOCIi/UKEHHS BIIaCTUBOCTEH Cy4acHUX I'BHHTOBHX 0Oe3-
IIUJIOTHUX JITAJIbHUX alapariB i3 BUABJICHHAM OCOONMBOCTEH iX (DYHKIIOHYBaHHS Ta KOHTPOIIIO HAJl X MOBEAIHKOM0. Po3r-
JISIHYTi OCHOBHI OCOOJIMBOCTI O€3MiJOTHHX JIITAJILHUX arapariB Ha OCHOBI KBaIPOKONTEPHOI CXEMHU 1100YI0BH, ITPOBEICHUI
OrJIsI] ICHYIOUMX CHMYJIATOPIB, 110 JO3BOJAIOTH KEPYBATH Pi3HOIO aBialiiiHO TexHikoro. HaBenenuii onuc po3podieHoro
IHTEPAKTUBHOI'O KOMII'IOTEPHOI0 JOJIATKY, 3aBASKH SKOMY KOPHCTYBau BHKOHYE YNPABIiHHA OE€3IUIOTHUM JIITAIbHUM
araparoM y BHUIJLLII KBaapokonrtepa. BusiBieHi ocoOnmBOCTI IepeMillleHHs BipTyaJlbHOIO KBAaJPOKONTEpa y MPOCTOpi 3
ypaxyBaHHAM YCiX ICHYIOUMX THIIIB MaHEBDIB 1 3 ypaXyBaHHAM IHTerpallii CydacHOro KOHTpoepa Juls Hojadi KoMaH[ Jii-
TaJILHOMY arapary Ta yHIpasJiHHA CTBOPEHUM IPOrpaMHHUM iHTepgelicom kopucryBada. [IpoBeneHo po3pobKy MeToxy aB-
TOMATHYHOT'O YIPABJIiHHSA JITaJbHUM aIrlapaToM y pa3i BUHUKHEHHS HaJ[3BMYAlHUX CHTYalll, 10 J03BOJISAE BUKOHYBaTH
CaMOCTiiHe ITOBEPHEHHS 10 TOUKH CTapTy 3a JOHOMOIOI0 aJIFOPUTMY HOIIYKY KOPOTKOro LULIXY. BHCHOBKH: mpoBeieHe
JIOCHIIJKEHHS! CUCTEMH YIPABIIiHHA O€3MIJIOTHUX JITAJbHUX alapariB 3 BUKOPUCTaHHAM PO3POOJIEHOr0 NPOrpaMHOro CH-
MYJISITOpa KBaJIPOKOINTEPA, IO YHPABIAETHCS 3 JAOMOMOIO0 JDKOWCTHKA a00 aBTOMaTHYHO, OKa3aJI0 NPale3JaTHICTh 3a-
IPOIIOHOBAHOT'O METO/ly aBTOMAaTHYHOIO YIIPaBIIiHHS JIiTAJIbHUM arapaToM y pa3i BUHHUKHEHHS Ha/3BUYAHUX CUTYallii Ha

OCHOBI aJIT'OPUTMY IIOIIYKY KOPOTKOI'O IUIXY.

KawuyoBi ciroBa: cucrema ynpasiiHHS; OS3MUTOTHHH JIITAIBHHI allapaT; CTUMYJISITOP; KBaJIPOKOIITED.

BcTtyn

HaykoBo-TexHIUYHHMH TIporpec Ha ChOTOAHIIIHIH
JIeHb 3HAYHOI0 MIpOIO CHpHsI€E PO3BHUTKY OE3MUJIOTHHUX
mitanpaux anapatiB (BIIJIA), mo nmiaTpumyroTs aucra-
HIliliHe KepyBaHHA. [loTeHmian miel TEXHIKM 1Ie 0Ci He
PO3KpHTHIA B TIOBHIH Mipi, ajie Bke 3apa3 BOHH HIHPOKO
BHUKOPHCTOBYIOTBCS Y PI3HHUX Tally3siX JKUTTS 1 IPOIOB-
KYIOTh BJJOCKOHAJTIOBATHCS, 3aiHSBIIN CBOE MiCIe Y
pi3HUX chepax JIOJACHKOTrO KUTTSI.

VYupapninas Oymas-skuMm BITJIA Bumarae Bin orre-
paTopa INEBHOT'O PiBHS MiATOTOBKHA a00 HaBHUYOK. Jljis
TpEeHYBaHb YW O3HAHOMJIEHHS 3 TEXHIYHUMH OCOOJIUBO-
CTAMHU Ta YNPABIIHHAM JITaJbHUM 3aCO00M iCHYIOTH
Pi3HI BUIM aBialliiHUX CHMYJISITOPIB, IO PI3HATHCS MiX
co0O0I0 3aJIeKHO BiJ] METH, SIKy TparHe JOCATHYTH IIij
yac BUKOPUCTaHHS KopHcTyBau [1, 2].

BukopucTaHHs Takux NpOrpaMHHX pillleHb 103BO-
JIsie BUKOHYBaTH TpeHyBaHHs oneparopiB BIUIA s
MOAAJIBIIOr0 MOKPAIIEHHS X HABUYOK POOOTH 3 TaKOO
TexHiKOI. Takox po3poOKka aBiallifHUX CHUMYISATOPIB
JI03BOJIsIE po3MIsiHYTH noBeniHKy BITJIA y creniambHO
MATOTOBJIEHUX YMOBAaXxX IS TECTYBaHHS HOBUX Xapak-
TEPUCTHUK Ta METOAIB YIpaBIiHHA [3].

OcHoBHi gaHi npo BIMJ1A

Be3nisioTHi JIiTanbHI anapaTH € OAHUM i3 BUIIB Ji-
TaJbHUX amapaTiB, OCOOJNMBICTIO SKUX € 3MIHCHEHHS
MOJNBOTY Ta MOCcaAKU 0e3 Qi3UyHOI MPUCYTHOCTI MiJIOTa
Ha OopTy. 3a cyyacHuM Bu3HaueHHsM, BIIJIA € Tinbku
TOW amapat, sSIKUi 3HAXOMUTHCS i MOCTIHAM TUCTaH-
LWITHUM KOHTPOJIEM IIiJIoTa abo MIOTIB 1 MpU3HAYCHUIH
JUTsL TIOBEPHEHHS Ha aepOoJpPOM 1 Ui MOAAJIBIIOrO IO-

BTOPHOTO BUKOPHCTAaHHS. 3aJIe)KHO BiJ NPUHIUIIB
KEepyBaHHs, PO3PI3HAIOTh TaKi Pi3HOBHUIM OC3IIIOTHUX
JITaJbHUX CUCTEM: HEKEPOBaHi, aBTOMATU4HI Ta JAWCTa-
HIiHO-TiNoTOBaHi anapaTtu. BILJIA mmpoxo 3actoco-
BYIOTBCS JIJIsl BAKOHAHHS PI3HOMAHITHUX 3aBJaHb: MO-
HITOPUHT TOBITPSHOTO MPOCTOPY, 3€MHOI W BOIHOI
TIOBEPXOHb, PO3BUTOK CHUCTEM 3B'S3KY, XyIOXHS (oTor-
padist, KepyBaHHS IMOBITPSIHUM PYXOM TOIIO.

Mynbrukontep — Bua BILJIA i3 J0BIIBHOMO KiJIbKi-
CTIO HECYYMX TBHHTIB, III0 PO3MIIICHI HA OJHIM ILIONIHU-
Hi Ta 00epTalOThCs iarOHAJIBFHO B IMPOTHIICKHUX Ha-
npsiMKax. [HOZI BXKMBA€ETHCS TOHATTS KBaJPOKOITED,
X04a BOHO BigHocHuThCs a0 BITJIA i3 wotupma potopa-
MHU. MyNbTHKONTEPH BUKOHYIOTH TOJIT 32 JOIIOMOT OO
oOepTaHHs HECYYHX TBHHTIB. Bia MIBUIKOCTI KOYKHOTO 3
HUX 3aJI©KUTh THII MaHEBpY, IO BUKOHYE JITAJIbHUM
3aci0. MynbTUKONTEPH 3/1aTHI BUKOHYBATH BEPTUKAIIb-
HUHA 37T Ta MOCAJKy, MMOBOPOTH HABKOJO CBOEI OCI,
NepeMillleHHs y YOTHPHhOX HAIPAMKaX, a TaKOX MaloTh
3MOTy CTa0iJIbHO 3aBUCATH y TOBITPi, TPUMAIOYU BUCO-
Ty. Ha puc. 1 mokaszaHi HanpsiM pyxXy TBUHTIB JUIsl PiB-
HOMIPHOT'O 3aTPUMaHHS B ITOBITPI.

Puc. 1. Hanpsimu pyXy rBUHTIB:

(IUIT(I") — nepexHiit niBUit TBUHT (32 TOA. CTPLIKOIO),
I (IT) — nepenHiii npaBuii rBUHT (IIPOTH FOA. CTPIIKM),
3JII(IT) — 3aHii JiBUiA TBUHT (IIPOTH T'OA. CTPLIKH),
3II'(I") — 3aHiii paBuMii TBUHT (3a TOA. CTPLIKOIO).

© Tlopopoxusk A. O., Bonoukos €. A., Illesnosa O. C., 2018
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Mymnstukontepu € BITJIA, mo o3Havae ix AucTaH-
LIHHICTH B yHpaBiIiHHI. J[JI1 KOHTPOJIO HAJ anapaToM i3
3eMJIi BUKOPHCTOBYETBCS CIIEHialbHUHA ITyJIBT YIpPaB-
JHHA. 3a IOTIOMOTOI0 aHAJIOTOBUX CTiKiB BUKOHYETBCS
rojiaya CUTHAJIB BiJ| OrepaTopa Ha mpuiiMad, 10 3Ha-
XOJIUTBCSl BcepeAnHi MyibTuKonTepa. JlitanbHuil KOHT-
pounep TpaHchopMye OTpUMAHUI CUTHAT Y KOMAaHIY JUIs
YIIPaBJIiHHS MOTOPAaMH, IO y CBOIO Yepry BUKOHYIOThH
MIPUCKOPEHHSI TBHUHTIB a00 iX YITOBUIbHEHHS, 3aJI€)KHO
BiJl THITY ITOTpiOHOrO MaHeBpy. Y Tabi. 1 mojaHi 4oTu-
Y OCHOBHI THUIH MaHEBPiB KBaJAPOKONTEPA.

Tabnuys 1 — Buam MaHeBpiB KBaJpOKONTEpa

Ha3sBa Jist Ha TBUHTH PesyabTat aii
I'az PiBHOMipHE npuckopeHHst abo IMepemirueHHs
CIIOBUIBHEHHSI yCiX 4 TBUHTIB Bropy i BHU3
Puc- PiBHOMIipHE npucKopeHHs 2 IToBopor Ha-
KaHHS{ | TBHHTIB, IO 00€PTAIOTHCS 32 BKOJIO BJIACHOL

TOJIMHHUKOBOIO CTPLJIKOIO Ta oci
CITOBIJILHEHHS 2 1HIIMX 1 HABIAKU

Tanrax | PiBHOMIpHE nprCKOpeHHs 2
3aJ(HIX TBUHTIB Ta CHOBIJILHEHHSA
HepeHIX i HaBNaKu

[Nepemirienns
BIIEpeN 1 Ha3az

Kpen |PiBHOMIipHE npHCKOpeHHS 2
I'BUHTIB 3 OJTHOr0 OOKY Ta CIIOBi-

JILHEHHS 3 1HILIOrO

[Nepemirenns
BJIIBO i BIIpaBO

Ornsg cydyacHUX CUMYnAToOpiB

ABiallifHUIMU CUMYJIITOPaMHU HA3UBAIOTh CHMYIISI-
TOPH TOJBOTY HA TEBHOMY IIOBITPSHOMY CYAHI, IO
03Ha4yae MOXKIJIMBICTH IIOBHOTO KOHTPOJIIO HajJ HOTro
BipTyanbHO Monemto [4, 5]. Taki cumynsiTopu B Halr
Yac € Haa3BUYaHO IMOIIUPEHUMH B PI3HUX Tay3sx
KHUTTS Ta CYTTEBO BiIPi3HAIOTHCS CBOIMH XapaKTEpHC-
TUKaMH B 3aJI)KHOCTI BiJ| IPU3HAYECHHS: BiJ] KOMII'IOTe-
PHHX irop i MPOCTUX MEXaHIKO-EIEKTPOHHUX PUCTPOIB
3 TPHUJIAIOBOIO MAHEILTIO 1 IEPEHHOI0 YaCTHHOIO (hro3e-
JISDKY, O CKJIaJJHUX KOMIUIEKCIB 3 Cy4acHUMH CHCTEMa-
MU Bi3yanmizamii i NepeBaHTa)KeHb, NMPH3HAYECHHUX IS
HaBYaHHS MJIOTIB OOHOBUX JIITAKIB 1 KOCMOHABTIB.

ABialiiiHl TpeHa)xepH SBISIOTH CO0OI0 OibII
CKJaJHI CHUMYJSTOPU TOJNBOTY, IO TNPH3HAYEHI IS
HA3eMHOI MIATOTOBKM IIIOTIB. Y TakoOMy TpeHaxepi
BUKOPHCTOBYIOTBCS TEXHIYHI 3acoO0H, SKi IMITYIOTb
LUISIXOM anapaTHO-IIPOrPaMHOr0 KOMIUIEKCY TUHAMIKY
MOJBOTY Ta POOOTY CHCTEM MOBITPSHOTO Cy/AHA 3a JIO-
TIOMOT'OI0 CTIEIIaJIbHAX MOJIEJIeH, peai3oBaHuX y Ipo-
rpaMHOMY 3a0€3I1e€UeHH] 00YHCIIOBAILHOIO KOMIUIEKCY
TaKOr0 TPEHAXKEPY.

Cumynsatopu OyBaloTh TPHOX BHIIB: apKajHi, pea-
mictuuHi Ta npodeciiini. [y BUKOHAHHS YIIPABIIiHHS B
CHUMYJISITOpI BUKOPHCTOBYETHCS CHELIANBHUNA JKOWC-
THK, IO IMITYe pEajbHUH MyJIbT YIPaBIIHHS, IyXKe
YacTO TMIOBHICTIO ITOBTOPIOIOYM HOr0 KOHCTPYKIIiIO.
Jlyxe 4acTo 3aCTOCOBYIOTHCS CHELliaIbHI irpoBi JKoiic-
THKH, SIKI MOKHA TIepENpOrpaMyBaTy I1iJ| BAKOPUCTAHHS
B SIKOCTI ITynbTy A yrpasiinas BITJIA.

YnpaBniHHA BipTyanbHum BINJ1A

Opi€eHTallisl KBaIPOKONTEPY Y MPOCTOPI 3aMa€THCT
TpbOMa KyTaMH: PUCKaHHS — \f, TAHTaxy — 0, KpeHa — o,
puc. 2 [6, 7]. Yci pa3oM Ii KyTH CKJIaJarOTh BEKTOP

QT = (v 6 o). [To3uiig amapaty y mpocTopi 3aqaeThes
paniyc-Bektopom r'T = (X y z).

Ha koXHHiT i3 YOTHPHOX MOTOPIB KBaJPOKONTEpa
nie popMyra, 10 OMHCYE CHUITY KOXHOTO 3 MOTOPIB, SIKi
MIPUBOAATH Y PyX 'BHHTH Ta NMPOTUAIIOTH CHIIi TpaBiTa-
wii Bemui: F,=b- 02 ne [; — KyTOBa MIBUJKICTh JIBU-
r'yHa, a b — Koe(illieHT POMOPIIIHHOCTI.

2
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Puc. 2. Cxema KyTiB, 1110 BU3HAYAIOTh
Opi€HTALlII0 KBAaJPOKOIITEPa Y IIPOCTOPI

MaremaTtuuHa MOJETbh KBaJPOKONTEpa IPENCTaB-
nsie co0or0 cucreMy IudepeHIiaJbHuX PiBHIHB, IO
OIMCYIOTh CTaH JIITAJBbHOTO amapaTry B IPOCTOpI LI0N0
BEPTUKAJIBHUX CHJI, LII0 CTBOPIOIOTHCS HOr0 TBUHTAMHU:

(fksyk,fksd),e,\V): (1)
= f(F1,F2,F3,F4 M1,M2,M3,M4),

ae Xj,Vj,Z; — NPUCKOPEHHs LEHTPY Mac KBaJIpOKOI-
Tepa IOJ0 BIAMOBIIHUX Oceil; ¢,0,y — KyTH, IO ONH-
CYIOTh OPIEHTAILIII0 KBaJpoKonTepa B mpocropi; F1, F2,
F3, F4 — T4roBi 3yCWuId, 110 CTBOPIOIOTHCS BiAIOBII-
HUMH JBUTYHaMU. [[MHaMiKa pyXy HEHTPY Mac KBajpo-
KOITepa OIHCYETHCS 3a JIONOMOTOI0 JU(epeHIaTbHAX
PIBHSIHB.

VY SIKOCTI JIITANILHOTO 3aC00Y, KOHTPOJb HAJ SKUM
3IIHCHIOETBCS B JO/ATKY, MPEACTaBICHUH KBaJIpOKOI-
Tep Ha JMCTaHIiiHOMY ynpasiinHi. [Iporpama cumyns-
uii mpamroe Ha I1K 3 OC Windows, kepyBaHHS BipTya-
JIHUM 3aCO00M 3IIMCHIOETHCSA 33 PaxXyHOK ITiKITFOUe-
Horo 4epe3 nmopt USB koHTposiepy ynpaBiHHS.

VY SIKOCTi OCHOBHOTO 3ac00y po3poOku Oyi1o obpa-
HO Unity, 110 € MOMYJISIPHAM 1HCTPYMEHTOM JUIS CTBO-
PEeHHSI KOMITIOTEpHUX irop Ta iHmmMX apomaTkis. Ilpo-
rpama, 1o po3podiieHa y cepemoruii Unity, mpaigoe 3a
JIOMIOMOTOI0  CTEI[ialbHUX CKpUNTIiB. JIsl HarMCaHHs
IUX CKPUNTIB OYyJI0 00paHO CepeOBUINE MPOrpaMyBaH-
Ha Visual Studio. CepemoBuiiie po3poOKu KOy MOXHA
3aIycKaty npsiMo 3 penakropa Unity, oOuparouu morpi-
OHMIl CKpUNT a00 CTBOPIOIOYM HOBHl, TAKUM YHHOM
00uBa MPOAYKTH € CyMICHUMH MiK COOOIO 1 came ToMY
BOHHM OynM 00paHi B SIKOCTI OCHOBHUX IHCTPYMEHTIB y
po3po0IIi TpeHaxepHoro cumynsatopy BITITA.

VYnpagiiHHS y Iporpami BUKOHYETHCS 3aBISKH ITi-
nxmodyeHomy 4depe3 USB mopt xonTponepy Logitech
F510. Y cepenoBumti Unity Oynu mepeTBOpeHi CUTHATIH
3 JDKOKMCTHKA y CreliaibHi KoMaHau Ha MoBi C# Ta
HaJIAIITOBaHI Taki MapaMeTpH: iMEeHa CHUTHAJIB, 4yTIIH-
BICTb JI0 pYXY CTiKiB, MEpTBa 30HA TOIIO.
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JI1st KOXKHOT 13 YOTUPHOX OCEH IMX CTIKIB XapaKTe-
pHa NeBHa (YHKIIIsI, SIKy BOHA BUKOHYE. Y KBaJIPOKOIITE-
pa ue ras, TaHTaX, KpeH Ta puckaHHsi. Ha puc. 3 mpen-
CTaBJIcHa cXeMa KOHTpOJIepy Ta (PYHKIIi, 110 BiH BHUKO-
HYE 3aBJISIKU MEPEMIILEHHIO CTIKIB Y PI3HUX HAIIPSIMKAX.

Puc. 3. Cxema ¢yHKuiit [proiicTrka

TakuM 4MHOM, BEepTHKaJIbHA BiCh JIIBOTO CTIKY Bi-
JIMOBi/Ia€ 3a MiMHOM, a TOPU3OHTAIFHA — 332 PUCKAHHSI.
BeprukanbHa Bick IPaBOTo CTIKY KOHTPOJIIOE TaHTaX, a
TOpU30HTaJIbHA — KpeH. Y mporpami i€ neBHa (izndHa
Mozenb (1), ToOTO KBagpOKONTEp € TBEPAUM TiJIOM, Ha
siKe JiIoTh 3akoHM rpasitauii [1, 8, 9]. Ilpu 3HauHOMY
3MEHILIEHH] MIBUAKOCTI o0epraHHs TBUHTIB, BILJIA
MMOYMHAE MAJaTH Ha 3E€MJIIO 1 y pa3i BEIHMKOI CHIH Ta-
JHHS, MOX€ BIZICKAKYBaTH BiJl Hel HAa HEBEJIMKI BijcTa-
Hi. [Tomit BITJIA kopucryBau Moke 3JiHCHIOBATH MO
HEBEJIMKIN JIUISHIN 3eMHOI MOBEPXHi, 0 MICTUTh Hepi-
BHOCTI, JiepeBa, B siki MOxke BpizaTucsi BM kBaapokon-
Tepa Ta TpaBy. Y pa3i CHIBHOTO 3ITKHEHHS i3 3EMIICIO
abo JepeBOM, KBaJpPOKONTEp BTpava€e YIPaBIiHHA Ta
MOX€E BTPa4yaTH KOHTPOJIb.

Cuncrema aBTOMaTU4YHOIro NOBEePHEHHSA
BIJ1A fo cTapTOBOI TOUYKMK

Jlisi BUKOHAHHS aBTOMATHYHOI'O IIOBEPHEHHS Y
MiCIIe CTapTy KBaJpOKONTepa BUKOPUCTOBYETHCS CIIEIIi-
aJBHUH aNrOPUTM TOIIYKY HaWOUIBII KOPOTKOI'O LUIS-
xy. Takum unHOM BITJIA yHHMKa€e MOKIMBUX 3ITKHEHD 13
yciMa BiJJOMMMH NEPEUIKOAaMHU Ha CBOEMY HUIIXY. J[ist
MOIIYKY KOMaHJ, MI0 HepeMillyIoTh KBaJPOKONTEP MO
MICIICBOCTI, 3aCTOCOBYEThCS aITOPUTM A*,

AJNTOpUTM TOIIYKY A* HaNEXUTh 10 €eBPUCTHYHUX
aJITOPUTMIB IOUIYKY. BUKOPUCTOBYETHCS VIS TMOLIYKY
HAMKOPOTIIIOro NUISXY MIX JIBOMa BepLIMHAMU rpady 3
nopaTHUMU Baramu pebep. Omucanuit Ilitepom Xap-
tom, Hinscom Hinbconom Ta beprpamom Padaemem,
aJITOPUTM BUKOPHCTOBYE JIOMOMIXHY (DYHKIIIO (€BpHUC-
TUKY), a0l CKEpOBYBAaTH HAmNpsM IOIIYKY Ta CKOpOYy-
BatH #oro TpuBaiicte [10, 11]. Anroput™m NnoBHHA B
TOMY CEHCI, 110 3aBX/W 3HAXOAUTH ONTUMAJIbHUI PO3-
B'SI30K, SKIIO BiH icHye. Ha puc. 4 mpomeMoHCTpoOBaHe
Bi3yaJIbHE BiJIOOpakKEHHS aJITOPUTMY.

-3
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b
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»
-
>
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Puc. 4. Bizyanizauist peanizoBaHoro anropurmy A*

A* TOKPOKOBO Ieperisaae BCi MUISXH, 0 BEAYTh
BiJl ITOYAaTKOBOI BEPUIMHU B KiHIEBY, NIOKH HE 3HaWe
MiHIManbpHUH. SIK 1 yci iHpOpMOBaHi 1010 MPOOIEMHOT
00J1acTi TOIIYKY aJIrOPUTMH, BiH HEPETJISAaE CIOYATKY
Ti MapIIpyTH, SKi «3a€ThCS» BEAyTh 1O METU. Bin
KOXKHOTO QJITOPUTMY, SIKMH TEX € aJITOPUTMOM IOUIYKY
0 TIEPIIOMY HalKpaniomMy 30iry, Horo BiJIpi3HSE Te, IO
npy BUOOpi BEpLIMHU BiH BPaXxOBYeE, KPIiM IHIIOrO, BECH
npoiiaenuit go Hei nwisix. [Ipiopurer nUIAXy BH3HA4a-
€THCS 32 3HAYCHHSIM

S (x) = g(x)+h(x), )

ne f(x) — BapTicTh BUOpAHOTo UIIXY, g(X) — e BapTiCTh
LUISAXY BiJ MOYaTKOBOI BEpIIWHH, /i(X) — 1€ BapTiCTh
HACTYITHOTO KPOKY LIJIAXY.

Ha mouatky po0oTH MpOrisiatoThCsl B3I, CyMi-
XKHI 3 TIOYaTKOBHM; BHOMPAETHCS TOW 3 HUX, SKUH Mae
MiHIManbHE 3HaUeHHS f(X), MCIsl 4Ooro 1ed BY30J pO3K-
puBaeThcsi. Ha kokHOMY erami ajnroputrM omnepye 3
MHOXKUHOIO IUISIXiB 3 MOYaTKOBOI TOYKH JIO BCIX IIE HE
PO3KPHUTHUX (JIMCTOBUX) BEPIIMH Tpada (MHOKHHOIO
YaCTKOBUX PIlIEHb), SIKE PO3MIILYETHCS B 4ep3i 3 Tpio-
puTeToM. AJITOPUTM TPOJIOBKYE CBOK POOOTY IO THX
mip, MOKM 3HAa4YeHHs f(X) LIJbOBOI BEPIIMHHM HE BU-
SIBUThCS MEHILIMM, HiX OyJIb-sKe 3HaYeHHs B 4ep3i, a00
MIOKM BCE JIepeBO HE Oyze MeperiistHyTo. [3 MHOXHUHH
pillleHb BUOUPAETHCS PILLIEHHs 3 HAMEHIIIO0 BapTICTIO.

3rilHO 3 UM aNTOPUTMOM, KBaJPOKONTEP BUKO-
Hy€ TIOBEPHEHHS JI0 TOYKU CTapTy MpH MEpPexofi y pe-
KM aBTOMAaTHYHOIO KepyBaHHS. Bukopucranuii y
PpO3po0IIeHii mporpami aaropuT™ BKIIOYa€e B cede moc-
JIiJIOBHE BUKOHAHHS HACTYITHUX KPOKIiB!

1) xapTa AOCTYITHOI JUIs TOJBOTY MICLEBOCTI PO3-
OMBa€ThCS HA KBAJPaTH IMEBHOI IUIOIII, SKi BIAMOBIIHO
0 ICHYIOYMX OO0’€KTIiB TOMIYAlOTHCS SK MPOXIIHI Ta
HETPOXIiHI JIs KBaIPOKONTEPa,;

2) mporpama 3HaXOJIUTh MPSIMHUIA MapuIpyT BiJ| TO-
YKH 3HaXOKEHHS KBaJPOKOIITepa A0 Micls Horo crap-
Ty Ta IepeBipse HasABHICTh IMEPEIIKOJ| Ha IUIAXY IO
OTPUMAaHUM Ha TIONEPeIHLOMY KpOIli KBajparam;

3) y pasi 3ycTpiui MpOKIaJCHOr0 MaPIIPYTY i3 Tie-
PELIKOI0I0, IIPorpaMa NnepeBipsi€e iHII TUISXH JI0 MOTpi-
OHOI TOYKH, IOCHIJOBHO TEPEBIpPSIOYN yci HaHOIKUi
BapiaHTH, (OPMYIOUH <«BaKpUTHI» Ta «BIIKPUTHI»
CIHCKH JIOCTYITHUX BY3JIIB Ha MiCIIEBOCTI;

4) micIst TOro SIK YCi MOXKJIMBI BY3JIH NEpEryIsiHYTI,
MOYMHAETHCA TOMIYK HAMOUIBII KOPOTKOrO HUIAXY 3a
paxyHOK THX METOJIB IepeMillleHHs, 110 3/1aTHi J0Bec-
TH JIITaJbHUH anapar 10 Micls IPU3HAYEHHST;

5) BUpaxyBaBIIM ONTUMAJIBHAN MapUIpyT JUIs Bi-
NpaBKU KBaJpOKONTEpa B TOYKY CTapTy, Hporpama
MOYMHAE HOTO MepeMillleHHs MO MPSAMHX JIHIAX depe3
HEeOoOXiTHY MMOCTIiI0BHICTb BY3IIIB.

Bbnok-cxema peanizoBaHOrO aBTOpaMHU aJTrOPHTMY
apToMatuyHoro nosepHeHHsa BIUJIA no craproBoi Tou-
KU HaBeJleHa Ha puc. 5.

Y po3po0iieHii mporpami Mpu IEOMY BHKOHYETHCS
MOBHE BiZI0Opa’keHHS BCHOTO MPOLIECY Y TPHOXBUMIPHO-
my Burisini [12]. Oneparop BITJIA moxe B Oynab-sikuit
MOMEHT IEePEKIIOYUTH YIPABIHHSI HAa aBTOMATHYHHN
PEKHUM 3aB]ISIKH HATUCHEHHIO BiMOBIIHOT KHOIIKH.
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3a 3aMOBYYBaHHSM Y SIKOCTI
TOYKH CTApTy BUCTYIA€ MiCIIe3HA-
XO/DKEHHSI  KBAJPOKONTEpa MpU
BKJIFOUYCHHI Tporpamu. Aje mpu
MOAAJIBIIOMY TpPU3EMIICHH] JiiTa-
JIBHOTO amapary Ha 3€MHY TOBep-
XHIO, CHCTEMa aBTOMATHYHO BH-
¥ SIBJISIE KOOPIUHATH KBAJPOKOIITE-
L. pa Ta 3MiHIO€ TOYKY cTapTy. Orme-
FATIPAMICY PaTop MOXe B OYIb-IKUH MOMEHT
HEPEM‘:EHHMD nepepBaTi aBTOMATHYHHN PEXUM
MONTLOTY, HATUCHYBILH Ty K CaMy

KHOTIKY Ha KOHTPOJIepi.

OBYNCIEHHSA
KOPOTKOIO
LNAXY

Liini B BUEPAHOMY
HAMPAMIY

HI %
TAK

MNOBINEHA
MOCAKA HA
3EMINO

BucHoBKMu

Takum umHOM, OYIIO TIpOBE-
JIeHe  JIOCHIJDKEHHS  CHCTEMH
yIIpaBIiHHS OE3MUJIOTHUX JITab-
HHUX afapariB Ta CTBOpEHa Mpo-
rpama, 10 J03BOJISE BHKOHYBAaTH
ympasiinas  BITJIA y  Burmsimi
KBaJJpOKOIITEpA.

Ilix gac po3podOku Oyau po3-
DJISTHYTI Takli BUAM Oe3MIOTHHX
3ac00iB SIK MYJIBTHUKOIITEPH, TPH-
Be/IeHI 0CcOOJIMBOCTI iX OyJOBM, OCHOBHI NMPUHIMUIH X

)

Puc. 5. Anroputm
aBTOMAaTHYHOTO
nosepHeHHs BITIA
JI0 CTapTOBOI TOYKH

YIIPaBJIiHHS, PO3TIISHYTI MEepEeBaru Ta HeJIOMIKH KBaIpO-
KOIMTEPiB.

Takoxk AJs1 po3yMiHHSI TIOHATTSI aBiaCUMYJSATOPIB
Oy BHBYCHI O0COOJNMBOCTI iX Kiacuikarlii, cocoou,
3a SIKUMH 3J[IHCHIOEThCS YIPABIIHHSA B HHUX Ta 0a30Bi
MaTeMAaTHYHI CKJIaJIOBI CUMYIIATOPY.

[Iporpama, sika Oyna cTBOpeHa B pe3ysbTaTi Hore-
penHix miii, Oyna po3pobieHa B cepemoBuin Unity, 3
BUKOpHCTaHH;IM cKpunTiB Ha MoBi C#. KBaapokormrep,
YIIPaBJIIHHS SIKUM KOPUCTYBay 371HCHIOE 32 JOTIOMOT OO
I IKJIFOYEHOT0 JKOHCTUKA, MOXKE 3/iHCHIOBaTH 0a30Bi
MaHEBPH PEaJbHOTO MPOTOTHITY: T'a3, PUCKAHHS, TAHI' XK
1 KpeH, 3a1al04YH NIBHKICTh 00EpTaHHS I'BUHTIB. Takox
y Tporpami HpeJCTaBICHUH ANTOPUTM IOIIYKY KOPOT-
KOro IUISIXY JO TOYKU CTapTy, IO JO3BOJISIE Y OyIb-
SIKM MOMEHT noBepHyTH BITJIA y micue foro 3amycky.
[lpn 1pOMy KBaApOKOITEp aBTOMATHYHO YHHUKA€E YCi
MepeNIKOAN Ha CBOEMY IUIIXY 3aBISKH iH(opManii mpo
MICIIEBICTh, OTpUMaHy 3a JAOIIOMOTOI0 3HIMKIB MiCLIEBO-
CTi 3 MOBITPSI.

HampsiMkoM moJanbIioro IOCHipKeHHs € pobora
HaJl CTBOPEHHSM TMOBHO(YHKI[IOHAJIBHOI'O aBiacUMYJIsi-
Topy ynpasiinas BITJIA a1 miAroToBKU omneparopis ix
yrpaBiiHHs. Takuid MPOAYKT JO3BOJIHUTH 3HAYHO IIi/IBH-
LIUTH SKICTh Ta 3MEHIIUTU BapTICTh ITiATOTOBKH Ollepa-
TOPIB peaJbHUX OE3ITIIIOTHIX CUCTEM.

w
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HccnenoBanne cucreMbl ypaBJieHUs1 0eCIIMIIOTHBIX JIeTATeJILHBIX allllapaToB
A. A. Tlonopoxnsk, E. A. Bononxkos, O. C. IlleBuosa

IIpeqmeroM u3ydeHUst B CTaTbe SIBJISCTCS UCCIECJOBAHME CHUCTEMBbl YHPABIECHMS OECIMIIOTHBIX JICTATEIbHBIX allapaToB
JUISL KOMITBIOTEPHOTO CHMYIIITOpa BUPTYaJIbHOrO KBajpokonrepa. Lleab — pa3paboTka alropurmMa aBTOMaTHYECKOrO MOMCKA
KOPOTKOT'O ITyTH JJIs KBaJIpOKOITEPa U MCCIIE0BAHNE METO/IOB YIPaBIIEHUS KBaJIPOKONTEP B NPOrPaMMHOM cpejie pa3paboTaH-
HOT'0 KOMITBIOTEPHOT'O MPUIIOKEHHS C COBPEMEHHBIM I'paduueckuM HHTepdelcoM Juit paboThl C HOMOIIBIO JXKOWCTUKA C BUPTY-
aJIHOM MOJIeNTbIO OECIIMIIOTHOrO JIETATEeIbHOrO anmnapara. 3aaaqa — Mcciel0BaHue CBOHCTB COBPEMEHHBIX BUHTOBBIX OECIIMIIOT-
HBIX JICTATEIIbHBIX CPE/ICTB C BBISABICHUEM OCOOCHHOCTEH NX ()YHKIIMOHUPOBAHUS U KOHTPOIIS 33 UX MOBEJeHUEM. PaccMOTpeHbI
OCHOBHbBIE OCOOEHHOCTH OECHMIJIOTHBIX JICTATEIIbHBIX aIlllapaToOB Ha OCHOBE KBAa/JPOKOITEPHON CXEMbI IIOCTPOEHHMS, IPOBEICH
0030p CYIIECTBYIOINX CHMYJISTOPOB, MO3BOJSIONIMX YIPABIATH Pa3lIMYHON aBHalMOHHOW TexHuKoH. [IpuBeneHo omnmcaHue
Pa3paboTaHHOr0 MHTEPAKTUBHOI'O KOMITBIOTEPHOI'O NPUIIOKEHUs], Onaroaapsi KOTOpOMY I0JIb30BaTeIb OCYILECTBISIET YIpaBiie-
HHUEe OCCIMIOTHBIM JICTaTeNIbHBIM aIllapaToOM B BUJE KBAaJPOKONTEpa. BbIsABIEHBI OCOOEHHOCTH NEPEMEILICHUS BHPTYaJIbHOIO
KBaJIPOKONTEPa B MPOCTPAHCTBE C YYETOM BCEX CYIIECTBYIOIIMX TUIIOB MAHEBPOB C Y4E€TOM HHTEIPALMU COBPEMEHHOI'O KOH-
TpoJuiepa Ul MOJa4n KOMaH[ JIeTaTelbHOMY alllapaTy M YIpaBJICHHUs CO3JaHHBIM IpOrpaMMHbIM HHTepdeicom. [IpoBeneHa
pa3paboTka MeTo[ja aBTOMaTHUECKOr0 YIPaBIICHHUS JIETATEIILHBIM CPEACTBOM, KOTOPBIH B ClIydae BOSHUKHOBEHMS UPE3BbIYaNHBIX
CHUTYAaIUi, NO3BOJISIET BBIIIOIHATH CAMOCTOATEIBHOE BO3BPAIIEHHE K TOYKE CTapTa C IIOMOILBIO aJITOPUTMA OUCKA KpaTdaiIiero
IyTU. BBIBOABI: IIPOBEEHHOE UCCIICIOBAHME CHCTEMBbI YIPABICHHS OCCIIMIIOTHBIX JICTATENIbHBIX allllapaToB C UCIOIb30BaHUEM
Pa3paboTaHHOrO MPOrPaMMHOI0 CUMYJISITOpa KBaJAPOKONTEPa, KOTOPBIH YIIPaBIsIeTCs ¢ HOMOILBIO JUKOHCTHKA MIIM aBTOMAaTH4e-
CKH, I0Ka3aJI0 paboTOCIIOCOOHOCTD MPEATIOKEHHOI0 METO/[d aBTOMAaTHYECKOTO YIIPaBJICHUs! JIETATEIbHBIM CPEICTBOM B CIIydae
BO3HMKHOBEHHSI YPE3BbIYAIHBIX CUTYAlMil HA OCHOBE aJIrOPUTMA IIOMCKa KOPOTKOT'O ITyTH.

KuroueBble ci10Ba: cucTeMa ynpasiieHUsT; OECIIMIIOTHBIH JIeTaTeIbHbIN anapar; KBaJpOKONTep, CAMYIIATOP.

Drone's Control System Research
A. Podorozhniak, Ye. Volotskov, O. Shevtsova

The subject of the study in the article is research of the control system of unmanned aerial vehicles for the computer
simulator of virtual quadrocopter. The goal is the development of an algorithm for automatically finding a shortcut for a
quadrocopter and researching control methods for a quadrocopter in a software environment of a developed computer applica-
tion with a modern graphical interface for working with a joystick with a virtual model of an unmanned aerial vehicle. The
task is research of the properties of modern screw unmanned aerial vehicles with the identification of features of their func-
tioning and control over their behavior. The main features of unmanned aerial vehicles on the basis of a quadrocopter con-
struction scheme are considered, a review of existing simulators allowing control of various aviation equipment is conducted.
The description of the developed interactive computer application, thanks to which the user controls the unmanned aerial
vehicle in the form of a quadrocopter, is given. The features of moving a virtual quadrocopter in space, taking into account all
existing types of maneuvers, taking into account the integration of a modern controller to issue commands to an aircraft and
control the created software interface, are revealed. A method has been developed for automatic control of aircraft, which, in
the event of an emergency, allows for an independent return to the starting point using the shortcut search algorithm. Conclu-
sions: A study of the control system of unmanned aerial vehicles using the developed quadcopter software simulator, which is
controlled by a joystick or automatically, showed the efficiency of the proposed method of automatic control of aircraft in
case of emergencies based on the shortcut search algorithm.

Keywords: control system; unmanned aerial vehicle; quadrocopter, simulator.

101



Advanced Information Systems. 2018. Vol. 2, No. 3

ISSN 2522-9052

UDC 004.67

A. Soboliev', D. Lande?

doi: 10.20998/2522-9052.2018.3.17

"nstitute of special communication and information security of National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine
* Institute for information recording of National academy of science of Ukraine, Kyiv, Ukraine

SOCIAL NETWORK NODES RANKING IN TERMS
OF LOGARITHMIC FUNCTION OF ITS LINK WEIGHTS

Social networks are the basis of all interactions among its participants (usually people), which happen in the process of
transmitting information. Lately this term is becoming more and more popular, but hardly anyone can really imagine how
much it surrounds us. Social type networks are represented by means of graphs and node connections, which reflect real
cooperation. It is necessary to conduct the detailed network analysis, evaluate the results by all specified standards and
separate the most important nodes for ranking them in these networks. Existing ranking algorithms mainly evaluate
everything in general, which does not allow to clearly recognise the consequence of nodes inter se. In the given article we
provide the analysis of work educts of well-known node ranking algorithms (HITS, PageRank) and compare obtained data
with expert network evaluation. Big amount of nodal connections in social networks and their various configuration in
most cases do not allow to use the base type ranking algorithms, since the neglect of seemingly irrelevant connections
induces false results. The base type algorithm HITS was adjusted for efficiency of the quasiheirarchic networks research. It
allows to perform analysis and node ranking based on specified criteria (the amount of input and output connections inter
se), which corresponds with the results of expert evaluation. It is displayed, that in some cases the received method offers
corresponding with real social relations between subjects insights, and exponents of node authorships - with previously
provided social roles. Received algorithm allows to evaluate and educe the most relevant nodes in social character networks.
It can be used in various spheres, where social networks are formed.

Keywords: quasiheirarchic social character networks; network subjects; ranking algorithm; HITS method; PageRank

method; node ranking; F-measure; expert evaluation.

Introduction

Nowadays, when social networks are not just a
composite of society, but have rather big influence on it,
we should clearly understand all possible effluent risks
and be ready for serious consequences in case of
negligent attitude to this situation. Term “social
networks” refers not only to online social networks,
which are used as means of communication, but all
connections, which happen among people (social
subjects) for transferring information. It should also be
noted that the network of social character is the network,
nodes of which are social subjects, and connections are
contacts, which are followed by information exchange
among them. Defining the quasihierarchic network, one
should consider the network close to hierarchic one with
its hierarchy being violated with a small amount of
additional connections.

Work objective. The objective of this work is the
description and research of node ranking algorithm
efficiency of quasihierarchic social networks, which is
based on HITS algorithm modification as compared to
other node ranking network algorithms.

Analysis of recent researches and publications.
The research of social networks, definition of their
organisation and value, analysis of the impact process
on them are actively going on in the global IT sphere.
Analysis of the mechanisms, which allow to control
networks and conduct the necessary manipulations
amidst informational intrusion of what is advisable for
manipulator, starting with selling unnecessary goods
and ending with cyberwars. Social network analysis
process is very bothersome, as the wrong action can
lead to an unexpected result or, in the worst case
scenario, to the loss of control over this network.

Exposition of basic research material

By the social character network ranking one
should understand the nodes (social subjects) seriation
process on the certain grounds, which allows to define
the set nodes decisiveness inter se.

For visual display, this network is introduced by
vectored graph, in which nodes are represented by
subject tokens (social networks profile pages, phone
numbers, electronic addresses), and connections
between them are directed by links.

For mathematical representation such graph is
displayed in the form of nodes adjacency matrix, and
the value in this matrix box reflects the number of
directed links.

According to HITS algorithm, two exponents are
calculated for every network node:

- mediation index (hub);

- authorship index (auth);

The mediation index /fub of 4;node of 4;network,
which consists of n nodes equals nodes authorship
vertical sum, which it refers to:

hub 4; = Zj.(_i auth 4;,

Authorship index auth of A;node of A;network equals
nodes mediations vertical sum, which it refers to:

auth 4; = Z_Hi hub A,

Presented formulas assign auxiliary iterated calculation
algorithm of mediation and authorship indexes for all
network nodes.

Talking about more complex networks (scale-free
networks) with the number of nodes being over 1000 (big
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organisations, etc.) the assumption about the social subjects,
who serve as different ranks executives, is almost
impossible without special operation algorithms [1].

Such characteristics as nodes degree distribution,
which is defined as the probability of a node having a
degree (node degree is the number of links connected to
this node), resides in scale-free networks. It is a node
degree exponential distribution network that is called
scale-free, being most often observed in real life large
networks [7].

It should be noted that the amount of connections
in QSCN equals the amount of nodes. Given statement
can be represented in the following mathematical view:

NiZO(Nj)9

where N; — the amount of connections in the network;
N,— the amount of nodes in the network.

If examining QSCN one can observe clear (also
plausible) one way link, it is undoubtedly which node in
the pair has bigger rank.

In these networks 3 main kinds of relationships for
a node pair are observed:

- leader - subordinate;

- equal rank nodes;

- the lower rank nodes have direct connection with
the higher rank nodes.

When subject A directs subject B in social character
network, it is offered to consider it as overall ratio weight,
one of criteria of which is time index.

It is necessary to mention that a leader chaotically
contacts a subordinate in case of problem statement
necessity. Therefore a subordinate, with definite
consistent periodicity, answers to a leader for outgoing
order execution.

While estimating the nodes amount characteristics,
the following fact takes place: a leader contacts a
subordinate more often meaning that the significance of
outgoing communication from a leader must exceed the
incoming communication significance. [1]
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It should be noted, that we examine only integrated
and most widespread contact pattern between a leader
and a subordinate. In real work this pattern can be
completed with other specific characteristics, which will
increase the efficiency of weight evaluation of node pair
contacts.[6]

Sometimes it happens that a lower rank worker
helps (during the work process) a worker of higher rank
or a high rank executive gives an order to a worker of
much lower hierarchy level. Such situations can lead to
appearance of non-hierarchic connections in such type of
network. These cases are rare, so we consider a network as
quasihierarchic one. Meanwhile, using basic HITS
algorithm for node ranking in the above-stated network
can have little result, as even a weak and insignificant
connection (disregarding its weight) can have a big
influence on nodes portability and authorship indexes [4].

For node ranking in the social character networks
we can use PageRank algorithms:

n
PR(A)=(+d)+d) PR{T;) ,

o C(T)
where PR(A) — PageRank weight for page 4; d -
damping index; PR(T;) - PageRank weight for a page,
which indicates page A; C(7T;) - number of links from
this page; n — pages, which refer to page A.

Exposition of main results

For mathematical realisation of iterative node
ranking conception it should be noted that the most
influential subject in the network is the one having the
biggest amount of outgoing connections with other
network subjects.

For demonstration and evaluation of node ranking
efficiency represented on Fig. 1, let us examine the
QSCN consisting of 13 subjects with knowingly spaced
certain connections, use the above-stated methods and
compare the received results.

B subject 1
{
f

subject 2

=,

e

' _subject 3

AT

Y
Er_ z — . Subjects

1|Ig‘t-'cl 7

Fig. 1. Quasihierarchic social character network
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When ranking the network with HITS algorithm,
we ultimately receive two parameters: authorship and
mediation indexes, which do not allow us to rank the
network upon 2 criteria simultaneously. In order to solve
this issue it is necessary to use metrics combining the
information about authorship and mediation indexes of
our algorithm. Let us use F-measure as such metrics:

F(4)=2 ! + ! ,
auth 4;  hub 4;

where F(4; )- F-measure of 4; node of the network;
hub A; - mediation index; auth A; — authorship index.

After analysing the received network ranking
results according to Table 1, it is much in evidence, that
authorship and mediation indexes are equal. It is due to
feedback between nodes being observed in QSCN and
basic HITS algorithm not providing the necessary results
of ranking such networks. Also, comparing the work
results of HITS and PageRank algorithms with given
expert evaluation we can claim that the above-mentioned
algorithms in their basic state are not effective for node
ranking in QSCN.

PageRank index considers only incoming links and
does not separate such concept as mediator. It severely
influences the general result, as modest network
connections can cardinally change it.

It is offered to use HITS algorithm for method
adaptation and consider edges weight when calculating
every network nodes index.

To trace the efficiency of the above-mentioned
statement, let us modify the HITS algorithm formulas
using the multiplying by connections weight between
nodes, resulting in:

hub ;=3 auth 4; £y,

where auth A~ authorship index of node 4; of the

network; hub A; — mediation index of node 4;; E; -

connections weight between nodes 4; and 4; .
auth 4; =3, . hub4; - Ey,

where hub A~ mediation index of node 4; of the network;
auth A;— authorship index of node 4;; E;— connections
weight of between nodes 4;and 4; .

Table 1. The results of network node ranking with PageRank algorithms and basic HITS algorithm and expert evaluation

Expert evaluation PageRank HITS
(Ne Node) (Ne Node) Auth (Ne Node) Hub (Ne Node) F (Ve Node)
2 2 2 2 2
1 10 10 10 10
3 3 5 5 5
8 5 8 8 8
5 8 3 3 3
10 6 11 11 11
11 11 1 1 1
9 9 9 9 9
12 12 12 12 12
4 7 6 6 6
13 4 13 13 13
6 13 4 4 4
7 1 7 7 7
Table 2. Results of network nodes ranking with modified HITS algorithm and experts evaluation
Expert evaluation HITS
(Ne Node) Auth (Ne Node) Hub (N Node) F (N Node)

2 2 1 1

1 1 2 2

3 3 3 3

8 8 5 8

5 5 8 5

10 10 10 10

11 4 4 4

9 11 9 11

12 13 11 9

4 12 12 12

13 9 6 13

6 6 13 6

7 7 7 7
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After the evaluation of the received work results of
modified HITS algorithm according to Table 2 with
experts evaluation data, we can claim that in general they
are similar, but they do have irregularities. That is why
the modified HITS method is ineffective during the
general evaluation in QSCN. For detailed network
evaluation it is necessary to analyse the received
authorship and mediation results with expert evaluation
data, as even insignificant connections can severely
influence the ranking results and determining the most
significant network nodes.

As weight definitions disposal irregularity can
influence the results fidelity, their values must be
decreased by multiplying them on some steadily
increasing function, which is less steep that a linear one.
In the context of the offered algorithm, we will use the
modified HITS algorithm as such function. Then we will
modify the formulas by multiplying them on hyperbolic
logarithm of connections weight between nodes. The
result is as follows:

hub 4; = { j<i
0,E; =0,

where auth A; — authorship index of node 4; of the
network; hub A; — mediation index of node A4; E; —
connections weight between nodes 4; and 4;.

auth A; =4 j—i )
O,Ejl'zO

where hub A; — mediation index of node A4; of the
network; auth A; — authorship index of node 4;; E; —
connections weight between nodes 4; and 4,.

For work efficiency evaluation of the received
algorithm and the check concerning another parameter
we will use degree of 1/3 of connections weight in the
first case and hyperbolic logarithm in the other in
modified auth A;and hub A; formulas and check their
work results on QSCN.

During the research process of the received results
set out in Table 3 of modified algorithm, we can
observe considerable discrepancy in calculated values.

It is determined that, when using hyperbolic
algorithm of connections weight in nodes, modified
method provides the results, which correspond with the
real social relations, while the authorship index showed
the hierarchic subject dependence in the network.

Table 3. Results of network node ranking with modified HITS algorithms and experts evaluation

HITS, 1/3 HITS, In
Expert
evaluation
(Ne Node) auth hub F auth hub F
(Ne Node) (Ne Node) (Ne Node) (Ne Node) (Ne Node) (Ne Node)
2 2 2 2 2 2 2
1 1 1 1 1 1 1
3 3 3 3 3 3 3
8 5 10 5 5 10 8
5 8 8 8 5
10 10 8 10 10 5 10
11 11 11 11 11 9 11
9 12 9 9 12 11 9
12 9 12 12 4 12 12
4 13 4 13 4
13 6 13 6 13
6 13 13
7 7

It should be noted that given modified algorithm
with the value of connections weight hyperbolic
logarithm was used for the research of 20 different
quasihierarchic networks, and the received values
results represented set facts.

Conclusions

The notion of the quasihierarchic social character
networks is introduced and connections character in
such networks is researched in this work.

The efficiency research of basic and modified
HITS algorithms for node ranking of quasihierarchic

social character networks was conducted in comparison
to PageRank algorithm in the given network.

When used practically, it is shown that modified
algorithm provides results corresponding with real
social relations, and nodes authorship indexes - their
hierarchic importance inter se.

The received algorithm was used for research of 20
different social networks and, in the process of work,
showed pretty exact results, which represented set facts.

Modified HITS algorithm is effective for social
network research in the process of cyberwar and for
network node ranking in general.
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Pan:kyBaHHS Mepe:Ki COLiaIbHOTO XapaKTepy

A. M. Cobornes, /1. B. Jlange

CorianpHi MepeXki € OCHOBOIO BCIX B3a€MOIN MiX yJacHMKaMH (SIK IPaBHWIIO, JIOIBMM), AKi BiOyBarOTbCS B IIPOLECI
nepeznadi iHpopmanii. OcTaHHIM 4acoM Liel TepMiH cTa€ Bce OiIbI NMOIMY/IAPHUM, aJIe HABPA YU XTOCh MOXKE YSIBUTH, HACKUIBKH
CHJIBHO BiH OTOYye Hac. Mepexi COIabHOI0 XapakTepy 300pa’kaloTh 3a JIONOMOTroI0 IpadiB Ta 3B’s3KiB MiX BY3JIaMH, IIO
BiJJOOpakaloTh peanbHy B3aeMoifo. il paH)KyBaHHS By3JIiB B IAHUX Mepekax HEOoOXIJHO IPOBECTH NETATbHUN aHaIli3 Mepexi,
OL[IHUTU OTPUMaHi Pe3yJIbTaTH 33 BCIMA 33JlaHUMU KPUTEPISIMU Ta BUAUINTH HAWOUIBII BIUIMBOBI By3IH. ICHyroul anropurmu
pamXKyBaHHS [IEPEBaYKHO OLIHIOIOTH BCE B LIJIOMY, IO HE JI03BOJISE YiTKO BH3HAYUTH BIUTMBOBICTH BY3JIB MiXk co00f0. Y naHiit
CTaTTi NPHUBOAUTBLCS aHANI3 OTPUMAHUX PE3YJIbTATiB POOOTH BIIOMUX aJropuTMiB pamxysaHHS By3niB (HITS, PageRank) ta
MOPiBHIOIOTBCS OTPUMaHI JJaHi 3 €KCIIEPTHOIO OLHKOK Meperki. Benmmka KiIbKiCTh 3B’S3KIB MK By3JIaMH Ta iX pi3HOMaHiTHa
koH(iryparist B OUIBIIOCTI BHUIAAKIB HE [O3BOJSIE BHUKOPUCTOBYBATH AITOPUTMU DaH)XYBaHHA 0a30BOro0 THILy, OCKIUJIBKU
HEXTYIOUM HaueOTO HECYTTEBUMM 3B’A3KaMH, BUHUKAIOTh XHOHI pe3ynbraty. bazosuii anropurm HITS GyB MoxudikoBanuii mis
e(eKTUBHOrO JIOCHIPKeHHs KBasiiepapxiuHux Mepex. [TokazaHo, 1110 OTpUMaHUN alIrOpUTM HAJA€ y Psizli BUIIAIKIB Pe3y/IbTaTH,
SIK1 BIZITIOBI/Ial0Th PEAIbHUM COLiaJIbHUM BiJIHOIICHHSM MK Cy0’ €KTaMH, a IIOKa3HUKH aBTOPCTBA BY3JIiB — IIOIEPEAHbO HaJaHUM
couianbHUM poisiM. OTpUMaHMil aIrOpUTM JO3BOJISE OLIHIOBATH Ta BHSBIIATH HAHOUIBII peNEBaHTHI BY3JIM B Mepexkax
coLliaJIbHOro Xapakrepy. Bin Moxxe Oyru BUKOpUCTaHui y pi3HUX cepax, e pOpMyrOThCs COLiaIbHI MEPEKi.

Karo4dosi cioBa: kBasiiepapxiuHi Mepexi COLIaJILHOIO XapakTepy; Cy0’€KTH Mepexi; aJrOpUTM paHXKyBaHHS,
anroput™ HITS; anropurm PageRank; pelitunr By3na; F-mipa; excriepTHa oniHka.

PanxupoBanme ceTH COIMAJBHOIO XapaKTepa
¢ yueToM Jorapumuyeckoil pyHKINN ee cBA3ei

A. M. Co6ores, .J1. B. Jlanae

CoruanbHble CeTH SBIISIIOTCS OCHOBOHM BCEX B3aMMOJICHCTBMH MEXIy y4aCTHHKaMH (KaK IIPaBHIIO, JIFOJBbMH), KOTOpbIE
MPOMCXOAAT B Hpoliecce nepenaun nHpopmanuu. B nocneHee BpeMs 310 ompeielieHHe CTaHOBUTCS Bce OoJiee MOMyIIsipHbIM, HO
BpAA JM KTO-TO MOXKET HPEACTaBUTb, HACKOIBKO CWJIBHO OH OKpyXaeT Hac. CeTH COLMalIbHOTO Xapakrepa H300pakaroT ¢
MOMOILIBIO TPa)OB U CBSI3eH MEXIY y3/1aMH, OTPaXKAIOIIMMH peallbHOe B3auMozeHcTBHe. i paHKMPOBaHUS Y3JIOB B JaHHBIX
CeTsIX HeoOXOOMMO HPOBECTU JETAIbHBINA aHAIIM3 CETH, OLEHUTH IONY4YEHHBIC PE3YJbTaThl 110 BCEM 3aJlAHHBIM KPUTEPUSM U
BBIJICJINTh HanOonee BIUATENbHbIE y3i1bl. CyIECTBYIOINE AJTOPUTMbl PAaHXHUPOBAHUS IPEUMYLIECTBEHHO OLICHMBAIOT BCE B
LIEJIOM, YTO HE II03BOJISET YETKO ONpPE/ENIUTbh BIMATEIBHOCTh Y3IIOB MeXay co0oil. B naHHOH craThe NpPHBOAMTCS aHAIM3
MOJIyYCHHBIX PE3YJbTaTOB pPabOThl H3BECTHBIX aIropuTMoB pamxupoBaHus y3ioB (HITS, PageRank) u cpaBruBarorcs
MOJTy4YCHHbIE JaHHbIE OSKCIICPTHOH OLEHKE CeTU. bBolbllloe KOMMYecTBO CBA3eH MEXAy Yy3IaMM M HX pa3sHOOOpasHas
KoH(uUrypaius B OONBIIMHCTBE CIIydyaeB HE IO3BOJISET HCIOIb30BaTh AJITOPUTMbI PAH)KHPOBAaHUS 0a30BOr0 THIIA, MOCKOIBKY
npeHeOperass AKOObl HECYIIECTBEHHBIMU CBSA3SMH, BO3HHMKAIOT JIOXKHBIE pe3ynbTarthl. baszosblii amropurm HITS Obur
MozupuuupoBaH st 3p(EKTUBHOrO MCCIeNOBaHUs KBaszuuepapxuueckux cereil. [Toka3aHo, 4TO INONYYEHHBIH anropuT™
MPEJIOCTABIISACT B PAAJIC CIIy4aeB Pe3yJbTaThl, KOTOPbIE COOTBETCTBYIOT PEaJIbHBIM COLIMAIbHBIM OTHOLICHUEM MEXKIY CyObeKTaMH,
a TI0Ka3aTeNy aBTOPCTBA Y3JIOB - IPEIBApUTEIbHO NPEJOCTABICHHBIM COLMAIBHBIM possiM. [TomyueHHbIH anropuT™ 1o3BoyseT
OLICHMBAThb M BBIABIATH HauOoliee pEJICBaHTHBIE Y3l B CETAX COLMAIBHOrO xapakrepa. OH MoxeT ObITh HCIONB30BaH B
pa3nu4HbIX cdepax, rae GOpMUPYIOTCS COLMAIbHbIE CETH.

Karo4deBble ciI0Ba: KBa3HHEPapXUUECKUE CETH COLMAIBHOIO XapakKTepa; CyOBEKTBI CETH; aJrOPUTM PaHKUPOBAHMUS,
anroput™ HITS; anropurm PageRank; pelitunr y3na; F-mepa; skcriepTHast OlieHKa.
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GENERALIZED INDICATOR
OF THE EFFECTIVENESS EVALUATION
OF MILITARY RADIOCOMMUNICATION SYSTEMS

Modern military radiocommunication systems are working in the difficult conditions due to the shortage of radio
frequency resources, limited computing resources and the influence of the enemy radio-electronic suppression devices.
One of the ways to increase the noise immunity of military radiocommunication systems is to develop effective
indicators, algorithms and methods for assessing the state of military radiocommunication systems. Nowadays, a large
number of indicators for evaluating their effectiveness have been developed to evaluate military radiosystems, but their
application is due to a number of limitations, that indicators with high precision are generally not used due to their high
computational complexity, and those indicators having an acceptable computational complexity have low accuracy of
evaluation. Therefore, in order to increase the protection of the security of military radio communication systems in the
article, the authors developed a generalized indicator of the evaluation of the effectiveness of military
radiocommunication systems. During the research, the authors of the article used the basic provisions of the theory of
communication, mathematical statistics, management theory and the theory of tampering. The generalized indicator of
the evaluation of the effectiveness of military radiocommunication systems developed in the work, allows to increase
the noise immunity of military radiocommunication systems by increasing the speed of their state assessment. The
carried out estimation of efficiency of the developed indicator allows to assert about its raising on 15-22% efficiency in
comparison with classical indices of power and spectral efficiency of systems of military radio communication. The
practical significance of the research is the possibility of using the proposed generalized indicator of the evaluation of
effectiveness in developing new and modernizing existing military radiocommunication facilities (radio monitoring
centers).

Keywords: noise immunity; evaluation; radiocommunication systems; radioelectronic suppression; radiocommunication

facilities.

Introduction

While designing adaptive military radio systems,
depending on their purpose, the task of optimizing one
of the indicators of efficiency under the established
restrictions to other.

The development and implementation of adaptive
methods of information exchange requires the
establishment of effective procedures for monitoring
and forecasting the state of the radio communication
system.

To solve this problem, it is necessary to involve
methods of modern mathematical statistics, in
particular, to check statistical hypotheses in relation to
indicators (groups of indicators), that characterize the
state of the radio communication system.

To evaluate radio communication systems, many
indicators have developed for evaluating their
effectiveness, but their application is made due to a
number of limitations:

indicators with high precision are generally not
used due to their high computational complexity;

indicators ~ with  acceptable = computational
complexity have poor accuracy.

This research is dedicated to the decision of the
mentioned compromise.

Proceeding from the foregoing, the purpose of
this article is to develop a generalized indicator of the
evaluation of the effectiveness of military
radiocommunication systems.

Presentation of the main material

In the theory of communication networks issues of
assessing the effectiveness of the establishment and
operation of communication networks has always been
a great importance.

Undoubtedly, the improvement and development
of communication networks and network technologies
are conditioned not only by the growth of user necessity
of communication services, but also by the growth of
quality service requirements, as well as the desire to
increase their efficiency. Nowadays, a variety of
approaches to the selection of indicators, used to assess
communication networks.

The channel bandwidth utilization rate is proposed
to estimate the information efficiency of a one-channel
communication system and to determine the channel
utilization rate coefficient #, which is defined as the
ratio of the transmission rate of V' to the bandwidth of
the communication channel C:m=V/C [5]. This
parameter is proposed to be used to evaluate the
information  efficiency of the  multichannel
communication system. It's main disadvantage is that it
does not give a complete description of the channels of
communication with memory, since it determines only
it's high-speed characteristics.

The parameter proposed in [6] is used only to
evaluate the packet switching network. It determines the
total speed of sending messages to users. It is
considered, that it is like the performance of the
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communication network P. This indicator does not
reveal all the properties of the data transmission process
in the communication network, but only determines the
speed of data transmission by the communication
system. It is not generalized, since it does not take into
account the dynamic properties of the communication
network, characterized by a delay in the transmission of
information within it and the accuracy of data
transmission.

The power factor of the communication network
was introduced in [7, 8] for use in controlling the flow
in the communication network and connects the

bandwidth y(’) and the average network latency 7, by
the ratio:

where A — the input speed of data packets into the
network;

y=7(A) — traffic transmitted by the network;

T — avarage time delay.
The maximum traffic y,, that can be transmitted

by the network is the bandwidth. The imbalance of
communication network productivity and the average
time delay 7 is achieved at the operating point

*
3F="Yo 5 >
which provides the maximum value of power P. This
indicator does not fully reveal the properties of the data
transmission process in the communication network, but
only determines the speed of data transmission by the
communication system and the average delivery time. It
is not generalized, since it does not take into account the
properties of the noise immunity of the communication
network, characterized by the accuracy of data
transmission.

The indicator of the cybernetic power of the
communication network is proposed for assessing it's
information capabilities [8] and obtained by multiplying
the number of N messages contained in the
communication system in the process of storage and
transmission within the system to the performance of
the communications network G, averaged for a given
interval of time”

T:KW =N'G|T .

If the parameter is considered as a guaranteed
message transmission time, N determines the maximum
number of messages, that may be in the communication
network. The KW indicator allows you to evaluate the
limitations of the communication network with the
transfer of user traffic, reflecting it's storage properties
in the process of transmission, routing and performance.

The KW cybernetic power parameter will be
used to evaluate the information efficiency of the
communication  systems by  comparing its
performance with the limitations of message
transmission. However, an indirect assessment of the
main indicator of the data transmission process - the

average delivery time and does not take into account
the properties of the noise immunity of the radio
communication system, which is characterized by the
accuracy of data transmission.

Taking into account the analysis carried out, it is
suggested to use the indicator of the estimation of the
efficiency of the communication network a generalized
indicator, which 1is the volume of the radio
communication system W, which is determined in the
metric space F by partial performance performance
indicators, such as performance P, velocity V, and
accuracy of information transmission 7.

The accuracy of 7 is numerically equal to the
number of messages taken per unit time without taking
into account missed messages, lost packets in the
network, and also packets not delivered, that is

T=1I-All,

where AT is the total number of messages that are not
delivered accurately and measured by messages/second.

The class of performance indicators is highlighted
on the basis of the classification of network indicators
[10], according to which the main classes of
communication network indicators are defined, such as:

class 4 - network quality performance indicators,

class B - class of performance stability indicators;
class E - class of indicators efficiency.

In separate classes, indicators are determined, that
determine the values of quality indicators functioning of
the communication network - class C; performance
indicators, that determine the stability of performance
indicators - Class D:

Performance indicators, that affect performance -
Class F.

In this case, the class A4 includes performance P,
speed ¥ and accuracy of information transfer 7, which is
in accordance with the provisions of recommendation
MCD 1.350.

These performance indicators are interrelated, and
the value of one or two of them is not enough to
evaluate the network.

The space of the quality performance indicators F'
is metric: for some system of its subsets, a mapping is
introduced

W:.:H,;—>R

such that, where W, is the non-negative accountable

additive function, that determines the volume in
(messages/sec)’ and represents the measure in the
network of network performance indicators.

Each pair

H H e ®

ci»
is associated with a real number
P ( Hej H ) ’

representing the distance between elements of space
satisfying the conditions of the measure theory.

The probability of timely delivery Q is an integral
indicator of the quality of functioning and characterizes
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the performance of the communication system (average
flow intensity served Ag,..; for a given average

intensity of the input stream A;,c4,ing )» When providing

user requirements time
transmission.

The performance indicators are components of the

over and accuracy of

vector F'in space R’. The process of functioning
-1
@ = (H’ Tavailability > T)

of the communication system and any of the elements
can take place only within the limits of their loading
abilities

H

c

=11

max >

Vinax » 1

max >~ max °
thus
DdcH,.

The space F is metric: for some system of its
subsets, a mapping is introduced

such that
W, = [T, -

a measure, that represents the volume of the network.

The load capacity exists for any element of the
communication network, its sites and the network as
whole. It can be calculated analytically, obtained
experimentally by measuring or collecting and
processing statistical data.

Indicators with one sense, entering into the
network and coming out of the network messages
streams are the intensity of the flow, the intensity of
aging and authenticity.

Construction of the metric space allows us to
calculate the efficiency of the communication system
and on its basis conduct an objective comparative
analysis of communication networks and their
elements.We will evaluate the effectiveness of the
developed generalized indicator. This indicator was
compared with the energy efficiency of military
radiocommunication systems and the frequency
effectiveness of military radio communication systems

W:H, >R, (Fig. 1).
6-
54 O Energy efficiency
4 OFrequency
efficiency
31 @ Developed
indicator
2
1
0
Main characteristics
Fig. 1. Comparative analysis of the effectiveness
of the proposed indicator with known indicators
Comparative  analysis  suggests, that the established, that this indicator allows obtaining a

proposed generalized indicator of the effectiveness of
military radio communication systems can get a
winning of 15-22% depending on the signal-
interference situation.

Conclusion from this explosion

In the course of the research, a generalized
indicator of the effectiveness of  military
radiocommunication systems was developed.

An assessment of effectiveness of the developed
indicator with the known indicators, during which it was

generalized assessment of the state of the military
radiocommunication system, which is a logical
generalization of the energy and frequency effectiveness
of the evaluation of military radiocommunication
systems.

The gain from the application of the proposed
indicator is estimated at 15-22%, depending on the
signal-interference situation.

Directions of further research will be directed at
the development of methods for increasing the noise
immunity of military radiocommunication systems.
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Y3aranpHeHn# NOKa3HUK OLIHKH e eKTHBHOCTI CHCTeM BiliCbKOBOI0 pafiosB’ 3Ky
M. M. Tropuikos, A. B. lumanpkuii, C. A. Muxycs, A. O. MinieHko

CyudacHi cHuCTeMM BiICBKOBOrO pajio3B’s3Ky (QYHKIIOHYIOTh B CKJI3JHMX YMOBaX, IO OOYMOBJIEHO aediuuToMm
PazioyacToTHOro pecypcy, OOMEKEHHMH OOYUCIIOBAIBHUMH PECYPCaMH Ta BIUIMBOM 3aC00iB PaiOeIeKTPOHHOIO MO/IaBICHHS
cynporuBHUKa. OJHUM 31 NUIAXIB IMiJABUIICHHS 3aBaJ03aXUIIEHOCT] BIMICBKOBHX CHCTEM Daio3B’A3Ky € po3poOka e(eKTHBHUX
MOKa3HKKIB, aJITOPUTMIB, METO/IIB Ta METOJHK OLIHIOBAHHS CTaHy CHCTEM BIHCHKOBOro pazio3B’s3Ky. Ha manuit yac myist omiHKH
CHCTEM BiIICHKOBOT0 Pajlio3B’A3Ky po3po0ieHo Oe31id MOKa3HUKIB OL[HKH iX e()eKTUBHOCTI, IpoTe iX 3acTOCyBaHHS 00YMOBJIEHO
psiIoM OOMEXEHb, SIKa IOJATaE B TOMY, L0 IOKAa3HHUKH, IO MAIOTh BHCOKY TOYHICTh K IIPAaBHIO HE BUKOPHCTOBYIOTHCS B
3B’SI3Ky 3 BHCOKOIO IX OOYHCIIOBAJIBHOIO CKIIAJHICTIO, @ Ti MOKA3HHMKH, IO MAalOTh NPUHHATHY OOYHCIIIOBAIBHY CKIIAJHICTh
MalOTh HU3bKY TOYHICTb OLIHIOBAaHHS. TOMY 3 METOMO MiABHIIECHHS 3aBaJO03aXUILEHOCTI CHCTEM BiHCHKOBOIO Pajio3B’si3Ky B
3a3HAueHiN CTaTTi aBTOpaMH MPOBEAEHO PO3pOOKYy y3arajlbHEHOro ITOKAa3HHKa OLIHKH e(EeKTHBHOCTI CHCTEM BIHCHKOBOI'O
panio3s’s3ky. Ilig yac MpoBeNEHHS MOCHIIKEHHS aBTOpAMH CTarTi OyaM BUKOPHUCTaHI OCHOBHI IOJIOXKCHHS TEopii 3B 3Ky,
MaTeMaTHYHOI CTaTHCTUKH, TeOpii yNnpaBiliHHA Ta Teopii 3aBajo3axuileHocTi. Po3pobieHuit B poOoTi y3aranbHeHHI IOKa3HUK
OLIHKH €(QEeKTUBHOCTI CHCTEM BIICBKOBOTO pajaio3B’sI3Ky JO3BOJISIE IIJBHUIIUTH 3aBa/I03aXMINEHICTh CHCTEM BiHCHKOBOI'O
panio3B’si3Ky 3a paxyHOK 30UIBIIEHHS IMIBUIKOCTI OLIHIOBAaHHS iX craHy. [IpoBeneHa owiHka eeKTHBHOCTI PO3pOOJIEHOro
MOKA3HHKA JI03BOJISIE CTBEPJVUKYBATH IPO Horo miaBuiieHy Ha 15-22 % eeKTUBHICTb Yy NOPIBHSAHHI 3 KIACHYHUMH [TOKa3HUKaMU
€HEPreTHYHOi Ta CIEKTPaJbHOi e(PEKTUBHOCTI CHCTEM BiiiCbKOBOro pasio3s’si3Ky. IIpakTH4yHa 3HAUMMICTH HPOBEIECHOrO
JIOCHIIZKEHHS NOJISTa€ Y MOXJIMBOCTI BUKOPHCTAHHS 3aIIPOIIOHOBAHOI0 Y3arajlbHEHOr0 OKa3HUKA OLIHKK e()eKTUBHOCTI ijl 4ac
PO3pOOKH HOBUX Ta MOJICpHi3allil iCHYIOUHX 3aC00iB BiiiCbKOBOT0O pajio3B’s13Ky (LIEHTPaX pajiiOMOHITOPHHTY).

Kawo4yoBi cioBa: 3aBajo3axMINCHICTh; OLIHKA; CHCTEMa palio3B’s3Ky; pPaliOeieKTPOHHE IIOABJICHHS; 3aco0H
paniosB’s3Ky.

O0001eHHBII MOKa3aTeIb OLeHKHU 3((eKTHBHOCTH CHCTEM BOCHHOI0 PaIHOCBA3U
M. H. Tropuukos, A. B. Illnmanxuii, C. A. Mukycs, A. A. Muiesko

CoBpeMeHHbIE CUCTEMBI BOCHHOI pajinoCBs3N (YHKIMOHUPYIOT B CIOXKHBIX YCIIOBHUSX, YTO OOYCIOBIEHO AE(PUIMTOM
panrovYacTOTHOTO pecypca, OrpaHWYEeHHBIMU BBIYUCIHTEIEHBIME PECypcaMy W BO3ACHCTBHEM CPEJICTB PaMOIEKTPOHHOTO
MOJaBJIeHUs] NPOTUBHKUKA. OIHUM W3 ITyTeH IMOBBIICHUS ITOMEXO3AIIUIIEHHOCTH BOSHHBIX CHCTEM pAJHOCBS3U SIBISETCS
pa3paborka 3 (EeKTHBHBIX TOKa3aTelel, alrOpUTMOB, METOJIOB U METOJIUK OIIEHKH COCTOSHHSI CUCTEM BOSHHOM PaHOCBSI3H.
B Hacrosimee BpeMsi It OLEHKM CHCTEM BOCHHOM paJHMOCBS3HM pa3paboTaHO MHOXKECTBO IIOKa3aTeled OIEeHKH
3 PEKTUBHOCTH, OJHAKO HX HpPHUMEHEHHEe OOYCIIOBIICHO PSIOM OrpaHHYSHHH, 3aKITIOYAIOIIMecs B TOM, YTO IIOKa3aTely,
KOTOpBIE HMEIOT BBICOKYIO TOYHOCTh OOBIYHO HE HCIONB3YIOTCS B CBS3M C BBICOKOI MX BBIYHCIUTEIBHOH CIIOXKHOCTBIO, a T
MIOKA3aTelM, UMEIOIIe PHUEMIIEMYIO BEIYMCIUTEIBFHYIO CIIOKHOCTh, HMEIOT HU3KYIO TOYHOCTh OLCHKH. [lo3TOMYy € menbio
MIOBBIIICHUS TTOMEXO03aIIUIIEHHOCTH CHCTEM BOCHHOW pAJMOCBSA3HM B YKa3aHHOW CTaThe aBTOpaMH MpOBeJcHa pa3paboTka
0000111eHHOr0 ToKa3aTelst OLEeHKH 3((EKTHBHOCTH CHCTEM BOEHHOW paanocBs3u. Bo Bpems NpoBeNeHHs HCCICIOBaHUS
aBTOpaMH OBUIM MCIIOJIB30BaHBI OCHOBHBIE ITOJIOKEHUSI TEOPUH CBS3H, MaTEMAaTHYECKON CTATHCTHKH, TEOPUH YIIPAaBICHHUS U
TEOpHH TOMeXo3aIuIEHHOCcTH. Pa3zpaboraHHbeli B pabore 00OOIIEHHBIH MOKa3aTelb OHEHKH 3(P(EeKTHBHOCTH cHCTEM
BOCHHOM PaJMOCBS3M II03BOJISIET IIOBBICHTH ITOMEXO3AIIUIICHHOCTh CHCTEM BOSHHOM pAIHMOCBA3HM 3a CUET YBEIHYCHUS
CKOPOCTH OLIEHKH X cocTosiHMA. [IpoBeneHHas oneHka 3pQeKTHBHOCTH pa3pabOTaHHOIO ITOKa3aTells MO3BOJISIET YTBEPIKAATh
0 ero mHoBbIIEHHOH Ha 15-22% »(QQEeKTUBHOCTH MO CPaBHEHHWIO C TPAAUIMOHHBIMU IOKa3aTEIsIMA JHEPreTHYecKOd W
CHEKTPAIbHOH 3P (PEKTUBHOCTH CHUCTEM BOCHHOHM pamuocBs3u. [IpakThueckas 3HAYMMOCTH IPOBEACHHOTO HCCIIEIOBAHUS
3aKJII0YaeTCsl B BO3MOXKHOCTH HCITOJIB30BAaHUSI IPEUIOKEHHOr0 OOOOIIEHHOr0 IMOKa3zaTelsl OLEHKH 3(PQEeKTUBHOCTH NHpHU
pa3paboTke HOBBIX U MOJIEPHHU3AIMH CYIECTBYIONINX CPEJCTB BOCHHOH paguocBs3u (LIEHTpax paIlOMOHUTOPHHTA).

KamoueBblie caoBa: TIOMEXO03alIUIICHHOCTD; OLICHKA; CUCTEMA PaJUOCBA3H; PAAUODJICKTPOHHOC ITOAABJIICHUE,; CPCACTBA
panuocCBA3U.
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MOJEJIb PO3PAXYHKY
IHTEHCUBHOCTI KIBEPHETUYHHUX ATAK
B CUCTEMI EJIEKTPOHHUX TOPI'IB HA ®OHAOBOMY PUHKY

Mertoro cTaTTi € ajanTallis iCHylOUMX MaTeMaTUYHHUX MOJEJICH IHTHCUBHOCTI KiOEpHETHYHMX aTakK [l BUKOPUCTAHHA B
cucreMi iHpopmariiiHoi 6e3nexu i (pi3MIHOro 3aXUCTy €IEKTPOHHUX TOPTiBEIbHUX MalJIAHUUKIB HAa (OHIOBOMY PUHKY 10
CY4aCHHX YMOB, a TAKOXX yMOB IIPOrHO3yBaHHs. Pe3yibTaTn. BussieHo, 1110 MOIEIIOBaHHS 3aJIEXHOCTI IIOTOKY 30BHIIIHIX
KiOepHETHYHHX aTaK Ha €JIEeKTPOHHI TOPriBesibHI MaiIaHUYMKH (OHIOBOrO PUHKY, MOXE PO3IIIAATUCH SK MOCIIJOBHICTD
MOYEProBUX CTPHUOKIB i MajliHb, 0 CBIUUTH PO KONMBAJIBHY MPUPOLY IPOLECy MOTOKY atak. OGrpyHTOBaHO, 110 CHCTe-
Ma KiOepHETHYHOr0 3aXHUCTY €JICKTPOHHUX TOPTiBEIbHUX MaiiJaHuMKiB ()OHIOBUX PHHKIB XapaKTEPU3YEThCS 4acoM 3arli3-
HeHHs. Lle cTBOproe mepeyMoBH I MOPYIICHHs! CTiMKOCTI KonMBaHb. Pe3ynbTaT OCHiPKeHb HOCATh NPUKIAJHUI Xa-
pakTep i MOXKYTb OyTH BUKOPHCTaHI [UISl IPOBEJICHHS €KCIIEPUMEHTIB 1 IPOrHO3yBaHHS 3HA4Y€Hb IIapaMeTpiB, sIKi XapaKre-
PH3YIOTh KiGEpPHETHYHI 3arpo3u, 110 HAlpaBJICHI HA €IEKTPOHHI TOPTriBelbHI MalfaHYUKK (OHIOBUX PHHKIB 3 METOMO iX
3an00iraHHs Ta NPEBEHTHBHOIO 3a0e3nedeHHs 1HpopMaliiiHOT Oe3MeKH CydaCHUX TEXHOJIOTIH eJIeKTPOHHUX TOPTiB 1 B3ae-
MOpPO3paxyHKiB. 3aJI€)KHOCTI, SIKi BUSBJICHI B IIPOLIECi MOJISITIOBAHHSI, a/JalITOBaHi 10 YMOB 3/[Ii{CHEHHS €JICKTPOHHHUX TOPT'iB
1 B3aEMOPO3paxyHKiB Ha ()OHAOBUX PHHKAX i BPaXOBYIOTb (haKkTOpH MPOTHAIT KiOEPHETHYHUM 3arpos3am, SKi IOB’si3aHi 3
4acoM 3aIli3HeHHs. Briepiiie noka3aHo, 1110 iCHye MOXUIUBICTD OyIyBaTH 3aJIeXKHOCTI IHTEHCUBHOCTI KiOEpPHETHYHHX aTaK 3a
JIOTIOMOTO0 JIIHIHHKMX Ju(epeHLiaIbHUX PIBHAHb 3 3alli3HEHHSAM, HAIpaBJIeHUX Ha iH(pOpMaliifHO-TeJIeKOMYHIKaliiHI 3a-
cobu iHpopMaliiiHOl Oe3nekH KibepHeTHYHOro npocropy (GonnoBoro punky. HoBuii mijaxin 1ae MOXIMBICTb 3/HCHIOBATH
MOPYIIEHHS CTIHKOCTI KOJIMBAJIBHOI'O MPOLECY «XMKAK — JKEPTBa» 3aBJAKM PETryIIOBAHHIO YaCy 3alli3HEHHS 1 IPH LIbOMY
BU3HAYaTH [apaMeTpH, sIKi BIUIMBAIOTH Ha 3amac cTiiikocti. OTpuMaHi pe3y/nbTaT AaloTh MOXKIIMBICTE OynyBaTu (yHKLiO-
HaJIbHY 3aJIE)KHICTh IHTEHCHUBHOCTI KiOepHETHYHMX aTak Bijx dacy. Lle 1ae MOXKIMBICTh CBOEYACHO 3/1IHCHIOBATH HEOOXI1THI
nit o iHdopMariifHOMy 3aXHCTy KiOEpHETHYIHOT0 IPOCTOPY (POHTOBOTO PUHKY.

Karw4dosi cioBa: kibepHeTH4Ha araka; KiOEpHETUYHUH MPOCTIP; Yac 3ali3HEHHS; IHTCHCUBHICTb aTak; (OHIOBUH pu-

HOK.

BecTtyn

IMocranoBka 3aBaanus. GoHIOBUI PUHOK € OfI-
HI€IO 3 CKJIaJIOBUX CKOHOMIKH JIEP)KaBHU 1 Bimirpae cyr-
TEBY pONb B 3aiydeHi iHBecTuuiid. CTBOpEeHHs BipTya-
JIBHUAX BaJIOT 1 €JIEKTPOHHUX TOPTiBEIbHUX MaiJaH4H-
KiB TIPU3BEJIO JI0 3aliKaBJICHOCTI KIOEPHETUYHUX 3101~
iB artakyBaTH iH(pOpMaIiitHO-TeNEKOMYHIKalliliHI CHC-
TeMH (DOHIOBOT'O PUHKY 3 METOO IMPUCBOEHHS aKTHBIB 1
KOINTIB TPETiX 0Ci0, 10 € yJacHHMKaMH PUHKY. Tomy
3ajjauya MOJIENIIOBAaHHSI iIHTEHCHBHOCTI MOTOKIB KibepHe-
TUYHUX aTaKk Ha KiOepHETHYHHMU MPOCTip (OHIOBOTO
PHUHKY € aKTyaJbHOIO 1 IOTpeOye PETEILHOrO aHATI3Y.

dopmaiibHa ITOCTAaHOBKA 3aBIaHHs TOJISITAa€ B Ha-
crymmHoMy. HeoOXimHo, mpoaHai3yBaBId iCHYIOYI (y-
HKI[IOHAJIbHI 3aJIOKHOCTI aTak (CHTHAJbHHUX ITOTOKIB),
nobynyBatu qudepeHIiaibHe PIBHIHHS, SKE MOJIEIIOE
iX ITUHAMIKY 1 BpaXoOBYe iCHYIOYi HEIOTIKH IUX 3aJIeK-
HOCTeil.

AmHaJi3 Jgireparypu. AHaniz poOiT, Ha sIKi cnupa-
€THCS Hallll JTOCHI/PKEHHS J1a€ MOKJIMBICTh CTBEpXKYBa-
TH, 1[0 MOJICTIOBaHHS 3MiH 3 4YacOM KiJIbKOCTI KiOepHe-
TUYHHUX aTaK MpH pO3MIAgaHHl 3amad iHdopmamiiHol
0e3IeKH, CYTTEBO 3aJISKUTH BiJ crenu@iku o0’€kTa,
KiOepHEeTHYHMH MpOoCTip sikoro 3axumaerses [1-7]. On-
Hak, B 0araTboX BWIIQJIKaxX, B NPUKIAAHIN iHpopMmaTuli
JUTS. MOZIGITIOBAHHSI IIOTOKY KiOEpHETUYHHX aTakK , TAKHUX
SIK «IIPOTpaMHi Bipycu», 10 HEJaBHHOTO 4Yacy Oyna Ma-
TeMaTUYHa MOJEJb, sKa 3JIMCHIOBAJa OIHKC IPOLECY

3MiHM IHTEHCHBHOCTI X(f) Ha OCHOBI aHAJITHYHOI 3a-

nexHocti depxroibera [1]:
K.
x; (1) = ' , (1)

K —x; e—ﬁm(l—lo)

ge K, — piBeHb HACHYEHOCTi iHTEHCHBHOCTI KibepHe-
THYHHX aTak,

m

7" — mapaMeTp KPYTW3HH II0YaTKOBOT'O 3POCTaH-

HS IHTEHCUBHOCTI KiOEpHETHYHUX aTak,
fy — MOYAaTKOBHIl MOMEHT 4acy,

xj

B po6ori [1] MomentoBaHHs POIIECiB iIHTCHCHBHO-
CTi KiOepHETHYHUX aTak, sKi HampaBjieHI Ha aTOMHi
€JIEKTPOCTAHIII], 3alpOIIOHOBAHO BHKOPUCTAHHS PiB-
HSIHHST XaTYUCOHA, SIK MOAU]IKalil0 MOJeNe, ki pa-
Hile Oyl BHKOpHCTaHi. B 1ie piBHSAHHS BXOIUTH 4ac
3aIli3HEHHS T KUIBKOCTI aTak Ha 00’€KT, 10 3aXHIIa-

€ThCA, 1 Ma€ TAKUH BUIJTIS

B0 _ ) x0=7)
d K

— IIOYaTKOBEC 3HAYCHH Ki6epHeTI/I‘IHI/IX aTak.

(). )

Sxmo B ¢opmyai (1), moyaTKOBHII MOMEHTY 4Yacy
fo 3aMiHMTH Ha Yac 3ami3HeHHs T, To mozeni (1) i (2)
MOXXHa BUKOPUCTOBYBATH MJISl OIIHKH €(QEeKTUBHOCTI
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cucreMr (pi3MYHOrO 3aXUCTy iH(POPMALIHHUX CUCTEM,
SIKI TTOCHITIOIOTH MOJIENI TU(epeHINaTbHO-IrPOBOrO ITiJI-
XOJly, SIKi 3aIpOIOHOBaHi B [2], Tak SIK BOHU BPaxoBY-
I0Th pealibHi YyMOBHU iX po0OTH, 3 ypaxyBaHHIM 3aIli3-
HEHHS TEXHOJIOTTYHO BAYJIMBUX MOMiH [1].

OcHoBHMM MmaTepian

IIpu anami3i craTHCTUKU KiOEpHETMYHHX aTak Ha
€JIEKTPOHHI TOPTiBeNIbHI MalIaHYUKU (OHIOBOTO PUH-
Ky OyJIO BCTaHOBJICHO, IO IHTCHCHUBHICTh TaKHX aTak
MOXKHa OIUCATH JIHIHHUM AuepeHiaNbHIM piBHSH-
HSIM 3 3aITi3HEHHSM, SIKE Ma€ TAKUM BHUTJIS

d
);—(;) =rx(t)+ %xox(t -1, 3)

e 7 —napaMeTp KpyTH3HHU II0YaTKOBOI'O 3POCTaHHS
KIJIBKOCTI aTak,

K — HacuyeHicTh KiOEpHETUYHUX aTaK,

X — IOYaTKOBE 3HAYEHHS KiOEpHETUYHHUX aTak.

IIpu anamizi arak mporsrom 2018 poky, Oyio
BCTAaHOBJIEHO, IO JJIsI Y KpaiHCHKOTrO (DOHAOBOTO PUHKY
7 TpUHMaNo 3HAYCHHS NPUOIM3HO 2, a HACHYEHICTh
kibepHeTnuHKX aTak K =10.

B pobGori [12] Oymo 3anmpornoHOBaHO METOX
po3B’si3yBaHHs PiBHSHHA (3) 1 Horo posm’sizok x.(f),
SIKMH 3a/I0BOJIbHSIE OJMHMYHUAM IIOYaTKOBHM YMOBaM,
Ma€ TaKe Mpe/ICTaBICHHS

1+de |21 r+), 0<t<T
r| r K
1 1
1+ e”[—}—— (r+—)+
r| r K
+4e" 7 M—% +L2 X
1!7" 7 7
xL(r+L), T<t< 27
K K
1+ e”[l}—l (r+L)+
r| r K
- t-1) 1 1
I er(l ) (___ b
x (1) = r 2| 2
r r
X—(Ir+—)+...+
K( K)
(t-nv)"
nlr
-1
er(t—n‘r) —M+ +
2
N (n=1)lr y
1
n
_+...+(—1) rn+l_
1
+(_1)n+1_
r”+1
xrn(r+r) (n-1)<t<nt
K K" N '

OcTraHHE TPEJCTaBIICHHS A€ MOXIIUBICTh OTpH-
MYBaTH PO3B’S30K piBHAHHS (3) Ha MPOMIKKaX 4acy

[(n=D1;n1).

Ile o3Hauae, mo Marouyu iHQOpMaIiO TPO iHTEH-
CHBHICTh aTak 3a MOMNEpeqHIi MPOMIXKOK 4acy, MU MO-
KEMO 3JIMCHUTH TPOTHO3 IPO OYiKyBaHY IHTEHCHUB-
HICTb 3arp0o3 Ha HACTYITHUI NPOMIXKOK 4acy.

[Ile BapTO BiAMITHTH, IO IHTEHCHBHICTH KiOCpHE-
TUYHUX aTaK MalTh 1 KOJMBaJIbHY mpupoxdy. lle o3na-
qae, MO KpuBa x.(f), AKka € po3B’sI3KOM DiBHAHHA (3)

MAa€ TOYKHU IIEPEruHy.

ToOro, B3BUIM APYry MOXiJHY, MH MOXXEMO BH-
3HAYaTH Nepiojl Yacy KBAaHTYBaHHS, KOJIH BiIOYBa€ThCS
3MiHa 3HaKy fApyroi moximHoi ¢yHkmii x.(¢). Lle mae
MOXIIUBICTh BHOpATH Yac 3ami3HEHHs T TaKHUM YHHOM,
o0 3/AiHCHIOBANIOCH TOPYLIEHHS CTIHKOCTI KOJNWBAHb
IHTEHCHBHOCTI KiOEpHETUYHHX aTaK.

[opyiieHHsT CTIHKOCTI MPHU3BEIE IO MOXKJIMBOCTI
CTBOPIOBATH BIAMOBIAHI il UIs 3a0e3MeueHHs OUIBII
CTIMKOI CHCTEMH 3aXHCTY EJIEKTPOHHHX TOPTIBEIBHUX
MaliIaH4MKIB.

Ha puc. 1 300paxeHo (pa3oBy TpaekTOpito po3B’s3-
Ky piBHSHHS (3) IHTEHCHBHOCTI KiOEpHETHYHUX aTak Ha
€JIEKTPOHHHUH TOPTiBENIbHUA MaWIaH4uK Y KpaTHCHKOI
¢oHmoBOI  OipXki, SIKI CIOCTEPIraluCh MPOTITOM
2018 poxky.

PucyHok mokasye, 110 3aBISKH CTaOIIbHIA CHC-
TeMi 3aXUCTy 1H(OpMaIiiHO-TeleKOM yHiKaI[iHHOT
cucteMu YKpaiHcbkoi (oHmoBoi Oipxi, Oyma mopy-
LIEHa CTIMKICTh KOJIMBaHb IHTEHCHUBHOCTI KiOEpHETH-
YHUX aTaK Ha eJeKTPOHHHH TOpPriBeNIbHUH MailjaH-
YUK, OJTHAK BCE OJHE IHTCHCHUBHICTh aTak Oyia JOC-
TaTHHO BHUCOKOIO.

B pesynmbTaTi mpoBeNCHUX SIKICHMX 1 KiIJTBKICHHX
€KCIIEPUMEHTIB BUSBIJIEHO, IO iHTEHCHUBHICTh KiOepHe-
TUYHHUX aTakK Ha KiOepHEeTW4HUH iH(pOpMaliiHuiA npoc-
Tip GoHIOBOrO pHHKY YKpaiHU JOCTaTHHO BEIUKUH, 10
CBIYMTH TPO MPUCYTHICTH CYO’€KTIB, SIKI 3alliKaBJICHI B
oprasizaiii 3arpo3 iHdopMalliiiHiid Oe3meri eIeKTPOoH-
HUX TOPTiBEIbHUX MalIaHuUKIB.

OyHKIiOHAIbHA  3aJIEXKHICTh jIKa €

x(1) 5
pO3B’s3KOM piBHSAHHS (3) BpaXOBYye HE TUIBKH iCHYIO-
yi 3arpo3u iHdopMamiiiHii Oe3meni KiOepHETHUYHOTO
npoctopy (OHAOBOrO PHHKY, aje nae iHdopmallio
PO MOXUIMBICTH NMPOTHO3Y MOMEHTY 4Yacy 3 SIKOTO
IHTEHCHBHICTB 3arpo3 Moxke 3011bIIyBaTuch abo 3me-
HIIYBaTUCh. L{e € BaXKITMBUM, Tak sIK, MOXKHA Harepes
BOJIOMITH 1H(QOpPMAI€0 MPO Te, KOJIM MOXHA MaTH
JIOJITATKOBUH Yac Ha BIOCKOHaJICHHs iH(opMamiiiHo-
TEJIEKOMYHIKaIifHOT CHCTEMHU 3aXUCTy €JIEKTPOHHHUX
TOPTiBEIBHUX MaMJIaHUYMKIB JJI MPOTHUIIT 30BHIIIHIM
3arpo3am.

BucHoBKMu

3anpornoHoBaHo MiaXijl 10 PO3B’sI3yBaHHS 3aBJaH-
Hsl BUOOpY aIeKBaTHOI MoJieni (DYHKIIIOHAJIBHOT 3aJIex-
HOCTI IHTEHCHBHOCTI KiOepHETHYHHX aTak Ha iH(opMma-
HiHHO-TEJICKOMYHIKAIIWHI ~ CUCTeMH  iH(pOpMAIlHHOT
Oe3rexu (POHIOBOTO PHHKY.
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y
0.8

, dx(®)

at

/

04
IgTeHCcHBHICTE
2 arakn
x(2)
4 5 10 12 g

Puc. 1. ®azosa Tpaekropist po3s’s3Ky piBHAHHA (3)
IHTEHCHBHOCTI KIOEpHETHUHHUX aTaK

PexoMeHn0BaHI B BHMKOpHCTaHHI (DYHKIIOHAIIBHI
3aJIeKHOCTI BIIEpIlE aJaNTOBaHI O YMOB 3J1HCHEHHS
TOPTIiB 1 B3a€EMOPO3PaxyHKiB Ha EIEKTPOHHHX MaiiaH-
YHuKax (POHIOBOTO PHHKY.

BpaxoBytoTbest (axropu
TIOB’sI3aHi 3 YaCOM 3aIli3HeHHSI.

npoTuAii 3arposam, sKi

cTocyBaHHSl B 3a0esnedeHHi iH(opMaliifHOi Oe3rneku
¢onnoBoro punky. HaykoBa HOBH3Ha HONSTae B MOX-
JMUBOCTI OyayBaTH (DYHKIIOHAJBHI 3aJIE)KHOCTI 1HTEH-
CUBHOCTI KiOEpHETHYHHUX aTaK , HAIPaBJICHUX Ha eje-
KTPOHHI TOpPriBeNbHI MaiilaHYuku (OHIOBOrO PHHKY 3

YuX MaTCMaTHYHUX Moz[eneﬁ I iX IMMPpaKTUIHOI'O 3a-

ypaxyBaHHSM 3aIli3HCHHS, SIKE€ B CBOIO UEpPry, BIUIMBAE
Ha TIOPYIICHHS CTIHKOCTI KOJMBaHb IHTEHCHUBHOCTI
aTax.

BusHaueHi HOBI NUISXH BIOCKOHAJICHHS iCHYIO-
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MopeJib pacyéra HHTEHCHBHOCTH KHOEPHETHYECKHUX aTaK
B CHCTEMe JIeKTPOHHBIX TOProB HAa ()OHA0BOM PhIHKE

I'. B. Ulyknun, O. B. Bapa6am

Ieabio cTaThU SBISCTCS aJaNTALMS CYIIECTBYIOINX MaTEMaTHYECKUX MOJeNIeH HHTEHCUBHOCTH KMOSPHETHYECKUX aTaK
JUISL ICTIONB30BAHMS MX B CHCTeMe HH(POPMAIIMOHHOM 6e301MacHOCTH U (PU3NUYECKON 3alMThl MEKTPOHHBIX TOPTOBBIX ILIOLIAI0K
Ha (DOHIIOBOM PBIHKE B COBPEMEHHBIX YCIOBHSX, a TAKXKE YCIOBHH BO3MOXKHBIX IPOrHO30B. Pe3yibTaThl. YCTaHOBJIEHO, Y4TO
MOJICIMPOBAHUE 3aBUCHMOCTH IOTOKa BHEIIHMX KHMOEPHETHMYECKUMX aTaK Ha JICKTPOHHBIC TOPIOBbIC ILIOMIAJKU (DOHIOBOrO
PBIHKA, MOXKHO PacCMaTPHUBAaTh KaK I10CIIEIOBATEIBHOCTh OOUEPENHBIX CKAaYKOB M IaJCHHM, YTO CBHIETEIBbCTBYET O Koneba-
TEJIBHOH Npupoze npouecca moroka arak. OOOCHOBAHO, 4TO CUCTEMa KMOEPHETHYECKOH 0e30MacHOCTH IEKTPOHHBIX TOPTOBBIX
w1atopM (GOHIOBBIX PHIHKOB XapaKTEPU3YeTCsl BpEMEHEM 3ala3[bIBaHusA. OTO CO31aéT MPEIIOCHUIKH JUIsl HAPYIICHHS YCTOH-
4UBOCTH KosieOaHUH. Pe3ynbTaTsl MCCIe0OBaHUH HOCAT NPUKIAJHON XapakTep M MOIYT ObITb HCIOIb30BaHbI AJIS IPOBENCHUS
9KCIIEPUMEHTOB M NPOrHO3MPOBAHUS 3HAUCHUH IapaMeTpoB, KOTOPbIE XapaKTepHU3yIOT KUOSPHETHUECKHE aTaKH, KOTOpbIE Ha-
IPaBJICHbI HA ICKTPOHHBIC TOPrOBbIE ILIOMAAKU (DPOHIOBBIX PHIHKOB C LIEJIbIO X YCTPAHEHUS U IPEBEHTHBHOI'O 00ECIICUEeHHs
MH(POPMALIMOHHOH 0€30I1aCHOCTH COBPEMEHHBIX TEXHOJIOTHH 3JIEKTPOHHBIX TOPrOB U B3aMMOPACUETOB. 3aBUCUMOCTH, KOTOpPbIE
BBISIBJICHBI B IIPOLIECCE MOJCIMPOBAHMUS, aJAITUPOBAHBI K YCIOBHSAM OCYIIECTBIECHHS JJICKTPOHHBIX TOPrOB M B3aHMMOPACUETOB
Ha (OH/IOBBIX PHIHKAX M YUMTHIBAIOT (DaKTOPBI IPOTMBOOOPCTBA KiOEPHETHUYECKUM aTaKkaM, KOTOPbIE CBsI3aHbI CO BPEMEHEM 3a-
nasjpIBaHus. BriepBble 0Ka3aHO, YTO CYLIECTBYET BO3MOXKHOCTh CTPOUTH 3aBUCHMOCTH HMHTEHCUBHOCTH KHOSPHETHUECKHX aTaK
[Py TOMOLIM JHMHEHHBIX JU(QEpeHIMAIbHBIX YPAaBHEHUMH C 3amas3[plBaHUEM, HANpPaBICHHBIX HAa HMH(OPMALMOHHO-
TEJICKOMYHUKAIIMOHHBIE CPE/ICTBA MH(POPMAIIMOHHOH 0€3011acHOCTH KMOepHEeTHYeCKoro npocrpancrsa (onnoBoro psiaka. Ho-
BBII MOAXO[ A€T BO3MOXKHOCTD BIIMSTh HA HAPYIIEHUE YCTOMYMBOCTH KOJIEOATENBHOIO IIPOLECCa «XHUIIHUK — XKEPTBa» IHocpe/-
CTBOM DETYJIMPOBaHUS BPEMEHEM 3aIla3/IbIBaHUsI U IIPU 3TOM OIPEJIEIISTh apaMeTpbl, KOTOPbIE BIUIMAIOT HA 3aIac yCTOHYHMBO-
cru. [loydeHHble pe3ysbTaThl Jal0T BO3MOMKHOCTh CTPOUTH (DYHKIIMOHAIBHYIO 3aBUCHMOCTb HHTCHCUBHOCTU KMOEPHETHYECKUX
aTaK OT BPeMEHH. DTO AT BO3MOXHOCTh CBOCBPEMEHHO OCYILECTBILITh HEOOXOAUMBIE CHCTBYUSI, HANIPABICHHbIE Ha HH(pOpMa-
LIUOHHYIO 3aIUTY KUOEPHETHYECKOT0 IIPOCTOPAHCTBA (POHIAOBOTO PHIHKA.

Karoudesbie caoBa: kubepHeTHIECKas aTaka, KHOSPHETHUECKOE IIPOCTPAHCTBO; BPEMs 3aIla3/ibIBaHUs; HHTEHCHBHOCTD
aTaK; (YOH/IOBBIH PHIHOK.

Model of cybernetic attacks intensity calculation
in the electronic trading system on the stock market

G. Shuklin, O. Barabash

The purpose of the article is to adapt existing mathematical models of intensive cybernetic attacks for use in the informa-
tion security system and physical protection of electronic trading platforms in the stock market in modern conditions, as well as
conditions for possible forecasts. Results. It is established that the modeling of the dependence of the flow of external cybernetic
attacks on the electronic trading platforms of the stock market can be regarded as a sequence of alternating jumps and falls,
which indicates the vibrational nature of the process of attack flow. It is substantiated that the system of cybernetic security of
electronic trading platforms of stock markets is characterized by delay time. This creates the prerequisites for disturbing the sta-
bility of oscillations. The results of the research are of an applied nature and can be used to conduct experiments and predict the
values of the parameters that characterize cyber attacks that are aimed at the electronic trading platforms of stock markets in or-
der to eliminate them and prevent the information security of modern electronic trading technologies and mutual settlements. The
dependencies, which are revealed in the modeling process, are adapted to the conditions of electronic trading and mutual settle-
ments in stock markets and take into account the factors of confrontation to cybernetic attacks that are associated with the delay
time. It is shown for the first time that it is possible to construct the dependences of the intensity of cybernetic attacks using linear
differential equations with delay directed at information and telecommunication means of information security of the cybernetic
space of the stock market. The new approach makes it possible to influence the instability of the predator-prey oscillatory process
by adjusting the delay time and at the same time to determine the parameters that affect the stability margin. The results obtained
make it possible to construct a functional dependence of the intensity of cybernetic attacks on time. This makes it possible to
timely implement the necessary actions aimed at information protection of the cybernetic space of the stock market.

Keywords: cybernetic attack; cybernetic space; delay time; intensity of attacks; stock market.
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EFFECTIVENESS OF ARTILLERY SYSTEMS

The essence of the problem of artillery system effectiveness factors determination has been disclosed in the paper. On the
base of the hypothesis of presentation possibility of effectiveness factors of artillery systems as linear combination of
performance characteristics, the method of effectiveness factors calculation for the new artillery systems of the same
category it has been offered. By this model using the effectiveness factors for the several artillery systems have been
calculated, by compare of obtained data with their effectiveness factors, the adequacy of constructed mathematical model
has been shown. At the same, with purpose of investigation of the "discrepancy" between the linear combination
coefficients and the influence feature on effectiveness factor of relevant performance characteristic, the correlation between
performance characteristics and the correlation between each performance characteristic and performance characteristic
have been investigated, also Pirson’s linear correlations coefficients have been calculated. The efficiency coefficient
dependence on battle characteristics (artillery firepower, mobility, durability and applicability) and on the performance
characteristics has been modelled. The "discrepancy" in the signs and the values of the performance characteristics
coefficients has been explained by various impacts on the combat characteristics of artillery sets.
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Introduction

The effectiveness of artillery systems is an integral
characteristic of battle capabilities expressed by main
functional futures based on the performance
characteristics [1, p.4]. The effectiveness factors of
artillery systems define a unit’s battle potential, are initial
data for calculation of the battle capabilities against
enemy’s armored machineries. These factors are
presented in manuals’ tables as known values. However,
the list of presented artillery systems in these manuals is
not full and there are only effectiveness factors of some
artillery systems presented as examples in these manuals.
It should be noted that in various references the same
artillery system has a different value. In addition, there is
a problem of effectiveness factors determination for the
new obtained artillery systems, and a long time these
effectiveness factors are impossible to get. On the other
hand, these factor calculation methods indicated in these
tables have not references. In spite of the calculation
methods of effectiveness factors are offered in some
references [1, 2, 3], the presence of some lacks of these
methods do not allow to determine effectiveness factors
of the new artillery systems adopted to armoury. There
are some of them below:

e the calculated by various methods factors for
the same artillery system are differed much;

e the formules, graphs and tables used in these
methods are not justified;

e these methods use such numerical coefficients
(system reliability, probability of target hit etc.) which
are not presented by producer as performance
characteristic.

In addition, for calculation of the effectiveness
factors of artillery systems the offered methods are
mainly based on the expert's reports and the results of

stand experiments. For determination of effectiveness
factors of the new artillery systems it is necessary to have
many expert's reports and to carry out many experiments.
In paper the dependence of effectiveness factors on the
performance characteristics for the artillery systems has
been investigated and for calculation of effectiveness
factors of the new artillery systems of the same category
the method has been offered.

Distinctive features of artillery
systems’ effectiveness

It is clear, that the value of effectiviness factor
must be determined by the impact of arms performance
characteristics on the combat properties [4, p.65]. Let us
analyse of the main performance characteristics defining
of the artillery system category from the point of view
of impact on combat properties [5, p.92-95; 6, p.71-73].
“The fire power”, “the mobility”, “the durability” and
“applicability” are considered as the main combat
properties for artillery systems. In spite of that the
purposes of all artillery systems are the same, they have
various construction, fire and maneuver posibilities and
battle applicability methods. Therefore, artillery systems
can be divided into below subsystems: mortars,
howitzers and cannons, volley fire rocket weapons
(VFRW) and self-propelled artillery sets (SPAS). Taken
for determination of combat effectiveness the
performance characteristics of these subsystems
weapons are different:

1) for mortars: calibre, maximum gunfire range,
vertical and horizontal rotation angle of gun tube,
weight of shell, fire rate, shell initial velocity, weight of
ordnance, number of operating staff, ammunition
equipment;

2) for howitzers and cannons: calibre, maximum
gunfire range, rotation angle of gun tube, weight of

© A. A Aliev, A. A. Bayramov, E. N. Sabziev, 2018

115



Advanced Information Systems. 2018. Vol. 2, No. 3

ISSN 2522-9052

shell, fire rate, shell initial velocity, weight of ordnance,
number of operating staff, ammunition equipment and
size of ordnance;

3) volley fire rocket weapons: calibre, maximum
gunfire range, rotation angle of gun tube, weight of
shell, fire rate, weight of ordnance, number of operating
staff, ammunition equipment, size of ordnance, number
of tubes and maneuver possibilities;

4) self-propelled artillery sets: calibre, maximum
gunfire range, rotation angle of gun tube, weight of
shell, fire rate, weight of ordnance, number of operating
staff, ammunition equipment, size of ordnance and
movement possibilities.

Let us analyse above indicated performance
characteristics:

o The calibre — the large shell (mine) calibre the
large degree of fire destruction, it acts positively on the
fire power, the measurement unit is mm.

e The maximum gunfire range — the large gunfire
range the further destruction distance and the more hit
of enemy targets, it acts positively on the fire power;
also, the large gunfire range the low probability to hit
own objects, it acts positively on the durability; the
measurement unit is .

e The rotation angle of gun tube — the large angle
the less time of fire maneuver and of take aim, it acts
positively on the fire power. The vertical rotation angle
provides a shooting range and the horizontal one
provides a broad battlefront of take aim; the
measurement unit is a degree.

e The number of tube (for VFRW) — the more
number the much volley intensity and the large
bombardment area, it acts positively on the fire power;
the measurement unit is a piece.

e The weight of shell (mine) — the large weight
the large destruction degree of target, it acts positively
on the fire power; the measurement unit is kgq.

e The fire rate — the high rate the many affected
targets in unit time, it acts positively on the fire power;
the measurement unit is //min (shoot/min).

e The shell initial velocity — the high velocity the
less dispersion angle of shells and the high shooting

Table 1 —Mortars performance characteristics

accuracy and target hit probability, it acts positively on
the fire power; the measurement unit is m/san.

e The weight of ordnance — the more weight the
less maneuver possibilities, it acts negatively on the
mobility and applicability; the measurement unit is kq.

e The size of ordnance — the large size the less
maneuver possibilities on the battle field, it acts
negatively on the mobility, the much revealing
probability on the enemy part, it acts negatively on the
durability; the measurement unit is m”.

e Number of operating staff — the more number
the much probability revealing and hitting probability
on the enemy part; if the ordnance is destroyed then the
loss of staff is more, therefore it acts negatively on the
durability. This impact is proportional to staff number.

e Ammunition equipment — the many equipment
the more duration of uninterrupted fight activities on the
battle field, it acts positively on the fier power and
durability; the measurement unit is a piece.

e Movement possibility (for SPAS) — it acts
positively on the movement on the battlefield. It is an
integrated factor of the velosity movement and one
fuelling determined of passed distance; the
measurement unit is km’/hour.

In framework of study for determination of the
effectiveness digital value of artillery systems let us
adopt a hypothesis considered in [6]: The effectiveness
of artillery systems can be calculated as linear
combination of above considered performance
characteristics. The factors of this combination can be
determined based on investigation of the correlation
between known weapons’ effectiveness and known
performance characteristics.

Information concerning artillery system’s category
has been taken from [2, p.76, p.80-81] (see tables 1 — 4,
here: 0 — calibre (mm), 1 — maximum gunfire range (m),
2 — vertical rotation angle of tube (degree), 3 —
horizontal rotation angle of tube (degreee), 4 — shell
weight (kq), 5 — fire rate (shoot/min), 6 — ordnance
weight (kg), 7 — shell initial velocity (m/sec), 8 — staff
number (men), 9 — ammunition equipment (piece), 10 —
effectiviness factor).

Mortars 0 1 2 3 4 5 6 7 8 9 10

i Xio Xil Xi2 Xi3 Xi4 Xis Xi6 Xi7 Xig Xi9 E;
1. L9AI 51 800 85 4 1.02 8 6.27 106 1 120 18.00
2. M19 60 1830 85 4 1.46 30 10.5 156 1 120 26.61
3. UT-1 81.4 5900 81 5 3.2 15 71.2 250 3 120 98.07
4. NT-1 81.4 3800 81 5 4.2 20 58.85 250 3 120 87.02
5. E-44 81.4 5900 81 5 3.2 30 40.9 250 3 100 115.45
6. BM-38 82 3040 85 3 3.1 30 48 211 4 120 98.32
7. 2B9 automatic 82 4570 85 4 3.1 120 435 250 4 228 130.00
8. M30 106.7 5650 80 3 12 18 305 293 6 100 119.48
9. PM-37 120 5700 80 3 15.9 6 282 272 4 80 180.95
10. 2S12 120 7100 80 3 16 12 210 240 6 48 190.00
11. MT-13 160 5100 80 5 49 3 1170 245 6 40 185.00
12. M-240 240 9700 80 8| 130.7 1 4230 245 5 40 197.77
13. 2B14-1 82 4020 85 4 3.1 24 42 232 4 120 85.55
14. M29 81 4730 80 3 3.1 30 48 223 4 100 98.12
15. MO-120 120 4200 80 4 16 15 94 238 3 80 150.95
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Table 2 — Howitzers and cannons performance characteristics

Mortars 0 1 2 3 4 5 6 7 8 9 10
i Xio Xil Xi2 Xi3 Xi4 Xis Xi6 Xi7 Xig Xi9 Ez
1. M1942/Z1S-3 cannon 76.2| 13290 48 6.20 25| 1116 14137 680 6 100 211.97
2. D-44 cannon 85| 15650 48 9.54 15| 1725 20488 793 5 120 138.93
3. Q.F. Mk-2 cannon 87.6| 12250 25 11.34 5 1800 27718 532 6 100] 130.47
4. MT-12 cannon 100 8200 26.5 5.65 14| 3050 35820 1575 7 80| 178.76
5. M101 howitzer 105 11270, 58.5 14.97 10| 2030| 34479 472 8 86| 231.36
6. D30 howitzer 122| 15400 218.5 21.76 8| 3150 21461 690 6 80| 191.6
7. M46 cannon 130 27150, 48.75 33.40 6| 7700 73283 930 9 80| 249.48
8. M114 A2 howitzer 155| 22000, 58 43.88 4| 7163 58999 684 11 60| 344.51
9. M2 155/45 cannon 155| 23220 63.5 42 4| 12600 38892 853 11 60| 306.03
10. TR (GIAT) cannon 155| 24000 68.5 432 6| 10750 56 760 810 7 50 540.38
11. M1 howitzer 155| 23221 63.5 43.10 2| 13860 97440 653 14 40[ 260.62
12. B-4M howitzer 203.2| 17890 34 100 0.5 21900 85593 607 14 16| 217.69
13. M101A1 howitzer 105 11270, 58.5 14.97 10| 2030 20365 472.4 8 80| 246.72
14. D20 howitzer/ cannon 152| 17410 63 43.51 6| 5650 50805 655 10 80| 287.57
15. M198 howitzer 155| 22000, 61 43.88 4| 7163 75786 684 11 60| 346.64
Table 3 — VFRW performance characteristics
Mortars 0 1 2 3 4 5 6 7 8 9 10
i Xio Xil Xi2 Xi3 Xi4 Xis Xi6 Xi7 Xig Xi9 E;
1. Tip-63 107 8500 45 12 18 540 611 4368 5 150 178.69
2.LARS 1 110 | 14700 205 36 34| 1325| 17480 | 61893 3 300 923.89
3.LARS 1 110| 19000 205 36 34| 1325| 17480 | 61893 3 300 | 1000.28
4. LARS-2 110| 25000 205 36 34| 1325| 17480 | 61893 3 300 | 1106.77
5.MLRS (ATACMS) 240 35000 115 12| 258.5| 2700 | 24560 | 54226 3| 315.25 757.98
6.SAKARYA 122| 40000 | 137.5 40| 65.9| 1150| 30000 | 71300 5 727.5| 1516.76
7.BM-21 122 20750 | 113.5 40| 66.4| 1210| 13700 | 54507 7 562.5| 1187.94
8.BM-21 122 33000 | 113.5 40| 66.4| 1210| 13700 | 54507 6 637.5| 1345.41
9. RM-70 122 | 20500 111 40 66| 1060 | 33700 | 63800 6 480 | 1033.60
10.BM-21 12241 15000 | 117.5 36| 66.4| 1210 11500 | 42780 3 680 766.73
11. BM-21 122.4| 30000 | 117.5 36| 66.4| 1210 11500 | 42780 3 680 | 1032.80
12. BM-21 122.4| 20100 | 117.5 12| 664 650 6000 | 33115 2| 743.75 758.36
13. M-77 Oganj 128 | 21000 111 32| 67.1 810 | 22000 | 62250 5 300 804.88
14. HADID-Noor 122 18000 110 40 451 1210| 13700 | 71300 6 375 857.95
15. MLRS 240 | 40000 | 117.5 12 307 | 2700 | 24560 | 54226 51 315.25| 1230.56
Table 4 — SPAS performance characteristics
Mortars 0 1 2 3 4 5 6 7 8 9 10
i Xio Xil Xi2 Xi3 Xi4 Xis Xi6 Xi7 Xig Xi9 E;
1. M108 howitzer 105 11500 219| 15.00 10 20900| 68127 5 86| 196| 423.85
2. 2S1/M1974 howitzer 122 21900| 216.5| 21.76 8| 22200| 47175 4 40| 305| 471.75
3. DANA/M-77 howitzer 152 | 18700| 149.5| 43.56 9| 29250 95418 5 60| 592| 628.01
4. 2S83/M1973 howitzer 1524 18500 | 211.5| 43.56 41 27500 83265 4 46| 300| 464.34
5. M44T howitzer 155| 24700 65| 43.50 41 32000| 86657 8 30| 341| 635.38
6. MKF3 cannon 155| 20050 50| 43.54 3| 17400| 35274 8 56| 180| 586.89
7. M-109G howitzer 155 15100 220| 43.54 41 28849| 137390 6 28| 192] 302.63
8. PzH 2000 howitzer 155| 40000 213.7| 43.5 12| 55300( 138067 5 60| 256| 1004.5
9. ZUZANA howitzer 155 39600 96.7| 43.5 6| 28450| 138039 4 40| 600| 820.30
10. M-107 cannon 175| 32700 63.5| 66.78 2| 28200| 130889 8 30| 252| 670.07
11. M-110 A2 howitzer 203 | 22900 63.5| 92.53 1| 28350| 106164 5 8| 287| 606.00
12. 2S7/M-1975 howitzer 203 | 37500 451 110.0] 2.5| 46500| 133949 7 8| 300| 896.16
13. 2S1/M1974 howitzer 122 | 15200 216.5| 21.76 8| 15700| 47175 4 40| 305| 344.71
14. M44T howitzer 155| 24000 65| 43.50 41 29500| 93555 8 30| 350| 587.72
15. 2S3/M1973 howitzer 152.4| 24000 212 | 43.56 5| 28000| 83265 4 46| 300| 557.48

Mathematical model
of effectiviness factor calculation

Thus, it is considered that effectiviness factors of
artillery systems can be defined by linear combination

of the above presented performance characteristics, that
is, this dependence will be constructed in shape of
neural network [7]. Let us admit that the performance
characteristics and effectiviness of N artillery systems
are known. For simplicity, we number these arms as
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i=1,2,3, ..., N. It should be noted that we shall use for
calculations only data for the first 12 arms presented in
tables 1, 2, 3 and 4, that is, N=12. Let us denote the
performance characteristic of i arm by x; =1, 2, ...,
10), and arm effectiviness by E;.

The dependence between these quantities can be
written as neural network:

10 L
Z_,-=1°‘/xy o1

It is considered for above presented arms that x;;
and E; are known, their values are given in table 1. If we
apply the mathematical model given in [8] then we
obtain below the values of neural network factors:

1,2,3,.., N (1)

— mortar:
o,=11.58123, 0,,=—0.01786,
03=—3.43018, 04,=36.73646,
o5s=—39.32734, a=—0.00416, )
07=0.74021, ag=—1.25743,
0o=—6,25943, 0,;0=—1.98954;

— cannons and howitzers:
01=9.49153, 0,,=0.00660,
03=—1.25995, 0,=—9.54496,
05=9.63352, 0=—0.00359, 3)
07=0.00028, 0g=—0.19277,
0o=—43.78641, a;;=3.26425;

—  VFRW:
o=—7.49242, 0,=0.01774,
03=4.23441, 04=1.12569,
o5=3.72270, 0,s=0.01039, 4
07=—0.00008, ag=0.00011,
09=96.0293, 0,=0.48191;

— SPAS:
0,=1.71139, 0,,=0.01149,
03;=—1.19681, a,=—0.06277,
05=12.90055, 06=0.00769, 5)
0,=—0.00083, a,g=17.29470,
00=2.65821, 0,;;=—0.00002.

Thus, the effectiveness factor for any artillery

systems can be calculated based on the performance
characteristics by next formula

10
E= Z_;‘:l %X (6)
are the values of performance

here X1, X2, ey X100
characteristics.

Verification of neural network
factors adequacy

For this purpose, let us calculate the effectiveness
factors of arms which are unused in calculations of
neural network factors, and compare the calculated
values with the effectiveness factors given in tables 1 — 4
(see table 5).

Thus, (6) formula can be applied successfully for
calculation of artillery systems effectiveness based on
the performance characteristics.

In addition to that, included in (3.6) formula and
determined for a linear combination the values of ¢, j =
1, 2, ..., 10 factors aren’t always directly proportional to
performance  characteristics and it  creates
disagreements.

On the other part, taking into account that o, and
o factors are less than other ones and are negligible in
effectiveness assessment, it is doubtful that these o, and
o7 factors are reason for disagreements.

Table 5 —The comparision of given and calculated effectiveness factors

Effectiveness factors Error
Artillery systems

Given in table Calculated Absolute in %
2B14-1 mortar (table 1, row 13) E;=85.55 E;=86.81 1,26 1,47
M29 mortar (table 1, row 14) E4=98.12 E4=98.49 0,37 0,37
MO-120 mortar (table 1, row 15) E5=150.95 E;5=150.33 0,62 0,41
M101A1 howitzer (table 2, row 13) E3=246.72 E3=246.72 0,00 0,00
D20 cannon/howitzer (table 2, row 14) E4=287.57 E4=289.59 2,02 0,70
M198 howitzer (table 2, row 15) Es=346.64 E;5s=345.63 1,02 0,29
M-77 Oganj VFRW (table 3, row 13) E3=804.88 E3=807.96 3,08 0,38
HADID-Noor VFRW (table 3, row 14) E4=857.95 E4=860.19 2,24 0,26
MLRS VFRW (table 3, row 15) E5=1230.56 E5=1229.89 0,67 0,05
2S1/M1974 howitzer -15 km (table 3, row 15) E;s=344.71 E5=344.79 0,08 0,02
M44T howitzer -24 km (table 3, row 15) Es=587.72 E4+=602.49 14,77 2,51
2S3/M 1973 howitzer -24 km (table 3, row 15) E5=557.48 Es=543.75 13,73 2,46

For the purpose of clarification of the significance
of this task, let us:

- investigate the correlation factors for assessment
of the dependence between arms effectiveness factors
and performance characteristics;

- justify the objective character of disagreements
concerning a mathematical model of implicit

dependence between effectiveness and performance
characteristics.

The correlation between performance
characteristics of the artillery systems is arised due to
their meaning: the arm’s calibre growth leads to growth
of arm’s weight, the arms’s weight growth leads to

increasing of staff number etc. Besides, as it is
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mentioned above, the small values of o, and oy
coefficiens provide understanding how arms’ fire shape
and shell initial velocity impact to arm’s effectiveness.

That is, when the hypothesis [5] is considered, it is
arised necessity to justify of the correct choosing of
performans characteristics of the artillery systems.

Thus, many factors impact to the correlation
between various characteristics and so, the nature of the
correlation between mentioned quantities is complex
and without mathematical assessment it is difficult to
make conclusion about correlation between these
quantities.

For simplicity, let us use Pearson’s linear
correlation formula [7, p.13] for the pupose of
calculation of the factors of linear correlation between
performans characteristics:

e Zle(xi —;)(J’i —;) o

\/{ZL (xl' _;)2} '[Zzil (yl- _;)2 }

Here: n is a number of considered arms, n = 12; x;
and y; are the values of i arm x and y performance

characteristics; x and ; are the average values of x and
y performance characteristics, respectively.

Thereupon n < 1000, calculated by (7) formula the
values of correlation factors should be corrected by
below formula:

1-72
r =r~{l+m}. ®)

The calculated by (7) and (8) values of the factor
correlation have been presented in tables 6+9 (here: 0 —
calibre, 1 — maximum gunfire range, 2 — vertical
rotation angle of tube (degree), 3 — horizontal rotation
angle of tube, 4 — shell weight, 5 — fire rate, 6 —
ordnance weight, 7 — shell initial velocity, 8 — staff
number, 9 — ammunition equipment, 10 — effectiviness
factor).

For purpose of assessment of correlation between
considered quantities let us use theses given in [7, p.12]:

|| =1 that is, there is a functional dependency
between quantities;

0.95 £|r’| <1 — that is, this dependence is a very
strong;

0.75< |r ’| < 0.95 —that is, this dependence is strong;

0.5< |r ’| < 0.75 — that is, this dependence is average;
02< |r’| < 0.5 —that is, this dependence is weak;

0<|r'<0.2 — that is, practically there is not a

dependence.

If the sign of a correlation factor »' is positive
then there are directly proportional quantities, if the sign
is negative then there are inversely proportional
quantities.

Table 6 — Correlation factors of performance characteristics for mortars

Mortars’ Linear correlation factor »'
No performance
characteristics 0 1 2 3 4 5 6 7 8 9 10

1. |Calibre - 0.781] -0.206] 0.596| 0.921] -0.366] 0.888] 0.408| 0.659] -0.669] 0.785

Maximum gunfire range| 0.781 - 0.091] 0.578] 0.741] -0.183| 0.724]| 0.768] 0.727] -0.460] 0.873
3, | Vertical rotation 0.206] 0.091| - 0.326] 0.152| 0.186| 0.183| 0.159| -0.021| 0.302| 0.040

angle of tube
4, |Horizontal rotation 0.596| 0.578| 0326| - 0.810] -0.174| 0.834| 0.204| 0.073| -0.233| 0.316

angle of tube
5. | Shell weight 0.921] 0.741] o0.152] o0.810] - 0.338] 0.990] 0.298] 0.479] -0.550] 0.650
6. |Fire rate 0.366] -0.183] 0.186| -0.174| -0.338] - 0.222] 0.071] -0.106] 0.881| -0.138
7. |Ordnance weight 0.888] 0.724] 0.183] 0.834] 0.990] -0.222] - 0.282] 0.423] -0.428| 0.600
8. | Shell initial velocity 0.408| 0.768] 0.159] 0.204] 0.298] 0.071] 0282] - 0.758] -0.113| 0.756
9. | Staff number 0.659] 0.727] -0.021] 0.073] 0479 -0.106] 0.423| 0.758| - 0.443] 0.872
10.| Ammunition equipment | -0.669| -0.460| 0.302] -0.233] -0.550| 0.881] -0.428] -0.113| -0.443] - 0.501
11.| Effectiviness factor 0.785] 0.873] 0.040] 0.316] 0.650 -0.138| 0.600| 0.756] 0.872] -0.501| -

For purpose of application of the offered in [9] -

effectiviness factor calculation method and of
determination of the importance of selected
performance characteristics let us analyse row 11 in
tables 6, 7, 8 and 9:

—  for mortars: the influence of the calibre, the
maximum gunfire range, the shell initial velocity and
the staff number on the effectiviness factor is strong;
the influence of the shell and ordnance weight is
average; the influence of other performance
characteristics on the effectiviness factor is weak or it
is not practically;

for howitzers and cannons: the influence of the
calibre, the maximum gunfire range and ammunition
equipment on the effectiviness factor is average; the
influence of other performance characteristics on the
effectiviness factor is weak or it is not practically;

— for VFRW: the influence of the number of
tubes and ordnance size on the effectiviness factor is
strong; the influence of the maximum gunfire range and
the ordnance weight on the effectiviness factor is
average; the influence of other performance
characteristics on the effectiviness factor is weak or it is
not practically;
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Table 7 — Howitzers and cannons performance characteristics

Howitzers and Linear correlation factor r'
Ne cannons 0 1 2 3 4 5 6 7 8 9 10
1. |Calibre - 0,626| 0,048| 0,912| -0,804| 0,911 0,782| -0,139| 0,805| -0,953| 0,532
2. |Maximum gunfire range 0,626| - 0,076| 0,580| -0,549| 0,626| 0,685| -0,097| 0,570 -0,477| 0,659
3. |Rotation angle of tube 0,048| 0,076 - -0,050( -0,061( -0,118| -0,208| -0,167| -0,166| 0,010| 0,052
4. |Shell weight 0,912 0,580| -0,050| - -0,687| 0,959 0,791 -0,183| 0,842| -0,849| 0,406
5. |Fire rate -0,804| -0,549| -0,061| -0,687| - -0,689( -0,705( 0,247| -0,663| 0,724| -0,313
6. |Ordnance weight 0911| 0,626| -0,118| 0,959| -0,689| - 0,842| -0,057| 0,885| -0,884| 0,432
7. |Ordnance size 0,782 0,685| -0,208| 0,791| -0,705| 0,842 - -0,015( 0,882 -0,789| 0,403
8. |Shell initial velocity -0,139( -0,097| -0,167| -0,183| 0,247| -0,057| -0,015| - -0,099( 0,087 0,016
9. |Staff number 0,805| 0,570| -0,166| 0,842| -0,663| 0,885 0,882 -0,099| - -0,805( 0,281
10.| Ammunition equipment | -0,953| -0,477| 0,010| -0,849| 0,724| -0,884| -0,789| 0,087| -0,805| - -0,511
11.|Effectiviness factor 0,532] 0,659| 0,052| 0,406| -0,313| 0,432 0,403 0,016 0,281| -0,511 -
Table 8 — Correlation factors of performance characteristics for VFRW
Volley fire rocket Linear correlation factor r'
Ne weapons 0 1 2 3 4 5 6 7 8 9 10
1. |Calibre - 0,479| -0,187| -0,483| 0,990| 0,871| 0,324 0,102| -0,171| -0,103| -0,112
2. |Maximum gunfire range 0,479 - 0,113| 0,224 0,547 0,533| 0,556| 0,575 0,112| 0,481| 0,731
3. |Rotation angle of tube -0,187| 0,113 - 0,461| -0,174| 0,275 0,335 0,718 -0,411| -0,121| 0,469
4. |Number of tubes -0,483| 0,224 0461 - -0,411| -0,071| 0,463| 0,708 0,425 0,324 0,783
5. |Shell weight 0,990 0,547| -0,174| -0,411| - 0,869| 0,365/ 0,169| -0,132| 0,038 -0,010
6. |Fire rate 0,871 0,533| 0,275| -0,071| 0,869| - 0,492 0,477 -0,189| -0,177| 0,181
7. | Ordnance weight 0,324| 0,556| 0,335 0,463| 0,365| 0,492| - 0,837| 0,242| 0,078| 0,608
8. |Ordnance size 0,102\ 0,575 0,718 0,708 0,169| 0,477 0,837 - 0,122| 0,215 0,853
9. | Staff number -0,171| 0,112| -0,411| 0,425 -0,132| -0,189| 0,242| 0,122| - 0,093 0,346
10.|Movement possibilities -0,103| 0,481 -0,121| 0,324 0,038 -0,177| 0,078 0,215 0,093| - 0,564
11.|Effectiviness factor -0,112| 0,731| 0,469 0,783 -0,010| 0,181 0,608 0,853| 0,346| 0,564| -
Table 9 — SPAS performance characteristics
: Self-propelled Linear correlation factor 7'
G artillery sets 0 1 2 3 4 5 6 7 8 9 10
1. |Calibre - (0,481 |-0,710 (0,916 |-0,709 (0,418 0,522 0,345 |-0,836 0,052 0,447
2. |Maximum gunfire range [0,481 - 1-0,376 (0,538 0,012 0,748 0,678 (0,192 |-0,341 |0,355 0,928
3. |Rotation angle of tube ~ |-0,710 {-0,376 - |-0,635 (0,708 (0,024 |(-0,077 |-0,624 (0,567 |-0,134 |-0,381
4. |Shell weight 0,916 0,538 |[-0,635 - |-0,617 0,523 0,560 0,424 |-0,760 |0,056 0,537
5. |Fire rate -0,709 (0,012 (0,708 |-0,617 - 0,260 |-0,060 |-0,475 (0,783 (0,215 (0,174
6. |Ordnance weight 0,418 0,748 10,024 (0,523 (0,260 - 0,728 0,137 |-0,218 0,120 0,809
7. |Ordnance size 0,522 10,678 |-0,077 (0,560 |-0,060 (0,728 - 0,097 |-0,410 |0,286 |0,560
8. | Staff number 0,345 10,192 |-0,624 (0,424 |-0,475 (0,137 (0,097 - |-0,247 |-0,312 0,223
9. |Ammunition equipment |-0,836 |-0,341 |0,567 |-0,760 (0,783 |-0,218 |[-0,410 |[-0,247 - 0,000 |-0,144
10{Movement possibilities {0,052 {0,355 |-0,134 [0,056 (0,215 0,120 (0,286 |-0,312 (0,000 - 10,379
11{Effectiviness factor 0,447 10,928 |-0,381 (0,537 |0,174 0,809 0,560 (0,223 |-0,144 0,379 -

for SPAS: the influence of the maximum
gunfire range and the ordnance weight on the
effectiviness factor is strong; the influence of the shell
weight and ordnance size on the effectiviness factor is
average; the influence of other performance
characteristics on the effectiviness factor is weak or it is
not practically.

The explanation of "discrepancy'" between
quantities. For purpose of understanding of importance

of the task let us construct of the mathematical model of
functional dependency between weapons performance
characteristics, combat properties and an effectiviness
factor. Let us adopt, that

A =A(x1, cees xl()),
M=M(x1, ceey xl()),
Y: Y(xl, ceey xl())
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T= T(xl, ceey xl())

are the functions expressed numerical values of
firepower, mobility, durability and applicability,
respectively, and are depended on xy, ..., x1¢ variables.
Here: xi,..,x;9 are normalized performance
characteristic’s coefficients of above mentioned artillery
systems. Let us express an arm effectiviness factor via
firepower, mobility, durability and applicability as

E=EA,M,Y,T)
function and adopt that
E0,0,0,0)=0.

Let us adopt that these functions are smooth. Let
us extract the linear part of

E(xy, ..., x10) = E(A(x1, ..., X10),
M(xy, ..., x10), Y(x1, ..., X10), 9)
T(xy, ..., X10))
equation and obtain [9, p.505]:

10 10 2
E(xl, ey xlO) = Zi_laixi +0( Zi—lxi J’

burada

OE 0A OE oM OE oY OE oT
4 =——+——+——+—— (10)

In dependence of the signs and absolute values of
included in (10) quantities the o; can be equal
unexpected values and it helps to explane an above
mentioned "discrepancy". For example, a; =—7/492 for
included in (1) arm’s calibre, we have:

OFE 0A OE oM OE oY OF oT
——— et ——

— 7492 .(11)

We can see, that the increace of arm’s calibre
influenses positively on the firepower, but in the same
time, the increace of ordnance weight and staff number
influenses negatively on the arm’s mobility, durability
and applicability. In other words,

04 oM
—> 0’ -
ox; ox;

1

8_Y <0, a—T <0.
Ox; Ox;

1 1

<0, (12)

The negative sign of o, indicates that in (10) the
“weigth” of negative components sum is more than
positively ones. If these logical reasoning are applied to
other characteristics then the sense of discrepancy in
signs of coefficients included in the effectiviness factor
equation is understandable.

Conclusion

The essence of the problem of determination of
effectiveness factors of artillery system has been
disclosed in the paper. On the base of the hypothesis of
presentation possibility of effectiveness factors of
artillery systems as linear combination of performance
characteristics, the method of effectiveness factors
calculation for the new artillery systems of the same
category it has been offered.

By this model using the effectiveness factors for
the several artillery systems have been calculated, by
compare of obtained data with their effectiveness
factors, the adequacy of constructed mathematical
model has been shown. At the same, with purpose of
investigation of the "discrepancy" between the linear
combination coefficients and the influence feature on
effectiveness  factor of relevant performance
characteristic, the correlation between performance
characteristics and the correlation between each
performance characteristic and performance
characteristic have been investigated, also Pirson’s
linear correlations coefficients have been calculated.

The efficiency coefficient dependence on battle
characteristics (artillery firepower, mobility, durability
and applicability) and on the performance
characteristics has been modelled. The "discrepancy” in
the signs and the values of the performance
characteristics coefficients has been explained by
various impacts on the battle characteristics of artillery
piece.

In the paper, based on the neural network the
mathematical model has been constructed for
determination the dependence of effectiveness factors of
the artillery systems on main performance
characteristics.

For determination of neural network factors, the
performance characteristics and effectiveness factors of
known artillery systems have been used.

The network factors have been calculated by
method of least squares. For purpose of verification of
the adequacy of calculated network factors the
mathematical model has been applied for arms with
known effectiveness factors and it confirms an
appropriateness of calculations. By application of
Pirson’s linear correlations formula the analysis of
calculated factors showed that for calculation of
effectiveness factors the selected characteristics are
sufficiently important.

One can think, that the constructed mathematical
model for calculation of artillery systems effectiveness
factors has not "discrepancy" and can be applied for
assessment of effectiveness factors of the new artillery
systems.
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AP PexTHBHOCTE APTHILICPHICKAX CHCTEM
A. A. Anues, A. A. Baiipamos, 3. H. Ca03ueB

IIpeamer mu3ydenus: 3pQPEKTHBHOCTb COBPEMEHHBbIX apruiuiepuiickux cucreM. Ilean crarbu. PaspabGorka merona,
KOTOPBII MO3BOJIUT onpenenuts kodduuuents! 3bexkTuBHOCTH apTHiLiepuiickux cucreM. PesynabTarsl padorbl. Ha ocHoBe
THIOTE3bI O BO3MOXKHOCTHU IIPE/CTaBICHHS KO3PPUIMEHTOB 3()(PEKTUBHOCTU OPYKHs B BUAE JMHEHHONH KOMOMHAIMHM TaKTHKO-
TEXHUYECKHX XapaKTEpHCTHK, MPEIUIOKeH MeTol pacuera KoddduimeHTta 3(pQPEeKTHBHOCTH U1 HOBOTO OPYXHS JAHHON
kareropuu. ITocTpoeHa maTemaTuyeckas Mojeib Ha Oase HeHpoHHOHM cetu. Jlns ompejenieHMs NapaMeTpoB HEHPOHHOH ceTn
UCHOJIL30BAINCh  XapaKTEPUCTUKH U (akropbl 3(deKTHBHOCTH U3BECTHBIX apTHLIEpUicKuX cucreM. CuHanTHYecKHue
k03 hULMEeHTsl HEHpOHHOH ceTH ObUIM PAacCUMTaHbl METOJOM HAMMEHbBIIMX KBaapaToB. lcmome3ys 5Ty Monens ObLIM
paccuntanbl Ko3pduimenTsl d3PpPeKTUBHOCTH 11 pana o0pasLoB opyxkus. CpaBHEHHE NOMYYCHHBIX 3HAUCHHH C W3BECTHBIMU
ko3 dunmenramu  3(pGEKTUBHOCTH  IOKAa3aJl0  aJEKBATHOCTh IOCTPOCHHOW Maremarudyeckoidl Mozenu. HccnenoBaHo
HECOOTBETCTBHE MEX1y Kod((HULMEeHTaMU JTMHEHHONH KOMOMHALMY M XapaKTepOM BIMAHUS Ha KOIGPUIMEHT 3hPEeKTUBHOCTH
COOTBETCTBYIOIIMX TaKTUKO-TEXHUYECKUX XapaKTepUCTUK. VI3ydeHbl KOPPENSLUOHHBIE CBSI3M MEXIY TaKTHKO-TEXHHYECKUX
XapaKTepUCTUKAMH; MEXIy KajKIOH TAaKTUKO-TEXHHYECKOH XapakTepucTukod u kodpouiuenroM sddexruBHocTH. Jlis
paccuMTaHHBIX IOKa3arenel ObulM BblYMCIEHbl Kod((uULMeHTbl uHeitHoH Koppemsuuu IIupcona. Beina cMopenupoBaHa
3aBHCUMOCTb K03 dunmenta 3¢ dexruBHOCTH OT OOEBBIX XapaKTEPHCTUK — OTHEBOI MOILM OPYXHUsl, MOOMIBHOCTH, )KUBY4ECTH U
NPUMEHSEMOCTH, @ TaKXkKe, B CBOI Ouepelb, MX 3aBUCUMOCTb OT TaKTHUKO-TEXHMYECKHX XapakrepucTuk. Habmromaemoe
«HECOOTBETCTBUE» B 3HAKE M BEIMYMHE KO3(GHIMEHTOB, XapaKTEPU3YIOIIUX BIMSHUSA TAKTHKO-TEXHUYECKHX XapAKTEPUCTHK,
ObLIO OOBSICHEHO pA3JIMYHBIM XapaKTepoM MX BIMSHUSA Ha OOEBble XapaKTEpHUCTHKH Opyxus. BeiBoabl. IlpemnoxeHHas
MaTeMaTHdeckas MoJeib, Oasupymromascs Ha HEHPOHHOH CeTH, II03BONSAET OINPENEIMTh 3aBUCHMOCTH Kod(duumeHToB
3¢ eKTUBHOCTH apTUIUICPUICKMX CHCTEM OT OCHOBHBIX XapaKTepHCTUK padorhl. ITocTpoeHHas MaTeMaTH4ecKas MOIEb Ul
pacuera ko3(dunueHToB 3p(HEKTUBHOCTH apTHILICPUHCKUX CHCTEM HE «PACXOAUTCS» M MOXET NPUMEHSTHCS IS OLEHKU
3¢ GeKTUBHOCTH HOBBIX APTUILIEPUICKHUX CUCTEM.

KawueBble caoBa: apTWUICPUHCKAE CHCTEMBI; OOEBBIE XapaKTEPHUCTHUKH; IIOKAa3aTeNH TaKTHKO-TEXHUYECKHX
XapakTepucTHK; K03 uuneHT 3pHEeKTHBHOCTH; HEHPOHHBIE CETH; METO] HaMMEHBINNX KBaJpaToB; KOd((UIMEHT THHEHHOI
KOPPEISALUH.

EdexTnBHicTh apTHIIEPiICEKAX CHCTEM
A. A. Anies, A. A. Baiipamos, E. H. Ca63ieB

IIpeamer BuBYeHHA: e()EKTHBHICTb Cy4acHHUX apTuiepiiicbkux cucrem. Mera crarri. Po3poOka merony, sikuii 103BOJIUTh
BU3HAUUTH KOoe(ilieHTH e(eKTUBHOCTI apTHIepiicbkux cucreM. PesyiabTratn podoru. Ha ocHOBI rinoresu mnpo MoXJIMBICTH
nonaHHd koedimieHriB  edexruBHocTi  30poi y BMIULLI JliHIMHOT kOMOiHAUil TAKTHKO-TEXHIYHHX XapaKTEPHUCTHK,
3aIPOIIOHOBAHUN METOJ] PO3PAaXyHKY KoedilieHTa eeKTHBHOCTI It HOBOTO 30poi gaHoi kareropii. [loOynoBaHo MaTeMaTnaHy
Mozienb Ha 6a3i HeHpoHHOI Mepexi. [y BU3Ha4YeHHS IapaMeTpiB HEHPOHHOI Mepexi BUKOPHCTOBYBAIMCS XapPAKTEPUCTHKHU 1
(baxropu e()eKTHBHOCTI BIJOMUX apTHIEPIHCbKUX chUcTeM. Barosi koedilieHTH cHHAICIB HEHPOHHOI Mepexi Oynu po3paxoBaHi
METOIOM HalMEHIIMX KBaapaTiB. BukopucToByrou 110 Mozens Oyiu po3paxoBaHi KoeilieHTH eeKTUBHOCTI 11 psIy 3pa3KiB
30poi. IlopiBHSHHS OTpUMaHUX 3HAa4eHb 3 BIIOMHMH KoedimieHTaMH e(EeKTHBHOCTI MOKa3alo aJeKBaTHICTH IMOOYTOBAaHOI
MaTteMaTHdHoi Mozewi. JlociipKeHo HEeBINNOBIIHICTH MiX Koe(illieHTaMH JIiHIHHOI KoMOiHamii i XapakTepoM BIUIMBY Ha
Koe(iIlieHT e(EeKTHBHOCTI BIAMOBIIHMX TAKTHKO-TEXHIYHUX XapaKTEPHUCTUK. BHBYEHO KOpENSIiiHI 3BSI3KM MiX TaKTHKO-
TEXHIYHUMH XapaKTePUCTHKaMH; MiXK KOXXHOK TAKTHKO-TEXHIYHOIO XapaKTEPUCTHKOI i koediuieHToM edekruBHOCTI. s
pO3paxoBaHMX IOKa3HWKIB Oynu obOumcieHi koedimientn niHiHOI kopensii ITipcona. Byna 3MmopmenboBaHa 3aieXHICTH
koedinieHTa eeKTUBHOCTI Bii O0HOBUX XapaKTEPHUCTHUK - BOTHEBOI IOTY)KHOCTI 30poi, MOOLIBHOCTI, JKMBYYOCTI 1 BXXMBAHOCTI, a
TaKoX, B CBOIO 4epry, iX 3aJIeXKHICTb BiJl TAKTMKO-TEXHIYHMX XapakTepucTHK. CrocTepeKyBaHa «HEBIJIIOBIAHICTE» B 3HAKY i
BEJIMYMHI KOe(DIlli€HTIB, 10 XapaKTepPU3yIOTh BIUIMBY TAKTUKO-TEXHIYHHMX XapaKTEPUCTHK, Oyia MOSCHEHA Pi3HUM XapaKTepoM
X BIUIMBY Ha OOHOBI XapakTepHCTHKH 30poi. BuCHOBKH. 3anpornoHoBaHa MaTeMaTH4Ha MOJEIb, 10 0a3yeThcs Ha HEHPOHHIN
Mepexi, 103BOJIsIE BU3HAUMTH 3AJIEXHOCTI Koe(ilieHTiB eeKTUBHOCTI apTHIIEPIHChKUX CHCTEM BiJl OCHOBHHMX XapaKTE€PUCTHK
poboru. IToOynoBaHa MaTeMaTH4Ha MOZENb IJI PO3PAxXyHKY KoedilieHTiB e(peKTHUBHOCTI apTHIEPIHCBKUX CHCTEM He
«PO3XOUTBCSA» 1 MOXKE 3aCTOCOBYBATHCS 11 OLIHKM €(DeKTUBHOCTI HOBUX apTUIIEPIHCHKHUX CUCTEM.

Karw4dosi cioBa: aprunepiiicbki cucreMu; 00HOBI XapaKTepPUCTHUKH; TIOKa3HUKH TAKTHUKO-TEXHIYHUX XapaKTEPUCTHK;
KoeQilieHT eeKTUBHOCTI; HEHPOHHI Mepeki; METO HAMEHIIIMX KBapaTiB; KOe(MIiIli€HT JiHIHHOI KOpesii.
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METHOD OF DETERMINING THE PARAMETERS OF AN EQUIVALENT
ASYNCHRONOUS ELECTRIC MOTOR IN REAL TIME

A calculation of the parameters of the equivalent asynchronous electric machine allows introducing the automated
calculation of the static and dynamic stability of an electrical supply system in an industrial enterprise for any combination
of different electric motors. It also ensures the electromagnetic compatibility in a network by means of calculations of
nonsinusoidal mode in the network with proposed sources of higher harmonics. The research purpese is a method for
accurate determination of the equivalent asynchronous machine parameters for the load node consisting of several groups
of asynchronous electric motors of the same type. An algorithm block diagram for calculating the initial data is developed.
The input data is the number of groups of the same motor type, the number of machines in each group, and a vector of the
engine power ratings. The polling of the counters of each engine in all groups is performed through the use of an embedded
cycle. A fragment of a substation one-line scheme which feeds an electrical industrial enterprise water circuit is given: three
800 kW asynchronous machines for each pump, three 400 kW asynchronous machines and three 250 kW asynchronous
machines. The calculation results for the given example of the scheme are executed and presented in the table. The data
obtained show that the actual parameters of the equivalent machine in a 6 kV load node are significantly different from the
averaged data. The typical difference between the results obtained by the proposed method and the available methods is 5%,
and the maximum reaches 30%. Therefore, it is expedient to use accurate data when performing calculations.

Keywords: equivalent asynchronous machine; group of electric motors of the same type; load node; information and

control system.

Introduction

In most cases, the main load in the distribution
substations of industrial undertakings is created by a
group of asynchronous motors (AM). The influence of
the resistance of this group on the power supply mode is
enough significant to ensure the accepted accuracy of
the calculations, the calculations of the equivalent
resistance of several groups of motors belonging to the
same type must be extremely precise.

The approximate formulas developed for the
equivalent AM parameters calculation do not take into
account the nameplate data for each motor. For a load
node consisting of many different 0.4 kV motors,
calculating the parameters of the equivalent AM at any
specific time with required accuracy is impossible. But
for a load node consisting of several groups of 6 kV
motors of the same type this task is of immediate
interest, and can be performed by using information and
control systems.

The modern stage of the information processing
technologies development can be described by the wide
use of the information and control systems, including
their use to control distribution substations. Such a
system can be always used to calculate the static and
dynamic stability of an industrial undertaking power-
supply system for any combination of different motors.
In addition, such system allows computing
nonsinusoidal mode in a network with a higher
harmonics source, which will ensure electromagnetic
compatibility in the electric network.

Literature data analysis and the problem
statement. In [1] analyzes the AM parameters
calculation in different working modes, but it lacks a
calculation procedure for groups consisting of several
motors.

The calculation procedure given in [2] is intended
for control systems and does not allow taking into
account the influence of the motors working modes on
an electric power system.

Generalizations made in [3] can be used only to
calculate motors with a high rotating speed.

In the article [4] is the closest to solving the
problem of the asynchronous motors group parameters,
but the algorithm this work describes requires
adjustment in order to function in a real-time scale.

The model contemplated in work [5] is not
unraveled to the full extent — moreover, its practical
implementation is not described, which makes it
impossible to use except in the MATLAB simulation
environment.

In the article [6] describes a method to estimate the
AM parameters when the extent of the available data is
minimal, but the obtained estimate demonstrates
significant discrepancy, which prevents it from using in
resonance effects calculations within an electric power
system.

Thus, none of the methods considered can be used
to effectively analyze the interaction of an electric
power system with motors groups in real time.

Theoretical foundations for automatic systems for
measurement of power consumption (ASFMOPC) have
been developed in [7, 8]. The ASFMOPC collect the
energy accounting data from electricity meters
(electronic meters). These data are processed by an
ASFMOPC server and can be used to solve different
problems, including determination of the parameters of
the equivalent AM.

Thus, using the energy accounting data, which can
be obtained in real time mode and transmitted for
further processing in ASFMOPC, and the theory to
calculate the parameters of the equivalent AM, it is
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reasonable to determine the number of working motors
in each group in real time mode. It can be used to build
information and control system determining the
equivalent AM parameters, which in turn can be used in
automated calculations of the parameters and modes of
the power-supply system for industrial undertakings.
The goal of the article consists in developing a
method to determine the equivalent asynchronous motor
parameters for a load node comprising several groups of
similar asynchronous motors of significant power.

Calculating the parameters
of the equivalent AM

Theoretical basis of the equivalent AM parameters
calculation are developed completely enough by
Yu.E. Gurevich in [9, 10]. Article [11] describes a
method that automatically determines the number of
asynchronous or synchronous motors with 10(6) kV
voltage in a group of the single-type motors. But in
practice, the 10(6) kV buses of a substation are connected
to several groups of motors, so to perform automatic
calculations it is necessary to know the number of
working motors in each group at any given moment.

The following nameplate data and AM groups
parameters are used as the output data for equivalenting
of an asynchronous motor: P, is the rated active power

of the motor, kW; O, is the rated reactive power of the
motor, kVAr; 7, is the motor rated current, A; cos¢,, is
the rated power factor, relative units (RU); & is the
locked rotor current ratio, RU; M, is the ratio of the

maximum torque to the rated one, RU; M » is the ratio

of the starting torque to the rated one, RU; wp; is the

weighting factor of the rated active power of each motor
group for the total rated power of all AMs, RU.

In the expressions for the equivalent AM
calculation, the number of the single type motors in the
AM group is expressed as 7 .

According to researches [1], the no-load current of
the AM [, is calculated according to the following
formula:

I =In~(sin¢n—cos¢n/(bn+\/1%)} (1)

where b, is the ratio of the maximum torque to the

rated one on the AM shaft. Calculation made according
to the AM catalogued data (cos¢,=0.8...0.92;

b,=2...2.7) show that the minimal value of I is

within the interval from 25 to 40% of the motor rated
current [11]. These relationships are used to determine
the working state of the AM. That is why it is
reasonable to determine one minimal value for the AM
power upon achieving which it is considered put into
operation (that is, 25 %).

Using the above mentioned information makes it
possible to develop a method for automatic
determination of the AM parameters in a real-time
scale, which will function as part of information and
control system for an industrial undertaking power

supply.
Determination of the equivalent
AM parameters in a real-time scale
in an information and control system

Figure 1 shows a single line diagram section of a
substation energizing electric users of an industrial
undertaking water recirculation system (three 800 kW
asynchronous motors to drive cold water supply pumps
(CWP), three 400 kW asynchronous motors for hot
water supply pumps (HWP), and three 250 kW
asynchronous motors for cooling towers fan
installations (F1)).

The nameplate data for each AM group and
calculated parameters of the equivalent AM are given in
Table 1.

From main step-down substation 5

J 6kV L l l [% I l l Substatlon 3
s mp By sp omy s sp By S0
wi- wi-2 w13 lﬂ/ -4 I -6 wi-9
P e D @9
HWP-1 HWP-2 HWP-3 CWP-1 CWP-2 CWP-3 FI-1 FI-2 FI-3
AM-400 AM-400 AM-400 AM-800 AM-800 AM-800 AM-250 AM-250 AM-250
Fig. 1. A single line diagram section of a 6 kV substation energizing the electric users of the water recirculation system
Table 1. The nameplate data and parameters of groups consisting of the same type AMs
'AM ' AM type P, I A cos¢,, 0,, g9, , M, , M,, k, Wp;
designation kw | " RU kVAr | RU RU | RU | RU | RU
1 2 3 4 5 6 7 8 9 10 11
CWP A4-450Y-6V3 800 74.5 0.860 474 0.593 2.000 1.00 | 5.40 | 0.552
HWP A13-42-8 400 48.0 0.860 237 0.593 2.100 1.20 | 5.10 | 0.276
FI All3-4 250 29.4 0.889 129 0.515 2.500 1.30 | 5.80 | 0.172
Equivalent AM - 4350 | 4557 0.865 2520 0.579 2.055 1.07 | 5.38 | 1.000
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To determine the number of AMs (or SMs) in each
group of identical electric motors, it is proposed to
install electronic multifunctional electricity meters in
the relay section on each connection of high-voltage
motors, so as to measure the current, voltage, power,
frequency and other parameters of the power supply
mode in real time mode. The information system is to
provide data collecting, data processing, and data
transmission to ASFMOPC in real-time mode. For it to
work, it is necessary to develop an algorithm that would
check the measured values of the power for raw errors,
and automatically calculate the number of AMs (SMs)
in the groups consisting of same type electric motors.
This algorithm is shown in Figure 2.

BEGIN

1

9

(PtotPtoHN[i] *Pnli]

K[ij]1=Plij}

Pnfi]

11

1025 ’7W[i]N[i]*Pn[i]/Ptot

]

8

N[i]=NJ[i]+1

Fig. 2. The scheme of the algorithm determining
the number of energized AMs (SMs)

The output data include the number of groups
consisting of the same type motors M , the vector for the
number of motors in each group G, and the vector of

the rated powers of the motors P, . An embedded loop is

used to iterate and poll the meters of each motor in all
groups. The relative power K is calculated according to
the known actual power being consumed. When the
motors load exceeds 25 % of its rated power, the motor
is considered energized. In this case the value of the
corresponding counter in the counters vector N is
incremented. The execution of the algorithm results in
the complete list of the number of the energized motors
for each group, saved as the vector N .

At the same time, the total power of the energized
motors Prfot is calculated, being represented as the
vector of the weight coefficients W for the motors

groups. The algorithm shown can be implemented by
using microcontroller techniques within the boundaries
of an information and control system, operating in a
real-time scale.

Analysis of the described method

When analyzing a network node that energizes an
AM group (or an SM group), two distinctive cases can
be distinguished:

1) Few motors with known parameters and
working mode are connected to this electrical
network node. This case applies to medium voltage
AMs with rated power from 200 kW. The exact number
of AMs can be determined by using the electricity
meters connected to ASFMOPC. This increases the
accuracy when determining parameters of the equivalent
AM according to the approach and calculation methods
are described in [2, 10, 11]. These data can be used to
obtain the static stability of the AM and nonsinusoidal
mode of the power-supply system with a higher
harmonics source (HH).

Let’s give an example of the equivalent AM
parameters calculation using the nameplate data from
Table 1 and the single line diagram shown in Figure 1.
At the moment, there are three CWP operating (their
number being N; =3), as well as three HWP ( N, =3),

and three FI (V3 =3). The total rated active power of
the equivalent AM is expressed as follows:

M
Breg = 2 NiBy; = 3:800+3-400+3-250=4350kW , (2)
i=1

M
Opeq = 2. NiQ,; = 3:474+3-237+3:129=2250kVAr . (3)
i=l
The actual value of the real power of the AMs
being operated is determined according to the electricity
meters. The actual reactive power of the equivalent AM
is found similarly. The displacement power factor of the
equivalent AM tgd)n’eq is determined according:

tgd)n,eq = Qn,eq /Pn,eq : “4)

When introducing the weighting factors wp; in
relation to the rated active power of the each motor

group P, ;, the value of the weighting factor will be
equal to the following:
M
Wp; = NiPn,i/Zj:](Nan,j)' )
The substitution of values results in the following:
Wpy = 3-800 =0.552, (6)
3-800+3-400+3-250
-4
Wpy = 3-400 =0.276 , (7)
3-800+3-400+3-250
2
Wp3 = 3259 =0.172. (8)
3-800+3-400+3-250

Then, for the output data described, the expression
for 1g¢,, ., can be written as follows:
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tgd)n,eq = Zz}\;[l (Qn,eq,i /Pn,eq,i ) “Wpi =
474 237 129

=——-0.5524+——:0.276 + —-0.172 = 0.579.
800 400 250

For the value of the rated power factor of the
equivalent AM, the formula is as follows:

-1/2
) =

)

2
080y, oq = (1+1870,, ¢

=(1+0.579%)""% =0.865 . (10)

The active power load factor for an AM,
LF; =P/P,, in the case of the equivalent AM is
determined according to the following formula:

M
LF,, =) LEwp, (11)
i=1

where LF,, is the load factor of the equivalent AM, LF;
is the load factor of the i-th AM, wp is the weighting

factor relative to the rated active power of the i-th group
of electric motors. The load factor for each AM can be
determined according to the ASFMOPC data. To
simplify the calculations, let us assume that the load
factor for each AM and of the equivalent AM is equal to
0.9. The maximum torque M for the equivalent AM

m,eq

is determined according to the following formula:

n
Mm,eq ~ Zi:l (Mm,iWPi) =
=2.0-0.552+2.1-0.276 +2.5-0.172 = 2.055.

The motor starting current of the equivalent AM
should be equal to the sum of the starting currents of all
AMs. That is why the locked rotor current ratio k,, of

(12)

the equivalent AM to the rated current of the equivalent
AM is equal to the following:

keq = Z?zl(kPi[n,i )/ln,eq =
B 54-745-3+5.1-48-3+58-294-3 B
455.7

When there is no need in providing stability for the
AM during long-term supply interruptions ¢ (# — ),

the starting torque of the equivalent AM M p.eq is

determined according to [10, 11] in the following way:

n
My eq = Zi:I(MPJWP’i) =
=1.0-0.552+1.2-0.276 +1.3-0,172 =1.07.

2) A significant number of motors with
unknown parameters and working mode are
connected to this electrical network node. When used
the averaged data for determination of the equivalent
AM parameters for a 6 kV load node, its parameters can
be expressed by the values specified in [10, 11].

(13)

5.38.

(14)

Averaged values for cos¢,, M,,, M, keq are taken
according to column 2 of Table 2; the rated slip
S, ~0.02.

Table 2 compares parameters in the publication
(column 3) and the averaged parameters of the
equivalent AM (column 2) for a 6 kV load node.

Table 2. Comparison of the calculated and averaged
parameters of the equivalent AM
for a 6 kV load node

Parameters | Averaged [Calculated | Difference in per-
for equi- para- para- centage terms (4)=100-
valent AM | meters | meters (3)-2)/(3)
cos¢, , RU 0.84 0.865 2.90
M, ,RU 2.20 2.055 -7.05
M,,RU 1.40 1.070 -30.80
keg » RU 5.40 5.380 -0.37

The calculation data that are given in column 3 of
Table 2 illustrate that the actual equivalent AM
parameters in a 6 kV load node significantly differ from
their averaged data (the difference being as high as 30%).
That is why when making calculations it is reasonable to
use the data obtained by the described method.

Knowing the number of the energized AMs (or
SMs) is very helpful when solving one more problem —
that is, making preparations for the maintenance and
repair of electric motors (calculating the run of each
motor and its interrepair time).

Conclusions

1. The developed method for the accurate
determination of the equivalent asynchronous motor
parameters in real time mode for a load node consisting
of several groups of similar AMs is realized by using
automatic determination of the number of working AMs
in each group. This method increases accuracy while
obtaining the equivalent AM parameters (the difference
between the calculated and averaged values can be as
high as 30%).

2. Using the calculated values of the equivalent
asynchronous motor parameters increases accuracy
when calculating the static and dynamic stability of an
industrial undertaking power-supply system, and the
nonsinusoidal mode in a network with a higher
harmonics source.

3. The data reflecting the number of the energized
AM can be used to calculate the run of each motor, and
to calculate its interrepair time.

4. The proposed method for determining the
number of working motors is preferred when used for
the determination of the number of working
synchronous motors in each group of the single-type
motors, with further determination of the equivalent SM
parameters.
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Merton BH3HAYCHHS IapaMeTPiB eKBiBAJEHTHOI0 ACHHXPOHHOI0 eJIeKTPOABUIYHA Y peajlbHOMY MacITadi yacy
S1. C. begepak, /1. A. T'anion, A. O. 3yeB

Mertoro aociifzeHb € po3poOKa METONy BU3HAUCHHA y PeallbHOMY 4aci MapaMerpiB eKBiBaJIGHTHOIO aCHHXPOHHOIO
€JICKTPOABUI'YHA BY3/la HABAHTAKCHHSA, L0 CKJIAJAETbCA 3 AEKIIBKOX TPYN OAHOTUIIHMX AaCHHXPOHHMX EJICKTPOIBUTYHIB.
Mertoauka. [{ns npoBelieHHS pO3paxyHKiB OyB po3poOneHuii anroputM, OloK-cxema sKOro HasezeHa y myOmikarii. Takox
HaBe/ICHI PO3paxyHKOBi ()OpPMyIH, IO BPAXOBYIOTb BAaroBy JIOJNIO0 KOXKHOTO JIBUI'YHA Ta iX IDyNM Ha OCHOBI BH3HAY€HHS Ta
aHali3y IaHMX EJEKTPOCHOXKMBAHHSA, OTPHMAHUX 3 MpUIaiB OOJIKY eJIeKTPOeHeprii, BCTAHOBJICHUX HA IPUEIAHAHHAX
eJIeKTpoABUTrYHiB. PedyiabraTn. [y nepeBipkd NPUAATHOCTI PO3POOJICHOrO alropUTMy HaBEICHHH PO3PAXyHOK NapaMerpiB
€KBIBaJICHTHOI MAIlUHY JUIS By31a, sIKUH MicTUTh TpH rpynu nsuryHis (800, 400 ta 250 kBT), 1o Tpu ABUI'YHH B KOXHiH rpyrii.
IIpaxTuyne 3Hauenns. OneprkaHi napaMeTpy €KBIBAJICHTHOIO aCHHXPOHHOI'O €JIEKTPOABUIYHA MOXYTh OyTH BUKOPUCTaHI Juis
BIIPOBA/KEHHS aBTOMATH30BAHOI OLIHKK e()eKTUBHOCTI POOOTH I'PYIHU OZHAKOBUX €JIEKTPOBUI'YHIB, PO3PAXYHKIB CTATHYHOI Ta
JIMHAMIYHOI CTIHKOCTI CHCTEMH €JIEKTPONOCTaYaHHs IIPOMHCIOBOTO MiJIIPUEMCTBA, BU3HAYEHHS €JIEKTPOMArHITHOI CyMiCHOCTI
Ta 3aXUCTY BiJl PE30HAHCHUX SBUII B MEPEXi 3 JKepesoM BHIIMX rapMoHik. CepellHe 3HA4YCHHS PI3HULI B BiJICOTKax MiX
pe3ynbTaTaMy, OTPUMAHUMHU 3aIIPOIIOHOBAHUM METOJIOM i HassBHUMU METOJMKaMH, CTaHOBUTb 5%, a MakcumaibHe csrae 30%.
BucHoBku. Po3po0ieHuii MeTos TOUHOrO BU3HAUCHHS €KBIBAJICHTHHX I1apaMeTPiB aCHHXPOHHOT'O JIBUT'YHA B PEXKUMI pPeaIbHOro
4acy s By3Jla HaBaHTa)KCHHS, 110 CKIANAEThCs 3 AEKUIbKOX rpyn aHanoriuHux AEJl, peanizyeTbcs HUIAXOM aBTOMaTHYHOIO
BU3HAUCHHS KuIbKocTi pobounx AEJ] B koxHii rpymi. Pesynbratu nocnimpkeHHS MOXYTh OyTH BUKOPHCTaHi M PO3PaxyHKY
X0y KOXXKHOro 1BUryHa. [IpornoHoBaHMii Crloci6 BU3HA4EHHs KiJIBKOCTI POOOYMX IBUTYHIB € KpallUM ULl BU3HAUCHHS 4YHUCIa
POOOUNX CHHXPOHHHUX JBUTYHIB B KOXHIH IpyIi OAHOTUITHUX JBUTYHIB.

Knao4doBi ciaoBa: eKkBIBAJICHTHUH AaCHHXPOHHMI €JEKTPOABUIYH; Ipyla OIHOTHUIIHHX €JIEKTPOABUIYHIB; BY30I
HaBaHTAXEHHS; iH)OpMaIifHO-KOHTPOJIbHA CHCTEMA.

Merton onpenesieHnsi NapaMeTPOB IKBUBAJIEHTHOI0 aCHHXPOHHOT 0 YJIEKTPOABUTATE/ISI B PeaIbHOM MaclITade BpeMeHH
S1. C. begepak, /1. A. T'aron, A. A. 3yeB

Hesbio MccaenoBaHmii  sBISIETCS pa3pabOTKA METOAA ONPENCNIEHHs B PEKMME PpEajJbHOrO BPEMEHH IapaMeTpoB
9KBUBAJICHTHOIO ACHHXPOHHOro anekrpoxsurarens (AD]l) y3ma Harpy3ku, COCTOSILETO M3 HECKOIBKUX TPYIII OJHOTUITHBIX
ACHHXPOHHBIX 37eKTpoaBuraTeneil. Meromuka. Jisi npoBeieHUs pacyeToB ObLT pa3paboTaH aaropurM, OJIOK-CXeMa KOTOPOro
npyBeJeHa B MyOiukaimy. Taioke NMpHUBEIEHbI pacueTHble (OPMYIbl, YYUTBIBAOLINE BECOBYIO OO KaXIOTO JBUTATENsl M MX
IpyNIbl, HA OCHOBE ONpEJENeHUs W aHAIM3a JAHHBIX JIEKTPONOTPEOIeH s, MOMyYEHHBIX C NPUOOPOB yueTa 3IEKTPOIHEPIUH,
YCTaHOBJICHHBIX Ha IIPUCOCIMHEHUAX dnekrponsurarencil. Pesymbrarbl. Jnsg nposepku 3ddexkTuBHOCTH pa3zpabOTaHHOTO
aJI'OPUTMA TPUBEJICH PacyeT MapaMeTpOB SKBHBAJIEGHTHOH MAIIMHbI JUIS Y3714, KOTOPbIH COIEPXKUT TpH rpymmsl asurareneit (800,
400 u 250 xBrt), no Tpu nsurarens B Kaxnoi rpymme. IIpakTtndeckoe 3HaveHue. IlonydeHHble MmapaMeTpbl SKBHBAJIEHTHOIO
ACHHXPOHHOI'O 3JIEKTPOJBUIraTelsi MOTYT ObITh HCIIONB30BaHbl Ul BHEIPEHHS aBTOMATH3HUPOBAHHOM OLEHKH 3(QEeKTUBHOCTH
paboThI IPYIIIBI OAMHAKOBBIX IEKTPOABHIaTelell, MPOBEICHHs PacueTOB CTATUYECKOH M JUHAMUYECKOH yCTOHYMBOCTH CHUCTEMBbI
NEKTPOCHAOKEHNS TIPOMBILUICHHOrO TIPEANPUATHS, OLUEHKH IEKTPOMAarHUTHOW COBMECTUMOCTH M 3allUThl OT PE30HAHCHBIX
SBIIECHUI B CETM C MCTOYHUKOM BBICIIMX TapMOHHMK. CpelHee 3HA4YEHHME PpAa3HOCTH B MPOIEHTAX MEXKIY pe3ylnbTaTaMH,
MOTy4EHHBIMU TIPEUIOKEHHBIM METOJIOM M CYHIECTBYIOIIMMH METOIMKAMH, COCTaBisieT 5%, a MakcuManbHoe pocturaer 30%.
BoiBoabl. Pa3paGoTaHHbI METOA TOYHOrO ONPENENICHHS SKBUBAJICHTHBIX MapaMeTPOB ACHHXPOHHOI'O JBUTATeNs B PEXHME
pEabHOrO BPEMEHH Ul Y3Jla HArpy3KH, COCTOSILEIO M3 HECKONBKMX TpyNIN aHajuoruuHelx ADJI, peamusyercs IyTeM
aBTOMAaTHUYECKOro oIpelesieHns KonuuecrBa pabounx ADJl B kaxiod rpymme. Pesynbrarsl ucciefoBaHHS MOryT OBITH
UCIONB30BaHbl Ul pacueTa Xoja KaxJoro Jsuraress. IIpestaraeMblil cnoco® onpejeneHus KolnuyecTBa pabouux ABUrarenei
SIBIISICTCS NPEIIOYTUTEIIBHBIM JUISl OLPE/IeTICHUs] YMCiIa pabourX CHHXPOHHBIX IBUTATeNeH B IPYIIe OJHOTHUITHBIX JBUTaTeleil.

KuawueBbie cJ0Ba: SKBUBAICHTHBIH ACHHXPOHHBIA 3JIEKTPOABMUIATENb; IPYNIAa OAHOTUIHBIX AJIEKTPOJBUraTENeH;
y3el Harpy3ku; HHQOpMaIMOHHO-YIIPABIISIONIAs CUCTEMA.
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COMPOSITE APPLICATION DISTRIBUTION METHODS MODELING

The subject of consideration are algorithms for optimal distribution of existing pool of computing resources between
composite applications and algorithm of utilization of resources on computing blocks. The purpose of the article is to
analyze the results of simulation and mathematical modeling of the resource allocation process between composite
applications, depending on the distribution option. Results The efficiency of existing dynamic planning algorithms that are
related to the greedy algorithm class is considered. They find a locally optimal solution at each step. The boundary of
effective planning of algorithms based on clustering approach is revealed. The efficiency of using ant colony optimization
algorithm and algorithms of cluster approach using ant colony optimization algorithm is shown. The simulation of the
distribution of the composite application is carried out, depending on the complexity of the graph construction. The
dependence of the execution time of the composite application on utilization of resources on the calculated blocks is
obtained. Using the resource utilization function, the quality of the distribution of composite application resources is
analyzed, depending on the amount of data transferred to the calculations. Conclusions. Data on the quality of resource
allocation is obtained, depending on such parameters as the time of implementation of the composite application, the
volume of transmitted data, the complexity of the graph construction. A method for choosing the optimal resource
allocation algorithm between composite applications depending on the listed parameters is proposed. This will allow you to
quickly dispose of distributed computing blocks that are occupied by calculating a distributed task, which will speed up the
computation of distributed tasks on an existing pool of computing blocks.

Keywords: composite application, utilization of resources, greedy algorithm, resource allocation, ant colony
optimization algorithm, clusterization, ant clustering algorithm.

Introduction

We will evaluate the quality of the distribution of
heterogeneous cloud environment resources between
composite applications (CAs). To do this, using the
methods and techniques of mathematical and simulation
modeling, we will compare the results of the
distribution of resources between the CAs.

During the experiment, it is necessary to take into
account such parameters as the amount of transmitted
CAs, the computational complexity, the construction of
the CPs graph (the time of waiting for the tasks of the
predecessors and their number). The presented
parameters give an opportunity to clearly present the
possibilities of developed methods for distributing
resources of cloud environments between composite
examples.

By comparison, methods for distributing resources
are presented using the following algorithms: greedy,
ant colony optimization, cluster and ant-cluster [1].

Greedy algorithm is a heuristic algorithm that
takes the best decision, based on the available data at
the current stage [9]. The essence of the greedy
algorithm is locally optimal choice at each step.

The algorithm based on the clustering of
computational tasks consists in partitioning the set of
computational problems into a subset. These subsets are
allocated to the computing resource, depending on the
distribution requirements [11].

Ant colony optimization algorithm is one of the
effective polynomial algorithms for finding approximate
solutions of the salesman problem, as well as similar
tasks for finding routes in graphs. The essence of the
approach is to analyze and use the behavior model of
ants who are looking for road from colony to food.

The ant clustering approach is an extended
clustered algorithm using an ant. It means that a cluster

of computational tasks, which are subject to allocation,
will be considered as an ant.

Analysis of literature. The articles [2-10]
discusses different approaches for allocating resources
in infocommunication systems. In this case, a number of
optimization algorithms are used, in particular, each of
the proposed approaches is usually oriented to only one
of the methods. The article [1] describes the possibility
of a dynamic choice of optimization algorithm, which is
oriented on the quality of distribution by a certain
parameter. Therefore, there is a need to find out the
quality of distribution of composite applications
depending on optimization of the algorithm.

The purpose of the article is to analyze the results
of simulation and mathematical modeling of the
resource allocation process between composite
applications, depending on the distribution option.

Research results

1. Comparison of the methods of distribution of
resources of the CAs on time characteristics. One of
the main characteristics of the implementation of a CAs
on a plurality of computing blocks is the time at which
the calculation of the task that was distributed is
completed. Therefore, it is necessary to trace the
dynamics of the time of execution of composite
applications depending on the volume of transmitted
data using the presented algorithms of distribution (Fig.
1-4). The simulation was carried out with a CA having
14-15 computing blocks.

In Fig. 1, we see the execution time of typical
composite applications that have a data volume of 0 to
10 MB. It is clear the preference has the greedy
algorithm at the small volumes of transmitted data. This
is because the presented algorithm makes the optimal
choice at each step of the allocation of resources,
despite the rationality of the subsequent allocation.
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Fig. 3 represents the beginning of an efficient
allocation of the resources of CAs with the help of
cluster algorithm. This is facilitated by the possibility of
grouping the tasks of CAs in terms of their parameters
in the computing blocks.

Fig. 2. Dependence of the time of execution of CAs
from the allocation algorithm

Fig. 2 represents loss of efficiency of greedy
algorithm at the mark of 40 MB. This is due to an
increase in the complexity of the allocation of resources
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Fig. 4 shows how the execution rate of a high data
array, distributed by cluster-ant algorithm, prevails over
others.

Thanks to the presented figures, we can conclude
which algorithm is more suitable for a typical model.
This makes it possible to accelerate the execution of a
CA on an existing pool of computing units.

300 i T 000 I
—— Greedy |~ Greedy
== Ant colny optimization |—-— Anteolany optimization
e Clustering e Chustering
280 |- [= = Antelustedng - i 2500 - [~ — Antdustering 4
H
200 i g 2000
- 5
150 _ g 1500
k-]
£
100 ] gwwo
£
o 500
100 200 300 400 500 800 700 800 900 1000 C . . . . . . L L
The volume of transmitted data (megabytes) too 2000 3000 4000 5000 600 7000 8000 2000 10000
The volume of transmitted data (megabytes)
Fig. 3. Dependence of the time of execution of CAs from the allocation algorithm
g 210t T T T T T T T 1420t T
——Greedy —Greedy

-~ Ant coleny optimization
e Chustering
— — Antclustering

Ind
)

~

o

05

——- Antcolony optimization
- Chistering
— — Antdustering et

12 -

3 3
T T

The time of execution (seconds)
e
T

L L L L L L L L L L L L L L

2
4 5 6 7 8 10 1 2 3 4 5 [ 7 8 a
The volume of transmitted data (meaabvtes) vt The volume of transmitted data (megabytes)

©

10
x10%

Fig. 4. Dependence of the time of execution of CAs from the allocation algorithm

129



Advanced Information Systems. 2018. Vol. 2, No. 3

ISSN 2522-9052

2. Comparison of methods of distribution of
resources of CAs, depending on the complexity of the
graph. Each CA consists of a number of computational
tasks DS,,,, which are represented by an acyclic graph
[10]. Therefore, there is a need to take into account the
influence of the complexity of the graph and its number
of tasks for the implementation of the CA. To evaluate
the quality of resource allocation, we use the resource
utilization function. The dynamics of the distribution of
resources is presented in Fig. 5, a.

With the presented data, we can conclude that the
distribution efficiency varies depending on the

80 T

complexity of the graph. Starting with 15 computing
blocks, priority is given to such algorithms as cluster
and ant-clustering.

3. Dependence of the level of utilization of CA
resources depending on their volume. We will carry
out demonstration the dynamics of change in the level
of utilization of resources, depending on the volume of
data of the breakaway data that are allocated. To do this,
it was decided to monitor the change of utilization at the
stages of changing the efficiency of the presented
allocation algorithms in Fig. 5, b, c, d.
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Fig. 5. The value of utilization of resources depending on:
a — the complexity of the graph of the Cas, b, ¢, d — the volume of the CA

On Fig. 5, b, ¢, d the value of utilization of
resources varies on the boundaries of the change in the
distribution of resources by different algorithms. This
allows you to track the quality of resource allocation
using the resource utilization feature.

Conclusions

The efficiency of existing dynamic planning
algorithms that are related to the class of greedy
algorithms is considered. The boundary of effective
planning of algorithms based on clustering approach is
revealed.

The efficiency of using ant colony optimization
algorithm and algorithms of cluster approach using ant
colony optimization algorithm is shown.

The simulation of the distribution of the composite
application is carried out, depending on the complexity
of the graph of its construction. The quality of the
distribution of the resources of the CA is analyzed,
depending on the amount of data transmitted using the
resource utilization function.

Further research will be aimed at the
development of a method for choosing the distribution
algorithm of the CA based on its efficiency.
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MoperoBaHHSI METOIIB PO3NOAITY KOMIIO3HTHOIO 3aCTOCYHKY
C. C. Byns0a

IIpeameTroM po3IJIsIAY BHUCTYNAIOTH aITOPUTMH ONTHUMAIBHOTO PO3IOIUTY iCHYIOUOTO ITyJdy OOYHCITIOBAIBHHX PECYpCiB
MDK KOMIIO3UTHHMH 3aCTOCYHKAMH Ta alIrOPUTM yTHIi3awii pecypciB Ha oOuucioBaiIbHHX Oilokax. MeToro crarTi € aHai3
pe3yabTaTiB IMITaliifHOro Ta MaTeMaTHYHOI'0 MOJIEITIOBAHHS ITPOLIECY PO3NOALTY pecypciB MiXk KOMIO3UTHHMH 3aCTOCYHKAaMH B
3aJISKHOCTI Bijl Bapianty posnoziny. Pe3yiabraTn. Po3risHyTo eheKTUBHICTD iICHYIOUMX aJITOPUTMIB AMHAMIYHOIO IUIaHYBaHHS,
SIKI BITHOCSATBCS JI0 KJIAcy JaaiOHMX aJropuTMiB. BOHM 3HaXomsiTh Ha KO)KHOMY KpOL JIOKaJbHO ONTHMAJbHE PIIICHHS.
BusBnena Meka e(QeKTHBHOrO IUIaHYBaHHS QITOpUTMIB Ha 0a3i KiacrepmsaumidHro migxoxmy. I[lokaszaHo egeKTHBHICTH
BHUKOPUCTAHHSI MYpPAIIMHOI'O ITOPUTMY Ta ITOPUTMIB KJIACTEPHOTO IiJXOAY 3 BHKOPHCTaHHSIM MYPALIMHOTO aJTrOpPUTMY.
[IpoBeneHO MopeIOBaHHS PO3NOALTY KOMIIO3UTHOTO 3aCTOCYHKY B 3aJIeKHOCTI Bif CkiamHocTi rpady iforo moOymoBu.
OTpyMaHO 3aJeKHICTh Yacy BHUKOHAHHS KOMITO3MTHOI'O 3aCTOCYHKY Bif yTwiizamii pecypciB Ha oOducieHux Onokax. 3a
JIOIIOMOror0 (yHKIIT yTHITi3allii pecypciB, poaHali3oBaHO SKICTh PO3IOIUTY PECypCiB KOMIIO3UTHHX 3aCTOCYHKIB B 3aJIE)KHOCTI
Bi 00’eMy JaHMX IO NepelaloThcss Ha oOuucieHHs. BucHoBkM. OTpuMaHi JaHi, IOAO SKOCTI PO3IOALTY pecypciB, B
3aJIXKHOCTI BiJl TaKUX NapaMeTpiB sSK: 4yac BHUKOHAHHS KOMITO3UTHOTI'O 3aCTOCYHKY, 00’€M IepenaBacMHX NaHHX, CKIIaJHICTh
rpady noOynoBu. 3amporOHOBAaHO CTBOPEHHS METOHY Il BHOOPY ONTHMAJbHOTO AITOPUTMY PO3IOIIY pPecypciB Mix
KOMIIO3UTHUMH JIOIATKaMH, B 3aJI€)KHOCTI BiJI IepepaxoBaHKX IapameTpiB, Ha 0a3i pyHkuii yrwizaunii pecypcis. Lle macts 3mory
OIEPaTHBHO 3BUIBHATH O0UMCIIOBAIBHI OJIOKH IeTepOreHHOr0 CepeIOBUINa, SIKi 3alHATI O0YHCICHHIM PO3IOIUICHOT 3a1adi, o
MIPUIIBHUIIUTE 00YMCIEHHS PO3MOAIICHUX 3a/1a4 Ha ICHYIOUOMY ITyJIi O0YHCITIOBAIHAX OJIOKIB.

KirouoBi cj1oBa: KOMIO3UTHHUI 3aCTOCYHOK; YTHIIi3allisl PeCypCiB; *aaiOHUI aJrOpUTM; PO3HOJLT PECypCiB; MypallMHUI
ITOPUTM; KIIaCTepPH3allis; KJIaCTepPHO-MYPAIIHHIN aJrOPHTM.

MopnenupoBaHne MeTOI0B pacinpeae/ieHusi KOMIIO3UTHOTO MPUJIOKEHHSI
C. C. Byns0a

IIpeqmerom paccMOTpeHHsi  BBICTYNAIOT — alNlOPUTMbl  ONTHMAIBHOIO  Pacpelie]ieHHusl CYILIECTBYIOLIEro  Iyna
BBIYHCIIUTENIBHBIX PECYPCOB MEXKIY KOMIIO3UTHBIMH HNPHIOKEHHUSAMH U aJTOPUTM YTHIM3AlMH PECYpPCOB Ha BBIYUCIUTENIBHBIX
6nokax. llespro craThM SBISIETCS aHANIW3 PE3YJIbTaTOB MMUTALMOHHOIO M MAaTeMaTHYECKOro MOAENUPOBAHMSA Ipolecca
pacnpenesIeHUs pecypcoB MeX/y KOMIIO3UTHBIMU IIPUIOKCHUAMM B 3aBUCUMOCTU OT BapUaHTa pacnpenelicHus. Pe3yabTarsl.
Paccmorpena 3((eKTHBHOCTD CYIIECTBYIOIIMX aIrOPUTMOB AMHAMUYECKOTO IUIAHUPOBAHMS, KOTOpbIE OTHOCATCS K KIIACCY
KaJHBIX AJIrOPUTMOB, KOTOPbIE HAXOAAT Ha KaXKIOM IlIary JIOKaJbHO ONTHMalbHOe perienue. OOHapyxeH npejen eheKTHBHOrO
IUIAHUPOBAHMS AJTOPUTMOB Ha 0asze KiacTepu3aloHHOro noxaxona. Ilokazana 3¢ QeKTHBHOCTb HCIONIb30BaHUS MYPaBBUHOIO
JIrOpUTMa U AITOPUTMOB KJIACTEPHOr'O IOAXOJA C HCIOIB30BAHHEM MYpPaBbUHOIrO ayroputma. IIpoBeneHO MonenupoBaHue
pacnpenesieHus: KOMIIO3UTHOTO NPUIIOKEHHS B 3aBUCHMOCTH OT CJIIOXHOCTH Tpady ero nocrpoenus. IlonydeHa 3aBUCHMOCTb
BPEMEHH BBINOJIHEHNS! KOMIIO3UTHOTO TNPWIOKEHUsI OT YTHIM3alUM PECYpCOB HAa BBIYUCIUTENbHBIX Oyiokax. C IOMOLIBIO
GYHKIMY yTHIM3aLUM DPECypCOB, NMPOAHAIM3UPOBAHO KauyeCTBO PACIPENECNICHHS PECYpCOB KOMIIO3UTHBIX IPHIOKEHHH B
3aBHCHMOCTH OT 00beMa Iepe/laBacMbIX JaHHBIX Ha BeIYMCIEHUS. BoiBoabl. [TomydeHHbIC TaHHBIE 110 KAUECTBY paclpeielIeHus
pECypcoB, B 3aBHCHMOCTH OT TaKHMX [apaMETPOB KaK: BPEMsl BBINOJHEHUSI KOMIIO3UTHOI'O NPUIIOKEHUsI, 00bEM IepesaBacMbIX
JIAHHBIX, CII0XKHOCTb rpady nocrpoenus. IIpeanoxeHo co3naHue MeToa JUls BbIOOpa ONTHMAIBHOTO aJrOpPUTMa paclpeelieHus
pPECYPCOB MEX[y KOMIIO3UTHBIMU INPWIOKECHUAMM, B 3aBHCHMOCTH OT II€PEUHMCIICHHBIX HapamerpoB, Ha Oasze (QyHKIMH
YTHIM3aLUKM PECYPCOB. DTO IMO3BOJIMUT ONEPATUBHO OCBOOOXKIATH BBIYMCIMTENbHBIC OJOKH I'€TEPOreHHON Cpelbl, KOTOpbIe
3aHATHl BBIUMCICHHEM PACIIPE/ICNICHHON 3a/lauM, YTO YCKOPUT BBIYMCIEHHS PACHpEEICHHbIX 3a/ad Ha CYILECTBYIOILEM ITyie
BBIYHCIIUTENIBHBIX OJIOKOB.

KiroueBbie c10Ba: KOMIIO3UTHOE IPUIIOKEHUE; YTHIM3ALUS PECYpCOB; JKaJHBIH alrOpUTM; paclpesielieHHe PecypcoB;
MYPaBbHHBIH aJIrOPUTM; KJIACTEPU3ALHS; KIaCTEPHO-MYPABbUHBII aJIrOPUTM.
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MODELLING AND STUDY OF EVENT-DRIVEN FLOW MOVEMENTS
IN THE MANUFACTURING OF WIRE HARNESSES USING
ULTRASONIC WELDING FOR WIRES CONNECTION

The development of the common control theory, organization and management of production systems and processes,
computer information systems and technology, instrumental environments and development systems require development
of new models, structures and management systems of different types of production systems and processes. The purpose of
this work is to study production system in order to increase efficiency by developing new models and structures for the
management of production system. This work focuses on modeling and development of new information - control over the
production structures for connecting wires through the method of ultrasonic welding with a view to the so-occurring trends.
It is using Event-Drive flow (stream) models in Matlab. Furthermore it develops and implements study and validation of
the information system and event model with Matlab and SimEvents. Simulation results. In accordance with the principle
examined functional stream in P2 at an application time -0,5h and operation time - 0,6h as well as at obtained simulation
results from Fig. 4, 5, 6, 7 and 8 follows that we have a valid realization of EVENT flow model. Since implementation of
ultrasonic welding is 0,1h longer than the time of forming application in the internal buffer storage at USW workplace
within one shift there will be an asynchronous accumulation of small amounts of cable bundles. Except this,

synchronization of produced cable connections gets also disturbed.

Keywords: flow movements; event flow model; ultrasonic welding; production systems.

Introduction

Modeling, i.e. production models of production
systems, aims on the one hand to enable their study and
determine optimal parameters and structure of the
system and other development of efficient algorithms
management. When designing the model, all buffer
warehouses, material circuits and their characteristics
are taken into consideration. Accepted typification, i.e.
the use of model elements in description of production
processes allows and creates a unified approach to build
their patterns of base modules and their study using
computer information system technologies, tools and
development environment systems. Here is some
general considerations about learning of the models.
One option is based on process simulation, i.e. the study
of its models in order to obtain additional information
about the actual process.

In simulation studies using the model production is
mimic. Here the impact of basic control values is
estimated that defines the rational functioning of the
system. The purpose of this work is to study production
system in order to increase efficiency by developing new
models and structures for the management of production
system. The work investigates technological characteristics
of manufacturing process for cable components production
and represents event flow model of manufacturing process.
Furthermore it develops and implements study and
validation of the information system and event model with
Matlab and SimEvents. Implementation and validation of
modules are achieved with Paradox by instrumental
environment Database Desktop.

Summary

1. Features of the production process
for manufacturing of cable connections

Connecting parts with ultrasound. For inseparable
connecting the structural parts through welding various

methods are used. They differ according to the principle
of energy import in the welding zone.

In ultrasound-welding energy is imported through
elastic UW - vibrations. The materials to be bonded are
pressed by external force (welding pressure). Under
influence of ultrasound vibrations, contact surfaces are
rubbing and the temperature in the welding zone
increases. It comes to plastic deformation, diffusion, re-
crystallization, melting and other phenomena, thanks to
which the parts are connected inseparably. As a result of
this operating principle actions can be connected to each
other as conducting as well as non-conductive or
heterogeneous materials. Order is issued with a certain
S number.

Transporter of production 3 (P3) where the cable
forms are assembled issue an order. This is realized
when transporter from P3 goes to P2 and writes on the
whiteboard S-number of cable forms which needs for
corresponding wire harness reference number which
will be produced. In printed order there are two bar
codes: FULL and EMPTY. When P2 transporter
supplies cables to corresponding working position, it
scans FULL bar code. When P3 transporter supplies
corresponding line with required cable forms, it scans
EMPTY bar code.

Receiving a request. Once P3 transporter writes a
request on the whiteboard, P2 transporter reads the
order on the computer and prints it. In the order all S-
numbers of cables included into the cable form is
reflected. Once the order is printed, P2 transporter
checks which cables are needed for the welding joint.
P2 transporter reads a request, where it’s written which
cables needs to be supplied to working station.

Cable supply. After P2 transporter goes to the
wires storing area(warehouse). In this area there are the
structures which are identified by a number (the number
corresponds to the quantity of connected wire
harnesses). Transporter takes necessary wires for cable
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form in accordance with the order and comes back to P2
to supply the necessary wires to respecting working
stations where is producing the cables forms through
ultrasonic welding. Cable according to request form and
return to P2 to deliver the necessary cables of the
working position, wherein the produced cable shapes
such as are associated cables at one point by ultrasonic
welding. Where cables are attached is called weld.

When transporter of P2 charging cables appropriate
working position, scan the label of each bundle cable.
Since each bundle cable has S number. This is done to
the system to show that this Cable is low, so that in turn
automatically be stated (generated) in order Production
1 (P1) and cutting and crimping expended cables in P2.
After working load place with cables, conveyor scan
ordering FULL bar code, which means that the charging
work position and filled the order. It started working
operator for production cable forms. The operator takes
the cables on the left and right of worktable remove
insulation, puts the leads(wire strands) of the jaws of the
machine, position the wires with the jaws of the
machine, start the welding process by pressing the
button / pedal for welding. Proceeds welding process
connection of copper conductors (creep, diffusion, re-
crystallization), which are connect the wires. It follows
visual assessment by operator.

If the criteria for visual assessment are covered,
operator isolate the welding joint (splice) with adhesive
tape or heat shrink tube with glue. If the welding
joint(splice) does not cover required standards for visual
assessment, then the operator removes the welding joint

with whole cable form from the total batch with cable
forms and records the defect.

Winding and attaching the manufactured cable
forms the designated temporary stay place.

Transporter of P2 takes the cable and forms them
transported to a warehouse in batches cable forms that It
is located in the storage area of various types Cable
forms. In the storage depot of the cable forms having a
plurality of structures which are numbered. Cable
conveyor puts shaped structure which is identified with
the same S number as is cable form. To bundle cable
forms is attached printed order.

Transporter of P3 goes into storage of cable forms
checked structures, if no compounds goes and S record
order number if there are structures cable form.

Production 3 (P3), which are mounted cable forms.
After loading the line scan order, which is attached to the
bundle cable forms bar code EMPTY. This is done in order
to take account of the system that the line is loaded with
the necessary cable form and generate new orders for P2.
In P2 there where printer automatically after scanning a bar
code EMPTY by transporter in P3 print order in P2. After
prints contract follows the same procedure charging cables,
and the production of cable forms.

2. Development of the event - streaming model
of manufacturing process

Defining the information and functional objects of
manufacture. Information objects - orders, materials, ....,
submit and process of accumulation associated with
different types of flows. Information objects (Fig. 1):
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Fig. 1. Event flow model of production process in P2 area (pre-assembly - ultrasonic wire welding)

IBCB - incoming batch of cable bundle;
DBCB - derived batch of cable bundle;

ABCB - accumulated batches of cable bundles;
TBCB - transported batch of cable bundles;

DBCBWPI1 - distributed(delivered) batch of cable
bundles in working position(workplace with machine) 1;

PBCFWPI1 - produced(manufactured) batch cable
forms(ultrasonically joined wires) of Working position 1;

—_—
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SCFWPI1 - scrapped cable forms of Working
position 1;

ABCF - accumulated batches
(ultrasonically joined wires);

CRCF - current request for cable forms (welding
joint);

IQCF - initial query(request, order) for cable forms
(welding joint);

LQCF- loaded query(request, order) for cable
forms (welding joint);

QCB - query(request,order) for cable bundles;

CHCEF - characteristics of the cable forms (welding
joint);

Functional objects - welding distribution, materials
and orders, stripping, cutting (P1), installation (P3);

SIBCB - a storechouse(warehouse) of incoming
batches of cable bundles;

SIBCF - storage of the incoming batches cable
forms (welding joints).

3. Design of information — control system.
Basic functions, input - output connections,
modeling and general structure
of information — control system

In line with the event-flow model of the P2 defined
functions of information - control system in the
industry, the need for the submission of summaries
towards - high production levels (Head of process,
production manager ...) to define this input - output
interactions Information system (Fig. 2).

cable forms
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Fig. 2. It presents the structure of Input - Output connections:
R* —request for summary information;
m — Reference aggregated product

4. Description of space in the state of P2.

The equation of state:
Xp, (k+DT) = f(XKT), Uy (kT), Z5(kT),0,0) 3 (1)

the equation of controlled output processes:

Z,(kT) = g(X py (kT)); 6)
the equation of measurable outputs:
Y(KT) = (X py (KT)). (3)

where I — intensity; q - parameters of the event model
(evaluations);

z q - parameters of the devices quantitative
function (Ratings);

U - managing impacts from IS to P2;

y — bar code reader (scanner);

P2 X — state vector of P2 (a set of current states of
the product streams, which completely determines
manufacture 2 in a point in time and the next minute
under certain selectors and disturbances);

h - operator representation of the relationship of P2
measurable product streams on the state of P2.

5. Control functions
of the Control System (CS)

In order to management implementation on the
base of assessment of current state in P2 considering the
dynamic nature of production management is presented
in the state space.

When reporting the presence of feedback, it will
be characterized by two subsystems with observer
(which evaluates only those of state variables of P2,
which have regard to the final production of the cable

connection).
The equation of the observer
X(k+1) = f,,(x(k), y(k)) ; “4)
equation management
Uy, = Kx(k), 5)

where K — matrix of feedback condition

Defined functions of information - P2 management
system are as follows:

1) assessment of the status and parameters of
assembly movements and functional objects. Is given by
entering information via barcodes and barcode reader
(scanner);

2) forming the selectors control actions to P2
(print orders for cable connections, based on assess the
condition of assembly movements) with a view
realizing the steps of the movements of production
flows;

3) the setting of the initial models functional and
information processes (objects);

4) introduction of adjustments in the structure of
production model in changing the nature of product and
production.

Q - a function of the load of process equipment;
T — function of stocks.

Z * KT - defining (disturbing, uncontrolled) impact
on P2.

It consists of two components and parameters
quantity of articles; Z * kT - asking the impact to P1;
Z kT - Vector of the controllable output processes
(product streams P2), Z kT - starting product stream P1;
f - operator for the transition from the old (2) X k P to
the new state (1); 2 X k + P to P2.

When reporting management and upcoming
(disturbing) current impacts: g - operator responsible for
representation of the connection of output product
streams P2 from the condition of P2; x (1) - state of the
manufacturing process for reporting period (for a certain
time interval month, year ......); y - vector of measurable
product flows;
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6. Methodology for implementation and validation
of the draft information system and event model.

Implementation of information system is
implemented iteratively. On the basis of the developed
project of information system is sequentially carried:

1. The physical database;

2. Applications for a test of the validity,
functionality and integrity of developed database;

3. Realization of special projects (applications) for
check of validity and functionality developed projects of
client applications for realization of measurement and
management event-driven flows, summarizing and
providing information to logistics and planning
department;

4. Implementation and verification of functionality
and validity of the application server and general
network with client applications;

5. Using in operating conditions of information
system. Evaluation and validation of information system
for development event management.

Simulation implementation, testing and validation
of event-flow model. Realization of event-flow model.
On the basis of the instrumental toolbox of Matlab and
SimEvents and developed EVENT flow model of the P2
hierarchical model Simulink was implemented.

7. Study and validation of the model.
Features in P2 assembly movements.

On the basis of event requests from P3, P2
management logics generates a request for cable
bundles to P1.

When cable bundles are being produced in P1 and
the request is loading from P3, working position for
splice joints is loading.

Application of P3 is loaded working position US
welding.

Requested cable installations from P3 (Fig. 3).

Realized cable bundles P1 (Fig. 4).

e z £ 5
R Twe

Fig. 3. Shows generation of requests

E

For a certain operating time given splice (joints)
are produced.

Thus produced wire cables are accumulated in the
buffer storage.

Until supply of the cable forms to the working
positions has a higher frequency than realization of
splice joints cable bundles are accumulated in the buffer
warehouse.

Staying in P2 buffer storage for following
ultrasonic welding (Fig. 5). Produced splice joints —
Fig. 6.
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Fig. 5. Shows the temporary buffer storage in P2 —
waiting for ultrasonic welding

Fig. 6. Shows produced splices - welding joints

Conclusion

In accordance with the principle examined
functional stream in P2 at an application time -0,5h and
operation time - 0,6h as well as at obtained simulation
results from Fig. 3 — 6 follows that we have a valid
realization of EVENT flow model.

Since implementation of ultrasonic welding is 0,1h
longer than the time of forming application in the
internal buffer storage at USW workplace within one
shift there will be an asynchronous accumulation of
small amounts of cable bundles.

Except this, synchronization of produced cable
connections gets also disturbed.
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Moper0BaHHS Ta JOCTiIZKeHHs Npolecy MPOrpaMHo-KepoBaHOr0 BUPOOHUITBA KIYTiB
3 BHKOPUCTAHHSM YJIbTPa3BYKOBOI0 3BaPIOBAHHS JUIAA 3'€IHAHHS MPOBOJIB
M. C. [dimitpos

INpaxkTuuHMil pO3BUTOK 3aB/laHb 3arajbHOI TeOopii ynpaBiliHHs, OpraHizalii Ta ynpasiliHHS BUPOOHMYMMH CHCTEMaMH Ta
npolecamMu, KOMII'IOTEPHUMM 1HGOPMALIHHUMM CHCTEMaMH 1 TEXHOJIOTiSIMH, IHCTPYMEHTAIBHUMH CEpelOBHIIAMH 1
cHCTeMaMH po3poOKU BUMAarae po3poOKH HOBUX MOJIEJICH, CTPYKTYP 1 CHCTEM YNPABIIHHS Pi3HUX THUIIB BUPOOHUUMX CHCTEM
Ta npouecis. MeTow AaHOi podOTH € BUBYEHHS BUPOOHMYOI CHCTEMH 3 METON HiJBHIIEHHA €()EeKTHBHOCTI 3a paxyHOK
pO3pOOKH HOBUX MOAENEH 1 CTPYKTYp Ul YHpaBIiHHSA BHPOOHMUOIO cucTeMmoro. Pe3yabratm mociimkenus. B pobori
JIOCIIJDKYIOTbCS. TEXHOJIOTIYHI XapaKTePUCTUKH BHPOOHHYOro IpoLeCy Ais BUPOOHMLTBA KaOEJbHUX KOMIIOHEHTIB i
IpeJICTaBJIeHa MOJENb MOTOKY NOAi BUPOOHMYOro IpOLECY, 30KpeMa, 3alpOIOHOBAaHA MOJENb HPOLECY KOHTPOIIO
BUPOOHHYMX CTPYKTYp HIPH 3'€JHAHHS NPOBOJIB METOLOM YIbTPa3ByKOBOro 3BaproBaHHsA. IIpu pospobui moneni B Matlab
BHUKOPHCTOBYBaBCS MexaHi3M noTokoBux Moneneit Event-Drive. Kpim Toro, po3poGieHo i1 peani3oBaHO NporpamHe
3a0e3MeyeHHs Ul BUBUCHHS 1 nepeBipku iHpopMaliiiHOi cucreMu i Moieni MoJiii 3a jpornoMorown iHcTpymeHTiB Matlab i
SimEvents. Peanizanis Ta mnepeBipka MOIYNIB 3IiHCHIOETBCS 3a JoHOMoOrow ceppicy Paradox iHCTpyMEHTaJIBHOTO
cepenoBuma Database Desktop. IIpn mopenroBaHHI BpaxoBaHO OCOONHMBOCTI BUPOOHHYOrO INPOLECY JUIS BUTOTOBJICHHS
KaOeNnbHUX 3'€lHaHb, JOCHIUKEHO Pi3HI METOAH 110 NTOKa3HUKY IMIIOPTY €Hepril B 30Hi 3BaproBaHHs. BucHoBKH. B pe3ynbrati
JIOCIIIJDKEHb 3aIPOIIOHOBAHO METOJOJIOTIIO0 pearizauii Ta nepeBipku NPOEKTY iHPOpMALiiiHOI CHCTEMHU NPOLECY NMPOrpaMHO-
KEpOBaHOIr0 BHUPOOHHMITBA JUKI'YTIB 3 BHKOPHCTaHHSM YJIbTPa3BYKOBOI'O 3BAapIOBaHHA Il 3'€qHaHHsA nposofiB. s i1
GyHKIIOHYBaHHS HEOOXiZHO BUKOHATH Taki eTamu: CTBOpeHHs (i3u4HOi 0a3y NaHMX; CTBOPEHHs JOJAaTKa Ui MEPEBIpKH
JIOCTOBIPHOCTI, ()yHKIIOHAIBHOCTI 1 LiJTiCHOCTI po3po0ieHol 0a3u JaHMX; pealli3yBaTH CIELialbHI IIPOEKTH IS MEepeBipKU
JIOCTOBIPHOCTI 1 ()YHKIIIOHAJIBHOCTI PO3POOICHHUX MPOEKTIB KIIEHTCHKUX 3aCTOCYHKIB.

Kar4doBi ciaoBa: pyx NoToKy; Mozielb HOTOKY ITOZIiH; yIbTPa3ByKOBE 3BapIOBAaHHS; BUPOOHUYI CUCTEMHU.

MO}IeJIﬂpOBaHl/le H HUCCJICA0OBAHUE TPoLeCCa MPOrPaAaMMHO-YIIPABJIAEMOr'0 MIPOU3BOJACTBA KI'YTOB
€ HCITOJIB30BAHUEM y.anpasnyKOBoﬁ CBapKM 1Jisl COCAUHECHHSA NMPOBOAOB

M. C. Inmutpos

INpaxtuueckoe pa3BUTHE 3a1a4 OOLIEH TEOPUH YIPABIECHUS, OPTaHU3ALUN U YIIPABJICHUS IIPOU3BOICTBCHHBIMU CUCTEMaMU
U TPOLECCaMH, KOMIBIOTEPHBIMH WH(MOPMAIMOHHBIMU CHCTEMaMH M TEXHOJIOIMSMH, HMHCTPYMEHTAIbHBIMH CpEJaMH MU
cucreMaMu pa3paboTku TpeOyeT pa3pabOTKH HOBBIX MOJENEH, CTPYKTYp M CHCTEM YIPAaBICHHA pPa3IMYHBIX THUIIOB
IPOM3BOJICTBEHHBIX CHCTEM U mpouecco. Llesbio JaHHO# paGoThbl SABISIETCS M3y4€HUE IPOU3BOACTBEHHOH CHUCTEMBI C LIEIIbIO
HOBBIIEHHs d3P(EKTUBHOCTH 33 CYET pa3pabOTKH HOBBIX MOJENEH M CTPYKTYp JUIS YHPABJIECHHS NPOM3BOACTBEHHOH CHCTEMOM.
Pe3yabTaTel MccienoBanus. B pabore uccnenyroTcs TEXHONOMMYECKME XaPAaKTEPUCTHKY MPOM3BOJACTBEHHOIrO Mpolecca ajs
IPOM3BOJICTBA KaOeIbHBIX KOMIIOHEHTOB U IIPEJICTaBIICHa MOJIEIIb IOTOKA COOBITHI ITPOU3BOJCTBEHHOIO IIPOLIECCa, B YACTHOCTH,
IPeUIOKeHa MOJIENIb TIPOLIECcca KOHTPOJISL IIPOU3BOACTBEHHBIX CTPYKTYP IIPU COCIMHEHMS MPOBOIOB METOAOM YJIBTPa3ByKOBOM
capku. IIpu paszpaborke Mozenn B Matlab ncnonesoBancs MexaHu3M IOTOKOBBIX Mopened Event-Drive. Kpome Toro,
pa3paboTaHO M pean30BaHO NPOrpaMMHOE OOecreyeHHe Ul U3y4eHHS U MPOBEPKM MH(POPMALMOHHOW CHUCTEMBI M MOZEIHU
coObITHII ¢ ToMoIbI0 HHCTpYMeHTOB Matlab 1 SimEvents. Peanusaius 1 npoBepka MOmynel OCYIIECTBIISCTCS HMPH MOMOIIN
cepsuca Paradox uHcTpymMenTanbHoi cpezbl Database Desktop. IIpu MozenpoBaHuy y4TeHb OCOOCHHOCTH IIPOU3BOACTBEHHOTO
nporecca JUisl U3rOTOBJICHHUS KaOeNbHBIX COSAMHEHUH, MCCIIEIOBAHBl PA3IMYHbIE METOJBI 110 II0KA3aTeNI0 UMIOPTa SHEPIUM B
30He cBapku. BbiBoabl. B pesynpraTe uccnenoBaHMH NPEANOXKEHa METONOJNOTHS PEAIN3alMd M IIPOBEPKH IPOEKTa
MH(POPMALIMOHHON CHCTEMbI MPOLIECcca IPOrPAMMHO-YIPABIAEMOro IPOU3BOCTBA KIYTOB C UCIIONB30BAHUEM YIIBTPa3ByKOBOM
CBapKU Ul COeJUHEHHs NPoBonoB. Jlis ee QyHKIMOHMPOBaHHE HEOOXOIMMO BBIIIOJIHUTH TAKUE JTAIlbl: CO3JaHUE (HH3MUECKON
6a3bl JAHHBIX; CO3JaHNE MIPUIIOKEHHS JUIs IIPOBEPKH JIOCTOBEPHOCTH, ()YHKLIMOHAIBHOCTH U LIEJIOCTHOCTU pa3paboTaHHON 0a3bl
JIAHHBIX; PEAIN30BaTh CIICLUAJIbHbIE IIPOSKTHI VIS IPOBEPKH JIOCTOBEPHOCTH U (DYHKIIMOHAIBHOCTH Pa3pabOTaHHBIX IIPOCKTOB
KIIMEHTCKHUX HMPHIOKEHUH.

Kaw4ueBnlie cioBa: JBWOKCHUE ITOTOKA, MOJICJIb ITIOTOKa CO6LITHﬁ; YIbTpa3ByKOBas CBapKa; IPOU3BOACTBECHHBIC CUCTEMBI.
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THE METHOD OF STRENGTHENING
OF DURABILITY OF A MORTAR BARREL

The subject of the article is an assessment of the possibility of improving the security of the personnel of units during the
operation of mortars. The purpose of the article is to study the possibility of increasing the strength of mortar barrels. The
task is to analyze the causes of the increased deaths of mortar fire teams during the operation of mortar barrels. Identify the
main areas of work to prevent mine explosions in the mortar channel and identify ways to eliminate them by improving the
methods of combat use; keep security measures during the shooting; increase the technical training of the personnel of the
units; development and use of new technical solutions for the development of mortars. The work considers and suggests an
analytical method for increasing the strength of mortars, based on the application of the principle of combined structures.
As a result of the researches the model of definition of the resulted pressure and limiting pressure in the combined cylinders
is offered. The results of calculating the limiting pressure in cylinders are given in the paper. Conclusions: the article
investigates the possibility of increasing the strength of mortars. The theory of combined cylinders was proposed to
increase the strength of mortars. The calculation of the internal pressure for the construction of the mortar in the form of
combined cylinders is carried out. Further studies are related to the fact that the theory of combined cylinders creates
prospects both in the development of high-pressure technology and in the creation of lighter and more stable structures.

Keywords: a mortar barrel; a powder gases; a rate of fire; a cylinder; a caliber; a cylinder radius; a security measures
during the shooting; a pressure in the barrel construction; a combined structures; an internal stress and ultimate pressure;

a fracture.

Introduction

Despite the intensive development of weapons on
new physical principles, advanced modern weapons are
in the arsenal of modern armies. By boosting the
strength of the army, the commandment of the armed
forces of different countries pays much attention to the
improvement of weapons, including mortars. When
conducting combat operations, mortars should be
actively used in the interests of small units of the
tactical level (platoon-company-battalion) together with
other means of armed struggle to defeat the enemy's
manpower and equipment. It is believed that they will
be the main means of fire support for company tactical
groups on the battlefield [1].

In recent decades, various countries are working to
improve mortar weapons: their weight and weight of
ammunition is reduced; improved tactical and technical
characteristics; homing mines are created; universal
fuses used in various systems are being developed;
Improved fire control system and tactics of action.

Analysis of the problem and formulation of the
problem. Experience in the combat use of mortar
weapons in local wars and international conflicts of the
late XX - early XXI century. showed that mortars, as a
class of weapons, were widely used. It was this
armament that became one of the main artillery means
of fire support for the infantry units of the tactical level
(platoon-company-battalion) [2]. This is due to the
following advantages of mortars [3]:

- the mortar has a sufficiently high accuracy and
range of fire, ensuring a reliable defeat of the enemy's
manpower, weapons and unarmored equipment in
battle;

- the mortar gives the possibility of a relatively
hidden fire (a closed fire position and a small force of
sound during a shot make it difficult for the enemy to
detect the calculation);

- a high rate of fire - from ten to twenty rounds per
minute provides a high density of fire in the critical
moments of combat;

- the relatively low weight of weapons and
ammunition increases the maneuverability of infantry
units and reduces their dependence on the fire of
supporting artillery, which is not always effective due to
the time spent on passing teams and the possibility of
hitting their troops with a reduced radius of safe
disposal.

However, the increasing number of deaths of
mortar combat crews (during exercises) with the rupture
of barrels pose new challenges for the developers of this
type of weapon to improve the safe operation of mortars
(Fig. 1).

Based on the results of the work of the
commissions investigating the deaths of mortar fire
teams, the main direction to prevent the explosion of
mines in the mortar barrel during double loading is:

- improvement of methods of combat
employment and exploitation of mortars;

- observance of security measures during the
shooting;

- increase of technical training of personnel;

- use of new technical solutions in the
development of mortars.

It should be noted that methods of increasing the
strength of the barrels are not exhausted [4].

Fig. 1. A mortar barrel rupture
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The classic mortar consists of a barrel, bipods are
devices for giving the barrel the desired elevation angle
(for example, a biped) and a base plate transmitting the
impulse to recoil to the ground (Fig. 2).

Fig. 2. Appearance of a classic mortar

The barrel is the main part of a firearm intended
for pushing a mine with a certain initial velocity and
providing it with a stable flight in a given direction. The
barrel is a pipe on a support, closed on one side, the
bottom of which is the drummer. When a mortar mine is
placed in the barrel, the drummer ignites the propellant
charge. His burning pushes the projectile out of the
barrel (Fig. 3). The thermal energy from the combustion
of the powder charge determines the parameters of the
internal ballistics: the speed of the mine when it moves
in the barrel channel, the direction and initial velocity of
the mine at the time of its departure from the barrel [5].

Fig. 3. A moment of a fire of mines
from the barrel of a mortar

The main functions that the barrel must perform [6]:

- creation of conditions for complete combustion
of the powder charge;

- mine-making necessary flight direction;

- setting the required initial speed of flight.

Mortar barrels are made of carbon steel with
improved thermal conductivity.

When the charge is combusted, the powder gases
in the barrel of the weapon develop a very high
pressure. The lowest pressure in the muzzle of the barrel
at the time of the launch of the mine is equal to several
hundred atmospheres.

In order for the barrel to withstand such a preasure,
during its manufacture, much attention is paid to the
strength of the barrel.

The strength of the barrel depends on the thickness
of its walls and the quality of the metal.

Given the practical operation of the mortar, the
thickness of the walls of the barrel is calculated with
such a margin of strength that it can withstand the
pressure of the gases is much greater than normal.
Therefore, the strength of the barrel always exceeds the
normal pressure of the powder gases by several hundred
and even thousands of atmospheres.

When firing the barrel walls, resisting the pressure
of gases, expand. The strength of the barrel is calculated
so that the metal is subjected only to elastic expansion
deformations: at the gas pressure it expands, and after
the pressure ceases to take its original dimensions. If,
however, the pressure in the barrel exceeds the value to
which the barrel strength is calculated, then a residual
deformation will occur and the barrel will be blown or
broken.

In the scientific literature, much attention is paid to
the determination of stresses arising in the walls of the
barrel during a shot [7, 8, 9].

Depending on the level of prepressure, which
appears in the walls of the barrel before the shot, the
barrel are distinguished and they are not milled. Before
the shot in the walls of the non-fretting barrel, there is
no specially called prestress. Only small stresses arising
during production processes, for example heat
treatment, can appear in it. Non-fretting barrels are
widely used in small arms and artillery weapons, with
the exception of barrels under the influence of very high
pressure (above 300 MPa) [8].

The non-fretting barrel consists of winding several
layers of steel wire on the pipe of the barrel, or in
putting on rings, liners or pipes heated to a temperature
of 700-7500 K. After cooling, the reinforcing elements
compress the barrel tube, causing in it a preliminary
radiation pressure directed to the opposite side of the
stresses arising from the pressure of the powder gases
during the shot. Fretted barrels (multilayered) were used
in guns in which the maximum pressure of powder
gases exceeded 400 MPa. They could withstand the load
(pressure) by 50% greater than the unreturned barrels.

Currently, mainly used autofretched barrels, in
which the increase in strength of the barrel is achieved
by strengthening the material and prestressing in the
walls of the barrel. Auto-fretting occurs as a result of an
increase in the plasticity boundary of the inner layers of
the barrel bore, which occurs as a result of a load caused
by an internal pressure (for example, created
hydraulically) of 1000-1400 MPa (about twice the
maximum pressure of the powder gases). Then
deformation of the inner layers of the barrel occurs
constantly (reinforcement of the material), and external
— elastic. Deformable elastic layers cause in the layers,
deformed constantly, preliminary stresses directed in the
opposite direction from the stresses arising during the
shot.

Calculations of stresses in thick-walled cylinders
were carried out by the scientists G. Lam and
A.V. Gadolin, formulas for determining the dimensions
of multilayer cylinders, calculated by the theory of
strength of A. Guber, R. Mises, and G. Henki under the
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influence of internal pressure, were proposed by
[.M. Naidich and A.M. Rozen [8, 9].

Different researchers have proposed various
methods of increasing the strength of the barrel [6-9],
confirmed by experimental data.

However, the proposed methods do not allow to
ensure the safety of calculations during the mine
explosion in the barrel channel.

Thus, the data presented indicate that the theory of
the mechanical strength of mortar barrels has not
received its full completion, the processes occurring in
this case have not been fully studied. Further
improvement of mortar barrels can be achieved by
applying the optimal combination of new materials and
modern structural and circuit solutions.

A complex experimental and calculation study of
the features of the process of mine explosion in the
barrel channel is the most important condition for
reliable forecasting of calculation results and can
significantly increase the efficiency of design solutions.
Such a scheme of research (study of the behavior of
structural elements under real dynamic loading
conditions, numerical and experimental modeling)
allows us to create the basis for the development and
justification of recommendations for rational design,
and the choice of materials, their structural state, which
increase the efficiency of their use in structures.

The scientific basis for studies of the loading
process of a mortar barrel during a shot is: the theory of
elasticity, plasticity and strength of materials, the
theoretical basis for ensuring the survivability of
weapons in combat operations, the theory of the
reliability of weapon models, mathematical modeling,
mathematical planning of experiments, methods of
bonded structures, coupled cylinders.

The purpose of the article is to study the
possibility of increasing the strength of mortar barrels.

Main part

The following forces act on the barrel of a mortar
during a shot [6]:

— force of pressure of powder gases, causing
stresses and deformations in the walls of the barrel;

— axial and transverse components of the friction
force of the outer shell of the mine on the inner surface
of the bore of the barrel,

— the forces of inertia arising in the walls of the
barrel due to the rapid increase in the pressure of gases;

— Axial forces due to the method of securing the
barrel.

A precise account of all these forces makes the
solution of the problem of calculating the barrel for
strength difficult. Therefore, when calculating the
barrels for strength, a number of assumptions make it
possible to reduce the difficult problem of calculating
the barrel to the calculation of a thick-walled cylindrical
tube. These assumptions include the following:

— the friction forces of the outer shell of the mine
on the surface of the barrel channel cause negligibly
small axial stresses in the walls of the barrel;

— loads experienced by the barrel, are static in
nature with the shot;

— the barrel material is homogeneous and isotropic,
the pressure at each point is normal to the surface, the
shape of the section remains constant during
deformation, and any cross-section remains flat.

The determination of stresses arising in the
construction of a mortar barrel during a shot is based on
the theory of calculation of the strength of thick-walled
cylinders [8, 9, 10].

Consider the process of firing from mortar when
an internal pressure arises in the barrel p, (external
pressure p,=0). We use the known materials of the
formula [9,10] to calculate the normal stresses in the
tangential 6y and radial directions 6,

2 2
R R
0, =—5—2— (== pg;
Ry — r
H ~hp
2 2
R R
59=2;32(1+—12{)'PB,
RH—RB r

where R — internal barrel radius;

Ry — outer barrel radius.

Note that radial stresses or in this case are
everywhere compressive, and circumferential c0 are
everywhere tensile (that is, 61 = 66, 63 = or) and reach
the highest values on the inner surface of the cylinder
(I" = RB)Z

O, =—Pp;

2 2
09=[1+II:§J/[1—II:§J~pB. (1
H H

Let us write the strength condition for the third
theory of strength:

O3 =01~ 03 <[0]

Taking (1) into account, we find that

Rp
O kg3 =2, 1_RT -pp <[o].
H

We determine the allowable internal pressure in
the cylinder with an unlimited increase in the wall
thickness, that is, for R, — oo. In this case

O3 =2 Pp <[0];

[o]
]

Pp =

As can be seen from the last expression, starting
with a certain internal pressure [p,], increasing the wall
thickness of the cylinder ceases to be an effective way
to increase strength, the allowable pressure tends to half
the permissible voltage. Thus, the maximum permissible
pressure for a single cylinder (barrel) can not be more
than half the allowable voltage. Given that the ultimate
strength of the best weapon steels is 1000 MPa [6], the
maximum permissible pressure for a single barrel is 500
MPa (5000 atm). When a mine explodes, the pressure
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in the barrel reaches a value (5-30) GPa (50-300
thousand atm), a single barrel will be broken [11].

Further increase in strength is possible either
through the use of stronger materials (increase [c]) or
through measures aimed at creating external pressure on
the outer surface of the barrel. For this, for example, it is
possible to make the cylinder compound, and its inner
layer must be pressed with interference into the outer
layer, thereby creating an external pressure on the
surface of the inner layer [8, 9].

However, the initial tightness is one of the widely
known ways to improve the performance of structures,
in general, and the strength of the barrels, in particular.
A. Guber has found a way to obtain the same result as in
compound cylinders without a gap, not a heated nozzle
with interference, but by forming between the cylinder
components a gap into which a gaseous or liquid filler is
injected under pressure. The theory of combined
cylinders was developed by V.1. Zayarnyi [8].

Consider the construction of a mortar, in which
instead of one thick-walled cylinder (barrel) several
combined ones are used, the pressure between the walls
of which can vary. The permissible pressure in the inner
cylinder (barrel) in this case is determined by the
formula [8]:

c? -1
pPp=0"—F7———>
2-C-(1-Kp)
R
rue C =_H’ KP _p_H
Rp PB
For the outer cylinder:
PH
KPO =_0=0.
PBRo

and the allowable pressure will have the form [8]:

g -1
2-C¢

Pp=0

For any intermediate cylinder, the allowable
internal pressure is written as:

c? -1

J

Ppi =0 —F5 .
2-CG -(1-Kp)

Allowable internal pressure in the inner cylinder
(barrel) with n cylinders is obtained by the formula:

c? -1
pp =0 >t
2-C
n—1 2 2
cr -1 Cy -1
+ZUZ 21 +GO' 0 5
2-Ci(1-Kp;) 2-G

From this formula it follows that the value of the
internal pressure pB depends on: the value of the ratio C
of the outer radius to the internal, the value of the ratio
of the external pressure to the internal pressure, the

magnitude of the permissible voltage and the number of
cylinders. The amount of permissible voltage depends
on the properties of the material, the operating
conditions of the cylinders and the loading method.

For aligned cylinders with

Ry - Rp, C—>1,

permissible pressure regardless of the magnitude K,
tends to zero. If

RH - CX), C - (X),
To the permissible pressure is taking a number of values

(o2

Dpi =—2'(1_KP).

depending on the size K),.

When Kp = 0, we get the result for a single
cylinder. If Kp tends to 0.5, then the allowable internal
pressure for the superimposed cylinder is equal to the
allowable voltage.

Determine the value of the internal pressure in the
barrel for the design of the mortar in the form of aligned
cylinders with the following initial data: the internal
radius of the barrel of the mortar

RBC = 0.06 m = 60 mm;
outer radius of the mortar barrel
RHC = 0,07m = 70mm;
internal radius of the first combined cylinder
RB1=0,105m = 105mm;
outer radius of the first co-located cylinder
RHI =0,115m= 115 mm;

(the hydraulic gaps between the cylinders and their
thickness are the same),

C =1.5; when KP = 0.9; [c] = 1000 MPa.

The formula for determining the maximum
pressure for KP = 0.9 has the form [8]:

Prar = 5-o~(1—1/cz) — 3.0 =3000MITa.

Assuming that the internal pressure during the
explosion of a mine in the barrel of 15,000 MPa, the
design of the mortar will consist of 5 aligned cylinders.

Conclusions

1. The article investigates the possibility of
increasing the strength of a mortar barrels.

2. It was proposed to use the theory of combined
cylinders to increase the strength of a mortar barrels.

3. The calculation of the internal pressure for the
construction of the mortar in the form of combined
cylinders is carried out.

4. Further studies are related to the fact that the
theory of combined cylinders creates prospects both in
the development of high-pressure technology and in the
creation of lighter and more stable structures.
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Metoa miABHIEHHA MITHOCTI CTBOJIIB MiHOMETIB
A. B. KoryH, B. O. TabyHeHKO

IIpeamer cTaTTi - OL[IHKAa MOXKJIMBOCTI IiIBUIIIEHHS O€3MEeKH 0COOOBOT0 CKIIAAy IMiIPO3IiTiB P eKCILTyaTallii MiHOMETIB.
HaykoBo10 0CHOBOIO [JOCIIiPKEHb IIPOLIECY HABAHTAXKEHHS CTBOJIA MIHOMETY IIPHU MOCTPII €: TEOPis MPYXKHOCTI, INIACTUYHOCTI 1
MIIIHOCT] MaTepiajiB, TCOPETUYHI OCHOBH 3a0€3I1eUeHHsI )UBYUOCT] 30poi pH BezieHHI O0HOBUX I, Teopis HaMIHHOCTI 3pa3KiB
030pO€HHS, MaTeMaTH4HE MOJICIIOBAHHs], MAaTeMaTH4HE IUIAHYBaHHS EKCIEPUMEHTIB, METOAM CKpIIUICHUX KOHCTPYKIIH,
CyMIIEHUX MWIiHIpiB. MeTa €TaTTi - JOCHIIKEHHS MOMJIMBOCTI ITiJBHIIEHHS MIIIHOCTI CTBOJIB MiHOMETIB. 3aBHaHHA -
IpoaHai3yBaTH NPUYMHU BUNAJKIB 3arudeni 60HOBUX PO3PaxyHKiB MiHOMETIB, L0 MOYACTiLIaNH, IPY PO3PHBI CTBOJIB IIiJ] 4ac
eKkcIutyaranii MiHoMmeTiB. BUSBUTH OCHOBHI HampsMM poOOTH IO BiABEpTAaHHIO BHOYXiB MiH B KaHalli CTBOJIA MiHOMeTa i
BU3HAUUTH IUIAXH X YCYHEHHS 33 PaXyHOK YJOCKOHAaJICHHs CIoco0iB 0OHOBOro 3aCTOCYBaHHS; NOTPUMAHHS 3aXOniB Oesnexu
IIPY MIPOBEJICHHI CTPiib0; MiIBUILEHHS TEXHIYHOI MiIrOTOBKM 0COOOBOr0 CKJIaLy MiAPO3/iIiB; po3pOOKH i BUKOPHCTAHHS HOBUX
TEXHIYHUX PilIeHb IIPU po3pobLi MiHOMeTiB. Pe3yjbTaTn gociixkeHb. Y poOOTi po3rIIHYTHH 1 3aIIPOIIOHOBAHMI aHATI THYHUH
METOJ HiJBUILECHHSA MIIHOCTI CTBOJIIB MIHOMETIB, HA OCHOBI 3aCTOCYBAaHHS IIPUHIMITY ITOEJHAHUX KOHCTPYKLiil. B pesynprari
MPOBEJEHUX JIOCII/UKEHb 3alpONOHOBAaHA MOJENb BU3HAUCHHSA IIPUBEIEHOI HANpYrd i I'PaHUYHOIO TUCKY B IOEIHAHUX
LTiHApax. Y poOoTi NpHBeIeHI pe3ylbTaTH PO3PaxyHKy IPAaHMYHOTrO THCKY B LliHIpax. BUCHOBKH: B CTaTTi AOCIiDKeHA
MOXXJIMBICTD IIIBUIIEHHS MIIJHOCTI CTBOJIIB MIHOMETiB. 3alpOIIOHOBAHO JUIS IIJBUIIEHHS MIITHOCTI CTBOJIB MiHOMETIB
BUKOPHUCTaTH TEOPiI0 MOEAHAHMX IMIiHAPIB. [IpoBENEHO pPO3PaXyHOK BEIUYMHHM BHYTPIIIHBOIO THUCKY M KOHCTPYKLIT
MIHOMETa y BUIJISII HOEAHAHUX IUTiHAPIB. [lomanbimi gocimimkeHHs HOB'sI3aH1 3 THM, IO TEOpis [TO€JHAHUX LIUTIHIPIB CTBOPIOE
MEPCIEKTHUBH SIK B PO3BUTKY TEXHIKH BUCOKUX THCKIB, TaK i B CTBOPEHHI JIETIIHX 1 MILHIIMX KOHCTPYKIIiH.

Kaw4yoBi caoBa: MiHOMET; CTBOJN; ITOPOXOBI Ta3W; CKOPOCTPLIBHICTH; HWIIHID; KaIiOp; pamiyc IWTIHAPA; 3aX0qH
0e3MeKu MpU NPOBEAEHHI CTPUIL0; HANpyra B KOHCTPYKLIi CTBONA; IO€IHAHI KOHCTPYKLII; BHYTPIIIHSA HANpyra i rpaHUYHUNA
THUCK; PO3PHB.

MeTo NOBBIIIEHUsI MPOYHOCTH CTBOJIOB MHHOMETOB
A. B. KoBryH, B. A. TabyHeHKO

IIpeqmer craThbm — OLIEHKa BO3MOXKHOCTH IOBBIMICHHMS OE30MACHOCTH JIMYHOTO COCTaBa IOAPA3JIENeHUH Ipu
9KCIUTyaTanuu MuHoMeToB. Hay4uHoli ocHOBOJ nccienoBanHuii mporecca Harpy3Kky CTBOJIAa MHHOMETA TIPH BBICTPEIIE SBIISIOTCS:
TEOpHsl YHPYTrOCTH, IUIACTUYHOCTH U HPOYHOCTH MATEPHANIOB, TEOPETHUECKUE OCHOBBI OOECIIEUCHUs XKUBYUECTH OPYXKHUS IPU
BE/ICHUM OOEBBIX JICHCTBUM, TEOPUS HA/IEIKHOCTU 00pa3LlOB BOOPYKEHHS, MATEMaTHUECKOE MOJAECIMPOBAHHUE, MATEMaTHYECKOe
IUIAHUPOBAHHE OKCIIEPUMEHTOB, METOIbl CKPEIUIEHHBIX KOHCTPYKIHMH, COBMEIIEHHBIX ImnuHapoB. Ileabs crarbm —
HCCIIE/IOBAaHNE BO3MOXKHOCTH TIOBBIIIEHUS] TIPOYHOCTH CTBOJIOB MHHOMETOB. 3ajJada — IPOAaHAIM3HPOBAaTh ITPUYNHBI
YUYaCTUBIIMXCS ClIydaeB rudenn GOEBBIX PacdeTOB MUHOMETOB IIPHU Pa3pbiBE€ CTBOJIOB BO BPEMs 3KCIUIyaTallid MHHOMETOB.
BbIsBUTH OCHOBHBIE HAIpaBJICHHUs PaOOTHI 110 MPEIOTBPAILECHHIO B3PBIBOB MUH B KaHaIe CTBOJIa MMHOMETA M ONPEIEIIUTh IIyTH
X YCTpaHEHHS 3a CYET YCOBEPIICHCTBOBAHMS CIIOCOOOB 0O0EBOr0 MNPHMEHEHUs; COOJIIONICHHS Mep Oe30IacHOCTH IIpU
MPOBEJCHUH CTPEIIb0; MOBBIIICHUS TEXHUUECKOH MOATOTOBKY JIMYHOIO COCTaBa MOAPA3eIeHUI; pa3paboTKi U UCHIOJIb30BAHUS
HOBBIX TEXHHYECKUX PELICHUI IpU pa3paboTKe MUHOMETOB. Pe3ynbTarhl HecsienoBanmii. B paGore paccMOTpeH 1 IpeuIokeH
AHAJIMTUYECKUHA METON IOBBINIEHHs IPOYHOCTH CTBOJIOB MHHOMETOB, Ha OCHOBE NPHMEHEHHs IPHUHIUNA COBMEIIECHHBIX
KOHCTPYKIIMH. B pesynpTrare NnpoBeAEHHBIX HCCIENOBAHMHN IMPEAJIOKEHA MOJEIb ONPENENIEHNs NMPUBEICHHBIX HANPSKEHUHA H
NPEJIeTIbHOTO JIaBJIeHHUs! B COBMEIIEHHBIX LMIMHIApax. B pabore mpuBeneHb! pe3ynbTaTbl pacdyeTa HPeeNbHOro JaBICHUS B
IUIMHAPax. BeIBOABI: B CTaThe MCCIIENOBaHA BO3MOXKHOCTBH IOBBINIEHHS NMPOYHOCTH CTBOJIOB MHHOMETOB. lIpemtoxeHo mis
MOBBIIIEHHs] TIPOYHOCTH CTBOJIOB MHHOMETOB HCIIOJB30BATH TEOPHIO COBMEMIEHHBIX LMIMHAPOB. [IpoBeneH pacdyeT BeIHMYHMHBI
BHYTPEHHETO JABJIEHUS JUI KOHCTPYKLIUA MHHOMETA B BHJIE COBMEIIEHHBIX IMIUHAPOB. JlanbHeNIIne NCClle10BaHKs CBA3aHbI C
TEM, YTO TEOpPHs COBMELICHHBIX IMIMHIPOB CO3AET MEPCIEKTHBBI KAaK B Pa3sBUTUHM TEXHMKH BBICOKMX IABJICHHH, TaKk U B
co3/taHuu Gosiee JISTKUX U IPOYHBIX KOHCTPYKIHH.

KawueBblie cioBa: MHUHOMET; CTBOJI; IIOPOXOBBI€ I'a3bl; CKOPOCTPEIIbHOCTL; HWJIHMHIP, KaJ'[I/I6p; paauyc HWIMHApPA;
MEPhI 06e30MMacHOCTH IIpu IIPOBEACHNN CTpeJ'IL6; HarpsDKCHUST B KOHCTPYKIMHU CTBOJIA; COBMEIICHHBIC KOHCTPYKIUH; BHYTPEHHEE
HaIpsDKECHUE U TNIPEJICIIbHOC NaBJICHUE, pa3pbIB.
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EXCITATION OF SURFACE VIBRATIONS OF SEMICONDUCTOR STRUCTURES

EXPOSED TO EXTERNAL ELECTROMAGNETIC RADIATION

The subject of the study are processes of manifestation of instabilities of natural oscillations of semiconductor structures,
which are caused by the mechanisms of interaction of charged particle flows in the presence of powerful external
electromagnetic radiation. The goal is to obtain design relationships that allow determining the degree of deviation of the
performance characteristics of semiconductor components from the norm, depending on the parameters of the external
pulsed electromagnetic field. The task is to construct a model of interaction induced by external electromagnetic radiation
currents with electrostatic oscillations of the semiconductor structure. The model is based on the realization of the
resonance (Cherenkov) interaction of moving charges and electromagnetic oscillations under conditions where the phase
velocity of the wave and the velocity of the charged particle are the same. The methods used: analytical methods for
solving the Maxwell equations and the equations of the medium in the framework of the hydrodynamic approach. The
following results are obtained. Investigations of the functioning of semiconductor components of electronic equipment
under the influence of strong-pulsed electromagnetic fields are carried out. The nature of changes in the working capacity
of semiconductor components of the hardware component base is determined. It is shown that the influence of pulsed
electromagnetic radiation is accompanied by the appearance of currents in the conductive elements of products and the
appearance of intrinsic internal fields. One of the types of reversible failures of the semiconductor element base of electronic
products is determined, based on the interaction of currents induced by external radiation with the intrinsic fields of the
structures that complete the product. Similar failures are realized under conditions of Cherenkov radiation, when the current is
parallel to the boundary of the structure. It is shown that this interaction leads to energy losses of the induced currents to
excitation of the natural vibrations of the structure, i.e. the appearance of a mode of oscillation generation, which is
characterized by a change in the volt-ampere characteristics of radio products. Conclusions. The comparative analysis of
quantitative evaluations of reversible failures of semiconductor devices depending on the spatial configuration of the acting
field, in which the induced current is paralleled to the structure boundary, allows solving problems of optimizing the degree of
distortion of the performance characteristics of these devices. The results obtained in the work can be used to evaluate the
efficiency of active radioelectronic devices, for example, amplifiers, generators and converters of electromagnetic oscillations
in the millimeter and submillimeter ranges under the influence of powerful external pulsed electromagnetic fields.

Keywords: electromagnetic radiation; Semiconductor structures; Surface oscillations; Charged particles; Vibration
decrement.

classified as reversible and irreversible [2]. Irreversible

Introduction failures are characterized by a complete loss of

Most of the available theoretical and experimental
results of studies of the influence of EMR on radio
devices are related to the field of irreversible failures.
Modeling of the mechanisms of interaction of induced
currents and voltages with the processes characterizing
the functional purpose of products is usually carried out
within the framework of the theory of chains with
distributed parameters. This approach makes it possible
to evaluate the performance criteria as a whole (for
example, to estimate the critical energy characterizing a
thermal breakdown), but the issues related to
determination of various kinds of electromagnetic
interactions that occur directly in component parts
exposed to EMR remain unsolved.

Expansion of application areas and increase in the
processing speed of radio electronic equipment (REE)
lead to a need for increasing use of element base
containing semiconductor electronics products [1]. This
increases the degree of influence that external
electromagnetic radiation (EMR) produces on the
performance of REE, taking into account that
semiconductor components have an increased
sensitivity to EMR.

All kinds of failures that arise in REE resulting
from the influence of external factors are usually

functional characteristics of REE. Such failures occur
when a change in the internal parameters of the
equipment exceeds the permissible limits (with external
EMR, irreversible failures usually occur due to a
thermal breakdown of the components). For reversible
failures, a temporary loss of performance is typical,
leading to a distortion of the output characteristics.

This paper to some extent compensates the
existing gap in this area of research on reversible
failures. We study the interaction of charged particle
fluxes induced by EMR with wave processes in
semiconductor structures used in modern microwave
electronics.

Task solution

The object of the study is surface oscillations of
the semiconductor structures used in radio hardware
components and the mechanisms of their interaction
with the conduction electrons, leading to damping of the
oscillations  being exposed to an  external
electromagnetic field. Let us consider the attenuation of
surface plasmons on the boundary of two media, which
at T = 0 are characterized by dielectric permeability

2 /2
€ =80i—090i/0) .
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To find the spectrum and collisionless damping of
surface oscillations under conditions of neglecting the
delay effect of the electromagnetic field, we use the
following equations:

rot E(x, y,t) =0;
Ex,y,1) = E(@,qy, )¢, (1)
E(o,q,,) = (Ey, E,,0);

div D(o,x, y) = 0;

~ - 4mi - (2)
D(o,x,y) =¢¢(y)E(®,x,y) +FJ((D, X,¥)
€015 y>0, - El’ y>0,
80(J’)={ E=3.
gy, ¥<0; E,, y<O0;
= {jla y>0;
J=1-=
J2s y<0

with the following boundary conditions at y = 0: the
continuity of the tangential components of the electric
field is E, and the normal components of the electric
induction are Dy,

We start from a model of a homogeneous medium.
In other words, we assume that, as in the case of cold
plasma, both media are infinite, and the fields and
currents in each of them satisfy the boundary conditions
on the plane y=0and decrease when y—>+ .

Obviously, such a model is completely justified if the
boundary is transparent for particles; i.e. the height of
the potential barrier is small in comparison to the energy
of the particles. Wherein mg; = gy ;€91 # €gp-

On the other hand, if the media are separated by an
infinitely high potential barrier ©gy; # ®y,, then the

particles experience an elastic (mirror) reflection from
both sides of the barrier, and the electromagnetic
properties of such a semi-bounded medium are known
to be identical to an unlimited medium. In this case, the
results obtained in [3] for a classical approximation for
a plasma-dielectric boundary (a nonabsorbent medium)
can be transferred to the case of two plasma-like media
separated by a dielectric layer whose thickness is small
in comparison with the wavelength.
Then the material equation can be written:

2
Fo,7) = =0 d(w,r) + Fio,r) . 3)
mc

S S .
Here A(w,7)=—2EFE(w,7) is a vector potential,
o

ny = Z pg\uz (7)y (7) is the equilibrium concentration

of charge carriers, p% is their equilibrium distribution

12 exp(ikr) is the wave function

2,2

of a particle with the dispersion law Ej = o
m

function, y,(F)=V"

V is

the volume of the medium, ;'(®,7) = D" pp (®) jiy (F)

is the conductivity current due to electron transitions
between states k& and k'(k, =k.) due to inelastic
with a

scattering potential

A(w,7) = A(®,q,, 1)e"4x¥=9D  (we further assume for

definiteness that ¢, >0,0>0), and pgkr((o) is the

perturbed off-diagonal correction to the equilibrium
particle distribution function, determined from the
equation of motion for the density matrix [2]:

0 0
Pr — Pk
P (©) = —F K H (0);
h((’)kk’ - ) (4)
B2 — k2
Oy =M; o = o+iv,v—0;
2m

ieh ¢ x _ = -~ o
Hyge = =— [ Wi (F)AV +VA)y o (F)dF
2mc

is the matrix element of the Hamiltonian of interaction
of charge carriers with an electromagnetic field.

- ieh * *
T =5 AV W) =i (W )] (9)
m

is the matrix element of the particle current density
operator. You can finally convert ;'(o,7) to the
following form:

(e —P)
Opfer —~ ® (6)
x| i () + [ T () A, P |

oo 1 -
J(o,7)= _%ka’k(”)

Lo _deh ¢ VR0, (5,0,2)
kk' =5 —
2me x| 4, (0,x,+0) - 4, (0, x,-0) |

Thus, in equation (3) for the total current, the first
term determines the frequency of the surface plasmons;
the second term must determine their damping.

Substituting further j(w,7) into equation (2) and
taking into account equation (3), we obtain:

0° 4, (,x,y)
6y2

4mig.c . -,

=- div j'(@,x, y); (7

0)28(0))

g(m)z{gl((’)),

& ( ),

2
_qux(O)axsy) =

y>0
y<0

Since the damping decrement is small in
comparison with the oscillation frequency, the solution
of (7) is sought using the method of successive
approximations. Assuming that the right-hand side in
the first approximation is equal to zero, we find the
following expressions for the potential in each of the
media for &(w)#0:
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y>0, A]x(y)=A]e_qu, AlyziAlx(y)

¥ <0, A2x = A2 e_qu, A2y = _iAZX(y)

®)

Let us extend the potentials to the half-spaces of
y<0and y>0 respectively:

A0 =4,(); A,(»)=-4,(»).

Thus, the normal component A(y) undergoes a
discontinuity in the plane of y =0. Substituting the

values of A(w,7) in equation (3) and integrating over the

whole space 7, we obtain the following results after

replacing the summation >, by integration (2V)3 j dk -
I
J'(®,7)=

2 iq,.x 4

&2 A eldx dikdk
——— [ (pk Pk +E)x  (9)

2(27‘5) m-c O’ —

2 2 . )
. 1_% e’(ky‘ky)y.
qx + (ky _k),/)
Here ki=k,—q., kl=k,.

The term that is proportional to pg determines the
current resulting from the transition of an electron from
state k to state k' with emission of i® quantum of
electromagnetic field. Here it is possible to carry out
integration k!, taking into account the contributions of

2m(®+iv)

poles kf = ki - at k, >>q,., ©>>qv,

The term with pgr determines the current
associated with the transitions of electrons from the
state k' to the state k& upon absorption of energy 7m.
This current is determined by the poles

2m(®w+iv . .
ki = kf +M when integrating over ky. As a

result of integration, we get:

o —ie*oAedxT
Jor) = =2
(2m) hic
jdk(k+k ). _h(ky—k;)2
ky(k k) 2mo
xexp{i[ky—ky_ﬂ'éi_}y}— (10)
jdk(k+k Pl 1_h(ky—k;)z
K (ky k) 2mo

xexp{i[ker —k, +i8+Jy}}.
<0, k; =[k; £ 2mo/h >0,

Here:

mvy
T
y

k = (kxak;akz)s Si =

The symbol ,[ means that integration over &,

. . . 2m0) 2m0)
carried out in regions | —o© where

the process of radiation of a quantum of energy by an
electron is possible. A similar expression for ;' can be
easily obtained in y < 0 region.

It can be seen that the current ;'(o,7) resulting
from electronic transitions between states k,, and k} is
an infinite set of spatial harmonics with a period of
27t/ ‘ky —k;‘ depending on the frequency of the field

and the momentum of the particle, with an amplitude
decreasing from the boundary as exp(—8i| y|. In the

classical limit of kﬁ, k’y2 >>2m®/h such harmonics are

known as "Van Kampen waves" whose phase velocity is
equal to the velocity of the particle. Substituting (6) into
equation (7), we find the potential excited by the current

7'(®,x,)

, o, 4y, )
Ax(maqxsy)zTo);A;
A da
A, , s = — (O, s 5
(0,9, ) 2.2(0) ay( qx>Y)
2

e“qg.m
0U(@,q, ) =525 X
nh

[ pidk hiky Thy)? an
ky (k, ¥k;)° 2mo
xexp{i(ky¢ky‘ii5_)y}—

r o pYdic ey TR |
2mm

+ _ 1 +\4
ky (k, F k)
xexp{i(ik;—kyii&r)y}.

Here the upper signs in front of k;r and & refer

to y >0 half-space, and the lower ones —to y <0 half-
space. By means of the boundary conditions, we can

now eliminate the undefined constants A1 and A2 and
obtain the dispersion equation:
a2(maqx’0):|+

&(0)

€ (0))

g (o) {1 +i
(12)
+£5 (@) {1 +i

a(w,q,,0)

Hence, when
e(w)

<<1 we get:
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12
2 2
o = | Lot®02 |
S s
€01 + €02
o, [ 041(0,q5,0)+ 05 (0,4, 0)]

AO)S 27 .
€01 t €02

Analysis

Now, let us find the damping decrements in
various physical situations. In the case of a Maxwellian
electron distribution

2,2

3 _
MC 2mT

pi =
QnmT)*?

the expression for o(m,q,,0)can be converted to the
following form:

o)

2
E (’)quUTT (6_7_ 1) X

o(®,q,,0) = 1

o
1
o0
2 hoy 2 2
x| (x*+—)%x"e dx.
_jw( )

Hence, we obtain:

2
/i
o=-2 (ooq,;oT T , Ds o> 1;
o, \2no, T
) (13)
2 h
o= —2\/: ©09xVr , D < 1.
T (03 T

N

In the case of an infinitely small barrier:

Wo1 =g, &€o1 * €p2, Oy =C°0\/2/(801 +802);

the decrements of the oscillations are respectively equal to:

Awg =—igorT/(2hoy); hog >>T;

On the boundary of two plasma media, separated
by an infinitely high potential barrier, the expressions
for the decrement obtain the following form:

o =i x > ogonl;?
T e, Y el ’
)
Ao, = - giqx Z(’)OiUTi :
Y e

It is seen that at the plasma-insulator boundary

(15)
i=12...

oy =0, 09 =@y, & =gy
equations (15) coincide with equations (13) and
correspond to the well-known expression for the
decrement of surface vibrations [4] under mirror
reflection of particles from the boundary.

Conclusions

A model has been proposed for the interaction of
conduction electrons in a semiconducting medium with
surface oscillations. The model is based on the
implementation of the resonance (Cherenkov)
interaction between moving charges and
electromagnetic oscillations under conditions where the
phase velocity of the wave and the velocity of a charged
particle are the same.

The ratios have been calculated relating the
following parameters of semiconductor structures: the
concentration of free carriers, the dielectric constant, the
carrier temperature with the magnitude of the vibration
decrement in the classical and quantum approximations.

It has been shown that the impact of pulsed
electromagnetic radiation on electronic products is often
accompanied by emergence of currents in the
conductive elements of hardware and formation of their
internal fields.

The mechanisms of interaction of charged particles
with natural oscillations of the components of the
electronic devices leading to attenuation of surface

Ao = — 2T i ) 5 T (14) " oscillations in semiconductor structures have been
O = ~y2/m-igor; Oy << 1. determined.
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30yaKeHHs IIOBEPXHEBHUX KOJIMBAHb HAMBIPOBIIHHKOBHX CTPYKTYpP
N BIVIABOM CTOPOHHBLOI0 €JICKTPOMATHITHOTO BUNIPOMiHIOBAHHS

O. A. Cepxos, B. C. Bpecnagenp, 1. B. SIkoBenko, O. J[316eHKO

IIpeqmeroM BUBYEHHS € MPOLECH BUHUKHEHHS HECTIMKOCTI BJIACHMX KOJIMBAaHb HAIliBIIPOBIAHUKOBHX CTPYKTYp, SKi
00yMOBJICHI MeXaHi3MaMH B3a€MOJii IOTOKIB 3aps/VKCHUX YaCTUHOK 32 HasBHOCTI IOTY)KHOT'O 30BHIIIHBOI'O €J1€KTPOMAarHiTHOro
BUIIPOMiHIOBaHHA. MeTa - OTpHMaHHA PO3PAaXyHKOBUX CHiBBIJHOIICHb, SIKi JO3BOJIIFOTh BHU3HAUUTU CTYIHb BiJAXWIICHHS
poOOUNX XapaKTEPUCTHK HAliBIPOBIAHUKOBUX KOMIUICKTYIOUMX BiJi HOPMH B 3aJISKHOCTI BiJl IapaMeTpiB 30BHIIIHBOTO
IMITyJIbCHOTO €JIeKTpOMarHitHoro nosnst. 3agava - noOynoBa Mojeni B3aeMOZii HAaBEJCHHX 3OBHILIHIMHU €IEKTPOMAarHiTHUMU
BUIIPOMIHIOBAHHAMU CTPYMIB 3 €JIEKTPOCTATMYHMMM KOJIMBAHHAMHU HAIiBIIPOBIIHUKOBOI CTPYKTYpH. B ocHOBy Mopeni
MOKJIaJICHO peali3allifo Pe30HAHCHOI (4€PEHKOBCHKOI) B3a€MOIii PYXJIMBUX 3aps/liB Ta €ICKTPOMArHITHUX KOJMBaHb B yMOBaX,
KOJIM CHIBNAJAIOTH (pa30Ba MIBUAKICTH XBWJII Ta MIBUIKICTH 3apsyDKEHOl YacTHMHKH. BukopucTaHi MeTOAM: aHATITHYHI METOIH
pilleHHs piBHAHb MakcBelula Ta piBHAHb CEPE/IOBHILA B PAMKaX IipoAMHaMi4HOro migxoxy. OTprMaHi HaCTYIHI pe3y/IbTaTH.
IMpoBeneni nocmiJpkeHHs (GYHKLUIOHYBAHHS HAIIBIPOBIIHUKOBUX KOMILUIEKTYIOUMX €JIEKTPOpalioBUpoOiB B yMmoBax il
MOTY)KHHX IMITYJIbCHUX €JEKTPOMAarHiTHUX IoJMiB. Bu3HaueHO Xapakrep 3MIH IIpale3faTHOCTI HaIiBIPOBIJHUKOBUX
KOMIUIEKTYIOUMX €JleMEHTHOi 0a3um TexHiuHMX 3aco0iB. Iloka3aHo, 110 BIUIMB IMITYJbCHOTO €JIE€KTPOMAarHiTHOrO
BUIIPOMIHIOBAHHS CYIPOBOJKYETbCS BHHHKHEHHSAM CTPYMiB y IIPOBiJIHMX €JIEMEHTaX BUPOOIB Ta BUHMKHEHHSM BJIACHUX
BHYTpILIHIX NOJiB. BU3Ha4eHOo 0/11H 3 TUIIB 3BOPOTHIX BiJJMOB HaIliBIPOBIJHUKOBOI €J1€MEHTHOI 0a31 el1eKTpopaioBupoOiB, 110
6a3yeTbcsl Ha B3a€MOJII CTPYMiB, HABEJICHUX 30BHIIIHIM BUIIPOMIHIOBAHHAM, 3 BIACHUMHU HOISAMH CTPYKTYP KOMIUICKTYIOUUX
BupiO. TloxiOHI BiIMOBH peali3ylOTbCsl B YMOBAaX UEPEHKOBCHKOI'O BHIIPOMIHIOBAaHHS, KOJIM CTPYM IapajelIbHUN 10 KOPIOHIB
crpykrypu. IlokasaHo, 110 JaHa B3a€MOJisl IPU3BOIUTH 10 €HEPreTHYHUX BTPAT HABEICHOrO CTPyMY Ha 30yIKEHHS BIACHUX
KOJIIMBAaHb CTPYKTYpH, TOOTO MOSBY pEXUMY TIeHepauil KOJIMBaHb, SIKi XapaKTepU3YeTbCsl 3MIHOK BOJIBT-aMIICPHUX
XapaKTepUCTUK pazioBupobiB. BucHoBkm. IIpoBeneHunii NOpIBHANBHMII aHaNi3 KUIBKICHUX OLHOK 3BOPOTHUX BIJIMOB Y
HaIliBIPOBITHUKOBUX NPUIaJaX B 3aJI€KHOCTI BiJ MPOCTOPOBOI KOH(DIryparii BINIMBArO4YOro mois, 3a SKMM HaBEIECHWH CTPyM
BUHHUKAE IapaJie]IbHO 10 KOPJOHIB CTPYKTYPH, NO3BOJSE BHUPILIyBaTH 3aadi ONTHUMi3allii CTYHEHS CIIOTBOPEHHS POOOUMX
XapaKTepUCTUK [aHUX HpwiaaiB. Pesynprath, sKi oTpuMaHi B poOOTi, MOXYTh OYTM BHUKOPHCTaHI Il 4yac OLIHKU
[PaLEe3/laTHOCTI AKTHBHUX PAaJiOSNICKTPOHHUX IPWUIAJIB, HAINpUKIAJ, IiACHIOBAYiB, T'€HEparopiB Ta IIEPETBOPIOBAYiB
€JICKTPOMArHITHUX KOJMBAaHb MiTIMETPOBOrO Ta CyOMiTiMETpOBOro [iama3oHiB B yMOBaX BIUIMBY IIOTYKHHMX 3OBHILIHIX
IMITYJIbCHUX €JIEKTPOMarHiTHUX I10JiB.

Knaro4doBi cJjoBa: elekTpOMarHiTHe BHUIIPOMIHIOBAaHHS; HalliBIPOBIJHUKOBI CTPYKTYpPH; IOBEpXHEBI BiOpauii;
3aps/LKEHI YaCTUHKY; IEKPEMEHT KOJIUBaHb.

Bo30yxneHne moBepXHOCTHBIX KOJIe0aAHUI MOJTYNIPOBOIHHKOBBIX CTPYKTYP
TIPH BO3/IEHCTBHH CTOPOHHEI0 3JIeKTPOMATrHATHOI0 M3/ Ty4eHHsI

A. A. Cepxos, B. C. Bpecnager, U. B. SIkosenko, O. /I3s10eHK0

IIpeqmerom  M3ydeHWs  SABIAIOTCA  IPOLECCHl  NPOSIBICHHMS  HEYCTOMYMBOCTEH  COOCTBEHHBIX  KoieOaHWit
TOJTYTIPOBOJHUKOBBIX CTPYKTYP, KOTOpbIE OOYCIOBIECHBI MEXaHM3MAaMH B3aHMOJCHCTBHS IOTOKOB 3apsUKEHHBIX YacTHI] IPU
HAQJIMYUM MOIIHOTO BHEIIHErO JIEKTPOMAarHUTHOro uiydeHus. Llesb - monydeHue pacdeTHBIX COOTHOLIEHMH, MO3BOJIIOIINX
OIPE/ICIIATh CTENEHb OTKIOHEHHS pab0UMX XapaKTepPUCTHK MOIYHPOBOAHUKOBBIX KOMILUICKTYIOIIUX OT HOPMbI B 3aBUCUMOCTH OT
[IAPaMETPOB BHEIIHEr0 MMITY/JIBCHOTO 3JIEKTPOMArHUTHOIO HOJs. 3aaayda - IOCTPOCHHE MOJEIH B3aUMOJCHCTBHS HABEACHHBIX
BHEIIHUM IEKTPOMArHUTHBIM U3JIyYCHHEM TOKOB C JIEKTPOCTATHYECKUMH KOJIEOaHUSIMH HOIYIIPOBOAHUKOBOW CTPYKTYphl. B
OCHOBY MOJIENU TIOJIOXKEHA peaIM3alds PE3OHAHCHOIO (UEPEHKOBCKOIrO) B3aMMOJICHCTBHMS IBWKYIIMXCS 3apslioB U
NIEKTPOMArHUTHBIX KOJIEe0aHMII B YCIOBHAX, KOIJId COBIaAaroT (pa3oBas CKOPOCTb BOJIHBI M CKOPOCTh 3apSDKEHHOM YacCTHIBL.
Hcnonb3yemble METOAbI: AHAIMTHYECKHE METOZBl DEIICHHs YpaBHEHMH MakcBelula M ypaBHEHMH cCpeibl B paMKax
IHAPOAMHAMHYECKOro moaxoxa. [lomydeHsl cienyromue pe3yJbTarsl. [IpoBeneHsl uccienoBaHus —(YHKIIMOHMPOBAHUS
MOJIYNIPOBOJHUKOBBIX ~ KOMIUICKTYIOIIMX ~ JIEKTPOPaJAUOM3AEIUA B  YCIOBMAX BO3ICHCTBHSA  CHWIIBHBIX — MMITYJILCHBIX
NIEKTPOMArHUTHBIX Moyield. OnpezneneH XapakTep HW3MEHEHHIT pabOTOCIOCOOHOCTH IIONYNPOBOAHHKOBBIX KOMILIEKTYIOLIMX
JNIEMEHTHOH 0a3bl TEeXHHYeCKUMX cpeiacTB. [loka3aHO, 4YTO BIMSHHE HMIIYJIbCHOIO 3JIEKTPOMATHUTHOTO H3IYy4EHHs
COIIPOBOX/ACTCSI BOBHUKHOBEHUEM TOKOB B IMPOBOSLIMX NIEMEHTAX M3JENUH U BO3HUKHOBEHHEM COOCTBEHHBIX BHYTPEHHHX
noneid. OmperneneH OOMH M3 THUIIOB OOPAaTHMBIX OTKA30B IIOJYIPOBOAHMKOBOM 3JIEMEHTHOW 0a3bl 3IIEKTPOpaMOU3JIEIINH,
OCHOBaHHbI Ha B3aMMOJCHCTBUM TOKOB, HABEICHHBIX BHEIIHMM H3JIyYCHHEM, C COOCTBCHHBIMH HOJSIMH CTPYKTYD,
KOMIUIEKTYOIMX u3zenue. [1ono0HbIe OTKa3bl pealu3yroTCs B YCIOBUSX YEPEHKOBCKOIO M3JIY4EHMs, KOr[a TOK IMapajulesieH
rpanuie cTpykrypsl. IlokazaHo, 4TO JaHHOE B3aMMOJEHCTBHME HPUBOIUT K SHEPreTHYECKUM IOTEPSM HABEICHHBIX TOKOB Ha
BO30YX/EHHE COOCTBEHHBIX KOJIEOaHUI CTPYKTYPBI, T.€. HOSBICHUIO PEXKUMA FeHepaluy KosieOaHui, KOTOPbIH XapakTepu3yeTcs
U3MEHEHHEM  BOJBT—AMIEPHBIX XapaKTEepUCTHK pajguousienuii. BbiBoabl. IIpoBesieHHbI  CpaBHUTENBHBIH — aHAIH3
KOJIMYECTBEHHBIX OLICHOK OOpAaTUMBIX OTKA30B IOJIYIPOBOIHMKOBBIX IPHOOPOB B 3aBHCHUMOCTH OT IPOCTPAHCTBEHHOMN
KOH(HUTypaluy BO3AEHCTBYIOLIEro MOJIs, IPY KOTOPOM HaBEJCHHBIN TOK MapajeiuIeH TPaHULE CTPYKTYpBI, IO3BOJISET pellaTh
3a1audl ONTHMH3ALUM CTEHEHH UCKaKCHHs PabdOYMX XapaKTEePUCTHK JaHHBIX IPUOOpoB. PesynbTaThl, monyueHHsle B padore,
MOT'YT OBbITh MCIIOJIB30BAHBI IIPU OLIEHKE PAaO0TOCIIOCOOHOCTH aKTHBHBIX PaJIMONICKTPOHHBIX IPHOOPOB, HAIIPUMED, YCHIUTEIICH,
IEHEepaToOpoB M Ipeodpa3oBaTeneil IEKTPOMArHUTHBIX KoiaeO0aHMiIl MUIUIMMETPOBOrO U CYyOMMIIMMETPOBOIO JWAIIa30HOB B
YCIIOBUSIX BO3AEHCTBUS MOLIHBIX BHEIIHUX UMITYJIbCHBIX 3JIEKTPOMArHUTHBIX HOJEH.

KamwueBblie cioBa: QJIEKTPOMArHUTHOC H3JIYYCHHE, IOJIYIIPOBOAHUKOBLIC CTPYKTYPBI; ITOBEPXHOCTHBIC KOJ'Ie6aHI/I$[;
3apsHKCHHBIC YaCTULBI; ICKPEMEHT KoJie0aHuii.
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