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CONCLUSION ALGORITHM
BASED ON THE RECONNAISSANCE DATA PROCESSING RESULTS

Abstract. As itis known, the investigation of enemy forces, time of the outbreak of hostilities, direction and the kind of
activities are the tasks of military reconnaissance. For the purpose of investigation of the directions and fields of gathering
of the reconnaissance information, revealing an importance of enemy activities the reconnaissance indications are
determined. The reconnaissance indications are determined in accordance with tactical activities (assault, counter-
offensive, defence, etc.). The formation of a base of the reconnaissance indications is offered for application these
indications in the future. In the paper, the method of conclusion in accodance with reconnaissance indicators has been
considered. The method of construction of the algorithms conclusion based on the results recipience of reconnaissance data
processing has been offered for solution of the reconnaissance tasks.

Keywords: reconnaissance data; reconnaissance indications; database; conclusion algorithm; block diagram.

Introduction

As usual, there are next investigation tasks for
military reconnaissance in the battle zone:

- information about enemy forces;

- time of the outbreak of hostilities;

- information about place and direction of the
activities;

- the kind of activities.

The reconnaissance data are collected and
developed, and then the decision-making is made for
answer on these questions.

There are not scientific articles in the public data
devoted on the especial calculations and assessments
during development of the reconnaissance information
and decision-making based on the obtained data and
conclusions. For the purpose of investigations of the
directions and fields of reconnaissance information
gathering, revealing the significance of some enemy
activities the reconnaissance indications are determined
[1, 2]. Determining the kind of purposes (movements) the
manifestations of enemy activities are the reconnaissance
indications. In the main, the reconnaissance indications
are determined in according with tactical actions (assault,
counteroffensive, defence, etc.). For further using these
indications there have been offered to create the base of
reconnaissance indications (BRI). New revealed
reconnaissance indications will fill up this base. After
definition of reconnaissance indications, the process of
gathering, development and investigation of the obtained
reconnaissance information is begun in accordance with
these indications. This information is compared with
these indications. If there are not data connected with
available indications, then there have been searched data
in accordance with these reconnaissance indications [3].
After development of recconnaissance information the
single result (conclusion) is formed.

The paper is devoted to development of the
method of determination of the reconnaissance

indications during processing reconnaissance data and
obtaining the result (conclusion).

Conclusion algorithms

For the purpose of determination of the
reconnaissance information processing result there has
been occurred a necessity of formation of the algorithms
of this process. These algorithms are created by
reconnaissance information engineer subject to the
various reconnissance indications, the experts’ opinions,
and are applied in the reconnissance expert system
[4-7]. Developed algorithms realize the obtaining
process of a result (conclusion) based on the object,
time, place and activity, event (state) of reconnaissance
information (Fig. 1). In this way the results (algorithms)
output base can be created.

unprocessed processed

rec e

data base search result

iformation base

search result

reconnaissance

indications
hase

Fig. 1. Result output block diagram

choice

results
conclusion
base

choice
result

In the public press there are not information about
such method of reconnaissance information processing.
Every time the new algorithm creation the result output
base will broaden, and the result output mechanism will
become easier.
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In accordance with the reconnaissance date
content, there has been offered a creation of below kinds
of the determination algorithms:

- about enemy forces;

- about time;

- about place (direction);

- about activity.

As appropriate, another kind of algorithms can be
created.

For the purpose of creation of the solution
algorithm of some reconnaissance task, it is need to
determine initial criteria and possible results (answers).
The initial criteria can be a total number of factors
defined the reconnaissance indications. The research
result can be the appropriate to given task
reconnaissance indications from the reconnaissance
information base or from reconnaissance data base, and
them total number.

Let consider below an example of the developed
and offered method of construction of the logical
calculation algorithm of result output.

Example: Let determine the logical calculation
algorithm of the solution task of “Does enemy assault?”.

Solution:

Let determine the possible results of answers:

- The enemy will attack;

- The enemy does not attack;

- The attack of enemy is possible;

- It is possible not an attack of enemy;

- The purpose of enemy cannot be determined.

Then, let determine the reconnaissance indications
of enemy purpose about attack:

a) intensive movement of enemy troops, especially
tank units, to direction of the front line;

b) forward movement of the new artillery and
mortar batteries;

¢) mopping-up minefield by enemy;

d) intensive reconnaissance and activities of
reconnaissance groups;

e) forward movement of the command posts at a
short distance to the front line, etc.

Next step, there has been conducted a search of the
intelligence in the data and information bases which
confirmed given indications. Let, four a), b), ¢) and e)
indications of them are determined. There are not data
about d) indication.

The next case is possible: there are not intelligence
about these a), b), ¢) and e) indications in the data and
information bases. Then, it is impossible to determine a
probability of enemy attack.

Let construct the algorithm of this task.

The initial factors:

- the total number of reconnaissance indications is
(A)=5.

The search result:

- the number
indications is (B) = 4.

The possible results (answers):

D- the enemy will attack;

E- the enemy does not attack;

J- the attack of enemy is possible;

F-it is possible not an attack of enemy;

of discovered reconnaissance

R- the purpose of enemy cannot be determine, it is
need to search the extra intelligence.

As stated above, if there are not any intelligence
appropriate reconnaissance indications in the data and
information bases, then it is impossible to determine an
enemy attack (result :<< R). Therefore, it should be take
the next term: B > 0.

Then, it should be determined a number of missing
reconnaissance indications: C=4 — B.

The obtained result is compared with a number of
determined reconnaissance indications: B > C.

This term is based on the demand that a number of

determined reconnaissance indications should be
majority that to find single-valued answer. Then, let find
B-C=0G. (1)

If G=0, (2)

then 0.5*A=M 3)
and compare G>M. 4)

If the (4) term is realized, that is, a number of
determined reconnaissance indications is equal or more
than a number of missing one, then the enemy attack is
uniquely determined (result :< D).

If the (4) term is not realized, that is, G < M, then
it can be adopt that the enemy attack is possible

(result : < J).

If in accordance with the above terms, a number of
revealed reconnaissance indications is less than a
number of missing one then (1) + (4) procedures are
repeated, and there is a result below:

C-B=1 (5)
A*0.5=M; (6)
Z>M. 7

In this case, if the term of (7) is realized then the
“enemy will attack” result is true (result :< E). If the
term of (7) is not realize d, that is Z < M, then the
“enemy will not attack” result is true (result :< F).
Thus, in accordance with (1) + (7) algorithm, the
solution of given task is “enemy will attack” (result :<
D). The software block diagram of above example
algorithm is shown in Fig. 2.

Conclusion

Thus, in the paper, the problems and method of
conclusion algorithm based on the recipience of
reconnaissance data processing results have been
considered in accordance with reconnaissance
indications. The method of algorithm formation has
been offered for conclusion making based on the results
of data processing and solution of the reconnaissance
tasks. The software block diagram for calculation in
accordance with offered algorithm has been developed.

Applying of the offered algorithm of conclusion
making in reconnaissance data processing it will
provide a precision of obtained results. The offered
method can make easier of the assessment and results
conclusion task from reconnaissance data (information).
It will increase the effectiveness of reconnaissance data
processing.
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AJITOPUTM BHBeJeHHsI BHCHOBKY Ha OCHOBi pe3yJIbTaTiB 00p00KH PO3BidyBaJbLHHUX JAHAX
A. A. Baiipamos, B. M. Mamenos

AHoTanisi. Sk BioMmo, BilicbkoBa pO3BijlKa PO3IJIsa€ B OCHOBHOMY TaKi 3aBJIaHHA: 3'ICYBaHHs CHJI POTHBHHUKA, 4ac
nouyatky ioro niii i HampaBieHHS Iii, a TakoXk Xxapakrep Aiil. 3 Merow 3'ICyBaHHS HANpsAMKIB i obiacreil OoTpUMaHHS
po3BigyBanbHOI iH(MOpMAIlii, BH3HAYAIOTBCS PO3BiMYyBaJbHI O3HAKM, IO BHSBIIIOTH 3HAYYLICTH Ti€l YM IHINOI JISUTBHOCTI
NpoTUBHMKA. PO3BiqyBanbHI O3HAKM BH3HAYAIOTHCS BIAMOBIIHO J0 TAaKTHYHUX AiSMH (HACTYI, KOHTPHACTYII, 00OpOHA TOLIO).
JIsl TOJanbIIoro BUKOPUCTAHHSA LMX O3HAK IPONOHYETHCS CTBOPEHHsA 0a3u PO3BiJYBaJbHUX O3HAK. Y CTaTTi PO3IIIAHYTI
IIUTAHHA 1 METO/IMKa BUBEICHHS BUCHOBKY 3a pe3yJbTaTaMu OOpOOKH PO3BilyBallbHUX JAHUX BIANOBIIHO 10 PO3BIIYBaIbHUMU
o3Hakamu. IIporoHyeTbcs croci® CKIafaHHS aNropUTMIB JUISL BUBEICHHS BHCHOBKY 3a pe3yilbraTaMu OOpoOKM HaHuX i
BUPIIIEHH] PO3Bi/lyBaJIbHUX 3aBJ/laHb.

KawuoBi ciroBa: po3BiayBaibHi JaHi; po3BiyBaJbHI 03HAKHU; 0a3a TaHUX; aJTOPUTM BHCHOBKY; OJIOK-CXeMa.

AJITOPUTM BBIBO/A 3aK/II0YEHUS HA OCHOBE Pe3yJIbTATOB 00Pa00TKH Pa3BebIBATE/IbHbBIX JaHHBIX
A. A. Baiipamos, B. M. Mamenos

AHHoTammus. Kaxk H3BECTHO, BOCHHAs pa3BE€JKa pacCMaTpuBa€T B OCHOBHOM CICAYIOIIHE 3aJa4iu: BBIICHCHHC CHII
IIpOTMBHUKA, BPEMs Hadalla €ro L[eﬁCTBHﬁ W HallpaBJICHUE L[eﬁCTBHH, a TaKXE XapaKTep Z[eﬁCTBHﬁ. C LECJIBKO BBISICHCHUS
HaHpaBJ’leHI/Iﬁ u obnacreit TOJIy4CHUA pa3B€Z[BIBaTeJ'IBHOﬁ I/IH(l)OpMaLII/II/I, OIIPEACIIAOTCS  pa3BEAbIBATCIIbHBIC ITPHU3HAKU,
BBISIBJISIONINE 3HAYMMOCTH TOW WM WHOU ACATCIIBHOCTU IIPOTUBHHUKA. Pa?,BCZ[LIBaTeJ'[BHBIe IIpU3HAKKU OIPCACIIAOTCSI B
COOTBECTCTBUU C TAaKTUYCCKUMU I[eﬁCTBHS[MPI (HaCTyl'IJ'IeHI/Ie, KOHTPHACTYIUICHUE, 060p0Ha n T.l'[.). ,HJ'IH z[am)Heﬁmero
HCIIOJIb30BAaHUS 3TUX IIPU3HAKOB IIpE1aracTcs CO31aHnue 0a3bl pa3BeabIBaTC/IbHBIX IPU3HAKOB. B cratbe PacCMOTPEHBI BOIIPOCHL
U METOAMKa BbIBOAA 3aKIIOYCHHUSA 10 pe3ylibTaTaM 06pa60TKI/I pa3BEAbIBATC/IbHBIX JaHHBIX B COOTBETCTBUM C
Ppa3Be€AbIBaTCIIbHBIMHU IIPU3HAKAMU. Hpe;maraer Cs1 CIIOcO0 COCTaBJICHHS AJI'OPUTMOB U1l BBIBOJIa 3aKJIIOUCHUA 110 pE3yJibTaTaM
O6pa6OTKI/I JAHHBIX U PCHICHUU pa3BEAbIBATCIIbHBIX 3a4a4.

KawudeBble clI0Ba: pa3Be/bIBaTelIbHbIC IAHHBIC, Pa3Be/bIBATEIbHBIC IPU3HAKH; 0a3a JaHHbIX; AJITOPUTM 3aKIFOUCHHS;
OJIOK-CcXeMa.




Advanced Information Systems. 2020. Vol. 4, No. 2

ISSN 2522-9052

UDC 651.34

doi: 10.20998/2522-9052.2020.2.02

S. Gavrylenko', V. Chelak', O. Hornostal', V. Vassilev

"National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine
*Technical University of Sofia, Sofia, Bulgaria

DEVELOPMENT OF A METHOD FOR IDENTIFYING THE STATE
OF A COMPUTER SYSTEM USING FUZZY CLUSTER ANALYSIS

Abstract. The subject of this article is the study of methods for identifying the state of computer systems. The purpose
of the article is to develop a method for identifying the abnormal state of a computer system based on fuzzy cluster
analysis. Objective: to analyze methods for identifying the state of computer systems; to conduct research on the selection
of source data; to develop a method for identifying the state of a computer system with a small sample or fuzzy source data;
to investigate and justify the procedure for comparing fuzzy distances between grouping centers and clustering objects; to
develop a software and test. The methods used in the paper: cluster analysis, fuzzy logic tools. The following results were
obtained: a method was theoretically substantiated and investigated for identifying the state of a computer system with a
small sample or fuzziness of the initial data, which is distinguished by the use of the method based on fuzzy cluster analysis
by the refined grouping procedure. To solve the clustering problem, we used a special procedure for comparing fuzzy
distances between grouping centers and clustering objects. Software was developed and testing of the developed method
was performed. The quality of classification based on the ROC analysis is assessed. Conclusions. The scientific novelty of
the results is as follows: a study was conducted on the selection of source data for analysis; a method for identifying the
state of a computer system based on fuzzy cluster analysis using a special procedure for comparing fuzzy distances between
grouping centers and clustering objects has been developed. This allowed to improve the classification quality to 22%.

Keywords: state identification; computer system; cluster analysis; fuzzy output.

The problem formulation

Identification of the state of a computer system
(CS) is one of the ways to rate the quality of its
functioning. The state identification system is based on
two classes of methods: for identifying abnormality and
for identifying abuses [1]. The basis of the methods for
identifying abnormality is the construction of patterns
for normal CS behavior [2-4]. Abnormality is
characterized by data that do not satisfy certain concepts
of normal behavior. Methods for identifying abuses are
based on the description of known violations, attacks or
distortion of relevant information [6]. If the behavior of
an object which is similar in description to a known
attack is observed, then it is considered that the object
was invaded. The most effective methods for identifying
anomalies and abuses are machine learning methods.
These include classical methods [7, 8], reinforced
learning methods [9], ensemble methods [10-12], neural
networks and deep learning [13-15]. The basis of these
methods is technology and procedures that solve the
problem of classifying the state. The analysis showed
that the main disadvantages of many of these methods
are the neglect of fuzzy data factors and low adaptation
to dynamic changes in the structures of the source data
and external influences. This, in turn, leads to a decrease
in the reliability and efficiency of identifying CS state.

Studies of existing computerized systems for
identifying states [16] also revealed a number of
limitations on their use. The operation of such systems is
based on the detection of network intrusions by
comparing the functioning of the system with the profile
of their normal operation. However, with the appearance
of new abuses and anomalies caused by intrusions with
unknown or unclear properties, these systems are not
always effective and require long time-consuming for
their appropriate adaptation, which also leads to a

decrease in the reliability and efficiency of identification
[2]. In addition, existing computerized systems, as a rule,
are rather expensive, have a closed code and require
periodic support of highly qualified specialists to improve
them and appropriate settings with the requirements of
specific organizations. In this regard, the development of
methods and means of identifying the state of the CS is of
particular relevance. Moreover, a feature of such methods
is to increase the efficiency and reliability of
identification in a small sample or fuzzy source data.

Development of a method for classifying
the state of a CS based on the development
of a fuzzy cluster classifier

One of the effective methods of data classification is
the use of the classical method based on cluster analysis.
This method is widely used to identify the state of CS
[17-19]. But in a real situation, when the selection of the
source data is small, when the CS is operating in a critical
or non-stationary mode, there is no certainty that random
output data are distributed normally. For the same reason,
the errors of statistical estimates of mathematical
expectations and variance of controlled indicators can be
unpredictably large. In this case, the most effective is the
use of a fuzzy mathematics apparatus, which is adapted to
identify the state of CS under these conditions [20]. At the
same time, the use of fuzzy clustering methods (FCM,
Fuzzy C-Means), provides that for each element it is
necessary to calculate the degree of its belonging to each of
the clusters. In this case, there are difficulties in comparing
fuzzy numbers. In practice, various heuristic approaches
are used to solve the problem of comparing fuzzy numbers.
Such approaches are difficult to implement [21]; a specific
comparison result can be obtained only in the case of an
obvious advantage of one number over another (for
example, if there are no intersections of membership
functions of the comparing numbers).
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We proposed [22] the following simpler and more
reliable procedure for comparing fuzzy numbers, based
on comparing a fuzzy function of the distances’
difference with zero. Let the fuzzy output data be x and
y for two states H1 and H2 given by the following
membership functions (1):

0, x<b;
p(x)= (x—bx)/(mx bx), b, <x<my;
(cx—x)/(cx—mx), m, <Xx<Cy;
0, X>cy
0, y<b,; (1
M(y): (y—by)/(my—by), bx<y<my;
(cy—y)/(cy—my), my<ySc ;
0, y>c,;

by =min () x D} e, = maxixDa). 20},
b, = min {xl(f)ng)...,xl(f)}; ¢, = max{xff)xg)...,xg)},

li l
IgG, O 1&,®
my=—» X; ; myz—ZXS .
h s=1 h s=1
Let’s find the membership function (2) of their
difference z=x—-y:

0, y<b,;

(x—bz)/(mz—bz), b, <z<myg;
u(z)= @)

(cy—z)/(cz—mz), m, <z=c,,

0, z>c¢,,
b,=b,—b, m,=m.—m, c, =c,—c,.

Now the original problem of comparing x and y is
reduced to a simpler problem, namely, comparing a
fuzzy number z with zero.

Let’s introduce the rules for interpreting the result
of comparing a fuzzy z number with zero:

a)if min{b,,c,}>0 then x> y;

b) if max{b,,c,}<0 then x< y;

¢)if min{b,.c,} <0 & max{b,.c,} <0 &
|min{bz,cz}|>max{bz,cz} then x<y;

d)if min{b,.c,} <0 & max{h,.c.}>0 &
|min{bz,cz}| <max{b,,c,},then x> y.

An example of a possible result of the subtraction
operation is shown in Fig. 1, 2, where on the left is a
graphical description of the operands, and on the right is
the result of the subtraction operation.

Experimental studies and performance
evaluation of fuzzy cluster classifier using
refined grouping procedure

Experimental studies and performance evaluation
of fuzzy cluster classifier using refined grouping

procedure were based on the analysis of CS status in
two modes: normal and abnormal. Malicious software
was used to simulate the abnormal state of CS.

@)
1+ . 1F 1
u(x)
uy)
0 b b c,c, X,y b, 0 ¢ z
Fig. 1. The result of the calculation
x—y, bz‘ >c¢,,x <y (rulec)
@)
1F . 1k .
uy) H(x)
0 bb ¢ ¢ X,y b,o ¢ z

Fig. 2. The result of the calculation
x—y, bz‘ <c,,x>y (ruled)

The developed software made it possible to obtain
the main indicators of the functioning of the CS and to
classify its state. The following performance indicators
of the CS were used as source data: (CPU load, amount
of memory used, network traffic volume, number of
read/write operations to disk, invasion signatures,
statistics on system events analysis, for example, the
number of operations with the system registry or file
system, the number of processes, etc.).

In order to evaluate the quality of classification,
ROC analysis was used in this work. ROC analysis
allows to evaluate the quality of diagnostic and
prognostic methods and is widely used in binary
classification problems [23, 24].

Fig. 3 shows a graph of the ROC curve for the
process of classifying the state of a CS based on a fuzzy
cluster classifier.

" AUC = 1813/2400 = 0.755416

TPR

[T=046 o
N I

T T t t
o 2 4 6 8 1
FPR

Fig. 3. The graph of the ROC curve for the process of
classifying the state of a CS based on a fuzzy cluster classifier

TPR (the proportion of correctly classified events)
is calculated as follows:

TPR=TP/(TP+FN), 3)

where TPR — the proportion of correctly classified
events; FN — number of incorrectly classified negative
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events, TP — number of correctly classified positive
events; FPR — the proportion of incorrectly classified
events, is calculated as follows:

FPR =FP/(FP+TN)$ )

TN — number of correctly classified negative events,
FP — number of incorrectly classified positive events.

As can be seen from Fig. 3, the classification of the
state of a CS based on a fuzzy cluster classifier is
qualitative (the closer to 1 the area under the ROC curve
is, the better quality of the classifier is).

In addition, the quality of the classification can be
characterized by other indicators, namely: accuracy
ACC (the proportion of correctly classified objects) and
J statistics of Yuden (assessment of the probability of
validity of the classification decision).

A comparative assessment of the identification
quality of the CS state based on a standard and
improved fuzzy cluster classifier is given in table 1.

Table I — The assessment of the identification quality of the
CS state based on a standard and improved
fuzzy cluster classifier

Conclusions

In this paper, a method for identifying the state of
a CS with fuzzy initial data was theoretically grounded.
This method involves the use of a fuzzy cluster
classifier, which made it possible to perform
identification of a computer system with a small sample
of source data. The basis of the fuzzy cluster classifier is
the developed simpler and more reliable procedure for
comparing fuzzy numbers, based on comparing the
fuzzy function of the difference in distance to the
clustering center with zero. Software was developed that
allowed to obtain the main indicators of the functioning
of the CS and perform classification of the CS state.
Indicators of the CS functioning were used as initial
data: (CPU load, amount of memory used, network
traffic volume, number of read/write operations to disk,
invasion signatures, system events statistics, for
example, the number of operations with the system
registry or file system, the number of processes, etc.).

The classification quality assessment based on ROC
analysis was carried out. It was found that the fuzzy
cluster classifier is qualitative (AUC = 0.75) and allows
to assess the state of the CS with a small sample of the

Method based on cluster analysis initial data or if they are fuzzy. Studies of fluctuations in
Standard cluster Improved fuzzy the proportion of correctly and incorrectly classified
classifier cluster classifier events depending on the value of the selected decision
AUC 0,53 0,75 criterion (decision point, or cut-off point) were
ACC 0,52 0,72 performed. This will allow to adjust the level of false
J-statistics 0,71 0,83 positive and false negative classification of the CS state.
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Po3pobka merony inenTndikanii craHy KOMII’I0TEPHOI CHCTEMH 3 BUKOPHCTAHHAM HEYiTKOI0 KJACTEPHOI0 aHAI3y
C. 0. TI'aBpunenko, B. B. Uenak, O. A. 'oprocrains, B. A. Baccunes

AnoTtanis. [lpeqrverom craTTi € HOCHiHKEHHS METOAIB ineHTUDIKaLii cTaHy KOMII IOTEpHUX cucTeMax. MeToro cTaTTi €
po3pobka Merony ineHTH(iKalii aHOMaIbHOIO CTaHy KOMII IOTEPHOI CHCTEMH Ha OCHOBI HEYITKOI'O KJIACTEPHOrO aHali3y.
3aBaaHHs: IpoOaHai3yBaTH METOIM ieHTU]IKaLil cTaHy KOMIT IOTEPHUX CHCTEM; IIPOBECTH JIOCHII/KEHHS 3 BUOOPY BUXIIHHX
JTAaHUX; PO3pOOMTH METOX ifeHTH(]IKaIil CTaHy KOMIT IOTEPHOI CUCTEMH 3a YMOBH Mayoi BUOIpkH ab0 HEWiTKOCTI BUXIJTHHX
JIAHUX; JOCIIAUTU Ta OOIPYHTYBATH INPOLELYpPY HOPIBHSAHHA HEUITKUX BiJICTAaHEH MiX LIEHTPaMM TpyIyBaHHS 1 00’ekTamu
KJ1acTepH3allil; po3poOUTH NporpaMHe 3a0€3M1€UCHHS Ta IPOBECTU TECTYBaHHA. BUKOPHCTOBYBaHUMU METOIAMMU €: KJIACTEPHUN
aHaJi3, arnapar HediTKol Joriku. OTpuMaHO Taki pe3yJabTAaTH: TEOPETUIHO OOTPYHTOBAHO Ta JOCIIPKEHO METOX ineHTHdikarii
CTaHy KOMII'FOTEPHOI CHCTEeMH 3a YMOBM MaJioi BUOIpKHM 200 HEWiTKOCTI BUXIJHUX IaHMX, SKMH BIIPI3HAETHCS BUKOPUCTAHHIM
METOZly Ha OCHOBI HEYITKOrO KJIACTEPHOrO aHaji3y 3 YTOYHCHOI IPOLEINYPOI TIpymyBaHHA. Jlns BUpIIIEHHS 3aBJaHHS
KJ1acTepu3allil BUKOPUCTAaHa ClielliajibHa MPOLe/ypa MOPiBHAHHS HEUITKUX BiJCTaHEH MK LEHTPaMM IpyIyBaHHs 1 00’eKTamu
Kinacrepusatii. Po3pobneHo mnporpaMue 3a0e3redyeHHs Ta BUKOHAHO TECTYBAaHHSA po3pobieHoro merony. IIpoBeneHo OLiHKY
skocti kiacudikauii Ha ocHoBi ROC-ananizy BucHoBkn. HaykoBa HOBU3HA OTPHMAaHUX PE3yNIbTATiB HOJAra€ B HACTYIHOMY:
MIPOBECHO JOCITI/DKEHHSI 3 BHOOPY BUXIIHUX HaHHX JUIs aHalli3y,; po3poOieHo Meron imeHTHQikamil cTaHy KOMII IOTEpPHOL
CHCTEMH Ha OCHOBI HEUITKOr0 KJIAaCTEPHOI0 aHaJi3y 3 BUKOPUCTAHHAM CIELIalbHOI IPOLeaypa IOPiBHIHHA HEUiTKUX BifcTaHeH
MK LEHTPaMHU IPyIyBaHHs 1 00’ €KTaMy K1acTepu3alii, 10 JO3BOIWIO ITOKPALUTH SAKicTh kiacudikawii 1o 22%.

KawuoBi cioBa: ineHTudikamnis ctaHy; KOMI'IOTepHA CUCTEMa; KJIACTEPHUI aHaIli3; HEWiTKI BUXiIHI aHi.

Pa3paGorka Meroxy HICHTH(OHKALNH COCTOSIHMSI KOMITBIOTEPHONM CHCTEMBI ¢ MCII0JIb30BAHMEM HEYETKOr0 KJIACTEPHOIO aHAJIN3a
C. 0. I'aBpunenko, B. B. Uenak, A. A. 'oprocrains, B. A. Baccunes

AnHoTanus. IIpeamerom craTby SIBISIETCS MCCIEIOBAHHE METONOB WICHTH(GMKALMM COCTOSHHS KOMITBbIOTEPHBIX
cucremax. Ileblo cTaThy sBIsIETCs pa3pabOTKa METoNa MIAECHTU(HKALMKY AHOMAJIBHOI'O COCTOSIHUSI KOMIIBIOTEPHON CHCTEMBbI HA
OCHOBE HEYETKOro KIJIACTEPHOIrO aHaiu3a. 3ajgaya: NpOoaHAIM3HMPOBATH METOIbl MICHTU(DMKALMH COCTOSHUS KOMIIBIOTEPHBIX
CHCTEM; IIPOBECTH MCCIIEZIOBAHMS 110 BHIOOPY MCXOAHBIX JAHHBIX; pa3paboTaTh METO UACHTH(HHUKALMN COCTOSHUS KOMIBIOTEPHOH
CHCTEMBI TIPU MaJIOH BBIOOPKH WIIM HEUETKOCTH MCXOIHBIX JaHHBIX; UCCIEN0BATh U 0OOCHOBATH MPOLEIYPY CPABHEHHS HEUETKUX
pAacCTOSHUI MEXIy LEHTpaMH TIpYyHIHPOBKM M OOBEKTaMH KiIacTepH3allid; pa3padoTaTh INPOrpaMMHOE OOECIeUeHHEe U
poTecTUpoBaTh. Mcnons3yeMpIMu METOJAMH SBILIOTCS: KJIACTEPHBIN aHAIN3, alnapar HedeTkoi joruky. [lomydeHs! cienyromue
Pe3yJIbTAThI: TEOPETUICCKH OOOCHOBAHO M MCCIIE/IOBAH METOJ MACHTU(HUKALMK COCTOSIHUS KOMIIBIOTEPHOIH CHUCTEMBI IPH MaJIoH
BBIOOPKH WJIM HEYETKOCTH MCXOIHBIX JIAHHBIX, KOTOPBIH OTJINYAETCs UCIOIb30BAHNEM METO/Ia HA OCHOBE HEYETKOro KIIACTEPHOro
aHaNU3a YTOYHEHHOMH mpoueaypoil rpynnupoBkH. s pelneHus 3ajlauyl KIaCTepU3alMH UCIOIb30BaHA CIELUANbHAs MPOLEaypa
CPaBHEHHUs HEYETKUX PACCTOSHMH Mexy LIEHTpaMH IPYNIHPOBKM U 0O0BEKTaMM KiacTepusaluu. PaspaboraHo nporpammHoe
o0ecreyeHye 1 BBIIOIHEHO TECTUPOBAHNE Pa3paboTaHHOro MeTo/a. IIpoBenieHa oleHKa kauecTBa Kiaccudukanuu Ha ocHoe ROC-
aHanusa. BeiBoawl. HayuHas HOBU3HA IONYYEHHBIX PE3YIbTAaTOB 3aKIIOYAETCA B CIEIYIOIIEM: MPOBEJECHO HCCIEOBAHUE IO
BBIOOPY MCXOIHBIX JIAHHBIX JUIS aHAIN3a; pa3padoTaH METOA MAEHTU(UKALNKU COCTOSHHS KOMIIBIOTEPHON CHCTEMbl Ha OCHOBE
HEYETKOro KJIACTEPHOI'0 aHAJIN3a C UCIIOJIB30BaHUEM CIICLIUAIBbHOM NPOLIEypa CPAaBHEHHS HeUETKUX PACCTOSHUN MEXIy LIEHTpaMU
IPYHIIUPOBKU U 00BEKTAMHU KJIACTEPH3ALIMH, YTO MTO3BOIMIIO YIIYUIIHTh Ka4eCTBO KiIaccuukaimu 10 22%.

KawueBble cioBa: I/IZ[eHTI/I(i)I/IKaHI/IH COCTOSIHUS; KOMITBIOTEPHAs CUCTEMA; KI1aCT epHLIﬁ aHaJIU3; HCYCTKUEC BBIXO/IHBIC JaHHBIC.
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A COMPARISON OF CLASSIFIERS APPLIED TO THE PROBLEM
OF BIOPSY IMAGES ANALYSIS

Abstract. The purpose of the research is to compare classification algorithms for the histopathological images analyzing
issue and to optimize the parameters for obtaining better classification accuracy. The following tasks are solved in the article:
preprocessing of BreCaHAD dataset images, implementation and training of CNN, applying K-nearest neighbours, SVM,
Random Forest, XGBoost, and perceptron algorithms for classifying features that were extracted by CNN, and results
comparison. The object of the research is the process of classifying tumor cells in the microscopic biopsy images. The subject
of the research is the process of using ML algorithms for classification of the features extracted by CNN from input biopsy
image. The scientific novelty of the research is a comparative analysis of classifiers on the task of “tumor” and “healthy” cells
images classification from processed BreCaHAD dataset. As a result it was obtained that from chosen classifiers SVM
reached the highest accuracy on test data — 0.972. This is the only algorithm that shows better accuracy than perceptron.
Perceptron gets 0.966 classification accuracy. K-nearest neighbours, Random Forest, and XGBoost algorithms reached lower
results. The algorithms' hyperparameters optimization was carried out. The results have been compared with related works.
The following research methods are used: the theory of deep learning, mathematical statistics, parameters optimization.

Keywords: machine learning; deep learning; convolutional neural network; grid search; biopsy.

Introduction

Machine learning (ML) is defined as a set of
methods that automatically detect patterns in data, and
then utilize the uncovered patterns to predict future data
or enable decision making under uncertain conditions.
The most representative characteristic of ML is that it is
driven by data, and the decision process is accomplished
with minimum interventions by a human [1].

Machine learning technology powers many aspects
of modern society including different medicine tasks
such as medical images classification, segmentation,
and object detection. Also, different ML approaches are
used for analyzing patients’ data to define risk groups
for diseases, choose better treatment strategies, etc.

Many diagnostic tasks require an initial search
process to detect abnormalities, and to quantify
measurements and changes over time. Computerized
tools, specifically image analysis and machine learning,
are the key enablers to improve diagnosis, by
facilitating identification of the findings that require
treatment and to support the expert’s workflow. Among
these tools, deep learning is rapidly proving to be the
state-of-the-art  foundation, leading to improved
accuracy [2].

Image or exam classification was one of the first
areas in which deep learning made a major contribution
to medical image analysis [3].

Other classifiers were subsequently developed,
including decision trees, boosting and support vector
machines. Each of these has been applied to medical
image analysis [2].

According to “Cancer Tomorrow” [4] number of
cancer cases in the world will increase from 18.1
million in 2018 to 29.5 million in 2040. In Ukraine the
number of new cases in 2018 is almost 170 thousand for
both sexes and all ages. The number of death is almost
100 thousand [5].

So, one of the important medical areas in which
ML approaches is being used is cancer research.

A variety of ML techniques, including Artificial Neural
Networks (ANNs), K-nearest neighbours, Support
Vector Machines (SVMs) and Decision Trees (DTs)
have been widely applied in cancer research for the
development of predictive models, resulting in effective
and accurate decision making [6].

The clinical management of cancer is informed by
histopathological evaluation of biopsy tissues, wherein
thin sections of a biopsy are processed to visualize
tissue and cell morphologies for signs of disease.

A number of image analysis tasks in digital
pathology involve the quantification and highlight of
morphological features (e.g., cell or mitotic count,
nuclei grading, epithelial glands morphology). These
tasks invariably require the identification of histologic
primitives (e.g., cell, nuclei, mitosis, epithelium, cellular
membranes, etc.) [7]. After problem review the main
purpose of the research was defined. It is the
comparison of different ML algorithms and perceptron
for classifying tumor and healthy cells in microscopic
biopsy images.

According to the purpose the research tasks are:

e preparation of microscopic biopsy images
dataset;

e implementation and training of CNN;

e applying of chosen algorithms for classifying
features extracted by CNN;

e comparison of obtained results.

In the paper, the Convolutional Neural Network
has been used to extract features for classifiers. The
classifier has been compared. Such an approach can
improve the accuracy of tumor and healthy cells
classification for cancer stage diagnosis.

1. Classification algorithms

1.1 K-nearest Neighbours

K-nearest Neighbour (k-NN) algorithm classifies
examples based on the class of their nearest neighbours.

There are several ways in which the & nearest
neighbours can be used to determine the class. The
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simple approach is to define a class among the nearest
neighbours and assign more weight to the nearer
neighbours in deciding the class. This can be achieved
by distance weighted voting where the neighbours get to
vote on the class [8]. The £ nearest neighbours are
selected based on this distance metric. Usually
Minkowski Distance metric is used as basic. The
formula for the Minkowski distance is:

1/
p(y’xf)z(zj|yj‘xzi|pj - M)

1.2 Support Vector Machine

Last years the algorithm became popular and it is
used for solving regression and classification problems
[9, 10]. The main idea is divorced to find a decision
surface where the margin of separation between classes
is maximized or to minimize a quadratic function with

certain constraints:
min(Jo 2+CY 2 ):
w,b,e J - (2)
Y; ((oT(p(xj)+b) >1 —€;, & >0,

where ® - parameters of function, C - parameter that
regularize penalty ¢ for point that are laying in wrong
side of the margin boundary [11-13].

In the study several kernel functions are used such
as linear, polynomial, sigmoid and radial-bias functions.
This constrained optimization problem is solved by
using Lagrange multipliers [13].

1.3 Random Forest

Decision Trees are a popular supervised learning
algorithm used for classification issues. The main idea
is to construct a model that can predict a target class by
learning decision rules formed from the data features
[14]. In simple case a decision tree is a binary structure
used to classify a given input. A node in the tree
represents a comparison against some field. Advantages
of using decision trees include non-linearity, support for
categorical variables, interpretability and robustness
[15]. Random forests are a combination of tree
predictors such that each tree depends on the values of a
random vector sampled independently and with the
same distribution for all trees in the forest [16]. In
simple case Random Forest uses averaging to improve
the predictive accuracy and control over-fitting [17].

1.4 XGBoost

Boosting is based on weighting the examples
according to how hard they are to get right, and reward
classifiers based on the weight of the examples they get
right, not just the count. To set the weights of the
classier, it is needed to adjust the weights of the training
examples.

Easy training examples will be properly classified
by most classifiers because they get bigger reward for
getting the hard cases right [15].

XGBoost is an ensemble tree method (like
Gradient Boosting) and the method apply the principle
of boosting for weak learners. However, XGBoost was
introduced for better speed and performance. In-built
cross-validation ability, efficient handling of missing
data, regularization for avoiding overfitting, catch

awareness are common advantages of XGBoost

algorithm [16].
2. Convolutional Neural Network

Deep learning is a specific subfield of machine
learning: from data that puts an emphasis on learning
successive  layers of increasingly meaningful
representations [18].

CNNs became one of the most popular neural
networks last years. They are widely used for image
analyzing [3] and classification issues [19, 20].

A typical CNN is composed of an input layer and
an output layer as well as many hidden layers that are
alternately stacked convolution, normalization, spatial
pooling and fully connected (i.e., dense) layers [21].

Convolutional layers consist of feature maps that
encode different high- or low-level features using
weights. Although the role of the convolutional layer is
to detect local conjunctions of features from the
previous layer, the role of the pooling layer is to merge
semantically similar features into one. Polling layer
computes the maximum of one or few feature maps.
Backpropagating gradients through a ConvNet is as
simple as through a regular deep network, allowing all
the weights in all the filter banks to be trained [22].

Deep CNNs automatically learn abstractions
obtained from input data (in our case images). Recent
results indicate that the generic descriptors extracted
from CNNs are extremely effective in object
recognition. Medical image analysis groups across the
world are quickly entering the field and applying CNNs
and other deep learning methodologies to a wide variety
of applications [2].

So, in the research the CNN has been trained to get
necessary features from the dataset automatically.

3. Results and Discussions

For the experiment implementation Python has
been used as programming language. Because it
supports a lot of additional modules that provides an
opportunity to prepare dataset, implement neural
network, use ML algorithms, optimize parameters, and
measure results. Modules used in this research are listed
below:

e PIL image — for slicing and preprocessing
images from primary dataset;

e Numpy — for working with multi-dimensional
arrays;

e Scikit learn — for implementation of different
ML algorithms (including fitting and results evaluating);

e Tensorflow and Keras — for CNN creation,
training and results evaluating.

CNN training and ML algorithms optimization
experiments were launched in the Google Colabotaroty
[23].

In the Research the BreCaHAD dataset has been
used. It is publicly available to the biomedical imaging
community. The BreCaHAD dataset contains
microscopic biopsy images which are saved in
uncompressed (.TIFF) image format, three-channel RGB
with 8-bit depth in each channel, and the dimension is
13601024 pixels and each image is annotated. The
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annotations for the BreCaHAD dataset are provided in
JSON (JavaScript Object Notation) format. In the given
Table 1, Data file 4, the JSON file (ground truth) contains
two mitosis and only one tumor nuclei annotations. Here,
x and y are the coordinates of the centroid of the
annotated object, and the values are between [0, 1]
(divided by width and height of an image) [24].

In the study, the task of binary classification was
posed. The classification was to determine whether the
image contains a tumor nuclei or not. For the experiments
primary dataset images have been sliced to images with
size 48x48 pixels. And after that, dataset consisted of
= 40000 images (50% -
15% with tumor nuclei and
50% - without). It was
divided into train,
validation and test as
shown at Fig. 1.

For classifying
images from dataset,
classification system
has been wused. Its
architecture is shown
at Fig. 2. Designed system has 2 stages. The first stages
purpose is feature

validation
15%

train
T0%

Fig. 1. Datasets distribution

Input image extracting  from

48x48x3 input image. It

consists of 3 pairs

Convolutional (32 feature maps) of Convolutlopal

MaxPooling 2x2 and MaxPooling

layers. These

Tutional (32 T layers have

Convolutiona (3. eature maps) 149,729 trainable
MaxPooling 2x2

parameters In the

end of this stage
128 features are
highlighted from
primary  image.
The second stage
is a classifier that
produces output
result. Training of
such classification
system  requires
training of CNN
with  perceptron
as classifier.
Then Convolutional and Max Pooling layers separated
(the perceptron has been erased) and their outputs are
used as input features for the ML algorithms. In the
research these ML algorithms have been chosen: K-
nearest Neighbours; Support Vector Machine; Random
Forest; XGBoost. In the first stage of training it was
obtained that perceptron as classifier showed 0.966
accuracy on test data.

Multi-dimensional grid search method has been
used for the optimization of ML algorithms
hyperparameters. In the m-dimensional parameter case,
when we are given the initial region

I =[aj;ay]x[by;b5]%...€ R™,

we can consider the equi-distance grid [25]:

Convolutional (64 feature maps)
MaxPooling 2x2

v
( Clas;iﬁer )

Output

Fig. 2. The architecture
of classification system

T
L= {(xl,...,xm) |

a

+1

X =a+ (ap —ay), k, =1,...,n, 3)
n

k
Xy = by +—2—(by —by), K, =1n}
n+1

where n —number of experiments.

For each of the researched algorithms, the set of
tuned parameters is different because of their
organization principles. Final results of ML
classification algorithms’ accuracy score on test data are
shown at the Table 1.

Table I — Accuracy on test data and best parameters

for the ML algorithms
Algorithm Parameter Value Accuracy
K-nearest N neighbours 3 0.963
neighbours  |Weight uniform
Algorithm auto
P 1
SVM Kernel linear 0.972
C 1.39-5
Gamma 0.1
Random Bootstrap True 0.953
Forest Max depth 10
Min samples leaf |1
Min samples split |2
N estimators 70
XGBoost Min child weight |5 0.954
Max depth 10
Gamma 0.3
Subsample 0.8
Colsample by tree  |0.75
Reg alpha 0
N estimators 10

Also, in this table all parameters and their values
are presented and named in accordance with the
documentation of Scikit learn python module [26].

In assume, SVM showed higher results than
perceptron. Approach of using SVM as classifier of
features extracted by CNN had been used in [27] and
also showed higher results than percetrone. SVM is an
improvement of k-nearest neighbors approach and as
shown in the Table 1 k-nearest neighbors algorithm
reached less accuracy value than SVM.

Trees based algorithms (Random Forest and
XGBoost) showed lower results than the perceptron.
Also, these methods are more time-consuming than the
others used in this research.

According to the previous authors’ work [28]
resulted classification accuracy on test data has been
increased from 0.935 to 0.972. It can be explained by
these reasons:

1. Increasing dimension of input images;

2. More complicated structure of CNN;

3. Using SVM as classifier;

4. Tuning of classifier parameters using grid
search algorithm.

In the [29] comprehensive evaluation of 7
commonly used algorithms over 65 publicly available
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gene expression datasets was held. As the result SVM
and Random Forest presented better performances than
the others algorithms researched in the paper.

Also, SVM and Artificial Neural Network reached
the best accuracy in the research [30]. In the paper the
ability of a multitude of linear and non-linear
classification algorithms to discriminate between the
electroencephalograms (EEGs) of patients with varying
degree of Alzheimer's disease and their age-matched
control subjects was explored. SVM showed 0.89
resulted accuracy in this task.

Conclusions

Machine Learning, and especially Deep Learning
approaches, are widely used in medical tasks.
Automatization of medical images processing can
possibly decrease time needed for image analyzing.

Cancer is a second leading cause of death
worldwide [31]. Histopathological evaluation of biopsy
images using ML approach can improve cancer tage
diagnosis.

Based on the results of previous studies, the article
proposes the comparative analysis of the K-nearest
neighbours, SVM, Random Forest XGBoost and
perceptron algorithms for classifying features extracted
from the input image by Convolutional and MaxPooling
layers.

It was obtained that SVM classifier performs the
best accuracy — 0.972. SVM reached higher results than
perceptron. Gained results have been compared with
related works.

In further research multi classification will be
performed on BreCaHAD datasets to classify all
histological primitives on biopsy images.
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IHopiBHsAHHA KIacupikaTopiB, y 3acTOCYBaHHI 10 NPOGJeMH aHAJi3y 3HIMKIB Gioncii
J1. M. T'naBueBa, B. A. fInosera, A. O. Ilonopoxusik, H. B. JIykosa-Uyiiko

AHoTanisi. Mera JoOC/iUKeHHs - TIOPIBHSIHHA aJIrOPUTMIB KiIacu(ikalii juid aHani3y ricTonaToiorivHux 300pakeHs i
ONTUMI3allisl rineprnapamMerpiB airopuTMiB kiacudikarii Juist 30UIBIIEHHA PE3yJIbTYIOUOl TOYHOCTI. Y CTaTTi BUPILIYHOTHCS
HACTYIIHI 3aBJaHHsI: IONEepeIHb0 00pobieHoro Habopy manmx BreCaHAD, peamizamis ta HaBuanHs CNN, 3acTocyBaHHS
anroputMmiB K-naitommkuaux cycinis, SVM, Random Forest, XGBoost i nepcentpona s knacudikanii o3uak, orpuManux CNN,
1 nopiBHAHHA pe3ynbTariB. O0'€KTOM aocCaifzKeHHs € npolec Kiacudikanii MyXJIMHHUX KIITHH Ha 3HIMKax MiKpOCKOMI4HOI
Oiorcii. IIpeaMeToM MOCTi:KeHHSI € TPOIEC BUKOPHUCTAHHS aJTOPUTMIB MAIIMHHOIO HaBUaHHS Ui Kiacuikarii o3Hak,
orpuManux CNN 3 BxigHoro 300paxeHHs Giorncii. HaykoBa HOBH3HA JIOCIiKEHHS - OPIBHAUIBHUI aHali3 Kiacu(ikaTopiB Ha
3aBjlaHHI Kiacu(ikaii 300pakeHb «ITyXJIMHHHX» 1 «3IOPOBHX» KIITHH 3 mpenodpaboranHoro Habopy nanux BreCaHAD. B
pe3yabraTi Oyino orpuMano, 1o 3 obpanux kiacudikatopiB SVM Mae HailOinbIry TOYHICTh Ha TecToBil BuOipmi - 0,972. Le
€IIMHUI aIrOPUTM, SIKUI OTPUMaB OLIBIIY TOUHICTb, HIXK IepcenTpoH. TouHicTh Knacudikarii nepcenTpoHa Ha TeCTOBii BUOipii
cknana 0,966. K-naitomkdi cyciny, anropurmu Random Forest i XGBoost B pe3ynbraTi €KCIEPUMEHTIB MOKA3ald MEHILY
touHicTb. [IpoBeneHa onrtuMiszalis rineprnapaMerpis anroputMis. Pesynbrati Oynu 3icraBieHi 3 nonionumu podoramu. Bynu
BUKOPHCTaHI TaKi METOM JOCIIDKCHHS: Teopist IIIMOOKOro HaBUaHHA, MaTeMaTHYHA CTATHCTHKA, ONTHMI3allis 1apaMeTpiB.

Karo4doBi ciaoBa: MalmmHHe HaBYaHHS; IIIMOOKE HABYAHHS; 3rOPTKOBA HEHPOHHA Mepexka; MOLIYK 10 CiTIi; Oiomcis.

CpaBHeHue KJIacCu(pKaTOpPOB, B IPUMEHEHUH K NPod/ieMe aHAIM32 CHUMKOB OHONICHH
J. M. T'naBueBa, B. A. fInosera, A. A. Ilonopoxusik, H. B. JIykosa-Uyiiko

AnHoTanus. Ieasr mccaefoBaHUsl — CPaBHCHHE aJITOPUTMOB KIACCU(DUKALMK U aHAIM3a THCTONATOIOIMYECKUX
n300pakeHUH ¥ ONTUMU3ALKS THIIEPIapaMeTpoB aJIrOPUTMOB KJIaCCU(DUKALIMK JUIS YBEIUUCHUS PE3yNIbTUPYIOLIel TouHoCTH. B
CTaThe PElIaloTCsl CIeAYIoNIre 3adaun: IpeIBapuTesibHas 00padoTka m3o0paxenniit Habopa nanuslx BreCaHAD, peanuzanust u
ooyuernne CNN, npumenenue anroputmoB K-Ommkaiimmx cocemeit, SVM, Random Forest, XGBoost u mepcenTpoHa mist
Kinaccu(uKauy npu3HaKoB, u3siedeHHbIX CNN, u cpaBHeHHe pe3ynbTaToB. O0BEKTOM HCCJIeIOBAHMS SIBISACTCS IHPOLECcC
Ki1acCH(UKAIMK OIYXOJICBBIX KJIETOK Ha CHUMKaX MUKpOCKonu4yeckoi Ouorncuu. Ilpeamerom uceienoBaHus SBISIETCS IpoLiece
UCIOJIb30BAaHUS AITOPUTMOB MAIIMHHOIO OOYdYeHMs Ul KiIacCM(HUKAlMM HPU3HAKOB, u3BiedyeHHBIX CNN M3 BXOIHOrO
n3obpakenus Ouorncud. HayuHasi HOBM3HA MHCCIICNIOBAaHMS - CPAaBHHUTEIbHBIM aHaNnM3 KiIacCM()UKATOPOB Ha 3ajade
KJIacCU(UKAILK M300pakeHHH «OIMYXOJEBBIX» M «3I0POBBIX» KIETOK U3 mpenobpaboraHHoro Habopa manueix BreCaHAD. B
pe3yJabTate ObUIO IONTYYEHO, YTO U3 BEIOPaHHBIX Kiaccudukaropos SVM nmeer HauOOIbIIYI0 TOYHOCTh Ha TECTOBOI BBIOOpKE
- 0,972. D10 eIUHCTBEHHBIH AJITOPUTM, KOTOPBII MOIY4ra OONBIIYI0 TOYHOCTh, YEM IEpCENTPOH. TOYHOCTH Kiaccu(puKanuu
HepcenTpoHa Ha TecTOBOH BbIOOpke cocraBmiia 0,966. K-Ommxaiimme cocenu, anropurmbl Random Forest u XGBoost B
pe3ynbTaTe SKCIEPUMEHTOB IIOKa3adM MEHBIIYI0 TOYHOCTh. IIpoBeieHa ONTUMHM3AIMs THIIEPNapaMeTPOB alrOPUTMOB.
PesynbraTsl ObUIM COHOCTABIEHbI C MOAOOHBIMH paboTamMu. BbUIM HMCIIONB30BaHBI TaKKMe METOAbI MCCJIEIOBAHHUS: TEOPUSI
riry0oKoro oOy4eHus, MaTeMaTH4ecKasi CTaTUCTHKA, ONITUMH3aLUs 1apaMeTpOB.

Kamo4ueBble CJ0BA: MAIMHHOE 06yquI/Ie; FJ'[y60K0€ 06yquI/Ie; CBEPTOYHAA HeﬁpOHHaﬂ CETh, ITIOUCK I10 CCTKE, OHOIICHSI.
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XapkiBchKUH HAIlIOHANBHUI YHIBEPCUTET PaIioeIeKTPOHIKH, XapKiB, YKpaiHa

KJIACU®IKAIIA 305PAXKEHD HA ITIJICTABI ®OPMYBAHHSA HE3AJIEXKHOI
CUCTEMMU KUIACTEPIB Y CKJIAAI CTPYKTYPHUX OIIUCIB BA3U ETAJIOHIB

Anotanis. IIpeaverom nocnipkeHb CTaTTi € CTPYKTYpHI Meroau Kiacudikauii 300pakeHb y mpocTopi oOpasiB sk
MHOXXUHHU J€CKPUITOPIB KIFOYOBUX TOYOK 33Ul PO3II3HABAHHSA Bi3yaJlbHUX 00’ €KTIB y CHCTEMax KOMII IOTEPHOIO 30pY.
Merto10 € cTBOpeHHS e(peKTUBHOIO MeTOy Kiacu(ikallii Ha MiCTaBi BIPOBA/KEHHS CHCTEMH HE3aJIeKHNX KIIacTepiB IS
6a3u etanoHiB. 3aBAaHHsA: PO3poOJICHHS Mozenel kiacudikalii y HOBOCTBOPEHOMY IpOcTopi 00pa3iB, aHali3 ix obuuc-
JIFOBAJIBHOI €(DEKTUBHOCTI, OLIHIOBAHHS PE3yJIbTaTUBHOCTI Kiacupikawii 3acobaMu mporpaMHoro MozentoBanss. Merogm:
nerexrop BRISK juis popmyBaHHs neckpunTopiB KIFOYOBUX TOYOK, IHTEJICKTYalbHUI aHai3 NaHUX, METOA K-cepenHix
JUIS KilacTepu3allii JaHuX, IporpaMHe MozentoBanHa. OTpuMaHi pe3yIbTaTH: 3aIPOIIOHOBAHO Mozei Kiacuikanii omnu-
CiB Ha OCHOBI CHCTEMH CaMOCTIHHMX KJIacTepiB Ta iX LEHTPIB, sIKi CIPOLLYIOTh 0OPOOICHHS JaHUX Ta MiJBUILYIOTh LIBU/I-
KOJIiI0 peaji3alil, MpoBeaeHO MOPiBHUILHHIN aHaII3 Po3pOOICHUX METO/IB i3 BIIOMUMH. 3AifiCHEHa IporpamMHa peaizaris
BIIPOBA/DKEHUX MoJieliel Kiacu(ikallii, eKCIiepiMEeHTaIbHO MPOBEICHO JIOCIIKEHHS iX e()eKTHBHOCTI Ta OLIHIOBAaHHS 4Ya-
cy o0pobineHHs. BucHoBkn. HaykoBa HOBH3HA — PO3BHHEHHS MeToy Kiacu(ikamil 300pakeHb HA OCHOBI BIIPOBAKEHHS
CHCTEMH HE3aJIe)KHHX KJIACTEPIB [UISl €TAIOHHUX OIIKCIB, IO CIIPHUsE MMOTTHOJICHOMY aHai3y TaHuX. MeTox peanizoBaHo B
MoandiKalisxX 3iCTaBJICHHs KIIaCTEPHOro IOJaHHs 1 Ha OCHOBI KOHKYPEHTHOI'O aHaji3y JecKpunTopiB onucy. [Ipakrndna
3HaYUMICTb POOOTH HOJIATaE y M00Y10BI Mozee Kiacudikanii y CTBOPEHOMY IIPOCTOPI JaHKX, MiATBEPXKEHHI Ipane3/a-
THOCTI 3aIIPONOHOBAHMX MOAMiKaLiii 0OpoOIeHHS NaHKUX, PO3POOIICHHI POrpaMHUX MOZEIEH Vsl BIPOBA/KEHHS METO-
IIiB Y CHCTeMaX KOMIT IOTEPHOT0 30pY.

Karo4doBi ciaoBa: KOMI'TOTEpHUH 3ip; CTPYKTYpHE pO3Mi3HaBaHHS 300pa)KeHb; JECKPHUIITOP KIIOUOBHX TOUOK; IETEKTOP
BRISK; knacrepusarist; MeToq k-cepeqHix; LEHTp KiIacTepy; pelIeBaHTHICTh OIMCIB; IpOrpaMHe MOIENIIOBaHHS; 0a3a 30-

OpakeHb.

Beryn

3acrocyBaHHS amapaTy IHTEICKTYaJIbHOrO aHawi3y
JIAaHUX JUTS TIOJJaHHS Ta 3iCTaBJIeHHsI 00pa3iB Bi3yaJbHUX
00’€KTIB y CHCTEMax KOMIT IOTEPHOTO 30py HalllJIeHe Ha
MOKPAIIIEHHS TOKAa3HHKIB X (DYHKIIOHYBaHHS 32 PaXyHOK
TIOTTHOIEHOTO BUBYEHHSI BJIACTHBOCTEH, 3MICTY Ta CTpY-
KTypH AOCTipKyBaHUX maHux [1-3]. 3okpema, kimactep-
HU aHaMI3 Ta MOAAHHS CTPYKTYPHHX OIHKCIB 300pakeHs,
3aJ]aHMX MHOXKHHOIO 3Ha4YeHb JIECKPHUITOPIB KIFOYOBHX
touok (KT), cripusic BUSIBICHHIO y CKJIafi JAHUX OMHCY
HAMOUIBII CYTTEBUX BIACTUBOCTEI/OCOOMMBOCTEN Ta
3HAYHO TPHUCKOPIOE TIPUHHATTS PIllIEHHs PO KJlac Bizya-
JILHOTO 00’€KTy [4-6]. 3aMicTh TpaJUIliHOTO 00YHCITCH-
HSl PENIEBAaHTHOCTI ONUCIB SIK BiJCTaHI MK MHOXXHHAMH
nmeckpuntopie oocsrom y 100...1500 eneMeHTIB-BEKTO-
piB, miClsi 3acTOCYBaHHS Kiacrepu3aiil BHU3HAYEHHS
PENICBaHTHOCTI 3BOIUTHCS JIO 3ICTaBJICHHS TUIBKH JICKi-
npKoX (1..10) urcnoBux BekropiB naHux [6]. Taki TexHo-
JIOTii OTPUMAJIH HAa3BY «MILIOK citiB» [15].

VY psini nmyOsiKaiii BUBYAETHCSA 3aCTOCYBAHHS CHUC-
TEMU KJIacTepiB Ha MOBHIN MHOXKHHI €TaJIOHHUX OITUCIB
0a3u 300pakeHn [3-6], 3aranmoMm imes Takoi TpaHchop-
Mallii ONKCiB 3HAXOAUTHCS Y PYCIi PO3KIANaHHS TaHUX
y nestkoMy 0a3uci, 10 3aBXIU NEPCHEKTUBHO Y IUIaHi
3HIKCHHS 00csry obuncienb. Ckian 6a3ucy mpu Ibo-
My 3 TOYKH 30py HayKH PO JaHi BU3HAYA€ThCs Oe30-
CepeIHbO Ha IJCTaBI CYKYIHOCTI OOpOOJIOBaHMX Ja-
HUX [16-18], y JaHOMY BHIIa/IKy — OIUCIB €TaJIOHIB.

Binpm rpyHTOBHHMI aHani3 HasBHOI iH(opmarii
PO OITMCH €TAIOHHHUX JaHWX MOXKHA peai3yBaTu Ipo-
ecoM OOpOOJIEHHS, SIKIIO JUISi KOXXHOTO E€TajOHHOTO
ormucy (GopMyBaTu OKpeMy BiJl 1HIIHX JIOKAJIBHY CHUCTe-
My KJIacTepiB. Y pe3yJabTaTi Takoro He3aJexHOro 00-
pOOJICHHSI MOXKHAa CHHTE3YBAaTH 1HIMBITyallbHI IIEHTPH

KJIacTepiB Ul KO)KHOI'O €TaJIOHY, IO 3arajioM CIpus-
TUME OUIBbII TIIMOOKOMY BUSIBIICHHIO BiJIMiHHOCTEH Ha
MHOXKHHI €TaJIOHHUX OIKCIB Ta, K pPEe3yJbTaT, ITiIBHU-
IICHHIO e(EeKTHBHOCTI iX KiIacudikamii 3aramom. Y
po6ori [7] BUBYAIOTBCSA MipH MOAIOHOCTI MIX Mpere/e-
HTOM Ta CHUTYAIlI€l0, IO 3aJaHi MHOKHHOK HaHOUIBII
3HaYUMHX (PaKTOpiB, a y MOHOrpadii [8] po3risaaaoTh-
cs1 MOZIENI Ta MPOIeC BCTAHOBJICHHS PEIIEBAHTHOCTI ISt
MIPOCTOPOBHUX CTPYKTYP O3HAK, CHHTE30BaHHX Ha MHO-
xwuni KT.

[NocuneHHst BIUIMBY iHAMBITyaJbHUX (AKTOPIB Y
BUTJISIII CPOPMOBAHOI CHCTEMHU HE3AJISKHHUX KIIACTEPIB
Jla€ MOXJTUBICTh CTBOPUTH CHUCTEMY PO3IMi3HABAHHS, Y
SKii KiIacudikamiiiHe pilieHHs He3alneXHO (1 MOXIHBO
MapaeNbHo) Ul KOXKHOTO €TaIoHy NPUHMAaEThCsl KOMi-
TETOM, KOXKHUH 3 €JIEMEHTIB SKOr0 aaanToBaHUU BH-
KJIFOYHO /IO CBOro erajnoHHoro obpasy [13]. Cucremu
pO3ITi3HABaHHS 3 apXiTEKTYpOIO, L0 BKIIIOYAE BHOIp
OINITHUMAJBHOTO IIPEJICTAaBHUKA KOMITETY, 3a paxyHOK
HE3aJICKHOTO 1 Y3rO/PKEHOI'0 OIIHIOBAHHSI MArOTh OiJb-
11y e(peKTUBHICTb.

Meroto CTaTTi € CTBOPEHHS Ha MiATPYHTI CUCTEMH
IHIMBITyaJbHUX KJIACTEPIB Ui 0a3u €TaJoHIB e(ekTu-
BHOTO MeTony Kiacu(ikarii 3 BUKOPUCTAHHSIM HOBOT'O
MIPOCTOPY AaHMX, IO 3a0e3Meuye pe3ylIbTaTUBHE PO3IIi-
3HABaHHS SK 32 KJIACTEPHUM OIMCOM Bi3yaJIbHOT'O
00’€KTa, TaK i 32 MHOXHHOIO #oro aeckpunropiB KT.

3aBaaHHsA poOOTH — MOOYI0Ba MOAeeH Kiacudi-
Kalii y HOBOCTBOPEHOMY IIPOCTOpi 00pa3iB, aHami3 ix
00YHCITIOBAIBHOT €(DEKTUBHOCTI, OI[IHIOBAHHS SIKOCTI
kiacudikariii 3acobamMu MPOrpaMHOro MOJICTFOBaHHS.

He3anexne kjiacTepHe MoJgaHHs ONUCIB

Hexaii 3amano nesky 6a3y E onmciB 300pakeHb
eTanoHiB posmipom N: E={E|,E;,....,Ey}. Koxen

© B. O. I'opoxosatcekuid, P. I1. Ilonomapenko, 2020
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eTaJIOHHMH onuc E; mpeacTaBisie y 3a4aui posmi3Ha-
BaHHS OKPEMHI KJIac Ta Ma€ BUJ CKIHYEHHOI MHOXKUHH
neckpunropis KT 3o6paxenns: E; ={e,(i)})_;, e s —
¢ikcoBana KinbkicTh neckpuntopiB KT y omuci eraiony
E; [4-6].

3Ba)KHUMO, IO OKpeMHil Aeckpuntop e, (i) Xapakx-
tepusye neskuii okin KT 300pakeHHs Ta € eneMeHTOM

BEKTOPHOro npoctopy R” cKiHUeHHOI po3MipHOCTI 7 :

e, (i) € R" 3 nilicHumu, uinmmu abo GiHAPHAMHU KOMIIO-
HeHTamu. [Ipu bOMY ISt CHIPOLICHHS aHaIi3y BBa)Kae-
MO 3HA4YeHHs NapaMeTpy S Ui KOXKHOTO OIHCy i3
MHOXXUHH E OJIHAKOBUM, TOOTO

card(Ey)=card(Ey)=...=card(Ey)=s.

BuKoHaHHS 1i€1 YMOBH 3aBXKIU MOXHA MPAKTHIHO
JOCATTA BiTOOPOM €JIEMEHTIB 13 MHOXXUHH O1LIBIIOrO
po3Mmipy.

3acrocyeMo BimoOpaxeHHs E — T 13 mpocTopy
00pa3iB (MHOXMHH JIECKPUNTOPIB) y MHOXUHY 1 He-
nepeciuHmuX Kiactepis, cHOPMOBAHUX 3a JACSIKUM IMPHH-
munom [2-4]. Knacrep — ne migMHOXHHA omucy. Y
pe3ynpTaTi KOXKHHI 00pa3 E; eTaloHy TpaHC()OpMYy-
€ThCs 10 BUIY (DikcoBaHOrO ymciaa M Horo Hemepecid-
HUX NMigMHOXUH Tj (E;)

E; =T(E;) = L T (B T (B N T () =D (1)

ExBiBasieHTHICTh MHOXHH y BUpa3i (1) posymiemMo
SIK TX TIO-CJIEMEHTHHIA 30iT.

Hosnaunmo By ; = card T} (E;) TIOTY)KHICTh

OTPUMAaHHX KIIACTEPIB JJI1 OKPEMHX ETAIOHIB, N k —
HOMEp KJacTepy BCEpPEAMHI ONUCy. 3a MHOXKHHOIO
T, (E;) eneMeHTIB KOXHOTO KJIacTepy BU3HAuUHMMO HOro

UeHTp by ;, k=1,M , sxuil Hapsy 13 HOTYXHICTIO By ; €
KJIFOYOBOIO XapaKTEPUCTHKOI MOOYJOBAHOI KJIaCTEepHOI
CHUCTEMH I aHANII30BaHUX NMaHWX [6]. 3ayBa)kuMMo, IO
HEHTp by, ;, a TAKOXK caMa KJacTepH3allisl He3aJIeKHO BiJ
LEHTPY MOXYTh OYTH BH3HAuYE€HI Ha MiJICTaBi JOCTATHHO
LIMPOKOTO Pi3HOMaHITTS npouenyp [2, 3, 6, 9-11].

3BaKarouM Ha PiBHE YUCIO S EJIEMEHTIB KOXXHOTO
i3 ommciB, OyaeMO MaTH Ha yBa3i TAaKOX HOPMOBaHY
BaroBy XapaKTepUCTHKY

ak’l' =Bk’l'/s, Zkak’l =1, (2)
sika BioOpakae KiJIbKICHY BaroMicTh KOXKHOT'O i3 Kiac-
TepiB y cucreMi T(E;).

TakuM YUHOM, y pE3YJIbTaTi KJIaCTEPHOrO MOAaHHS
obpa3 E; eranoHy cdopmMoBaHO y BUIIISAI M Hemepe-

ciynux migMHOXUH Tj (E;) (kmacTepiB) Horo ememeH-
TiB 3 meHTpamu by ;, M*N — 3aranpHe 4uCIIO CTBOpE-

HUX KJIACTEPiB/LIEHTPIB ISl HASBHOI 0a3H €TajOHIB.
Po3mizHaBaHuii Bi3yanbHUIT 00’€KT aHAJOTiYHO
cXeMi MoJIaHHs €TaJOHIB YHIBEpCAJIbHO OIHUILIEMO CKiH-

YEHHOI0 MHOXHHOW Z ={z,}}_;, e Z, € Z — elleMeH-

¢ (neckpunropu KT), s = card Z —ii noTyxHicTb.

[MoxiGHO mpouenypi 0OpOOIEHHS eTaJoHIB 3acTo-
CyeEMO KJIaCTepHE PO3OHUTTS MHOXUHH Z dYepe3 Bijo-
OpaxkeHust Z — T, y pe3yJIbTaTi ONUC BXiAHOTO 300pa-
JKEHHs Oy/ie TpeJicTaBiIeHo M KinacTepaMu:

Z=TQ) =W, ONT;(2)=2.

Jns xoxxHoro kmnactepy I;(Z) ommcy BXimHOTO
300pakKeHHs BU3HAUUMO TapaMeTpH LEHTPiB by (Z),

notyxHocteit ¢, (Z), k=I,M , Ta HOPMOBAaHHMX Xapak-
TepUuCTHK o (Z) 3a (2), siKi OyayTh BUKOPUCTOBYBATH-
cs1 y porneci knacudikanii. [Ipy oMy U1t CHIpOIIeHHS
cxemu Kiacugikaiii BBaxkaeMo 4mciio M KiacTepis
TOTOXHUM JUIsl BXiTHOTO 300pa’KEHHS Ta €TAJIOHIB.

Knacudikamis «00’€xkT — eTanoH»

Posrisinemo noOynoBy kinacudikarii BULY «00 €KT
— €TaJIOH» Ha MiJCTaBi OOYUCIICHHS 3HAUYEHHS peJieBaH-
THOCTI X CTPYKTYpHHX OIHCIB. 3aMiCTh KOMILICKTHOI
MHOXXHHU €JIEMCHTIB OITUCIB 3aCTOCYEMO IMPHCKOPEHY
cxeMy knacu(ikarii Ha MiICTaBi BUKOPUCTAHHS LIEHTPIB
by, cucremu KnactepiB 00’ekTy i eranoHy. O6unciroBa-

JbHA TepeBara kiacugikaiii 3a MHOXHHOIO IICHTPIB
KJIACTEpiB OIMUCY y MOPIBHAHHI 3 Kiacudikaiieto 6e3mo-
cepeHbO 3a OIMCOM OOIPYHTOBYETHCS TUM, IIO 3aMiCTh
00paxyHKy pEJNeBAaHTHOCTI MHOXXHH MU BH3HAYa€EMO
PENIeBaHTHICTh HA OCHOBI X HE3HAYHOTO YWCIa Xapak-
TEpUCTHUK. SIKIO MOTYKHICTh iH)OPMATUBHOTO OIUCY 13
neckpuntopie KT carae 200-300 (a inomi i g0 1000)
€JIEMEHTIB, TO KiJIbKICTh LIEHTPIB MOXKE OyTH 3BY)KEHa
10 2-10 eneMeHTIB Takoi K PO3MipHOCTI. 3Bakaloun Ha
Te, IO PEJIEBAaHTHICTh OOYMCITIOETHCS IUIIXOM aHaNi3y
BCi€l MHOXXMHH €TaJIOHIB, 110 Yy MPHUKIAJHHUX 3ajadax
nocsirae 3HaveHb 100-1500, taka TpaHcdopmaris cyt-
TeBO (y THCSUI pa3iB) MOHMKYE 00CAT HEOOXiqHUX 00-
yucienb [4, 6]. BimmmaTtoro 3a Take NPHUCKOPEHHS €
HEOOXITHICTh 3MIHCHIOBATH KJIACTEPH3AIlI0 JTAaHUX PO3-
Mi3HABAHOTO 00’€KTa Ta JIEsIKEe 3HIDKEHHS CTYIEHs PO3-
PI3HEHOCTI 3a paxyHOK ()OPMYBaHHs Ta 3aCTOCYBaHHS
y3arajlbHEHHX XapaKTepUCTHK — LEeHTpiB omucy. Kiac-
Tepu3allisl K €TAJIOHHHUX JaHUX 0a3u MpU I[bOMY BUKO-
HYETHCSl Ha IMIATOTOBYOMY €Tami i Ha IMIBHIKOJIIO Kia-
cuikarii 6e3rmocepeJHbO HE BIUIUBAE.

Crioci6 00YHCIIeHHS PEIEBAHTHOCTI €TaIOH-00" KT
TEHep pealli3yeMO 3iCTaBJICHHSAM MHOXHUH IICHTPIB
00’€KTa Ta €TAJIOHIB Ta BU3HAUCHHSIM HaWOIIbII pere-
BaHTHOT'O IIPEJICTABHHUKA CEPE]] €TaJIOHIB 0a3u.

BaezieMo y BekTopHOMY mpocTopi R” jesiky Bin-
cranb p . [Ipukiagom mMoxke OyTH €BKIijoBa abo MaH-
XETTEHCHKa BiJICTaHi, a Y BUIIAAKy OiHApPHUX BEKTOPIB —
Oinbil eeKTHBHA 3a 00OCSATOM OOYHCIEHb METpHKa
Xewminra [9, 10].

[Minpaxyemo M xM ycix BiJICTaHEH
p(T41(2), Tj» (E))), klL,k2€[1,2,...,M] wmix mpencras-
HUKaMU KJIaCTEPHUX CHCTEM €TaJIOHIB Ta PO3Ii3HABAaHO-
ro o0’ekta  OUIIXOM  OOYMCIIEHHS  BijCTaHei
q=pb,(Z2),b;,(E;)) Mk yciMa eneMeHTaMH MHO-
JKHMH IIEHTPIiB 00’€KTa Ta i -T'0 €TaJOHY 1 03HAYUMO IX SIK

{9, a=l,2,...,M2. Ha ocHOBiI 3HayeHh MHOKHHH

18



ISSN 2522-9052

CyuacHi iHpopmariiini cucremu. 2020. T. 4, Ne 2

{g,} MOXHa i3 3aCTOCYBaHHAM TpPaJUIIHHUX MiAXOMIiB
OOYMCIIMTH BIACTaHI MK MHOXKHHAMH: CEpPEIHBOTO
3B 53Ky, OJIMDKHBOTO CycCiJia, JaJeKoro cyciga, Xaycao-
pda Ta iH., 00 1X YMCIeHHUX MoAu(DIKaIlii, OB’ I3aHMUX
i3 JIOTIYHHM aHaJi30M YH 0OpOOJIEHHAM 3HaueHb ¢, [5,
9, 10]. Tax BiacTaHb CEpeHHOTO 3B’ SI3KY TYT Ma€ BUJI:

1 M2
Py (Tx (), T} (E;)) = anzl 9q - (3)

3BepHEMO YBary Ha OHY i3 BaXKIMBHX MoauQika-
Wil 171 BU3HAUSHHS Pe3yJbTYIOUOi BiJcTaHi, M0 004YH-
CIIIOETHCS IIUISIXOM JIOJIaBaHHSI TPHOX HAaWMEHIIHNX eJie-
MEHTIB MIOTIEPETHBO PaHXUpPYBaHOI BUOIpKH

¢ =g <gy<..< q,,2 Ans Habopy Bincraneii [7]:

PG D. T EN=Y"_ 45 )

Bincrans (4) omHOYaCHO Ma€ BJIACTUBOCTI 5K JTU-
(epeHIifHNX, TaKk 1 IHTErpaJbHUX METPHK, TaK SK
OTpUMaHa y pe3ynibTaTi JOAaBaHHS TPbOX HE3aJEKHUX
MiHimMymiB [10].

Sk anbrepHatuBY (4) pO3INISTHEMO MJO/ABaHHS
TPbOX BiACTaHEH HAHOMIKYOrO CycCia OKpeMo s
KOXKHOT'O 3 IEHTPiB 00’ €KTY

p3ny (T (2), T (E;)) =

=Xo il min o @b, EL

ne f, — QyHKUis BU3HAUEHHA TPbOX HAaHMEHINHX 3Ha-

4yeHb. Mopeni Bincraneit (4), (5) 3aranoM He rapaHTy-
10Th, IO KOXXHOMY LIEHTPY 00’€KTy Oyne BiINOBimaTH
€IMHUH LIEHTp eTayioHy. BapiaHToM BH3HaYeHHS HEHTPY
3 TaKUMH BJIACTHBOCTSMH € 3aCTOCYBAaHHS YTOPCHKOTO
METOAy U ONTHMAIBHOIO MPU3HAYCHHS KOXHOMY
LEHTPY 00’€KTy HaWOUIbII IPUIATHOTO LIEHTPY €TaloHa
[8]. 3Baxkaroun Ha Te, IO 3arajbHa KUIBKICTH IICHTPIB
HeBenuka (3...5), ONTUMAaNbHI METOJM MOXKHA BIAlIO
3aCTOCYBATH 3 HE3HAUHUMH BUMOTaMH I110JI0 IIBUAKO/I.

3ayBa)kuMO, 110 3a3HAYCHI 3arajJbHOMPHHHATI BiJl-
crani Ta Bupasu (4), (5) AN MHOXXHMH BEKTOPIB MOXKHA
Oyno 6 3actocyBaTu i Ge3mocepeHbO 10 onuciB E; Ta

Z , OITHAaK, 13 CyTTEBO 3HAYHIIIMM O0CSTOM OOYHCIICHb.

Krnacudikarriro 00’ekTy 3a omucoM Z Ha IiJcTaBi
obuucnenux Biacraned (3)-(5) Mk HeHTpamu aHaji30-
BaHHUX JAHHUX 3IIHCHIOEMO TPAIMIIHHO IIIIXOM BH3HA-
YeHHs: HAMEHIIIOro cepel 3HAYEeHb IS Pi3HOMAHITTS
€TaJIOHIB

Z—>E,: a=arg min p(T(2),T,(E;). (6)
i=l..N

Knacudikanis «1eckpunTop 06’€KTy — eTAT0H»

HesanexxHe kiactepHe MOJaHHs ISl OMUCIB y 0a3i
€TAJIOHIB CIPHSE TAKOXK 1 CIPOIICHHIO peaji3allii mpo-
nenyp kinacudikaiii BUAY «IeCKPUITOp 00’€KTy — eTa-
JIOH» CTOCOBHO OKPEMHUX €JIEMEHTIB OIKCY PO3Ii3HaBa-
Horo o0’exty. Lleit migxin € OULThII yHIBEpCalIbHUM B
acriekTi 3a0e3reueHHs BpaxyBaHHsS MOXKIIMBOI il 3aBaj
Ha 300paxkeHHi Ta (inbTpalii y npomeci kiacudikaii
nmosiBu xuOHMX KT, BUKIMKAaHUX BIUIMBOM 3aBai. Ilpu
LLOMY KJIACTE€PU3aIiI0 aHAII30BAHOT'O OIHUCY 00’ €KTA HE

3aCTOCOBYEMO (II€ TaKOX CKOPOYYe OOYHCITIOBANbHI
BUTPATH), & KOXXHHUH [IECKPUITOP OMUCY 3HAXOIUThH
«CBiff KJac» NUISIXOM KOHKYPEHTHOTO 3iCTaBIICHHS 3i
c(pOPMOBAHOI0 ~ MHOXKHHOI  €TaJOHHHX  [EHTPIB
{bj (E;)} xmacrepiB.

Jlas KoXHOro neckpunrtopa z, € Z 00’€KTy BH-
3HA4YaeMO HAHONMK4YMI cepel] YCiX eTaJIOHHUX LEHTPIB
{b‘ ;j(E;)} 3a mpouenyporo 6:1mKHBOro cycina:

d=arg min p(z,,b;(E;)), de{l,2,..N} (7)

i J> 1
e P — BIACTaHB MDK JECKPUOTOPOM O00’€KTy Ta
LIEHTPOM bj (E;) i3 cucreMu KiacTepiB AJs €TaJlOHIB,
ie{l,2,..N}, je{l,2,..MxN}.
®aktuuHo (7) MOXXKHA PO3IJISIATH K OaraTto3Hay-
Hy xapakTepuctudny OQynkmio d:R” —{1,2,..,N}
JUIE BU3HAUEHHS €TaJOHHOTO KJacy IIOJ0 OKPEMOro
JIECKPUIITOPA 13 OMHUCY 00’ €KTa.
3a pesynsraToM 00pobnenns (7) Vz, € Z minpa-

XOBYIOTbCS KIJIBKOCTI 7,T5,...,Iy TOJIOCIB €JIEMEHTIB
z, € Z , BilHECEHUX [I0 OJIHOTO i3 €TaIOHHHX IIEHTPiB
{b;(E;)} ommcy E;:

=Y filz, = {b;(EN}] ®)

ae f, — 7oriyHa QyHKIUis, M0 BU3HAYAE BiJHECEHHS
eJeMeHTa Zz, N0 BiANOBiTHOTrO IEHTPY 3 HOMEPOM j
KJacTepa eTanoHy E;. 3po3ymino, o npoueaypa pea-
mizamii QyHKii f; 3aana 3abesmeueHHs GimbTpanii
3aBaJl IOBMHHA CIIMPATHCS HA 3HAYCHHS TI0POTY O ; Ul
BEJIMYMHHA MIHIMYMY cepe]] BiJCTaHEeH, 00UUCIeHUX 10
KOXHOro 3 HasBHUX LeHTpiB {b;(E;)} wmacrepis s
ycix erajoHis [1].

3a OTpUMAaHMMH 3HAYEHHSIMU #{,T,,...,[y TOJOCIB

JUIsL yCiX Z,, cKJIaj 00’ €KTy KiacuiKyeTbCs K
Z —>E;: j=arg max r;. 9)
1

Bxigne 300pakeHHs 3a kinacudikaiiier (7) — (9)
Oyze BiTHECEHO JI0 TOrO CTAJIOHY, SIKMi Habepe HanOi-
JIBILIE YHCIIO ToJociB aeckpurntopi doro KT. I3 Bpaxy-
BaHHSM BArOBHX KOC(ILIEHTIB O ;, IO XapaKTePH3y-
I0Th B&XKJIMBICTH KOXXHOTO 13 KJacTepiB BCepequHi
OKpPEMOT0 OIHUCY, 3a pe3ynbraTtoM (9) MOKHA BHU3HAYH-
TH TaKOXX HAKOIMYEHI Barm o; = Z 4 Ok,; OMO 3Ha-

YUMOCTI KOXKHOTO i3 KiactepiB. Kimacudikarris 3a Hako-
MUYEHUMH 3HAYCHHSAMH Ol; Peai3yeThCs MPaBUIIOM:

(10)

3a npaBuwioM (10) 00’ekT KI1acU(IKyeThCS BimIO-
BiJTHO JTO BEIMYMHU HAHOLIBIIO CYMH Bar KOe(illi€HTiB
JUTSl BU3HAYCHHUX KIIACTEPIB.

Ba)kIMBUM MOMEHTOM JIOCITI/KEHHS € TTOPiBHIHHS
pEe3yILTATUBHOCTI 3alPONOHOBAHUX CIIOCO0IB Kiacudi-
Kamii (4ac oOpoOJeHHS Ta CTYIIiHb PO3PI3HEHOCTI) i3

Z—>E;: j=arg max a;.
1
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MiJXOIOM, KOJIM KJTacTepu3allis BUKOHYEThCS HAa MHO-
JKUHI YCIX JECKPUITOPIB [uis 0a3u eTayoHiB [4, 6]. Y
IOMY BHITAJKYy IONEPEAHBO 3MIHCHIOEMO KIIACTCPHUIMA
aHayji3 Ha MHOXUHI E ={E|,E,,.....,Ey}. Y pe3ynbTa-

Ti otpumaemo E =T(E) = u(le T,(E) , ne V — uucio
no0y0BaHUX KiacTepiB 1 E . 3a pe3yabTaToM Kiac-
Tepusanii orpumaemo mpoekiii C(E;) ams xoxsoro

eranony E; : C(E;) =(c;1,¢2,-.-,Cip ) , A€ Ll uncna

Ciy = card {ev(l) | ev(i) € Ei&ev(i) € TV(E)} (1 1)
03HAYAIOTH YHCIO JECKPHOTOPIB eranoHy E;, mio Ha-
nexats kiaacrepy 7T, . Hamexsicts 1o kiacTepy BH3HA-

YAaEThCS TPOLEAYPOI0 KOHKYPEHTHOTO BiIHECEHHS Jie-
ckpunropa e, (i) 3a MiHiMymoM BifcTaHi [6]. KoxHuit

i3 kmacrepiB T,

, XapaKTepH3yeMO HOro IEHTPOM

b,, v=1,V , sxuif Oynemo 3acTocoByBaTH sl Kiacudi-
Karii onuciB 00’ €KTiB.
— . b
Omuc Z={z, ! aHai30BaHOr0 00 €KTY NPOEKTY-

emo aHanoriyHo (11) Ha cucremy kiacrepis T, (E)

0a3u, y  pe3yiIbTaTi  OTPUMYEMO  MPOCKIIIO

b3 & &
C(Z) =(c;,cy,...,C)y) 00’€KTa, SIKY IUIIXOM KOHKYPEH-
THOTO BiJTHECEHHS 3a BEJIMYMHOIO BiJCTaHi p Kiacudi-
KYEMO JIO OJTHOTO i3 KJIaciB

Z —>E,: a=arg min p(C(Z),C(E;)). (12)
i=1..N

VY (12) moxe OyTH 3acTOCOBaHa MaHXETTEHChKa
BiJICTaHb. 3pO3YMLJIO, IO €(PEKTUBHICTH OOTrOBOpIOBA-
HUX ITiJIXO/IIB ITOBHICTIO 3aJICKUTh BiJl 3CTOCOBYBAHOTO
MeToNy KiacTepusalii. ¥ eKcliepiMeHTaIbHOMY JOCHi-
JDKCHHI MU 3aCTOCYBaJld METOJ K-cepemHix [2, 3] 3
Moau(iKaliero A BU3HAYEHHS LEHTPIB, A€ KOXKHHIM
OiT IS IIEHTPY KJIacTepy Ha 4eprosiil itepamii oOumc-
JIIOETBCS IUIIXOM IIPaXxyHKY IepeBa)karodoro 4ucia
0ITiB JeCKpUNTOpiB, 1m0 (GopmyroTh kimactep [S5, 12].
3ynuHeHHs TMpolecy Kiacrepu3allii Ha 4eproBiil itepa-
i1 34iHCHIOBAIOCK, SIKILO 3arajbHa BiJCTaHb MiXK KJlac-
TEpHUMH [EHTpaMH He IepeBuiyBana 3% BiJ MakcH-
MaJbHO MOXJIMBOTO 3HA4YeHHS (U1 JIECKPHUIITOpa
BRISK 11e umcio ckmano 15 sk 3% Big 512).

Pe3ysnbTaTu MoJe/II0BAHHA

300pakeHHsIMH 0a3W ETAJIOHIB B3ATO MOPTPETH
noeTiB Ta BYeHHX (puc. 1) i3 chopMOBaHMM UYHUCIOM
JIeCKpUITOpiB omucy s =750. [us BU3HA4YeHHs me-
ckpuntopiB KT BHKOpHCTaHO [ETEKTOp KIFOUOBHX
touok BRISK [14].

Puc. 1. 300pakeHHs 6a3u JaHUX

VY BigmoBigHOCTI 710 Mozeneit (4), (5) obuucneHi
MAaTpHIIi 3HAYEHb PEJICBAHTHOCTEH /IS AP OIMCIB MPH

M =3. BemuuuHa pEICBAHTHOCTI JUIS aHAJi30BAaHUX
JIAaHUX 3HAXOJMThCA y Mexax Binmpizka [0,...,1536], Tax
SIK € CyMOIO TPbOX BiJICTaHEW /I BEKTOPIB PO3MIPOM
512 3 koMnoHeHTaMu y Mexax Bij 0 mo 1.

Bupg BifgcraHi p MK ICHTPaMH BH3HAYa€THCS
MPOLEAYPOIO KIACTEpU3aliii: sl TPaAUIIiHHOIO METOAY
K-cepenHix Tpeba 3aCTOCOBYBATH, HAIIPHMKIIA, MaHXET-
TEHCBKY BiJICTaHb, a JUI1 MOJICII CTATUCTUYHOTO IICHTPY
[5, 12] — MeHII BUMOTJIMBY 0 0OCSTY OOYHCIICHb Bij-
cranp Xeminra. Kiacrepusailis y Hamomy ekcriepuMe-
HTI BUKOHYBaJacsi 13 BHKOPUCTAHHAM Mojudikarii
CTaTUCTUYHOIO IIEHTPY, A€ Ha BIAMIHHICTH BiJ Tpaau-
HIHHOTO yCepeAHEHHs eIEMEHTIB KJIacTepy Ha 4eproB.ii
iTepallii KOKHUH OIT IEHTPY BU3HAYABCS K HAWOUIBII
MOIIUPEHE 3HAYEHHS cepell OITIB I yCiX eIeMEHTIB
knacrepy. lle memio cropoirye OOYMCICHHS 3a PaxyHOK
BHUKOPHCTAHHS BUKJIFOUYHO OI1HAPHUX NAaHHX.

Tabn. 1 MICTUTH eKCIEpUMEHTAIIbHI BETHUUHH Pe-
neBaHTHOCTI (5) JUIs KJIacTepHHUX IEHTPIB, 3HAYCHHS
s Mofeni (4) He3HAYHO BiAPI3HSIOTHCS. 3a pe3yibTa-
TOM MOJICTIOBAHHS 0aYMMO, II0 3aCTOCYBAHHS MOJEIeH
(4), (5) 3abe3mneuye BreBHEHY KIacH(iKalliio y aHali30-
BaHii 0a3l, Tak K JAlaroHajabHI €JIEMEHTH € HaliMeHIIIH-
MU y PSAIKY Ta CTOBIII, Il MiATBEPIKYE Mpare3aar-
HICTh MoJenel peieBaHTHOCTI. [Ipu mbomy mMomens (5)
IoKa3aJia TPOXH Kpallli pe3yJIbTaTu.

Tabnuys 1 — 3HavdeHHs] peJieBAHTHOCTI 1151 MoaeJi (5)

ETtajgonn 1 2 3
1 201 396 422
2 368 327 424
3 366 403 321

Binpmn netaneHuUi aHami3z Tabn. 1 mokasye, 1o 3Ha-
YeHHS NMOAIOHOCTEH Ha JiaroHasIi HE3HAYHO BiIXUIAIOTH-
cs B HaWOMIKYOrO IO HHX, IIe BiIXWICHHA y 2 Ta 3
psAnkax He nepesuinye 15%. 3 ogHOro OOKy, e BKaszye
Ha OJIM3BKICTH 300pakeHb 2 Ta 3 y PO3TJITHYTOMY IIpOC-
TOpi O3HAK, a 3 1HIIOr0 — PO HEOOXiIHICTh OB JeTa-
JILHOI'O BUBYEHHS €(EKTUBHOCTI METOIIB UIi KOHKpPET-
HUX 0a3 300paXKeHb B pealbHUX yMOBaXx Jiii 3aBaj.

3a pe3yabTaTaMy MOJIENIOBAaHHS Mporec Kiacugi-
Kamii 00’€KTy 3 BHKOpPHCTaHHAM Mozeli (5) morpedye
yacy o0poOsieHHs 15 mcek, a s mozedni (4) — 10 mcek.
MoskHa BBayKaTH, 110 Pi3HUIIA B 4aci MPOrpaMHoi pealti-
3amii mMX Mojenell He3HayHa, TaK SK KOXHAa 13 HUX
pearizye TpaKTUYHO OJHAKOBHU OOCSAT OOYHCIEHb Ta
TIONIYK MiHIMYMY Ha OZIHiH 1 Tiif ’)ke MHOXXHHI BEKTOPIB.

OpHUM 13 MOMEHTIB, 110 YCKJIaqHIOE KilacHu(ika-
uito (4), (5) y 1boMy €KCIIepUMEHTI — I1e HEOHAKOBHIMA
pe3ynbTaT Kiacrepusaiii BXiJHOTO i €TaJlOHHOTO 30-
OpakeHb. MaeMo, 110 OJTHE 1 Te K 300paKeHHs y BiAIO-
BITHOCTI JI0 Pi3HOTO KJIACTEPHOTO MOJAHHS MA€ TOCHTH
BEJIMKI 3HAYCHHS Ha JiaroHaji y taom. 1.

[I{o6 yHUKHYTH IILOTO (DAKTy, MPOBEACMO MOJIC-
JIIOBaHHS JUIsl KiIacuikamii «JeCKpHITOp 00 €KTy —
€TaJIOH», JIe €TAIIOHHI 300pa)KeHHS KJIACTEPU3YIOThCS, a
KOXKHHI JIECKPHUIITOP aHaJi30BaHOrO 00’€KTY Kiacudi-
KYETHCS BITHECCHHSM JI0 BIAMOBIIHOTO KIacTepy.

[IpoBeneMo EKCIEPUMEHTAIBHO —IOPIBHSIBHUIMA
aHaJli3 3ampolOHOBAHOTO METOAY Ta pO3pOOJIEHOro
paHilie, 3aCHOBAaHOTO Ha CTBOPEHHI MepeXi KiIacTepiB
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Ha KOMIUIEKTHIH 0a3i AeCKpUITOpIB YCiX €TalloHiB [4,
6]. BizeMeMo B sKOCTi BXiZHOTO 00’€KTY 300pakeHHs,
oTpuMaHe IMoBoporoM etaiony 3 (puc. 2). Koxnwuii
eTaqoH E; mpeacTaBUMO Yy BHUIUIAAI 3-X KJIAaCTEPHHX

ueHtpis b;(E;), j=1,..3. Y BianosixHocti 10 mozxeni
(8) orpuMmaHO KijbKOCTi rojociB r;: 1=212, r, =183,
13 =355, 1o MmiATBepIXKYye Mpale3JaTHICTh 3alpOHOHO-

BaHUX METOJIiB, 300payKeHHs pHC. 2 BIIEBHEHO BilHecCe-
HO JI0 3-TO €TaJIoHy.

Puc. 2. AnanizoBanuii 00’ €xT

s nmoBHOT 6a3u 300paXkeHb 3MIMCHUMO KilacTe-
puszauito Ha M =3 UeHTpH, 1 JUIA CHUIBHOTO YHuCcia
JneckpunTopiB s = 750 orpumaemo npoekuii (11) ms
€TAJIOHIB 1 BX1THOTO 300pakeHHs (Tadi. 2).

Tabnuya 2 — Ilpoekuii eKcnepuMeHTAILHUX ONUCIB

OO0’ ekt IMpoexkiist
Eranon 1 365;278; 107
Eranon 2 470; 237, 43
Eranon 3 296; 354; 100
Bxignuii 00’ ekt 287, 369; 94

Bigctani MiX MPOEKIiSIMH OIKCIB BXiJHOTO 30-
OpakeHHs 1 eTaloHIB ckiamaroTh 182, 366, 30, 1o 3a
mpaBwioM (12) BieBHeHO Kiacu(ikye 00’ €KT K €TaJIOH
ITi HOMEpOoM 3.

ExcriepumenTy, mpoBejeHi A OLIbIIOro 4uciia
KJIACTePHUX ICHTpIB 0asu, M =9 moKkazamu JesKe
3HW)KEHHSI PIBHSI PO3PI3HEHOCTI aHAII30BaHUX JaHUX.
Tak a1 M =6 Biacrani mopisaioroTh 82, 118, 38, a
s M =9 —98, 162, 48. SIk 6aunumMo, BiJCTaHb 31 «CBO-
iM» eTaJoHOM 30UIBIIYETHCS, @ 3 PEIITOI — 3MEHIIY-
€TBCSL.

30ikHICTh MOAU(IKOBAHOTO METOAY K-CEpemHiX,
3aCTOCOBAHOI'0 HaMHM JUIsl KiacTepu3amii omuciB 0aswm,
3ajie)kasa Bijl YHcIia KilacTepiB 1 ckiaia 5-12 itepatiid.

Orinka 4yacy OOpOOJICHHS Ui 3ampOIOHOBAaHOL
MoJieni kinacuikarii 3 BUKOPUCTaHHIM MEpEeXi KilacTe-
piB (M =3) Ha OCHOBI KOMIUIEKCHOI 0a3u JIECKPHUIITO-
piB yciX erajoHIiB 3 BUKOpUCTAaHHAM mpoekiii (11)
notpedye 6im3pko 150 mcek. Lleii yac Britovae mpote-
CH TIPOEKTYBaHHs 300paxkeHHs y BekTop (11) Ha ocHOBI
OOYHMCIIEHNX €TAJIOHHUX LIEHTPIB, a TAKOXK MOUIYK MiHi-
Mymy (12) cepen HaOOpy €TaJOHHUX MPOEKITIH.

[poriec kracudikarii s mporpamMHoi Mozesi Me-
tormy (7)-(9) «meckpunrop 00’€KTy — €TaJoH» 3aiiMae
425 mcek. Yac oO4MCICHHS BKIIOYA€E BiJHECEHHS Jie-
CKPHIITOPIB 300pa’keHHs 10 KITACTEPHOTO IIEHTPY OJHO-
ro 3 erayoHiB (7)-(8) Ta BU3HAYCHHS €TAJIOHY 3 HaWOi-
JIBIIOKO KIJIBKICTIO ToNOCiB (9). Jemo Oiblie 3HAYCHHS
yacy MOXKHa TMOSICHUTH 3POCTaHHSIM YHCIIa MOPiBHIOBA-

HUX O3HAK IPOIOPIIHHO 30LIBIICHHIO YHCIIA IICHTPIB
KJIaCTepiB. 3pO3yMiJIO, 10 00CAT 00YHMCIICHD [T aHaJIi-
30BaHUX CIOCO0IB Ki1acudikamii 3pocTae MporopIiifHO
yuciay M KiacTepis.

Sk 6aunmo, pe3ylbTaTH MOJCTIOBAHHS MOKA3aIH
OJTHAKOBO BHMCOKUH pIBEHb IPaBWIBHOI Kiacudikaiii
JUIs pO3pOOJIEHNX MOJENEH He3aleXHOI KiacTepu3arii
y TIOpiBHSHHI 3 METOIOM TOOYIOBH KJIaCTEpPHUX
LIEHTPIB /I KOMIUICKTHOI Oa3u eTajoHiB. AJie He3ale-
KHA KJTACTEPH3allisl, SK MOKAa3aJd EKCIEePHUMEHTH, I0-
TpeOye nemro Oinbimoro yacy oopooOienns. lleit Meron
Oyne OumbIl eeKTUBHHMH 3a SKICTIO Kiacudikamii y
CKITQMHHUX 3a]ayax, Jie PO3IMi3HaBaHi 300pa)KeHHS MO-
KYTb OYTH IOCUTH CXOXKHMH MiXK COOOI0.

BucHoBxku

[3 3aranpbHUX MipKyBaHb 3pO3yMijNo, IO JJIsl 3a-
MIPOITOHOBAHOI MoJeNi OOpOOJEHHsS NaHWX BHTpAll Yy
00csi31  OOYMCIIIOBANBHUX BHTpAT Ha Kiacudikaliro
3pocrae 3i 30inbmieHHsM yucna KT y onwmcax, 301iib-
LIEHHSM YHWCIIa €TAJIOHIB Ta 3MEHIIYETHCS 13 3HWKEH-
HAM YHCia MoOyIOBaHUX KiIacTepiB. B3aram pesymbrat
KJjacrepu3anii BifioOpakae CTYyIiHb y3arajJbHEHHs Ja-
HUX, BHACIIIOK 4Oro 00’€M CTPYKTYpHOTO OIHUCY ISt
Bi3yaJIbHUX 00’€KTIB MOXKE 3MIHIOBAaTHCS Yy Jiana3oHi
BiJl KIJTbKICHOT MHO)KUHHU BEKTOPIB JI0 €JJMHOTO BEKTOPY,
110 BiITBOPIOE CYTHICTh JAHUX YCHOT'O OIHCY.

3acTocyBaHHSI CHCTEMH CaMOCTIHHHMX KJacTepiB i
iX HEHTPIB y MOPIBHSHHI 31 CHIJIBHUM KIIACTEPHHUM IIO-
JAHHAM JUTS yCiel 0a3u €TaJOHIB Ja€ 3MOTY JeTaIbHille
anpOKCUMYBATH JIaHi, aje Ipu 3AiHCHEHH] KiIacudikaii
BUKJIMKA€E MOTPe0y J0NAaTKOBOIO BCTAHOBJICHHS BiJIO-
BiJTHOCTI IIEHTPIB KJacTepiB Ha MOPiBHIOBaHUX 300pa-
JKCHHSAX, IO MPU3BOAMTH 0 30UIBIICHHS Yacy 00po0-
JICHHSL.

Binpm npakTHyHUM 1 e(pEeKTUBHHM 13 BpaxyBaH-
HAM Jii 3aBajJi BUIVIAMAE 3aCTOCYBAaHHS KiachdpikaTopa
THITYy «IECKPHUITOP O0’€KTY — €TaloOH», TaK SK BiH HE
morpebye KiacTepu3allii JaHUX BXiJHOTO 300pakKeHHS.
3arnpoBa/keHHsI TIOPOTy IIPU BiJJHECEHHI 10 KIlacTepy
CHPHUATUME BiJICIIOBaHHIO XMOHUX €JIEMEHTIB OITHCY.

HaykoBy HOBH3HY JOCTIXKEHHS CKJalae po3poo-
JeHHsT epeKTUBHOr0 MeToay Kiacugikamii 300pakeHb
Ha OCHOBI BIPOBQ/DKCHHS CHUCTEMH HE3aJEHKHUX KIac-
TepiB st 6a3M €TaJoHIB, IO crpusie OLIbII morauoIe-
HOMY aHalli3y NaHWX OMKCIB. Meron peani3oBaHO y
BapiaHTax 3iCTABJIEHHs KJIACTEPHOT'O IMOJAHHS OIHCIB i
Ha MmijicTaBi aHami3y ronocyBanHs neckpunropis KT.

[IpakTiyHa 3HAYYIIICTE POOOTH MOJSTAE y MOOY-
JIOBI Mojenel kimacudikallii y HOBOCTBOPEHOMY IMPOC-
TOpl JaHWX, MiATBEPKEHHI IMpale3IaTHOCTI 3aIporo-
HOBaHHMX Monudikamiid oOpoOIIeHHs NaHWX Ha TPHKIIa-
ax 300pakeHb, PO3POOJICHHI MPOTPAMHUX MOJeIeH
JUTSL BIPOBADKCHHS OMMCAHMX METOMIB Kiacu(ikamii y
cHCTeMax KOMIT FOTEPHOTO 30DYy.

[NepcriexTvBU TOCHIDKEHHS TIOB’s13aHi 13 BIIPOBa-
JOKSHHSIM ONTHMAaJIbHUX METOJIB BCTAHOBJICHHS BiITO-
BITHOCTI KJIACTEPHUX LEHTPIB 0O0’€KTa Ta ETaJIOHIB,
BUBYEHHSIM MOJIENIEH J10JbOBOIO aHAi3y MOJaHHs Kila-
CIiB BCEpeAuHI KiacTepiB, a TaKOX BHKOPHCTaHHIM
JIOTiYHOr0 00poOIIeHHS 337151 OOpPOTHOM 13 3aBalaMH.
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Knaccndukanus uzodpakeHuii Ha 0CHOBaHHHY GOPMHPOBAHUS HE3aBHCHMOM CHCTEMBI KJIACTEPOB
B COCTaBe CTPYKTYPHBIX ONMCaHMii 0a3bl 3TAJI0HOB

B. A. T'opoxosatckuii, P. I1. [Tonomapenko

Annortanus. [Ipexmer uccienoBaHuii CTaThH — CTPYKTYPHBIE METOBI KJIAaCCH(UKAIIMU N300pakKeHUH B IPOCTPAHCT-
Be 00pa30B KaK MHOXKECTBA JJECKPUNTOPOB KIIIOUYEBBIX TOYEK /ISl PACIO3HABAHUS BU3YAIbHBIX O0BEKTOB B CUCTEMaX KOMIIb-
torepHoro 3penus. leas — cozganue 3¢ pexTHBHOr0 MeToaa KIacCu(UKaIlMy Ha OCHOBAaHUH BHEIPEHUSI CHCTEMBl HE3aBUCH-
MBIX KJIACTEpOB Ui 0a3bl 3TaJIOHOB. 3agaHusi: pa3paboTka Mozesnel KiaccHpUKalMy B MPOCTPAHCTBE 00pa3oB, aHAIM3 HX
BBIYMCIATENBHON 3 (QEeKTUBHOCTH, OIlEHKa Pe3yIbTaTHBHOCTH KJIACCH(UKAIMK CPEeACTBAMH IPOrPaMMHOT0 MOAEITHPOBAHHSI.
Metoast: nerexrop BRISK st popMupoBanus 1eckpuntopoB KIFOYEBBIX TOYEK, HHTEIUIEKTYaIbHBINA aHAJIN3 JaHHBIX, METOJ
k-cpeHux Ui KjacTepu3alMy JaHHBIX, IPOrPaMMHOE MoJeupoBanue. [1oaydeHsl Takiue pe3yIbTaThl: IPeII0KEeHbl MOJe-
JIM KJIACCH(UKAIIMN ONMCAaHUI 0OBEKTOB HA OCHOBE CHCTEMBI CAMOCTOSTEIBHBIX KJIACTEPOB U UX LIEHTPOB, KOTOPHIE YIIpoIIa-
10T 00pabOTKY JaHHBIX M MOBBIIIAIOT OBICTPOJCHCTBUE pean3aluy, IPOBEJCH CPAaBHUTEIHHbBIH aHaIH3 pa3paboTaHHBIX Me-
TOJOB ¢ M3BeCTHBIMU. OCyIecTBIIeHa IpOrpaMMHasl pealin3alysl BHEAPSHHBIX MOJieNel KiiacCu(UKaIiy, SKCIePUMEHTaIbEHO
MIPOBEIIEHO HCCIIeOBaHNe NX d(P(PEKTHUBHOCTH M OIEHKH BpeMeHH 00paboTku. BeiBoasl. HayuHas HOBH3HA McciieoBaHUS
COCTOUT B Pa3BUTHH METOAa KJacCH(pUKAIMK M300paKeHU HAa OCHOBE BHEJPEHHSI CUCTEMBI HE3aBHCHMBIX KJIACTEPOB JUIS
STAJOHHBIX OMHCAHUM, YTO CIIOCOOCTBYET YriyOJICHHOMY aHaIW3y JaHHBIX. MeTox peaqn30oBaH B MOAU(HUKALUIX COIOCTaB-
JICHUsI KJIIaCTEPHOr0 IPEJCTaBIeHHsI M HA OCHOBE KOHKYPEHTHOI'O aHalIM3a AeCKpUNTopoB onucaHus. Ilpakruyeckas 3Ha4yu-
MOCTB PabOTHI 3aKIII0YAETCS B TOCTPOSHUH MoJIeel KiIacCH(UKAIMU B CO3aHHOM HPOCTPAHCTBE JAHHBIX, IIOATBEPKICHUN
paboTocnocoOHOCTH TPeUT0KEHHBIX MOAN(UKANNI 00pabOTKU TaHHEIX, pa3paboTKe MPOrpaMMHBIX MOAEIEH ISl BHEAPEHHU S
METOJIOB B CUCTEMaX KOMIIBIOTEPHOI'O 3pEHHUSL.

KiaodeBble cI0Ba: KOMIBIOTEPHOE 3PEHUE; CTPYKTYPHOE PACIIO3HABAHUS H300PaKEHUH; NECKPHUITOP KIIOYEBBIX TO-
yek; nerekrop BRISK; kinacrepusarus; MeTon K-CpeiHHX; LIEHTP KiIacTepa; PesIeBaHTHOCTh OMMCAHU; NPOrpaMMHOE MOJIEITH-
poBanue; 6a3a n300pakeHHIL.

Classification of images based on the formation of independent cluster system
within the structural descriptions of etalon dataset

V. Gorokhovatskyi, R. Ponomarenko

Abstract. The subject of this article is the structural methods for image classification in the space of images as a set of
descriptors of key points for recognizing visual objects in computer vision systems. The goal is the creation of an effective clas-
sification method based on the embedding of a system of independent clusters for the etalon dataset. Task: the development of
classification models in the newly created space of images, analysis of their computational efficiency, the evaluation of classifi-
cation efficiency with software modeling. The methods are: BRISK detector for generating key point descriptors, data mining,
k-means method for data clustering, software modeling. The following results were obtained: models for classifying object
descriptions based on a system of independent clusters and their centers are proposed that simplify data processing and increase
implementation speed, a comparative analysis of the developed methods with known methods was performed. The software
implementation of the embedded classification models has been performed, an experiment to explore their effectiveness and
evaluate the processing time has been conducted. Conclusions. The contribution of the research is the development of an image
classification method based on the implementation of a system of independent clusters for reference descriptions, which contrib-
utes to an in-depth data analysis. The method has been implemented in modifications of cluster representation matching and
based on competitive analysis of descriptors. The practical importance of the work is the constructing of the classification
models in the created data space, confirming the efficiency of the proposed modifications to data processing, developing software
models for implementing methods in computer vision systems.

Keywords: computer vision; structural image recognition; key point descriptor; BRISK detector; clustering; k-means
method; cluster center; description relevance; software modeling; image database.
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METHOD OF IDENTIFICATION BOT PROFILES BASED
ON NEURAL NETWORKS IN RECOMMENDATION SYSTEMS

Abstract. The subject matter of the article is the process of increased the information security of recommendation
systems. The goal of this work is to develop a method of identification bot profiles in recommendation systems. In this
work, the basic models of information attacks by the profile-injection method on recommendation systems were
researched, the method of identification bot profiles in recommendation systems using the multilayer feedforward
neural network was developed and the experiments to test the quality of its work were conducted. The developed
method is to identify bot profiles that attempt to change item ratings in a recommendation system in order to increase
the occurrence frequency of target items in recommendation lists to all authentic users, or to certain segments of
authentic users. When removing bot profiles' data from the database of the recommendation system before generating
recommendation lists, the accuracy of the system and the correctness of recommendations are significantly increased,
and authentic users get protection from information attacks. Random, Average and Popular attacks were used to model
the attacks on a recommendation system. To identify bots, their ratings for system items were analyzed. The
experiments have shown that the neural network that analyzes only the numbers of different ratings in a profile, detects
bot profiles with high accuracy, that use Random attack regardless of the number of target items for each bot. At the
same time, the developed neural network can detect bots that use Average or Popular attacks only when they have
several target items. Also, the results of the experiments show that type I errors, when the system identifies authentic
users as bots, is very rarely appear in the developed method. To improve the accuracy of the neural network, there can
add to analysis also other data of user profiles, such as the timestamp of each rating and as segments of items, which
was rated.

Keywords: recommendation systems; information attacks; information security; Internet bots; neural networks; data

clustering.

Introduction

Recommendation systems that use feedback from
users, such as ratings, views, comments, etc., to create
recommendations are vulnerable to information attacks
aimed at changing ratings of certain items [1, 2].

The main type of information attacks on
recommendation systems is profile-injection attacks
[1-9], which are to create a network of bots to perform
concerted actions to change the ratings of target items.

In this work, a bot should be understood as a
program that automatically performs actions that mimic
user activity of a recommendation system and performs
target actions in parallel, in order to change ratings of
target objects and/or to collect statistics about authentic
users.

Bots should very accurately simulate actions of
authentic users of a recommendation system, otherwise,
they will be detected by the system, and their actions
will be neutralized. However, they will never have all
statistic data of authentic users without access to a
website at the administrator level, so they will not be
able to perfectly simulate the actions of authentic users.
Therefore, creators of such bots should seek the
compromise between the obscurity of bots and the
information amount that must be collected for an attack.
Attackers can collect information to attack in two ways:

1. Parsing HTML-text of open data on a website to
get user activity statistics (such as global average rating,
the occurrence frequency of different ratings, average
ratings of target items, lists of popular items in target
user segments, etc.).

2. Performing Probe attack [1], which consists of
creating bot profiles with characteristics of users from

target segments and collecting statistics about
preferences of such users based on recommendation
lists generated by a system for these bot profiles. These
methods can be used individually or together.

At the same time, a robust recommendation system
should work so that attackers' actions are so ineffective
that their results will not give incentives to continue
attacks and authentic users will continue to receive
relevant undistorted recommendations.

To protect recommendation systems from profile
injection attacks, can use the following steps:

1. Models of possible information attacks on a
specific recommendation system are created.

2. Methods of identification bot profiles on the
basis of created information attack models are being
developed. Typically, these methods are based on
data classification and clustering methods and allow
divide all profiles into two groups: authentic users
and bots.

3. The detected bot profiles are not taken into
account in the formation of recommendation lists, their
data (ratings, actions, etc.) are removed from the
database of a recommendation system.

The purpose of this work is to develop a method of
identifying bot profiles in recommendation systems to
prevent information attacks of item ratings' change. The
developed method is to identify the bot profiles that try
to change the ratings of items in the system so that to
change the appearing probability of target items in
recommendation lists.

Removing detected bot profiles from a
recommendation system database before calculating
recommendations will greatly increase its robustness to
information attacks.
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1. Models of information attacks
on recommendation systems

An information attack on a recommendation
system based on the profile injection method - is a
concerted effort by a bot network to put certain ratings
to some items in order to change their frequency of
appearance in recommendation lists for all or a specific
segment of users.

Attack on recommendation
consists of two steps:

1. Creating profiles of bots. Attacks that require
fewer bot profiles will be more simpler to attackers.

2. Filling in the bot profiles with ratings. To do
this, attackers need to collect some statistics from a
system. The more knowledge attackers have about the
distribution of ratings in a system, the more realistic bot
profiles they will create.

The bot profile model is shown in Fig. 1.

systems usually

The set of items Theset of items
that were rated for  that were goals for
filling profile bot, attack,
Kitling  —
| |
g | e | i | iea | e | im
ry M rt,l rt,m

Fig. 1. Model of bot profile

As can be seen from the figure, a bot profile
contains the following types of ratings:

— ratings of the set /;,, to simulate the actions of
real users, attackers try to choose values of these ratings
as closely as possible to true ratings for the target user
group, which they want to influence;

— ratings of the set /., for target items, this is
usually maximum ratings (or close to maximum) if an

The input layer

Number of ratings R,

Number of ratings R,

Number of ratings R,

attacker aims to raise the rating of target items, or
minimum ratings (or close to minimum) if the goal is to
lower the rating of target items.

In this work, we have modeled attacks on object
rating increase.

The most common models of attacks on
recommendation systems are the following — Random
attack,

Average attack and Popular attack [1-9]. Let's look
at these models of attacks in more detail.

Random attack. In bot profiles, the set /;,, will
be filled with random ratings for items selected at
random. Ratings are generated close to the global
average in a system. The target item will be rated a
maximum rating 7,.. To perform such an attack, one
only needs to know the global average rating in a
recommendation system.

Average attack. The set [, filled with random
items that get ratings close to their individual average
values of ratings in a system. For this attack, an
attacker needs to collect data about the average values
of all or some ratings in a system. This attack is more
inconspicuous than Random attack, bot profiles will be
very similar to a large number of user authentic
profiles.

Popular attack. The set ;. filled with popular
items that get ratings that are equal to their average
ratings in a system. Such strategy will lead to positive
correlations between bot profiles and authentic profiles.
Therefore, bot profiles will be extremely difficult to
detect.

These attack models were used to model the data
for bot profiles in this work.

2. The method of identification bot profiles
in recommendation systems

To identify bot profiles, the multilayer feedforward
neural network was developed (Fig. 2).

The output
layer

The probability that
a profile is authentic

The probability that
a profile is bot

Fig. 2. General architecture of the artificial neural network for identifying bots

As the input data for the artificial neural network
were selected the number of each different ratings in a

user profile. At the output, the neural network gives
probabilities that the profile belongs to an authentic
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user or bot. For the experiments, the data of authentic
users was taken from MovieLens Datasets [10], and
the data of bots was generated based on discussed
above models of information attacks on
recommendation systems.

The TensorFlow library [11] and the Python
programming language were used to implement the
neural network.

It was experimentally found that the balance
between accuracy and complexity of the neural
network can be achieved with the following
parameters, which are shown in table 1.

Table I — Parameters of the developed neural network

La- Number of | Number of inputs Activa-
Type tion
yer neurons on each neuron .
function
1 Input 100 10 Sigmoid
2 |Hidden 100 100 Sigmoid
3 Hidden 100 100 Sigmoid
4 | Output 2 100 Softmax

Because in MovieLens Datasets there are ten
variants of different ratings from 0.5 to 5, then there
should be 10 inputs in the neural network for this case.
It was decided to create 2 hidden layers in the neural
network.

The sigmoid activation function was used in the

and showing the probabilities that the profile is
authentic or bot.

The Adam algorithm [12] was used to train the
neural network, it is a modification of the stochastic
gradient descent algorithm, which has been widely
used in systems with deep learning.

Adam algorithm differs from the classic gradient
descent in that it calculates individual adaptive speeds
of descent for different neural network weights.

3. The experiment to test the efficiency
of the developed method

The series of experiments were conducted, the
results of which are given in Table 2. The designations
used in Table 2:

RA — Random attack,

AA — Average attack,

PA — Popular attack.

For each considered attack model, one training
data set and eight testing data set were created. Each
data sets contained 3000 users. In training data sets,
half of profiles were bots. In testing data set, bots were
between 5% and 30% of profiles.

Also, data sets for testing with different numbers
of targets for bots — with 1 and 10 target items were
created.

The identical neural networks, one for each
considered attack model, were created, each of which
was trained on the corresponding training data set and
tested on the corresponding testing data set.

input layer and hidden layers. The output layer In the table 2 shows the results of the
consists of 2 neurons with softmax activation function  experiments.
Table 2 — Test results of the developed method
g E Number of rl;lf‘;‘:;'s“zir Type E /:)srrors, Type IJA)errors, Preﬁ}:mn, ReocA)all, F s;())re,
.g 5 boo/ts, each bot,
e ° grand | RA | AA| PA|RA | AA| PA|RA|AA | PA|RA|AA| PA|RA| AA | PA
1 5 1 0.001]0.002{0.002]0.023{0.049(0.047/0.95 10.12 |0.25 |0.52 {0.006(0.006|0.67 [0.013]0.013
2 10 1 0.0006/0.001 {0.0006/0.036{0.099]0.099/0.98 10.25 {0.33 |0.63 |0.003{0.003]0.77 {0.006|0.006
3 20 1 0.002]0.001{0.002]0.080{0.199(0.197/0.98 10.28 |0.14 |0.59 {0.003|0.001|0.74 {0.006]|0.003
4 30 1 0.0006/0.002(0.002|0.116{0.297]0.296|0.99 0.25 {0.30 |0.61 |0.002{0.003]|0.75 {0.004|0.006
Mean values:|0.001/0.001(0.001{0.063]0.161/0.159]0.97 [0.22 ]0.25 (0.58 [0.003{0.003{0.73 ]0.007(0.007
5 5 10 0.002]0.001{0.0010.001{0.024|0.009{0.96 10.93 {0.97 [0.98 |0.50 [0.81 |0.97 [0.65 |0.88
6 10 10 0.001]0.001{0.002]|0.002{0.045|0.014|0.98 10.98 {0.96 [0.97 |0.55 [0.85 |0.98 [0.70 [0.90
7 20 10 0.001]0.001{0.001|0.005{0.047|0.013{0.99 10.99 {0.99 [0.97 |0.76 [0.93 |0.98 |0.86 [0.96
8 30 10 0.001]0.001{0.002|0.005{0.024|0.006{0.99 10.99 {0.99 [0.98 |0.92 [0.97 |0.98 [0.95 [0.98
Mean values:|0.001/0.001(0.001/0.003{0.035]0.010 |0.98 [0.97 10.97 [0.97 10.68 [0.89 [0.97 [0.79 [0.93

The following metrics to evaluate the quality of the
neural network work were selected:

1. Type I errors — "false alarm" when an authentic
user is identified as a bot.

2. Type II errors — "missed goal", when a bot is
identified as an authentic user.

3. Precision — the measure that characterizes how
many positive predictions of the neural network are
correct. It was calculated by the formula:

()

Precision= s
tp+ fp
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where tp — positive predictions from the neural network,
which turned out to be correct;

fp — positive predictions of the neural network,
which turned out to be wrong.

4. Recall (also known as Sensitivity) — the
measure that characterizes the ability of the neural
network to generate correct positive predictions. It was
calculated by the formula:

ip
p+fn’

recall =

)

where tp — positive predictions from the neural network,
which turned out to be correct;

fn — negative predictions from the neural network,
which turned out to be incorrect.

5. F-score — is the harmonic mean of the precision
and recall. It was calculated by the formula:

tprecision - recall

F=2. (3)

tprecision+recall

As the experiments showed, the developed neural

network can quite accurately identify bots, which use

Random attack, regardless of the number of their targets,
with an average precision of 0.97.

But it does have significant problems identify bots
that use Average and Popular attacks.

The neural network can only identify such bots if
they have several goals.

Also, the results of the experiments show that type I
errors (when the system identifies authentic users as bots)
is very rarely appear in the developed method.

Conclusions

The method of identification bot profiles in
recommendation systems based on the multilayer
feedforward neural network was developed. The
experiments have been testing the efficiency of the
developed method.

The results of the experiment showed that the
easiest task is to identify bots which implement Random
attack, they can be detected even if bots have one target
item. It is much more difficult task to detect Average and
Popular attacks.

With such types of attacks, the developed method
can only detect bots that have several target items.

To improve the accuracy of the neural network,
there can add to analysis also other data of user profiles,
such as the timestamp of each rating and as segments
(clusters) of items, which was rated.
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Merton inenTudikanii npodinis 6oriB
HA OCHOBI HEHPOHHHMX MepeK y PeKOMEeHAAIiiHNX cHCcTeMax
€. B. Meneuiko, O. M. Jlpees, I'. M. [IpeeBa

AnoTtanisi. O6’ekToM oCiipKeHHS 1i€i poOOTH € mpoliec ImiABUIICHHs iH(opMaIiiiHOT Oe3neKn peKoMeHaai HHIX
cucreM. Metoro pobotu € po3pobka meroay ineHTHikamii akayHTiB OOTIB y peKOMeHIaliiiHii cucreMi. Y miil poboTi
Oys10 pO3TIISTHYTO OCHOBHI Mojeusi iHpopmauiiHUX aTak iH’ekuiero npodiyiiB Ha peKOMEHIALilHI CHCTEMH, PO3pOOICHO
MeTo] ineHTH(diKamil npodinaiB O0TIB y peKoMeHJaliiHUX CHCTEMax 3a JOIOMOrol OararomapoBoi HEHPOHHOI Mepexi
IPAMOr0 MOIIMPEHHS Ta MPOBEJICHI eKCIIEPUMEHTH Ul NepeBipKu sKocTi Horo podoru. Po3pobnenuit Meron moissrae y
BUABJIEHI mpodiniB OOTIB, AKi HaMararTbcsi 3MIHMTH pPEHTHHrH 00’€KTiB Yy pPEKOMEHJALilHii cucremi 3 MeETOo
I IBUIIEHHS MTOTPAIUISIHHS LIJILOBUX 00’ €KTIB IO CIIMCKIB PEKOMEHAALIH yCiM aBTEHTHYHHM KOpPHCTyBadaM, abo MEBHUM
CerMeHTaM aBTCHTHYHMX KOPUCTYBadiB. BuirydeHHs BUsABIEHUX mpodisiB O0TiB 3 6a3u JaHUX PEeKOMEHIALIHHOI CHCTEMHU
nepen o0YHMCICHHSIM PEKOMEHJAIiil 3HaYHO MiJBUIIYE TOYHICTH II pOOOTH Ta JOCTOBIPHICTh PEKOMEHJAIH, a TaKOX
3axMIlae KOPUCTYBAyiB CUCTEMH BiJ iHopMauiiiHux aTtak. {Js1 MOJEIJIIOBAaHHSA aTaKd Ha PEKOMEHAAaLiiHy cucreMy Oyio
BHUKODHCTAHO BUIIAJKOBY, CEPEIHIO Ta NOMyIspHY aTaku. s po3mi3HaBaHHs OOTIB aHai3yBajMcs OLIHKH, SKI BOHHU
BUCTABIISUIN 00’ €KTaM cucTeMU. SIK mokasaiu IpoBe/ieHI eKCIIEPUMEHTH, HEHPOHHA MepeKa, 110 aHaJi3ye JINIIe KUIbKICTh
PI3HUX OLIHOK Yy mpodini, 3 BHCOKOI TOYHICTIO BHABIsAE€ npodini OOTIiB, AKi BUKOPUCTOBYIOTH BHUIIAJKOBY aTaKy
HE3aJIS)KHO BiJ] KUIBKOCTI HiIJILOBHX 00’€KTIB y KOXHOTO OoTy. B Toli ke wac po3poOieHa HeilpoHHa Mepeka MOoXKe
BUABJIAITU OOTIB, 110 BUKOPUCTOBYIOTh CEPEAHIO Ta HMOMYISAPHY aTaky, TUIBKM TOXi, KOJIM BOHM MalOTh JAEKiNbKa LiJICH.
Takox 3 pe3yabTaTiB €KCIEPHUMEHTIB BUJHO, 110 Y PO3pPOOICHOMY METOl JOCHTh PiJJKO BUHHKAIOTh MOMHJIKH IEPLIOrO
poay — KOJIM cucTeMa ileHTH(iKye 3BUUYaHHUX KOpPHUCTYBauiB sK OOTiB. [l MiJBHMIIEHHS TOYHOCTI pOOOTH HEHPOHHOI
Mepexi, MOXKHa BPaxOBYBaTH # iHIII mapameTpH NpodisliB KOPUCTYBayiB, 30KpeMa, 4ac BUCTABICHHS KOXHOI OIiHKH, a
TaKOX Te, 10 SIKUX CETMEHTIB BiJHOCATHCS OLiHEHi y Mpodisi 00’ eKTH.

Kar4dosi croBa: pexoMenzauiiini cucremy; iHpopMalliiiHi ataky; iHpopmaniiiHa 6e3nieka; [HTepHeT-00TH; HEHPOHHI
Mepexi; KilacTepHu3alis JaHuX.

Meron upenTudnkannn npoduJeii 60ToB
HA OCHOBE HEHPOHHBIX CeTell B PeKOMEHAATeIbHBIX CHCTEMAaX

E. B. Meneuxo, A. H. Jlpees, A. H. [IpeeBa

AHHoTanusi. OOBEKTOM HCCIEIOBaHUs JaHHOI paboThl sBISETCA IPOLECC IOBBILICHUA HHPOPMAIMOHHON
6e30IaCHOCTH PeKOMEeHAATeIbHbIX cucTeM. llenbto paboThl sBiseTcs pa3paboTka MeTOAa HMICHTHU(MKAIMKM aKKayHTOB
60TOB B PEKOMEHIATENbHOH cucreme. B naHHOI pabore ObLIM PaccMOTpPEHbl OCHOBHBIE MOAENIHM MH(OPMALMOHHBIX aTak
UHBEKIMeH mnpoduineil Ha peKoMeHJaTelbHble CHCTeMbl, pa3paboTaH MeroJ uaeHTHu(duKauuum npoduieid 00ToB B
PEKOMEHIATENbHBIX CUCTEMaxX C IIOMOIIBI0 MHOTOCIOHMHONW HEHPOHHOH CeTH NpPSIMOro PaclIpOCTPAHEHHUS U HPOBEICHBI
9KCIIEPUMEHTBI JUIsl IPOBEPKU KadyecTBa ero paboTsl. Pa3paboraHHbIi METOA 3aKiI04acTcs B BhISABICHUU npoduieit 60ToB,
KOTOpbIE€ MbITAIOTCS W3MEHHUTb PEHTHHI'M OOBEKTOB B PEKOMEHJIATEIBHOH CHUCTEME C IIeJIbI0 IIOBBIMICHUS I0NAaJaHUSL
LIEJICBBIX OOBEKTOB B CIIMCKH PEKOMEHJALMH BCEM ayTEHTUYHBIM IOJIB30BATENAM WIIM ONPEAEICHHBIM CErMeHTaM
ayTeHTHYHBIX II0JIb30BaTeliei. V3bsATue BbIsABIEHHBIX npodmieil 00ToB U3 0a3bl JaHHBIX PEKOMEHIATEIBHOH CHCTEMBI
nepesl BBIYUCICHUEM PEKOMEHJALUIl 3HAYUTENIbHO MOBBIIIAET TOYHOCTh €€ padoThl M JOCTOBEPHOCTh PEKOMEHJIALMH, a
TaKXKe 3aIIMIIACT [10JIb30BaTEICH CHCTEMbl OT MHPOPMAIIMOHHBIX aTak. [l MOIENIUPOBaHUS aTaKU HA PEKOMEH/ATEIbHYIO
cucreMy ObLUIO MCHONB30BAHO CIYYaiHY0, CPEJIHIOO U IOINYISAPHYIO aTaku. J[ist pacrio3HaBaHus 60TOB aHAJIU3HPOBAINCH
OLIEHKH, KOTOpBIC OHM BBICTABJISUIM O00BEKTaM cHCTeMbl. Kak Ioka3anu NnpoBeieHHbIE HKCICPUMEHTHI, HEHPOHHAs CETb,
KOTOpasi aHaJIU3UPYET TOJIBKO KOJMYECTBO PA3JIUYHBIX OLIEHOK B MpoduiIe H0Ib30BaTeNs, C BBICOKOH TOUYHOCTBIO BBIABIISIET
poduiu 60TOB, KOTOPbIE UCIIOIB3YIOT CIy4alHYIO aTaKy He3aBUCHMO OT KOJIMYECTBA 1IeJIEBbIX 00BEKTOB Y KaXKI0ro 6ora.
B T0 xe Bpems pa3paboTaHa HEHpOHHas CeTb MOXET OOHApyXHBAaTh OOTOB, MCIOJIB3YIOLIMX CPEIHION W IOMYJISAPHYIO
aTaKy, TOJIBKO TOr[a, KOTrJa OHM HMEIOT HECKOJbKO mesled. Taike MO pe3yiabTaraM 3KCHEPUMEHTOB BHJIHO, 4YTO B
pa3pabOTaHHOM METO/Ie OY€Hb PEJKO BO3HUKAIOT OMMOKH HEPBOro poja — KOrja CUCTeMa UACHTUQHUUUPYET OOBIUHBIX
nonb30BaTesnei kak 60ToB. [y MOBBILICHUS] TOYHOCTH PaOOThl HEHPOHHOM CeTH, MOJKHO YYUTBIBATh U JAPYTUE MAPAMETPBI
npoduieil monp3oBarenei, B YaCTHOCTH, BPeMsI BHICTABICHUH KaXJIOH OLCHKH, a TAKXKe TO, K KAKUM CerMEHTaM OTHOCATCS
OLICHEHHbIE B NIPOQHIEe 0OBEKTHI.

KawoueBble cJioBa: PEKOMEHAATEIIBHBIE CUCTEMBI; I/IHq)OpMaLII/IOHHBIe aTaKu, I/IHq)OpMaLII/IOHHaH 6630HaCHOCTL;
I/IHTepHe’T -6OTI>I; HeﬁpOHHBIe CEeTH; KJIacTepu3alus JaHHbIX.
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MODELING OF OBSERVATION IN THE MOUNTAIN TERRAIN DEPENDING
ON NUMBER OF SUPERVISORY SYSTEMS

Abstract. The various types of electron-optical supervisory systems (SCS) have been used in the border stations of
border zones in the Armed Forces of many countries. The mission of these SCS is to supervise the possible activities of
smugglers, the illegal movement of enemy troops, the technics and weapon systems, the frontier intruders. In the paper,
there has been offered a method which, on the basis of the developed mathematical model and Geography Information
System technology, allows modeling of observation in mountain terrain depending on the number and location of SCS. The
developed software module allows: 1) to generate the investigated terrain based on Digital Terrain Elevation Data file, 2) to
input the possible observation points and the controlled zone via an interface, 3) to simulate and visualize the observed
areas for both single and group observation devices located in the possible observation points. The developed method had
been applied to one of the selected terrains of the Azerbaijan Republic and demonstrated efficiency of the offered method.
Based on the developed model and GIS technology the visual modeling in mountain terrain depending on a number and a

location of the SCS has been carried out.

Keywords: modelling; observation; mathematical model; supervisory system; software module.

Introduction

The various types of electron-optical supervisory
control systems (SCS) have been used in the border
stations of border zones or/and in the Armed Forces of
many advanced countries. The mission of these SCS is
to supervise day and night the possible activities of
smugglers, the illegal movement of enemy troops,
technics and weapon systems, frontier intruders with
high precision a great and middle distance [1,2,3].

With the goal of optimal SCS deployment in
mountain terrain by using the digital altitude model of
terrain the views held analysis is possible to carry out
[4]. This views held analysis helps to select optimal
points (posts) on the terrain. The SCS optimal
deployment in mountain terrain makes the possibility to
use rationally SCS number because SCS has very much
costs. Using the rationally SCS number we can reduce
the necessity of the specialist number. Also, it
accelerates the commander’s correct decision making.
The correct SCS deployment makes possibilities to take
into account during monitoring such dead zones as
runways or ravines. The correct SCS’s posts selection
increases the visible areas and, at the same time,
decreases invisible areas. The correct post’s points and
rational number deployment help to observe and to
detect many targets and movements on the terrain. Also,
it helps us to reveal and to prevent enemy subversive
actions.

Taking into account above, in [5—7] papers the
mathematical model of the rational deployment of
technical observing systems in mountainous terrain has
been developed and offered. The determination method
of visibility level between selected terrain points has
been developed. The assessment criterion of rationally
deployment and the algorithm of the fast solution have

been offered. For task solution the below method has
been offered:

1) it is offered a net of terrain, the net point
junctions are heights of the terrain;

2) it is adopted that around of each height all
point junctions are a SCS deployment set;

3) we determine the visible and invisible point’s
sets for each selected SCS deployment point;

From the set of the deployment point junctions, the
deployment points were selected for minimal SCS
number determined maximum visible zones.

In the presented paper, the task of development of
the software module has been formulated and solved on
the basis of the developed mathematical model and
Geography Information System technology. The
developed software module allows:

- to generate investigated terrain based on Digital
Terrain Elevation Data (DTED) file;

- to input the possible observation points and the
controlled zone via the interface;

- to simulate and visualize observed areas for both
single and group observation devices located in possible
observation points.

Methods. Mathematical model of deployment
of the electroptical supervisory systems

Early, the mathematical model of the rational
deployment of electron-optical SCS in mountain terrain
has been developed and offered [5,6,7]. The
determination method of visibility level between
selected terrain points has been developed. The
assessment criterion of rationally deployment and the
algorithm of the fast solution have been offered.

The optimal deployment of SCS on terrain is one
of the important tasks of military reconnaissance. Such
a task has its own specific character and can be solved
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by the application of appropriate mathematical methods.
The specific character of such tasks is that the necessity
for continuing surveillance and control objects can be
located in specific zones of terrain (for example, in
canyons, along with rivers, etc.). Accessible places of
SCS set are situated on some distance from these zones.
The number of SCS is limited, therefore, it is impossible
to distribute theirs on all set points. Therefore, it is
necessary to select such SCS set points that the zone
observation range would be the largest.

In the paper, the task of optimal SCS deployment
in mountain terrain has been considered by using the
digital altitude model and knots of the regular net of
terrain. Neighbor’s points are connected by straight
lines, and as a result, the 3D digital vector model of
relief of the terrain is generated. These segments are
called relief lines and their projections on the side plane
are called edges.

Let the searching terrain’s zones are known and
connected to knots. Let us consider that the possible
knots of SCS installation are marked. It is obvious, in
the range of each observation place the most suitable
observation point can be selected. For example, if the
observation of the nearest lowland is a priority then the
observation point can be placed nearer to observed
points. However, if the observation of far lowland is
priority then the observation point can be placed at the
highest point, etc. Therefore, we can adopt that the
observation set of points is grouped around of N
separate high-altitude knots. Let them are called initial
knots. In real conditions usually N < 10.

It is required to deploy n (n <N) SCS on the
terrain that they would provide the maximum
observation zone. Not intersection the line segment
connecting A and B points on the relief plane is
condition of visibility B point from A point. That is if
AB segment is placed above all incidental edges then B
point is seen from A point.

The next method to solution this task is offered:

o Development of ¢ procedure for each other
visibility checkup of two given knots;

e By application of ¢ procedure for each 4 knot
from the set of possible SCS deployment places to
determine the set of visible and invisible points in the
range of technics possibilities of SCS;

e Assessment of visibility level of zone and
determination of the most suitable SCS deployment in
the set of initial knots;

e Improvement of the computed solution by
variation of knots in the range of group.

Let denote the set of points of under obligatory
observation terrain zones by V;,. As stated above, the
observation set of points will be grouped around
separate altitude knots of 4,, (m=1,2,...,N), which are
taken as initial knots. Let V,, are set of knots, which can
be observed from A4,, knot in the case of ideal flat relief,
the ranges of which only are depended on technical
characteristics of observation devices. By use @
procedure for each initial knot of A4, we will get
U, cV, sets. As the assessment criterion of zone

observation range for the task of SCS deployment such

a way that to embrace the widest zone observation, we
can take a following:

S(my,my,...,m,) = mes(VO \UZ=1U”% ) — min .

Thus, first of all, by application of ¢ procedure all
sets included in functional are described. Then, by the

method of my,m,,...,m, exhaustion, J is calculated and
the most suitable is determined. Further, by varying
knots in the range of my,m,,...,m, groups we can

improve the obtained solution.

It is obvious, that from the point of view of
mathematics it is possible to prove that in common case
such an algorithm not leads to an optimal solution.
However, in practice such a solution is satisfactory.
Therefore, this solution is called rationally.

Experiments

One area in the mountain terrain of the Azerbaijan
Republic was taken as an investigated zone. The
mountain terrain is higher than the surrounding zones.
The absolute height of such areas is more than 500 m.
The mountain terrain has a complex and diverse colored
relief, a characteristic nature. The mountains, steep
slopes of the mountain chain and narrow canyons are
the main relief forms of this area. The characteristic
features of mountain terrain are input-output and
difficult relief, the poor road network and few
settlements, varying level and rapid flow rivers,
diversity of climate, stone land. The mountainous
terrain is closed and split area.

The combat operations in mountain terrain demand
especial combat training, a detailed and maximum
precise evaluation of the condition. The level of cross-
country ability of mountain roads is depended on the
season. In winter the roads are covered by snow and ice.
The difficult relief of mountain area leads to form the
unobservable zones. It makes a worse condition for
observation and fire, but it provides conditions for
security deployment and movement of troops,
fortification construction, masking and easing antitank
defense. Depending on the absolute height the mountain
terrains are low (500+1000 m), medium (10002000 m)
and high (> 2000 m).

For investigations, the topographic maps with
1:50000 scale had been used. First of all, by using of
ESRI company ArcGIS program package and Global
Mapper software [8,9] the DTED [10] format of terrain
has been obtained. Then, for the purpose of
investigation of observation conditions of terrain, the
program module has been developed in Delphi package.
Purposely construction of the model and algorithms
testing, there had been had below:

- the investigated zone had 5.5 km x 5.5 km area;

- WGS84 coordinate system was taken [11, 12];

- in the investigated zone (X, y, h) coordinates of
21 483 points were measured,;

- the distance between knots of regular graticule of
the (%, y) coordinate was 115 m;

- the maximum height was 1730 m, the minimum
height was 920 m.
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Results and discusions

The models of terrain have been made at three
steps: data obtaining, developing and models making.
At the step of data obtaining, for the purpose of the
showing possibility of the topography surface with any
precision, the local topographic contours on the
topographic maps of the investigated area have been
digitized in ArcGIS 10.4 program software of ESRI
company (Fig. 1).

Fig. 1. Digitized topographic contours

The height difference between the topographic
contours is 10 m. Then, by using ArcGIS 10.4 program
software on the topographic contours at every 50 m one
point had been indicated. As a result of this, 21 483
points had been obtained. The values of rectangular
(x,y) coordinates of obtained points had been calculated.

One of the tasks of observation system
organization on the terrain is an optimal number of
observation devices and the correct choice of their
deployment. As it was indicated above, in [7] the
mathematical model for determination the visible zone
of terrain from the given point based on the relief map
in DTED format was offered [10,13]. DTED file is the
value of heights of terrain relief and is set in the knots of
the regular rectangular graticule. Such a format is
suitable for visualization on the computer screen by
using various software. For instance, the generated
shape of the above-indicated area of terrain (see fig. 1)
by Excel program is presented in Fig. 2.

Fig. 2. Investigated area heights classification. Visualization
terrain by Excel program

However, it should be noted that in such kind
realization of the offered model demands many
computational resources in the case of numerous data
value. On the other side, the percentage evaluation of
the area of observation zone by supervisory devices
towards all controlled zone formulated in [7], it is not an
adequate extent of task solution. Due to security, it is

conditional on demand of the view of some “continuous
line” along the whole length of the observation zone.
So, the sufficient reasons are raised for the development
of the software module, which allows the commander to
calculate a view zone both for single observation’s
device allocated in the suitable observation point and for
the group of devices. At this time, the commander
chooses more suitable versions.

So, the task of development of such a software
module have been postulated for:

- generation investigated zones on the basis of
DTED data file;

- input the possible observation points and
controlled zone via the interface;

- visualization view zone both for the single and
for group (one, two, etc.) observation devices allocated
in the suitable observation points.

By using this software module, the commander
can choose more suitable versions for the allocation task
solution. Such a software module had been developed
with the above-indicated characteristics. The functional
block-chart is presented in fig. 3.

—

Input control
zone

Input DTED data

Terrain relief
visualization

Input possible
observation
points

!

Choice of
calculation mode

Fig. 3. A software module block-chart

Calculation and!
visualization of
results

Using this software module, the relief map of the
terrain, shown in Fig. 1 and 2, is presented in Fig. 4. In
accordance with the indicated size of terrain, the relief is
presented by 45x45 squares painted by colors of the
middle height. There are six colors in these figures, each
of them include the alternate fields with height
difference of 135 m. It is obvious, in depending on
necessary precision, other parameters of detailing relief
can be chosen.

The simulation program had been written on the
Turbo-Pascal programming language in the Delphi
package. Let us demonstrate the operation of a software
module of the developed program. The electron-optical
supervisory systems (devices) were put in points 1 and 2
(Fig. 5). There have been carried out the investigation
and analyzing of the calculated visible zones (blue

31



Advanced Information Systems. 2020. Vol. 4, No. 2

ISSN 2522-9052

color) from the view of selected point 1, from point 2
and from jointly 1 and 2 (Fig. 5). There is the more dark

- the areas of visible zones are differed depending
on the selection of viewpoint;

color the higher mountain terrain in Fig. 5. - the higher mountain terrain does not create a
possibility of more area of the visible zone;

- even simulate observation from two selected
viewpoints, then there is an invisible strip area on the
terrain.

- if there are several viewpoints (electron-optical
supervisory systems), there is some area of the invisible
zone.

So, it can be concluded that when even the several
electron-optical supervisory systems are used, then in all
of the same cases there is an invisible zone, where the
enemy can cross the border (frontier). In this case, there
appear to be sufficient reasons for the use of Unmanned
Aerial Vehicle for controlling (monitoring) invisible
zones.

Conclusions

Thus, by analysis of obtained results, the next
conclusions can be made:

- based on the developed model and GIS
technology there has been carried out visual modeling in
mountain terrain depending on a number and a location
of the electron-optical supervisory systems;

- the developed software module allows visually
analyze of developed mountain terrain and find the
hidden zones from viewpoints;

Fig. 4. A relief map of terrain

From an analysis of simulated images on Fig. 5 (a,
b, ¢), it can be concluded that:
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Fig. 5. Visible zones (blue color) from the view of point 1 (a), from point 2 (b) and from jointly points 1 and 2 (c) — crosses;
Tthe black strip in fig. 5, ¢ is invisible zone

- the developed method allows efficiently to
investigate the dependence of hidden zones area on a
number and a location points of the electron-optical
supervisory systems;

- by using the given method it can be to determine
exactly a minimum number of electron-optical devices
that to carry out observation for maximum area zones
for given mountain terrain.
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Mone/0oBaHHA OIJISIAY B TipebKiil MiclIeBOCTI B 32J1esKHOCTI Bi/l KIJIBKOCTI cCHCTeM CIIOCTepesKeHHs
A. A. Baiipamos, E. H. Ca03ies, 5. A. Haci6os

AnoTaunin. Pi3Hi Buau enexrponHo-ontuuHux cucteM (EOC) BukopucToBYrOThECS 30poitHumu CuiiaMu B IPUKOPIOHHUAX
30Hax pi3HUX KpaiH. [Ipm3HadeHHs mux EOC monsrae B CHOCTEPE)KEHHI 32 MOXKJIMBOK AKTHBHICTIO KOHTPaOaHIWCTIB,
HEJICTAJIbHUMHU TICPECYBaHHAMHU BIMChK, TEXHIKM 1 CHCTEM O30pO€HHS TPOTHBHUKA, MOPYIIHHKIB KOPIOHY. Y CTaTTi
MIPOIIOHYETBCS METOJ, KWl Ha OCHOBI MaTeMaTHYHOrO MoJeiroBaHHs 1 TexHounoril ['eorpadiunoi IHpopmamniiiHoi Cucremu
JIO3BOJISIE MOJICITFOBATH OIJISIJT CIIOCTEPEIKEHHS B TPChKil MICIIEBOCTI B 3aJIS)KHOCTI BiJ| KiJIbKOCTI Ta Micis postamryBanus EOC.
Po3pobiienuit mporpaMHuii MOAYJb A03BOJISIE: 1) reHepyBaTH JOCTIIKYyBaHy IUISHKY Ha ocHoBI Digital Terrain Elevation Data
file, 2) BBOOMTH depe3 iHTepdec MOXKIMBI TOYKM OIJISAY I KOHTPOJBOBAHY 30HY, 3) CHMYNIOBATH 1 iMiTyBaTH 00JacTi
CIIOCTEPEIKEHHS Il OJWHOYHUX 1 TPYIOBUX IPHUCTPOIB CIIOCTEPEKEHHS, PO3MIIIEHHX B MOXIIMBHX TOYKAX CIIOCTEPEKCHHS.
Po3pobiienuii MeTox 3acTocoBaHM Ha 0OpaHiii MmicieBocti AsepOaiikaHcbkol PecriyOmiku 1 mokazaB e(peKTHBHICTh JaHOIO
merony. Ha ocHoBi po3pobienoi moxeni i texnonorii I'IC npoBeieHo BizyaldbHe MOZIENIOBAHHSA B TipCbKiil MicueBocTi B
3aJIeKHOCTI BiJ] KUIbKOCTI Ta postamryBanus EOC.

Kaw4doBi caoBa: MOZCIIOBAaHHA; CIIOCTEPEIKCHHSA; MaTEMAaTUYHA MO/IC]Ib; CUCTEMA CIIOCTEPEIKCHHS, l'IpOl"paMHPII’I MOZIYJIb.

MopneaupoBanue 0030pa B TOPHOH MECTHOCTH B 3aBHCHMOCTH OT YMCJIa CUCTEM HAO/II0ieHUsI
A. A. Baiipamos, O. H. Ca63ues, f. A. Hacu6os

AHHoTanusi. Paznuunbie BHIBI 3nekTpoHHO-onTHYeCKHX cucTeM (DOC) mcnonb3yrores BoopyxkeHnHbiMu CHiaMu B
MOrPaHNUYHBIX 30HaX Pa3iM4HbIX cTpaH. [IpenHazHauenue aTux D0C 3aKiro4aeTcs B HAOIIOAECHUH 33 BO3MOXHON aKTHBHOCTBIO
KOHTPaOaHMCTOB, HEJICTAJIBHBIMHM IEPEIBIKCHUAMU BOICK, TEXHHUKM U CHUCTEM BOOPY)XEHHUs INPOTHBHMKA, HapyIIUTeNeH
rpaHuipl. B cratee mnpepmaraeTcss MeETOZA, KOTOPBIM HAa OCHOBE MAaTEMaTH4eCKOrO MOJAENHMPOBAHHMS W TEXHOJIOTUH
I'eorpaduueckoit MudopmarmonHoii CucreMbl HO3BOISAET MOIENIUPOBATH 0030p HAOIMIOAEHHMS B TOPHOM MECTHOCTH B
3aBHCHMOCTH OT uucia u Mecra pacrnonoxenus JOC. PazpaboranHbIil IPOrpaMMHBIA MOIY/b 1103BOJSET: 1) reHepHpoBaTh
uccienyeMblii yuactok Ha ocHose Digital Terrain Elevation Data file, 2) BBoguTs uepe3 unTepdeiic BO3MOXKHbIE TOUKH 0030pa 1
KOHTPOJIMUPYEMYIO 30HY, 3) CUMY/IUPOBATh U MMUTHUPOBATh 00JAaCTH HAOIIONEHMS ISl OAMHOYHBIX M I'PYIIOBBIX YCTPOHCTB
HaOIIOCHUs, Pa3MEIIEHHBIX B BOSMOXKHBIX TOUKaxX HaOmozeHus. Pa3paboraHHblil MEeTO IPUMEHEH Ha BBIOPAHHOH MECTHOCTH
Asepbaiiipkanckoit PecriyOnuku u nokasan a¢dexTuBHOCTh JaHHOr0 Meroza. Ha ocHoBe pa3paboTaHHON MOJENIN U TEXHOIOTUH
I'NC npoBeneHO BU3yanbHOE MOAEIMPOBAHHE B TOPHOH MECTHOCTH B 3aBUCHMOCTH OT uHcia H pacronoxenus J0C.

KawueBbie ciioBa: MOJIenMpoOBaHUE; HAONIONEHNE; MaTeMaTHIeCcKasi MOJIENb; CUCTeMa HaOIOACHNMS; IIPOrPaMMHBII
MOJYJb.
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MATHEMATICAL MODELS OF THE FAILURE FLOW
OF THE AIRCRAFT ELECTRONIC SYSTEM COMPONENTS

Abstract. The subject of the article is the process of functioning of the modern aircraft electronic system, its
components and functional units as an object of mathematical model. The purpose is to analyze an existing mathematical
apparatus, which is used to calculate the failure flow of the plane radio-electronic system and opportunities for its
improvement. Tasks: to build mathematical models of the failure flow of components, functional units and the plane radio-
electronic system as a whole with an unlimited number of recoveries with different depth of resource recovery. The
analyzed methods are: parametric methods and probabilistic methods for assessment failureless. The results obtained:
mathematical models of the failure flow of the circuit positions of the aircraft electronic system were developed.
Conclusions. A generalization of the well-known mathematical models of the failure flow with an unlimited number of
minimum restorations of finite duration is obtained as a result of consideration of mathematical models of the failure flow of
the circuit positions of the plane radio-electronic system.

Keywords: residual resource, airplane; mathematical model; failure flow; aircraft electronic system; technical condition;

circuit position.

Introduction

Formulation of the problem in general. Scientific
and technological progress has led to the improvement of
the element base, a significant change in the nature of the
operation and maintenance of the modern aircraft
electronic systems (AES).

Microelectronic components are the basis of modern
avionics. Digital technologies with a high degree of
integration make it difficult to use the existing scientific
and methodological apparatus for assessing AES failures.
The reason for this is the production of rough and
overvalued forecasts of the failureless of the aircraft
electronic system. These facts necessitate a critical
analysis of well-known models for assessing failures and
calculating the indicators of the residual resource of
aircraft electronic system and its components.

The purpose of the analysis is to assess the residual
resource and to extend the assigned time life while
maintaining appropriate performance indicators [1].

Analysis of the References. Currently, the
introduction of modern element base into radio-electronic
equipment is not fully taken into account [2—6].

The widespread use of microelectronic
components leads to dramatic changes in the failure
flow in electronic systems.

Known mathematical models for assessing the
reliability and failureless do not allow to obtain
adequate results [5-12].

Accordingly, it is necessary to improve the
existing scientific and methodological apparatus used to
simulate the failure flow (failureless) of circuit positions
(components, functional units and systems) of the
aircraft radio-electronic system.

The aim of the article is to develop mathematical
models of the failure flow of the circuit positions of the

plane radio-electronic system.

Main part

Mathematical models of the failure flow of the
aircraft's AES components with an unlimited
number of recoveries of different depths. In the
general case, in the restored object, the replacement of
the failed element is made by serviceable elements that
have lost a certain technical resource. The literature [13]
shows the relationship between the failure flow
parameter and the distribution density of the time
between failures for the case of an unlimited number of
full recoveries. The failure flow parameter with an
unlimited number of full recoveries is most fully
investigated in the monograph [14]. In [15], the
dependence of the failure flow parameter on the density
of the distribution of the time between failures with an
unlimited number of minimum recoveries was obtained.
For this case, it has been shown analytically and
experimentally confirmed that the failure flow
parameter coincides with the failure intensity [16]. In
the case of complete recoveries, the integral equation
obtained in [8] follows from the integral equation
obtained in [14]. Naturally, both assumptions about the
state of replacement elements before they are used are
extreme. They can serve to find the lower and upper
bounds on the reliability estimates of elements and
systems. For long-term operation, these boundaries are
quite wide and, therefore, the accuracy of calculating
reliability indicators is low.

Following [16], we obtain an expression for the
failure flow parameter when replacement elements have
spent a certain technical resource.

Let the elements of certain circuit positions (main)
are in the mode ¢ ; replacement elements (spare) are in
the mode ¢, Then the conditional probability of
failure-free operation of the replaced (restored) element
during the time ¢—1 in the mode &, provided that the
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element is in the mode ¢ ? for replacement and has not

failed for the time 1, can be written as:

P, =(t—r s/ra )=

1
—P t—r+x /P M

where x(t) is the operating time of the element in the

mode &, equivalent to its operating time T in the mode
€ps provided that the resources they spent in these

modes are the same (or x(r) is the value of the spent

resource of the element in the mode ¢).

Relation (1) is correct if the failureless of the
replacement elements after setting them in the mode €
does not depend on how the resource was spent, but
depends only on the amount of the spent resource in the
past. Physically, this means that in the materials of the
elements there were no qualitative changes in the
properties when working in the modes ¢ and ¢,

Note that the value x(t) can be found from the

condition of equal resources in accordance with the
Sedyakin principle (or other principles known in the
scientific and technical literature)

x(1) .
j A(z,€)dz =jk(z,8p)dz
0 0

We find the conditional distribution density of the
operating time of the element to failure, taking the
derivative according to ¢ the expression (1):

( s/rs ) —1,+x( /P . ()

Then, substltutmg the found distribution den51ty in
the Volterra equation, we obtain:

¢
f(t—r+x(r),8)
o(r) = f(te)+ [P
'([ P(x(r),s)
We now consider individual cases that follow from (3).

1. A case of complete recovery, that is, the
replacement of failed elements is carried out by new

ones. Then x(1)=0; P(x(r),a)zl, and from (3)

follows the well-known formula:

o(t)dt. ()

®) (t)zf(l,8)+jf(f—1,8)0)1(t)dr. (@)

0

2. The case of minimal updates, that is, the
replacement of failed elements is carried out by workable
elements that have developed the same resource as the

main elements. Then x(t)=t, P(x(r),a)z P(t) and
from (3) the integral equation follows

t)[ni(’;zT(:))dr]. (5)

We now prove that (5) implies the equality
o, (1) =A(1), (6)

that is, the failure flow parameter with minimal
recovery is equal to the failure rate.

Equality (6) is obtained by differentiating
expression (5) by ¢:

/ 2

w3 (1) =f

d +f(0)2 2(1) %

It follows from (5) that

¢

mz(f)zwz(’)_l ]

o 0 o
Substituting (8) into (7), we obtain

(M (/M) 02 (1) =
The solution of this homogeneous differential
equation has the form:

wy (1) =ch(1).
The integration constant is as follows.
equation (8) and the obvious

0)/P(0)=

From

it follows
02 (0)= £(0) =2.(0) =¢2.(0).
thatis ¢ =1. So, @, (£)=%A(r).
We examined the case of instantaneous recovery.
With non-instantaneous incomplete recovery, it can be

shown that the following relation holds for the failure
flow parameter:

wy (1)=f(2)+

ft-- n+x(t+n))dndt, 9

JIg

0 r+n))

where g(¢) is the density of the distribution of the
recovery time of the failed element.

We consider individual cases for non-
instantaneous incomplete recovery arising from (9).

1. The case of complete recovery. Then
x(t+m)=0; P(x(r+n)) =P(t+n) and from (9)
follows:

¢ t—1
o (1) = f(t)+j(01 (1) J. g(n) f(t—t—m)dndz. (10)
0 0

2. The case of minimal recoveries. The case of
minimal updates. Then

x(t+m)=(t+n);
and from (9) follows:

P(x(r+n))=1

): 1+.lf(o2 (1)

w, (1) =1(¢ dndt |.

-
[ _Pg(n) (11)

(t+m)
In [14], for the exponential law of the distribution

of the recovery time g(m)=pe *", the following

expression was obtained for the failure flow parameter:
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w, ()= k(l)exp{—j[k(z)+ p}dz}x
¢ z ’ (12)
x 1+Mjexp{j[k(x)+u]dx}dz .

Note that with the exponential law of the
distribution of the time between failures, equation (4)
coincides with equation (5), and equation (10) coincides
with equation (11). In this case, with instantaneous

recovery oy (1) =, (1)=2 and

A O+
o1 (1) =0, (’)=’{xiu+me ( M’j (13)

with non-instantaneous recovery.
At an exponential distribution density of the recovery
time, the expression in parentheses is an unsteady

availability factor K, (7).
condition that at the time ¢ = 0 the element is operational,
that is at K, (0) =1. From formula (13) it can be seen that
the parameter of the failure flow at the moment is

0 (t) = }“Kz (t)

It is obtained under the

(14)
failure rate multiplied by the probability that the
element is in a working condition at a given time ¢ .
From (14) find the stationary value wy (7)
lim o () =AK,,

n—>0
that is, with the exponential laws of the distribution of
uptime and recovery time, the failure flow parameter
decreases from the value ;(0)=2 and tends to a

constant value equal to AK,. Moreover, the longer the
average recovery time, the smaller the value of the
failure flow parameter. This is due to the fact that when
restoring the device, the element to be replaced does not
function and does not consume its resource. The effect
of reducing the total operating time of an element for a
fixed time is created.

Now we obtain a generalization of the result (12) for
the case when the law of distribution of the recovery time
differs from the exponential one and is characterized by

the recovery intensity p (t) . In this case, the elements at a
time =0 are in working condition with probability vy .

If the element is in an operational state at the moment ¢,
then its failure-free operation is characterized by the

failure rate A.(¢) and does not depend on the number of

failures that occurred before the time ¢, and the length of
time since the last recovery. The behavior of such an
element in the device can be described by the following
system of differential equations

%(’)}k(f)l’o(f)w(f)l’l(f),} s
R(1)=2(0)By(1)-n()A(t). |
where Ry (t), R(t) are the probabilities of finding an

element, respectively, in a working and non-working

states. The solution to this system, taking into account
the normalization condition Fy(7)+F(7)=1 and the

initial condition Ry (¢)=vy, is

t
Kz<r>=%<r>=e‘”’>{v+f u(z)e”%}, (16

0

t

F(t) = J.{k(z)+;,t(z)}dz .

0

where

(17)

Then the element failure flow parameter will be
found as the multiplication of the element failure rate at
the moment ¢ and the unsteady availability factor,
namely

w, (1) =(2)K, (¢). (18)

Relations (16)—(18) are a generalization of
previously considered models with non-instantaneous
recovery. So, in particular, result (12) is a special case
from (16)—(18) when substituting the recovery
intensities p(7)=p in them for the exponential
distribution  density and the initial condition
K,(0)=vy=1, and result (13) — when substituting

Mit)=n, p(r)=p,and y=1.

Thus, various mathematical models of the failure
flow of renewable elements with an unlimited number
of instantaneous and finite recovery times with different
resource recovery depths are considered. A generalized
failure flow model with incomplete recoveries is
obtained. Failure flow models with full and minimum
recoveries arising from a model with incomplete
recoveries, as special cases under the appropriate
conditions in which replacement elements are located.

A more general expression is obtained for the
failure flow parameter with minimal non-instantaneous
updates than previously known.

Failure flow models with full and minimal
recoveries can be used to calculate the upper and lower
estimates of the real reliability of the systems depending
on the nature of the restoration. So, if in the process of
system recovery most of the elements are replaced with
new ones, then models with full restorations are used. If
during the restoration only a single defective element or
any functional unit (PV) or part of a functional system
(FS) is replaced by a working one that has the same
operating time as the replaced element, then it is
acceptable to use models with minimal recovery.
However, for solving problems investigating the long-
term operation of systems, such boundaries are wide
enough, and the accuracy of estimating the parameter of
the failure flow may be low. In this case, models with
incomplete restorations must be used.

The considered mathematical models of the flow
of failures should be used in assessing the reliability
indicators of devices according to the failure statistics of
recovered systems. From the failure statistics, you can
get direct values of the failure flow parameter o(t).
After that, knowing the nature of system recoveries
during operation and using appropriate models with
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minimal, incomplete, or full recoveries, one can obtain
estimates of the failure rate A(¢), or distribution density

of duration of failure-free operation.

Mathematical models of the failure flow of AES
components with a limited number of restorations of
different depths. The vast majority of the circuit
positions of the AES during the designated service life
does not fail. A significant part of the elements fails one
to two times, an even smaller part - three to four times,
etc. [17]. Replacing a failed (defective) component of a
specific circuit position of the AES can be carried out
by a new component, recovered component or
component, which has spent part of its resource.
Therefore, it is necessary to develop models of failure
flows with a limited number of recoveries
(replacements) and different depths of the recovered
resource. As in the case of an unlimited number of
recoveries, we first consider mathematical models of the
failure flow with a limited number of instantaneous
recoveries, and then models with a limited number of
non-instantaneous recoveries.

Mathematical model of the failure flow of a
component circuit position with a finite number of
complete instantaneous restorations.

The recovery theory shows that the failure flow
parameter of an element with complete recoveries is
characterized by a series

o (1) = zf (1),

where f (¢) is the density of the distribution of the

(19)

value of the component operating time to k -th failure
X, = Zf:l &, k=1; & 1is random of component

operation after (i —1)-th recovery.
In the case of complete recoveries, the distribution

density of the value x; (¢) is as k -multiple convolution

of the density of random variables &; :
i ()= feaa (£)* £i (1)

The number of recoveries n(r) during the

assigned service life (or assigned resource) is expected
to be known. It is due either to the component ultimate
failure, or technical and other restrictions on the number
of recoveries. With a known number of complete

recoveries n (t) the considered operating time, the
failure flow parameter is determined by the expression

n(l)
091(’)=k§fk(’)'

So, for normal distribution

(20)

-1 (t-kTy )
t)=(—2mko| exp|——7—
i (2) ( ) p h?
) [ k)
and o (t)= 2k exp S VA
l( ) k=l( ) 2k02

For exponential distribution

00

——e

(k-1)!

n([) 7\‘ k—l

o (1) = NCIRNEYE
o (k=)

For the Erlang distribution of the m-th order
n(l) (Kt)mk_l (—M)

o (1) =2 %

k=1 (mk—l)!e

Convolution calculation f; (¢) is an easily feasible

Ji(1)=

and

operation for a limited number of distributions, such as
a normal, exponential, gamma distribution.

Let us now consider a mathematical model of the
failure flow with a finite number of instantaneous
minimum recoveries.

It is known that the process of recovery of FS AES
at intervals between full resource recoveries is
characterized, as a rule, minimal recoveries. At the
minimum recoveries the densities of distribution of size
of operating time to k-th minimum recoveries are
various. Based on the fact that the density distribution of
the value X; is random, the operating time of the circuit
position to the k -th minimum instantaneous recovery is
determined by the expression

(A()""
(k=1)!

A(t) =jk(x)dx.

fk(z) (1)=2(t) exp[-A(r)], @D

where

Since the density distribution of the value of
random operating time before the first failure

S (#)=(e)exp[=A(7)],

k-1
(?;Et_)z)! /().

Then the failure flow parameter for the finite

72 (0=

we have

number n(t) of minimum instantaneous recoveries can
be found by relation (20):

n(r) n(7) k-1
o= 3 10 r0 L T )
k=1 k=1 :

Relation (22) for n(t) — c can be written as:

" =
o, ()= k(t)exp[—A(t)} Z% . (23)

k=1

Note that in the case of an unlimited number of
minimum recoveries for n— oo, the failure flow
parameter is equal to the failure rate

o3 (1) = (1) exp[ ~A(1)] g[_A(f)}k Jri=(1).
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This corresponds to the result (6) discussed above.
Therefore, the correctness of the obtained result for the
mathematical model of the failure flow with a finite
number of instantaneous minimum recoveries is
confirmed. Here are the main calculated relations for
different densities of time distribution:

a) f(l) =c( 2710)_1 exp[_(t_TO )2/(202 )}
c=[(/0)]".

A(1)=(V2ro) {@(Tos—tﬂexp i %

The calculation of the characteristic is connected
with the integration of expression (24), which should be
carried out by the numerical method;

6) £()=n(ne)e ™) ;s a(e) = n-(re/(1+11)) .

. (24)

At
Mg Eiﬁ:kt—ln(ukt).
1+t 01+o

t
Then A(t) = J.k
0

Using expression (20), we obtain
() (t) =\ (t) X
n(l

xexp[ -A(1)] [k(t)— In(1 +k(r))}k_1 /(k—l)! . (25)

k=1

Consider a mathematical model of the failure flow
with a finite number of instantaneous incomplete
recoveries.

Above was introduced the concept of a complex
recovery process. It is characterized by different
densities of the distribution of the values of the
operation before the first and between subsequent

failures fi_; 4 (¢), k=1,2,...,n(). The density of the

distribution of operation to k -th incomplete recovery is
characterized by k -th convolution

S0 = foa (O fia (%% fii (0).

In turn, the failure flow parameter for instantaneous
incomplete recoveries is found by the ratio

o3 <r>=§fé”<r>.

Note that when predicting the component failure
flow parameter of a certain circuit position, different
variants of the description of the distribution density

(26)

Si—1k (¢) are possible. They are determined by the

nature of the recoveries of the defective component, the
replacement strategy and other factors.
Thus, the operating time of a certain schematic

position before the first failure f; (¢) can be distributed

according to the normal law, and between failures —
according to the Weibull distribution. Or the operating
time before the first failure and between subsequent
failures obey to a normal distribution with different
values of mathematical expectation and standard

deviation. If the operating time of the circuit position
before the first failure and between subsequent failures
obey the normal distribution with the parameters 7; and

c;, then the density of time distributions to the & -th
failure will look like

-1/2
) (0)=(2x2 %)

conl-(i-ZLr) 22t}

The derivation of expression (27) is based on the
fact that the sum of normally distributed random
variables obey to the normal distribution. Then the
failure flow parameter with a finite number of
instantaneous incomplete recoveries has the form
described by the model of a complex recovery process:

o (1) = ’ﬁ)(znz; ) x

k=1 (28)

NI

From expression (28) we can obtain ratios for
simple and general recovery processes as individual
cases of complex.

If the operating time of a certain circuit position
before the first failure and between subsequent failures
are described by an exponential law with parameters
A;, then the density distribution of the operating time

27)

k -th failure is a generalized Erlang's law of the £ -th
order

10 =0
k k k
[Tr X exp(-2e)/ TT (2j=2)-

=l j=l 1=1(1=j)

(29)

Then the failure flow parameter with a finite
number of instantaneous incomplete recoveries has the
form

n(t)
o) (1) = > (1)
k k ) k (30)
kaiZexp(—kjt) I1 (x_,-—x,).
=1 j=1 1=1(1=f)

Now we present models of failure flow of the
circuit position with a limited number of finite duration
recoveries. First, consider a mathematical model of the
failure flow with a limited number of complete
recoveries of finite duration.

There are the following dependencies for the
failures flow of the circuit position, the duration
recovery of which can not be neglected (Fig. 1):

&1 & n2 &n
! } } —_— —OO———
X1 X, Xn

Fig. 1. Alternating process of failures (recoveries)
with a limited number of recoveries
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k2 .
Zi=1c X] =i], Xz =i]+i2 +Nseees l=1,2,...,7’l,

i i—l !
X; =&+ n , thatis X; =D (& +n;),

I=1 I=1 I=1
where ny =0, n; is duration of / -th full recovery.

The values &; and m; are assumed by independent
random  variables  with  distribution  functions
F(t)=P(& <t) and  G(t)=P(n;<t)  with
mathematical expectation 7,,, 7, and standard deviation
6;, o, with continuous densities of distribution of
quantities f'(¢)=F'(¢) and g(t)=G"(¢).

The process defined in this way is called the

recovery process with a final recovery time. You can
write the following distribution functions for this process:

Fk(’)zp{iiiﬂ}; Gk(t)=P{ini<t};

O, (1)=P{X; <t}
and their distribution density
Se(0)=Fi (1) 5 g (1) =G (1) o () =P (1)
These distribution functions are determined by the
original laws F(¢) and G(¢) as follows

B ()= [ At (1-3)dF (x). F (0)= F(0).

Gt (1)=[Gos (1-3)dG (x). (1)~ F (1),
0 (1) [ i (1-2)dG ().

Then the failure flow parameter of the circuit
position with a finite number of complete non-
instantaneous recoveries can be written as

€2y
k=l
We extend this result to the process of failure of
the circuit position with a limited number of minimum
recoveries of finite duration.
The failure flow of this process is characterized by

the density distribution of a random variable Zf:] &

k-1
Po-B0

and the flow of recoveries by the density distribution of
. k ’
arandom variable >~ m; , g (£)=G(¢).
The probability density distribution of a random
variable X, k=1,2,...,n(t) is a convolution

o2 ()= 1D eg (1)

f(1),

Then the required ratio for the failure flow
parameter has the form

n(l) (2)

0, (f)=kZ=1<Pk (1)

(32)

Similarly, it is possible to expand the mathematical
model of the failure flow with the limited number of
complete recoveries for the process of the circuit
position failure with the limited number of incomplete
recoveries of finite duration.

The failures flow of the circuit position with
incomplete recoveries of finite duration is characterized
by the density of distribution of random variables

SPRE) .
ZE_,I- ~f7 (1) and Zni ~gi(t). Then the
i-1 i-1

distribution  density of the random variable

k
X =>(&-m1):mp =0 isa k -multiply convolution:
I=1

(3) (- )
o (1)= 13" (1) 2 (1)
The failures flow (recoveries) parameter of this
process is calculated by the ratio

n(t)
oV ()= e (1).

k=l
The presented rations (20), (26), (31)—~(33) for
calculation of failures flow parameter with limited
number of recoveries of various depth are reduced to
performance of operations of convolution. Convolution
calculations are easy to perform for a limited number of
typical random variable distributions. In the general

case, the use of numerical methods is required.

(33)

The number of recoveries (or failures) n(¢) of

components at a certain circuit position for the
considered operation may be due to technical reasons,
economic feasibility, safety and environmental
performance requirements, the final failure. Below, we

consider the estimation of the boundary number n (t) of

component’s recoveries of a certain circuit position of
AES for the assigned operating time (service life).
Depending on the depth of recovery, the following

options for estimating the value n (t) are possible.

A. The case of complete recovery. It is known
from the recovery theory that the number of failures

n(t) has an asymptotically normal distribution with
mean Mn(t)~1/T, and dispersion Dn(t)zczt/To
during ¢>>7y. The boundary number of failures
(recoveries) can be selected so that

P{n(t)<ny}=7v.

At large ¢(¢ >>T;) random variables n(r) have

(34)

an approximately normal distribution. Then for n; you

can take the value ny =1/T, +u,_y\102 t/ T3, where

u;_, 1s the quantile of normal distribution.
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For small ¢(¢>Ty), or t<T, the boundary

number of failures can be found from condition (34) by
the method of convolutions. To do this, it is necessary to
consistently find the function of the distribution of
operating time to the first, second and largest number of
failures to fulfill the condition (34)

B) The case of incomplete and minimal recoveries.
We can assume that the function of distribution of
operating time before failure belongs to the class of IIF-

distributions. Recall that the distribution function F (¢)
is called [IIF-distribution, if the probability
F(t+x) / F(t) at an arbitrary constant x>0 decreases

monotonically by #,0<?¢<oo. The affiliation of the
distribution function to the class of IIF-distributions is
equivalent to the fact that the failure flow increases
monotonically. Hence the name of the distribution class
with an increasing failure intensity function.

It is known from the theory of recovery [7] that if
the operating distribution function belongs to the class
of IIF-distributions and has a mathematical expectation
Ty, then

"C (/).
0): —4/T;
P < 0 .
{n(t)<n0} ZTe ,t<Ty (3%5)
i=0

The estimate (35) is convenient for performing
calculations, because to use it it is enough to know the
mathematical expectation 7). Another estimate for

t > 0 IIF-distributions is the following [7]:

P{n(t)<ny}< noz_ll([\(.—f))ie_/\(’),t >0.

Since for each distribution function from the IIF
class there is an inequality A(¢)<#/Ty for 1<Ty,

inequality (36) is a more precise boundary than (35).
However, this requires an estimate of the mathematical

expectation of the number of failures A (7).

Thus, to estimate the boundary number of failures
(recoveries) due to the final failure of the corresponding
component with a given probability v , it is necessary to

solve inequality (34) or (36) with respect to .

Conclusions

1. Mathematical models of the failures flow of
circuit positions with an unlimited number of recoveries
(non-instantaneous and finite duration) at different
depths of resource recovery are considered. It is shown
that the failure flow models with complete or minimal
recoveries follow from the model with incomplete
recoveries as separate cases. A generalization of the
known mathematical models of the failure flow of
components with an unlimited number of minimal
recoveries of finite duration is obtained.

2. Mathematical models of the failures flow of
components of circuit positions with a finite number of
recoveries (non-instantaneous and finite duration) of
different depth during the assigned service life are
considered. The expediency of their use in calculating
the residual life of components and functional units of
AES is shown.

3. The reliability of the developed mathematical
models of failure flows of the AES components is
confirmed by the correctness of the performed

p (36)  transformations, the coincidence of partial solutions
i=0 ’ with the known results.
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MaremMaTH4Hi MoJeJIi MOTOKY BiIMOB KOMILIEKTYIOUHX BHPOOiB pPajioe/IeKTPOHHOI CHCTEMH JIiTaKa
C. B. T'aeBcokmit, C.I. XmeneBcokuid, A. B. Boiiko, T. 0. Mumienko, O. O. TiMmouko

Anotanis. IIpegmMeTom BHBYEHHS B CTATTI € NpoLecH (YHKIIIOHYBaHHS PaiOeJICKTPOHHOI CUCTEMHU Cy4acHOro JIiTaKa,
i1 KOMIUIEKTYIOUMX E€JIEMEHTIB Ta ()YHKI[IOHAJIBHUX BY3JIB SIK 00’€KTa MaTeMaTH4YHOIO MOJCIIOBaHHS. MeTO0 € IpOBEICHHS
aHaJli3y ICHyI04Oro MaTeMaTHYHOr'O anapary, 10 3aCTOCOBYEThCS ISl PO3PAXyHKY ITOTOKY BiZIMOB Ta HMOBIPHOCTI 6€3BiZIMOBHOI
PpoOOTH PaioeNeKTPOHHOI CUCTEMH JIiTaKa Ta MOMKJIMBOCTI HOr0 BIOCKOHAJICHHS. 3aBJaHHS: TOOYyIyBaTH MaTeMaTHIHI MO
MOTOKY BIiZIMOB KOMIUICKTYIOUMX BHMpPOOiB, (YHKIIOHAJIbHUX BY3JiB Ta paJiOCIEKTPOHHOI CHCTEMM JliTaka B IIOMY 3
HEOOMEIKEHHM YHCJIOM BiJHOBICHb IIPU Pi3HIH I7IMOMHI BIAHOBIEHHS pecypcy. AHajii30BaHMMHM METOJAMH €: [apaMeTpUYHI
METOIM Ta IMOBIPHICHI METOAM OLIHKK Oe3BiMOBHOCTI podoTr. OTprMaHi Taki pe3yabTaTH. Po3pobieni MaremaTiysi Mozei
IIOTOKY BIiIMOB CXEMHHX IIO3MILIH pPajiOeNIeKTPOHHOI cHCTeMM Jiitaka. BucHoBkH. B pesynbraTi posrismy MaTeMaTUYHHX
MozieNIel TOTOKY BiZIMOB CXeMHMX IO3HULIH PaioeNeKTPOHHOI CUCTEMH JIiTaKa OTPUMAaHO y3araJlbHeHHs BIJIOMUX MaTeMaTUYHUX
MozieIeli TOTOKY BiZIMOB IIpH HEOOMEKeHiH KUIBKOCT] MiHIMaJIBHUX BiJIHOBJIEHb KiHLIEBOI TPUBAJIOCTI.

Kaw4yoBi ciooBa: 3amumkoBHil pecype; JliTak; MaTeMaTHYHA MOJENb; MOTIK BiIMOB; PaiOeJEKTPOHHA CHCTEMa;
TEXHIYHMNA CTaH; CXEMHA IO3MIIIS.

MaremaTH4YecKHe MOJ€eJIH MOTOKA 0TKA30B KOMIUIEKTYIOIIUX H3/IeJIHii PaiH03IeKTPOHHON CHCTEMBI camMoJIeTa
C. B. I'aeBckutii, C. I. Xmenesckuii, A. B. boiiko, T. FO. Mumenko, A. A. Tumouko

AnHoTanus. IlpeamMerom M3ydeHUs B CTaThe SIBIAIOTCS IPOLECCHl (HYHKIIMOHUPOBAHUS PAJMONICKTPOHHON CHCTEMBbI
COBPEMEHHOI'0 CaMoJIeTa, €€ KOMIUICKTYIOIIMX 3JIEMEHTOB U (YHKLIMOHAIBHBIX Y3JIOB KaK OOBEKTa MAarTeMaTHYecKOro
MozenupoBaHus. Llesiblo sSBISIeTCS aHaIU3 CYIIECTBYIOIIEr0 MaTeMAaTHYECKOro anmapara, MpUMEHsAeMOro Ul pacyera MOTOKa
OTKa30B U BEPOATHOCTH 0E30TKa3HOH paboThl paJIi03IEKTPOHHOM CHCTEMbI CaMOJIeTa U BO3MOXXHOCTH €0 COBEPIICHCTBOBAHUS.
3agayM: [OCTPOMTH MaTEeMaTHYeCKHe MOJENH MOTOKA OTKA30B KOMIUIEKTYIOIIMX M3AENMHH, (YHKUHOHAIBHBIX Y3JIOB U
PaAMOIEKTPOHHON CHCTEMbI CaMOJIETa B IIEJIOM C HEOIPaHHUYEHHBIM YHCIIOM OOHOBJICHMI NPH Pa3HON IyOMHE BOCCTAHOBICHHS
pecypca. AHANM3UPYEeMbIMU METOIAMH SIBILIIOTCS: MapaMETPUYECKUe METOIbl U BEPOSTHOCTHBIE METO/bl OLICHKH 0€30TKa3HOCTH
pabortbl. Ilomydens! cnemyronue pe3yJbTarbl. Pa3spaboTaHHble MaTeMaTHUeCKHe MOJENIHM IO0TOKA OTKAa30B CXEMHbBIX ITO3HLMI
PaaMOIEKTPOHHON cucTeMbl camoreTa. BeiBoabl. [Tonydeno o6o0ieHne U3BECTHBIX MaTEMAaTHYECKUX MOJENIeH MOTOKa OTKa30B
KOMIUICKTYIOIIMX U3/IeIHii IIPH HEOrPAHUYEHHOM KOJIMYECTBE MUHUMAJIBHBIX OOHOBJICHUH KOHEUHON [UTUTEIIBHOCTH.

Kamo4ueBble cjoBa: OCTAaTOYHBIN pecypce; caMoOJI€T, MaTeMaTUYCCKass MOJCIJIb; IIOTOK OTKa30B; PAaJAHODJICKTPOHHASA
CUCTEMA,; TCXHUYCCKOC COCTOAHHUE, CXEMHAas IMO3HUIHS.
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MATHEMATICAL MODEL OF RHYTHMOCARDIOSIGNAL IN VECTOR VIEW
OF STATIONARY AND STATIONARY-RELATED CASE SEQUENCES

Abstract. The paper deals with the substantiation of the mathematical model of rhythmocardiogram with high resolution in
the form of a vector of stationary and stationary related random processes. The structure of probabilistic characteristics of this
model for analysis of cardiac thythm in modern cardiodiagnostic systems is investigated. Analysis of the heart rhythm makes it
possible to evaluate not only the state of the cardiovascular system, but also the state of the adaptive capacity of the whole
human body. Most modern systems of automated heart rate analysis are based on statistical analysis by a rhythmocardiogram,
which is an ordered set of durations of R-R intervals in a registered electrocardiogram. be able to explore its temporal
dynamics. To take into account the temporal dynamics of the rhythmocardiogram with high resolution, it is necessary to use a
mathematical apparatus of the theory of random sequences, namely, to consider it as a vector of discrete random sequences.
The purpose of this work is to solve the scientific and practical task of creating a mathematical model of rhythmocardiogram
with high resolution in the form of a vector of stationary and stationary related random processes. The object of the study is
information technology for the diagnosis and assessment of the status of the rhythmocardiogram to analyze the heart rhythm in
modern cardiac diagnostics systems. The mathematical model of rhythmocardiogram with high resolution in the form of a
vector of stationary and stationary related random sequences is substantiated. The structure of probabilistic characteristics of

this model for analysis of cardiac rhythm in modern cardiodiagnostic systems is investigated.

Keywords: vector of steady-state and stationary-related random sequences; electrocardiogram; rhythm; cardiac rhythm.

Introduction

Analysis of the heart rhythm makes it possible to
evaluate not only the state of the cardiovascular system,
but also the state of the adaptive capacity of the whole
human body. Most modern systems for automated
cardiac rthythm analysis are based on statistical analysis
by rhythmocardiogram, which is an ordered set of
durations of R-R intervals in a registered
electrocardiogram [1-8]. However, this approach is
uninformative, since the R-R intervals reflect only the
change in the duration of the cardiac cycles and not the
totality of the time intervals between single-phase
values of the electrocardio signal for all its phases.

Among the many varieties of environmental impacts,
dust pollution from atmospheric air, which is formed as a
result of receipt from sources of emissions at industrial
enterprises (primary) and by physical and chemical
processes in places of storage of pulverized wastes of
production (secondary), among which special finely
dispersed (<100 pwm) saw dust is the place of disposal

Actuality of theme

In [9, 10], a new approach to its analysis of cardiac
rhythm was developed on the basis of high resolution
rhythmocardiogram. As noted in these papers, the
classical rhythmocardiogram is embedded in a high-
resolution rhythmocardiogram, which is the basis for
increasing the level of informativeness of the heart
rhythm analysis in modern computer systems of
functional diagnostics of the human heart state with the
increased rhythmocardiogram

In [9, 10] it is justified to use a vector of random
variables as a mathematical model of rhythmocardiogram
with high resolution. However, this model is a relatively
poor mathematical model of rhythmocardiogram with
high resolution, since it does not allow to study its
temporal dynamics. To take into account the temporal

dynamics of the rhythmocardiogram with high resolution,
it is necessary to use a mathematical apparatus of the
theory of random sequences, namely, to consider it as a
vector of discrete random sequences.

Purpose and tasks of the work. The purpose of
this work is to solve the scientific and practical task of
creating a mathematical model of rhythmocardiogram
with high resolution in the form of a vector of stationary
and stationary related random processes. The object of
the study is information technology for the diagnosis
and assessment of the status of the rhythmocardiogram
to analyze the heart rhythm in modern cardiac
diagnostics systems.presenting main material.

Main part
One of the simplest stochastic models that takes
into account the dynamics of high resolution

rhymocardial is the vector xed and stationary random
sequences. In this vector, the index indicates the cycle
number of the electrocardio signal, and the index
indicates the reference number of the electrocardio
signal within its cycle. The number of counts per cycle
of the electrocardio signal determines the resolution of
the rhythm cardio signal and sets the number of phases
in the cycle of the electrocardio signal that can be
separated by methods of segmentation and detection in
solving the problem of automatic formation of the
rhythm cardio signal from the electrocardio signal.

Let us now proceed to justify the probabilistic
characteristics of a random sequence vector E; (o', m) .

One of the simplest stochastic models that takes into
account the dynamics of high resolution rhymocardial is

the vector E; (', m)= {7}(0)', m),» e, = LLmeZ }
fixed and stationary random sequences. First of all, we
note that the vector Z;(o,m) of stationary and
stationary coupled random sequences, in the particular
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case if its constituents are stationary sequences with
independent values, that is, white noises given on the set
of integers, is a known rhythmocardiogram signal
model. in the form of a random variable vector
developed in [9, 10]. However, in practice, the
hypothesis of the independence or non-correlation of the
rhythm cardiogram counts is not true, requiring a
stochastic dependence between the rhytocardiogram
counts with higher resolution, and hence the use of a
more complex and general mathematical model

E; (o', m) in the form of a stationary vector.
The defining property of a vector E; (', m) of

stationary and stationary related random sequences is
the invariance of its family of distribution functions to
time shifts by an arbitrary integer k € Z.. Namely, for
any order distribution function

FPT,]...T, (xl,...,xp, ml,...,mp)
14

of the family p (peN) of stationary distribution

functions of stationary and stationary related random
sequences, the following equality holds:

FPT,]...T, (xl,...,xp, ml,...,mp)=
14

= FPT/] ., (xl,...,xp, m +k,...,mp +k),

()

X{seens Xp € R, my,...,m, € Z,

hoooly €{lL}, ke Z.

Distribution function
FPT[ 5 (xl,...,xp, ml,...,mp)
111,

when /=l =..=1,=10 is distribution function

FPT[ (xl,...,xp, ml,...,mp), | is a distribution function

T;(o', m), vector E;(w',m) - auto-order distribution
p of T;(w', m), describing the time distances between
single-phase electrocardiogram readings for it / phases.
In particular, if p=1, then we will have one-

dimensional Ay, (x,m) autofunction of stationary

random sequence distribution 7 (', m) .
In the case where equality j =/, =..=[, =1 is

not executed then the distribution function

Fpn]...np (xl,...,xp,ml,...,mp) is a compatible

distribution function for several (at least two) stationary
components of a vector Z; (@', m), describing the time
distances between single-phase counts of an
electrocardio signal generally for its various phases. The
vector distribution family of functions Z; (o', m) of
stationary and stationary sequences most fully describes
its probabilistic structure, but the methods of
statistically —estimating the distribution function

(xl,...,xp, my,...,m ) are too cumbersome for

F
Pry..1j, P

their practical use in the computer diagnostic systems of

the functional state of the cardiovascular system of the
human body. Therefore, apart from the vector
distribution functions. E; (', m) the use of momentary

functions of order is effective s = Zles i which, if

any, are also invariant to time offsets (offsets by
argument m ).
Yes, if there is a mixed initial moment function

N7
csn]...np(ml""’mp) order S—Zj:]s., vector

E; (o', m) stationary and stationary random sequences,
then it has equality:

cST[] Tlp (ml,...,mp ) =

=M{TI]S‘ (o), m1)~...~Tl;” ((o', m, )} =

(ml +k,...,mp +k),

(2)
=c
5T -1,
my,..m, €L, 1.1 € I,_L ,kel.
1 p 1 p
If there is a mixed central moment function b
_\'? =
rST[] ., (ml,...,mp) order S_Z_,-=1Sj of B, (o', m)

stationary and stationary random sequences, then it has
equality:

s
—_— ! [—
rST,] ., (ml,...,mp) —M{(Tl] (0), ml) clT,] j X

Sp
X"'X{Tlp ((o', ml’)_clT/p J = 3)
= rST/]...T[p (ml +k,...,mp +k),
my,...,m, eZ, ll,...,lp e{l,_L},keZ,

where <{¢ ,...,C is the set of first-order initial
7, I,

moments (mathematical expectations) of stationary
random sequences from the set

{T,] (@ m),s Ty (&, m)} .

In practice, for analysis of high-resolution rhythm,
it is reasonable to use mixed high-order moment
functions, namely, mixed second-order initial moment
functions - covariance functions and mixed second-
order central moment functions - correlation functions.
In this case, the initial second-order moment functions
for the vector E;(w',m) of stationary and stationary

related random sequences are represented as a matrix of
covariance functions:

255 (mlamz) Czrlrp (mlst)

CT _ cZTgT] (fnl’mZ) cszTp (.ml’m2) @)

CzrpT] (ml > mz) Czrprp (ml , mz)
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which can be more compactly submitted as follows:
CT = 02T1]T12 (m],mz),ll,lz =1,L:|, (5)

where each of its elements is a covariance function
€51, (my,my ), which is given so:

_ ! . ’
2y, (mom) =M{Ty (@, my) T, (o' ),

6
my,my €L, 1,1, e{l,_L} ©

Since the components of a random sequence vector
E;(o',m) are stationary and stationary related
sequences, their covariance functions are functions of
only one integer argument u , which is equal. Therefore,
the covariance matrix of this random vector can be
represented as follows:

CT = |:c27~[] le (M), l]alz = L_L:| ) (7)

where each of its elements is a covariance function

7, (), which is equal to:

C'zn 7 (M)=CZTI 7 (m] —mz),
1'h 1'h )
u,my,my €L, 1,1, € {I,L}.
Provided that /; =/, =1, the covariance function

Copr (u) is an autocovariance function / stationary
17

components  T;(w', m)  vector which
describes the time distances between single-phase

electrocardiogram readings for it /. If [} #[,, then the
(1)

of a vector

E; (o', m),

covariance function function for two

K Ty T

stationary components E; (0, m),
describing the time distances between single-phase
electrocardiogram readings for /; and [/, its phases.
Mixed central second-order moment functions for a
vector Z;(®',m) stationary and stationary related
random sequences are presented as a matrix of

correlation functions:

rzT]T] (ml,mz) rleTp (ml,mz)

Ry = "2ry, (Tnl’mZ) rszTp (_ml’mZ) , 9

_rzrpT] (my,my) rzrprp (my,my)

which can be presented more compactly so:

RT (m],mz),ll,lz =1,_L , (10)

~| 2y,

where each of its elements is a correlation function

e, (my,my ), which is given so:

clel Ti, (ml ’ mz) -

=M{(T1, (o, ml)_clT[] )'(le (o, ’”2)_‘71T,2 j}

m,my €Z,h,1, e{l,_L}

Because the components of the vector Z; (', m)
random sequences are stationary and stationary

sequences, their correlation functions are functions of
only one integer argument u, which is equal to
u =my —m, . Therefore, the correlation matrix of this
random vector can be represented as follows:

(u),l],lzzl,_L s (12)

RT =N
Iy Ty

where each of its elements is a correlation function
"1 (), which is equal to:

I"2T[] le (M) = 7"27,[] le (m] —mz),

_ (13)
u,my,my €2, 1,1, e{l,L}.

Provided that [, =I, =/, correlation function
", (u) is an autocorrelation function / stationary
Ty (o', m) which

describes the time distances between single-phase
electrocardiogram readings for him /- phases. If

components vector E; (o', m),

I, #1,, then the correlation function Pa (u) is a
1Ty

reciprocal correlation function for two stationary
components of a vector Z; (@', m), describing the time
distances between single-phase
readings for /; and /, phases.

electrocardiogram

Fig. 1-4 shows the results of statistical processing
of the rthythm cardio signal with high informativeness,
by statistical evaluation of its corresponding statistical
characteristics.

120f &, (1), ¥.0.
100
80
60
40
20
0
-20
-40f . . . . K

0 500 1000 1500 2000 2500

Fig. 1. Several cycles
of the investigated electrocardio signal

Conclusions

The mathematical model of rhythmocardiogram
with high resolution in the form of a vector of stationary
and stationary related random sequences is
substantiated. = The  structure of  probabilistic
characteristics of this model for analysis of cardiac
rhythm in modern cardiodiagnostic systems is
investigated.
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w (i xBagpar) Mipoona = 1.26249654870227

;
191 T, (m) . - Py (11)
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m
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Fig. 2. Schedule of sales Tlm, (m), Fig. 3. Implementation histograms Fig. 4. Schedule of sales ’:2” (u)
A, (m), T, ,(m) component i7i

statistical estimates of autocorrelation
functions 7, - (u) (f; =1y =1) the first

sz' (m) component of the vector
of the vector rhythmocardiogram

hyth i f the fi
cor;p}(])tner?l?cﬁr(((i;?%zn;gd tthee sléztond of the first component 7j(«', m) and
1@, /
, the second component Ty (', m) , components 7;(w’, m) and the second
component 7, (w', m),

/
describing duration respectively: component 75 (w', m),

a— P, electrocardio signal intervals; describing duration respectively:
b— R, electrocardio signal intervals ~ a— P, describing duration respectively;
b — R, electrocardio signal intervals

describing duration respectively:
a— P, electrocardio signal intervals;
b — R, electrocardio signal intervals
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MareMaTH4YHA MOJEJIb PUTMOKAPAIOCUTHAJLY
Y BHIJIsIi BEKTOPa CTAIliOHAPHHX TA CTALIOHAPHO MOB’SI3aHUX BHIIAJKOBHX IOCJTiI0BHOCTEMH

1. B. JIurBunenko, C. A. Jlynenko, I1. A. Onucekis, B. M. Tpucaiok, A. M. 303ys

AHoTtanisi. PoGora mnpucBsfueHa OOIPYHTYBaHHIO MAaTEMaTHYHOI MOZENI PUTMOKapIiOCHTHANYy 13 IiJBUILIECHOIO
PO3UIBHOIO 3/IaTHICTIO y BUIVIAJI BEKTOpA CTalliOHAPHUX Ta CTAI[lOHAPHO IOB’S3aHMX BUIAJKOBMX HpoleciB. JlociimpkeHo
CTPYKTYpy HMOBIPHICHUX XapaKTepHCTHUK L€l MOJIEN Ul aHali3y CepLEBOro PUTMY y CYyJaCHHMX CHCTEMaxX KapAiofiarHOCTHKH.
AHai3 puTMy ceplist la€ 3MOT'y OLIHIOBAaTH HE JIMILE CTaH CEpLEeBO-CYMHHOI CHCTEMH, aJIe 1 CTaH aJalTUBHUX MOXIIHMBOCTEH
LIJIOr0 OpraHi3My JIIOAMHU. BUIBIIICTH CydacHHMX CHUCTEM aBTOMAaTH30BAHOIO aHali3y CEpLEBOro PUTMY IPYHTYIOThCS Ha
CTaTUCTUYHOMY aHaJli3y 3a PHUTMOKAapIiorpaMoro, siKka € YIOPSAKOBaHOK CYKYIHICTIO TpuBajnocteii R-R-iHTepsaniB B
3apeecTpOBaHOMY €JIEKTPOKapAiOCHIHAI, 10 Aa€ 3MOTY JOCIKYBATH i yacoBy nuHAMIKy. 151 BpaxyBaHHS 4acoBOI TUHAMIKH
PUTMOKApAIOCUTHATY 13 Ii/BUIICHOK PO3AUIBHOI 3/aTHICTIO HEOOXiJHO BMKOPHUCTOBYBATH MAaTeMAaTHUYHHMI amapar Teopii
BUIIA/IKOBHX TIOCIIIIOBHOCTEH, a caMe, pO3IiIsaaTH HOro sik BEKTOp JIMCKPETHUX BUIIAJKOBHX HOCHioBHOCTeH. MeToro podoTH €
PO3B’sI3aHHA HAYKOBO-TIPAaKTHYHOIO 3aBJAHHS CTBOPEHHS MAaTeMaTH4YHOI MOZENi PUTMOKApiOCHIHANY 3  IIi/IBHIIEHONO
PO3UIBHOIO 3JIaTHICTIO y BHIVIAAI BEKTOpa CTALOHAPHUX Ta CTAI[lOHAPHO IIOB’s3aHMX BHIAAKOBUX IpoueciB. O0’ekT
JocJIiKeHHs € iHQopMalliiiHi TeXHOIOTI] 171 AIarHOCTUKM 1 OLIHKY CTaHy PUTMOKApAiOCUTHAILY JUIsl aHAJli3y CEpLEBOr0 PUTMY
Y Cy4aCHHMX CHCTEMaX KapIiofiarHOCTHKU. Y poOOTi 0OrpyHTOBAHO MaTeMaTHUHy MOJIEIb PUTMOKAPIIOCUTHAILY 13 ITiIBUILIEHO0
PO3ZUIBHOIO 3[AaTHICTIO Yy BHUIJIAAI BEKTOpAa CTalliOHApDHMX Ta CTAI[lOHAPHO IIOB’SI3aHMX BHIIAJKOBUX IOCIIIOBHOCTEH.
JlocnipkeHo CTPYKTYpy WMOBIPHICHMX XapaKTEpHCTUK Ii€l MoJendi Ul aHali3y CepLeBOr0 PUTMY Y CYYacHHMX CHUCTEMax
Kap/1i0/1iar HOCTHKH.

Kaw4yoBi caoBa: Bekrop CralioHapHHX Ta  CTALllOHAPHO-TIOB’SI3aHMX  BHIAJKOBHX  IIOCIiJOBHOCTEN;
€JIEKTPOKapAiOCUTHA;, PUTMOKAP/IOCUTHAJI; CEPLIEBUIA PUTM.

MaremaTn4eckasi MOAeJIb PUTMOKAPINOCHTHAJIA
B BH/Ie BEKTOPA CTAMOHAPHBIX H CTAIMOHAPHO CBSA3AHHBIX CJIyYaifHBIX MOC/Ie10BATEILHOCTel

1. B. JlurBunenko, C. A. Jlynenko, II. A. Onuckus, B. M. Tpuchiok, A. H. 303yns

AnnHoTanus. Pabora mocpsiieHa OOOCHOBAHMIO MAaTeMaTHYeCKOH MOIENH PHTMOKAPAUOCHIHANA C IOBBIIICHHOMN
pa3penaroiell CriocoOHOCTHIO B BUJIE BEKTOPA CTALIMOHAPHBIX M CTAlIMOHAPHO CBS3aHHBIX CITy4alHBIX IpoleccoB. McciaenoBana
CTPYKTypa BEpOSTHOCTHBIX XapaKTepPUCTUK OTOH MOASNM Il aHajiuM3a CEepAeYHOr0 PUTMAa B COBPEMEHHBIX CHCTEMax
KapMOIMArHOCTHKU. AHAIN3 PUTMA CEp/LA TO3BOJISET OLICHUBATE HE TOJIBKO COCTOSHHUE CEPIEIHO-COCYIUCTOH CHCTEMBI, HO U
COCTOSIHUE aJalTHBHBIX BO3MOXKHOCTEIl IIEJIOr0 OpraHu3Ma. BOJBIIMHCTBO COBPEMEHHBIX CHCTEM aBTOMATHU3HPOBAHHOIO
aHaIM3a CEPIEYHOr0 PHUTMA OCHOBBIBAIOTCS HA CTATHCTHYECKOM AaHalIM3a II0 PUTMOKApIHOrpaMMe, KOTOpas SIBISETCS
YIOPSIIOYEHHOH COBOKYHMHOCTH JUIMTENbHOCTEH R-R-MHTEpBaOB B 3apericTpUpOBAHHOM BJIEKTPOKAPIMOCHIHAJIOB, YTO JaeT
BO3MOXKHOCTb MICCIIEJIOBATh €€ BPEMEHHYIO AMHAMUKY. [l ydyeTa BPEMEHHON JUHAMUKHA PUTMOKApIHOCHIHAJA C TOBBIIICHHON
paspemiaroliel  CHOCOOHOCTBIO ~ HEOOXONMMO  HCHONB30BaTh ~ MAaTeMAaTHYECKUH  ammapar  TeOpUM  CIIy4aiHBIX
HOCIIEI0BATENILHOCTEH, a MMEHHO, pacCMaTpPHUBaTh €ro Kak BEKTOP MMCKPETHBIX CIIydalHBIX mocienoBatensHocTeil. Ilebio
paGoThl SBISCTCS PEIICHHE HAayJHO-NPAKTHYSCKOM 3a7aud CO3JaHMs MATEeMaTHYeCKOH MOJEIM PHTMOKAapAHOCHTHANA C
HOBBIIICHHBIM PA3pEICHHeM B BHJIE BEKTOpa CTALMOHAPHBIX U CTALMOHAPHO CBSI3aHHBIX CIY4aiHBIX HponeccoB. O0beKTOM
HCCJIeI0BAHHUS SIBIISIOTCS MH(OPMALMOHHBIE TEXHOJIOTHHU JUISL THUATHOCTHKH M OLEHKH COCTOSIHHS PUTMOKApIMOCHUTHANA UL
aHaIM3a CEpPAEYHOr0 PUTMa B COBPEMEHHBIX CHCTEMax KapAHOAMAarHocTUKU. B pabGore o6ocHOBaHAa MaTeMaTHdYecKas MOJENb
PHUTMOKapAMOCHTHANA ¢ HOBBILIEHHOH pa3pelaloniell ClIoCOOHOCTHIO B BU/IE BEKTOPA CTALIMOHAPHBIX U CTALMOHAPHO CBSI3aHHBIX
Cioy4aifHBIX IocienoBaTenbHOCTeH. MccenoBaHa CTPYKTypa BEPOSTHOCTHBIX XapaKTEPHCTHK JTOH MOIENIM [Vl aHaau3a
CEepACYHOTO PUTMA B COBPEMEHHBIX CHCTEMAX KapAUOINArHOCTHKH.

Kawo4ueBnle caoBa: BEKTOp CTallMOHApHBIX W CTAllMOHAPHO-CBA3aHHBIX CJ'[y'-IaﬁHBIX HOCHGI[OBaTeHBHOCTeﬁ;
QJICKTPOKApANOCUTHATI; PUTMOKAPpAUOCUTI'HAIL; Cep}:[e‘lHBIﬁ puTMm.
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PROBABILISTIC MODEL FOR ESTIMATION OF CAP-GUARANTEES
FOR DISTRIBUTED DATASTORE

Abstract. The subject of the article’s research is the CAP-guarantees of distributed datastore. The goal is to evolve
decision-making algorithm for the distributed datastore architecture design which will balance CAP-guarantees depending on
business requirements. To achieve that the following problems were solved in the paper: the stochastic model to evaluate
different components of CAP-characteristics and some metrics that will impact on these values were developed. To solve these
problems the following methods were used: basics from graph theory and probability theory, general formulas of expected
value and automaton models and software application for calculation of developed formulas. The capability to measure such
metrics resulted in to forming some constitutes of decision-making algorithm. Conclusions: the developed components of
decision-making algorithm were the purpose of this paper and it could be one of basic components on the design distributed
datastores stage, so that architects who build new software design may also use the algorithm to achieve balanced guarantees
of distributed system reliability at the earlier stage of business needs implementation.

Keywords: CAP-guarantees; distributed data warehouses; decision making algorithm; stochastic metrics; average
replica propagation time; design of distributed data warehouses.

Introduction

Nowadays all the scalable software needs a reliable
storage that responds in a reasonable amount of time and is
evolving with every business requirement coming. This
comes up with horizontal scaling need, including storage.
In the most of cases distributed datastore are applicable for
such software. Though scaling distributed datastores often
meets the CAP-theorem as a difficulty to overcome. CAP-
theorem says that it is impossible to satisfy all three
guarantees of a distributed datastore (consistency,
availability, partition tolerance). This paper is devoted to
finding as generic as possible solutions that will balance
these guarantees for specific business needs and will
become the base of decision-making algorithm on the stage
of build and design of a distributed network and. In the
article the mathematical model that presents stochastic
formula to measure the probability of delivery in a
datastore with imperfect partition tolerance and various
kinds of data loss. This will help to evaluate different
versions of topology for distributed datastore network and
continue the development of the decision-making
algorithm for design a datastore with balanced guarantees
that corresponds specific business requirements.

Related research

There are many research works devoted to scaling
distributed systems, building reliable network and
distributed datastores monitoring. So, the estimates of
distributed datastores scale is presented in [1]. General
research  for  distributed systems  architecture,
recommendations of how to build such systems is
presented in [2]. Before final proof of CAP-theorem
Brewer had investigated the capability of distributed
systems to be robust, strong consistency in such system
and basically available system with partition tolerance
satisfied [3]. But in a few years he presented CAP-
theorem as a hypothesis at first and the formal proof of
theorem was presented in [4] and some clarifications
were made in 2012 [5]. These research works has resulted
in the overview and consequences of CAP-theorem [6].
The theorem has been reviewed again in [7].

Since there the CAP-theorem problem got under
deep research during the latest 7 years. Building any
architecture there is a need to make a choice: ACID or
BASE model, strong consistency which results in
weaker availability or basically available eventually
consistent system where strong consistency is neglected
in some point of view. In general a lot of solutions come
in BASE model while nowadays in the conditions of
network speed growth we cannot sacrifice availability
and this model and comparing it with ACID is presented
in [8]. The problem of that it is impossible to fulfill all
three guarantees of reliable datastore at once is also
researched from different points: in the paper of CAP-
theorem analysis the circumstances to achieve
compromise between these guarantees are considered
(see [9]). The work is mostly devoted to the CAP-
theorem analysis. But it does not declare precise model
to overcome current problems. There are works that
present deeper investigation and has developed
algorithms for strong consistency balancing (see [10]).
Also, the paper [11] showed the general advisory for
data replication in distributed systems.

Research aims and objectives. So we can see that
the CAP-theorem problem has been investigated from
different parts and domains. However, there are no
articles devoted to evaluating the CAP-guarantees in
stochastic way and there is no general algorithm of
design distributed system network, so that CAP-
guarantees are satisfied as more as needed for specific
business needs. This research is devoted to evolving
probabilistic model to measure CAP-guarantees
somehow. This will help plenty of systems in
monitoring reliability of datastores and invent new
algorithm that will contain recommendations on how to
design such datastores, so that CAP-guarantees will be
fulfilled optimally for any business needs.

Research bases

In the previous section it can be understood that
the CAP-theorem problem has been investigated and
overcome from different parts. Mostly research is based
on performance increase while requirements can grow

© Rukkas K., Zholtkevych G., 2020
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much faster. Here we present mathematical model that
will allow to evaluate the probability of delivery in the
whole datastore. Thus, the model is defined as:

(NaLaaaDar’Ndal(Nd)snc)s (l)

where N — finite set of nodes in a datastore; L — finite
set of links in a datastore; 0: L — 2" — mapping where
each link is associated with two adjacent nodes; D —
finite set of stored data units; r:D — 2" — mapping
that associates each of data unit to a set of nodes that
store the replica of this data unit; N, — finite set of
nodes that store the given data unit d; [(N;) - the
number of nodes that store data unit d; n. — the number
of nodes in a subset N,;, where all the nodes have the
same version of replica.

Now let us for the next components of such a
system. Let we have a graph that represents the
topology of distributed network and a subset of paths in
a graph P: P;..., .., P,. For now it is necessary to
compute the probability of delivery via any path in a
graph. Let us assume that one message has to be
delivered through path P. Let us calculate the delivery
probability in the conditions of data loss on nodes (in
the case of partitions etc.) and links. We denote as p;
the probability of delivery through path P. The events of
delivery to path nodes are dependent each on other
because if a message will not be delivered to j node, it
will not be delivered to j+/ (me j € P). Thus, the
delivery probability through path Py

n
Pk = Pkl "+ Pkn =Hpki’ )
j=1

where k € P, j € P, . Below we will concerned with two
examples. First one is the case when there is no network
partitions and the second when partitions do occur. In the
first case py is the delivery probability through link ;. In
the second case py; is the product of delivery probability
through link ;j and the probability of that adjacent node is
alive and is able to accept a message. Hence, we can
derive the delivery probability through one path P, , k €
P — the set of all paths from i to .

n
P, (dataloss) =1-p;, =1- H Pij- 3)
Jj=1

In a distributed network with a topology graph
degree more than 1 there is not the only path a message
can be delivered through (see definition of graph degree
in [12]). Therefore let us consider the delivery
probability through different paths. Basing on epidemic
protocols of replicas broadcast applied for many live
systems in a distributed network (see gossip, ... in [13],
[14]) we assume that the message broadcast occurs in
parallel through different paths, thus, probabilistic
events of delivery are independent. Let us evaluate the
probability of data loss for every path P, € P:

P(loss) = [ | pr (loss) =] T -] | Pij)s 4)
k=1 k=l j=l

where n is a number of elements in the set P and m is
the distance of every path. Taking into account the

independence of delivery events via different paths, the
delivery probability through at least one path is equal to:

n n m
P(delivery) =1-T] py(loss) =1~ ([T~ T py). (5)
k=1 =l =l
Hence, now we have the probability of data loss
across all paths from i to j nodes and delivery probability
through at least one path. Let we have the probabilistic
space , that contains two events: A — a message is
delivered through P,, B — a message is delivered at least
through one path. The event A might occur only if B
occurs. Let us compute So that we calculate the
conditional probability with a formula ([15]):

P(A|B)=P(AmB)=P(A)= Di ’
P(B) P(B) p(delivery)
where £ € P. Having the delivery probability at least

through one path from i to j from the set P, the data loss
probability in these conditions is equal to:

(6)

1-— Pk 7)
p(delivery)

Now we introduce such variable ¢, as the time of
delivery from i to j that is measured in time slots (of the
same measure unit that link cost is measured by in the
network. Let every path have own delivery time #, in the
conditions of data loss in a network. Then having
formulae of probability, we can derive the meantime of
delivery taking into account network data loss. (see
formulae of the expected value [16]):

< Pk
Hi gtk [1 p(delivery)j' ®

So, we have evolved our mathematical model with
derived formulas of delivery probability and the mean
time delivery of messages in data loss conditions in a
distributed datastore. Now we would like to present the
practical examples of the theory built above.

To be more intuitive and to get handy experience,
we take the graph with 5 nodes and 7 links. Let us firstly
introduce the delivery time and delivery probability for
every link. We assume that as input data, which can be
obtained by network routing metric measurements ([17]),
where administrators with a help of monitoring systems
can obtain the results of delivery time from node to a
neighbor or they can evaluate the probability of delivery
from node to neighbors. So we assume these initial
metrics are real. So, the initial adjacent matrix of delivery
probabilities is the following:

0 07209 0 0 074
072 0 094 073 0 0
1092 094 0 0 091 086
P=1"0"013 0o o 0 ol ©
0 0 091 0 0 0

074 0 086 O 0 0

where p;; is the current delivery probability. The elements
of matrix where p;; = 0 are probabilities of nodes that are
adjacent to themselves and those that are not neighbors of
current node. This is the auxiliary matrix for obtaining
search matrix of mean time delivery. Initial adjacent
matrix of time delivery is the following:
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0 2512 0 0 138

25 0 1716 0 0

11217 0 0 24 29

=10 16 0 0 0 o0 (10)
0 0 240 0 0

1.8 0 29 0 0 O

where #; us the current time delivery for i, j node in a
graph. #; = 0 is the time for nodes that are not neighbors
and will be calculated with formulas presented above.
Thus, the delivery probabilities and delivery time for
each of link in a network is obtained with a help of
programming model (see DDS Datastore Simulation),
that computes the given formula which is the man time
of delivery for every path from i to j, we obtained the
matrix of mean time delivery. The matrix is symmetric,
because the delivery time from i to j should equal to the
delivery time from j to i, and, obviously, the delivery
time from i to i is equal to O:

0 25 12 718 581 18
25 0 17 16 823 724
|12 1.7 0 869 24 29 (11
H=1718 1.6 869 0 1247 1325[
581 823 24 1247 0 724
1.8 724 19 1325 724 0

But this matrix is calculated with a condition of the
perfect partition tolerance in a network, i.e. there are no
network partitions. Let us introduce the probability of
node aliveness, i.e. the probability of that a node will be
able to transfer replica and replace own replica if
needed. So taking into account these conditions, we
obtain the new matrix of delivery mean time:

0 25 12 972 87 18
25 0 1.7 1.6 11.6 1226
| 1.2 17 0 109 24 29 (12)
=972 16 1096 0 1536 17.61
87 11.63 24 1536 0 10.54
1.8 1226 29 17.61 1054 0

Evolving decision-making algorithm
for distributed network topology design

Based on calculated matrix in the previous section,
we are able to construct the following elements of
decision-making text algorithm for design stage of
network for a distributed datastore.

Algorithm. Input. Initial graph G representing the
topology of distributed datastore network. Program T,
that calculates the matrix of delivery mean time for each
of datastore nodes. Set of delivery optimization
algorithms A. Output. Optimal allocation of nodes in the
graph in the form of mapping that associates each nodes
to its neighbors.

0. Calculate mean time on graph G using program T.

1. Sort nodes in the next order: the first node is the
one where read requests come most rarely, and the last
one is the node where read requests come most often.
Denote this set as N;.

2. Go to instruction 0, giving program T the input
data as initial measurements of delivery probabilities
and delivery time from every node to neighbors.

3. Assign roles to nodes from N; in the next manner:
node that have maximal delivery associates with the very
first node from N; and node, that have minimal delivery
time, associates with the very last node.

4. Save obtained graph and execute instruction 0.

5. If there are nodes that require fast delivery and
there those that do not, swap more important nodes with
less ones. Save obtained graph.

6. Execute instruction 0. After that if there are still
nodes where mean time do not satisfy required one, use
algorithm set to decrease delivery time without
decreasing measured value of consistency (consistency
in a datastore can be measured using same model from
[18]). Otherwise go to 7.

7. If there are nodes that do not require fast
delivery, remove not needed links that will increase
system cost.

8. Execute instruction 0 for current graph and if
mean time delivery decreased for node threshold, go to
instruction 7 and repeat it for other nodes until optimal
solution will not be found.

Conclusions

This research is devoted to mathematical model for
distributed datastore that is evolved with the stochastic
formula which allow to measure the mean time delivery
in the conditions of data loss in a datastore. The input
data for such measurements are based on network
metric algorithms that allows to measure initial needed
values: the delivery and time probability from node to
node. This research results in a formed component of
decision-making algorithm on the design stage of a
network topology for a datastore® the technique of
nodes allocation depending on  implemented
mathematical model has been developed. The algorithm
will help to find the optimal topology that will allow to
achieve as maximum as possible delivery time in the
conditions of data loss probability without losing
consistency measured value. Then base CAP-guarantees
should be balanced due to this work. In the next
research current mathematical model will advance in the
direction of increasing all the three CAP-guarantees and
expansion of algorithm for building the architecture of a
distributed datastore general solution.
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CroxacTmyHa Mogenn 15 oninkn CAP-rapanTiii 1s po3noginennx 0a3 1aHux
K. M. Pykxkac, I'. I'. )KonTtkeBuu

Anotanisi. IIpeamerom nocmipkenns crarri € CAP-rapanrii posnozinennx 6a3 naHux. MeTol € pO3BUTOK alrOpUTMY
HPUHHATTS pillIeHb U1l IPOEKTYBaHHS PO3IOAUICHUX CXOBMIL JaHHX, Akuii 30anancye CAP-rapanTii 3aexHo Bij 6i3Hec norpe0. Jis
JIOCSITHEHHST METH OyJTH MOCTaBJICHI Ta BUPINIEHI HACTYIHI 3aJa4i: pO3BHHEHA CTOXAaCTHYHA MOJIEIb JUIs OLIHKH Pi3HUX KOMIIOHEHTIB
CAP-xapakTepucTHK Ta METPHK, SKi BIUIMBAIOTh HA 11i 3HaYeHHs. [l11 BUPIIICHHS 3a/ia4 3aCTOCOBYBAJIMCh HACTYIIHI MeTOXH: 6a30Bi
MOHATTSI T4 BU3HAYCHH 3 Teopii rpadis Ta Teopii HMOBIpHOCTI, 3arabHi GpopMyIIM MaTeMaTHYHOTO CHOZIBaHHA Ta iMiTaliiiHI Mozem
Ul PO3MOALIEHOr0 CXOBHILA JAHUX, NPOrpamMHe 3a0e3NEeueHHs, SIKe BUKOPUCTOBYBAJIOCH [Vl MiAPaxyHKY BHUBEICHHX (HOPMYIL.
TexHiYHa MOMUIMBICTH BUMIPIOBAHHS TAaKUX METPUK, sIKi cIprstorh Ha CAP-XapaKTepyCTUKH, a0 3MOTy OTPUMATH SIK Pe3yJbTaT
(opMyBaHHS CKIaOBUX AITOPUTMY IPHIHATTS pillieHb. BUCHOBKHM: po3po0IieHi KOMIIOHEHTH aTOPUTMY TIPHITHATTS PillieHb € METO0
i€l craTTi Ta MOXYThb 3aCTOCOBYBATHCS SIK 0a30BI KOMIIOHEHTH HA €Talli NPOEKTYBAHHS PO3MOIUICHUX CXOBHI JAHHX, OTXKE
apXITEeKTOp MPOrpamMHOro 3a0e3MeueHHs] 3MOXKEe 3aCTOCYBAaTH TAKHI aJTOPUTM JUIS JIOCSTHEHHs 30aJaHCOBAaHMX TapaHTIH HaJiHHOL
PO3IIONIIEHOT CHCTEMH HA PaHHBOMY eTarti (hopMyBaHHsI Oi3HeC TOTpeO Ta peaizalii IporpaMHOro pillleHHs.

Karw4dosi ciosa: CAP-rapanrii; po3nozineHi CXOBUIA JaHUX; aJIrOPUTM IPUHHATTS pillIeHb; CTOXACTUYHI METPHKH;
CepeiHii yac pO3MOBCIOIKEHHS PEILTiK; NPOSKTYBAaHHS PO3HOIIICHUX CXOBHILL.

CroxacTuyeckas Mogenasb s onenkn CAP-rapanTuii 1J1s pacnpenesiecHHbIX 0a3 JaHHBIX
K. M. Pykxkac, I'. I'. KontkeBuu

Annoranus. Ilpenmerom wuccnenoBanmsi cratbu sBisitoTcss CAP-rapantum pacnpenenenHeix 6a3 nanueix. Lledab
HCCIIEIOBAHMS — Pa3BUTHE alrOpUTMA IIPUHSTHS PEIICHNH [UIsl TPOSKTHPOBAHMS PACIPEIeTICHHBIX XPaHWIHUI JaHHBIX, KOTOPBIi
coanancupyer CAP-rapanTin B 3aBHCHMOCTH OT OM3Hec-TpeOoBaHMA. [I1s1 BHINOMHEHUS LENH ObLIM ITOCTABJIECHBI U PELICHBI
CIIe/IyIOIINE 3aJa4M: Pa3BUTa CTOXACTHYECKas MOJENb JUIS OLEHKH pPa3iIW4HbIX KOMIOoHeHTOB CAP-xapakTepucTHK M KX
METPHK, KOTOPbIE TOBJIMSIOT Ha MX 3Ha4eHMs. [ pereHus 3a1a4 HCIoIb30BAIUCH CIIETYIOINE MeTOABI: 0a30BbIE MOHSITHUS U
OIpe/IeNIeHNsT U3 TEeOopuH rpadoB M TEOPHU BEPOSTHOCTH, oOIIMe (HOPMYNIBI MaTEeMaTHYECKOro OXKHIAHUS W MMHUTALOHHBIE
MOZENH Ul pacHpeNeNICHHOro XPaHWININA JAHHBIX, [TPOrpaMMHOE OOeclieueHHe, KOTOPOe HCIIONb30BAIOCH IS MOACYeTa
BEIBEZICHHBIX (opMyia. TexHudeckass BO3MOKHOCTh M3MEPEHHs TaKMX METPUK, OT KOTOpbIX 3aBHCIT CAP-xapakTepHcTHKH,
MIPUBENIO0 K TMONYYCHUIO (POPMHPOBaHMS COCTABISIIOIIMX QJITOPUTMA IPUHATHS peElIeHHH Kak pe3yJbTaTta. BbIBombl:
pa3paboTaHHbIE KOMIIOHEHTHI aJirOpUTMa IPHHATUS pELIeHHH, KOTOpHIE SIBILSIFOTCS LENbIO CTaThbH, MOTYT IIPHMEHSTHCSI B
KadyecTBe 0a30BBIX KOMIIOHEHTOB HA 3Talle MPOSKTHPOBAHUS PaCIpeIelIeHHbIX XPaHWIHIL TaHHBIX, CJIEI0BATEIbHO, apXUTEKTOP
MIPOrPaMMHOT0 O0ECIIeYeHHUS] TIOIYIUT BO3MOXKHOCTB JOCTIDKEHUS COaaHCHPOBAHHBIX TapaHTHH HAJE)KHOU pacrpelesieHHOMH
CHCTEMBI Ha paHHeM 3Tare GopMUpOBaHMs OM3HEC TPeOOBaHMUI N peasIn3anny IPOrPaMMHOTO PEIICHHSI.

Kawo4ueBnle caoBa: CAP-FapaHTI/II/I; pacnpeAcIC€HHbIC XpaHWIMINA JAaHHBIX; aJI'OPUTM TMIPUHATHA peHleHHﬁ;
CTOXaCTUYCCKNUEC MECTPUKH; CPEAHEC BPEMS PACIIPOCTPAHEHUS PEIUIUK; IPOCKTUPOBAHUE PACIIPEACICHHBIX XPAaHUIINIL JaHHbIX.
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PARAMETRIC SYNTHESIS OF A NON-STATIONARY AUTOMATIC CONTROL
SYSTEM OF THE COURSE STABILITY OF THE CAR

Abstract. Widely used in the practice of analysis and synthesis of automatic control systems of non-stationary dynamic
systems, the method of “frozen coefficients” does not have a rigorous theoretical justification and does not always lead to the
desired results. In this regard, to solve the problem of parametric synthesis of a non-stationary automatic control system of the
course stability of the car, an algorithmic method is considered for choosing the variable parameters of the regulators of non-
stationary objects, based on the direct calculation of the additive integral quadratic quality functional that reflects the set of
requirements for the automatic regulator of a non-stationary object, followed by finding the values of the variable parameters a
regulator delivering a minimum of quality functional, and the required values of the weight coefficients of the additive functional.

Keywords: non-stationary dynamic system; additive quality functional; variable controller parameters; weight
coefficients of additive functional; dynamic accuracy of the course stability system of the car.

Introduction

Problem statement. In [1], the problem of
choosing the values of the variable parameters of the
electronic unit of the automatic control system (ACS) of
the course stability of the car was considered, the
structural diagram of which is shown in Fig. 1, where the
following notation: CIC — command instrument
complex; OC — onboard computer; EHA — electro-
hydraulic amplifier; BP — brake pedal; A — automobile.
In the process of braking the car, external disturbances
acting from the side of the motion surface, as well as
skid and slip of the wheels of the car, lead to the
deviation of the car body from a given direction of
travel and possibly to an emergency situation. The
objective of the automatic control system of the course
stability of the car (international designation VSC) is to
minimize the possible deviation of the skid of the car
body when braking in difficult road conditions.

The CIC contains three gyroscopic sensors of
angular velocity AVS and three linear acceleration
sensors LAS, the sensitivity axes of which coincide in
the direction with the three main central axes of inertia
of the car body: OX - longitudinal, OY - transverse
and OZ - vertical. The output signals of the AVS

o, (¢), o, (1), ®,(t) and LAS w,(¢), Wy, (1),
w, (t) are fed to the inputs of the analog-code converter
(ACC) of the OC, where they are converted into lattice
functions o, [nT], ®, [nT], o.[nT], w[nT],
wy, [nT] and w,[nT]. High-frequency interference of

lattice functions at the output of the ACC is filtered by
Butterworth recursive digital filters [2]. From the output
of the filters FB1 — FB6, the filtered lattice functions

@x[nT], (By[nT], (TJZ[nT], ﬁ/x[nT], Wy[nT] and
w,[nT] go to the algorithm block Al, which

implements the algorithms of strapdown inertial systems
SINS [3], which calculates the angular deviation of the

car body y[nT] and the linear displacement of the

center of mass of the body y[nT] from a given vehicle
trajectory in braking process. The output signal of block
Al y[nT] is fed to the input of the Lanczos digital filter
[4], at the output of which there is a lattice function
(o[nT] corresponding to the angular velocity of rotation

of the car body in its perturbed movement during braking.
Block A2 implements the stabilization algorithm of
the car body in the channel of angular stabilization

Uy, [nT]=kW\u[nT]+k\l-,(o[nT] , €))]

and block A3 implements the stabilization algorithm in
the channel of lateral displacement

u, [nT]=kyy[nT], 2

as well as the stabilization algorithm of the two-channel
system

u[nT]=kw\u[nT]+k\l-,0)[nT]+kyy[nT]. 3)

The control signal in the form of a lattice function

(3) is fed to the input of a code-analog converter (CAC),

from the output of which a continuous signal u(z) is fed

to the input of the control winding of the EHA, which

forms the brake fluid pressure p, (1) and p;(¢) which

is supplied to the brake cylinders of the wheels of the
right and left sides of the car.

In relations (1)—~(3), through%,, , & and k, are

designated the variable constants of the control

algorithm. The task of the parametric synthesis of the
ACS of the course stability of the car is to find the

values of the variable constants k\u R k\i/ and ky of the

algorithms (1)—(3) that deliver the required properties to
a closed ACS. So, in [1], these constants are selected
from the condition of maximum margin of stability and
maximum speed of closed ACS.
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Fig. 1. Block diagram of the automatic control system of the course stability of the car

The control object under consideration — a car with
an electro-hydraulic brake amplifier is non-stationary.
Indeed, the mathematical model of the perturbed motion
of the control object developed in [1] has the following
form:

L w0
0w )
L, diz(;) (1) =u (1) ©)

d*y(t) . dy(1) .
I 2 + fy o +opy (1) =ki(t) 5 7

Ap(t)=kyy(t), ®)

where (¢) is the current angle of deviation of the

longitudinal axis of the car body from a given direction of
y(t) is the
displacement of the center of mass of the body relative to

movement during braking; lateral
a given trajectory of the car during braking; i(¢) is the
current value of electric current in the control winding
of the EHA; y(7) is the angular deviation of the rocker
arm of the EHA electromagnet; Ap(¢) is the differential
pressure of the working fluid in the brake lines of the
right and left sides of the car; u(¢) is the control signal
at the output of the CAC converter of the OC; M ; (¢)
is the disturbing moment acting on the car body relative
to its own vertical axis of inertia; v() is the current
speed of the center of mass of the car during braking; /,

is the moment of inertia of the car body relative to its
own vertical axis; L, is the inductance of the control
winding of the EHA; r is the resistance of the control
winding; [ is the moment of inertia of the rocker arm of
the EHA; f; is the coefficient of viscous friction in the
axis of rotation of the rocker arm; c¢; is the stiffness
coefficient of the fixing spring of the EHA rocker arm;
kg, ke, k, are the proportionality coefficients.

Equations (4)—(8) describe the perturbed motion of
the continuous part of closed digital ACS of the course
stability of the car. Equation (4) describes the change in
the mismatch angle y(¢) of the own longitudinal axis of
the car body from a given direction of movement;
equation (5) is the deviation of the center of mass of the
body y(f) from a given trajectory; equation (6) is the
change in the electric current in the control winding of the
EHA i(¢), to which a control signal u(f) is supplied from
the output of the CAC; equation (7) is the change in the
angle of rotation of the rocker arm of the EHA
electromagnet y(¢) under the action of electric current i(?),
and equation (8) is the mismatch of the working fluid
pressures in the brake lines of the right and left sides of the
car when the rocker arm is rotated through an angle y(¢).

The system of differential equations (4)—(8) is non-
stationary, since in equation (5) the coefficient at y(¢) is
the current velocity of the center of mass of the car v (f),
which changes in time during braking. In [1], to solve the
problem of parametric synthesis of ACS of the course
stability of the car, the “frozen coefficients” method is
used, according to which the trajectory of a non-
stationary object is divided into a number of intervals, on
each of which the time-variable coefficients of the
mathematical model of the non-stationary object are
“frozen”, that is, are assumed to be constant over time. At
each of the intervals, the problem of choosing the variable
parameters of the ACS for a stationary object is solved,
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and then the change in each of the variable parameters in
time is extrapolated by the corresponding function of
time, which is realized by an analog or digital ACS.
Despite the simplicity of the method of "frozen
coefficients", this method is not theoretically justified and
often leads to unsatisfactory results.

In [5, 6], an algorithmic method for the parametric
synthesis of dynamical systems is described, based on the
direct calculation of the additive integral quadratic
functional, which reflects the set of requirements for ACS,
on the solutions of the mathematical model of a closed
ACS and on the simulation model of external perturbations
acting on the control object with subsequent finding the
minimum mathematical expectation of the functional in the
space of variable parameters using the Optimization
Toolbox software package MATLAB or Minimize
software MATHCAD. Moreover, the solution to the
problems of analysis and synthesis of ACS of non-
stationary technical objects can be obtained without the use
of the “frozen coefficients” method and, as a rule, leads to
higher quality of controlled processes in a closed ACS.

The purpose of this article is to solve the problem of
parametric synthesis of the ACS of the course stability of
the car using the algorithmic method of parametric
synthesis of dynamic systems, followed by a comparative
analysis of the obtained results with the results of use of the
"frozen coefficients" method for solving the same problem.

Main material

The first step of the algorithmic method of
parametric synthesis of dynamical systems, described in
[5,6], is the formulation of requirements to system and
their formalization. With regard to a closed ACS of the
course stability of the car these requirements are reduced
to the fact that, firstly, the closed ACS should be stable
and, secondly, have high dynamic accuracy. In the theory
of analytical construction of optimal regulators
(ACOR), developed back in the mid-60s of the previous
century, it was concluded that the formalization of the
requirements of stability and high dynamic accuracy of
the system reduces to the requirement of a minimum of
the additive integral quadratic functional calculated on
the solutions of dynamic system. In the work [7] of the
authors of this article, it was shown that this functional
can contain only the so-called “main” coordinates of the
dynamic system, which mainly characterize the
dynamic process under consideration.

From the consideration of the mathematical model
of the perturbed movement of the control object (4)—(8) it
follows that the “main” coordinates, which mainly
characterize the movement of a car with an electro-
hydraulic brake amplifier, are the angle y(¢) of deviation
of the longitudinal axis of the body from a given direction
of movement, the angular velocity y(¢) of rotation of the
body and the current deviation of the center of mass of
the body y(f) from a given trajectory of the car. Then the
additive integral quadratic functional, the value of which
characterizes the accuracy of the closed ACS of the
course stability of the car, is written as

(B33 (1) B393 () B33 (0 Jar] . )

I=M{
0

()

where j = LN is the implementation of random process

M ; (1); {V[) — symbol of mathematical expectation of
: J

random process implementations M ; (t); T — random
process analysis time  ;(¢), V;(¢) and y;(¢); By,
B, and B3 — weighting coefficients of functional (9) to

be selected.

The problem of the parametric synthesis of the
ACS of the course stability of the car is to find the
values of the variable parameters of the ACS k,,, &
and ky, which deliver on solutions of the closed ACS
(3)—(8) a minimum of the integral quadratic functional
(9). It is assumed that the digital ACS uses a zero-order

CAC, which converts the lattice function u[nT] into a

piecewise constant function u () [8]:

{u[nT] nT£t<(n+1)T;
t —

= u[(n+1)T}, (n+1)T <t <(n+2)T. (10)

We represent functional (9) in the following form

z(kw,k\.u,ky)=sf%{j;w5 ()t} +

(11)
83 ]33 ()03 ]33 )
and introduce the following notation:
byt v 0],
1 (ky ke Ky ) = %{ij% (t)dt}; (12)

I (kW’k\if’ky) ={\;1){j;yf (’)dt}~

In contrast to the additive functional (11), relations
(12) are called partial functionals. In view of relations
(12), the additive functional (11) is written

I(ky g ky ) = BEEy (R Ky Ky )+
B3 (ke ey ) B3 (ke i )

In [9], a methodology was presented for choosing
the values of the weight coefficients of the additive
functional, in accordance with which, for the problem
under consideration, these values are

(13)

Bl — WV max .
* 2 * .2 * 2 *\°
[1 (\Vmax/ll +\Vmax/[2 +ymax/[3)
\i/max
Br=— ;o (14)
2 * .2 * 2 *
[2 (\Vmax/ll +\Vmax/[2 +ymax/[3)
)
B3 max

= * 2 * .2 * 2 *\
[3 (\Vmax/ll +\Vmax/[2+ymax/[3)

where Wiavs Wmax> Vmax are the maximum possible
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values of the "main" coordinates (), V() and

yj(t), achieved by realizing a random process

M7 (f), j=1N:

f
= max Y;(1);Wmax = _Max W (2);
nax J=LN;t[0,1] 1() nax J=LN;t0,1] 1() (15)
b = _max yil(f);
nax J=LN;t[0,1] '1( )

I*, I*, I, — minimum values of partial functionals
1. 12, 13 p
(12) obtained by minimizing each of them individually
& &
I, = min [, (K); I, = min I,(K);
! KGGk ! ( ) 2 KGGk 2 ( )
;= min 5(K) 1o
= min ,
3 KeGy 3

roe K — vector of variable parameters of the ACS

(17)

G, —the set of permissible values of variable parameters.

Kz[kw ky kyJT;

Finding the minimum of each of the partial
functionals (12) under constraint

is a solution to the nonlinear programming problem.

The Nelder-Mead method [10], implemented in the
Optimization Toolbox software package MATLAB and
Minimize software MATHCAD, allows you to find the
local minimum of each functional (12) closest to the

starting point K 0 Gy . In [11], it was shown that the

integral quadratic functional calculated on the solutions
of a linear system of differential equations has a single
minimum on the set of possible values of the variable
parameters Gy, for which it is recommended to choose

the stability region of the closed ACS in the space of
variable parameters.

After evaluating the maximum values of the
“main” coordinates (15) and calculating the minimum
values of the partial functionals (16), the values of the
weighting coefficients of the additive functional (9) are
calculated, the functional (9) is formed, its mathematical
expectation is calculated for N realizations of the
random process M}J( (1), j=LN, and then using
Optimization Toolbox software package MATLAB or
Minimize software MATHCAD it is searches for a

vector of variable parameters K € G that delivers a
minimum of functional (9).

0 0 0 0
0 00 0 keky/l,
() 00 0 0
A=y o0 _h 0
Ly
0 00 0 0
L0 00 K/l -/l

Consider the method of constructing the set Gy,

for which we present the system of differential
equations (4)—(8) in normal form, introducing the six-
dimensional state vector of the control object

()]

x ()] ()
x(0)]_|»(@)
X(t)= = (19)
70|
xs (1) | v(2)
|6 (1)) [7(¢) ]
and resolving system (4)—(8) relatively to highest

derivatives

(20)

Given the notation (19), we represent the system of
four differential equations (20) of the first and second
orders in the form of a system of six differential
equations of the first order:

Xy (1) =xy(1):

We write system (21) in the vector-matrix form

X(t)=
= A()-X (0)+ B-u(t)+C-M (1), (22)

where the matrices 4(z), B and C are equal:

0 F o
0 0 ]
/1,
0 0 0
0 sB=| 0 |;C= 0
RGNk
. - i 0 ]
~fie 1k |
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The stability of the dynamic system does not
depend on external influences on the system, therefore,

in equation (22) we put M ; (1)=0, and we take the
value of the speed of the center of mass of the car to be
maximum and equal v, assuming the change in speed
during braking in accordance with the formula

v(t)=v0—a-t, (23)

where a is the deceleration of the center of mass during
braking. At the time 7 =0, the movement of the car is
most stable. The stability of the car begins to decrease
with the beginning of braking, with a decrease in the

current speed of the center of mass v(r), when

v(t) =y, the stability region of a closed system in the

space of variable parameters is most voluminous and
begins to decrease with the beginning of the braking
process. When ¢=0 the equation of the perturbed
motion of the control object takes the form

X(t)=A4-X(t)+B-u(t)

where the matrix A4 is equal

0O 1 0 0 0 0

0 00 0  kk/l, O
Lm0 00 o 0 PO

0 00 —nly O 0

0 0 0 0 0 1

L0 0 0 k/I; -—cf/lk —fi/lx]

The difference vector-matrix equation connecting
the initial state of the continuous part of system (21)

X[kT] with its final state X[(k +1)T} at each
discreteness period is written in the form [12]

X[(k+1)T|=@-X[kT]+H-u[kT], (25

where the matrices @
determined by the formulas

(I):ilAiTi- H:i LB, e
S T A (i) '
i=0 i=0

and H are respectively

The number of considered members of the matrix
series (25) and (26) depends on the value of the
quantization period 7 .

Usually, when using modern onboard computers
with a short quantization period, with a sufficient degree

of accuracy it is assumed
O=E+AT; H=BT. (27)

We write the control algorithm (3) in the vector-
matrix form

U[nT]|=K-X[nT], (28)

where K is the matrix of variable parameters of the
ACS, and

K:[k ki k 000].

y My Ay (29)

In the right side of difference equation (24), we
substitute relations (27) and (28). As a result, we obtain
a difference equation that describes in finite differences
the own motion of the closed ACS of the course
stability of the car

X[(k+1)T]=(E+A4-T+B-K-T)X[kT]. (30)

Then the characteristic equation of the closed ACS
is written in the form

det[ 4-T+B-K-T+E(1-z)]=0, 31)

where z is the complex variable of the Z-
transformation of lattice functions.

Substituting the matrices 4, B, K in equation
(31) and revealing the determinant obtained, we write
the characteristic equation of the closed discrete ACS of

the course stability of the car

(1-2)° =(1-2)’ T'x
x[r—0+&J+[i-&+c—kj(l—z)4T2—
Ly Iy ) \Lo Ix Ik
k,k k

Sk 3.3 Mela'p 2.4
—— 2 (1=z) T° - 1- Tk,
(12 1 =35 (=2 T

(32)

kok ok
L (1-2) Tk, +
L1k Ly

ko k
Ly, Tk, =0,
[alkLO

According to the notation

_h Je s,

14 C
sy =0 S G
Ly Iy

Ly Iy I’
k. k k

_ "eta"p

I I Ly

q 2

4y =0k

Ly Iy

characteristic equation (32) takes the form
(1-2)° —ay(1-2)’ T+ ay (1-2)* 72 -

—a3 (1 —2)3 T —ay(1 —2)2 T4k\|'! + (33)

+ay (1-2) Tk, +agvoT%, =0,

Using the W —transformation method [13], in

. 1+w
equation (33) weset z=—.
1-w
As a result, we obtain a new characteristic
equation for a complex variable w :

(64—32aT +16a,T° —8a3T> —4a,T*ky, +2a,Tk,, +agvg Tk, )W’ + (32T = 320,77 + 24a3T" +

+16a,Tky, —10a,T°k,, —6a,v)T k)W +(16a,T% = 24a3T° —24a,T ky, +20a,T°k,, +

(34)

+15a,vT %k, )w* + (83T +16a,T*ky, —20a4T°k,, —20a,v0T %k )w’ +

+(—4as Tk +10a,Tky, +15a,v0Tk, )W +(=2a4T°k,, — 6a4voT %k )w+agvoT k), = 0.

55



Advanced Information Systems. 2020. Vol. 4, No. 2

ISSN 2522-9052

In characteristic (34), we make a replacement
w= jo, select the real and imaginary part, and equate

them to zero. As a result, we obtain the relations:
2a4T5092 (—034 +100° —S)kw +
+4a4T40)2 ((04 — 60’ +1)k\if + a4v0T6 k%
><(—0)6 +150% 150> +1)= ot (A6w2 —A4);
(33)
2a4T5(o(—50)4 +100° 1)k, +
+16a4T40)3 (0)2 _1)k\if +2a4v0T60)><
x(-30* +1007 -3)k, = (4 - 4507,
where 43, 44, As and Ag are equal
Ay =8asT>; Ay =16a,T° —24a;T>;
As =32ayT —32a,T? + 24a;T> ;
Ag = 64—32aiT +16a,T* —8a;T>.

In relations (35) we set k, =0. Then relations

(35) are written as
24,7° (~o* +100 =5 )k, +
= 0)2 (A60)2 —A4),'

20,7° (~50* +1007 1)k, +

+4a,T* (of‘ — 602 +1)k\4-,
(36)

+16G4T40)2 (0)2 _l)k‘l-’ = (02 (A3 —A50)2 )
Using relations (36), in the plane of the variable
parameters (kw’k\if) of algorithm (3) we construct the

boundary of the stability region of the closed ACS. In
accordance with the hatching rule [8], we consider the
determinant of the system (36)

2a4T5 x 4a4T4 X
><(—o)4+100)2 —5) ><(c04—6c02+1)
A= =
2a4T5 x 16a4T4032 x
37
><(—50)4+100)2—1) x(coz—l) 37
ot +100° -5 o 60 +1
0. 279
=8a3T 4 2 2(.2 :
=S50 +100° -1 ® (03 —1)

For small values ®, the determinant (37) is
positive; therefore, moving along the boundary of the
stability region in the direction of increase ®, the
boundary should be hatched on the left. In this case, the
hatching is directed inside the stability region (Fig. 2).

Inside the stability region G,,, we choose a point

(k:,,k:,), substitute the values k:, and k:-, in the

characteristic equation (34), and solve the equation (34)
with respect to the variable parameter ky :

-1 ((ﬂ i
-2 /~ l
)

8 é\ ‘H\\\\\UL
Ny

-600

E
\
x

k

v \
-200 0

-9
-800 -400

Fig. 2. Construction of stability region G,, in
plane (k\v’k\i/)

{B6W6 +B5W5 + B4W4 +J
k

+B3W3 +BzW2 +Blw
- S 69)

y
6 —w® +6w’ —
agvyT" -

In relation (38) we substitute w= jo and select

15w™ +
3 2
+20w° —15w" +6w—1

the real and imaginary parts. As a result, we have:

_ G WE (w)+Dy (w)Fy ().

ke ky - a4v0T6 |:E + F2 (W):| (39)
_Dy(W)E, (w)=Cy (w)Fy (w)

Imk,, = WOT()[EZ +F2(W)} (40)

where
By = 64—32aT +16a,T° -
83T ~4a, Ty, +2a, Tk, ;
Bs =32a\T —32a,T? +24a5T> +
+16a,T kg, —10a, Tk,
By =16a,T% ~24a;T° —24a,T*ky, +20a,T°ky, ;
By =8a3T° +16a4T*ky, — 200,k ;

By =—4a,T*ky +10a,Tky,; B = —2a,T°k,,.

C (w)=

y —B6W6 +B4W4 _Bzwz;

Dy (w) = BSWS —B3w3 + Byw;

Ey (w) = w0 —15w* +15u? -1,

Fy (w) = 6w — 20w + 6w.
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Using relations (39) and (40), we construct the
boundary of the stability region G, of the closed ACS

of the course stability of the car in the plane of the
complex parameter &, (Fig. 3). This region represents a

segment of the real axis, concluded between the origin
and the point of intersection of the boundary of the
stability region with the real axis of the complex plane

(Reky,lmky).

Imk
80 z

60

40

20 ‘

50 100 150

Fig. 3. Construction of stability region Gy in plane

(Reky,lmky)

In the future, to clarify the areas of stability G,,
and G, , we use the iterative process developed by the

authors described in [1]. As a result, we obtain the set of
possible values of the varied parameters of the ACS
Gy, , which is the intersection of the sets G, and G, :

G =G, NG,

In this example, the values of the parameters of the
mathematical model (4)—(8) were taken equal:

Ly=10" H; y=30Q;
1, =0,98-102 N-m-s°; f, =0,55N-m-s;
¢ =1,01-10° N-m; k, =10 N-m-A7";
ky ==0,5-10" N-m-Pa™"; k, =3,5-10° Pa;

I, =1750 N-m-s?; T =0,003s.

Using the algorithmic method of parametric
synthesis described above leads to the following optimal
values of the variable constants of the stabilization
algorithm (3):

0_ o0 _ e 20 _ .
kw =-13,65 V; k\l'! =-4,07 Vs, ky =41,02 V-m

It was shown in [14] that a random process
M 4 (t) is determined by the relation

My (1)=Mpy(1)=Mp(1): (41)

where M 4 (1), M P (¢) are the moments of resistance

to the rolling of the wheels of the left and right side of
the car, which are random functions that depend on the
properties of the soil and the microprofile of the surface
of movement under the corresponding side. Method for
generating implementations of a random function

Vi)
J

implementation of a random function M (1),

j=1,_N, where j is the number of the

N —the

number of implementations described in [15] for
various types of the motion surfaces and various speeds
of the center of mass of the car.

The accuracy of solving the problem of parametric
synthesis of ACS depends on the accuracy of estimating
the additive functional (9), which is determined by the
number of implementations N of the random process

M ; (1), j= I,N. Functional (9) is calculated by
adding one more differential equation

j .2 2.2 .

] (£)=Bws (1) +B3W} (1)+B3y5 (1); j=1N . (42)

to the mathematical model of the closed (21), (3).
For N implementations of a random process

M () on solutions of the closed ACS, we find N

S

implementations of a random function (42). From

relations (9) and (42) it follows
1;(K) =] (v.K), *3)

therefore,

1(K)=M{x] rK}=%§:x .K).

(44)
() =

—_

We estimate the variance of a random variable (43)
[16]:

(45)

We set the necessary accuracy of the estimation of
functional (44) or the quantities € and B, for which

P{ |1 (K)-1(K)|<ef=B.

In accordance with [16], for a given value 3, we find
the coefficient 73 and the required number of
implementations of the random function M ; (1), j= LN

_ D(K)f _
N — N=[N|,
€

where (()—‘ is the Iverson symbol, meaning rounding
the number (-) to the nearest larger integer.

Conclusions

The “frozen coefficients” method, which is widely
used in the practice of developing systems for the
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automatic control of non-stationary objects, is not
theoretically substantiated and often leads to high
dynamic errors of closed ACS.

The main requirements for the automatic control
system of the course stability of the car are stability and
high accuracy of the stabilized process.

Quantitatively, these requirements can be
estimated by the value of the mathematical expectation
of the additive functional, the integrand of which is a
quadratic form of the “main coordinates” of the
mathematical model. The model describes the random
stabilized process of the course deviation of the body of
the car from a given direction of movement and lateral
displacement of the center of mass of the body from a
given trajectory during braking.

An alternative to the “frozen coefficients” method
is the algorithmic method for the parametric synthesis of
automatic control systems for non-stationary objects,
based on the direct calculation of the mathematical
expectation of the additive integral quadratic functional,
calculated on the basis of the mathematical model of the
closed ACS with the subsequent selection of the weight
coefficients of the additive functional and its
optimization using the Optimization Toolbox software
package @ MATLAB and Minimize  software
MATHCAD. The optimal solution to the parametric
synthesis problem is found on the set of permissible
vectors of variable constants of the control algorithm,
which is the intersection of the stability regions of a
closed system in each of the control channels.
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I[IapameTpu4HuUii CHHTE3 HeCTALLIOHAPHOI CHCTEeMH
aBTOMATHYHOI0 KEePYBaHHS KyPCOBOIO CTiHKICTIO aBTOMOOiIs1

€. €. Anekcanzpos, T. €. Anekcanzaposa, I. B. Kocrsnuk, . 1O. Mopryn

AHoTanisi. Meroz «3aMOpOKEHHUX KOe(illi€HTiBY, 110 MHPOKO BUKOPUCTOBYETHCS B IPAKTHUILII aHATI3Y 1 CHHTE3y CUCTEM
aBTOMAaTHYHOTO KEPYBaHHs HECTAI[IOHAPHUX IMHAMIYHUX CHUCTEM, HE Ma€ CTPOroro TEOPETUYHOro OOIPYHTYBAHHS 1 HE 3aBXKIU
NPUBOINTE 10 OakaHUX pe3ynbTrariB. OCHOBHMMM BHMOTaMH, IO IPE'SBISIIOTHCS IO CUCTEMH aBTOMATHYHOIO KEPYBAaHHS
KYPCOBOIO CTilKiCTIO aBTOMOOLIS, € CTIHKICTh i BUCOKa TOYHICTH Ipornecy cradimizarii. KilbkicHO 1i BHUMOTM OLIHIOFOTHCS
3HAYECHHAM MaTeMaTUYHOr0 O4YiKyBAaHHS aJUTHUBHOrO (pyHKIiOHaNy sSKOCTi, mifiHTerpaipHa (YHKLis SKOro — KBaJpaTHYHA
(bopMa «rOJOBHUX KOOPIMHAT» MAaTEeMAaTHYHOI MOJEN, sKa OIMCYE BHIIAJKOBUH Ipolec cTabinizalii KypcOBOIO BiIXMIICHHS
KOpITyCYy aBTOMOOLIS BiJl 3a[JaHOr0 HANpPSAMKY pyXy Ta OIYHOro 3CyBY LEHTPY Mac KOpIyCy Bij 3a/laHOl TpaekTopii B mpoueci
rajbMyBaHHs. Y 3B'I3Ky 3 LIMM JJI BHUPILIEHHS 3a/adi MMapaMeTPUYHOr0 CHHTE3Yy HECTalliOHAPHOI CUCTEMH aBTOMATHYHOIO
KEpYBaHHS KYpPCOBOK CTIiHKICTIO aBTOMOOIIS pO3IIINAEThCA ANTOPUTMIYHMKH MeTox BHOOpY BapilioBaHMX IapaMeTpiB
PEryasTopiB HeCTalliOHapHUX O00'eKTiB, 3aCHOBAHMH Ha MPAMOMY OOYMCIEHHI MAaTeMaTHYHOrO OYiKYBaHHS AaJIUTHBHOIO
IHTErpajJbHOr0 KBaJPaTUYHOro (YHKIIOHANY, IO OOYMCIIOETHCS Ha PILIEHHAX MaTeMAaTHYHOI MOJENi 3aMKHEHOI CHCTeMHU
aBTOMAaTHYHOTO KEPYBaHHS 3 MOJAJbIINM BHOOPOM BaroBux Koe(illi€HTiB aJUTHBHOrO (PyHKI[IOHANy Ta HOro oNTHUMIi3ali€ro 3
BUKOPHUCTaHHSM IIporpamMHux npoaykriB Optimization Toolbox i Minimize nporpamuux naxeris MATLAB ta MATHCAD
BianoBinHo. OnTHManbHe pIlIEHHA 3ajadui MapaMeTPUYHOrO CHHTE3y BIJLIYKYEThCS HAa MHOXMHI JOHMYCTHMHX BEKTODIB
BapilloBaHMX KOHCTaHT aJITOPUTMY KEPYBaHHS, IO NPEACTaBII€ COOOK NEpeTHH obylacTell CTIHKOCTI 3aMKHYTOI CHCTEMH B
KO)KHOMY 3 KaHaJiB KepyBaHHs. AJIOPUTMIYHHMI METOJ NMapaMeTpPHYHOrO CHHTE3Y, L0 BUKOPHCTOBYETHCSA B CTATTi, MiJBUIIYE
TOYHICTH PIIICHHA 3a/1a4i, TaK SK BUIbHHUI Bil HEIOJNIKIB, SIKi IPUTAMaHHI METOJY «3aMOPOXKEHHX KOe]illieHTiBY.

Karo4doBi ciaoBa: HecraumioHapHa AMHAMIiYHA CHCTE€Ma; AaAMTUBHUK (DyHKIIOHAN sKOCTi; BapilioBaHi mHapameTpu
peryisropa; BaroBi KoedillieHTH aJUTUBHOTO (DYHKIIIOHAITY; IMHAMIYHA TOUHICTh CHCTEMM KypCOBOI CTIHKOCTI aBTOMOOLIIS.

ITapamerpuyeckuii CHHTe3 HECTALMOHAPHOI CHCTEMBbI
aBTOMATHYECKOr0 YIPaBJIeHHsI KypCOBOii YCTOIYMBOCTHI0O AaBTOMOOHISK

E. E. Anexkcannpos, T. E. Anekcannposa, H. B. Koctsauxk, 5. 10. Mopryn

AnHoTanus. [lupoko wucrone3yemblii B NpaKkTHKE aHaIM3a ¥ CHHTE3a CHCTEM aBTOMAaTHYECKOIO YIPaBICHUS
HECTAIlMOHAPHBIX JMHAMUYECKHX CHCTEM METOJl «3aMOPOXEHHBIX KOI(Q(UIMEHTOB» HE HMEET CTPOroro TEOPETHYECKOIro
000CHOBAaHMS U HE BCErja IPHUBOAUT K KellaeMbIM pe3yibraTaM. OCHOBHBIMH TPEeOOBaHUSIMH, MPEIbABISIEMBIMU K CHCTEME
aBTOMATHYECKOr0 YIPABICHHUS KypCOBOH YCTOHUMBOCTBIO aBTOMOOWIIS, SBISIIOTCS YCTOWYMBOCTh M BBICOKAask TOYHOCTh
crabunusupyemoro mpouecca. KonnuecTBeHHO 3TH TpeGOBaHHMS OLIEHMBAIOTCS 3HAYEHHEM MATEMATHUECKOIO OXKMIAHMS
aJIMTUBHOrO (DYHKIMOHANA Ka4yecTBa, IOIbIHTErpajibHast (YHKIMS KOTOPOro MHPEICTaBiIseT COOOH KBaipaTHUHYIO (Gopmy
(@JIaBHBIX KOODAMHAT» MaTeMAaTH4YeCKOH MOJEIH, OIMCHIBAIOLIECH CIydaliHbI CTAOMIM3UpYEMBIH IIpolecc KypcoBOrO
OTKJIOHEHHUSI KOpITyca aBTOMOOWJIS OT 3aJJaHHOIO HAIpaBIEHMS JBIDKCHUS M OOKOBOIO CMEIIEHHS LIEHTpa Macc KopIyca OT
3aJlaHHOH TpPAeKTOpUM B IIpoLlecce TOPMOXKEHMS. B 3TOH CBA3M Ui pelIeHHs 3ajayd apaMeTPUYecKOro CHHTe3a
HECTAllMOHAPHOW CHUCTEMBI aBTOMATHYECKOrO YIPaBICHHS KypCOBOH YCTOMYMBOCTBIO aBTOMOOMIA —paccMaTpHBAcTCS
JITOPUTMHUYECKUIT MeTO]| BbIOOPa BaApbUPYEMBIX [1APAMETPOB PEryIITOPOB HECTALOHAPHBIX 00BEKTOB, OCHOBAaHHbIN Ha IPIMOM
BBIYHCIICHUH MAaTEMaTH4eCKOro OXHJIAHHMSA aJJIUTHBHOTO HMHTETPAIBHOrO KBAaJPATUYHOrO (HYHKIMOHANA, BBIYUCIAEMOro Ha
PEIICHUAX MaTeMaTH4eCKOH MO 3aMKHYTOH CHCTE€Mbl aBTOMATHYECKOTO YIPAaBJICHHUS C IMOCIELYIOIUM BBIOOPOM BECOBBIX
k03 duIMeHToB a[IMTHBHOrO (QYHKIMOHAIA M €r0 ONTUMH3AlMeH C HCHOJIb30BAHMEM HPOrpaMMHBIX NpoaykToB Optimization
Toolbox u Minimize nporpammubix nakeroB MATLAB u MATHCAD coorBerctBeHHO. OnTuMaibHOE pEIICHUE 3a1aud
[IAPaMETPUYECKOr0 CHHTE3a OTBICKMBACTCS HA MHOXKECTBE JOIYCTUMBIX BEKTOPOB BapbHPYEMbIX KOHCTAHT aJrOpUTMa
yIpaBieHus, MpeJCTaBisIomero coboil nepeceueHue obnacTei yCTOHUMBOCTH 3aMKHYTOH CHCTEMBI B KaKIOM M3 KaHAJIOB
ynpasienus. Vicnonb3yemslil B CTaTbe all'OPUTMHYECKUH METOJ| MapaMeTpUUYEcKOro CHHTE3a IOBBIIIAET TOYHOCTb PEIICHUS
3a/1a4y, TaK KaK CBOOOJIEH OT HEJIOCTAaTKOB, IPUCYIINX IIMPOKO HCIIOIb3YeMOMY METO/Y «3aMOPOIKEHHBIX KO3 (HUIICHTOBY.

KaoueBble cioBa: HecTalMOHAapHAas JUHAMHYECKas CHCTEMa; aJJUTHBHBIA (YHKIIMOHAJI KadyecTBAa; BapbHpyeMble
rapaMeTpbl PeryssiTopa; BecoBble KOI(P(HIMEHTH aJyIMTHBHOrO (pyHKIMOHAA; AUHAMIYECKas TOYHOCTh CHUCTEMBI KypCOBOW
YCTOMYUBOCTH aBTOMOOHIISL.
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TEOIH®OPMAIIMHA CUCTEMA NIATPUMKHU NMPUUHATTS PINIEHD
HA BA3I CXOBHUIIA ITPOCTOPOBUX JAHUX I'EOITOPTAJIY

Anotanis. IIpexmerom nociifkeHHs € po3poOieHHS reoiHOpMaIiifHOI CHCTEMH HiATPUMKH NPUHHATTS pillleHb
(CIIITP) Ha 6a3i cxoBuima npocropoBux nanux (CII/I) reonoprany. O6’€KTOM JoCTiTKeHHS € mpornec o0’ eHaHHs Ta iH-
Terpaii y CXoBHIIe TeonopTainy iHdopmarii, 1o MiCTUTB Pi3Hi THIIM IPOCTOPOBHX JaHUX. MeTo10 podOTH € ITiBHUIICHHS
OIEPaTHBHOCTI CTAaTHCTUYHOTO i MPOrHO3HOIO aHAII3Y T€OAaHMX JUIS BEICHHS 3BITHOCTI Ta MiATPUMKH NPUUHSTTS PillleHb
reoiH(opMaLiiiHUX 3a1a4 B peKHMi peasibHOro 4acy. BucnoBku. Ha mifcraBi npoBeIeHOro aHali3y apXiTeKTyp Cyd4acHHX
CHCTEM MiATPUMKH NPUHHSATTS PillleHb 3alPOIIOHOBAHO CTPYKTYPY, SIKY HaiIOLiIbHIlEe BUKOPUCTOBYBATH UL TIO0YIOBH
reoindopmaniiinoi CIIIIP Ha 6a3i cxoBHIa IPOCTOPOBHX JaHMX reomnoprany. [IpoananizoBaHo ocHOBHI (yHKII, 0 Ma-
10Tb BUKOHYBatH mifcucremu takoi CIITIP, a came — ¢yHKIT nigcucTeMu BUTATaHHS, IEPETBOPEHHSI 1 3aBaHTa)KCHHS Jia-
HUX, QYHKIIT MiACKCTeMH 30epiraHHs JaHuX Ta IiJACHCTeMH aHalizy naHux. Posrisn 3a3nauennx mincucrem CIIIIP mpo-
BEJICHO i3 JIeTaJIbHUM BUBYEHHSM IX CTPYKTYPHHUX Ta (YHKLIOHAIBHUX CXEM, aHAJTI30M iCHYIOUMX TEXHOJIOTii 00poOKH Ta
30epiraHHst IPOCTOPOBOi iH(pOpMaIlii, a TAKOXK CyJaCHUX METOIIB aHajli3y reogaHux. Pa3oM 3 TuM, 3/1iiiCHEHO IpyHTOBHUI
BUOip cucremu ynpasiinasa 6azamu nanux (CYBJI) nust npaktuyHol peanizanii 6araroBumMipHOi 6a3u reogaHux, IO BUKO-
Hye (yHKIil cxoBuma mpocropoBux naHux sik ocHoBu CIIIIP reomopramy. IIpoBeneHo perenbHUM aHaii3 3aco0iB
Microsoft SQL Server Analysis Services (SSAS) sik 6a30Boi maTgopmMu JUIs po3ropTaHHs aHAIITHYHUX cHcTeM Business
Intelligence (BI), ynidixoBanoi 6araToBumipHoi moneni nanux Unified Dimensional Model (UDM) sk siopa TexHouorii
KOMIUIEKCHOro OaratoBuMipHoOro aHanidy gaHux Online Analytical Processing (OLAP). IIpoanaizoBaHO aclieKTH IIaHy-
BaHHs 1 POrpaMyBaHHs apXiTekTypu SSAS, ocobmuBocTi po3poliieHHs 6araToBUMipHUX 0a3 JaHMX 13 3aCTOCYBAHHAM Ce-
penoBuir SQL BI Development Studio (BIDS) ta SQL Server Management Studio (SSMS), a Takox criermgiky 3acTocyBaH-
Hs cryx6u SQL Server Integration Services (SSIS) st poboru 3 6araroBUMipHUME 6a3aMy JaHUX. TaKuM YHHOM, IiJTOTOB-
JICHO MiIpyHTS U1t po3pooinenHs reoingopmaniiinoi CIIIIP i3 3acrocyBanHsM 3aco6iB Microsoft SQL Server GaraToBumip-
HOT'O aHaJl3y JJaHMX JUIS CTBOPEHHs 0araTOBMMIPHOI'O CXOBHIIA ITPOCTOPOBUX JI@HUX I'€ONOpTaly. Bpelri, 3anpornoHoBaHO
METOMKY ITPOrpaMHOi peatizamnii 6araToBUMipHOTO CXOBHIIA IPOCTOPOBHX JAHUX I'EOIOpTaTy. 3anporoHOBaHI MiIXOH [I0-
110 po3pobnenns reoindopmartiiinoi CIIITP Ha 6a3i cXOBHIIA IPOCTOPOBHX JIAHKMX I'€ONOpTaTy 3a0e3MeuyroTh 00’ €IHAHHS Ta
IHTErpaLiio y CXOBHIIE reonoprany iHGopMarlii, 110 MiCTUTb Pi3HI TUIIN IPOCTOPOBUX JaHUX. [IporpaMHa peanizaris Oararo-
BuMipHoro CIIJI reonoprany 3abe3redye ITiIBUILIEHHS ONEPATUBHOCTI CTATUCTUYHOrO i NPOrHO3HOIO aHANi3y T€ONaHnX IS
BEJICHHS 3BITHOCTI Ta MiJTPMMKU NPUIHATTS pillleHb reoiH(opMaliiHuX 3324 B PEKUMI PEaIbHOrO yacy.

Karw4dosi ciaoBa: reonani; reoindopmaniiiHa ciucremMa MiATPUMKH NPUIHATTS pillleHb; 6araTOBUMIpHI CXOBHIIA HPOC-
TOPOBUX JJAHHX.

(OopMyBaHHS Cy4acHOrO PHHKY TEXHOJOIIH aHajmi3y
TEMaTUYHO-IIPOCTOPOBUX JAHHUX LIONO iX 30epiraHHs.
PoGora ananiTHKIB Ta KEpiBHHUKIB YCiX piBHIB 0a-

AHaJi3 apXiTeKTypu Cy4acHHMX
cucTeM MiITPUMKM NPUHHATTA pillleHb

Jlo TemepinmHboro yacy y 0araTbox OpraHizamisix,
MPAIIoIOYNX y cdepi reoiHGopMaIiiHiuX TEXHOJIOTIH,
HaKOIHMYEHI 3Ha4HiI 00'€éMH NaHHUX, Ha OCHOBI SIKUX BH-
pIlIYIOThCSL PI3HOMAHITHI aHANITHYHI Ta YHPaBIiHCHKI
3anadi. [IpobneMu 30epiraHHsa BENUKUX 00'€MIB JaHUX,
a 0COOJMBO MPOCTOPOBO-TIPUB’sI3aHOI iH(OpMaIlii, cTa-
I0Th yce OIBII aKTyalbHUMH 1 NPHBEPTAIOTH YBary
(axiBIlB, MPAIFOIOYXX B Iili 007acTi, IO MPHUBEIO 0

KaHO Mae OyTH OpraHi3oBaHa Tak, 100 BOHH MOTJIH
MaTH JOCTyN 10 Oynb-sikoi iH(popMarii, Mo I[iKaBHTh,
KOpPHCTYBaTHCSl 3pYYHUMH Ta TPOCTHMH 3acobamu
Ipe/ICTaBiIeHHs 1 po0oTH 3 Hieto iHdopmariero. Came Ha
JIOCSITHEHHSI 1MX IIJIed W chpsiMoBaHi iH(opMaliiHi
CHCTEMH MiATPUMKHU NPUUAHSTTS pimieHs (puc. 1).

30ip Ta 30epiraHHs iHopMarii, a TaKoX pillIeHHS 3a-
BJaHb 1H(OPMAIiHO-TIONIYKOBOTO 3alHUTy €(EeKTHBHO
peanizyloThest 3aco0aMH  CHCTEM

yIIpaBJIiHHS 0a3aMu JaHHX.

IMigcacrema
indopmaniino-
HOMYKOBOTO

IMigcacTema

Tpanzakmiiiai  OLTP-cucre-
Mu (amen. Online Transaction
Processing, o0poOka TpaH3aKIIiii B

peajJbHOMY 4Yaci) — CUCTEMH, TpH-

3HAUYeHi JJIs BBEICHHS, CTPYKTY-
poBaHOro 30epiraHHs Ta 00pOOKU
iHpopMalii B pexuMmi pearbHOro

| AHaMITHE

yacy. BOHM IIpOEKTYIOTBCS, Ha-
9

> BEEJeHHSA anamzy C¥BI SQL
C¥BJI-OLTP

IMiacacrema
Oneparop 0ONEepaTHBHOTO
anamizy OLAP

HMincacrema
1Bepiranan -
ingopanit CYE/] inrg‘:i:gl:;i::;oro
ado CILT, ana.;xi:.y
Data Mining

CTPOIOIOTBCSL Ta ONTHMI3YIOThCS
JUIs  BUKOHAHHS  MaKCHMaJbHOI
KUJIBKOCTI TpaH3aKMiid 3a KOPOTKI

Indopmaniiina felmeka CHCTEME

npoMixkH 4acy. Ilpu npomy BH-
KOpPHCTOBYEThCS (hikCOBaHMI Ha-

Puc. 1. ApxiTexTypa cucTeMu MiATPUMKH NpuitHATTA pitens (CITIP)

0ip HaJifHUX Ta OE3MEYHUX METO-
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IiB BBeACHHs, Moau(ikaiii, BUTATCHHs JaHUX 1 BUITYC-
KY OIIEpaTHBHOI 3BITHOCTI.

Opnak, adamitaugi MokiausocTi OLTP-cucrem
3HaYHO OOMEXeHi (abo B3arami BIICYTHI), a OTXKE
OLTP-cucremu He MiXOAATH JJIsI [IOBHOLIHHOTO aHaTi-
3y iHpopMalii B CHJIY CYINEPEYHOCTI BHUMOT, IO
npen'sBisitotses 10 OLTP-mincucrem y cknani CIITIP.

Jis HamaHHS HEOOXiMHOT JJIsl IPUUAHSATTS PillleHb
iH(opMaIlii 3a3Buuail JOBOIUTHCS 30MpaTH AaHi 3 JeKi-
JIBKOX TpaH3aKUiHHMX 0a3 JaHuX pi3HOI CTPYKTYpPH Ta
3MicTy. OCHOBHaA MpobJeMa Npu IbOMY IOJATaE B He-
Y3TOIKEHOCTI 1 CYMepeyHoCTi 0a3-HKepes Ta BiICYyTHO-
CTi €IMHOTO JIOTIYHOTO TOTJISIY Ha JIaHi.

3 meroto ob'enHanHs B omHii cucrtemi OLTP Ta
CIIIIP ans peanizauii migcucTeMu HaAiHOTO 30epiraHHs
BHUKOPHCTOBYEThCS KoHIenmist cxosumy aaHux (CJ]). B
ocHoBi koHmernti CJI neXuTs iges po3auIeHHsS TaHUX,
BHUKOPHCTOBYBaHHX JUIsl ONEPaTUBHOI OOpPOOKM Ta BHpI-
LIEHHs 3aBJaHb aHalli3y, IO JI03BOJISIE ONTHMI3yBaTH
cTpykTypu 30epirannsa. Konrnemiss CJI mo3Bosnse iHTer-
pyBaTu paHille po3'eqHaHi AeTali3oBaHI JaHi, MO Mic-
TATHCS PI3HUX 30BHILIHIX JKEpeNiax, B €uHy 0a3y TaHuX
3a PaXxyHOK iX IIONEPEeTHbOr0 Y3TODKEHHS Ta arperarfi.
[incucTema aHamizy Moxke OyTH OOY/JI0BaHA HA OCHOBI:

— migcucTeMu iH(GOPMAIIHHO-TIONIYKOBOIO aHa-
ni3y Ha 0a3i pensuiiaux CYBJ] 1 cTaTHYHUX 3amuTIB 3
BHUKOpUCTaHHAM MoBH SQL;

— MiJCUCTEMH OIEPAaTHUBHOI'O aHAIi3y, IO BUKO-
PHUCTOBYE TEXHOJIOTI OIEpaTUBHOI aHAIITHYHOI 0OpO0-
ku nanux OLAP B pamkax KoHIemilii 0araToBUMipHOTO
MIPE/ICTaBIICHHS JAHUX;

— MIJACUCTEMH IHTEIEKTYaJbHOrO aHaji3y, IIo
peanizye Metomu i anroputMu Data Mining.

CxoBume nanux (Data Warehouse) — mnpenmer-
HO-OpieHTOBaHa iH(opMarliiiHa 0a3za AaHUX, PH3HAYE-
Ha U1 300py 1 30epiranHs iH(OpMAIIi, IiATOTOBKH
3BITIB, aHaTi3y iH(OpMaIii 3 METOI0 MiITPUMKH TIPHHH-
ATTS pileHb. bynyerbes Ha 0a3i KIIi€eHT-cepBepHOI ap-
xitektypu, pemsuiiHoi CYBJl Ta yTHmT HiATPUMKH
TPUAHATTS PillIeHb.

30epiranas npoctopoBux maHux B ['IC-cuctemax
¢aiinoBuM crocoboM mepectano OyTH epEeKTUBHHM:
00'eMHU TaHHUX IOCTIHHO POCTYTh, 3'SBISETHCS HEOOXi-
HICTh 3MiIlIAHUX 3aITUTIB, CIUILHOI OOPOOKH pi3HOPII-
HUX JaHUX (K TIPOCTOPOBHX, TaK i aTpuOYTUBHHX), a
TaKOX OJIHOYACHOT'O JIOCTYIYy J0 HHUX 0araTbox KOpHC-
TyBauiB. Y 3B'A3KYy 3 IIUM OKpeMe 30epiraHHs MPOCTO-
poBuX nmaHuX y (haiilax yCKJIagHIOE 1 TalbMye TPOLEC
pobotH 3 yciero iHpopMariiero B 1ioMy. CXOBHIIA MPo-
cropoBux pganux (CIIMI)

— MOXKJIUBICTH IIBHIKOTO TIOIIYKY 1 aHANi3y Ja-
HUX OJIHOYACHO 32 BCIMa XapaKTEPUCTUKAMH;

— TMIITPUMKY IIPOCTOPOBOTO IHAEKCYBAHHS, IO
JIO3BOJISIE ICTOTHO MiJIBUIIUTH NPOJYKTUBHICTH POOOTH
3 MMPOCTOPOBUMH 00'€KTaMH;

— BHKOPHCTAaHHS MOXJIMBOCTEH CTaHIapTHOI MO-
BH 3aITUTIB, 10 HAJA€ MOYIJIUBICTH OOPOOJIATH MPOCTO-
POBi J1aHi Ha CTOPOHI cepBepa, 30UIBIIYIOYN TPOAYKTH-
BHICTb, 3MEHIIYIOYH BUMOTH 110 (pyHKuioHansHOcTi ['1C
Ta HaJar04y €JIMHI IpaBuiIa 0OPOOKH JaHUX;

— MiHIMI3aIliF0 BUTpaT Ha MOJEPHI3allil0 iCHYIO-
YHUX CHUCTEM;

— miarpumky crangaptiB OpenGIS.

OKpiM MOXKJIMBOCTI NPALIOBATH 3 €IUHAM JDKepe-
JI0M iH(oOpMallii, aHaTITUKY TOBUHHI MaTH 3py4HI 3aco-
Ou Bi3yauizallii JaHWX, arperamii, MONIYKY TEHICHIIH,
MporHo3yBaHHs. He3pakarouw Ha PIZHOMAHITTS aHali-
THYHOI JiSUTBHOCTI, MOKHA BUIUIMTHA THIIOBI TEXHOJIOIT
aHaI3y JaHUX, KOXKHIN 3 SIKMX BiJTIOBiZa€e MEBHUNA Ha-
0ip IHCTpYMEHTaIbHHX 3ac00iB. Pa3oM 31 cXoBHIEM
JAHKUX IIi 3aco0M 3a0e3MeUyIoTh MOBHE DIllICHHS aBTO-
MaTH3alil aHaNITHYHOI [SUIBHOCTI Ta CTBOPEHHS
CIIITP.

[pu 3aBanTaxkenHi ganux 3 OLTP-cucremu B CJ]
BinOyBaeThCs qyOroBaHHs JaHux. [Ipore B Xoxi mboro
3aBaHTXXECHHS JaHi (UIBTPYIOTHCS, OCKUIBKH HE YCi 3
HUX MalOTh 3HAYECHHs JUIs TIPOBEJICHHSI TIPOLIELyp aHaTi-
3y. Y C]] 30epiraeTbes y3araabHeHa iH(opMaIlis, sika B
OLTP-cucremi BiacyrHs (puc. 2).

Hanwmiphicts iHpopManii MoXXHa 3BeCTH A0 HYJIs,
BukopucToBytoun BipryanbHe CJI. VY Takiit cucremi
nani 3 OLTP-cucTeMn He KOMIIOIOTBCS B €IMHE CXOBH-
nie. BoHU BUTATaIOThCS, MEPETBOPIOIOTHCS Ta IHTEIrPY-
I0ThCsl 0€3MOCepeHbO TPH BUKOHAHHI aHAITHYHUX
3aIUTIB B P&XUMI peanbHOro 4acy. Ilepearoro BipTya-
mpHOro CJI € MiHiMi3amis 00'eMy naHuX, o 30epira-
I0ThCs, 1 poOoTa 3 MOTOYHUMH, TOOTO AKTyaJbHUMH
JTAHUMH.

Henonikamu BipryansHoro CJI MoXHa BBakKaTu
OLJIbIII BUCOKHH, Y TOpiBHSHHI 3 ¢iznunnm CJI, yac 00-
poOKM 3amuTiB, HEOOXIAHICTH MOCTIMHOI JOCTYITHOCTI
ycix OLTP-mxepen, 3umwxenHs mBunkonii OLTP-
cucreM. OLTP-cucremMun He opieHTOBaHI Ha 30epiraHHs
JIAaHUX 33 TPUBAIIMH Mepioj] yacy, B Mipy HEOOXiTHOCTI
JlaHi BUBAHTAXYIOTHCS B apXiBHi, TOMY HE 3aBXIU €
(i3n4Ha MOXIIMBICTH OTPUMAaHHS MOBHOTO Habopy naa-
nux 3 CJI.

CKOpOYEHHS BUTpAT Ha MPOEKTYBAaHHS 1 pO3pOOKY
C/l Mmoxxe OyTH JOCSATHYTE IUIIXOM CTBOPEHHS BITPUH

JIO3BOJISIIOTH  PO3B'SI3aTH
o mpobiemy, amke 3a- ) o
0 . Oneparop = Higcucresa AnamiTiemi samm
C3MCYYIOTh! eeexerns OLTP

— 1uricHe — 30epi- v | 1
raHs iHdopMarii 1 i i
a’ (1)Op al pO Oueparop = Migeuerema || Ly OI'IElEIﬂTEIBHE Cxoenme ]]_l,‘]l:lll:‘.re‘t\m LG p——
00'eKT, SK IIPOCTOPOBOLI, eeegennn OLTP TEepeno JaHHX aHATI3Y
Tak 1 ONMKMCOBOI, B €IUHIN ) t |
0asi JaHUX; Oneparop == BBIF;W::T&[;!E]? JTami

—  MOXIIUBICTh PO-

0..n 0..n

0oTH, AK 3 BEKTOPHOIO, Mizcucrema 36 epiranas indopmanit

TaK 1 3 pacTpoOBOO iH(}O-

pMartieo;

Puc. 2. Crpykrypa CIIIIP 3 Gi3nyHNM CXOBHUILEM JaHHUX
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nannx (BH). BJl — ue cmnpomenunii Bapiant C/I, mo
MICTHTh TUIBKHM TeMaTU4HO 00'eHaHI naHi (puc. 3).

B/l micTaTe naHi, Opi€HTOBaHI Ha KOHKPETHOrO
KOPUCTYBa4a, OTXKE BOHH ICTOTHO MEHIIE (hi3UUIHOrO
CJI 3a o0'eMomM i mms iX peamizamii MOTPIOHO MEHIIIE
Butpat. B/l po3poOiisitoThest Ta BOPOBAIKYIOThCsI Haba-
raro mBugme CJI, npu npoMy edekrt BiJ iX BUKOpHUC-
TaHHS CTa€ MMOMITHUM BiJ[pa3y Micisl BIPOBAPKEHHSI.

Henmonikamu BJl € GaratokpaTHe 30epiraHHs Of-
HUX 1 THX JXe JaHuX B pi3HuX BJI, a Takox BiJCYyTHICTB
KOHCOJIIIOBaHOCTI Ha PiBHI MPeMETHOI 00J1acTi.

3BUYAIHO, MOYKJIMBE i KOMILJIEKCHE BUKOPUCTAHHS
CXOBHIII JJAHUX Ta BITPHH JAaHUX B CHCTEMax MiJATPUMKH
npuitHaTTa pimeHb. CJ] B nmpOMy BHIAIKy € €JUHUM
JOKEPEJIOM JaHUX Ui yciel npeaMeTHoi obnacri, a B/ —
MiIMHOXKUHAMM JIAHUX 31 CXOBHIIA, OPraHi30BaHUMU
JUIsl TIpENICTABJICHHS iH(pOpMaIlii 10 TeMaTHYHUX PO3.i-
Jax 1i€ei odmacti. Y ToMy BUIIAJIKY, SKIIO KOPUCTyBave-
Bi HeZOCTaTHBO JaHuXx y B/I, sika mis HeOro cTBOproBa-
Jach, BiH Moxke 3BepHyTHCS 10 CJI (puc. 4). Ileperara-
MH TaKOro pIillIeHHs € MPOCTOTa CTBOPEHHS i HAIOB-
HeHHs1 B/I, OCKijlbKHM HAarOBHEHHS OXOIUTD 3 €IMHOTO
CTaH/apTU30BAHOT0 JDKEpesa OYMIICHHX JaHHX, TOOTO
3 CJI, mpocTtoTa pO3UIMPEHHS 3a PaxyHOK J0JaBaHHS
HoBUX BJI, a Takox 3HM)KEHHSI HAaBaHTa)KEHHSI HA OCHO-
BHe C/I. Hemomiku monsiraroT y HaAMipHOCT1, OCKIJIBKH
nmaHi 30epiratotees 1 B CII, 1 y BJI, a Takox T0IaTKOBHX
BuTparax Ha po3pooky CIIIIP i3 C/I ta BA.

OcHoBHa TmpoOieMaThka IIpU IPOCKTYBaHHI Ta
crBopenni CIIJI B CIIIIP nomnsirae B TakoMy.

1. Iumeepayis pisnopionux oanux. Jaui B CII[
noctynaroth 3 pizHopigaux OLTP-cucrem, siki diznuno

MOXYTb OyTH pO3TalIOBaHi Ha PI3HUX BY3JaxX MEpExKi.
ITpu mpoexryBanHi i po3pooui CIIJ] HeoOximHO Bupi-
LIyBaTH 3ajJady iHTerpamii pi3HUX MpPOrpaMHUX ILIaT-
¢dop™m 30epiraHHs.

2. Epexmusne 30epicannsi i 00podOKa éenukux 00'-
emig oanux. Tlooynosa CIIJ] mpurmyckae HaKOUYEHHS
JAHKMX 33 3HAYHI MEPIOIHU Yacy, 10 BeJe 0 MOCTIHHOro
3pOCTaHHs 00'€MIB JUCKOBOI IIaM'sATi, & TAKOXK 3pOCTaH-
Hs 00'eMIB omepaTUBHOI MaM'aTi, sIKi MOTPiOHI I 00-
POOKY 1UX TaHHX.

3. Opeanizayis 6azamopisnesux O008IOHUKIE Me-
maodanux. Kinuesum kopuctyBauam CIIIIP mnotpiGHi
MeTaJiaHi, 0 OIMHCYIOTh CTPYKTYPY Ta XapaKTepUCTHKH
naHuX, siki 30epiratotbest B CITJI, a Takox iHCTpyMEHTH
ix Bi3yasizarii.

4. 3abesneuenns ingopmayivinoi odesnexu CIIJ].
[Hdopmanis npo AisUTbHICTH KOMIAHIT, SIK IPaBHJIO, BiJ-
HOCHTBCS 10 KOMEPIIHHOI TAEMHHMIII Ta ITiUISATAE 3aXHC-
Ty; KpiM Toro, B CIIJ] MOXyTh MiCTUTHCSI TIEPCOHAIIBHI
JIaHl KIIIEHTIB Ta CIIBPOOITHUKIB, SKi TAKOXK HEOOXIIHO
3axuniaty. [{is BukoHaHHs mi€l QyHKIT Mae Oyt po3-
pobiieHa mosituka Oe3meku CIIJ] Ta moB's3aHol 3 HUM
iHpPACTPYKTYpH, a TaKOX peasi3oBaHi NependaveHi B
TIOJNITHII OpraHi3aliiiHi Ta MPOrpaMHO-TEXHIYHI 3aXO0IH
LI0JI0 3aXHCTY iH(popMallii.

IIpocropoBa iHdopMallisi € OCHOBHOIO Ui TMO-
BCSIKAGHHOI MISUTBHOCTI OpraHi3aliif, 1o HaJgaroTh I10-
ciyru 'y cdepi reoiHpoOpMaIlifHUX TeXHOJOriH. Yci
OTpHMaHI MPOCTOPOBI JaHI MiIIAF0THCA aHaANi3y Ta OIli-
HIl, TOOTO MOCTIMKYIOTHCS 1X BIIACTHBOCTI Ta SKICTh,
MOXITUBICTh CIY)KUTHU JKEpeJIaMHU JJIsi BUPIIIEHHS 3aB-
JIaHb Te0iH(POPMATHUKH TOILIIO.

Aot IlocTaHoBKAa 3aaa4i
ST IMiacucremMa : - .
B imantzy [ A Omxe, i3 3a3HAYEHOrO BUIIE
BUHHUKA€ aKTyaJlbHa 3aJada CTBO-
Oneparop | HiAcuerenm pennsa CIIJI, acriekTu sKoi mossra-
eparop sEegerna OLTP -
BitpmHa | IOTb B TAKOMY.
h A ) = . . .
= = oleszd Aami 1. Oyinxa mamemamuynoi oc-
(Oueparo L] HARERET ABRE '
P sEegerna OLTP IEepeIo HoeU TI0JIITa€E B TOMY, IJ_IO6 3sCyBa-
Bi 2 . . o
T ;;l:;;n P AHadiTHK T JOUUIBHICTH NPUHUHATOIO0 MacIli-
.| I Teperang gamux .
Oucparopr TP Taby, MPUIATHICTH BUKOPUCTOBYBA-
BiTtprHa y —— .
0.n o.n NaHEX e AHaTITHE HO1 ITPOCKIIll 3 TOYKHU 30py BCJIINYU-
HU ¥ XapakTepy po3IOIiTYy CIIOTBO-
Higcncrema 36epirannn indopmanii PEHb, 4 TAKOX MOKJIUBICTh BUKOpHU-

Puc. 3. Crpykrypa CIIIIP i3 camocTiiHUMH BITpHHAMH JaHUX

CTaHHSA TPOCTOPOBHX JAHUX IS
KIJIBKICHUX BHM3HAY€Hb 13 3aJaHOI0

AHaTiTHYHI 33MMTH ITPH HeCTaYl JaHKX HA BiTpHH]

TOYHICTIO.
2. Oyinka Haykoeoi 0ocmosip-

HOCmI Ma€ BCTAHOBJIFOBATH BiJIOBI-

JIHICTh MPUAHATAM HAyKOBMM KOH-

Oneparop —»| “T;mobﬁ Amaimir LEMIisM, TPaBUIBHICTh Iepeaadi

X T 31+ peabHO ICHYIOYUX MPOCTOPOBHX

Oneparopp| Hiacucrewa |L) Omeparusse | | Cxosnme | | Birpusa ||| Mizcacrema 3aKOHOMIPHOCTEH 1 3B'SI3KiB, THUIIO-
esegenna OLTP TEEepeTo AAHEX JaHEY AHATITY BHX PHC SIBHLIL.

oneparoplp| Ticncrena T 1 1:1?—[ . ‘ 3. OL;iHI(:a NOGHOMU Ui CYYACHO-

seenennn OLTP Amaitme|  cmi, TIEpeIyCiM, TOPKAEThCS 00'€My

O.n 0.n e N e e iH(opMallii, 10 3HAXOJUTHCS B JKe-

peni mpocropoBoi iHpopmari. I'o-

JIOBHY pOJIb TpalOTh JBa YMHHUKU:
BHUBYCHICTh SIBHINA W TPU3HAYCHHS

Puc. 4. Crpykrypa CIIIIP 3i cxoBHIeM aHUX Ta BITPUHAMH JJAHUX

Jokepena. Bin nporo 3anexars Big0ip
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00'€KTiB, IO MpeICTaBIs- — =
. Amanis niTepaTypu i T 7 | Amnanis icHyroumnx
IOTI).CH, . HOZIPO6I/IH1 FeHe.' 33 TEMON) AOCTI R eHH ARTYLIBIICTS 3aAaL apxitexTyp CIIIP
pauisauii, ciocoou rpadi- ]
yHoro oc¢opmiieHHs. Ha- | Hoeratoesa sagaui |
BaHTAXXCHHA DKEpEIa MO- ‘
Ke 6y1“p1 OLIIHEHE KIJIbKIiC- Pospofinenns apxiTerTypi it Anamis smvor go CIIIP 1a fasi
HO, HANPHUKIA, IUISIXOM migcucres CIITP CXOEHINA MPOCTOPOEHX JaHHX
HipaxyHKy uucia o00'ek- b ¥
. ApaxyHKY . Jocaizserns maxois Jo pospodnenss
TIB HAa OJUHULIO ILIJIOIII. GaraTosmviprix fas gammx gaa CIITP
IadopmaTuBHICTE JKEpE- - —
bop °p Bufip CVE] aas [, B Aocuiaems mizzoxis
Jla TIPOCTOPOBUX ITAHUX Y peammanii Texmonorii  [M——% Pozpobaernsa CIIIP ma 6azi cxoeama g Ao iHTeXeKTyATEHOTO
Gi . . P—— BI OPOCTOPOBHX JAaHHX Ie0N0pTAIY AHATISY AaHHI Ta EHOIp
UTBIIOCTI BHIAJAKIB HE EHMIpHI - - e
1 IA€ThCA YUCENIbHIN
OIIHIN 1 Oe3mocepeTHbO [ [ 1
3AJIC)KUTH Bl[[ I_liﬂef/i Ta Pospobaersa SararosmipHol Hporpasysamma gp;:];;;rm
METOJIiB PillleHHs 3aBJAHb. Basu pamx cxosuma S OLAP

Cy4acHicTh pKepena Xa-
paKTepu3yeThCcs HOro Bin-
MOBIHICTIO TIEBHIN nati, mepiomy. Bemuky pons rpae
BU3HAYEHHS CTAPiHHS POCTOPOBOI iHPOpMAITii.

4. Oyinka eceocpagiunoi mouyHocmi XapaKTepU3ye
BEJIMYMHH TTOTPIIIHOCTEH, 1110 BUHUKAIOTh TIPH 3MIHIOBaH-
Hi MPOCTOPOBUX JAHUX (IOBXWH, IUIONI, KyTiB Ta 1HIIHX
KapTOMETPHYHUX XapaKTepPUCTHK) TPH IepeMilllyBaHHi
30HH CIIOCTEPEKEHHS 110 KapTaM, TIaHaM TOLIO.

5. Oyinka sikocmi ogpopmiienis: Ta BUIAHHS PO3IO-
YHHAETHCS 13 3'sICyBaHHS PO3PI3HIOBAHOCTI 3HAKIB, HAOU-
HOCTI Ta 3p0O3YMLIOCTI MO3HAYEHb TOIIO. 3 [DKEPEN JaHhX
iH(oOpMaLlisl TTepeMIlyeThCS Ha OCHOBI NIEBHOTO perJia-
MEHTY B IICHTpAJi30BaHE CXOBHIIE, JI¢ 3MIHCHIOETHCS Ti
nepBUHHa 00poOKa. YacTo BUHMKAaE CHUTYyallis, KOJIHU JIO-
KanbHI 0a3u JMaHux (Kepena) MICTSATh OJHOTHUIIHY 3a
ceHcoM iH(popmariro. [lepen 3aBaHTaXKEHHAM y CXOBHIIIC
ycst 1l iHopMallisi Mae OyTH MOropKeHa, oo 3ade3ne-
YHUTH LUTICHICTh Ta HECYIIEPEUHICTh aHAJIITUYHHUX JaHUX.

6. Tun ceocpagiunoi npoexyii. Ilpu cTBOpEHHI
CIIJI roNoBHOIO BHMMOIOIO OO JAaHUX JUCTAHIIIHHOIO
souayBanHs 3emii (J1J]3) sBIs€ThCA HASBHICTH €IMHOL
npoekuii. ToMy Ha erani nepBHHHOI 00POOKH 3/iHCHIO-
€Thcs TepeBeneHHs Matepianis /33 y nudpory hopmy
Ta MPHB'A3KA 1X O KOHKPETHOI CHCTEMHU KOOpIHHAT. Y
pe3yabpTati GopMyrOThCs 0a3u BiOIOBIIHUX BEKTOPHHX
MaTepiaiiB, a TaKOX 0a3u aTpHOYTUBHHX JTAHHX.

TakuM 4MHOM, TIPEIMETOM JIOCIHIPKEHHS € pPO3pOo-
OJeHHsI TeoiH(pOPMAIIfHOI CUCTEMH MiATPUMKHU MPUITH-
STTS pillleHb Ha 0a3i CXOBHIIA [TPOCTOPOBHX JaHHUX T'e0-
moptany. O0’€KTOM JOCIIPKEHHS € MPOIeC 00’ € THAHHS
Ta iHTerpaIii y CXOBHIIIE Treomoprany iHdopMarlii, mo
MICTHTH Pi3HI THITH MPOCTOPOBUX AaHUX. MeTa podoTu
— TIJBUIIECHHS OIEPAaTHBHOCTI CTATHCTHYHOrO 1 TpO-
THO3HOT'O aHaNi3y IeOflaHuX Uil BEAEHHS 3BITHOCTI Ta
MIATPUMKH TIPUHHATTSA pillleHb TeoiHpopMaliiiHux 3a-
Jlad B pexuMi peanbHOro yacy. CTpyKTYpHY CXeMy BH-
KOHAHHUX JOCIDKCHb HABEIICHO Ha PUC. S.

BararoBumipunii anani3 i 30epiranas naHux
B cHCTeMAaX MiATPUMKHU NPUAHATTS pilieHb

Hayxoeo-memoouuni _ocnosu __6a2amosumipnozo
ananizy danux. MeToro IHTENIEKTyalIbHOTO aHali3y JaHUX
(anen. Data Mining) € BUSBJICHHS HEBHUX 3aKOHOMIPHO-
cTell B Habopax JaHuX. SIK HAyKOBWI HampsiM BiH CTaB
aKkTHBHO po3BuBatuca B 90-x pokax XX cCTOMNITTS, 11O

Puc. 5. CrpykrypHa cxema JI0CIiKeHb

OyJ0 BHKIMKAaHO HIMPOKMM IOMIMPEHHSIM TEXHOJIOTIH
aBTOMaTH30BaHOI 0OpoOKM iH(opMalii Ta HakomuyeH-
HSIM B KOMITIOTEPHUX CHCTEMax BEJIMKUX O0'€MIB JIaHUX.
IcHyto4i TeXHONOTIT NO3BONSIIM IIBUIAKO 3HAWUTH y Oasi
JaHUX TOTPiOHY iH(poOpMalilo, ane HpOro y 0araThox
BUmajKax Oyno BXe HEJOCTaTHhO. BuHMKIAa morpeda
TIONIYKY B3aEMO3B'S3KIB MK OKPEMHMH IIOIISIMH Cepe
BENUKHUX 00'€MIB JaHUX, Ul YOTO 3HAJOOMIINCS METOIU
MaTeMaTHYHOI CTATHCTHKH, Teopii 0a3 IaHux, Teopil
LITYYHOT'O IHTENIEKTY 1 3HAHHS 3 PsAY 1HIIHX 00JIacTel.

KnacnunuM BBaXkaeThCsl BU3HAUEHHS, JaHE OJHUM
i3 3aCHOBHHKIB Hamnpsimy, [ puropiem IT’srenpkum-11la-
nipo: Data Mining — nocnipKeHHs! i BUSIBIICHHS «Ma-
LIMHOIO» (aJITOPUTMaMH, 3ac00aMH IITYYHOT'O 1HTEJeK-
Ty) B CHpUX JaHUX HETPHBIaJbHUX, MPAKTUYIHO KOPHC-
HUX Ta JOCTYIIHUX /IS IHTEpIIpeTalii NPUXOBaHUX
3HaHb, SKI paHille He Oy/H BiJOMi.

Awnani3 nitepatypu 3 1i€i TEMaTHKU Ta ypaxyBaH-
HSl pI3HOMaHITHOCTI ()OPM IPEACTABIICHHS JIAHUX, BU-
KOPHCTOBYBaHUX aNrOpuTMIiB 1 cep ix 3acrocyBaHHS
JIAIOTh MiZICTaBy JJIsi BHCHOBKY, IO 1HTEJIEKTYalbHUM
aHaJIi3 JaHUX MOJKE ITPOBOUTHCS, 30KpeMa, 3a JJOIOMO-
T'OI0 TAaKUX TMPOrPaMHUX IPOAYKTIB:

Creliali30BaHuX IPOrPaMHHUX TPOAYKTIB IS
IHTEJIEeKTYyalbHOI0 aHAII3Y;

MaTeMaTUYHHX TaKeTiB;

CJICKTPOHHMX Ta0JuIlb (i pi3HOTO poay Haaoy-
JIOB HAJl HUMH);

3ac00iB, IHTETPOBAHMX B CHCTEMH YIIPABIiHHS
0a3aMu JTaHUX.

VY pamkax 1i€i poOOTH B MEpIIy Yepry po3riisiaa-
TUMYThCS 3aco0u, inTerpoBani B CYB/I.

B xoxmi mpoBeneHHS IHTENEKTYaJBbHOTO aHANi3y
JAHUX TPOBOAMTHCS AOCIHIPKEHHS Oe3iidi 00'ekTiB (un
BapiaHTiB). Y OUIBIIOCTI BUMAJKIB HOrO MOXHa Tpe[-
CTaBUTHU Y BUIJIAI TaOJIHIN, KOKEH PSIOK SIKOi BiAIOBI-
A€ OHOMY 3 BapiaHTIB, @ B CTOBIIIAX MICTAThCS 3HA-
YEeHHs apaMeTpiB, 110 HOro XapaKkTepU3yIOTh.

3ane)xHa 3MiHHa — TMapamerp, 3Ha4YeHHsS SKOro
PO3TILIIAEMO SIK 3aJIe)KHE BiJ 1HIIUX IMapaMmeTrpiB (Hesa-
JIeKHUX 3MIHHUX). BracHe, 1o 3anexHicTh i HeoOXin-
HO BU3HAYUTH, BUKOPUCTOBYIOYM METOIMU IHTENEKTYya-
JBHOTO aHami3y naHux. OCHOBHI 3aBJaHHS IHTENEKTY-
aJIBHOTO aHAJTi3y AaHUX IOJISTalOTh B TAKOMY.
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1. 3asoanns xnacugpixayii momsArae B TOMY, IO
JUIE KO)KHOTO BapiaHTy BH3HAUYa€ThCA Kareropis ado
KJIac, JI0 SIKOT'O BiH HAJCKUTH. J[JI1 BHUPIIICHHS OO
3aBJlaHHs HEeoOXiJHO, 00 Oe3miu kiaciB Oyna Bigoma
3a31ajeriap Ta Oyna O KiHIIEBOIO Ta PaxyHKOBOIO.

2. 3asoanns peepecii 6araTo B UOMy CXOKE Ha 3a-
BIaHHA Kiacu(ikaiii, ajge B XOIi pIIICHHS 3ajadi pe-
rpecii 3AiHCHIOETHCS TIOMIYK AOJIOHIB ISl BU3HAYCHHS
YHUCIIOBUX 3HA4Y€Hb IapaMeTpiB, L0 MLIKaBJATh, IPH
LBOMY IIi TTApaMeTpH, K MPaBUIIO, YUcia 3 Oe3nepeps-
HUX Jiama30HiB.

3. 3asoanns npoenosysanHs HOBUX 3HAa4YeHb Ha
MiJICTaBl HAABHUX 3HAYCHb YUCIIOBOI MOCHIIOBHOCTI (UM
JIEKUTBKOX TIOCIIIOBHOCTEW, MK 3HAYEHHSAMH SIKHX
crioctepiraeTbest Kopensiis). [Ipy nboMy MOXyTh Bpa-
XOBYBATHCSI HasBHI TEHAEHIT (TpPEHIU), CE30HHICTh Ta
1HII YHHHUKH.

4. 3aeoanms xnacmepuszayii TOJSATaE B JIICHHI
0e3iivyi 00'exTiB Ha TpymH (KJIacTepH), CXOXki 3a mapa-
Metpamu. [lpu 1bOMy, Ha BIOMIHY BiJ KJIacHpikarii,
YHCIIO KJIACTEPiB Ta IX XapaKTEPHCTUK MOXe OyTH 3a-
3JIaJIeriib HeBIJIOMe 1 BU3HAYATHCS B MpOLIECi MOOYA0BH
KJIacTepiB, BUXOASYM 31 CTYNEHs! OJIM3BKOCTI 00'€qHY-
BaHMX 00'€KTIB 3a CyKYIHICTIO MapaMeTpiB. [HIa Ha3Ba
LIOT'O 3aBJIAHHS — CE2MEHMAYIsL.

5. 3aeoannsn eusnauenHs 63a€Mo36'13Ki6, SIKe Ta-
KOXX HAa3MBAETHCS 3dB0AHHAM HOULYKY ACOYIAMUBHUX
npasun, TONATaE y BU3HAUCHHI HAOOpIB 00'€KTIiB, IO
4acTo 3yCTPivaroThes cepes 0e3midi noaiOHuX HabopiB.

6. Ananiz nocnioosnocmeii abo cexgeHyiiHULl aHa-
Ji3 OMHUMH aBTOPaMH PO3TJLNAETHCS SIK BapiaHT MoIe-
PEeIHBOro 3aBJaHHS, IHIIMMU — BHUIUIIETHCS OKPEMO.
Meroto, B JaHOMY BUMNAJKY, SIBISETHCS BUSBICHHS 3a-
KOHOMIpPHOCTEH B TOCIiIOBHOCTAX momii. [lomiOHa iH-
dbopmariist T03BOJISIE, HANPHUKIAN, MOMEPEIUTH 301 B
poboTi iH(popMaIiiiHOi cCHCTEMHU 332 PaAXYHOK OTPUMAaHHS
CHTHAJIy PO HACTaHHS MOJii, 4acTo Mepeaytodol 30050.

7. Amnaniz eioxuneHv JO3BOJSE BIMIIYKATH Cepen
0e3iui moMiH Ti, SIKi ICTOTHO BiAPI3HSIOTHCS BiJl HOPMH.
BigxuneHHsT MOXKE€ CHUTHANI3yBaTH IPO SIKYCh HE3BU-
YaiiHy Mofito abo, HANPHKIA, [P0 ITOMUIIKY BBEICHHS
JTAaHUX OIIEpaTOpPOM.

OLAP (anen. Online Analytical Processing) —
TEXHOJIOTISl KOMILUICKCHOIO 0OaraTOBUMIPHOI'O aHai3y
nmauux. OLAP — 11e KJIF0490BHI KOMITOHEHT OpraHi3amii

cxoBui nanux ta CIIP. Konnenmiss OLAP Oyna omnu-
cana B 1993 pori Earapom Kosmmom, BimomuMm mocin-
HUKOM 0a3 JlaHWX 1 aBTOpPOM pesiliifHoi Mozpeni 0a3u
naHuX. Y 1995 poui Ha OCHOBI NPHUHIIMITIB, BUKJIAJIECHUX
Komnom, Oynu copMynboBaHi Taki BUMOTH JI0 3aCTO-
CYHKIB JIJIs1 0araTOBUMIpPHOTO aHAIII3Y:

— HaJaHHS KOPHCTYBaueBl pPE3yJbTaTiB aHANI3y
3a MpUHAHATHUH 4Yac (3a3BHYaii, He Ounblie 5 c), Hexai
HABITH I[IHOIO MEHIII ICTaJIbHOTO aHAIIi3Y;

—  MOXIIMBICTh 3JIHCHEHHS! OYyIb-SKOrO JIOT1YHO-
ro i CTAaTUCTUYHOTO aHaji3y, XapaKTepHOro IS IbOTO
3aCTOCYBaHHS, Ta HOro 30epe)KeHHs! B JOCTYITHOMY ISt
KIiHIIEBOT'O KOPHCTYBay4a BUIJISII;

— pPO3paxoBaHWI Ha BEJHMKY KUIBKICTh KOPHCTY-
BayiB JOCTYN J0 AAaHUX 3 MiATPUMKOIO BiAIOBITHUX
MexaHi3MiB OJIOKYBaHb i 3aC00iB aBTOPHU30BAHOTO JO-
cTymy;

— 0araroBUMIipHE KOHIIENITyaJIbHE MpEICTaBIICH-
HSl ITAaHUX, BKJIFOYAIOYH MTOBHY MIATPUMKY UIS i€papXi i
MHO)KUHHUX iepapxii (e — kimo4yoBa Bumora OLAP);

— MOXJIMBICTh 3BEpTaTHCA 10 OYIb-sKOI MOTPiO-
HOI iH(popMaIii He3aIexHO Bif 11 00'eMy i Micus 30epi-
TaHHSL.

OcHosue npusHayeHHss OLAP-cuctem — miarpu-
MKa aHAJTITUYHOI MiSUTBHOCTI Ta JOBUIFHHX 3alUTIB KO-
pucryBadiB-aHaniTukiB. Mera OLAP-ananizy — nepe-
BipKa BUHHKAIOYHX TiloTe3.

Kameeopii danux ma ingpopmayitini nomoku y
cxosuwyl npocmoposux oanux. Yci nani B CITJI momins-
IOTHCS Ha KaTeropii (puc. 6).

JletanpHi maHi — 1€ JaHi, 10 MEPEHOCATHC 0e3-
mocependapo 3 OLTP-migcucteM. BoHu BimmoBizaroTh
eIEMEHTapHUM TIOAiAM, sKi ¢ikcyrorbess B OLTP-
cHCTeMax Ta MiJpO3IiIIOThCS Ha!

—  euMmiprogantsi — HAOOPU JaHUX, HEOOXIAHI JIs
OIHUCY TIOJIIH;

—  ¢baxmu — naHi, 10 BiJOUBAIOTH CYTh MOJIT;

— aepecosani (y3acanivHeni) Oani — JaHi, IO
OTPUMYIOThCSI Ha MiACTaBl JETaJbHUX IUIAXOM IIiJCY-
MOBYBaHHSI 110 TIEBHUX BHMipIOBaHHSIX;

— Memaoawi — JaHi TPO JaHi, IO MICTATHCA Y
CIIJl i MOXyTh OmHCYBaTH 00'€KTH IpeAMETHOI obac-
Ti, iHopmanis mozo sikux micturees y CI1/1, kareropii
KOPHUCTYBAYiB, 110 BUKOpHCTOBYIOTH aaHi 3 CITJI, micrist
Ta crmocoOu 30epiraHHs NaHWX, Iil, BUKOHYBaHI HaJ

JaHUMH, YaC Ta MMPUINHU BUKOHAH-

Amazitme|| HA Pi3HHX i HaJ TaHUMU;
= = . .
351::1;::::.1 —— Ay Jani y CIIJI yTBOpIOIOTH TaKi
e < |—‘r iHpopMaiiHi noroku (puc. 6):
Tizcucrema —  6XiOHUNl nomik — YTBOPIO-
v AUy €ThCS JAHUMHM, IO KOIIOIOTHCS 3
iacuerea || | Omepatnene Bximit norix Teramai 1‘ OLTP-cucrem B CIIJI, mpu npomy
seegerms OLTP AxepeTo pasi Brxipnit JlaHi OYHMIIYIOTHCS 1 30aradyroThes
| - i
— Apsinmit i IUISXOM JIOJaBaHHsS HOBUX aTpHOy-
MeTATAHNE ST TiB;
Oueparop .
v A — nomik y3azanvHeHHs — YT-
Pemosuropiit Apxismi BOPIOETHCS arperaliero JIeTaabHUX
MeTagaHHx IaHl .
JaHuX Ta ix 30epexenusM y CIT/T;
CXOBHIE NPOCTOPOERX JAHEX — apxienuil nomix — YTBO-
Tigcucresa Wepirasma indoppanty PIOETBCS MEPEMIILEHHSIM JeTATbHUX
JIAaHUX, KUTBKICTD 3BEPHEHb JI0 SKHUX

Puc. 6. Kareropii nanux Ta ingopmaniiini noroku y CI1JJ

3HU3HUJIACA,
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—  nOmMiK Memaoanux — YyTBOPIOETHCS TIOTOKOM 1H-
(opmarii mpo AaHi, COpsIMOBaHi 0 PENO3UTOPIIO IAHUX;

—  GUXIOHULl NOMIK — YTBOPIOETHCS TaHUMHU, SKI
BUTSTYIOThCSI KOPHCTYBauaMH;

—  360pOmHULl NOMIK — YTBOPIOETHCS OYMIICHH-
MU JaHUMH, 3anucyBaHuMu Ha3aza B OLTP-cuctemu.

Cmpykmypa _ma_npunyunu_@QyHKYiOHYEAHHA _CUc-
memuy_0azamosuMipHo20 _ananizy OaHux 6 peanbHOMY
ygci. B mporieci aHalizy NaHHMX YacTO BUHHKA€E HEOO-
XiHICTh MOOYAOBH 3aJIeKHOCTEH MiX pi3HMMH iX ma-
paMeTpaMu, YHCIIO SKUX Moke Oyt 3Haunum. CIITIP
MaloTh 3acoOM Ha/JaHHsS KOPUCTYBAauyeBl arperoBaHUX
JAHUX JUIS PI3HUX BHOIPOK 3 MOYATKOBOrO HaOOpy B
3py4HOMY JUIS CIIPHUHSTTS Ta aHajily BuUrisai. B pe-
3ynbTaTi, (YHKUIT arperoBaHuX NPOCTOPOBHUX JAHUX
YTBOPIOIOTh OaraTOBUMIpHMH HepesaUidHuN Habip,
sikuii Ha3uBarTh OLAP-kyoom. Oci mporo ky0y Mmic-
TATH NIAPAMETPH, a KOMIpKH — 3aJIeKH] BiJI HUX arpero-
BaHI naHi (puc. 7). Y3I0BX KOKHOI OCi JTaHI MOXYTb
OyTu opraHi3oBaHi y BUIUISI i€papXii, sika MpeacTaBisie
pi3HI piBHI iX jAeTai3arii.

3aBIgKM Takiii MOJENi JaHUX KOPUCTYBaui MOXKYTh
(opMyIIOBaTH CKIJIAJIHI 3aITUTH, TeHEPYBATH 3BITH, OTpH-
MyBatu miaMHOXuHA gannx. OLAP-ky0 Moxe OyTH pea-
Ji30BaHUI HAa OCHOBI yHiBepcanbHuX persiniiianx CYB/]
a0o crierianti30BaHUM MTPOTPaMHKIM 3a0e3TCUCHHSIM.

Kopuctysau: Ne 1
OaHi: 3HiMok Ne 3
Yac: bepeseHb

OTpUMaHHS 3HIMKa

[Ciuene

BepeseHb

£

Puc. 7. Ipocruii (tpuBumipauii) OLAP-xy0

Oci ky0a € BUMIpaMu, IO SIKMX BiJKJIAalOTh Ia-
pameTpw, 10 BiJHOCSATHCS IO aHAIII30BaHOI IPEIMETHOL
obnacrti. Ha neperuni oceii BUMipiB pO3TallIOBYIOTHCS
JlaHi, 0 KUIBKICHO XapaKTepU3yIoTh aHaji30BaHi (ak-
tu-3axonu. Ham OLAP-ky0OM MOXYTh BHKOHYBAaTHCS
TaKi ormeparii.

1. 3piz — GopMyeTbCs MIMHOKHHA OaraTOBUMI-
PHOTO MacUBY JaHWX, LIO BiANOBIAE €JMHOMY 3HAYCH-
HIO OJTHOTO 200 JIEKIBKOX €JIEMEHTIB BUMIIB, SIKi BXO-
JISITH B IIFO T AMHOXKHUHY.

2. Obepmannsi — 3MiHa PO3TallyBaHHS BUMIpIB,
MIPEJCTaBICHHUX B 3BITi a00 HA CTOPIHII, IO BijgoOpaxka-
eThcsa. Hampukitan, omepartist oOepTaHHs MOXKe IoJjIsra-
TH B TIEPECTAHOBII MICISIMH PS/IKIB 1 CTOBIIIIB TaOHII.
Kpim Toro, obepranHsM Kyba AaHHX € MEpPEeMilllEHHS
no3aTabNIMYHUX BUMIpIB Ha Miclle BUMIpIB, IpeJCTaB-
JICHUX Ha CTOpIHII, 110 BiToOpakaeThCsl, i HaBIAKH.

3. Konconioayis i demanizayiss — omnepaiii, sKi
BU3HAYAIOTh II€PeXiJ 3a HampsMOM BiJl JETaJbHOTO
NIPE/ICTaBJICHHS. JAHUX JI0 arperoBaHoro i HaBIIaKH,

BimnoBigHO. Hampsim metanmizamii Moke OYTH 3alaHUid
SIK 32 iepapXi€ro0 OKpeMHUX BUMIpIB, TaK i 3TiHO 3 1HIIH-
MU CTOCYHKaMH, BCTAHOBJICHHMH y paMKax BUMIpiB abo
MiX BUMipaMH.

Tabnuyi ghaxmis y cxo8uwyi npocmoposux OaHux.
Tabnuns (akTiB € OCHOBHOIO TaOJMICI0 CXOBHIIA JIa-
HuX. BoHa MiCTUTBH BiIOMOCTI mpo 00'ekTH abo0 MOil,
CYKYITHICTh SIKUX HaJaJli aHai3yBaTUMEThCA. Bumins-
I0Th YOTHPH THITU (PaKTiB:

— (¢axTun, no's3ani 3 Tpanzakuismu (Transaction
facts) i 3acHOBaHiI Ha OKPEMUX IOJIISIX;

— (akrtu, noB's3aHi 3 "MOMEHTAIBPHUMHU 3HIMKa-
mu" (Snapshot facts) i 3acHOoBaHi Ha craHi 00'€KTy B
NeBHI MOMEHTH 4acy, HalpUKJIaj, Ha KiHelb JHs a0o
MicsII;

— (¢axTH, TOB'sI3aHI 3 €NEMEHTaMH JOKyMEHTY
(Line-item facts) i 3acHoBaHi Ha ToMy a0o iHIIOMY J10-
KyMEHTI (MICTSTh eTalbHy iH(OPMAIIIO PO EIEeMEHTH
LOTO JOKYMEHTY);

— (akrtu, moB's3aHi 3 MOIIAMHU 200 CTAaHOM 00'€K-
1y (Event or state facts) — npeacTaBIsSOTh BUHUKHEH-
Hs 1ol 0e3 HOAPOOHIIb PO 00'€KT.

Tabmunsg (akTiB MICTUTh YHIKQJIBHUM CKJIaJICHUMA
KJII0Y, 110 00'€qHY€E MEePBUHHI KIIIOYi TAOJIUIb BHMIpIB.
Haiiyacrime B 1UX WIJSIX BHKOPUCTOBYIOTHCS LIIOYH-
CelbHI 3HauYeHHs, a00 3HAaYEHHS THUITY «ZaTa/dacy, OCKi-
JIBKM TaONMUns QakTiB MOXKE MICTUTH COTHI THCSY a0o
HaBITh MIJIBHOHH 3aIUCIB, a OTKE 30epiraTy B Hiil Tekc-
TOBI OITUCH, 1110 TIOBTOPIOIOThCS, HeBUTiAHO. [Tpu oMy
SIK KJIFOYOBI, TaK 1 J€sIKI HEKIIOYOBI IT0JII MarOTh BifIo-
Bigatu MaiiOyrHiM Bumipam OLAP-ky0a. Oxpim 1poro,
TaOMuIl (hakTiB MICTHTh OJHE a00 JCKIIbKAa YHUCIOBHX
OJIiB, HA MIJCTaBi SKUX Hajaai OyayTh OTpUMaHi arpe-
TOBaHi JaHi.

s GaraToBUMIpHOTO aHallizy MpHAATHI TaOIHIl
(axTiB, IO MICTATh SKOMOTa JCTajbHIilI AaHi (TOOTO
Ti, IO BIANOBIZAIOTh WICHAM HWKHIX PIBHIB ie€papxii
BIJIMIOBITHMX BUMIPIB).

VY tabnuii (axTiB HEMae HiSKUX BiZIOMOCTEH Ipo Te,
SIK TPYIyBaTH 3alMCH TPH OOYMCIICHHI arperoBaHuX [a-
HHUX — I1i BIZIOMOCTI MICTATBCS B TAOJNHUIIIX BUMIpIB 1 BH-
KOPUCTOBYIOTBCS JIsL TIOOYIOBH i€papXiii y BUMipax Kyoa.

Tabnuyi 6uMipie y cxoguui NPOCmMoOposUX OAHUX.
Tabnuui BUMIpIiB MICTATh HE3MiHHI a00 PiJKO 3MiHIOBa-
Hi JaHi. Y TepeBa)kHii OUIBIIOCTI BHIAAKIB IIi JaHi
MICTATh TIO OJHOMY 3aITUCY JISi KOXKHOTO 4IEHAa HIXK-
HBOTO piBHS iepapxii y Bumipi. Tabnuii BUMIpiB Takox
MICTATh SIK MIHIMYM OJIHE ONHCOBE TOJie (3a3BUYAil 3
iM'SIM 4JleHa BUMIpYy) Ta IJIOYHCENIbHE KIIIOYOBE IOJIE
(3a3BUUail, 16 CypOraTHHH KIIIOY) JUIS OJHO3HAYHOI
inenTugikanii wieHa BUMIipy. SIKmo MaiOyTHIH BUMIp,
3aCHOBaHMH Ha Iiil TaOIMIII BUMIPIB, MICTHTh i€papXito,
TO TaONMIL BUMIpIB TaKOX MOXKE MICTHTH IOJIS, IO
BKa3ylOTh Ha «0aThbKa» IIbOT0 4WICHA B MW iepapxXii.
Tabmuis BUMIpiB MOXKE MaTH TOJATKOBI aTpHOYTH diie-
HIB BUMIpIB, 1[0 MICTHJIMCSl B TOYAaTKOBIH ONepaTuBHIH
0a3i maHuxX (HAIPHUKIAM, afpecH i Tene)OHU KITIE€HTIR).
KokHa TaOmuIs BUMIpiB MIOBHHHA 3HAXOIWTHUCS Y Bill-
HOIIICHHI «OJMH N0 0araTthox» 3 TaOJHICIO (aKTiB.
[IBuaKicTh 3pocTaHHS TAOJHIL BUMIpIB Mae OyTH He-
3HAYHOIO Yy ITOPIBHSHHI 31 MIBHAKICTIO 3pOCTaHHS Tao-
JUI QaKTiB.

65



Advanced Information Systems. 2020. Vol. 4, No. 2

ISSN 2522-9052

Apxitextypa CIIIIP Ha 6a3i cxoBua
MPOCTOPOBHUX JAHUX TeONOPTATY

INoBromacmTabHa CIITIP Mae BUKOHYBaTH CKJIa-
Hi 1 pi3HOMaHITHI (QYHKIII, 110 BKIIOYAIOTh 30ip TaHUX
3 pI3HHX JpKepel, 1X y3roJDKEeHHs, MepeTBOpeHHs | 3a-
BaHT)XCHHs Y CXOBUINA, 30€piraHHs aHaJiTUYHOI iH(O-
pMmarii, perJjlaMeHTHY 3BIiTHICTb, MIATPUMKY ITOBUIBHUX
3anuTiB, OaraTOBUMIipHUI aHai3.

Huni icHyloTh (akTHuHi CcTaHAapTH MOOYAOBH
CIIIIP, 3acHoBanux Ha konuenmii CJI. L{i crammaptu
CIHPAIOThCS Ha CYYacHi AOCIIIKEHHs 1 3arajJbHOCBITO-
BY npakTHKy ctBopeHHst CI1J] i aHamiTHYHUX CHUCTEM.

Ha minmcraBi MpoBEIEHOrO aHANi3y apXiTEeKTypH
cydacHux CIITIP 1yt CTBOpEHHSI CHCTEMH MiATPUMKH
NPUAHATTA pilieHb Ha 0a3i CXOBHIIA MPOCTOPOBHX Jla-
HUX T€OIOpTally IPOMOHYETHCS BUKOPHCTOBYBATH
CTPYKTYpY, 110 Y 3arallbHOMY BUIJIS/I OMUCYETHCS CXe-
MO0 3 TPHOMA BHUIIJICHUMH IIapamu (puc. 8).

Jani nocrymnators 3 pizaux OLTP-cucrem, i3 30B-
HIIIHIX JDKEpeIN Ta OIepalifHuX CUCTEM BiIOBIIHO 10
BCTaHOBJICHOT'O PETrJIaMEHTY i GopM 3BiTHOCTI. Ycs 1
iH(pOpMaIlisl MepeBipSEThCS, Y3TOIDKYETHCS, IEPETBO-
PIOETBCS Ta MOMIIIAETHCS Y CXOBHIIE Ta BITPHHH JaHUX.
[Ticnst bOro KOpUCTYBaUi 3a JOMOMOTOIO CIIelliaTi3oBa-
HUX IHCTPYMEHTAJIBHUX 3aC00iB OTPUMYIOTH HEOOXIIHY
iM iHdopMmamito s MOOYAOBH Pi3HUX TaOJIMYHUX 1
rpagiuHUX NpeACTaBIeHb, NPOTHO3YBAHHS, MOJIEIIO-
BaHHS Ta BUKOHAHHSI 1HIINX aHAJITUYHUX 3aBJaHb.

Hiocucmema sumseanns, nepemeopenns i 3a6a-
maoicenns_Oanux. 3 JpKepea NaHuX iHdopmallis rnepe-
MIIIYETBCS Y CXOBHUIIE NaHuX. HeoOxiaHi 1uis cxoBHIla
naHi He 30epiraroThCs B OCTATOYHOMY BHJI B JKOIHIHN 3
OLTP-cuctem, mi AaHi 3a3BHYaili MOXKHAa OTPHMATH 3
IUX CHCTEM IUIIXOM CIICIiaTbHUX MEePEeTBOPEHb, 00YH-
ClIeHb 1 arperaifii. 3aBaHTa)XCHHS IaHUX 3 JDKEpel Y
CXOBHIIIA MA€ HATAaBATH TaKi MOKJIUBOCTI:

— BWTATATH JaHi 3 Pi3HUX 0a3 JaHUX 1 TEKCTOBUX
¢aiinis;

— BWKOHYBaTH Pi3HI THIIA Y3TO/DKCHHS Ta OYH-
IICHHS TaHUX;

— TIEPEeTBOPIOBATH JIaHI MPH MEPEMIlIeHHI IX Bif
JOKEpEI 10 CXOBHIIIA;

— 3aBaHTaXXyBaTH MOrO/pKEHI Ta "ouuiieHi" AaHi
B CTPYKTYPH CXOBHIIIA.

IMincuctema ETL (Extract, Transform, Load) B
CIII moBuHHa 3a0e3rmevyBaTH BHUKOHAHHS IMX (yHK-
uifi. Buxosuu 3 11b0ro, MokHa COpMyBaTH OCHOBHI
BuMorH o miacucremu ETL :

— MaTd CHPOMOXKHICTh 30MpaTH JlaHi Bij pi3HHX
cucreM (IpKepen), HaBiTh SKIO OfHA a00 JMEeKiIbKa CHC-
TEM B pe3yJbTaTi 30010 HE 3MOIJIM B CTPOK 3aBEPIIUTH
CBOIO pOOOTY 1 HaIaTH HEOOXIHI JTaHi;

— oTpuMaHna iHdopmarlist Mae OyTH poO3Mi3HaHA Ta
MIEPETBOPCHA BiIIIOBITHO IO aJITOPUTMIB IIEPETBOPEHHS,
a TakoX 3a JOIOMOI'OI0 CHUCTEM BEIEHHs 3BITHOCTI Ta
MeTa/laHuX;

— meperBopeHa iHpopMalis Mae OyTH 3aBaHTa-
JKEHa B 30HM THMYacoBOro 30epi-

TaHHs Y CXOBHIIII JaHUX Ta y BITPH-
HU JaHUX, K TOI'O BUMarae BUpOO-

. —p| 3BiTHICTE
B;:l;:‘: < HUYHUH TPOIIEC;
i — 3acobu ETL maroTh 3a0€3-
E Hosinemi [Ie4yBaTU BUCOKY IIPOIIYCKHY CIIPO-
- Aoctyn —— MOXKHICTB JUIsI TOro, 1100 30upatu
:xepena I_.‘]:[l,m.:m:'raua N Cxornme «KIEAT-CEPEED l > .
ARHHAX ETL ]| JaHAT abo Ta BUBAHTAXyBATH IIOCTIMHO 3pOC-
on Web-farepdetic | | | Baravosmuipmnit || Taroui 06'eMH HAHKX;
AHATIZ .
. — 3acobu ETL moBuHHI MaTH
IMigcucTemMa BATATAHAR . .
S Birpuma | MOTY)KHI OOYHCITIOBAJIbHI MOMKIIH-
AAHHX Ly Data mining BOCTI Ta MacIITabOBaHICTh IS CKO-
0.n pOYCHHSA dYacy OOpOOKHM JaHUX 3
. " . METOI0 3MEHILIEHHS 3aTPUMOK B
Higcacrema Migcucrema avamzy . P .
0D RARAE e HaJaHHI JaHuX Ui aHATITHYHHAX

pooiT;

Puc. 8. Apxitexrypa CIIIIP Ha OCHOBI TeXHONIOTrT CXOBHUII] IPOCTOPOBUX JAHUX

— 3acobu ETL wmatots Hapa-
BaTH pI3HOMAaHITHI I1HCTPYMEHTH

IMigcacTema 0epiraleEa JaHAX BUTATAaHHS OAaHUX B pi3HI/IX peKU-
0O6.JacTe THMYACOEOTO 30epiraHEA ObaacTe noctifinoero sfepiranaa Max p060TI/1 —_ Bi):[ TIAKETHOI' O 360-
Sasarmamenna py A7 CHCTEM, HEKPUTUYHUX J0
Obaacts OdacTs Ofaacts Odaacte 3 GHORE: .
BETATAHHA |4 |pmepereopenns| | THMIACOBOIO AeTAIBHEX TUMYaCOBUX 3aTPUMOK, IO I1HKpC-
AaHnx Aamux aGepiranna Aamix SasanTamennn MEHTHOI 00pOOKH B pexuMi, OIn3b-
i KOMY JI0 PEaJIbHOTO Yacy.
OyHKIIOHANBEHY CXeMy MiJICH-
cremu ETL npencrasieno Ha puc. 9.
g [Ipouecn BUTSATAHHA JaHUX
g )
g Tiponecn Tponecn i Tiponecn 3a0e31e4yIoTh OTPUMAaHHA JaHUX i3
g BOTATAHHA | [ Tpanchopanii ' sasawtamemms — L arperamii JoKepen Ta 30epiraroTh Ii JaHi B
& JaHEX ARHHE AAHHX A3aHHX . o . . .
'% inTepdelicHi Tabauii 00nacTi BUTS-
) Hizcucrema ETL TaHHd JaHHX.
IIpouiecu TIePETBOPEHHS

Puc. 9. OynkuionansHa cxema migcucremu ETL

(TpaHchopMariiil) JaHUX BUTSTAIOTH
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JaHi 3 IHTepPEUCHUX TaOIHIb, MPOBOAATH 3aXOILUICHHS
3MiH, NEPETBOPEHHS JAaHWX 32 NMEBHUMH IPaBHIaMH 3i
30epexeHHs M MPOMDKHHUX pe3yJbTaTiB B 00JIacTi mepe-
TBOPEHHs JaHMX Ta 30epiraloTh pe3ysibrar B 0Onacri
orepaTuBHOro 30epiranns. IIporecu nepeTBopeHHs na-
HUX BUKOHYIOTh 3aBJIAaHHS HATIOBHEHHS TaOJIUIIb 00JIacTi
MIEPETBOPEHHS JaHKX 1 00JIACTi 3aBAHTAXKCHHS TAHUX.
[Ticnst mpoBezieHHS IEPETBOPEHHS JAHUX BOHH 3a-
BaHTXYIOThCS B 00JIACTh OIEPATUBHOIO 30€piraHHs.
[Mpouecn 3aBaHTaKEHHs [AHUX IPOBOSTH YUTAHHS
JaHUX 3 00JIACTi OMepaTHBHOro (TMMYAcoOBOro) 30epi-
TaHHs, MEePEeBIPSAIOTh MOCHIATIbHY IUIICHICTh JaHUX Ta
MIPOBOJISATH 1X 3aBaHTA)XKEHHS B OOJNACTh JNETANbHUX Ja-
nux. [Ipomecu arperamii naHWX TPOBOISTH YUTAHHS
JeTanbHUX MaHuX i 3anuc ix y CI1J] Ta BiTpuHM HaHUX.
Iiocucmema 30epieanns_oanux. Ilincucrema 30e-
piraHHs JaHUX IpH3HA4YeHa Ui Oe3rocepeHboro 30e-
piraHHs 3HAYMMOI, IEpeBipEeHOI, MOroKEHOI, Hecyrie-
pPEWINBOI Ta XPOHOJOTIYHO HiTiCHOI iH(pOpMaii, Ky 3
JIOCUTh BHUCOKOIO MIpOIO YIIEBHEHOCTI MOXKHa BBa)KaTh
nmocroBipHoto. CJI He opieHTOBaHe Ha pIlIEHHS SKOI-
HeOy/Jb TEBHOI (DYHKIIIOHAJIbHOI aHANITUYHOI 3ajaui.
Meroto CJ1 e 3abe3rneueHHs] LIJTICHOCTI Ta MiATPUMKA
XpOHOJIOTIT AaHuX. Y 3B'S3KY 3 IIUM Y OiIbIIOCTI BHIIAI-
KiB JUIsSl BAKOHAHHS MEBHOTO KOMILIEKCY ()yHKIIIOHAIb-
HO 3aMKHYTHX AaHaJIITUYHHX 3aBJaHb paIllOHAJIBHO
CTBOpIOBATH BiTpuHHM JaHuX. [To cyTi BiTpHHA € BigHOC-
HO HEBENMKO, ajie 10 HalBakJIMBILIE, SIBISIE COOOO
¢yHkioHaapHO-0opieHTOBane C/l, B sikomy iH]opmariis
30epiraeTbesl CIEliaJbHAM YHHOM, ONTHUMI30BaHHM 3
TOYKHU 30pY BUPIIICHHS KOHKPETHHX aHAJITUYHHX 3a-
BJIaHb TIEBHOTO ITiAPO3/1Ty 200 IPYNY aHATITHUKIB.
VY npocropoBux cxoBumiax (puc. 10) nepBuHHI j1a-
Hi TIEpPETBOPIOIOThCS B iH(OpMallito, IPUIATHY IS BU-
KOpPHMCTaHHSI Ha eTami MmiAroToBku naHuX. [Ipocroposa
MOJIENTb CXOBHIIA JTaHUX MICTUTh Ty )X aTOMapHy iH}o-
pMartiro, 1o i HopMasi30BaHa MOJIEINb, aje iHpopMaIisa
CTPYKTypOBaHa MO-IHIIOMY, MIO0 MOJErIIMTH i BHKO-
pUCTaHHS W BHUKOHAHHS 3alUTiB. 3alMTH B MPOLEC] BU-
KOHAHHS 3BEPTAIOTHCS /0 yce OLIbII HU3BKOTO PiBHS
nmetamizamnii 0e3 JOAAaTKOBOrO IepPEerporpaMyBaHHS 3
OOKy KOpHCTYBauiB a00 pO3pOOHHUKIB 3aCTOCYHKIB.
Hliocucmema ananizy danux. JIns opranizamii 0-
crymny aHamiTukiB 1o ganux CIIJI ta BJ] BukopucToBy-
I0ThCS Creliali3oBani po0odi MicIs, 10 MiATPUMYIOTH

onuiei TexHonorii. B mexax maHoi pobotu y sKocTi
QHAITHYHOI MIJICUCTEMH MPOMOHYETHCS 10 BHKOPHUC-
tanas CYBJ[ Microsoft SQL Server, y Tomy umncii i Ha
migcTaBi Toro, mo SQL Server miaTpuMye THITN TaHUX
geometry T1a geography. Y IMX THNAaxX HiATPUMYIOTHCS
METOJM 1 BJIACTUBOCTI, IIO JO3BOJSIOTH CTBOPIOBATH,
MOPIBHIOBATH Ta aHANi3yBaTH INPOCTOPOBI JdaHi. Tum
JIAHUX geometry BUKOPHUCTOBYETHCS JUISl TUIAHAPHUX
EBkninoBux manux. Bin BimmoBimae crermdikamii KOH-
copuiymy OGC «Simple Features for QL». Tun manux
geography BUKOPUCTOBYETHCS LIS 30€pIraHHs eIiNTHY-
HUX JaHHX, BIAMOBIAHUX KOOpJMHATaM HIMPOTH 1 JOB-
rotu, y Tomy uucii i nanum GPS ta GNSS.

B Mexax manoi poOOTH HE CTaBUTHCS 338 METY BH-
KOHaTH TpHB’s3Ky 10 meBHOI Bepcii Microsoft SQL
Server, apke JaHUH TPOMYKT MOCTIHHO YIOCKOHATIOETh-
Csl, PO3UIMPIOIOYN MOXKITMBOCTI KOPHCTYBadiB. JIOIIEHO
BiJ[3HAYUTH, HATIPHUKIIAJ, 10 aKTYaJbHUH 1 JOCTYMHUH (a
y Bepcii Express B3arami O€3KOIITOBHHUI) Ha ChOTOMIHI
naker Microsoft SQL Server 2019 3a0e3neuye iHTENEK-
TyaJIbHUH aHaJli3 CTPYKTYPOBAaHHUX Ta HECTPYKTYPOBAHUX
JIAaHMX, TX 3alUTH 3a JIONOMOrO0 IIATOpMH JaHHX 3
HAMKpalMMH B Taly3i MOKa3HUKAMH MPOIYKTHBHOCTI Ta
Oesmnexku. [Ipu 1poMy 3a0e3neuylOThCsl IepeBaru Maclil-
TabOBAHOCTI Ta JOCTYITHOCTI JUIi KPUTHYHO BajkKJITMBUX
IHTEJIEKTYyaJbHIX 3aCTOCYHKIB Ta CXOBMII JaHHX. be3ne-
Ka JIOCSraeThCsl HassBHUMU 3aco0aMu n(pyBaHHS JaHUX
mig yac 30epiranHs Ta mepepadi. Bzaram, CYBI SQL
Server Bxxe OUTBII CEMU POKIB BU3HAETHCS HAHMEHIII Bpa-
37IMBOI0 32 pe3yJbTaTaMH TecTyBaHHS HatioHanpHOTO
iHcTuTyTY cTaHaapTis i TexHomorii CIIA (NIST).

3acobu OizHec-anamituku SQL Server HanawoTh
MOXITUBICTH 00pOOIATH OyAb-sKi JaHi Ta CIoCTepiraTH
3a PO3BUTKOM CHUTyalii B PEXHUMi pealbHOro 4acy,
OTPUMYIOUH JI0 MIiJIIOHHY MPOTHO3IB 32 CEKyHAY (K 3
I KITI0OYeHHAM 10 Internet, Tak i 6€3 HBOTO).

PazoMm 3 THM, CItiji 3ayBaKUTH, 110 3aIIPOIIOHOBAHI
B JlaHii poOOTi mporpaMHi po3poOKH MOXYTh OyTH 3a-
CTOCOBaHiI M 3 BHUKOPHCTaHHSIM OLUIbII paHHIX Bepciii
SQL Server (mpuHaiiMHi, MOHAHMEHII HaBIiTh 13 peJIi-
30M Microsoft SQL Server 2008).

[HTENeKTYaIbHUN aHami3 JIaHWX 33 JJOMOMOTO0
CYBJ Microsoft SQL Server. Posrisinemo aeranbHime
peaitizaiito 3aco0iB IHTEICKTYaIbHOTO aHAJI3y NaHUX B
CYB/ Microsoft SQL Server. Ha puc. 11 cxemaTnuno

HEeOoOXiTHI TEXHOJOTIi 5K OnepaTuB-

| TlinroToBKa JAaHAX

HOT'O, TaK 1 JOBrOTPHBAJIOro aHai-
3y. Pe3ynpTaté po0OOTH aHANITHKIB
opOpPMIIAIOTECS Y BHUIJISAL 3BITIB,
rpadikiB, pexomeHzaaniii Ta 30epi-
raloThCsA SIK Ha JIOKaJbHOMY KOM-
m'IoTepi, Tak i B 3arajlbHOJOCTYII-

JosHinmi
IAREpETd

IlpeacTaBaeHHA JaHOX |

HOMY BY3JI1 JIOKQJIIBHOT MEPEXi.
AHaniTH4HA IISUTBHICTE MOXE
OyTH JOCHUTH PI3HOMAHITHOIO i BH-
3HAYATHCh XapaKTepoM BUpIlIyBa-
HHUX 3aBJlaHb, OCOOJMBOCTSIMH KOM-
TaHii, piBHEM 1 CTyNEHEM MiJroTOB-
JICHOCTI aHaNITHKIB. Y 3BSBKY 3
UM CYYaCHHMHU MiAXix A0 iHCTpyMe-
HTAJILHUX 3aco0iB aHaji3y He 00-

Tuni
OmepaIHHHY
CHCTEM

Inmopr nansx
3 iHmEX cHETEM

MigroToBKa JaHT
10 3aEaHTAKEeHHA
¥ HPOCTOPOEE

IIpocTopoee L
CXOBHME JAHAX T
3aT

' —

Ta CYMapHHEME
JaHEME

CXOBHIIE — 3anaTH

MCKYETBCSI BUKOPUCTAHHAM SIKOICh

Puc. 10. ApxiTekTypa IpocTOPOBOro CXOBHIIA JaHUX
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npencrasieHo komrnoneHTd CYBJl SQL Server Ta Bu-
IJICHO MIiJCUCTEMY I1HTEIEKTYaJbHOIO aHai3y MaHHWX
Ta YIpaBJiHHs 0araTOBUMIPHUMH JTaHUMH.

Cay:xon Reporting
Services

IHTeTeRTYATEHHH
aHaJIi3

Cuyxon Integration
Services

baratoeaMipHi
naHi

Komnonent
Database Engine
Cay:xom Analysis Services

OcHosHIi KoMnorerTHE CYB/] Microsoft SQL Server
Puc. 11. Cinyx6u i komnonentu CYB]] Microsoft SQL Server

Cnyx6u Analysis Services HaJarTh Taki (QyHKIIT
Ta 3acO0M JJIsl CTBOPEHHSI PillIeHb 110 1HTEIEKTYaJIbHOMY
aHaJIi3y NaHHX:

— Hallp cTaHJapTHUX AITOPUTMIB iHTENEKTYallb-
HOT'O aHaIi3y JaHuX;

— KOHCTPYKTOp IHTEJIEKTYaJIbHOTO aHamily Jja-
HUX, PU3HAYSHUI JJIS1 CTBOPEHHS Ta MEpPerisay Mojie-
JIeW THTEeNIeKTYalIbHOTO aHalli3y JaHUX, YIPaBIiHHS HHU-
MU Ta MOOYA0BH POTHO31B;

— MOBa YIpaBIiHHA IHTEJICKTYaJlbHUM aHATi30M
JTaHHX.

Cmpyxkmypa iHmenekmyaibHo20 auanisy Oanux
MOXe OYyTH TpelCcTaBieHa SIK CyKYIHICTh NMOYaTKOBHX
JAaHMX 1 OMHCY CIOCO0iB iX 00poOku. CTpyKTypa Mic-
TUTh MOJENI, SIKi BUKOPUCTOBYIOTHCS JUIS aHaJI3y Ja-
Hux. OJlHA CTpPYyKTypa MOXe MiATPUMYBaTH JAEKiJIbKa
Mojiesel. Y CTpYKTYpi IHTEIEKTyaJbHOrO aHamidy Ja-
HUX MOXKHA BH/UTMTH TMOBYAIBHUEM Ta TMepeBipoYHUit
HaOip JaHWX, 3aJaBIIM TPOLEHTHE BiJTHOIIEHHS abo
00'eM aHUX.

Mooenv inmenexmyanvho2o ananizy OaHux € TIO-
€/IHAHHSIM CaMHX JIAHUX, aJITOPUTMY 1HTEJEKTYaJIbHOTO
aHaJIi3y JJaHUX 1 KOJEKIil 3Ha4eHb MapaMeTpiB Ta (iyib-
TpiB, IO YIPAaBJISIOTH BUKOPUCTAHHSM 1 00pOOKOIO J1a-
HUX. Mozenb iHTeJIeKTyalbHOI0 aHali3y JaHUX BH3HA-
YaeThCsl HA MOBI PO3IIMPEHb 1HTENEKTYaIbHOI'O aHAII3Y
JaHux abo 3a JOIOMOIOI0 MalCTpa IHTENEKTYaJIbHOIO
aHaJti3y JaHux B cepenosuili Business Intelligence De-
velopment Studio (BIDS).

Aneopumm  inmenexmyanpHo2o ananizy OaHux €
MEXaHi3MOM, IO CTBOPIOE MOJIENb 1HTEJIEKTYaJIbHOTO
aHaii3y nanux. 11006 cTBOpUTH MOJENb, ajJTOPUTM CIIO-
YaTKy aHali3ye Hadip JaHuX, 3[1HCHIOIOUHU MOUIYK IeB-
HHUX 3aKOHOMIpHOCTEH 1 TpeHIiB. AJITOPUTM BHKOpPHC-
TOBYE pe3yJbTaTH IIbOTO aHajJi3y JUIsi BHU3HAYEHHs Iia-
paMeTpiB MoOJeNli 1HTEJEeKTYyalbHOI'O aHaNi3y JaHUX.
[MoTiM i mapameTpu 3aCTOCOBYIOTBCS JI0 YChOI'O HA0O-
py HDaHuX, mo0 BUSBUTH IPUAATHI 0 BUKOPHUCTAHHS
3aKOHOMIPHOCTI Ta OTPUMATH JIETAIbHY CTATUCTHUKY.

Hmxue mepepaxoBaHO aJTOPUTMH iHTENEKTYyallb-
HOT'O aHaJIi3y JaHUX, sIKI MOXKYTh BUKOPHCTOBYBATHUCS 13
BukopuctanHsiM Microsoft SQL Server:

— cmpoineHuii anroput™m batieca — Naive Bayes;

— QITOpUTM JepeBa MPHUHATTS pimens — Deci-
sion Trees;

— QITOPUTM THMYacoBUX psfiB — Time Series;

— amroputM kiacrepusaiii — Clustering;

— QITOpUTM KJlacTepu3amii IOCIiJOBHOCTEH —
Microsoft Sequence Clustering;

— QJITOpUTM B3a€MO3B'3KIB — Association Rules;

— airoputMm HeliponHoi mepexi — Neural Net-
work;

— airoputM JiHiHHOI perpecii — Linear Regres-
sion;

— auropuTM JoricTuuHoi perpecii — Logistic Re-
gression.

OOpo0IATH 3amMUTH IHTEJIEKTYalIbHOTO aHaNi3y
MOXKHa 32 JIOIIOMOr'OI0 CTaHJIAPTHHUX aJTOPUTMIB, Tepe-
JI'YCHUX BHWIIE, a TAKOX W aJrOPUTMIB CTOPOHHIX PO3-
poOHuKiB. Ha puc. 12 cxemMaTn4HO NpeNCTaBICHO eTamu
IHTEJIEeKTYyalbHOrO aHali3y JaHux i 3acodbum Microsoft
SQL Server, 3a 10MOMOror0 SKMX BOHU BHUKOHYIOTHCS.
Bkazani eranu He 000B'SI3K0BO OYyIyTh MpPOHIEHI OIUH
3a iHmuM. Ha oqHOMY 3 IPOMIXKHUX €TamiB MOXe 3'sCy-
BaTHCS, 1[0 B IOTOYHIM ITOCTAHOBI U BHPIIICHHS
3aBJaHHs Opakye JaHUX 1 3HaAOOUTHCS 3HOBY ITOBEPHY-
THUCS J0 MEPUIOTo eTaIry.

Ha erani nocmanosxu 3a0aui He0OX1IHO BU3HAYU-
TH, 110 € METOIO aHali3y. BUMaraeTbcst BUPIIINTY HU3KY
3aBJIaHb!

— 3'acyBaTH, IO caMe HEOOXIiJHO BHU3HAYUTH B
pe3yabTaTi aHaIi3Yy;

— 3poOWTH NMPOTHO3M HA ITiACTaBl MOJENI iHTele-
KTyaJIbHOTO aHalli3y JaHUX a0o MPOCTO 3HAWTH 3MiCTO-

BHI 3aKOHOMIPHOCTI Ta B3a€EMO-
B MeTH ' 1
R — 3B'I3KM MDK BHKOPHUCTOBYBaHHMH
Posropramns | R Rt Ll I | ., P y
e : -| IMiaroroska JAHAMIL
TA OHOBJEHHA [--r=r=-=eeenesy” JAAHHEX g . 6
Moeneii Y ~ 3'cyBath y pasi notpedn
C H y TIPOrHO31, KUl aTpuOyT HAbOpy
A .
Biomaer JAHUX HEOOXiTHO CIPOrHO3YBATH;
AEEpeT o
- . IlocTaHoBKA _ : A s - 3HAWTH  B3aEMO3B'SA3KH
sssssssssmsss ssssmssssnass AHATIIY, . . .
m‘:;;c"‘ﬁ’ : = > 3aaagi B i | | o e MK TaONUILIMY, SKIIO iCHYE JeKi-
potoTH by 0Jeqb He - .
creopenci || * 4 |sumpazaoye ﬁ:‘;;:;:f E i;uuz:;;; JIbKa TaOJIHIIb;
- E i I — 3'icyBaTH, SKUM UYHHOM
! ) o B PO3MOAINAIOTECS HaHi 1 YU JAIOTh
BOHU TOYHE YSBICHHS IPO Hpe.-
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Puc. 12. Eranu iHTeJIeKTYalbHOr0 aHali3y JaHUX

Hill o0JacTi.
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Etan niocomosxu danux BKIIOYa€ BU3HAUECHHS JpKe-
pes TaHuX IS aHawli3y, 00'€qHAHHS JaHHX Ta IX OYHMIICH-
Hsl. BukoprcToByBaHi 1aHi MOXKYTh 3HAXOJIUTUCS B PI3HHUX
0a3ax i Ha pi3HHUX CepBepax, MOXKYTb OyTH NPEACTABIICHI Y
BUIVISIII TEKCTOBUX (hailJliB, €JIEKTPOHHUX TAONMIIb, iCHY-
BaTH B PI3HOMAHITHHX (popMarax.

st o0'eiHaHHS Ta MEPETBOPEHHS JIAaHUX BUKOPHC-
TOBYIOTBCSI MOXJIMBOCTI CXOBHIIa JaHuX. lle mo3Bomse
ICTOTHO aBTOMAaTU3YBaTH MPOLIEC MiATOTOBKH JaHUX. 3i-
OpaHi TaKUM YMHOM JiaHi, 3a3BHYai, MOTPEOYIOTH J0MaT-
KOBOI 00pOOKH, siKa 1 HA3MBAETHCS OUMILICHHSAM. B mporie-
Cl OYHMIIEHHS NPH HEOOXiTHOCTI MOXKE MPOBOAMTHCS BH-
JajieHHs "BUKUIIB" (HEXapaKTEepHUX Ta IIOMIVIKOBUX 3Ha-
4eHb), 00poOKa BiJCYTHIX 3HaYEHb MapaMeTpiB, YUCETbHE
MePETBOPCHHS (HATIPHUKIIA, HOPMATi3allis) TOIIO.

HacrynuuM eranom € gusuenHs dauux, sike I03BO-
JIUTh 3PO3YMITH, HACKUIBKU aJIeKBaTHO ITiJATOTOBJICHHIA
HaOIp TPEACTaBIsAE IOCTIHKYBaHY MPEAMETHY 00JacTh.
Tyt MOXke POBOAMTHCS TOLIYK MiHIMAJIBHUX 1 MakcHMa-
JIBHUX 3HAa4€Hb TapaMeTpiB, aHaJIi3 POMOALUTIB 3HAYEHb Ta
IHIMX CTATUCTHYHHUX XapaKTEPUCTHK, IMOPIBHSHHS OTPH-
MaHHUX Pe3YJbTaTiB 3 YSBIEHHAMH IPO TpEIMETHY 00-
nacth. ETan aHamisy momo nobyoosu moodeneti Cio9aTKy
TIOJISITA€ Y CTBOPEHHI CTPYKTYPH JAHUX, a MOTIM Y CTBO-
PEHHI JUIS ITUX CTPYKTYP OIHI€T a00 JEKUTHKOX MOJICIICH.
Taki MozeNTi BKIFOUArOTh BKA3iBKH HAa aJrOPUTM iHTEJICK-
TyaJIbHOT'O aHaJli3y JaHHX, HOro MapaMerpH, a TaKoX aHa-
mi3oBaHi faHi. [Ipy BU3HAUSHHI MOJIEN MOXKYTh BHKOpPHC-
TOBYBATHCS OyIb-siKi (LIbTpHU. TakuM YMHOM, HE yci Ha-
SIBHI B OMHUCI CTPYKTYPH JTAHHX BUKOPHCTOBYBATUMYTHCS
KO)KHOIO CTBOPEHOIO U1 HHMX Mojemno. Monenb Moxe
MPOXOAMTH TOBYAHHS, 10 TOJSTa€ B 3aCTOCYBaHHI BHO-
PaHOTO aJrOpUTMY JI0 TIOBYAILHOTrO Habopy Aanux. [Ticms
IILOT'O B Hili 30€piraroThCs BUSBJICHI 3aKOHOMIpHOCTI. Yac-
TO JUIsl BUPIIIEHHS 3aJadi CTBOPIOETHCS JEKUIbKAa MoJe-
JIeH, 3aCHOBaHKMX Ha PI3HHMX aIrOpHTMax, mo0 Oynaa MoX-
JIMBICTB MOPIBHATH PE3YJIbTATH Ta BUOpaTH HalKpariy.

Etan nepesipku mooeni Mae 3a METy OIIIHKY SIKOCTI
pobOTH CTBOpEHOI MOENI Iepes MoYaTkoM ii BHKOpPHC-
TaHHs. SIKIIO CTBOPIOBAIOCS JIEKUIbKa Mojeneil, To Ha
IILOMY eTari POOUThCS BUOIp HA KOPUCTH Ti€l, MO JACTh
HalKpanmii pe3yabTat. [Ipy BupillleHH] 3aBIaHb 1HTENCK-
TyaJIbHOTO aHaJl3y, IO MependavyaroTh MEeBHY SKICTh BH-
JTABAHOTO MOJICILIIO TIPOTHO3Y, ITt0 SIKICTh MOKHA OI[IHUTU
Ha TIepeBipOYHOMY HaOOpi JaHHX, Ui SIKHX BiJIOME 3Ha-
YeHHsI TPOTHO30BAHOr0 MapamMerpa. TOYHICTh TPOrHO3IB,
III0 CTBOPIOIOTHCS MOJIETISIMU, MOYKHA TIEPEBIpUTH 3a JI0-
MIOMOT'OF0 TAKUX 3aC00IB, SIK JiarpaMa TOYHOCTI IPOTrHO31B
1 MaTpuLs Kiacudikarii.

Takum YHMHOM, Ha TIICTABI MPOBEICHOI0 aHATI3Y ap-
XITEKTYp Cy9acHHUX CHUCTEM IMiATPUMKHU TPUHHSTTS pillicHb
3aIpPOIIOHOBAHO CTPYKTYPY, SIKY HalIOIUIbHIIIIE BUKOPHC-
toByBatH 11 oOynosu CIIIIP Ha 6a3i cxoBuilia mpocTo-
poBux AaHux reonoprainy. [IpoanarnizoBaHo OCHOBHI (yH-
KIIii, 110 MarOTh BUKOHYBaTH miacuctemu Takoi CIIIIP, a
came — (YHKIIi MiJICHCTEMU BHUTATAHHS, MEPETBOPEHHS i
3aBaHTAKCHHSA JaHUX, (QYHKIIT MiJICHCTeMH 30epiraHHs
JAHUX Ta MiJACUCTEMH aHaNi3y JaHUX. 3MIHCHEHO IPYHTO-
BHHI1 BUOIp CHCTEMH yNpaBJliHHS 0a3aMy JaHKX JUIS [paK-
THYHOI peaii3anii OaraToBUMipHOI 0a3u reofaHMX, sKa
BUKOHY€E (DYHKIIi CXOBHIIIA TIPOCTOPOBHX JIAHHX SIK OCHO-
Bu CIIIIP reonoprainy.

Omxke, HACTYITHUM KPOKOM € CaMe MporpamMHa peajti-
3aIrisi 0araTOBUMIpHOI 0a3u (CXOBMIIA) MPOCTOPOBHX Ja-
Hux 13 3acrocyBanHsM CYBJ] Microsoft SQL Server.

TexHoJ10rist po3po0d1eHHs1 araToBUMipHO-
ro CXOBHIIA MPOCTOPOBUX JAHUX FeONMOPTALY

bacamosumipnuil ananiz danux 3acobamu Microsoft
SOL Server. Microsoft SQL Server Analysis Services
(SSAS) € 6a30Bor0 WIAT(HOPMOIO AJIsI PO3TOPTAHHS aHA-
mitnunux cucreM (Business Intelligence, BI). OcHoBHi
komrtoHeHTH Bl-pimenns Microsoft HaBeneHo B Tabu. 1.

Tabnuysa 1 — Komnonentn BI-pimenns Microsoft

Kommonent Onuc KOMIIOHEHTa
MacmraboBana, Bucokonponykrusia CYB/L,
SQL Server |3maTHa 30epiraTé BelHKi 00'eMU JaHUX, KOH-
Database En- |cominamnii qaHuX, 110 yTBOPIOIOTECS B PE3YIIb-
gine TaTi, B €JUHE CXOBHWINE JUIS aHali3y 1 MmoOy-
JIOBM 3BITIB.
[Tnatdopma Uit BUKOHAaHHS omepaniii BUTS-
SQL Server |raHHs, HepeTBOPEHHsI i 3aBaHTAXXCHHS JaHUX,
Integration  |sxe 3a0e3neuye 3anoBHeHHs CJ] Ta #oro cuH-
Services XPOHI3alilo 3 JAaHUMH 3 Pi3HUX JDKepel, M0
BUKOPHUCTOBYIOTECS 3aCTOCYHKAMHU.
3abesneuye MoximBicTh moOynoBu OLAP-
pillleHb, BKJIFOYAIOUYH MOXIIMBICTD PO3PAXYyH-
SQL Server |Ky KIIOYOBUX IHAMKATOPIB NPOAYKTHBHOCTI
Analysis Ser- |(KPI). 3acrocoByeTbcst Takox Ui HOOYIOBH
vices data-mining-pimenp, ki BHKOPHCTOBYIOTb
Crieriani3oBai ajJrOpUTMHU JUIS BUSBJICHHS 1
aHaJIi3y 3aIeKHOCTEH.
IncTpymenTapiit moOynoBu 3BiTiB, IpU3HAUE-
SQL Server . R
Reporting HUi U CTBOpeHH'f{,'l'Iy@'IlKaLIll i omMpeHHs
Services JIETATI30BAHKX 3BITIB, 5K JUIL BHYTPIlIHIX,
TaK i JUIs1 30BHIIIHIX LiJeHl.

Vuigpixosana bacamosumipna modens  daHux
cyoucd SOL Server Analysis Services. Cuctemu SSAS
noOynoBaHi Ha OCHOBI YHi(ikoBaHOi OaraTOBHMipHOL
mozeni (Unified Dimensional Model, UDM), sixa mo-
3BOJISIE PI3HUM THIIAM KIIIEHTCHKHX 3aCTOCYHKIB JliCTa-
BaTH JIOCTYII 10 JaHUX, SIK 3 peJsIliiHMX, Tak i 3 Oara-
toBuMipHux B/ Oe3 BUKOpHUCTaHHS OKpPEMHUX MOJeNei
JUTsE KOJKHOTO THITy 6a3 maHux. OcHoBoro UDM e apxiTe-
KTypa BUMIpiB Ha OCHOBI arpuOyTiB, 10 HAJAE MOXKIH-
BiCTb BUKOPHUCTATH O€3JIY HKepelt JaHUX ISl CTBOPEHHS
6aratoBumipHoi Mozneni. Monens UDM moxe Oyt BH-
KOpHCTaHa JUIsi CTBOPEHHS €JJMHOTO TIPEJCTaBICHHS pe-
JIAIHHUX 1 0araTOBUMIPHHX JAHHX, 1[0 BKJIIOYAIOTh 00'-
€KTH, AHATITUKY, OOYMCICHHSI 1 METpUKH. L1 Momens
CTBOPIOE TIPOMDKHHUI JIOTTYHUH piBeHb MK (DI3UUHOIO
pensLiiHOI 0a3010 NTaHUX, IO BHUKOPHUCTOBYETHCS SIK
JOKEpENIo JIaHMX, 1 CTPYKTypaMu Ky0a, BHKOPHCTOBYBa-
HUMH JJ1s1 0OpOOKM NpU3HAUEHUX Ul KOPHCTyBaya 3a-
nutiB. Monens UDM MoxHa ysiBUTH €001 SIK SIIpO CHC-
temu OLAP, ofHiero 3 KIIOYOBHX TepeBar SKOi € MOX-
JIUBICTb MOEHYBATH THYYKICTD 1 (DyHKIIIOHAJIbHE Oaratc-
TBO TPaAMIIMHOI persiniiiHoi Moeni reHepaii 3BiTiB 3
MOTY)KHUMH aHaJITHYHUMHU 3ac00aMU 1 BUCOKOIO ITPO-
JMIYKTHBHICTIO KJTacuuHoi Monenmi cucremu OLAP.

3a paxyHOK BHCOKOI MacmTabOBaHOCTI CIyKOU
SSAS no3BoNSIIOTH MpaltoBaTh 3 TepadaTHUMU OazamMu
JIAHUX 1 TUCsTYaMU KopuctyBadiB. 11100 3a0e3neuntyu po-
00Ty BENHMKOI KUTBKOCTI KOPHCTYBaiB, YHUKHYTH KOH(-

69



Advanced Information Systems. 2020. Vol. 4, No. 2

ISSN 2522-9052

JIKTIB TPU KOPUCTYBaHHI pecypcamu i MOHU3UTH BHUTpa-
TH, € MOXJHBICTh TOPH3OHTAJBHOTO MACIITAOYBAaHHS
cyx0 SSAS. T'opu3oHTaIbHE MacIITA0YBaHHS MOJIATa€e
B HapOINyBaHHI OOYUCITIOBAJIBHUX MOTYKHOCTEH 1 MICT-
KOCTI CXOBHIII JAHUX 3 METOO 30€piraHHsA i CHHXPOHi3a-
il JEKUIBPKOX BEpCiii JaHMX, ajle B TOU K€ 4ac CIyxOu
SSAS n03BONSIOTH OpraHi3yBaTH 3aralibHUM JTOCTYIT LIS
yuTtaHHs iH(OpMaii 3 ofHiel 0a3u KX CIYKO 3 JEKijb-
KOX CEepBepiB, YCYBalOYM HEOOXiJHICTh B HaMIPHHUX pe-
cypcax. Y TO# ke yac aHAIITH4HI KyOu ciyx0 SSAS
3a0€3MeuyroTh BUCOKONIBUAKICHHUI JOCTYI O BETHKUX
00'eMiB 3a37aneriap 00'€IHAHUX JaHMX, a TAKOXK 03BO-
JSIFOTh KIHIIEBUM KOPHCTYBa4daM OTPUMYBATH JaHi, IO
I[iKABJIATh, B PEajbHOMY Yaci.

Inanyeanna i npoepamysanns apximexniypu SSAS.
Cnyx0u Microsoft SQL Server Analysis Services BUKO-
PHUCTOBYIOTB SIK CEPBEpHi, TaK 1 KIIEHTCHKI KOMIIOHEHTH
JUISl HAJIAaHHS 3aCTOCYHKaM (DYHKIIiH onepaTHBHOI aHai-
THaHOI 00poOku (OLAP) Ta iHTENeKTyalbHOro aHalizy
nmanux. KilieHTH OOMIHIOIOTBCSA IMaHMMH 13 CIyKOamwu
SSAS 3a m0mMOMOror 3arajJbHOAOCTYITHOIO CTaHIApTy
XML (mnst ananmitukn — XMLA), sikuil € mpoTOKOIOM
JUT BUKOHAHHS KOMAaH ¥ OTpUMaHHS BIATIOBI/ICH 1 Hama-
€Tbesl y BUDILINE web-ciyxOn. ToMy KokeH eK3eMIUISp
SSAS sBnserbest web-cepicom. CiyxOu SSAS migrpu-
MYIOTb SI/IPO JIOKAJIBHOTO Ky0a, SIKe J03BOJISE 3aCTOCYHKAM
KITIEHTIB TeperisaaT 0araToBUMIpHI JaHi, 0 JOKAIBHO
30epiratoTbes. Exzemiuisap cmyx06 SSAS moxe MicTHTH
JIeKiTbKa 0a3 MaHuX, a y 0a3i JaHUX MOXYTh OIHOYACHO
Oytu ipucytHiMU 00'ekTit OLAP 1 00'ekTH iHTENEKTYaIb-
HOTO aHali3y JaHWX. 3aCTOCYBaHHS MiJAKIIOYAIOTBCS IO
BKa3aHOro ek3eMiuipa ciayx0 SSAS i 10 BkazaHOI 0a3u
nanux. Ha cepBepHOMY KOMITIOTEpI MOXKE EKCIUTyaTyBa-
THCS JIEKUTbKa ek3eMIULIpiB ciyx0 SSAS. Koxen ex3emrr-
msip cayx0 SSAS po3risiaeTbes SIK OKpeMHil 00'€KT cep-
Bepa 1 MiIKITFOYaETHCS 10 HHOTO 32 JIOTIOMOT'0I0 OKPEMOT'o
3'ennanHs. KokeH 00'€KT cepBepa MiCTHTh OfHE abo Je-
KUIbKa JDKEpel JaHUX, MPEeICTaBICHHs [PKepesa IaHuX i
00'exTr 0a3W JaHUX, @ TAKOXK CKIAJKH 1 PO OE3IEKH.
Koken 00'ekT 0a3u MaHWX MICTHTh JEKiIbKa OO0'€KTiB-
BuMipiB. KoxxeH 00'eKT-BUMip MICTUTH 0J1H a00 JEKijb-
Ka aTpuOyTiB, 110 OPTraHi30BaHi y BUIJIS i€papXii.

3 TouKH 30py (i3UUHOI apXiTeKkTypH ciyxou SSAS
CKJIQJIAIOTHCSI 13 CEPBEPHOrO Ta KIIEHTCHKOrO KOMITIOHEH-
TiB. CepBepHuii KOMIOHEHT ciryx0 SSAS peanizoBaHmii
y Burisial cnyxomu Microsoft Windows. Ciyx6u SSAS
MiATPUMYIOTh pOOOTY AEKIIBKOX €K3eMILULPIB Ha OHO-
My KOMITIOTEpi, IPH IIbOMY KOXXEH EK3EMIUIP CIYKO
SSAS peanizoBaHuil SK OKpeMHI EK3EMIULIpP CIYKOU
Windows. KiienTchka gactuHa ciyx0 SSAS 3amycka-
€ThCS SIK 130JIbOBAHA CY)KOa, 1 B3aEMOIIS 3 IIEHO CITYXK-
6010 BinOyBaeThest uepes XMLA 3 BUKOPHCTaHHSIM TIPO-
tokony HTTP a6o TCP.

Meroro mporpamicta SSAS € CTBOpEHHS TPUKIIAI-
Hoi Mozienti qanux. [Ipukiiaana Moaens BU3Hauae popmar
JIAHUX, B IKOMY BOHH TIEPEIAIOTHCS aHATITHYHIM 3aCTO-
cyBaHHsM. OCHOBHUM KOPUCTYBaueM IMPHKIAIHOI MOJIe-
Ji MaHWX € KIIEHTChKUIA 3aCTOCYHOK, IO, BJacHE, i
MIPE/ICTABIIsIE MOJENb KopucTyBadeBi. [lpukianna mo-
JIeTTb CTBOPIOETHCS 3a JIOTIOMOTOI0 MOBH 0araTOBUMipHUX
BupaziB (Multidimensional Expressions, MDX), ska
CITY)KUTB SIK JUTS TIPEICTABJICHHS 3aIHTIB JI0 6araToBUMi-

pHOI 0a3m jaHMX, Tak i I onucy Mojeii GopMyBaHHs
JAaHKUX ycepeauHi Hel 3a gormoMororo MDX-clieHapiis.

IcHye cranmapTha 6i0ioTeKa Ki1aciB YIIpaBIIiHHS IS
cyx0 SSAS, moctynHa Uil BUKOPHCTAHHS MPOrPaMHUAM
crocoboM uepe3 mpocTip iMeH Microsoft. Analysis
Services. 11i k1acu BrITOUeHi y ¢aiin AnalysisServices.dll
1 U1 poOOTH 3 HUMH CITiJT BKa3aTh y mpoekTi Visual Studio
MOCWIaHHA Ha Mo OiOmioreky. IIi Kimacu mO3BOJSIIOTH
CTBOPIOBATH, 3MiHIOBATH 1 BUNAJIATH KyOH, BUMIPH, CTPYK-
TypU IHTENIEKTYaJbHOTO aHaJl3y, a TakoX 0a3u NaHUX
ciyx0 SSAS. KpiMm Toro, 11i Ki1acu 0coOTMBO KOPHCHI IS
aBTOMATH3aIlil YaCTO BUKOHYBAHHMX 3aBIaHb (HATIPUKIIAT,
JUIsl CTBOPEHHSI HOBHMX CEKIIIH B TPYII 3aXO0[iB IPH TOSBI
HOBHX JIAaHUX B TaONuIli (akTiB abo IyIs MOBTOPHOTO II0-
BYaHHs MOJIENI 1HTENEKTYyaJIbHOr0 aHalli3y MpH MOsBi HO-
BUX JIaHux). Po3poOHMKaM 3a3HaueHi K1acH Jar0Th MOX-
JIUBICTh CTBOpIOBATH iHTEp(deicH aaMiHICTpyBaHHS IS
neBHUX HaOoOpiB kopucryBauiB. Lli iHTepdelicu MmaroTh
00MexXyBaTH NOCTyH 10 00'eKTiB ciy:k0 SSAS i no3Bo-
JISITH KOPUCTYBauaM BUKOHYBATH TUIbKH MCBHI 3aBIaHHSL

Pospobrenns bazamosumipnux 6a3z danux. Cepeno-
Bumie SQL BI Development Studio (BIDS) i cepenosuriie
SQL Server Management Studio (SSMS) HanaroTh MOX-
JIUBOCTI IS PO3POOKH PIllIeHh Ha OCHOBI OaraTOBUMIp-
HuX 0a3 manux. [Ipy CTBOpEHHI MPOEKTY aBTOMATHYHO
CTBOPIOETHCSI HOBE DIlIEHHS, & B iICHYIOUE pillieHHS MpU
HEeoOXiZHOCTI MOKHA JofaBaty iHmI npoekTu. O0'eKxTH,
SIKI MICTSITBCS B MPOEKTI, 3aJiexkarth Bif Horo Tuy. Ene-
MEHTH B KO)KHOMY KOHTEHHEpI MPOEKTY 30epiraroTbes y
BUDIIA (paiitiB, pO3TAIIOBAaHHUX B TE€KaxX MPOEKTY y (aii-
noBiii cucremi. Cepenosumie SSMS pospobnene st
aZIMIHICTPYBaHHSI 1 HaJIAIITYBaHHS ICHYIOUHMX O0'€KTIB B
kommoHenTax SQL Server Database Engine, Analysis Ser-
vices, Integration Services i Reporting Services. Cepenmo-
Buine BIDS npusHaueHe 1 po3poOKH pillicHs B 00JIacTi
aHAITITUKY, SIKI BKIIFOYaloTh QyHKIIT cryx0 Analysis Ser-
vices, Integration Services i Reporting Services. Cepeno-
Buie SSMS Hamae iHTErpoBaHE CepeloBHINE I 3'€ll-
HaHHA 3 ek3eMIvIpaMu cyk0 SSAS, SQL Server i Re-
porting Services, MO0 HACTPOIOBATH OO0'€EKTH, a TaKOXK
MIPOBOJIMTH aIMIHICTPyBaHHS 00'€KTIB 1 YIIPABIIATA HUMH B
MeKax eK3eMIiipa CIy:k0 SSAS. 3 BHKOPHUCTAHHAM ITHX
CIIeHapiiB MOYKHA TaKOX BUKOPHCTATH cepepoBuiie SSMS
JUTsl CTBOPEHHS a00 3MiHM 00'eKTiB cy:x0 SSAS, ane ce-
penosumie SSMS He Hazmae rpadiunmit iHTepdeiic ms
KOHCTPYIOBaHHSI i BU3HAa4YEHHS 00'EKTIB.

Cepenosuiie BIDS Hamae iHTErpoBaHe CepeIOBHILE
UL pO3po0KK aHAMITHUHKX pinieHb. Cepenosuine BIDS
MOYKHA 3aCTOCYBATH B MPOCKTHOMY PEKHMI, 1110 BUKOPHC-
TOBYE BU3HAa4eHH: Ha ocHOBI XML-00'ekTiB cityx0 SSAS,
T00TO Integration Services i Reporting Services, 110 Mic-
TAThCS B INPOEKTax 1 pillleHHsX. BukopucranHs cepemno-
Bunia BIDS B mpoekTHOMY pexuMi O3Hauae, M0 3MiHH
00'exTiB ci1yx0 SSAS B cepenosuini BIDS 3actocoByroTh-
cs1 10 BU3HauYeHb 00'exTiB Ha ocHoBl XML, ane He 3acro-
COBYIOTbCSL 0e3rocepefHh0 110 O0'€KTYy B EK3eMIULIpI
ciyx0 SSAS 1o Tux mip, MOKH pillieHHs He Oyme po3rop-
nyto. Cepenosuiiie BIDS mMoxHa Tako)k BUKOPHUCTATH B
OMEPaTUBHOMY PEeXKUMi, TOOTO Oe3MmOcepeIHBO i IKITFoYa-
THCS 10 eK3eMInTIpa CIy:xk0 SSAS i nparrroBaty 3 00'ekTa-
MU icHyrouoi Oa3u naHux. CTBOPEHHS IPOEKTY CIYKO
SSAS B cepenoBum BIDS BrKoHyeThCS 200 32 A0OMOMO-
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TOr0 MIa0JI0HY TPOCKTY CcIyk0 SSAS, abo 3a 10mMoMoror
Maiictpa iMropty 0a3u naHux. Skio B cepenosui BIDS
HE 3aBaHTa)XEHO JKOJIHE PILIIEHHS, TIPU CTBOPEHHI HOBOTO
npoekTy ciyx0 SSAS Oyze aBTOMAaTHYIHO CTBOPEHO HOBE
pintenHst. [Hakiie HOBHIA IpoekT ciryx0 SSAS Moke OyTn
JOZaHKUH JIO0 ICHYFOUOTO PillleHHsS a00 CTBOPCHUI B HOBO-
My pimenni. [ ctBopeHHs mpoekTy ciryx0 SSAS B ce-
penoui BIDS HeoOXiHO BUKOHATH TaKi KPOKH.

1. CtBopenns npoekty ciyx06 SSAS — BHKOHY-
€ThCS IUIIXOM BHOOpY MIA0JIOHY MPOEKTY ciyxk0 SSAS
a0o 3a JIOIOMOro0 MaicTpa IMHopTy 0a3u JaHuX, a Ta-
KOXX 3aBJIaHHs IMEHI Ta PO3MILIEHHS Ul HOBOT'O ITPOEK-
Ty. SIkmio ctBoputd mpoekT ciyx0 SSAS, 3acHOBaHMIA
Ha maliIoHi, To BiH Oyze BiIkpuTuii B cepenosuii BIDS,
B SIKOMY MO)KHa BU3HAYWTH JDKEpesa JaHWX, IpeicTaB-
JIEHHSI JDKEpelNl MaHuX, KyOiB, BUMIpIB, pojeil Ta iHIIUX
00'extiB cimy0 SSAS. MokHa CKOHCTPYIOBATH 11i 00'€K-
TH Ha OCHOBI ICHYIOUMX JpKEpeN JaHuxX abo copmyBaTH
CHeliaNbHy PeNAIiHY CTPYKTYpy 0a3u JaHHX, 3aCHOBa-
Hy Ha KyOl Ta KOHCTPYKTOpi BUMIpiB. SIKIIIO 3HOBY CTBO-
peHuii npoekt cimy:x06 SSAS OyB 3acHOBaHMH Ha iCHYIO-
yiil 0a3i ;maHWX, MeTajaHi A 1€l 0a3u MaHuX OyayTh
BiZKpuUTi B cepepopuil BIDS, B skoMy MOXKHA 3MiHUTH
MeTa/iaHi icHyrouoi 0a3u nanux. [loku 3MiHN He OyIyTh
PO3TOPHYTI, BOHH HE BIUTMHYTH Ha iCHYIOUi 0a3H JaHHX.

2. Hanmanns nopaTtkoBux (haiiiniB, HampUKIag TEKC-
TOBUX (haiiiiB, 10 MICTATH MPUMITKH JI0 TIPOEKTY, B TEKY
«Pi3He» MpoeKTy y BiKHI OrJsia4a pillieHb.

3. BuzHaueHHs BIacTHBOCTEH pO3rOopTaHHA HMPOEK-
Ty, 1100 3aJaTH cepBep, Ha SKOMY OyIyTh PO3TOpHYTI
MeTaJaHi MPOEKTY Ta 00POOIFOBaHI 00'€KTH.

4. 30ipka Ta PO3rOpTaHHS PINICHHS B €K3EMILULIPI
ciryx0 SSAS ms TecryBanus. [Ipu ckianaHHi pilieHHS
MEPEBIPSAIOTHCS BU3HAYCHHS 1 3QJIEKHOCTI O0'€KTIB,
BKJTFOUEHUX B IPOEKT, & TaKOK (DOPMYETHCS CleHapid
PO3TOpTaHHSI.

5. Tleperusiz i TeCTYBaHHS pO3TOPHYTOTO MPOCKTY.

6. 3minenHs (mpy HEOOXiAHOCTI) BU3HAYEHb 00'€K-
TiB 1 MOBTOPEHHS Y 3B’S3KY 3 LIUM 30ipKH Ta pO3rOpTaHHS
pillIeHHS.

Y MoBi 0araToBUMipHUX BHpPa3iB MOXXHA 3BEPTATH-
csl 13 3aIMTOM JI0 TakuxX 0OaraTOBUMIPHUX O0'€KTIB, SIK
KyOH, ¥ BUTSATATH OaraToBUMIipHI HAOOPH KOMIpOK, IO
MICTATh AaHi KyOa. ba3oBwmii 3anmuT OaraTOBUMipHUX BH-
pazie — 1e iHcTpykuiss SELECT, HanOinbm yactuii 3a-
mUT y OararoBUMipHUX BHpasax. {00 orpumaru rpyHTO-
BHI 3HaHHS NPO 3aCTOCYBaHHS 0araTOBHMIpHMX BHpa3iB
JUTs 3anUTy OaraTOBUMIpPHHX JaHHMX, HEOOXiJTHO 3pO3yMi-
TH, SK B iHCTpyKIii OaratoBumipHux Bupazie SELECT
BU3HAYAETBCS PE3YNBTYIOUMIA HAOIp, CHHTAKCHC THCTPYKLIT
SELECT i six 3 1i JOIOMOT'0F0 CTBOPIOBATH TPOCTI 3aITUTH.
VY OGararoBumipHoMy BupaxkeHHi iHcTpykuis SELECT
BKa3ye pe3yNbTYIOUH HAOIp, 0 MICTHTh MiIMHOXUHY
0araTOBUMIPHUX JaHHX, K4 BUTSTAETHCA 3 KyOa. Y CITyx-
6ax SSAS crenapii 6araToBUMIpHUX BUPa3iB CKIIaal0Th-
¢ 3 OHOTO 200 JIEKUIHPKOX OaraTOBUMIpPHUX BHUpa3iB abo
IHCTPYKIIIH, 110 3aITOBHIOIOTH KyO o0uncneHHsmu. CreHa-
piii OaraToBMMIpHMX BUpa3iB BHU3HAa4ae mporec ob04mc-
JIeHb 1 KyOa 1 BBaKAa€ThCS YaCTHHOKO CaMoro Kyoa.
3MiHa clieHapil0 0araTOBUMIpHUX BHpa3iB Ofpa3y 3Mi-
HIOE Tpollec 00YUCIIeHb sl Kyba. [l cTBOpeHHs cre-
HapiiB 0araTOBUMIPHUX BHpPa3iB MOXXHA CKOPHCTATHCS

KOHCTpYKTOpOoM KyOiB B cepemopuny BIDS. Bsarani,
ICHYE /IBa THITH CLIEHAPiiB 0araTOBUMipHUX BUPa3iB.

1. Cuenapiit 6araToBUMipHUX BHpa3iB 32 yMOBYaH-
HsaM. [Ipu ctBOpenHi kyOa cimyxou SSAS cTBOpIOIOTH
CTaHJAPTHUI cleHapii 0araTOBUMIpHMX BHpPa3iB JUIst
OO Ky0a. Y IIbOMY CIIeHapil BU3HAYAETHCA eTal 004H-
CJIEHHSI JUIs YChOTO Ky0a.

2. [Ipu3HaueHu#t U1 KOPHUCTyBaya CleHapiii Oara-
TOBUMIpHUX BHpa3iB. Ilicist cTBOpeHHs Kyba MOXKHA J0-
JIaTW TIpU3HAYeHi ISl KOpHCTyBada clieHapii OaraToBH-
MIpHHX BUpAa3iB, IO PO3IIUPIOIOTH XapaKTEPUCTHKU 00-
YHCJICHb KyOa.

Skuro 3 KyOOM He TOB'SI3aHUI KOJIeH ClieHapiil Oa-
raTOBUMIPHHUX BHPa3iB, KyO OOUYHCITIOETHCS 3a CIIEHApieM
OaraToBUMIpHHX BHpa3iB 32 yMoBuaHHsIM. KyO mae Oytu
TIOB'sI3aHUI X04a O 3 OJJHUM CLieHapieM OaraTOBUMIpHHX
BUpAa3iB, OCKUTBKH TUTBKH B CLIEHApil BU3HAYAETHCS MOPSI-
JIOK OOYHCIICHHS Ky0a.

Ocobnusocmi_sacmocysanns _cayacou SOL Server
Integration Services dna_pobomu 3 OazamogumipHuMu
bazamu danux. Ciiyx0u SQL Server Integration Services
(SSIS) e mmatdhopmoro st MOOYIOBH BUCOKOMPOIAYKTHU-
BHUX pIllIeHb MOTOKY ONEpaliii — BUTATaHHS, [IEPETBO-
pennst i 3aBantaxkenHst (ETL) mist cxoBumy nanux. Turo-
Bi BUIIQJIKM 3acTOCYBaHHS makeTiB ciyx0 SSIS crinsHO
13 SSAS BKIIIOYAIOTH:

—  3JIMTTA JAHUX 3 PI3HOPIIHUX CXOBUII IAHUX;

— 3aIIOBHEHHS CXOBHIII IAHUX Ta BITPHH JIAHUX;

— OYHMIIEHHS i CTAaHJAPTHU3ALIS JaHHX.

[aHi, 3a3Buuaii, 30epiratoTbes y 0e3iiui pi3HUX CH-
CTEM CXOBHIII JAHHX, 1| BUTATAHHS JIAaHUX 3 YCIX JDKEpen
Ta X 3JUTTS B €JUHUHA ITOTO/KEHUH Hadip JaHUX MOXKe
OyTH JIOCUTBH CKJIQJHUM 3aBAaHHsM. L cutyariss Moxxe
BUHHKHYTH 3 PSIIy PUYMH, a CaMe.

1. 36epiranHs apXiBHUX JaHUX B TPAAUIIHHHUX CHC-
TeMax CXOBWI JaHHX. Ll maHi MOXXYTh OYTH HE 3aHAJITO
BOXIMBUMH ISl IIOJCHHUX OIepaliid, IpoTe BOHU MO-
)KYTh MaTH IIHHICTb JUIS aHAJI3Y, IKOMY MOTPiOHI JaHi 32
TPUBAJIUH MTEPIOJL.

2. BuxopucraHHS pPi3HMX TEXHOJOTIH 30epiraHHs
JaHUX Juis 30epiraHHs onepaiiHuX AaHux. [lakery mo-
e OyTH IOTpPIOHO BUTATaTH JaHi 3 EIEKTPOHHUX Tal-
JIMIb, & TAKOXK 3 perriiiaux b/l nepex TuM, sik BiH 3M0-
e 00'€THATH 111 IaHi.

3. Jani MoXyTh 30epiratuca y 0aszax IaHHX, IO
BHUKOPHCTOBYIOTh Pi3HI CXeMH IS OJHHX 1 THX K€ Ja-
Hux. [lakery Moxe OyTH MOTpPIOHO 3MIHHUTH THI JaHHX
cToBIIs abo 00'eIHATH JaHi 3 JEKUTBKOX CTOBIIIB B
OJIVIH TIepeJl TUM, SIK BiH 3MOXKe 00'eTHATH JaHi.

Cnyx0u SSIS MOXKYTH IAKITIOYUTHCA 10 0araTbox
THIIB JDKEpEN JIAHUX, BKITIOYAIOYM JIEKUIbKa JDKEpeN Jia-
HHUX ofHoro makery. Cimyx0u SSIS MiCTSTh KOMIIOHEHTH
JDKeperna, 10 3/iHCHIOITh POOOTY IO BUTSTAHHIO JaHUX 3
mwiackux  ¢aiinie, pobounx JmctiB  Excel, XML-
JIOKYMEHTIB, a TaKOX TaOJNWIb i MpeNCTaBIeHb PeIIsLii-
nux B/ 3 mkepena naHux, 10 SKOro MiKITF0YaEThCs TIAKET.

IMotimM nmaHi TpaHC(OPMYIOTBCS 3a JIOMOMOTOIO Tie-
PETBOpEHB, 10 MicTAThcs B ciyx0bax SSIS. Ilicns Toro,
SIK JJaHl MepeTBOPEHi B CyMicHI (hopMaTu, BOHH MOXYTh
OytH (hiznuHO 00'e1HAHI B 0ZIMH HAOIp.

[Micnst ycmimHOro 3MHUTTA JaHUX 1 3aCTOCYBaHHS
MepeTBOPEHb J[aHi 3aBaHTaXKYIOTHCS 10 OHOMY abo Je-
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KiTbkoM npu3HadeHHsM. Ciryx6u SSIS mictats npusHa-
YCHHS VTS 3aBaHTOKCHHS JAaHHUX Y TUTAcKi (aiiim, HeoO-
poOiieHi (aiiny, a Takoxk penAriiHi 0asu mganux. [ani
TaKO)XK MOXYTh OYTH 3aBaHTaKeHi B HaOIp 3amuciB, 10
30epIiraloThCs y MaM'siTi, Ta € AOCTYITHUMHU JUIS 1HITHX
€JIEMEHTIB TakeTy. JlaHi B CXOBWIIAX 1 BITpUHAX JaHHUX
OHOBJIIOIOThCSI YacTo, a 00'€M 3aBaHTAXKYBaHUX JaHHX
3a3BMYail ocUTh Benukuid. Ciyxom SSIS MicTiate 3a-
BIaHHs, SIKE NPOBOAWUTH MacOBE 3aBAHTKEHHS IaHHX
psiMO 3 TuIackoro (aitly B TaONMUIN Ta MPEICTABICHHS
SQL Server, a Tako>X KOMIIOHEHT NPU3HAYEHHs, 1110 BU-
pobisie MacoBe 3aBaHTa)XEHHs JaHUX Yy 0a3zy manux SQL
Server y SIKOCTI OCTaHHBOTO KPOKY IIEpPETBOPEHHS TAHUX.

[Maker cmyx6 SSIS Moxe Oyrm HajaromkeHWid 3
MOXJIMBICTIO Tiepe3amnycky. Lle o3Hadae, 1o MoxxHa me-
pE3ayCTUTH MaKeT i3 3yMOBJIEHOI KOHTPOJBHOI TOYKH.
MOXXJIMBICTB TI€pe3aIlyCcKy IaKeTy MOXe 3Ha4YHO €KOHO-
MUTH Yac, 0COOIHMBO SKINO MaKeT 00po0IIse AaHi 3 BEIH-
KOl KUIBKOCTI JKepen. Mo)KHa BUKOPUCTATH TAKETH
ciryx6 SSIS st 3aBaHTaXKEeHHs y 0a3y AaHUX TaOIHIb
BUMIpIB 1 (akTiB. SIKII0 JKepeno MaHuX IS TaOJIHIl
BUMIipY 30epiraeTbcsi B JEKUTBKOX JDKEpelax NaHUX, TO
naKeT Moke 00'€JJHATH JlaHi B OIMH HaOIp 1 3aBaHTaKUTH
TaONUIO BUMIpPY BIIPOJOBX OJHOTO IIPOIIECY, 3aMiCTh
BHUKOPHCTAHHS OKPEMHUX TPOIIECIB ISl KOXKHOTO JIKepena
nannx. OHOBIICHHS IJAHUX B CXOBHIIAX 1 BITPHHAX JTAHUX
MOXE CTaTd CKIIQJHUM 3aBIaHHAM, OCKUIbKH 00u/Ba
TUIIM CXOBUII] TaHUX 3a3BHYal MIiCTATH BUMIPH, IO TTOBI-
JIHO 3MIHIOIOTBCS 1 SKUMH OyBa€ CKIIQJHO YIIPABIIATH 33
JIOTIOMOT'OI0 TIEPETBOPEHHS JJaHuX. Majictep BUMIpiB, 10
MOBUIEHO 3MIHIOIOTHCS, aBTOMATH3Y€E MIATPUMKY TaKHX
BUMIpiB, ITUHAMIYHO CTBOpIOrouM iHCTpykmii SQL, ski
OHOBJIIOIOTH T4 3aMiHIOIOTh 3aIMCH, OHOBIIOIOTH TIOB'sI-
3aHi 3aIIMCH, a TAKOK JOJAIOTH HOBI CTOBIIL B TAOJIHUII.

Kpim Toro, 3aBmaHHs 1 NepeTBOpPEHHs B MakKerax
ciryx6 SSIS MoxyTh 00po0nsATH KYOM ¥ BUMIpH CITY:KO
SSAS. Konu naker oHOBJIrO€ TaOnmuIo y 6a3i TaHuX, Ha
OCHOBI sIKOi TOOYyJIOBaHWIT KyO, MOXKHa BHUKOPUCTATH
3aBIIaHHA 1 MepeTBOpeHHs ciIy:k0 SSIS mis aBToMaTH4-
HOI 00poOKH Ky0a, a TaKoX /I aBTOMAaTHYHOI 00pOOKH
BUMIpiB. ABTOMaTH4Ha 00poOKa KyOiB i BUMIpIB J0IO-
Marae HaJaBaTH TOTOYHI JaHi JUIsi KOPUCTyBadiB 000X
CepeIOBUIL KOPUCTyBayaM, sKi OTPUMYIOTh JlaHi 3 KyOiB
i BUMIpIB, a TaKO)X KOPHCTyBayaM, SIKi OTPHUMYIOTh JIO-
CTYII 10 JAHMX B PEISIHHINA 0a3i qaHuX.

[epen 3aBaHTaXEHHSM JAaHUX U ONEPATHUBHOI
00poOKM TpaH3akiliii abo y 0a3y maHWX OICpPaTUBHOI
aHanmiTHyHOi 00poOku (OLAP), pobouwmii uct Excel abo
¢aiin, nani HEOOXITHO OYHMCTUTH 1 CTaHIAPTHU3YBaTH.
JlaHi MOXYTh BUMaraTi OHOBJICHHS 3 TAKUX MPUYUH.

1. [lani Oynu otpumani y pisHux ¢opmatax. [lepen
THM, SIK JJaHI MatoTh OyTH BUKOpUCTaHi, MOke OyTH MOTpi-
OHO TlepeTBOpUTH X B iHImMiA (hopmar. Hanpuknan, moxe
MOTPIOHO 00'€THATH iM'S 1 TIPI3BUIIE B OJIMH CTOBIICIIH.

2. Jlani MOXXyTh OyTH OpeHIoBaHMMH abo0 mpuada-
Humu. [lepen TuM, SIK JaHi MOXKYTh OyTH BHKOPHCTaHi,
MOX€E 3HaIOOUTHCS X CTaHIAPTH3aLlisl Ta OUUIICHHS [UIs
BIiJITIOBITHOCTI MPUHHATHAM CTaHIAPTAM.

3. dopmar faHuX 3aJEKUTH BiJl MOBHOTO CTaHIAp-
Ty. Hanpuxnan, 1ani MOXXyTh MaTH pi3HiI popMaTH JaTH-
yacy, a Takox (opmaru uuceln. Skmo naHi o0'enHaHi 3
JOKEpeJT PI3HUX MOBHHX CTaHIApTIB, TO IEpe/ 3aBaHTa-

KEHHAM X HEOOXiJIHO MPUBECTH B OJUH (opMaT, 1100
YHUKHYTH YIIKO/KSHHS TAHUX.

Cnyx6u SSIS wmictare BOymoBaHI HEepETBOPEHHS,
SIKI MOYKHA JIOJIaTH JI0 TIAKETIB JUIsl OYMIIEHHS 1 CTaHaap-
TH3alil JaHuX, 3MIiHH perictpa AaHWX, MepeTBOPEHHS
JIaHUX B IHIIWHA U a00 opMmar, a TaKoX /sl CTBOPEHHS
HOBOT'O CTOBIIIS JIAHUX HA OCHOBI BHpa3iB. Hampukiar,
MaKeT MoJKe 00'eTHATH CTOBIILY, IO MICTSITh IMeHa i Tpi-
3BHINA, B 3arajbHiil CTOBIENH IMOBHOIO IMEHI, a MOTIM
TIePEBECTHU YCi CUMBOJIH Y BEPXHIil pericTp.

IMaker cmyx0 SSIS Takox MOXe NPOBECTH OUM-
[ICHHS JAHUX [UIAXOM 3aMiHM 3HAYEHb B CTOBMILIX Ha
3HAYCHHS TIOCHIANBHOI TaOIHIl, BUKOPHCTOBYIOUH YTO-
YHIOBAJIbHI 3aITUTH 200 HEYiTKi YTOYHIOBAIBHI 3aITUTH
JUI TIOIIYKY 3HAa4YeHb B IOCHJIANBHIM Tabmumi. Yacrto
MaKeT CIIOYaTKy 3aCTOCOBYE YTOYHIOBAJIBHMH 3aImuT i, y
pas3i HeBJaui, HeUITKUI YTOUHIOBaIbHHUN 3aITHT.

TakuMm 4YMHOM, TOCHIPKEHO OCOOJHMBOCTI 3aCTOCY-
BaHHs 3aco0iB Microsoft SQL Server Analysis Services
(SSAS) mis po3pobieHHS 0OaraTOBHMMIPHOIO CXOBHINA
MIPOCTOPOBUX JIAHUX TEONOPTATy 3 METOI MOOYIOBH Ha
6a3i uporo cxopwuia npocroposux aanux (CII/I) cucre-
MU TATPUMKH TOPUAHATTS PillleHb 1010 reoiHpopma-
uiiiHux 3a7ad. B pamkax mporo mociimkeHHs chopmy-
JILOBAHO PEKOMEH/IAllii CTOCOBHO PO3POOKH OaraToBHMi-
pHHX 0a3 maHuXx i3 BukopuctaHHsM cepenosuiy SQL BI
Development Studio (BIDS) ta SQL Server Management
Studio (SSMS). IIpu 1bOMYy A1 CTBOPEHHS HPOEKTY
cyx6 SSAS B cepenosumii BIDS 3anpornoHoBaHo ajiro-
PHUTM, 1110 3a0e3Ieuye CTifKe YTBOPSHHS MPOCKTY CIYKO
SSAS B cepenoBuii BIDS a6o 3a mporomororo mabiony
MPOEKTY cIyk0 SSAS, ab0 3a TONOMOror0 MakcTpa iMITo-
pry 6a3u naHux. Pa3om 3 THM, Ha OCHOBI aHaIi3y OCOOMH-
BocTel 3actocyBanHs ciyx0Ou SQL Server Integration
Services (SSIS) w1t poboTH 3 OaraTOBUMIpHUMH OazaMu
JMaHuX CHOpMYILOBAHO PEKOMEHIAIIT 100 THIIOBUX BH-
MaJIKiB 3aCTOCYyBaHHs MakeTiB ciyx0 SSIS cmimbHO 13
SSAS. Omxe, OCKUIbKM BH3HAYEHO 3arajbHy CTpaTeTiio
PO3pOOIIEHHS CHCTEMH MiATPUMKH NPUHAHATTS PillleHb Ha
0a3l CXOBWINA MPOCTOPOBUX JaHHX T'EOMOPTaly, HaBiTh
0e3BiZTHOCHO 10 0E3MEKHUX T'e0iH(pOPMALIHIX 3aBAaHb
LIOJI0 TEONOPTANiB B3araii, LIKOM JOIUJIBHO 3arporio-
HYBAaTH METOAMKY MPAKTUYHOI MPOrpaMHOI peamizaril
came 0araToBUMipHOI 0a3H JaHUX TEOIOPTAIIB B IILIIOMY.

B naHiii poOOTI NPOMOHYETHCS HE CTUIBKH CHUCTE-
MaTH3allisl 03HAYeHOI NIl y BUINIAII CTPYKTYPHHX CXeM
Ta He3alepeyHnX MPOrPAMHHUX KOIIB, CKINbKH MPAKTH-
YHI pEKOMEH[alii, 10 HaJIaayTh CYTTEBY JOIOMOTY
po3poOHHUKaM y 3a3HaueHii cdepi. TuM He MEHII, HIDK-
4e TMPOMOHYETHCSA MpOorpaMHa peajizallisi 6araToBUMIp-
Horo CIIJ] reomoprainy, sike € 6azoro mis CIIIIP reoin-
(dbopmarifHux 3amad.

IIporpamua peasnizauis 6araToBUMipHoOro
CXOBHMIIIA IPOCTOPOBHUX JAHUX I'€ONOPTALY
sIK 0231 NIATPUMKM NPUITHATTA pillleHb
110710 reoinopmaniiinux 3anau

Busnauennss memody 3'ednamms 3 cepsepom 2eo-
nopmany. TlporpamyBaHHs 1 HaNaAIITYBaHHS JHKEpen Ja-
HUX B cepemosumi BIDS mpusHaueHe Ijisi BHU3HAYCHHS
OIHOrO a0 JEKUTHKOX JDKepeN AaHuX I cryx0 Micro-
soft SQL Server Analysis Services. He3anexHo Binx Toro,
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BUKOHYETBCSI po0OTa 3 MpoeKTOM ciTyx0 Analysis Services
a0o mpsMe TiKITFOYEHHS 10 cepBepa 0a3 JaHNX, BU3HAUH-
TH JDKEpENO JaHWX MOKHAa Ha OCHOBI HOBOro a0o icHyro-
yoro 3'emHanHs. Cepenosuiie SQL Server Analysis Ser-
vices maTpuMye 6arato pi3HUX TUTIB 3'eiHaHb (puc. 13).

—

AvcneTyep CosaMHEeHMI

ColicTeerHmE nocraeuyk OLE DE\SQL Server Hative Client 10.0 -

Microsoft Jet 4.0 OLE DB Provider | &
Microsoft Office 12.0 Access Database Engine OLE DB Provider r
Microsoft OLE DB Provider for Analysis Services 10.0
Microsoft OLE DB Provider for Analysis Services 9.0
Mi¢rosoft OLE DB Provider For Data Mining Services
Micrasoft OLE DB Pravider for Internet Publishing
Microsoft OLE DB Fravider for OLAP Services 8.0
Microsoft OLE DB Frovider for Oracle

A Micragoft OLE DE Provider for SQL Server

A Micrasoft OLE DB Simple Provider

4 MS5Datashape

PR SQL Sorver Native Client 10.0

4 Nocraeugk OLE DB AnA cuyb KATANOB L

l OK l | OTvexa

[ ey

Puc. 13. Tunu 3'eqnanns 3 cepsepoM cepenouina SSAS

Y wmiii pobOTi 3acCTOCOBYETHCS (IPOITOHYETHCS)
3'eqnanass OLE DB (Object Linking and Embedding,
Database) BmacHoro wiienta SQL Server. Ile#t HaOip
inTepdeiicis, 3acHoBannx Ha COM-TexHoIOr1i, 103BO-
Jsle 3aCTOCYHKaM 3BepTaTucs 10 JaHWX, 1o 30epira-
I0ThCSl B PI3HUX JpKepenax iHdopmarii abo cxoBuIax
JIAaHUX 3a JIOIIOMOroI0 YHi(ikoBaHOro noctymy. Bin
poO3po0IIeHuit sl 3a0e3reueHHsT BUCOKOI MPOJYKTHB-
HOCTI MPH HiJKITIOYCHHI 10 €K3eMIUIIpa (KOMIIOHCHTA)
SQL Server Database Engine uepe3 xanan OLE DB.
BuOpaBumm 3'eHaHHs, HEOOXiTHO BKa3aTu JaHi PO
3'eqHAHHS, HEOOX1IHI JUIS IMiAKITFOYEHHS 10 0a3u JaHuX.
Ile cepBep abo ek3eMIUIp CIY)KOH, OONIKOBI NaHi s
BXOMy, iM's 0a3u JaHUX Ta iHIN MApaMeTpu, II0 BiIHO-
carees A0 3'emHands. OLE DB minTpumye cyx0y nepe-
BipKHM JIOCTOBIpHOCTI ek3emiunsipa. [Ipu 1mpomy BapiaHTi
3a3BUYail BUKOPUCTOBYIOTHCSI OOJIKOBI JIaHI TIpoLecy, M0
HaMaraeThcsl OTPUMATH JIOCTYI JI0 JDKEpena JaHUX 3aJIst
HaJaHHs noctyny ao Hux. CiyxOu Analysis Services mo-
JKHa HACTPOITH TaK, 00 MPH MiIKIIOYeHHI 10 0a30BOro
JDKeperna JaHuX JUisl BUKOHaHH 00poOku OLAP Bukopuc-
TOBYBAJTUCS OOJIIKOBI JaHi 3amKCy CITy»Ou, a00 %k 3aJ1aTH
MIPU3HAYEHHH ISl KOpHCTYyBadya OOTiKOBHH 3aIHC.

[IpoekTH onepaTUBHOI aHATITUYHOI OOPOOKH Ta iH-
TEJIeKTyaIbHOT0 aHali3y nanux Ha Microsoft SQL Server
pO3po0JIcHI Ha OCHOBI JIOTIYHOI MOJEN JaHWX IOB'sI3a-
HUX TaOJHIlb, NPENCTABIECHb Ta 3aIMTIB 3 OJHOTO abo
JEKITBKOX pKepen maHuX. Lls moriuna Momenb Ha3uBa-
€ThCS MPENCTABICHHIM JDKepen JaHuX. [IpeacraBieHHs
JoKepesa TaHuX € 00'€KTOM, 1110 MICTHTh METaiaHi 3 BHO-
paHuX 00'€KTIB JpKepesia TaHHUX, BKITIOYA0YH 3B'SI3KH MK
UMM 00'€eKTaMM, BU3HAUCHI y 0a30BOMY JDKEpENi JaHUX
a0 B yABICHHX JUKEpesax TaHuX.

[pencraBnenns pkepena TaHUX CTBOPIOE Kelll MeTa-
JIAHKX 3 JDKEpeJT JaHUX, Ha OCHOBI SIKMX BOHO TIOOY/IOBaHE.
KemroBani MeramaHi JO3BOJIIOTE PO3POOHMTH MPOEKT
cyx0 Analysis Services 0e3 Ge3repepBHONO aKTHBHOTO
3'€MHAHHA 3 JDKEpeNioM JaHux. [IpencraBieHHs pkepen
JAHUX JTO3BOJIAIOTH BU3HAYATH MiIMHOXKUHY JAHHUX, IO
3QMOBHIOKOTH BENMKE CXOBHIle aaHux. 1lle BOHM M03BOMS-

10T BU3HAYHUTH OJJHODIJHY CXeMY Ha OCHOBI PI3HOPITHHX
JDKEpeIT TaHUX a0 MiMHOXKHH pKepen AaHnx. OCKUTbKU
NIPEACTABIICHHS JUKEpeN JaHUX MPEICTABIISIOTh 130/1b0Ba-
Hy CXeMYy, J0 HHUX MOXKHA JIOJABaTH yCi HEOOXIiIHI 3aMiT-
K4, HE 3ayinarody cXeMu y 0a30BHX JDKepenax JaHuX.
[pencraBneHHs JKEPEN JaHUX MICTSATH TaKi eIEMEHTH.

— Im'a Ta omuc.

— BusHaueHHs OyIb-KOi i IMHOXHHH CXEMH, 110
OTPUMYETHCS 3 OHOTO 200 JEKUIBKOX PKEPEN JaHHX, ak
710 TIOBHOI CXEMU:

1) imMeHa TaOnHIIb;

2) iMeHa CTOBIIIIIB;

3) TUNU NaHHX;

4) nomyctumicts 3HaueH» NULL;

5) JOBXHHH CTOBIIIIIB;

6) TepBUHHI KJIOUi;

7) 3B'SI3KM «IIEPBUHHO-30BHIIIHIN KITFOY».

— 3amiTku 10 cxeMu 3 0a30BHX JDKEpeNn JaHuX,
BKJTFOYAIOYH:

1) 3po3ymisi iMeHa TaOJUIlb, MPEACTaBICHb 1 CTO-
BIIL(B;

2) iMEHOBaHi 3alUTH, IO MOBEPTAIOTH CTOBIII 3
OJHOTO 200 MEKUIBKOX JDKepen MaHux (1o BimoOpaxka-
FOTHCS B CXEMi SIK TaOJIwIIi );

3) iMeHOBaHI OOYHMCIIEHHS, 1[0 ITOBEPTAIOTH CTOBII-
i 3 JpKepena JaHuWX (IO BiTOOPaXKarOThCSA SIK CTOBIII
TaOJIUIL 200 TPEICTABIICHB);

4) noriuHi NepBUHHI KITto4i (HEoOXiHI, SKIIO Tep-
BUHHUI KTt y 0a30Biil Tabnuii He BU3Ha4YeHHi abo He
BKJTFOUCHUI B MPEJICTABIICHHS Y¥ IMEHOBAaHUI 3a11nT);

5) 3BSBKM  (JIOTIYHWHA  TIEPBUHHWI-30BHIIIHIH
KJIFOY» MDK TaOJUISIMHU, TIPECTABICHHSAMH 1 IMEHOBaHH-
MU 3aIIUTaMH.

[Ilo0 cTBOpHTH TpeNCTaBICHHs PKepena JaHHX, B
OCHOBI SIKOT'O JISKATh JIEKLIbKa JPKEPEI JaHNUX, HEOOXiTHO
3a37aNieriib BM3HAYWTH TIPE/ICTABJICHHS, 3aCHOBaHE Ha
ofHOMY jpKepeni Aanux. Lle mkepeno AaHux 3ronoM BBa-
KAEThCSI TIEPBUHHUM JDKEpENoM JaHuX. [loTiM MoXHa
JIofiaTH TaOJHII 1 MPeICTaBICHHS 31 BTOPHHHOTO JDKeperna
nanux. [Ipu mpoekryBaHHI BUMIpIB 3 aTpuOyTamu, 3acHo-
BaHUX Ha IMOB'3aHUX TAOJMIAX EKUIBKOX JHKEper JaHMX,
MOK€ 3HAIO0MTHCS BU3HAYCHHS [DKepena aaHux Microsoft
SQL Server sik OCHOBHOI'O JDKepefia JaHUX, 1100 BUKOPHC-
TaTh HOro MOXIJIMBOCTI OOPOOKH PO3NOJUICHHUX 3aITHTIB.
Bwmicr npezcrapieHHs pkepena JaHUX TaKoX BigoOpaska-
€TbCSl B KOHCTPYKTOpI NPEZCTaBIIeHb JDKEPEN JIaHuX B ce-
penopui Business Intelligence Development Studio (puc.
14). Y upoMy KOHCTPYKTOpI MICTATBCS TaKi €JIEMEHTH:

— maHenb «/liarpama», Ha sKiii TIpeICTaBICHI B
rpagiuHOMY BUJI TaOJIHII Ta TX 3B'SI3KH;

— mnanenb «Tabmumi», Ha sKii BigoOpakaroThCs y
BHIVIAIL IepeBa TaOJIHUIN Ta EIEMEHTH iX CXeM;

— manenb «OprasizaTop cxem», Ha SIKiii MO)KHa
CTBOPIOBATH BKJIAJCHI JiarpaMu, IO JO3BOJIIIOTH Tepe-
TUISAIATH ITiTHA00PH TIPEICTABIICHHS [DKEpeNa TaHuX;

— TaHeJb IHCTPYMEHTIB KOHCTPYKTOpA MpecTaB-
JIeHb JDKepe JaHHX.

3nauenHs BiaactuBocti FriendlyName st 00'exty B
VSBJICHHI JpKEpelia JaHUX MOKHA 3MIHHTH, 00 3p00UTH
Horo iM's 3po3ymimimmM. IMeHa X 00'€KTIB TaAKOXK MO-
JKHA 3MIHIOBATH ITCJSl TOTO, SIK BOHM OYy/IM BU3HAYEHI.
JHani Oyme 3MIHEHO 3pO3yMiJie iM'sT KOXKHOI 3 TaOJIUIb B
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ySBJIEHHI JDKepena AaHuX. lle 3poOuTh 3po3yMimimiMu
iMeHa O0'eKTIB Ky0a i BUMIpiB, siki OyIyTh BU3HA4YEHI B
pobori. Takox B ysiBIIEHHI JpKepena JaHUX MOXKHA TpH-

BJIACHIOBATH 3PO3YMiJi iIMEHa CTOBMIIM, BM3HAYaTH 00-
YHCJIFOBaHI CTOBIIII, CHOydaTH TAOJHIII 1 TPEICTaBIICH-
HSl, 1100 3po0OUTH iX 3pydHIIIUMH B poOOTI (puc. 15).
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3asoanus napamempis eumipie OLAP-ky0is i po3eo-
pmka ananimuynux cayxcd. Kyo € 6araToBUMIpHOIO CTpy-
KTYpOIO, III0 MICTHTh BUMIpH 1 3axomy. Bumipn Bu3Hava-
I0Th CTPYKTYpY Ky0a, a 3aX0[y HaJaloTh YMCIIOBI 3HAYEH-
Hsl, IO TIPE/ICTaBJISIOTH IHTEpEC JUIs KiHIEBOrO KOPHCTY-
Baya. B sIKOCTI JIOTYHOT CTPYKTYpH KyO JTO3BOJISIE KITIEHT-
CbKOMY 3aCTOCYBaHHIO HaOyBaTH 3Ha4eHb Yy BUIVISII Oce-
peakiB Ky0a, BU3HAUEHHUX YISl YCIX MOXIJIMBHX CyMapHUX
3Ha4yeHb. [lonoXkeHHs ocepenKiB B KyOi BHU3HAUYAIOTHCS
MIEPETUHOM €JIEMEHTIB BUMIpiB. Bumip 6a3u naHux € Ko-
JIEKIIEI0 00'€KTIB, 110 HA3MBAIOTHCS aTpHOyTaMy, SIKi BH-
KOPUCTOBYIOTBCSI ISl HaJIaHHSI BIZIOMOCTEH 1po aHi (ak-
TIB B OIHOMY a00 JIeKiIbKoX Kybax. Li o0'exTn npuB's3aHi
JI0 OIHOro abo0 10 JEKIIbKOX CTOBIIIB B OfHiH abo neki-
JIBKOX TaOJWISIX B YSBJICHHI JpKepernia JaHuX. 32 yMOBYaH-
HSIM 11i aTpHOYTH BiI0OOpaXKarOThCs SIK iepapXii aTpuOyTiB i
JIO3BOJISIFOTH 3pPO3YMITH CEHC JIaHUX (DaKTiB y KyOi. ATpu-
OyTH MOXXyTh OyTH OpraHi3oBaHi B NMPH3HAYEHI I KOPU-
cTyBaua iepapxii, siki 3a0e3Me4yIoTh Pi3Hi HUIXU TOCTYITY
JI0 aHMX 1 JIONOMAraroTh KOPHCTyBadaM IIpU Heperiisi
naHux B KyOi. KyOu micTaTh yci BUMipH, MOTPiOHI KOpHcC-
TyBauaM IpH aHaJi3i MaHux. ExsemMmip BuMmipy 6azu na-
HHUX B KyOl Ha3MBa€ThCS BUMIPOM KyOa i BITHOCHTHCS 10
OIHOI abo JEKUTHKOX TpyIl 3axofiB B KyOi. Hampukman,
SIKITIO TAONMHUI (DAKTIB MICTUTH JCKIIbKA 3aICKHHUX Bil

yacy (axTiB, TO IS MOJIETIIEHHS aHAITI3y KOXKHOTO 3 HUX
MOXe OyTH BH3HA4YeHHMI OKpemuii BuMip Kyba. Ilpore,
ICHYBaHHS TUIBKH OJIHOTO 3aJIeKHOIO BiJI Yacy BUMIpY
0a3u JaHUX O3HAYa€ HEOOXIHICTh ICHYBAHHS JIUIIIE OJHI€T
3aJIeKHOI BiJI Yacy TaONMIll persiiidHoi 0a3u MaHuX Uit
MATPUMKH JEKUTBKOX 3aJISKHUX BiJl YaCy BUMIpPIB KyOa.

J1nist BU3HAUeHHs1 BUMIpIB, aTpHOYTIB Ta iepapxiii Oa-
31 JaHMX 1 Ky0a HAHMIpOCTiIIe CKOPHCTATHCS MalCTpOM
KyOiB, SIKHI T03BOJISIE CTBOPIOBATH BHMIpPH OTHOYACHO 3
BU3HAUCHHSIM KyOa. MaiicTep KyOiB CTBOpIOE BUMIpH Ha
OCHOBI BHSIBJICHHX a00 BKa3aHHX KOPHCTYBa4yeM TaOIHIlb
BUMIpIB 3 MpEJCTABICHHSAM JDKEpena TaHUX, BUKOPHCTO-
ByBaHOro /yist KyOa. Ilicist boro mactep CTBOPIOE BUMi-
pu 0a3u JaHUX i JOJA€ IX O HOBOTO Ky0a, CTBOPIOIOYH
BUMIpH KyOa. [Ipu cTBOpeHHI Ky0a B HOTO MOKHA TaKOXK
noati Oy/b-sKi BUMIPH, SIKi BKE ICHYIOTh Y 0a3i aHUX.
LIi BuMipu Mormu OyTH paHille BH3HA4YeHI MaliCTpPOM BH-
MipiB Jy1s iHIIoro ky6a. [Ticis Toro, sik BUMip 6a3u AaHUX
BU3HAUYEHHMI, HOro 3MiHa ¥ HAJIAIITYBaHHS MIPOBOASATHCS B
KOHCTPYKTOpi BuMipiB. Bumip xyba moxe OyTn Hamaro-
JDKEHUH 3a JOMOMOIOK KOHCTPYKTOpa KyOiB (puc. 16).
[Nporpamict Mae MOXJIMBICTH HEperisiLy 1 penaryBaHHs
KOJIy, III0 TeHEPYETHCS MalcTpoM KyOiB. 1Jist 1IbOro y Bia-
CTUBOCTSX Ky0Oa HeoOXimHOo BuOpaTtu (yHkuiro «[lepexiz
1o koxy» (puc. 17).
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Puc. 16. Koncrpykrop ky6is

[Ticnst HanMcaHHs KOOy BUMIpIB KyOa MOXKHa Iiepe-
XOIUTH JI0 PO3TOPTKH aHATITHYHHX CITY)KO, CIIUPAIOYUChH
Ha XML-daiin 3 kogoreHepaiiero Maiictpa Kyois. B mpo-
neci po3podku npoekty B cepemoBuiii Bl Dev Studio
MIPOEKT YacTO PO3TOPTAETHCS Ha cepBepl po3poOKU st
CTBOpeHHS 0a3u JaHuX ciyx0 SSAS, Bu3HaueHOI Mmpoek-
ToM. Ile HeoOXiTHO I TeCTYBAHHS MPOCKTY, HATIPUKIIA
JUTSL OTJISIY OCEPEIKiB Y KyOi, OISy €JIEMEHTIB BUMIPY

a0o0 nepeBipku (HOpPMYIT KIIFOUOBHX 1HAWKATOPIB IPOIYK-
TUBHOCTI. [IpOEKT MOKHA pO3rOPHYTH HE3aIeXHO abo K
PO3rOpHYTH yci npoekTH B pimenHi. [Ipu posropraHHi
MIPOEKTY TOCHTIJOBHO BHKOHYIOThCS TaKi Jii: 1moOymoBa
MIPOCKTY 1 CTBOPEHHS BUXIIHUX (DaiiIiB, 110 BU3HAYAIOTH
0a3y manux cmyx0 SSAS Ta BimNOBiNHI CKIaIOBI 00'€K-
TH; TIepeBipKa BHOPAHOTO cepBepa; CTBOPEHHS 0a3u 1a-
HUX Ta i 00'€KTIB Ha BUOpAaHOMY CepBepi.
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e p—— [Ticns HepB.I/IHHOF'O
& | obpadoria... posropranHi B Temi <IM'
@, | OBaop MIPOEKTY> CTBOPIOETBCS
daiin  IncrementalSnap-

OTKLITE B KOHCTpYKTOpE shot.xml. Ilefi daiin motpio-
HUH 11 BU3HAUCHHS, YU
3MiHIOBasIacs 0aza iaHuX abo
il 00'€KTH Ha IUTLOBOMY CEp-
Bepi mo3a mpoekToM. SIKiio
BijOyBanacsi 3MiHa, cHCTeMa
3aIIpOIIOHYE TEPercaT yci
00'eKTH B LUIBOBIH 0a3i ja-
HuX. Sxmo yci 3miHu Oynu
3po0JIeH] B MPOEKTI i TPOEKT
HaJIArOJDKEHHH ISl JOJaTKOBOIO PO3rOPTaHHS, Ha IUIbO-
BOMY cepBepi OyyTh PO3TOPHYTI TIBKU 3MIHH.
Kongirypatiist mpoexTy i BiAMOBIIHI MapaMeTpy BH-
3HAYalOTh BJACTUBOCTI PO3rOpPTaHHs, SIKi 3aCTOCOBYBa-
TUMYTBCS IPH PO3TOPTaHHI MTPOEKTY. Y 3aralbHOMY Hpo-
eKTI KOXKEH pO3POOHHK BHUKOPHCTOBYE CBOKO BIIACHY
KOH(pIrypallifo 3 BJIaCHUMHU MapamMeTpaMu KoHgiryparii
npoekTy. Hampuknaza, koxeH po3poOHHK MOXE BKa3aTh
OKpEMUi1 TECTOBHUII cepBep Uil poOOTH OKpeMO Bij iH-
IIUX pO3pOoOHMKIB. PO3ropTraHHsi TECTOBOTO MPOEKTY Ha
JIOKAILHOMY CepBepi BIPTyalbHOI MAIlMHU Ma€ TaKHi
Bursy (puc. 18). Ilicns po3ropTku GaraToOBUMIpHOTO
Ky0a HeoOXi/IHO BKa3aTH, sIKMH 3pi3 HEOOXiJHO Teperiis-
Hytu. s uporo ciij BUOpaTH BUMIpH, SIKi OyayTh Bin-
KJajeHi mo ocsx kKyoa. Ha puc. 19 noka3zanwmii 3pi3 kyba
«KinpkicTh 3aMOBJIEHUX 3HIMKIB - Micto - Yacy. ITicis
3aKiH4eHHs] poOOTH 3 KyOOM, MOXXHa BHKOPHCTATH pe-
3yAbTAaTH aHANI3y Ul CTBOPEHHS 3BiTIB 1 JeMOHCTparii
pe3yabTaTiB y 3pyuHiil Ui kopucTyBada ¢opmi. Ha puc.
20 moka3aHO TPHUKJIA] BUKOPUCTaHHS HaJ0y/I0B 1HTEIEK-
TyanpHOro asamizy aaHux SQL Server mis Microsoft
Office momo Bizyamizamii pesynstariB OLAP-anHamizy.
TakuM YUHOM, OTPUMAHO MPOrPaMHY pealTizalliro
0araToBUMIpHOTO CXOBHI[A IPOCTOPOBHX JAaHUX T'€OI0-
pTaiy, mo 3ade3rnevye MmiJBUIICHHS OIePaTUBHOCTI CTa-
TUCTUYHOTO 1 TIPOTHO3HOTO aHaji3y reoflaHuX JJisl Be-
JIEHHSI 3BITHOCTI Ta MiATPUMKH HPUHHSATTS pillleHb Teo-
iH(pOpMaIifHUX 3a/1a4 B PEKUMI PEATFHOTO Yacy.

B &l

A06aBuTE DUHEC-GHBNWTHKY...
HcknouuTs U2 NpoekTa

&% | Buipesath

Ea Honuposats

X ¥aanute

MNepeuMeHoBaTL

ChoiicTea

Puc. 17. Bubip dynxuii
penaryBaHHs KoLy

BucHoBku

Ha mincraBi mpoBeIeHOro aHaiizy apXiTeKTyp Cy-
YaCHUX CHUCTEM MiATPUMKH HPUNHSITTS PIlllCHb 3ampo-
ITOHOBAHO CTPYKTYPY, AKY HAHIOLIIBHIIIE BUKOPHUCTO-

ByBaTH Juisi moOyxoBu reoinpopmaniitnoi CIITIP Ha
0a3i CXOBHWII[A IMPOCTOPOBUX JaHUX reomoptany. IIpo-
aHaJII30BaHO OCHOBHI (DYHKIIT, IO MarOTh BUKOHYBATH
migcuctemu takoi CIITIP, a came — yHkmii miacucre-
MU BUTSATAHHS, MCPETBOPCHHS i 3aBAHTAXKCHHS TaHUX,
¢GyHKIIT miacucTeMu 30epiraHHs JaHUX Ta MiJACHCTEMHU
aHamizy maHux. Posrsin 3asHauenux migcuctem CIITIP
MPOBEICHO i3 JETAJbHUM BHBYCHHAM iX CTPYKTYPHHX
Ta (YHKI[IOHAJIBHUX CXEM, aHaJi30M ICHYIOUHX TEXHO-
norii 00poOKu Ta 30epiranHs mpocTopoBoi iHdopMarlii,
a TaKO)K Cy4aCHUX METO/IIB aHaJl3y reo/IaHuX.

Pazom 3 TmMm, 3xiiicHEHO TpYHTOBHMIA BHOIp cHc-
TEMH YIpaBJIiHHS 0a3aMH aHUX JUIsl IPAKTUYHOI peati-
3arii 6araTOBUMIpHOI 0a3u reofaHux, IO BUKOHYE (y-
HKIIIi CXOBHIIA MPOCTOPOBUX HaHMX sk ocHoBu CIIIIP
reornopTany.

[IpoBeneno perenvHuii aHami3 3acobiB Microsoft
SQL Server Analysis Services (SSAS) sik 6a30Boi 1uia-
TopMHU A1 PO3TOPTaHHS aHAJNITHYHHX CHUCTeM Busi-
ness Intelligence (BI), ynicdikoBanoi OaraToBuMipHOL
mozerni ganux Unified Dimensional Model (UDM) sik
Spa TEXHOJIOTIl KOMILIEKCHOI'O0 0araTOBUMipHOTO aHa-
nizy nanux Online Analytical Processing (OLAP). Ilpo-
aHaJII30BaHO AacleKTH IUIaHYBaHHS 1 INpOrpaMyBaHHS
apxitektypu SSAS, ocobnuBocTi po3podiieHHs OaraTo-
BUMIpHHX 0a3 JaHUX i3 3aCTOCYBaHHSM CEpEIOBHII
SQL BI Development Studio (BIDS) ta SQL Server
Management Studio (SSMS), a Takox crnenudiky 3a-
crocyBanHsi ciyxOu SQL Server Integration Services
(SSIS) mns poboTH 3 OaraTOBUMipHUMH 0a3aMU JTaHUX.

TakuM YMHOM, MiJrOTOBJIEHO MIATPYHTS VIS PO3-
pobiienns reoirdopmartitinoi CIIIIP i3 3acTocyBaHHIM
3aco0iB Microsoft SQL Server GaraToBUMipHOTo aHaIi-
3y JaHuX JUIS CTBOPEHHs 0araTOBUMIPHOTO CXOBHIIA
MPOCTOPOBHX AAaHUX TeoropTaiy. BpemTi, 3anponoHo-
BaHO METOJMKY MPOrpaMHOI peaizalii 6araToBUMipHO-
T'O CXOBHIIA [TPOCTOPOBHX JIAHUX T'€OMOPTAIY.

3anpornoHoBaHi MiAXOAX OO0 PO3POOJICHHS Teo-
inpopmaniinoi CIITIP na 0a3i cxoBHIa TPOCTOPOBUX
JIAaHUX TEeOMOpTaTy 3a0e3MeuyoTh 00’ €JHAHHS Ta IHTET-
pallilo y CXOBHIIE TeornopTaity iHpopMarlii, 1o MiCTUTb
Pi3HI THITH TPOCTOPOBUX JaHuX. [Iporpamua peamizamis
6ararosumipHoro CIIJ] reomoprany 3abe3mneuye ImigBu-
LIEHHSI ONEPAaTUBHOCTI CTATHCTHYHOIO 1 MPOTHO3HOTO
aHaTi3y Te0JaHMX I BEIACHHS 3BITHOCTI Ta MiATPUMKH
NPUHHATTA pillleHb TeoiHPOPMAIifHUX 3aau B PEKUMI
peanbHOro Yacy.

BrINONHEHME PAZBEepThIEAHKMA - SSAS e

Cepeep: localhost
Baza gaHHbx: SSAS

(») Komanga
v (») Komanaa
v ), O6pabiotka Basa faHHbix "SSAS" 3aBepleHa.

» 12 OfpaBotka Mamepenve "fata Jakaza" 3asepuieHa.

O, Bpemn zanycka: 06.01.2013 18:33:28; Bpema sasepwennn: 06.01.2013 18:33:37; NpogomkvrensHocts: 0:00:09
v (] OBpaBioTka Kyl "AHaNH3 NPOAEK CHCTEMLI UEPE3 WHTEpHET" 3aBeplueHa.
EJ, Bpema zanycka: 06.01.2013 18:33:36; Bpema sasepwenun: 06.01.2013 18:33:37; NpogomkurensHocrs: 0:00:01
» [ul] O6pabioTka Mpynna mep "3akaz CucTeMsl Yepes MHTepHeT" 3aBepuiena.

» 1/ OfipaBotka Mamepenue "CaeaeHuA o 3akasunke" 3aBeplUEHE.
» 1 OfpaBotka Mamepenue "CMNP [na MeonopTana” asepuiexa.

@ PazeepTbiBaHie BbINOSHEHO YCNeWHo

Puc. 18. PosropTka aHaiTHUHUX CITy)X0 Ha JIOKAJIBHOMY cepBepi
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I'eonndopmanmonHas cucTeMa MOAAECPKKHY NPUHATHS PelICHHI
Ha 0a3e XPaHWJININA NPOCTPAHCTBEHHBIX JAHHBIX reonopTaja

C. M. Augpees, B. A. Kwiun

AnHoTanus. Ilpexverom mccienoBanus siBiseTcs pa3paboTka reoMH(OPMAIIMOHHOW CHCTEMBI MOIEPKKU IPUHATHUA
pemrennit (CIITIP) nHa Ga3e xpaHwmimia npocTpaHcTBeHHBIX MaHHBIX (XII[I) reomoprana. O0beKTOM HCCJIeTOBAHMS SIBIISCTCS
npornecc 00ObEANHEHHS M MHTEIPALMK B XPAHWIHILE IeornopTaia HHGopMaImy, cofeprKalleil pa3iniHble TUITI IPOCTPAHCTBEHHBIX
naHHbIX. Llejbio padoThl SBISIETCS MOBBILICHHE ONEPATUBHOCTH CTATUCTUYECKOrO M HPOrHO3HOIO AaHAIW3a I'€OIaHHBIX JUISL
BEJICHUS OTYETHOCTH M HOICP)KKH IIPUHATHS PEIleHHi reoMH()OPMAaLMOHHBIX 33/1a4 B PeXXUME pealibHOro BpeMeHu. BoiBoasl. Ha
OCHOBAHHH IIPOBEICHHOr0 aHAJIM3a apXUTEKTYp COBPEMEHHBIX CHUCTEM HOJUIEPXKKHU NMPHUHSTUS PEIICHUH NpeIokKeHa CTPYKTypa,
KOTOPYIO 11e1eco00pa3HO MCIONb30BaTh Ul nocrpoeHust reonHpopmamonnsix CIIIIP Ha Ga3e XpaHWIMILA NPOCTPAHCTBEHHBIX
JIaHHBIX reonoprana. [IpoaHaIM3MpoOBaHBl OCHOBHbIC (DYHKIMH, KOTOpbIE IOMKHBI BBINOMHATH mHoxcucreMsl Taxod CIIIIP,
a MMEHHO — (DYHKIIMH TIOJICHCTEMbI M3BJICUCHHS, IPe0oOpa3oBaHMs U 3arpy3KH JaHHBIX, QYHKIIMHU MOJICUCTEMBI XPAHEHUS JaHHBIX U
IOJICUCTEMBI aHAJIM3a JaHHbIX. PaccMorpenue ykaszanHbIX noacucreM CIITIP mpoBezieHO ¢ neTanbHbIM U3ydEHHEM HX CTPYKTYPHBIX
1 (YHKIMOHAIBHBIX CXEM, aHAJIM30M CYLIECTBYIOIIUX TEXHOJOIMH 00pabOTKM M XpaHEHMs NPOCTPAHCTBEHHOW MH(opmauuu, a
TaKKe COBPEMEHHBIX METOJIOB aHAJIM3a IeOJaHHbIX. BMmecTe ¢ TeM, OCyIecTBIEH 00OCHOBAHHBIA BHIOOP CHCTEMbI YIIPaBICHUS
6azamu naHHbIX (CYBJl) mwis mpakTuueckol peanu3alid MHOIOMEPHOH ©a3bl I'eOJaHHBIX, KOTOpas BBINOIHACT (YHKIUM
XPaHWIMILA POCTPAHCTBEHHbIX JaHHBIX Kak ocHOBbI CIIIIP reonoprana. IlposeneH TimarenbHblid ananns cpencts Microsoft SQL
Server Analysis Services (SSAS) kak 6a30Boii iaTdopMsl IS pa3BepThIBaHUS aHAIUTHYECKHX crcreM Business Intelligence (BI),
yHUGUIMpPOBaHHON MHOromepHoi mopenu janHelx Unified Dimensional Model (UDM) kak siapa TEXHOIOTMM KOMILIEKCHOTO
MHOromepHoro asnanm3a JaHHbIX Online Analytical Processing (OLAP). IlpoaHanu3upoBaHbl acleKThl IUIAHMPOBaHUA U
MPOrpaMMHPOBaHKsT apXUTEKTYpl SSAS, ocobeHHOCTH pa3pabOoTKM MHOrOMEpHBIX 0a3 jaHHBIX ¢ mpuMmeHenreM cpen SQL BI
Development Studio (BIDS) u SQL Server Management Studio (SSMS), a Tawke cremuduka npumeneHnst cayx0er SQL Server
Integration Services (SSIS) w1t paGoTbl ¢ MHOrOMepHbIMH 0a3amMu JaHHBIX. TakuM oOpa3oM, MOArOTOBJICHA 1OYBA VI pa3paboTKU
reorHpopmarmonHeix CIITP ¢ mpumenennem cpencrB Microsoft SQL Server MHOromepHOro aHanu3a J@HHBIX JUISL CO3IAHUS
MHOIOMEPHOIO XpaHWIMILA MPOCTPAHCTBEHHBIX J@HHBIX Teornoprana. Taiooke IpeiokeHa MEeTOIMKa NMPOrpaMMHON pean3aliy
MHOI'OMEPHOT'0 XPaHIIHILA IPOCTPAHCTBEHHBIX JJaHHBIX reonopraia. [IpeuioxeHHble oAXonpl Mo pa3paboTke TeOMH(OPMaIMOHHBIX
CIIIP Ha Ga3e XpaHWIMIIA NPOCTPAHCTBEHHBIX JAHHBIX T'eOOpTana OOECHeurBAlOT OOBEAMHEHHE W MHTETPALMIO B XPaHMIIHIIE
reornopraia MHPOpMaLKH, COAEpKalleldl pa3iInyHbIe TUIIbI IPOCTPAHCTBEHHBIX JAHHBIX. IIporpaMMHas peanmu3alys MHOIOMEPHOIO
XIT1 reonoprana oOecreYnBaeT IOBBIICHHE ONEPATUBHOCTH CTATHCTUYECKOrO M IPOTHO3HOTO aHAIM3a I'€ONAHHbIX UL BEICHUS
OTYETHOCTH U TOJIEPYKKH IPUHSATHS PElieHUH TeOnH()OPMAIMOHHBIX 33/1a4 B PEXUME PEaIbHOrO BPEMEHH.

Kaw4ueBnle cJjoBa: T'COJaHHBIC, FeOI/IH(l)OpMaLII/IOHHaf{ CUCTEMa TOAJACPIKKH TPUHATHA pemeHHﬁ; MHOI'OMEPHBIC
XpaHuJiyiia pocTpaHCTBEHHBIX JTaHHbIX.

Geoinformation system of decision support
based on the geoportal spatial data storage

S. Andrieiev, V. Zhilin

Abstract. The subject of the study is the development of a geographic information system for decision support (DSS), based
on the storage of spatial data of the geoportal. The object of the study is the process of combining and integrating information
containing various types of spatial data into the geoportal repository. The purpose of the work is to increase the efficiency of statistical
and predictive analysis of geodata for reporting and supporting decision-making of geographic information tasks in real time.
Conclusions. Based on the analysis of the architectures of modern decision-making systems, a structure of geoinformation DSS’s based
on the spatial data storage of the geoportal is proposed. The main features and functions that are included in subsystems of such a DSS
are analyzed, namely the functions of the subsystem for extracting, converting and loading data, the functions of the data storage
subsystem and the data analysis subsystem. The consideration of mentioned subsystems DSS was carried out with a detailed study of
their structural and functional schemes, analysis of existing technologies of processing and spatial information storage, as well as modern
methods of geodata analysis. At the same time, a reasonable choice of a database management system for the practical implementation
of a multidimensional geodatabase is made, which performs the functions of a spatial data storage as the basis of a DSS geoportal. A
substantial analysis of Microsoft SQL Server Analysis Services (SSAS), as a base platform for the deployment of Business Intelligence
(BI) analytical systems, a Unified Dimensional Model (UDM) as the core of Online Analytical Processing (OLAP) complex
multidimensional data analysis technology was performed. The aspects of planning and programming the SSAS architecture, the
features of developing multi-dimensional databases using SQL BI Development Studio (BIDS) and SQL Server Management Studio
(SSMS), as well as the specifics of using SQL Server Integration Services (SSIS) to work with multi-dimensional databases are
analyzed. Thus, the groundwork has been set for the development of geoinformation DSS using Microsoft SQL Server multidimensional
data analysis tools to create a multidimensional spatial data storage of the geoportal. A methodology for software implementation of a
spatial data multidimensional storage of a geoportal is also proposed. The proposed approaches to the development of geoinformation
DSS based on the spatial data storage provide integration into the geoportal repository of information containing various types of spatial
data. The software implementation of the multidimensional geoportal provides an efficiency level increase of statistical and predictive
geodata analysis for reporting and supporting decision-making of geographic information tasks in a real time.

Keywords: geodata; geoinformation decision support system; multidimensional storage of spatial data.
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XapKiBChbKUI HaIllOHAJIBHHUI aBTOMOOLIBHO-I0POKHINM YHIBEPCUTET, XapKiB, Y KpaiHa

2 : o o .
XapKIBCbKUH HaBYaJIbHO-HAYKOBUM IHCTUTYT Jlep’KaBHOIO BUILOTO HABYAJIBHOI'O 3aKJIALy
“YHiBepcuTeT 6aHKIBCHKOI cripaBu”’, XapkiB, YKpaiHa

CIIEIIAJII3OBAHUI ITPOTPAMHUM KAJIBKYJIATOP
JJIA OHIHKHU KJITHIYHOI IHOOPMATUBHOCTI TABOPATOPHUX TECTIB

AHoTanisi. Mera podoTu — po3poOUTH Crieliali3oBaHUi NPOrpaMHUIA KaJIbKYJIATOp I OLIHKY KIiHIYHOI iHopmMaTu-
BHOCTI J1JaOOpaTOpHUX TeCTiB. METOANYHOIO OCHOBOIO [UIsl PO3POOKHU KaJIbKYISATOpPa 00pPaHO OJMH 3 METOAIB J0Ka30BOI Me-
JMIMHY — aHaJli3 YOTUPUKIITUHHUX Tabnuipb. KanbKyasTop Hajgae MeJUYHUM NPaliBHUKaM iHCTPYMEHT OLIHKU KPHUTEpiiB
JIlarHOCTUYHOI LIHHOCTI JlabopaTopHoro Tecty Ha 6a3i odicHoro nakery MS Office Oynp-sikux Bepciii 6e3 oOmexeHb. Po3-
pobieHo iHCTpYKILIi KOpHUCTyBadaMm, sIKi MaroTh MiHIMaIbHI ysBiieHHS po MS Excel, caMocTiiHO CTBOPHTH BiAIIOBITHUIA
KaspKyssitop. CrierianizoBaHui MPOrpaMHUA KalbKyJIsTOp Ma€ Ba OJIOKH, sIKi MOXYTh IPALIOBATH B Oy/b SKOMY IOPSAKY
3a BUOOpoM KopucryBada. Po3pobieHo 00K aHaizy YOTHPUKIITHHHOI TaONHUI, SKMH Ha OCHOBI KPHUTEpIIO )}~ BH3HAYaEe
CTAQTUCTUYHY 3HAYYIIICTh OLIHKH JIarHOCTHYHOI AKOCTi TecTy. Po3pobiieHo 0110k BU3HAUCHHS ITOKA3HUKIB KIiHIUHOT iH(DO-
PMaTHUBHOCTI TECTY TaKHX, SK: allpiopHa HMOBIPHICTb 3aXBOPIOBAHHS; KIIIHIYHA YYTIMBICTh; KIIHIYHA CIELU(IYHICT; IIe-
penbadyBaHa LIHHICTh IIO3UTUBHOTO PE3Y/bTATy; NepedadyBaHa LiHHICTh HETATHBHOIO PE3YJbTATy; 1iarHOCTUYHA edek-
TUBHICTB; BiJIHOLICHHS NPaBAONOAIOHOCTI MO3UTHBHOIO PE3yIbTaTy; BiJHOLICHHS IMPaBJONOAiOHOCTI HEraTHMBHOI'O pe-
3y/abTaTy. 3aKIO4HI BUCHOBKH Ta NpodeciiiHy iHTeprpeTalis pe3yJbTaTiB 004HCIIeHb NOKIIaIaeThes Ha (axiBuiB y chepi
M€ IMKO-010JI0TTYHMX JTOCHIJHKEHE.

Kaw4yoBi caoBa: pokazoBa MenuuuHa; iHGOPMATHBHICTH JIAOOPATOPHUX TECTiB; YOTHPUKIITUHHA TaOJHIL; CHIemiai-

30BaHUIA IPOrpaMHKI KaJIbKYIISTOP.

Beryn

BuHHMKHEHHS HOBHX HO30JIOTiYHHX (OpM emijeMi-
YHUX 3aXBOPIOBaHb, SIKI PO3MOBCIO/KYIOTHCS 3 BEIH-
KOO MIBHJKICTIO, 1 BUJO3MIHEHHS TPaJULiHHAX iH(EK-
LIHHUX 3aXBOPIOBAHb 3a)KaJaJ0 CTBOPCHHSA MOJCICH
PO3BUTKY emifieMill y yaci i mpocTopi, a TaKoX 3aco0iB
iX exkcrpec-IiarHOCTUKH. Y IIbOMY IPOIIeCi MOXKHa BH-
IIJIWTH JBI CKIAJOBUX: IEPITy — MEIUKO-010JI0TiUHY,
sIKa 3aJISKUTH BiJl KOHKPETHOTO BUIY 3aXBOPIOBAHHS;
Ipyry — GopManbHy, siIka BH3HA4a€ThCsi BUOOPOM TOTO
MaTeMaTUYHOIO amapary, SIKMH aJleKBaTHHH IIpolecy,
o MoaemoeThest. CitiJl 3a3HaYTH, 110 BUKOPUCTAHHS B
LIOJICHHIH MeAW4Hid mpakTuii (y iarHOCTHI, JiKY-
BaHHI W Mpo(iTaKTUIl) METUYHUX TEXHOJIOTIH 1 JTiKyBa-
JIBHUX TIpeTiapaTiB, e(pEeKTUBHICTh SKHUX JOBENCHO Y (a-
PpMaKo-emiIeMioNIOriYHUX JAOCII/KEHHIX 13 3acTocy-
BaHHSAM MaTEeMaTHYHUX OILIHOK IMOBIPHOCTI ycCHiXy i
PHU3HMKY OTPUMAJIO CHELialbHY Ha3BY «0Ka30Ba MEIH-
uuHay abo «Evidence-Based Medicine». Crincok ocHo-
BHHUX CaHTiB 3 Ili€] TeMaTHKH HaBeaeHo y[1].

Anaxiz mgiteparypu. Ilpomec MomenrOBaHHS eri-
JieMiii y 4aci i MpocTopi 3aJIe)KHO BiJ| CTaTi 1 BiKy momy-
JIAIT PO3TJIIHYTO, HAPUKIIAN, Y podorax [2, 3]. OcHo-
BHUM MaTEMaTUYHHM araparoM JO0Ka30BOI MEIWIIMHH,
SIKMH BUKOPHCTOBYETHCS MIPU CTBOpPEHHI 3acoliB nabo-
paTopHOi [iarHOCTHKH, € CTATUCTHYHHUIN aHalli3 Oararo-
KIITUHHUX TaOmunbs. HalOinbIioro po3nmoBCHOHKEHHS
HaOynmM YOTMPMKITITHHHI Tabnmmi. IX BHKOpuCTaHHS
omucaHo B poborax [4, 5], GpopmanbHe 0OIpyHTYBaHHS
LILOrO METO/Y HaBeleHO B poboti [6]. Ha croroaHi Bi-
IOMO 0araTo MmakeriB [UX MeToAiB. Bumoru 1o jineH-
31iHOCTI MPOrpamMHOr0 3a0e3NEUeHHs, sIKe BUKOPUCTO-
BYEThCSI, 1 IOr0 BHCOKA BapTICTh CYTTEBO OOMEXYIOThH
3aCTOCYBaHHS IIUX 3aCO0IB.

Tomy, Ha IyMKy aBTOpIB JaHOTO IOBiJOMIICHHS,
iCHye HEOOXIJHICTh CTBOPEHHS CIEMiali30BaHOrO Ipo-

TPaMHOTr0 KaJbKYJSTOpA Ul OLIHKU KIiHIYHOI iHDOp-
MaTHBHOCTI 71a0OpaTOpPHUX TecTiB Ha 0a3i HaHOiNbII
JIOCTYITHUX 3aco0iB, a came o¢icHoro makery MS
Office. IIpu omwcy 3aco0iB HOro BUKOPHUCTAHHS BHKO-
pucrano poo6oty [7]. Takuii crociO 103BOJISIE KOPUCTY-
Bavy HaBiTh cepeiHbOI KBali(hiKalii MOBHOIHHO BUKO-
PHUCTOBYBAaTH METOJIH, 3alIPOIIOHOBAHI y IaHOMY IOBiJI-
OMJIEHHI. Y 3B’A3Ky 3 HaJ3BHYallHOIO CHUTYaIi€lo,
1moB’s13aHo10 3 maHaemiero COVID-2019, sika BUHUKIA Y
JIaHWH Yac, Uil CKOPOYCHHS Yacy Ha BUKOHAHHS po0o-
TH TI0 aJITOPUTMI3alli] OLIHKY KJIIHIYHOI iH(OPMATHBHO-
cTi 00paHO METOTH, SIKi OnKCcaHo B poooTi [8].

IMocTanoBka 3amaui. Po3poOka Ha 6a3i odicHOro
nakery MS Office Oyap-skux Bepciii CIienianizoBaHOro
MPOrPaMHOTO KalbKYJSITOPa, SKUH Hagae MeTdIHUM
MpaliBHAKAM MOJJIMBICTh OIIHKH IiarHOCTHYHOI IIiH-
HOCTI J1a0OpaTOPHHUX TECTIB.

OTtpumasni pe3yJbTaTn

Crieniani3oBaHuii  NPOTPaMHUI  KaJIBKYJSATOP
CKJIaZIA€ThCsl 3 BOX OJIOKIB, SIKI MOXKYTbH IPAIIOBaTH y
Oy/Ib-sIKiH TOCITIIOBHOCTI 32 BUOOpOM KopucTyBada. Jlaii
HaBeJeHU Hal3pyuHIIMi mopsaok naiit. [Ipu #oro onuci
3 METOI0 MiHiMi3alil 00’eMy CTaTTi CyMIIIEHO OMHUC all-
TOPUTMY 1 PE3yJIbTATH KOHTPOJILHOTO IIPUKJIAY.

Ha nepmiomy erari, BUKOPUCTOBYIOUH YOTHPHKITi-
TUHHY TaOJUINO [6], BUKOHYIOTH KOHTPOJIb JiarHOCTHY-
HOI CIIPOMOXKHOCTI TECTY.

JI71s1 bOr0 pe3yNnbTaTH J1A0OPATOPHUX JTOCIIHKEHb
o opMITIOIOTE Y BUIIISII Ta0. 1.

VY BUMNaAKy, KOJIHM MAiarHOCTUYHA CIHPOMOXKHICTb
TECTy HE3aJIOBiJIbHA, KAJIbKYJIATOP BHAA€ BiIIOBIIHE
MOBIIOMJICHHSL 1 3aBEpINyE MOAATBINY poOoTy. SIKIIo
JIIarHOCTUYHA CIIPOMOXKHICTh TECTY 3aJ0BiJIbHA, TO
KaJIBKYJIATOP OOYMCIIOE TTOKA3HUKHA HOro KIIHIYHOT
inpopmaTuBHocTi [8]. [Topsiiok oOunCIIeHb TTOKa3aHo B
Tabm. 2.
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Tabnuys 1 — Pe3ybTaTH J1a00PaTOPHUX JOCTiKEeHb JiarTHOCTHYHOI CIIPOMOKHOCTI TecTy

JiiicHuii cTaH o0cTeKeHUX Nali€cHTIB

Pe3ysabTaTn pociigxeHHs
3aXBOpIOBAHHS NPUCYTHE 3axBOpIOBaHHS BiICYyTHE
TecT no3uTUBHUI a=15 b=3
Tect HeraruBHMIA c=2 d=64
Bennuuna kputepito x> 2 (a+b+ct+d)ad—bc) 5 (15+3+2+64)-(15-64-3-2) _56.498
(a+b)c+d)a+c)b+d)’ (15+3)(2+64)(15+2)(3+ 64) ’
BucHoBok

xz > 3,841 = niarHocTHYHA SIKiCTh TECTY 330BiJIbHA;

xz <3,841= pmiarHOCTWYHA SIKICTh TECTYy HE3a/I0BIIbHA;
56,498>3,841 = niarHOCTHYHA SIKICTh TECTY 3aJIOBLIbHA.

Tabnuya 2 — Ioka3HUKH KJiHiYHOI iHpopMaTHBHOCTI TecTy

ArnpiopHa IMOBIpHICTb 3aXBOPIOBAHHS

a

+c 15+2 17

a+btctd 154243164 84

—=0,202

1
Kniniuna 9yTiuBicTs a _15_ 0,882
at+c 17
4
Kuinivyna cierugivnicTh d = 6— =0,995
b+d 67
_ a 15
INepenbauyBaHa LIHHICTb TO3UTUBHOI'O PE3Y/IBTATY s = I =0,833
a
o d 64
INepenbauyBaHa LIHHICTb HETATHBHOI'O PE3YJILTATY —d = 6 =0,967
4

a+d _ 64+15

JiarHoctu4Ha epeKTUBHICTD = =0,940

a+b+c+d 84
1

BinHomeHHs paB1oNoAiOHOCT] MO3UTUBHOTO PE3YIbTaTy a_btd 6T 19,705

a+c b 17 64
. . . ¢ b+d 2 67

BinHomeHHs paB1oNoiOHOCTI HEraTUBHOI'O PE3YIbTATy . =—.-—=0,123

at+c d 17 64

[NopiBHSHHS ABOX OCTaHHIX MOKAa3HHKIB Jla€ Bif-
TMOBiZIb Ha MUTaHHSA NPO e(EeKTHBHICTH JaOOPaTOPHOTO
TECTY, JIaTHOCTHUYHI BJIACTHBOCTI SIKOT'O BUBYAIOTHCS.

Haiinpocrimmii Meron peanizanii 3a1a4i — CKOpHC-
tatucs 3acodamu MS Excel. Puc. 1 nemoncrpye Bapi-

aHT opopmiueHHs Tabmuui Excel 3 xoHTpoibHUM mpH-
knagom. Komipku C4, C5, E4 1 ES MicTaTh BXiHI IaHi,
SIKI CITIBCTaBJICHO 3 MO3HAYCHHSAMH, BUKOPHUCTAHUMU B
po3paxyHkoBuX opmynax (Tabm. 2), To0TO,

a=C4, b=FE4, c=C5, d=E5.

A B C D E
1 |Bxioni gani
2 . JificHHi! cTaH ofcTekeHHX MAICHTIB
_ | PesyabTaTH HOCHTKEHHS -
3 3aXBOPIOBAHHA NPHCYTHE | 3aXBOPIOBAHHA BIACYTHE
4 | TecT MO3HTHBHHI a= 15 b= 3
5 | TecT HeraTHBHHH c= 2 d= 64
6 |BenHdHHA KpHTepirO /2 56,498
7 |BHCHOBOK NiATHOCTHYHA AKICTL TeCTy 3a40BUILHA
8
9 |3paveHHA KPHTEPiiB AiarHOCTHIHOI HiHHOCTI ;1Ta00PaTOPHOIO TECTY
10 |AmpiopHa HMOBIPHICT 3aXBOPIOBaHHA 0,202
11 |KiiHi4Ha 9yTIHBICTE 0,882
12 |KaigiTHa crenHiTHICTE 0,955
13 |IlependadyBaHa LiHHICTE IIO3HTHBHOTO Pe3yIBTATy 0,833
14 |TIependadyBaHa HiHHICTH HETaTHBHOTO Pe3yIbTaTy 0,970
15 |JiarHOCTHIHA eeKTHBHICTD 0,940
16 |BimHOmEeHHA mpaBaoNoAifHOCTI MOSHTHBHOTO Pe3yIbTaTy 19,706
17 |BimHOMmEHHA mpaBaoNnoAiGHOCTI HETATHBHOTO Pe3yIbTaTy 0,123

Puc. 1. Ipuxinan po3s’a3anHHs 3a1a4i 3a foromororo MS Excel

JIis OWIHKM JIaTHOCTHYHOI SIKOCTI TeCcTy Y
koMipku B6 ciix 3amucatu Taky Gpopmyiny:

= ((C4+E4+C5+E5) *(C4*ES5-

E4*C5)72)/((C4+E4)*(C5+E5)*(C4+C5)*(E4+E5)),
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a 'y komipky B7 — taky dpopmyay:

=ECIM(M(EYUCJIO(B6);B6>3,841);" niarHocTHYHA
SIKICTBH TecTy 3a10BlJIbHA" ;" HiarHOCTHYHA AKICTH
TecTy He3a0BiIbHA").

Jns  opmepkaHHS pe3yJbTaTiB  OOYMCIIEHHS Y
komipku Bim E8 mo E15 tpeba 3ammcatu dopmynm,
npesacTaBieHi Ha puc. 2. Chig 3ayBakuTd, WO Yy
(opMynax BUKOPUCTOBYIOTHCS TIOCHIIAHHS Ha KOMipKH,
SIKI MICTATh IIOYATKOB1 3HAYCHHS.

E
8 [=(C4+C5)/(C4+C5+E4+ES)
9 [—c4/ca+Cs)
10 —ES/E4+ES)
11 [=Ca/C4+E)
12 [=Es(C5+ES)
13 =(C4+ES)/(C4+C5+E4+ES5)
14 =C4/(C4+C5)*(E4+ES)E4
15 =C5/(C4+C5)*(E4+ES)/ES

Puc. 2. Pozpaxynkosi Gpopmyiu y komipkax Tadnuni Excel

Le naiinpocrimmii BapianT GpopMyi Al BULIAIKY,
KOJIM y 3HAMEHHHKY 3HA4€HHs He HYJbOBi. SIKIIo X y
KOMipKax 3 TIOYaTKOBUMH JaHUMHU OyIyTh BIICYTHI
yucna, abo 3HAYeHHS OyAyTh HYJIbOBHMH, TaOIUI
pe3yNbTaTiB NpuiiMe BUIIIS puUC. 3.

A B C D E

*(C4*E5-E4*C5)"2)/((C4+E4)*(C5+E5)*
(C4+C5)*(E4+ES))).
Po3paxynkoBi (opMyau 3 aHadi30M 3HAYCHHS

3HaMeHHHKa y kKoMipkax Bix E8 1o E15 Tpeba 3MminuTH,
SIK TIOKa3aHo Ha puc. 4.

E
8 =ECIHMH(C4=0;C5=0;E4=0;E5=0);"Pe3yabTaT He icHye";(C4+C5)/(C4+C5+E4+ES))

9 |=ECJH(H(C4=0;C5=0);"Pe3yabTar He icHye";C4/(C4+CS))

10 =ECJIHMH(E4=0;E5=0);"Pe3yabTaT He icHye'" ) (ES)/(E4+ES))

11 =ECTHM(C4=0;C5=0);"Pe3yabTaT He icHye';C4/(C4+E4))

12 =ECIIHM(C5=0;E5=0);"Pe3yanTaT He icHye";ES/(C5+ES))

13 |=ECJTH(H(C4=0;C5=0;E4=0;E5=0);"" Pe3yabTar He icHye";(C4+ES5)/(C4+CS+E4+ES))

14 =ECJHM(C4=0;C5=0;E4=0);"Pe3y.1bTaT He icHye";C4/(C4+C5)*(E4+ES)/E4)

15 |=ECITHIIHA(H(C4=0;C5=0);E5=0); " Pe3y;IbTaT He icHye";C5/(C4+C5)*(E4+ES)/ES)

Puc. 4. Pozpaxynkosi Gpopmyiu
3 aHAJIi30M 3HAYCHHS 3HAaMEHHHKA

Oynkuis ECJIM mae Tpu mapamerpa, sKi
BIUIUISAIOTHCS OMUH BiJl OJHOTO KPAmKOK 3 KOMOIO.
[epmmmii mapamerp — me yMoBa, ska Moxe abo
BUKOHYBaTHCh, a00 Hi. Y TEpIIOMY BHIIAJIKy, KOJH
yMOBa BUKOHYeEThCs, pesynbrar (ynkuii ECJIN Oyne
chopMoBaHMid JpyruM mnapamerpoM (y  Hamomy
BUIIAJIKy BUBOJUTHCS TEKCT, SIKMI 3aIMCaHO Y JIAlKax —
«Pe3ynbraT He icHye»). Y JpyroMy — KOJIM yMOBa He
BUKOHYETBCS, — pe3ynbrarT (OPMYETHCS  TPETIM
napamerpoM, TOOTO, OOYMCIIOETBCS 32 BiANOBITHOO
¢opmynoro. Cama ymoBa TMpejCTaBlieHa BKIJIAJCHOIO
¢yukmiero  «M», sSka MICTUTH HabIp IepeBipoK

L Brianl namt KOMIIOHCHT 3HAMECHHHKA Ha PIBHICTh HYIIO (TIapaMeTpu
2 P . JlificHHi! cTaH o0CTeKEHHX MAlliEHTIB i« . .
5 |PesyIBTATH JOCTITKeHRA SaxBOpIOBAMEA MpHCYTHE | 3axmopIoBaHHA BIICyTHE (I)yHKI_Ill «» :I‘aKO)K PO3aLICHO KpaHKOI.O 3 KOMOIO 1
4 | TecT MO3HTHBHHH a= b= B34TO Yy KpyIJi I[y)KKI/I), T06TO, AKIIO yC1 KOMIIOHCHTH
gl TecT rerarABHi = = 3HaMEHHHKA JIOPIiBHIOIOTh HYIIO, QyHKIiS «M» Bumae
L9 .

6 |Beirina KPHTEPIto ) AREIVO! 3HAYEHHS «ICTMHA», a L€ O03HA4a€, 10 3HAMEHHHK
7 |BHCHOBOK #IEJL0! . .
= MIepeTBOPIOEThCSI HAa HyNb (3a0OpOHEHa CcUTyamis) i
9 |3HAYeHHA KPHTEPiiB JiarHOCTHYIHOI NiHHOCTi 1200pATOPHOIO TeCTy PEIYIBTATOM (I)yHKI_Ill ECJIN 6yz[e TEKCT «Pe3ym)TaT HC
10 | AnpiopHa HMOBIPHICTE 32XB0pI0BAHHA H#IEILO! icuye». YV tabmuni Excel me Oyme BUmIsmaTH, sK
11 |K7iHiTHa 9yTIHBICTR #ITEJI/0! 5
12 |KuiHi9HA crenH}iIHICTE #JTEJI/0! TIOKa3aHo Ha puc. .
13 |ITepenGadyBaHa IIHHICTE IO3HTHBHOIO Pe3yIbTATY #IEJL/0!
14 |TTepenGaTyBaHa IiHHICT HETATHBHOTO Pe3yThTATY #ITEJI/0! A B C D E
15 |JliarHocTHYHA eeKTHBHICTh #JTEJI/0! 1 Bxinmi nani
16 |BiTHONIEHH” MPABIONIOJIGHOCTI HO3HTHBHOTO Pe3yIbTaTy #IEJL/O0! 2 Peay THTATH TOCTITKEHAS JlificHHIT cTaH 0GCTe/KeHHX MAllieHTIB
17 |Bi.aHomeHH.H IPAaBIOII0TIGHOCT] HETATHBHOIO Pe3yIbTary #IEJL0! 3 ek ) 3aXBOPIOBAHHA MPHCYTHE | 3aXBOPIOBAHHA BiICYTHE

4 TecT MO3HTHBHHH a= b=

Puc. 3. Pe3ynprar o0uncieHHs —
. . 5 | TecT HeraTHBHHI c= d=
HpH BIACYTHOCT1 MOYATKOBHX JIAHUX 6 BemHTHHA KPHTEDiO "/2 Pe3yabTarT He iCHye
7 | BHCHOBOK JiarHOCTHYHA AKICTH TECTY He3aJOBLILHA
Vi q)OpMyJ'II/I BUJAIOTh IMMOMHWJIKY, OCKUIBKHW BOHH 8
9 3Ha4eHHH KPHTepiiE JiArHOCTHYHOI NIHHOCTI 1a00PATOPHOIO TeCTY

MIpe/ICTaBIIeHI APOOOBUMHU OOYHCIEHHSAMH 1 Y BHIAJKY,
KON JaHi BIACYTHI, TOOTO, JOPIBHIOIOTH HYIIIO,
3HAMEHHHUX KOXKHOTO P00y MEePETBOPIOETHCS HA HYIIb.

[Ilo6 yHuMKHYTHM Takoi cHUTYyawii, pO3paxyHKOBI
dbopMynu MOXHA JIENIO YCKJIAQJAHUTH — BBECTH
nmonatkoBy ¢yukmito (ECJIM) mis aHamizy 3HaAYCHHS
3HAaMEHHHKAa KOXXHOro Jpoly. SIKmo 3HaMEHHHK
oJlep)Kye 3HAYCHHS «HYIbY, a IIe MOXKJIMBO, SIKIIO YCi
HOro eJeMEeHTH MaloTh HYJIbOBE 3HAYEHHS, TO 3aMiCTh
00YHCIICHOTO pe3yiIbTaTy TpeOa BUBOJUTH BiIIOBITHE
MTOBIIOMJICHHS, Hampukiaa, «Pesyiaprar He icHye». Y
TakoMy pasi QopMmynaa UIsl OI[HKH MiarHOCTUYHOI
SKOCTI TECTy 3 aHalli3oM 3HAueHHS 3HaMEHHUKa Y
koMipii B6 Oyne BursgaTH Tax:

=ECJIN(((C4+E4)*(C5+ES)*(C4+C5)*G5(E4+E5))=
0;'"Pesyabrar He icnye" ;((C4+E4+C5+ES)

10 AmnpiopHa HMOBIPHICTE 3aXBOPIOBAHHA Pe3y.IbTaT He icHYe

11 Kini9Ha TyTIHBICTE Pe3yIbTaT He icHYe

12 |KaiHivHa crierHiMHICTE Pe3yIbTaT He icHYe

13 TlepeabatyBaHa IiHHICTS O3HTHBHOTO Pe3yIbTaTy Pe3yIeTaT HE icHYE

14 Tlepeaba<yBaHa MiHHICTE HETATHBHOIQ Pe3yIbTaTy Pe3yIeTaT HE icHYE

15 JliarHoCTHYHA e)eKTHBHICTh Pe3yIbTaT He icHYye

16 BigHONEHHS MpaBIONOIGHOCTI IO3HTHBHOTO Pe3yIbTaTy
17 |Bi.Z[HOEI:[eHHX IPaBIONOTIGHOCTI HETATHBHOTO Pe3yIbTaTy

Pe3yabTart He icHYE
Pe3yabLTaT He icHye

Puc. 5. Pesynbrat 004MCIICHHS IPY BiJICYTHOCTI
MOYaTKOBHX JIaHMX 3 NIEPEBIPKOIO HA HYIILOBE
3HAYCHHS 3HAMEHHHKA ()OpMYII

Ha puc. 6 mnpencraBiacHO BUIJISLA TaOmuIi i3
B1I0OpaXKeHHAM (HOPMYIL.

TakuM YHUHOM, 3aIlPONOHOBAHHMN y CTATTI METOJ
HaJa€ MEXaHi3M pPO3PaxyHKy KIIOYOBHX IapameTpiB
OI[IHKK PE3YJIbTATiB TECTYBAHHS, ajlec HE HAMA€ HisKHX
pEeKOMEHAAIIH 110 TX aHaji3y.
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A B C D
Bxiaui gami

E

. Tiiicrgi cTan ofcTenermx nauieHTie
PeayIETaTl DOC/HIKEHHT 5
- 3aXEOpPHEAHHA IPHCYTHE 3aXBOpPHOEAHEA BIICYTHE
TecT MosHTHEEMGE a= b=
TecT HeraTHEEM o= d=
BemrinEa KpuTepiso f‘ =E C.TH(((C4+E4)*(C5+E5)*(C4+C5)*(E4+E5))=0:"PesyasTar He icEye";((C4+E4+CS+ES)*(C4*ES-E4*C5)"2)/((C4+E4)*(C5+ES)*(C4+C5)*(E4+ES)))

BuCHOEOK

=ECJTHMHEYHC.TIO(BG6):B6>3.841);" giarHocTH9Ha AKICTB TecTy 3aJ0BiasHa" ;" JiarHoCTHYHA AKICTh TECTY HeladoBiisHa")

D8 O L Wb

3HaveHHs KPUTepiiB AiarHocTauHol HiHHOCTI JalopaTopHOrO TeCTY

1=

ArnpiopHa fMOEIPHICTE 3aXEOPEOBRHHA

KnniuHa 9VIIHEICTE

12 |Kniniyna crermubiunicts

13 |TTepenGadyBana NHHICTE MOMTHEHOTO PE3YNLTATY

14 |IlepenfayyEana NHHICTE HETATHEHOTO PE3YILTATY

15 |[J{arHocTINHA e(eKTHERICTE

=ECTHH(C4=0;

0;E4=0;E5=0);""Pe3yasTaT He icHye";(C4+E5)/(C4+C5+E4+E5))

16 |BinHomeHHs npaenonomidHOCTI TOZHTHEHOIO PEIVIBTATY

=EC.TH(H(C4=0:C5=0;E4=0);"Pe3yasTat He icHye";C4/(C4+C5)*(E4+E5)/E4)

17 |B1'm-lomem-m TPAETONONIBHOCTI HETATHEHOTO Pe3yIBTATY

=ECIH(HIH(HE(C4=0;C5=0);E5=0); "Pe3yasTat He icaye";C5/(C4+C3)*(E4+ES)ES)

Puc. 6. Burmsig tabmuui 3 hpopmynamu

3aKITi04HI BUCHOBKH Ta nipodeciiiHa iHTeprperariis
pe3yNbTaTiB O0YKCIEHb IMOKIANAEThcs Ha (axiBLIiB Y
cepi MeIUKO-010JI0TTUHUX JOCITIHKEHb.

BucHoBku

1. Po3pobneno chemiamizoBaHdil ITpOrpaMHHI
KaJbKYJISITOp U OLIHKU KJIHIYHOI iHQOpMaTHBHOCTI
J1a00paTOPHUX TECTIB.

2. MeToqu4YHOI0 OCHOBOIO JUIS PO3POOKH KaIIbKY-
JsiTOpa 00paHO OJIMH 3 METO/IB JIOKAa30BOI MEIUIIMHU —
aHaJIi3 YOTHPUKITITHHHUX TAOJIHUIb.

3. KanpkynsaTop Hajae MEIUYHHM IIPaIliBHAKAM
IHCTPYMEHT OLIHKM KPHTEpiiB IarHOCTUYHOI IIHHOCTI
JabopaTOPHOTrO TecTy Ha 0a3i odicHoro makery MS
Office Oymp-sIKuX Bepciii 03 00MeKEHb.

4. Po3po0sieHO IHCTPYKII KOPUCTyBadyam, sKi
MaloTh MiHIMaJIBHI ysiBiieHHs! mpo MS Excel, camocriii-
HO CTBOPHTH BiJIIIOBIIHUH KaJIbKYJISTOP.

5. Creuniami3oBaHui IPOrpaMHHN  KaJbKYISTOD
Mae€ JBa OJIOKH, SIKi MOXKYTh MPAIFOBATH B OY/Ab-SIKOMY
TIOPSAIKY 32 BAOOPOM KOPHCTYBaya.

6. Po3pobieno 0ok aHamizy YOTHUPUKIITHHHOI
TaONuIi, AKH HA OCHOBI KPHTEpio X BU3HAYAE CTATHC-
TUYHY 3HAYYIIICTh OLIHKK J[IarHOCTUYHOI SIKOCTi TECTY.

7. Po3poOneHo OJOK BU3HAYCHHS ITOKA3HUKIB
KJIiHIYHOI iH(OPMAaTUBHOCTI TECTY, TaKUX, SIK: ampiop-
Ha MMOBIPHICTh 3aXBOPIOBAaHHS; KIiHIYHA YYTJIHBICTH;
KJIiHIYHA crneuudivHicTh, mNependadyyBaHa IIHHICTh
MMO3UTUBHOI'O pE3yNbTaTy; MepeadauyBaHa LiHHICTH
HEraTHBHOTO pe3yJbTaTy; MiarHOCTHYHA e(eKTHB-
HICTB; BIJHOLIEHHS NPAaBJONOIIOHOCTI ITO3UTUBHOIO
pe3yabTaTy; BiTHOMICHHS MPaBIONOIIOHOCTI HEraTHB-
HOT'O PE3YNbTaTYy.

8. 3akirouHl BUCHOBKH Ta MpodeciiiHy iHTepnpe-
Tallis Pe3ysIbTaTiB OOYHCIICHB MOKJIAAA€ThC Ha (haXiB-
iB y cepi MeAUKO-010I0TTUHUX AOCIIIKEHb.
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Cnennaan3upoBaHHbINH MPOrPAMMHBIH KAJIBKYJIATOP
JJIs1 OLICHKH KJIMHNYeCKO HH(OPMATHBHOCTH JIa00OPATOPHBIX TECTOB

C. B. T'azenikas, B. 10. Iyonunkuii, A. 1. Xonpipe

Annoranus: Ieas paGoTsl — pa3paborarh CreNHAIN3UPOBAHHBIN IPOrPAMMHBIH KaJbKYIATOP UL OLEHKH KIUHHYE-
CKOH MH()OPMATUBHOCTH J1a00OPaTOPHBIX TECTOB. METOAMYECKOIl OCHOBOM JUIsl pa3paboTKH KaJIbKy/IATOpa H30paH OIMH U3 METO-
JIOB JI0Ka3aTEJIbHOH MEIUIIMHEI — aHAJIU3 YeTHIPEXKICTOUHBIX TabumL. KanpKynsaTop npefocTaBisieT MEAUIMHCKEM PaObOTHHKAM
HMHCTPYMEHT UIsl OLIGHKHM KPUTEPHEB NUArHOCTUUYECKOH LIEHHOCTH J1abopaTopHOro Tecta Ha 6a3e oducHoro makera MS Office
JIOOBIX ero Bepcuil. Pa3paboTaHbl MHCTPYKIMHM IIONB30BATENsIM, MMEIOIIMM MHUHUMAJIbHBIE npencTaBieHus o MS Excel, mis
CaMOCTOSITEJILHOI0 CO3JJaHMSI COOTBETCTBYIOLIETO KAIbKYNIATOpa. Crenuai3upoBaHHbIN NIPOrPaMMHBII KaJbKY/IATOp MMEET ABa
6110Ka, KOTOpBIE MOI'YT paboTaTh B JIF000I! [OCIIEI0BAaTEIFHOCTH 110 BBIOOPY Moyib3oBatels. Pa3paboTan G0k aHaNu3a 4eThIPEX-
KJIETOYHOM TaGIHIIBI, KOTOPBIil HA OCHOBE KPUTEPHs Y OMpEIEIseT CTATHCTHUECKYI0 3HAYMMOCTh OLEHKH THArHOCTHYECKOTO
KadecTBa Tecrta. Pa3paboraH GJIOK ompenesneHus MokasaTeneil KIMHUYeCKOH HH(MOPMATUBHOCTH TECTa, TAaKUX, KaK: alpHOpHAs
BEPOATHOCTD 3a00JICBaHUS; KIMHUYECKAsl YyBCTBUTEIBHOCTD; KIMHIUYECKas: CIeHMU(UIHOCTD; IpeioiaraeMas IeHHOCTb M03H-
THBHOIO pe3y/bTaTa; IHpeArnonaraeMas LEHHOCTh HETaTHBHOTO Pe3yibTaTa; NUarHocThdeckas 3()(EeKTUBHOCTH; OTHOLICHUE
IPABJIONOA00US TO3UTHBHOTO PE3y/IbTATa; OTHOLICHHE [IPABIOION00US OTPULATEILHOTO pe3ylibTaTa. 3aKIIOYUTEeIbHBIC BHIBOBI
U 1po(heCCHOHANBHYIO MHTEPIIPETALMIO PE3YIbTATOB BEIYHUCICHHUI BBIIOIHSIOT CHELMAIUCTHL B 00JIaCTH MEIUKO — OUoorude-
CKHX HCCIIEI0BAHUM.

Knaroudesble caoBa: JokazaTenbHas MEJUIMHA; HHPOPMATUBHOCTH JIAOOPATOPHBIX TECTOB; YETHIPEXKIETOUHAS TaOIu-
11a; CTEHAIN3UPOBAHHbII MPOrpaMMHBIN KalbKyJIATOP.

Specialized programmable calculator for laboratory test clinical informativeness estimate
S. Gadetska, V. Dubnitskiy, A. Khodyrev

Abstract. The purpose of the work is to develop a specialized software calculator for assessing the clinical
informativeness of laboratory tests. Methodological basis for calculator development served one of evidence-based medicine
methods — two-by-two table analysis. Calculator gives to medicos an instrument to estimate laboratory test diagnostic value crite-
ria on the basis of MS Office package in any version. Developed guidelines permit users with minimum MS Excel proficiency to
create respective calculator themselves. Specialized programmable calculator consists of two units which may operate in any
succession by user’s choice. Two-by-two table analysis has been developed that. It is based on the criterion y? and determines the
statistical significance of the diagnostic quality assessment of the test. A block for determining indicators of clinical
informativeness of the test has been developed. These indicators are as follows: priori probability of malady; clinical sensitivity;
clinical specificity; probable value of positive result; probable value of negative result; diagnostic efficiency; likelihood ratio of
positive result; likelihood ratio of negative result. Final conclusions and professional interpretation of calculation results should
be made by specialists in medical-biological research.

Keywords: evidence-based medicine; laboratory test informativeness; two-by-two table; specialized programmable cal-
culator.
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VIDEO DATA QUALITY IMPROVEMENT METHODS AND TOOLS
DEVELOPMENT FOR MOBILE VISION SYSTEMS

Abstract. Subject of study. The article proposes new methods of input and preliminary processing of video data for web-
and specialized pi-cameras in monocular and stereo vision systems based on Raspberry Pi microcomputers to improve the
quality of work of modern mobile vision systems. This approach is always relevant, since the design of modern vision systems
constantly requires new non-trivial hardware, algorithmic and software solutions. Objectives. The goals are to compare quality
indicators of the known methods of input and preliminary processing of video data in vision systems and to develop new
methods and algorithms providing better speed, the necessary frame resolution and the independence of the frame brightness
from changes in scene illumination while reading video data. Methods used. The paper formulates a comprehensive criterion
for improving the quality of the Raspberry Pi microcomputer video input and preprocessing video data. Based on the accepted
quality indicators (video input speed, resolution, and stability indicators of average brightness of the current frames of the
received video stream), video input and preprocessing algorithms that satisfy the specified requirements are synthesized. This
allows to find the optimal method for processing video data and to overcome the contradiction of reducing the input speed due
to the need of increasing the resolution of video frames for each project. The created universal program for input and
preliminary processing of these data allowed to obtain quantitative estimates of the effectiveness of the developed algorithms
and formulate recommendations for their further use. All this allows you to significantly increase the efficiency of using
Raspberry Pi microcomputers in modern mobile vision systems. The results obtained are the basis for the creation of a
universal software product for high-speed input (in real time) and preliminary processing of video data for face detection and
recognition systems, as well as stereo vision systems. Conclusions. The conducted experimental studies confirmed the
efficiency and effectiveness of the proposed methods and algorithms for high-speed input of video data with different values of
the resolution of the frame and the ability to adaptively adjust its brightness. Based on the created methods and algorithms,
various options for its software implementation are proposed. This allows us to recommend the results for practical use.
Prospects for further research include the expansion of the vector of criteria for assessing quality and features for optimizing
video data, as well as the creation of new algorithms and various versions of programs based on them.

Keywords: Raspberry Pi microcomputer; algorithms and program codes for input and preprocessing of video data;

OpenCV library functions.

Introduction

Rapidly developing mobile application engineering
actively uses vision systems (here in after — VS) based on
small-sized video recorders and micro-computers.

The need for such systems is especially big in
robotics, when equipping unmanned aerial vehicles,
automobile vehicles etc.

Subject of study. When designing mobile small-
sized VS, designers of hardware and software systems
must first solve a number of serious problems associated
with choosing an economical autonomous power supply,
a microcomputer with sufficient speed and memory
capacity, suitable video recorders and modern software.

In addition, even at the stage of preliminary design,
it is necessary to introduce quality criteria for the
received video information, which correspond to
accepted standards and allow using the available
hardware and software resources with maximum
efficiency.

The main difficulty in building modern mobile VS
is the lack of a unified approach to the selection of
suitable microcomputers, cameras, and methods for
inputting and pre-processing video data in the conditions
of limited resources of the processing system for speed.
Therefore, we will conduct a comparative analysis of
known methods and means, and also consider in detail
new technical solutions. Such a task is quite modern and
relevant, since designing effective VS requires new
approaches, non-trivial hardware, algorithmic and
software solutions.

The goal of this study is analysis of well-known
methods of input and preliminary processing of video
data during VS implementation, development and
creation of new algorithms and software tools guaranteed
to ensure high quality of the original video data and real-
time processing of video information.

Assessment of the quality and effectiveness of new
methods and means of obtaining and processing video
data must be carried out in laboratory conditions, and the
reliability of the results should be checked by statistical
analysis of the data.

1. Problem statement

Criteria for assessing the quality of the source
video in VS. A systematic analysis of existing methods
of input and processing of video data in various VS is
possible only on the basis of objective quality criteria.
To create them, we introduce the following indicators,
define and decode the corresponding abbreviations:

e FPS — (Frame per second). This value
characterizes the speed of changing / reading frames of
the recorded video stream. The maximum FPS value is
limited by the passport data of the camcorder used;

e FR — (Frame Resolution) describes the
resolution of the video frame in pixels (320x240,
640x480, 1280x960, etc.);

e FMB — (Frame medium brightness). This is an
indicator of the average level of brightness of the frame,
objectively reflecting the degree of illumination of the
scene at the current time.

These are the most important indicators mainly

© K. Dergachov, L. Krasnov, O. Cheliadin, R. Kazatinskij, 2020

85



Advanced Information Systems. 2020. Vol. 4, No. 2

ISSN 2522-9052

determine the quality indicators of the video processing
system in VS.

Traditional methods of capturing video data
significantly slow down the processing speed of video
data, which often seriously limits the ability to work in
real time. However, using multithreading can
significantly reduce the impact of Input/Output latency,
leaving the main thread without blocking. Therefore,
there is the possibility of increasing FPS up to the
technological limit of the camcorder used.

It is clear that in solving problems of video data
visualization, the desire to improve quality by
increasing the resolution of the frame (FR) is always
justified. However, it should be noted that a large
increase in the number of pixels in the frame will
inevitably lead to a slowdown (decrease in the FPS). At
the same time, a compromise can be found
experimentally - using the proposed new effective
algorithms for capturing and entering video data.

Note that the knowledge of the video stream frame
medium brightness (FMB) in conditions of high
variability of the illumination of the scene is very
useful. This allows, by performing threshold
procedures, to set the mode to enable / disable
contrasting (equalization) of the frames of the video
stream. In addition, with a low level of frame brightness
(by comparing FMB with a predetermined threshold) in
long-term video surveillance systems, it is convenient to
turn on/off the backlight of the camcorder.

Based on the accepted quality indicators, the
authors will further formulate recommendations on the
construction of high-quality video input algorithms for
modern mobile VS and give examples of their practical
implementation.

2. Review of the literature

Key resources for building mobile VS. Consider
more carefully and evaluate in detail all aspects of
projects for the construction of modern mobile VSs
systems. In this case, we will be guided by the accepted
criteria for the quality of video data and rely on the
available data of modern literature and internet resources.

Computers for mobile VS. To meet the needs of
this market segment, a fairly large number of
microcomputer models (Lego, Intel Galileo, Android
I0IO OTG, Arduino, etc.) are now available. However,
the Raspberry Pi platform holds strong leadership in this
series [1 - 4]. It is represented by a line of models having
various hardware implementations at affordable prices.
The best of them are comparable in performance to
desktop PCs. So the Raspberry Pi 4 Model B has 4 GB of
RAM, a fast 4-core processor (1.5 GHz), support for two
displays with a resolution of up to 4K, Gigabit Ethernet,
USB 3.0, Wi-Fi, Bluetooth 5.0 and power via USB -C
(5V/3A). Most importantly, the Raspberry Pi 4 has two
USB 3.0 ports. They are 10 times faster compared to
USB 2.0 and are well suited for connecting fast
peripheral units (flash drives, web-cameras, etc.).

Digital video recorders (DVRs) for mobile VS.
Typically, mobile VS are equipped with low-cost, low-
resolution, non-calibrated web cameras that can be
connected to the Raspberry Pi via USB ports. This

method of organizing video surveillance has several
disadvantages. The main one is that when synthesizing
stereo vision systems, you cannot use one USB bus. This
eliminates the possibility of camera synchronization and
significantly reduces the total system bandwidth. At the
same time, it is difficult to take into account the
desynchronization due to the multitasking of modern
operating systems and the functioning of the task
scheduler. Camera desynchro-nization of not more than
10 ms is acceptable [7].

Specialized pi-cameras for Raspberry Pi boards
have higher quality than web-cameras. They are used for
monocular video surveillance systems. For example, the
Raspberry Pi Camera Module v2 is a high-quality Sony
IMX219 image sensor with a fixed focus. It connects to
the microcomputer board using a special CSI interface
(Camera Serial Interface). The sensor measures 25mm x
23mm x 9mm and weighs 3g. A short ribbon cable is
used to connect to the Raspberry Pi. Key features of this
sensor are:

e 8 megapixel camera capable of taking photos
with a resolution of 3280 x 2464 pixels;

e Video recording with a resolution of 1080 p
30 FPS, 720 p 60FPS, 640 x 480 p 60/90FPS;

e Software is supported in the latest version of the
Raspbian Operating System;

Here and further these abbreviations are used:
p — pixel, FPS — frame per second.

Note that for a long time there was no technical
solution for the implementation of a stereo pair with two
pi-cameras. This is due to hardware design limitations —
standard Raspberry Pi models contain only one camera
port. To date, the problem has been resolved by the
efforts of Arducam, which released the HAT stereo
camera for the Raspberry Pi [13]. It allows to connect two
S5-megapixel OV5647 or two 8-megapixel pi-cameras
IMX219 to a standard Raspberry Pi board via an
additional expansion board and simultaneously capture
images or video. It is very important that both cameras
are fully synchronized (accurate to units of ns). Further
details on the use of this technology will be described
below.

Programming tools. Raspberry Pi computer-based
vision systems software typically uses the developer-
recommended Raspbian operating system and the Python
programming language. Python, as a modern object-
oriented language, is most often used to program General
Purpose Input/Output (GPIO) I/O ports on the Raspberry
Pi and is part of the Raspbian operating system. It is
possible to connect a large number of specialized libraries
to Python, expanding the capabilities of solving the
problems of necessary applications. It is especially
important that in conjunction with Python you can use
OpenCV — a library of algorithms for computer vision,
image processing and general-purpose numerical
algorithms with open source [6-12]. The convenience of
working with Python also consists in the possibility of
working with the Windows operating system (on a
personal computer) and on the Raspberry Pi
microcomputer with the Raspbian operating system.
However, it is necessary to ensure that the versions of the
libraries used in the project are completely identical.
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In addition to the listed requirements in VS, it is
necessary to carry out data input from video cameras in
real time, and at the same time carry out complex video
processing. In monocular video surveillance systems, for
example, this is the task of detecting and recognizing faces,
and in stereoscopic systems it is the task of constructing
depth maps and volumetric reconstruction of the scene. In
severe conditions of limited resources (hardware and
software), they often resort to multi-threaded processing of
the original video data, which can significantly improve the
performance of video processing.

3. Materials and methods

Tools for constructing video data input
algorithms. When performing the work, the authors
used the following hardware and software resources:

Hardware. To conduct experimental studies, a
laboratory bench was created on the basis of the
Raspberry Pi 3 Model B microcomputer and a set of one
or two web cameras and a pi camera. The appearance of
the laboratory bench is shown in FIG. 1.

Fig. 1. Fragments of the laboratory installation

Identical FC-250 web-cameras (FPS = 30 at
resolution FR = 1280x960) are designed to create sterco
pairs with the ability to connect them to a computer via
USB ports.

The design features of the stereo pair are shown in
FIG. 1, c. When cameras are rigidly mounted relative to
each other, it is possible to change the height of the
stereo pair, rotate it 360° around the vertical axis. Each
camera can be rotated at a small angle in the horizontal
and vertical planes. But the main thing is the adjustment
of the distance between the cameras using a special
control line and the installation of this distance with an
accuracy of fractions of mm. This is very important
when changing the base distance.

A single pi-camera (in our case, the previously
described Sony IMX219 Exmor camera) is used for a
monocular vision system. It is mounted on a separate
tripod (Fig. 1, ¢) and connected to the Raspberry Pi
through a special CSI video input. This significantly

reduces the load on the CPU compared to connecting
cameras via USB (Fig. 1, a). This 8-megapixel sensor
allows you to capture, record, broadcast video and
support the following video formats: 1080p (30FPS),
720p (60FPS), 640 x 480p (90FPS).

The appearance of a HAT stereo camera based on
two Sony IMX219 video sensors is shown in FIG. 1, b.
In Fig. 1, d another example is shown - using a web-
camera with a USB connection for video surveillance
purposes. This camera is mounted on a special platform,
the rotation of which with the help of a servo drive can
be carried out through the connector of the hardware 1/0
ports of the GPIO of the Raspberry Pi computer.

Main programming resources. When analyzing
various methods of inputting video data, we will focus
on the use of the Python programming language and
available internal and external resources. The main
feature of writing program codes in Python is the
formation of the necessary features of the project by
importing its own packages (for example, numpy,
pip,pi-camera) and libraries (**'*°", Matplotlib etc.).
It also significantly increases the software resources of
the processing system and the connection of external
libraries. In our case, this is the OpenCV library [8 —
11], the imported resources of which are relatively small
for solving the assigned tasks:

# import the necessary packages

from imutils.video import VideoStream
from imutils.video import FPS

import numpy as np

import argparse

import imutils

import datetime

import time

import cv2

Connecting these (and in some cases other
packages and modules) does not put a significant load
on the processor and creates good prerequisites for
processing data in real time.

Pay attention to the use of relatively rarely used
resources (imutils package and argparse module).

Imutils is a set of convenient functions for
simplifying basic image processing operations, such as
shifting, rotating, resizing, displaying images in
Matplotlib, using OpenCV and Python. The aka
imutils is also used when creating a multi-threaded
Python class. It provides access to the computer’s built-
in webcam (external camera with USB connection or pi-
camera) using the OpenCV video capture functions.
This allows you to significantly increase the FPS by
creating a new stream, which only polls the camera for
reading new frames, and the main stream processes the
current frame. Next, we consider this technology in
more detail. Argparse is a Python module for handling
options and command line arguments with which the
script is called. In our task, it is rational to use the
argparse module to convert video files to regular images
and save them using the OpenCV library.

Methods of input and preprocessing of video
data. Next, we consider the main options for building a
video input system and their preliminary processing.

1. The classical method of inputting and
processing video data from a web camera in monocular
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vision systems is carried out using the OpenCV function
for video capture cv2.VideoCapture (0). Hereisa
snippet of Python code for the practical implementation
of this method:

cv2.VideoCapture (0)
while True:

(grabbed, frame) = stream.read()
cv2.imshow ("Frame", frame)
However, the vVideoCapture video capture

function and the read () data reading method block the
main stream of program code for processing video data
until the frame is read from the camera device and
returned to the main program. Unfortunately, this
method, which is distinguished by simplicity, is often
the main obstacle — it limits the ability to process the
video stream in real time.

2. The Raspberry Pi hardware input method is
implemented using the function of pi-camera. However,
this results in a limitation of the FSP due to the action of
the software load. This method does not allow the use of
two or more cameras. Note also that a time delay is
required to process the display of frames. The program
code for this method is:

camera = PiCamera ()

camera.framerate = 32.

Stream = camera.capture continuous (
rawCapture, format = "bgr",use video port =
True)

time.sleep(2.0)

for (i,f) in enumerate (stream) :

frame = f.array

cv2.imshow ("Frame", frame)

Note that the VideoCapture and PiCamera ()
functions block the main stream of program code for
processing video data until the frame is read from the
camera device and returned to the main program.
Unfortunately, this method, which is distinguished by
simplicity, is often the main obstacle — it limits the ability
to process the video stream in real time.

3. The method of multithreaded input of video
data involves the creation of the VideoStream () class
to transfer the reading of the frames of a web camera or
usb device to another stream, completely separate from
the main Python script. This allows you to continuously
read frames from the I/O stream while the main stream
processes the current frame. Once the main thread has
finished processing the next frame, it just needs to
extract the current frame from the I/O stream. This is
achieved without waiting for blocking I/O operations.
The program code for the VideoStream multi-threaded
input class is shown below:

fvs=VideoStream (usePiCamera=
=args["picamera"] > 0).start()

time.sleep(2.0)
while True:

frame = vs.read()
cv2.imshow ("Frame", frame)
fvs.stop ()

Creating an FPS Class. An important addition to
multi-threaded video capture functionality is the
definition of the FPS class. This class is used to visualize

and evaluate data entry speed. It provides quantitative
evidence that multithreading does increase FPS.

fps = FPS() .start ()
while fvs.more():

fps.update ()
fps.stop ()
printfps ()

The results of calculating the current FPS values
are displayed on the Raspberry Pi monitor screen.

Creating the FR class. Frame Resolution is a very
important parameter of the frame, the FPS of the video
stream directly depends on the choice of it. For
example, the largest possible resolution of a pi camera is
FR = 1280x960. In this case, FPS reaches 30 frames per
second.

To select and control the frame size, a special
Resolution class was created containing the maximum
frame resolution and its proportions that are most
acceptable for a given project. Here is a code snippet for
implementing this procedure:

fvs=VideoStream (usePiCamera (0)] >.start ()

while fvs.more():
resolution. frame (fvs)
framel=resolution.init (1,1
frame2=resolution.init (2,1
cv2.imshow ("Framel", framel
cv2.imshow ("Frame2", frame2

)

)

)

)
fvs.stop ()

Stabilization of the contrast of video data. The
registration of video data usually occurs against a
background of various kinds of interference with a
constant dynamic change in the background of the
observed scene. In this case, one of the dominant
negative factors is the variability of illumination. Note
that these can be both rapidly changing lighting
conditions and slow changes caused by, for example,
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
usually the change in brightness values for video data is
in the range of numbers 0 +~ 255. This corresponds to the
uint8 data format. To overcome these difficulties
(poorly controlled changes in frame contrast depending
on illumination), the authors proposed to convert the
original video sequence from the RGB color space to
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 ranges are used for the YUV color
space

oY —[0+255];
o U—[-112+ 112];
oV > [-157 + 157].

A distinctive feature of the YUV color space [5] is
that it uses an explicit separation of information about
brightness and color. Color is represented in the form of
three components - luminance (Y) and two color
difference (U and V).
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After translating the RGB frame of the video
sequence into the YUV color space, it performs the
equalization procedure (increasing contrast) of only the
Y component using the function

img yuv([:,:,0] =
cv2.equalizeHist (img yuv[:,:,0]),
and then the frame is inversely converted from YUV
format to RGB format:
img output=cv2.cvtColor
(img yuv,cv2.COLOR_YUV2BGR) .

In this case, the color balance is maintained
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 allows you to simply estimate the
average level of brightness of the frame by the Y
component. The most objective and stable indicator in
our opinion is the indicator FMB (Frame medium
brightness), which is calculated as

1 N M
FMB =—- Y(i,j
M-N Z‘Z‘ (5-7)
i=0 j=0
where Y(i,j) — two-dimensional array of numbers

defining the brightness of the pixels of the image frame
size M x N . This indicator is all the more useful because
at low levels of frame brightness in video surveillance
systems it is convenient to use the procedure of
comparing it with a pre-set threshold for automatically
turning on / off the scene illumination system.

Thus, the use of the equalization procedure ensures
the alignment of the histogram of the brightness
distribution and leads the average brightness of the
image to a value (FMB = 127), regardless of what this
indicator was for the original image. This makes it
possible to stabilize the level of average brightness of
frames, and therefore, eliminate the factors of instability
of illumination of the scene, which negatively affect the
further quality of video processing.

4. Experiments

To evaluate the effectiveness of the proposed
methods for improving the quality of video data, a
number of experimental studies were carried out using
the DVRs shown in Fig. 1, and the specialized program
"Test programm". It is written in Python using the
appropriate resources of the OpenCV library. This
program is based on the use of input and preprocessing
algorithms described in our work, received using web or
pi-cameras of the original video data into the Raspberry
Pi microcomputer. A generalized UML diagram of the
operation of this program is shown in Fig. 2.

Given the complex nature of the research, the
program included the possibility of organizing various
versions of the video capture and video input algorithm
(classic with the cv2.videoCapture (0) function,
accelerated by the hardware of the Raspberry Pi computer,
as well as the fastest multithreaded input using a specially
created class VideoStream). In addition, the program can
pre-set the required screen resolution, as well as in
conditions of insufficient scene illumination - the mode of
stabilizing the brightness of the frame.

frame=fvs.read()

Initiation camera

Initiation variable
FPS,FVS

L

{ Delay setting ] frame=transformation_frame(frame) )
|
Else Time<al cv2.imshow(frame)
|
cv2 waitkey(1)
v
fps.update()
stop fps,fvs ]
v
display fps ]

l

@

Fig. 2. UML diagram of program activities

The «Test program» also provides a number of
service options. First of all, it is the ability to display the
input video stream on the screen using the cv2.imshow
(frame) function.

The transformation frame (frame) function
allows you to change the format of frames and their
sizes, and, if necessary, set the mode for stabilizing the
brightness of the frame. In addition, it is envisaged to
apply special inscriptions in the frame field with
information about the current FPS value of the video
stream, frame sizes and stabilization of the brightness of
the scene image.

Note that to establish the operating mode of the
VideoStream class (capture the required number of
frames of the input video stream), a time interval of 1 s
was selected, and to obtain stable and reliable FPS
estimates, the averaging interval was 10 s.

5. Results

When planning the experiment, the task was to
identify and study the relationship between the nature of
changes in the FPS performance indicator and the
resolution of the FR frames of the video stream entered
into the Raspberry Pi microcomputer for various data
input and preprocessing algorithms.

In addition, the task was to study the degree of
influence on the speed of the procedure for entering
additional load on the computer processor due to the
algorithm for stabilizing the brightness of the video
stream frames. Based on these data, it was necessary to
formulate  recommendations on the  optimal
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configuration of software for input and preliminary
processing of received video data.

No less important is the task of convenient and
clear visualization of the obtained experimental data.

In Fig. 3 two options for the formation of frames
of a video stream with different resolutions and different
aspect ratios of the frame are shown. In the first case, at
a resolution of 1280 x 960 (Fig. 3, a), the frame almost
completely covers the area of the working window. The
inscription on the bottom left of the frame displays the
current FPS value. When viewing a video stream, the
FPS value changes in real time. The inscription in the
upper left corner shows which video input method is
used in this case (Slow method and Fast method
appropriately).

e
T Thonny - /home/pi.. |=—JFrame

S OEEO | o

Variables

b

Fig. 3. Video stream frames formed with different resolutions:
a— 1280 x 960; b —320 x 240

In Fig. 3, b, a frame of a video stream with a
resolution of 320 x 240 is displayed on a computer
screen. Such permission is usually used in robotics. Due
to the small area of this frame, you can easily see the
screen fragment of the program code, and in the lower
left corner of the command window the current
calculated FPS values. Here is a fragment of such data:

[INFO] elasped time: 10.67
[INFO] approx. FPS: 8.53
[INFO] Width 1280

[INFO] Heigh 960

When comparing the FPS in the examples shown
in Fig. 3 shows that the transition from low resolution to
large leads to a significant decrease in input speed —
FPS decreases from 23 frame/second to 8. Potentially
possible (passport FPS) is 30 frame / second).

Fig. 4 shows two 640x480 video frames inserted
into a Raspberry Pi computer using the multi-stream
VideoStream method. Due to insufficient lighting of
the scene (Fig. 4a), the procedure for contrasting
(equalizing) frames was introduced into the preliminary
processing of the video stream (Fig. 4b). It was
previously mentioned that this requires translating the
RGB frame of the video sequence into the YUV color
space, followed by the equalization of the luminance
component Y and returning it to the RGB color space. It
is clear that this creates an additional load on the
processor and negatively affects the input speed — FPS
decreases from 24 to 19 frame/second. However, the
image quality of the frame is increasing.

b

Fig. 4. Stabilization of the brightness
of the frames of the video stream

Fig. 5 shows the dependences of the rate of input
of FPS video data using a web-camera depending on the
selected resolution of the frame. Here we present
possible standard options for the names of the formats
and the resolution of the frames, which are
recommended to be established when creating and
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organizing the input of the video stream, and also
determine the aspect ratio of the frame on the screen:

QVGA  —Frame Resolution = 320x240 — (4:3);
HVGA  —Frame Resolution = 640x240 — (8:3);
HVGA 1 - Frame Resolution =320x480 — (2:3);

nHD — Frame Resolution = 640x360 — (16 :93);
VGA — Frame Resolution = 640x480 — (4:3);
SVGA  —Frame Resolution = 800x600 — (4:3);
qHD — Frame Resolution = 960x540 — (16:9);
XGA — Frame Resolution = 1024x768 — (4 :3);

WXVGA — Frame Resolution = 1200x600 — (2:1);
HD 720p — Frame Resolution = 1280x720 — (16:9);
Full HD — Frame Resolution = 1920x1080 — (16 : 9).

The analysis was carried out for formats with a
relatively low resolution (from QVGA — 320 x 240 to
Full HD - 1920 x 1080). A comparative analysis of the
effectiveness of the two input methods (classical and

multithreaded) showed the undoubted advantage of the
latter.

This is especially true with high resolution frames.
So, for example, at HD 720p resolution, the FPS of the
fast method is 17.60, which is about twice as high as the
slow method (FPS = 9.76). Such data are undoubtedly
useful for practical use.

As in the previous study, we studied data on the
characteristics of the input rate of a video stream using
various methods (slow and fast). But at the same time,
for video surveillance, a specialized pi-camera was used
in conjunction with the Raspberry Pi microcomputer.
The dependences of FPS values on the resolution of
video frames are shown in Fig. 6. Obviously, the use of
the method of multithreaded input (Fast method) in this
case significantly exceeds the capabilities of the slow
method (Slow method).

FPS
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: : : : ' Fast method:
P I, F— b HSUUUU SUUUUUON S WG S o0 SUUUUNN SUPUOIE

Web-camera FC 250 .

Passportdata

P I Resolution: 1280x960p: .\ i N\l . .. —onlmemon

: FPS max up to 30

for Resolution = 1280x960p
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5§ T v TR v F ¥ [ A T A
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Fig. 5. Indicators of video input speed for various resolutions of video stream frames
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Fig. 6. Indicators of video input speed for pi-cameras
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This is especially noticeable at low resolution
values of the frame. For example, with QVGA
resolution (320 x 240), the data input speed increases by
3.5 times and approaches the potential capabilities of
the pi-camera in terms of speed. Based on these data, we
can conclude that in practically important applications it
is advisable to use pi-cameras and the Fast method for
this task, based on the use of the multi-stream class
VideoStream.

The given examples, of course, do not cover all the
features of the problem under consideration. You can
explore the effect on input speed and frame quality and
other factors. However, due to limited publication
volumes, we recommend that you do this yourself.

Conclusions

A new integrated approach to the problem of
improving the quality of video processing in modern
mobile VS based on Raspberry Pi microcomputers is
proposed. Jointly optimized indicators of the speed of
capture and processing of video data, the resolution of

the video frame and the stability indicators of the
brightness of the frame regardless of the lighting
conditions of the scene. The effectiveness of the
proposed video processing algorithms and methods for
synthesizing program codes was studied experimentally.

The scientific novelty. The analysis showed a
significant improvement in the quality of the recorded
video stream using the proposed algorithms. For the
first time, new methods for processing video data were
obtained on the basis of objective optimization criteria
using modern programming tools.

The practical significance. In the future, the
results can be used to create various projects based on
mobile VS. Based on the results of the research, it is
easy to create the necessary high-quality software.

Prospects for further research. The authors
consider it most appropriate to complete work in this
area to conduct detailed studies of the characteristics of
input and preliminary processing of video data from two
cameras to form a modern mobile stereo vision system
on the basis of the Raspberry Pi computer.
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Po3podka HOBUX MeTOIB i 32c00iB NMiBUILIEHHS AKOCTI BileoxaHux
B MOOIIBHHX CHCTeMaxX TEeXHIYHOI0 30py

K. 1O. [leprauos, JI. O. Kpacuos, O. O. Yensnin, P. €. KazarnHcekuii

AnoTtanis. [Ipexmer BUBYeHHsI. Y CTaTTi 3alIPOIIOHOBAHO HOBI METOAM BBEJICHHS 1 MONEpeaHb0I 0OpPOOKH BileOfaHNX
JuIs web- 1 crenianizoBaHuX pi-Kamep B CHCT€MaxX MOHOKYISIPHOTO i cTepeo3opy Ha 0a3i Mikpokomm'torepiB Raspberry Pi s
IIBUILEHHS SIKOCTI POOOTH Cy4aCHMX MOOUIBHMX CHCTEM TEXHIYHOro 30py. Takui MiJXix 3aBXAM aKTyaJdbHHH, OCKUJIBKU
MIPOEKTYBAHHS CY4acHHX CHCTEM TEXHIYHOIO 30py ITOCTiHHO BHUMara€ HOBHX HETPUBIAJBHUX alapaTHUX, aJTOPUTMIYHUX 1
MpOrpamMHUX pimieHs. MeTH. MeToro € MOpiBHIBHUN aHajli3 MMOKa3HWKIB SIKOCTI BiJOMHX METOMIB BBEICHHS 1 MONEPEeIHBOI
00pOOKH BiZI€OZAaHMX B CHCTEMax TEXHIYHOTO 30py Ta po3poOKa HOBHX METOAIB 1 poOOYMX alrOpUTMIB, IIO 3a0e3NeyyroTh
OUIBINY IIBHAKOMIIO INPW YHTAHHI BiJICOJAHUX, HEOOXITHUH JJO3BUI KaJpiB 1 HE3AISKHICTH SICKPaBOCTI KaJpy BiA 3MiH
ocsiTieHocti cuenn. Meroau. B poGori chopMynboBaHO KOMIUIGKCHMII KpHUTEpid MiIBHUILEHHS SKOCTI BBEICHHA B
MikpokoMm'torep Raspberry Pi i monepenusoi o6poOku Bineomanux. Ha migcraBi NpHHHSATHX IMOKa3HUKIB SIKOCTI (IIBHIKOCTI
BBEZICHHS BiJICOJJAHMX, PO3UILHOI 34aTHOCTI Ta IMOKa3HUKIB CTAOLIFHOCTI CepeIHbOI SICKPaBOCTi IIOTOYHUX KaJpiB MPUITHATOrO
BiJICOITOTOKY) CHHTE30BaHI QJITOPUTMH BBEJICHHS 1 MOMEpeaHbol 00poOKH Bi€OIaHMX, IO 33JOBOJIBHSIOTH 3aJaHIM BHMOTaM.
Lle mo3Bonsie U KOXKHOTO NMPOEKTY 3HAWTH ONTHUMAaJIbHUH MeTOx OOpOoOKH BiZ€OJaHUX i IOJOJIATH MPOTUPIUYS 3MEHIICHHS
IIBHKOCTI BBEICHHS uYepe3 HeoOXIJHICTh 30UTBIICHHST PO3IUIBHOI 37aTHOCTI BineokaznpiB. CTBOpeHa yHiBepcaibHa Iporpama
BBEJICHHS 1 NonepeHp0I 00pOOKH LUX JaHUX JI03BOJIMIIA OTPUMATH KiJIbKICHI OLIHKH €()eKTHBHOCTI pO3pO0IEHNX aJlrOPUTMIB 1
copMyITIoBaTH peKOMEHJAMii II0J0 iX IOJAJbLIIOr0 BHKOPHCTaHHA. Bce Iie m03BONSE ICTOTHO MiABHIIMTH €(EKTHBHICTH
BUKOPHUCTaHHs Mikpokomi'torepiB Raspberry Pi B cygacHux MOOUIBHHX cHCTeMax TeXHIUHOro 3opy. Pesyasrarn. Orpumani
Ppe3yabTaTH MOKJIAIEHI B OCHOBY IIPH CTBOPEHHI YHIBEPCAIBHOTO MPOrPaMHOr0 MPOAYKTY ISl IIBU/IKICHOT'O BBEJCHHS (B pexuMi
peanbHOrO Yacy) i momepeaHsoi oOpoOKHM BiZE€OJaHMX B CHCTEMax JAETEKTYBaHHS 1 pO3Mi3HaBaHHS OCi0, a TaKOX CHUCTEM
crepeo3opy. BucuHoBku. [IpoBemeHi eKcriepUMEHTaNIbHI JOCHIDKEHHS IMIATBEPIWIN Ipale3JaTHICTh 1 e(eKTHBHICTH
3aIPOIIOHOBAHUX METOJIIB 1 QJITOPUTMIB IIBUIKICHOTO BBEJICHHS BiICOJJAHNX 3 PI3HUMU 3HAYEHHSIMH PO3ALIBHOI 31aTHOCTI KaJpy
1 MOXJIMBICTIO aJlaITUBHOI PEryNIOBaHHA #oro sckpaBocti. Ha 6a3i cTBOpeHHX METOIB i alropuTMIiB 3alpOIIOHOBaHI Pi3Hi
BapiaHTH IX mporpamHoi peamizamii. Lle mo3Bonsie peKOMEHIyBaTH OTpPHUMaHI Pe3yNbTaTH IS NMPAKTHYHOIO BHKOPHCTAHHS.
[epcriekTHBY MONANBIINX JIOCIIDKEHb Nepe0aJaroTh PO3IINPEHHS! BEKTOPAa KPUTEPIiB OLIHKH SKOCTI Ta O3HAK JUISl ONTUMI3alli
BiJICO/IaHUX, @ TAKO)K CTBOPEHHSI HOBUX aJIFOPUTMIB 1 Pi3HUX BapiaHTiB IPOrpaM Ha X OCHOBI.

Karw4dosi caoa: mikpokomm'torep Raspberry Pi; anropurmu i mporpamHi Koau BBEASHHS i MONEPeaHbOI 00pOOKH
Bineonanux; ¢pynkuii 6i6miorexn OpenCV.

PaspaﬁoTKa HOBBIX METOAOB U CPECACTB MOBBILICHUA KaYeCTBA BUACOTJAHHBIX
B MOOMJIbHBIX CHCTEMAX TEXHHYECKOT0 3peHust

K. 1O. [lepraués, JI. A. KpacHos, A. A. Yensnun, P. E. Kasatunckuit

AnHoTanus. Ilpeqmer m3yuenmsi. B craTbe npemnoxkeHsl HOBbIE METOABI BBOJA U IIPEABAPUTEIBHOH 00pabOTKH
BUJICOJAHHBIX JUII Web- M CIELMaNU3UPOBAHHBIX pi-KaMep B CHUCTEMaX MOHOKYISPHOIO M CTepeo3peHHs Ha 0Oase
MHKpPOKOMIIbI0TepOoB Raspberry Pi 11t noBblmeHus kadecTa paboTsl COBPEMEHHbBIX MOOMIIBHBIX CHCTEM TEXHHYECKOTO 3pCHHSI.
Takoll moaxo/ Bceraa akTyalleH, IIOCKOIbKY IIPOSKTUPOBAHIE COBPEMEHHBIX CHCTEM TE€XHHUYECKOrO 3PEHUsI IOCTOSHHO TpeOyeT
HOBBIX HETPHUBHUAIBHBIX AMAPATHBIX, AITOPUTMUYECKHX U NporpaMMHbIX pemeHnid. Heas. Llenbro sBnseTcs conocTaBUTENbHbIH
aHalu3 II0Ka3aTelell KauecTBa W3BECTHBIX METOAOB BBOZJA M IIPEABApHUTENbHON 00pabOTKM BHICOJAHHBIX B CHCTEMax
TEXHUYECKOr0 3peHHUsI U pa3paboTKa HOBBIX METOIOB M pabOUMX aJIrOPUTMOB, o0ecreunBaromux Ooblee ObICTPOACHCTBIE TIPU
YTEHUM BHUICOJAHHBIX, HEOOXOIMMOE pa3pelleHHe KaJpOB M HE3aBHCHUMOCTb SPKOCTH KaJpa OT M3MEHEHHH OCBEILEHHOCTH
cuensl. Mertoabl. B pabore chopmynupoBaH KOMIUIGKCHBIH KPHTEpPHI IIOBBIIICHHMS KayecTBa BBOAA B MHKPOKOMIIBIOTED
Raspberry Pi u npensaputensHoit 00paboTku BuieoiaHHbIX. Ha ocHOBaHMM NPUHATHIX MOKa3aTesel kadyecTBa (CKOPOCTH BBOzA
BUJICOJJAHHBIX, PAa3pEIIAIOIIeH CIIOCOOHOCTH U IOKa3aTeseil cTabMWIbHOCTH cpefHel SAPKOCTU TEKyIIMX KaJpoB HMPHHHUMAEMOro
BUJICONOTOKA) CUHTE3UPOBAHbI AJITOPUTMBI BBOJIA U IIPEABapUTEIbHON 00pabOTKM BHICONAHHBIX, YIOBIECTBOPSIOIINE 331aHHBIM
TpeOOBaHUAM. DTO MO3BOJSIET VIS KaXKIOro MPOEKTa HAaHTH ONTUMAIbHBIA MeToI 0O0pabOTKH BUJIICOJAHHBIX U IIPEOZONIETH
MPOTUBOpPEYHE YMEHBIICHUS CKOPOCTH BBOJA H3-32 HEOOXOZMMOCTH YBEJIMYEHHMS pa3peliarolleil ClocOOHOCTH BHIEOKaJpPOB.
Co3naHHasg yHUBepcallbHas IIporpaMMma BBOJA M IIPEABApUTEIbHOH 00pabOTKM STUX JaHHBIX MO3BOJMJIA IIONYYUTh
KOJIMYECTBEHHBIE OLIEHKH 3(PEKTUBHOCTH Pa3pabOTaHHBIX AITOPUTMOB U c(HOPMYIIUPOBATH PEKOMEH/IALMH I10 UX JaJIbHEHIIEMY
HCHOJIb30BaHUIO. Bee 3T0 103BONSET CyIIECTBEHHO MOBBICUTD (G (EKTUBHOCTD UCIIOIB30BAHUA MUKPOKOMIIBIOTEPOB Raspberry
Pi B cOBpeMEHHBIX MOOMJIBHBIX CUCTEMaX T€XHHYECKOro 3peHus. Pe3ynabTaTel. ITonydeHHbIC Pe3yabTaThl MOJIOKEHBI B OCHOBY
IpY CO3JAHMU YHHBEPCAIBHOI'O HPOrPaMMHOIO IMPOAYKTa Il CKOPOCTHOrO BBOAA (B PEXUME PEAIbHOrO BPEMEHH) U
Ipe/IBAPUTEIILHOI 00paOOTKK BUAEOAAHHBIX B CUCTEMaX JIETEKTHPOBAHMS M PACIO3HABAHUSA JIUL], @ TAKXKE CUCTEM CTEPEO3PEHHSL.
BoiBonbl. IIpoBeneHHbIE 3KCIIEPHMEHTANIbHBIE HCCIEAOBAaHUS IOATBEPAMIM  paboTOCIIOCOOHOCTE U 3(EKTHBHOCTH
PEUIOKEHHBIX METOJIOB U JITOPUTMOB CKOPOCTHOI'O BBOZIA BU/ICOJAHHBIX C PA3HBIMHU 3HAYEHUSAMH pa3pellarolieil ClocoOHOCTH
KaJipa ¥ BO3MOXHOCTBIO aJAIITUBHON DPErylMpOBKH ero sipkoctd. Ha Ga3e co3naHHBIX METOIOB U AJITOPUTMOB IPEUIOKECHBI
pasuyuHbIe BapUAHTBl MX MPOrPAMMHON pealn3alud. OTO TIO3BOJISIET PEKOMEHIOBATh IOTYYEHHBIE DE3YIbTaThl IS
MPAaKTHYECKOr0 MCIONB30BaHMs. [lepcriekTHBBl NalbHENININX HMCCIENO0BAHMN INPEIIOIaraloT PacIIMpPEeHHe BEKTOpa KPUTEPUEB
OLIEHKH Ka4eCTBa M MMPH3HAKOB [UIsl ONTUMHU3AIMU BUAEONAHHBIX, a TAKKE CO3IaHNE HOBBIX AJITOPHTMOB U PAa3]INYHBIX BADHAHTOB
MPOrpamMM Ha HX OCHOBE.

KawueBbie cioBa: MukpoxommbioTep Raspberry Pi; anroputmsl U nporpaMMHBIE KOIbI BBOJA U IIPEABAPUTEIBHOM
00paboTKK BUIeOIaHHBIX; QyHKIMHK Oubmmorexn OpenCV.
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HarionansHuii TEXHIYHHN YHIBEPCUTET «XapKIBCHKUH MONITEXHIYHUI IHCTUTYT», XapKiB, YKpaiHa

MOJIEJII I METOJI CHHTE3Y ATEHTHOI IH® OPMAIIMHO-IIOITYKOBOI CUCTEMUA

AnoTanis. Icayroui cydacni iHpopmaniiiHo-nonrykoBi cucremu Taki sik Google, SIunekc, Yahoo opienToBaHi Ha cepen-
HBOCTATHCTUYHOI'O KOPHCTYBaua, ULl KOO IPeAMETOM IOIIYKY € HecnenugiuHa, HayKOBO-TEXHOJIOTIYHa iH(poOpMallis.
ToMy 1l TIOIIYKOBI CUCTEMH HE MOXYTh B ITOBHOMY 00CsI31 HajiaTu noTpiOHy iHpopMalito i1 npodeciiiHoro kopucrysa-
ya. BHacnifok Toro, 1o naxHa iHpopmallis € J10BiIKOBOO a00 €HLMKIONEIMYHO0, BOHA HE BiJINOBIA€ 3alaHOMY ITOLIYKY.
3abe3neunty AKICHUI MowIyK iHpopMalii i BUpiMTH npodieMy iHpopMaliiHO-aHATITHIHOTO 3a0e3MeYeHHs HAyKOBOI 1
TEXHOJIOT'YHOI TiSUTBHOCTI MOYIIMBO 3@ JIOIIOMOT'OF0 BUKOPHUCTAHHS areHTHUX TEXHOJIOT1H. AT€HTHI TeXHOJIOT1{ iHIIiFOI0Th-
Csl 1 YNpaBIIIOThCS aBTOMATHYHO, a TaKOX (YHKLIOHYIOTh O3 ydacTi kopucryBauya. TOMy BOHM MalOTh OUIbII BUCOKY
HPOAYKTUBHICTh 1 MOXUIMBiCTB Ge3nepepBHOi pobor. Po3pobiiena Mozenb GararopiBHEBOI areHTHOI iH(opMaliifHo-
aHaJIITUYHOI CHCTEMH Yy NPUPOJHUYO-HAYKOBHX 1 TEXHOJIOTTYHUX HalpsMKax. BoHa € HaiiOinbI NOLUIBHOO i Yac TeMa-
THUYHOTO 00CIIyrOoBYBaHHS KOJIEKTHBHUX 1 IEPCOHATBHUX KOpUCTYBayiB. TakoXk B CTATTI POSIIITHYTO BUKOPUCTAHHS areHT-
HHMX TEXHOJIOTiH B iHpOpPMaLifHO-IIONIYKOBUX CHCTEMaX HayKOBO-TEXHIYHOI iH(popMallii. 3arporoHOBaHO METOIUKY CTpY-
KTYPHO-IIapaMETPUYHOIO CHHTE3Y IOAIOHUX CHCTEM.

KawuyoBi cioBa: iHpopMaIiiiHO-IOIIYKOBI CHCTEMH; areHTHI TEXHOJIOTI1; ar€HTHI CUCTEMH; areHTHHUH IOIIYK.

1 JIHBICTHYHOI MAacmTa0OBaHOCTI MYJIbTHATE€HTHOI

Beryn

Icnyroui indopmaniitno-nomykosi cucremu (II1C)
LIMPOKOr'0 BUKOPUCTAHHS HE MOXYTH ITOBHHOIO MipOIO
3aJIOBOJILHUTH KOPUCTyBada-mpodecioHana, TOMY IO
BOHHM HaJAIOTh JOBIJKOBY Ta CHIUKIONCAWYHY iHGOp-
MaIlifo 10 HpenMery, 10 He 3aJOBONBHSE KPUTEpisiM
HOBU3HM 1 mepTiHeHTHocTi. 3a manmmu International
Data Corporation (IDC), oOcsr 3reHepoBaHHMX JaHUX B
2020 poky NpOTrHO3YETHCS 30inblIeHHS 00csary ao 40
3errabaiit [1]. He3Baxkatoun Ha cripoOu craHaapTusauii
iHpOpPMAIIfHUX pecypcCiB, KiJIbKICTh PI3HUX CHCTEM
JOCTYIy a0 1i€i iHpopMarii HOoCcTiiHO 301IbIIyEThCS.
HoBi mkepena HayKOBO-TeXHIYHOT iH(pOpMaIii € BKpait
puBaOIMBUMHU [UTsl TPO(ECIHHIX KOPUCTYBaUiB, TaK K
iHpopMallisi Ha HUX 3'SBISETHCS 3 MIHIMAJIBHUMH 3a-
TpUMKaMH [2], IO TakoX JI03BOJISIE KOPUCTYBaueBi
BXOJIMTH B O€3MOCepe/Hiii KOHTAKT 3 aBTopaMu iH(Oop-
MaIlifHUX TOBIIOMJICHb PI3HOTO THITY, OIYOJIiKOBaHUX
B Takux Jpkepenax. [IpoOimemHa cuTyallisi mojsrae B
TOMY, 110 BUKOPUCTAHHS JiaJIOTOBHX CHCTEM MOIIYKY i
cTpyKTypu3auii i€l iHdopmamii crac NMpakTHYHO He-
MOXIIUBHM Y 3B'S3KYy 3 BEJIHMKOIO KIJIBKICTIO JDKEpe.
30ip i CTpyKTypH3alisl TPAAUI[IHHIM [1iaJIOTOBUM CIIO-
co0OM cTajla HEMOXJIMBOIO Y 3B'SI3KY 31 301JIbIICHHSIM
KUJIBKOCTI 1H(OpMaLidHUX JHKEpeN 1 MIBUAKOCTI iX my0-
mikamii. Bennka yactuHa 3aBiaHb SIKICHOTO TOIIYKY
iHpopMarii Ta npobiemMu iHPpOpMaIiHHO-aHAII THYHOTO
3a0e3IeUeHHs HAayKOBOi 1 TEXHOJOTIYHOI MisTBHOCTI
MOXYTb OyTH BHUpIIIEHI NMpPU BHKOPUCTaHHI areHTHHX
TEXHOJIOTIH.

Merta pobotu. Po3pobka Merony peanizarii Oara-
TOPIBHEBOi areHTHOi iH(pOpMalliiiHO-aHAJITUYHOI CHC-
TEMH 3 IPUPOJHUYO-HAYKOBHX 1 TEXHOJOTIYHUX Ha-
npsIMKax Ta IMPOrpaMHO-TEXHIYHOI peanmizaiii Mojei
TEMAaTUYHOTO OOCIYroBYBaHHs KOJEKTUBHHX 1 Iepco-
HAJIbHUX KOPHCTYBAUiB.

IlocranoBka 3amaui. O0'exm Oocniddcenna -
areHTHI TEXHOJIOri MOIIyKy Ta oO0poOku iH(opmamii B
iHpopMaIiifHO-aHANITHYHUX cucTeMax. IIpedmem Oo-
ci0iceHHA - METO/IN 1 3ac00M arperyBaHHs TEMaTUYHOI
iHpopMarlii, a Takox 3acoou 3a0e3neueHHs TEMaTUIHOI

cucteMu. Memoou 00cniodxcenns - METOIU CUCTEMHOIO
aHaNi3y, CTPYKTYPHO-IIAPAMETPHYHOTO CHHTE3Y, CUCTe-
MHOI'O TIPOCKTYBaHHS, OaraTOKpUTEpialbHI METOIU Ki-
JIBKICHOI €KCHEepPTHOI OLIHKU CKJIQJAHUX 00'€KTiB, METO-
JIA TECTYBAHHsI Ta SKCIIEPTHA OIliHKA.

Pe3yabTaTtu gocaixkennb

1. MeTon CTPYKTYpHO-TAapaMeTPHYHOT0 CHHTe-
3y areHTHHX cucteM. HOBi /pKepena HayKOBO-TEXHid-
HOI iH(opMalii € BKpail mpuBaOIMBUMHU JUTS Tpodeciii-
HHUX KOPUCTYBa4iB TOMY, IO MAIOTh TaKi BJIaCTUBOCTI:

1. [ndopmaniss Ha KOXKHOMY CaliTi Ma€ YHIKaJbHY
CTPYKTYpY, sIKa BU3HAYAETHCS HE3AJIEKHUMH PO3POOHU-
KaMHu.

2. Bnachuku indopMmarlii BUCYBalOTh pi3HI YMOBH
TSt i1 mpuaOaHHs.

3. 1o KO)KHOMY HayKOBOMY TEMAaTHYHOMY Hampsi-
My KUTBKIiCTh iH(OpPMALiHUX JKepea HACTIIbKH BEllH-
Ke, [I0 OKPEeMUl KOpHUCTYBad (Pi3MYHO HE MOXKE 3 HUMHU
yciMa 03HaiOMHUTHUCH.

[epepaxoBaHi BUIle BIACTHUBOCTI iH(pOpMAIiHHIX
JDKepel MPHU3BOIATH J0 HEOOXITHOCTI BUpIIICHHS Ha-
CTYIHHUX 3aBIaHb:

1. Bu3HayeHHs TeMaTUYHUX TPyl iHpopMaIiHHIX
JOKEpell.

2. PimeHHs 3a7a4 TOCTYITy 10 JUKepena.

3. Po3poOka ajaropuTMiB aBTOMAaTH30BAaHOIO CKa-
HyBaHHs iHpoOpMaLiiHUX HKEpel.

Takoxk iCHYIOTH Taki 3aBJaHHs, SIKI € 3arajlbHUMHU
Ul poOOTH 3 OY/b-SIKUMHU €IEKTPOHHUMH JDKEpenaMu
iH(dopMallii, a came, BU3HAUCHHS TEPIIOKEpeia 1 oIli-
HKa JOCTOBipHOCTI iH(opmarlii. [Hpopmaris, mo mic-
TUTBHCS B €IEKTPOHHUX JDKEPETIax, MOXKe OYTH I[ITbOBUM
YMHOM 3MiHEHa, a B JIEIKHX BHUIAAKaX MOXYTh OYyTH
HaMipsSHO CIOTBOpEHI MeTalaHi iH(popMaIiifHoro mo-
BIJIOMJICHHS, TaKi fK - JaTa MmyOJTiKailii, aBTop, JKepeIo
i 1. g CyvacHi iHpoOpMaliHHO-TIONIYKOBI CHUCTEMH
(IT1C), Taxi six Google, SAunekc, Yahoo, opieHTOBaHI Ha
KOpHCTyBaya, JUIsl SIKOTO CIeliali30BaHa MPUPOJHUYO-
HAyKOBa 1 TEXHOJIOTiYHA iH(pOpMAIs HE € MPEAMETOM
nomryky [3]. Tlpu momyky HaykoBo-TexHi4HOI iH(DOp-
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Mallii mepes KOpUCTyBayeM HEMHUHYY€ BUHHKAE 3aBJIaH-
HSl OCBOEHHSI CHHTAaKCHCY IIOIIYKOBOI CHUCTEMH, 32 JIO-
MOMOTOI0 SIKOI MO)KHa OyayBaTH CKJIaJHI IOIIYKOBI
3alUTH 1 OTPUMYBAaTH HAHOLIBLI pelieBaHTHY BUAAUY,
IPYHTYIOUHCh Ha MPaBWIBHO MifAiOpaHUX KIIOYOBUX
CJIOBAx 1 JIOTIUHMX oreparisx Mixk HUMH [4]. Pimenus
3a/a4 MO OCBOEHHIO CHHTAKCHCY ITOUTYKOBHX CHUCTEM -
TPYAOMICTKa po0OTa, 10 BUMArae MOCTIHHOI MPaKTUKH,
TOMY CEpeAHbOCTATUCTUYHHI KOpUCTYBad Mepexi IH-
TEpHET He 3/IaTHUI BUKOPHCTOBYBATH Cy4acHi iH(op-
MAI[ifHO-TIOITYKOBI CHCTEMH Ha MaKCUMaJbHOMY piBHI
[5]. Cepemnst KiNBKICTh KIIOYOBHX CJIB B THUIIOBOMY
3alUTi KOPUCTyBaya JO ITOIIYKOBOI CHUCTEMH CKJIaJae
BiJl IBOX JIO0 TPHhOX, & CHHTAKCHYHI 1 JIOTIYHI ONepaToOpH
MPaKTHYHO HE BUKOPUCTOBYIOThCS. [lepepaxoBaHi BuIle
npoOJieMH JIOCTYITy KOPHCTYBadiB J0 IpodeciiiHo-
3Hauymoi iHdopmarlli (GOpMYITIOIOTECA 3apa3 Pi3HUMHU
aBTOpaMH sk mpobieMa Big Data.

OpHUM 3 KITaCHYHHUX METOJIB CTUCHEHHSI, KOHIICH-
Tpauii 1 knacudikauii HayKOBO-TeXHI4HOI iH(popmarii €
po3podka pedepatuBHuX 0a3 AaHHMX, Harmpukiang Web
of Science, Scopus (CIIIA). 111 6a3a MicTATh KOPUCHY
iHpopManiro npo myOmikanii B 0OpaHMX HUMH JDKEpe-
nax iHpopMallii, HaBOAATH Pi3HI CTATHCTHYHI XapakTe-
PHUCTHKH TIPO TpollecH MmyOuiKaliii 3 pisHUX HaIPsSMKIB,
ajie X ICTOTHHUM HEHOJIIKOM € BiJICYTHICTh TEKCTIB ca-
MUX TyOJTiKaIii.

Benuka po3MipHICTh 3aBAaHb pedepyBaHHS, Pi3-
HUI aBTOPUTET JpKepel iH(popMallii MpU3BOIATh KOHIIE-
HTpaTOpiB 1O HEOOXiAHOCTI OLIHKK aBTOPUTETHOCTI
JoKepena iH(popMalii, sska MO)Ke 1 He 30iraTucs 3 OIliH-
KaMHU KOHKPETHOT0 KOpUCTyBaya. 30KpeMa, KOHIIEHTpa-
TOPOM MOJKE aHalli3yBaTHCs iH(OpMaLlis, BUaHa TITbKU
Ha aHTJIHACHKIN MOBI 3 aHIIOMOBHUX JIXKEpel, a JiKepe-
Jla Ha IHIIUX MOBaX MOXYTb HE PO3IVISIATHUCS, SIKIIO
BIJICYTHIM TepeKiia Ha aHIIIAChKY MoBY. lle mpu3Bo-
JIITH 710 3HWKEHHS XapaKTEpPUCTUKH ITOBHOTU iHpOpMa-
i1 3 TUX Y IHIIAX TEMATHYHUMH HAIIPSIMKaMH.

s npodeciiHUX KOPUCTYBayiB HayKOBO-TEXHIU-
HOI iH}opMaii BakIuBi i 1HIIN BiJOMOCTI, HANIPUKIAL
Ti, IO MICTSTBCSA B MATCHTHUX 0a3ax JaHUX, abo iH}o-
pMatlist Ipo CTaH Pi3HUX 00'€KTIB KOPHUCTYBAIBLHHIBKO-
ro intepecy. ToOTO HEOOXiJHO BPaxOBYBaTH MOXKIIH-
BiCTh BHIIy4EHHS! 3 TIEPBHHHOI TEKCTOBOI iH(oOpMarii
¢akTorpadiyHUX JaHUX, CTPYKTYpPOBAaHHX BiJIIOBIIHO
JI0 IpoheciiHUX 1HTEPECIB KOPHUCTYBaYa.

Benuka yacTuHa 3aBAaHb SIKICHOTO MONIYKY iH(O-
pmanii Ta npodiemu iH(opManiiHO-aHATITUYHOTO 3a-
Oe3MeYCHHST HaYKOBOI 1 TEXHOJOTIYHOI AisUTBHOCTI MO-
KYTb OyTH BHpIIIIEHI IPU BUKOPUCTAHHI areHTHUX TeX-
HOJIOTi#. ATEHTHI TEXHOJIOTII 1HIIIFOKTHCA 1 yIpaBis-
I0ThCSl aBTOMATUYHO, (DYHKIIOHYIOTh 0€3 y4acTi Kopuc-
TyBa4a, TOMY MarOTh OiIBII BUCOKOIO HPOIYKTHBHICTIO
1 MOYKJIUBICTIO O€3MepepBHOI 1J10J000B0O1 pOOOTH.

2. Tunosorist kopuctyBauiB i arenriB. B indop-
MaIiifHOMY ONHCI HayKOBO-TEXHIYHOI HisJIbHOCTI HaM-
OUTBII CTIMIKO BU3HAYCHA ii TeMaTWYHA CIPSIMOBAHICTb.
Ile BrmacTHBiCTH HAYKOBO-TEXHIYHOI iH(pOpMAIl BHKO-
PHUCTOBYETHCS 1 B KJIACHYHIN ECITKOBOI Kiacugikarii,
BHUKOPHCTOBYBaHOI B 0i0mioTeynnx cucremax [6]. Criid-
KiCTh TEMaTHU4YHOI Kacudikauii MosCHIOETbCS TPUBATi-
CTIO JKUTTEBOTO ITUKIY O0'€KTiB HAyKOBOI'O IHTEpeCy,

crielianizaiiclo HayKoBLIB 1 imkeHepiB. TemaruuHa
CTIHKICTh HAayKOBO-TEXHIUHY AisUIBHICTH JO3BOJSIE (a-
XIiBIIM BHPOOJATH MiAMHOXKMHA TpPO(QECiHHUX MOB,
0051acTh 3a JIOIIOMOrOI0 SKUX MAaKCHMAJIbHO TOYHO i
TIOBHO OINHUCYIOTHCSI 00'€KTH HAYKOBOT'O JIOCII/DKEHHS 1
KOHCTPYKTOPCHKE-TEXHOJIOTTYHOI MisutbHOCTI. DakThy-
HO 1e TpodeciiiHi MiIMHOXHUHN NPUPOTHUX MOB. Tep-
MIiHH [JUX MOB TaKO)X MalOTh BUCOKY CTIMKICTb, IO JO-
3BOJISIE BUKOPHCTOBYBATH 1X B SIKOCTi KIIFOUOBHUX CIIIB B
aBTOMAaTU30BaHUX 1H(OpPMaliHO-TIONIYKOBUX CHCTe-
Max. ¥ po3poOlii NOIIyKOBHX MPUIKCIB aBTOMAaTH30Ba-
HHUX CHCTEM BiJIKPUBAETHCS MOXIIUBICTD JISTH 338 TAKUM
CIIeHapieM: BiIOOpa3UTH TEMaTUYHI IHTEPECH KOPHUCTY-
Baya KIIOYOBUMH CJIOBaMH 3 TEMAaTHYHOTO Te3aypyca;
BKa3aTH MEPEXKEBI JHKepena, 0 MICTATh IIyKaHy TeMa-
TUYHY iH(pOpMAIilOo, a Jaii MPOBOAUTH MPOIEC CKaHY-
BaHHS JUKEpEIN, BUIUICHHs 1 00poOKy TeMaTHYHOI iH(O-
pMarii 6e3 ydacTi KOpHCTyBaua; HaJaBaTh KOPHCTYBa-
4yeBi 3HaiieHy 1 cTpykrypoBaHy iH(popmanito. ToOTo
pileHHsM iH(pOPMaIifHO-TIOITYKOBHUX 3aBlaHb B Mepe-
ki IHTepHer Oyne 3aliMaTuCs HE KOPHCTyBad, a HOro
MIpeICTaBHUK - areHr [7].

VY HamoMy BHIIQJIKy areHt - e IOIIyKOBa Ipo-
rpama (abo MmourykoBHi poOOT), CaMOCTIHHO aKTHBI3Y-
€TBbCSl B CHCTEMI 3a 3aJlaHMM PO3KIaJoM abo 3amuToM
KOpHCTyBaya i BUKOHYE Jii sIK B Mepexi [HTepHer, Taxk i
BCEpEMHI areHTHOI CHUCTEMH 32 3a37aJIerib 3aJaHuMHU
MIPUTIHCAMH.

KopucryBauiB  HaykoBO-TexHIYHOI  iH(opmarii
MOXHa KIacHU(]iKyBaTH Ha KOJEKTUBHHX 1 MEpCOHAIb-
HHUX KOPUCTYBadiB.

VY KOXHOI 3 NepepaxoBaHUX TPyl KOPUCTYBadiB
CBOSI pOJIb B HAyIli i CBOI iH(oOpMaliliHi iHTepecH i BH-
MOT'H JI0 SIKOCTI iH(hopMaiiitHOro 00CIyroByBaHHSI.

[Nepia rpyna kopucTyBadiB 3ailiKaBjieHa B [IOBHO-
Ti HaJIXOAUTh HAYKOBO-TEXHIYHOI iH(opMaIii 3 ycix
CBITOBUX JDKEpen. ATEHTHI TEXHOJOTii J03BOJSIOTH
BUDILIYBaTH I}0 NPOOJIEMY IUISXOM aBTOMATHYHOTO
CKaHyBaHHS BCiX JDKEpel.

Jpyra rpymna KOpHCTyBauiB 3allikaBlieHa HE TiJIbKA
B [TOBHOTI, a i y TeMaTH4Hil To4HOCTI iH(opmarii. Bu-
COKHUIl piBEeHb 11i€i XapaKTePUCTUKHA areHTHI TeXHOJOTii
3a0e3MeYy0Th 32 PaxXyHOK aBTOMATHUYHOI (imbTparrii
BCBOT'O BXIIHOT'O MOTOKY 1H(popMaIlii.

SIxicTh 00CITyroByBaHHS IIEPCOHAIBEHOTO KOPHUCTY-
Baya XapaKTEepU3YEThCS IMapaMeTpoM IEepTIHEHTHICTI
onepxyBanoi iHdopmarii. Lleli mapamerp BimoOpakae
CTYMiHb 3aJIOBOJICHOCTI KOHKPETHOT'O KOpHUCTyBaya
OTPUMaHUMH i3 CHCTEMH JaHUMH. [lepTiHEHTHICTh 3a-
0e3reuyeThesl MEPCOHATILBHUME areHTaMH, sIKi HaJaloTh
¢axiBusgM iH(pOpMAILIO 32 PI3HUMH TEMaTHYHUMH Ha-
npsIMKaMH, sIKi BXOZsATh Mo cdepu #oro mpodeciitHux
IHTEpeCiB.

TakuM YMHOM, BCTAaHOBIIIOETHCS BIJAMOBITHICTD
MIX TUIIaMU KOPUCTYBAYiB 1 THIIAMH areHTiB, sIKi 3/iic-
HIOIOTH iH(OpManiiiHe obciyroByBanHs. Llie Tpu Tumnu
areHTiB, IO BUKOHYIOTh pi3Hi (YHKIIi B areHTHUX I10-
LIYKOBUX CHCTEMaX.

1. Arenr-mucronoma (AP) - areHr, sikuii B3aemo-
nie 3 iHpopManiiHUMU pecypcamu Mepexi [HTepHer 3a
3aJJaHUM PO3KJIAJIOM 1 arperye oTpuMany iHpopMario B
TEKCTOBY 0azy JaHUX.
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2. Arent xyp'ep (AK) - areHr, skuii B3aemoie 3
areHTOM-JINCTOHOLIOKO 1 TeKCTOBOI 0a3010 NaHMX i1 chc-
TeMaTH3ye iH(HOPMAITIIO 33 BiAMOBITHUMH TEMaTHIYHUMU
HanpsIMKaMU.

3. Arenr-pedepent (AR)- areHr, sikuii B3aeMoJIi€ 3
KOpPHCTYBa4e€M 1 areHTOM-Kyp'€poM B LIJSX JOCTaBKH
nepTiHeHTHOI iH(opManii 3 0a3 JaHUX CHCTEMHU KOpHUC-
TyBa4eBi.

KoxkeH 3 mepepaxOBaHUX BHIIE THIIB arcHTIB MOJi-
JIS€ThCS Ha (YHKIIOHAIBHUH 1 MUTbOBUH. DYHKITIOHAB-
HUI areHT (iHneKc F, HarpuKia), QyHKIIOHAJIBHHUI areHT-
Kyp'ep — AKF) BUKOHYE CTaHIapTH30BaHy OIEpallilo 3a
3amaHuM po3kiagoM. L{inpoBoi arent (iHnekc C, Hanpu-
KJIaJ, NUThOBOI areHT-Kyp'ep — AKC) BHKOHYE OICpaIIiio
M0 HAJIAINTOBAHUM KOpUCTyBaueM mnapamerpaM. Ocodmu-
BOCTI iH(OpMaIiIHHO-aHATITHIHUX CHCTEM 3 MPUPOIHAYO-
HAaYKOBHUX 1 TEXHOJIONYHHMX HAIpPSIMKaX BH3HAYAIOTH 1 Me-
TOJIOJIOTYHI OCOOJIMBOCTI iX pO3POOKH, a came:

- CTBOpEHHS sifipa cucteMu (omHe abo Kinbka Te-
MaTHYHUX HaNpsMKiB 1 MOB);

- TeMaTUYHEe MaciTaOyBaHHS (PO3IIMPCHHS) CHUC-
TEMH 1 JITHIBICTUYHE MacIITa0yBaHHS;

- BBEJICHHS JCKUIBKOX HAI[lOHAIBHUX MOB JUISI MO-
HITOPUHTY HAalliOHAJbHUX JDKEpeNl HayKOBO-TEXHIYHOI
iHpopMarii.

Snpo cuctemMu Moxe OyTH pPO3pPOOIICHO BiJHOCHO
IIBUJIKO 1 3 TIOPIBHSIHO HEBENMKUMH (DIHAHCOBHMH 1 TpY-
nopumu 3arpatamu [8]. INomasnpine maciraOyBaHHS cuc-
TEMH TIEPEBOIUTH 1i B CTAlllOHAPHE CTaH, B SIKOMY PEryJIsi-
PHO peasi3yroThCd areHTHI iH(OpMALiiHI TEXHONOTIT 1
ITOBI 1H(OpMAIIiHO-aHATITHYHI JOCII/PKEHHS, ITiITpH-
MYBaHI KIIaCHYHUMH TEXHOJIOTISIMH J11aJIOrOBOT'O THITY.

3. O0rpynTyBaHHs 3HaYeHb WiJLOBUX MapamMe-
TpiB areHTHOi cucremu. Ilapamerpamu sikocti iHGOp-
MaIiifHO-aHAITHYHOTO ~ OOCIYrOBYBaHHSI ~ BHIUICHUX
BHIIIE IBOX TPYH KOpUCTYBauiB. SIKicTh poboTH aBTOMA-
THU30BaHHUX 1H(OPMAIIHHO-TTONIYKOBUX CHUCTEM OIliHIO-
€TbCSl 3HAUEHHSIMM HACTYIHUX [apaMeTpiB: IMOBHOTA,
TOYHICTb, MIEPTIHCHTHICTH [9].

BBesemo HacTymHi Mo3Ha4yeHHs: A — BUIaHI JO-
KYMEHTH, TEpTIHeHTHI 3alliTOM KOpHCTyBada; B — 4u
He BHJaHi JOKyMEHTH, IIEPTIHEHTHI 3allUTOM KOPHUCTY-
Baya; C — BUJIaHI TOKYMEHTH, SIKi HE MEPTIHEHTHI 3aIu-
TOM KOpHCTyBauda; D — 4u He BUJaHi JOKYMEHTH, 5IKi He
MIEPTIHCHTHI 3aITUTOM KOPHUCTYBaya.

[punycrumo, 110 3arajibHa KiJIbKIiCTh JJOKYMEHTIB,
00poOIIIOBaHUX IIPU TOMIYKOBOMY 3amuTi — FE, Toxi
A+ C — KibKICTh BUIAHUX NOKYMEHTIB, B + D - Kijb-
KiCTh HE BUAAHUX JIOKYMEHTIB, TOOTO

E=A+B+C+D. (1)

[oBHOTa iH]OpMaLiHOrO MOMYKY R BH3HAYAETH-

Csl BITHOILIEHHSM 4YHCNIa 3HAWJICHUX IMEPTIHEHTHHUX HO-

KYMEHTIB JI0 3arajibHOI KiJIbKOCTi NMEPTIHEHTHUX JIOKY-

MEHTIB, HASBHUX Y BUXiJHIH MHOXHHI JToKyMeHTiB [10]:

R=A4/(A+B). 2)

TounicTh iHpOpMaLiiiHOrO MONIYKy P BH3HAYA€TH-

csl BIJJHOUIEHHSM KUTBKOCTI 3HAWAEHHX NEPTIHEHTHHX

JIOKYyMEHTIB A 10 3arajibHol KiJIbKOCTi JOKYMEHTIB, BH-
JIaHUX Ha 3aluT KopucTyBaua [9]:

P=A/(A+ Q). 3)

HasBHicTh cepen BifiOpaHuX 3a pe3yJbTaTaMu 3a-
IIUTIB KOPUCTYBaya HENEpPTIHEHTHUX JTOKYMEHTIB — iH-
¢dopmaniiiamii mym cucremu. Koedinient indopmariii-
Horo mymy K € takum [9]:

K=C/(A+C). 4)

Jl71st kKoskHOTO 3anuTy 110 iH(pOpMAIliiiHOT 0a3u 3Ha-
YeHHs [TOKAa3HUKIB OYIyTh Pi3HUMH, TOOTO, CTPOrO Ka-
)KY4H, 1Ie BUIAKOBI BEJIMYMHU, XapAKTEPUCTHKH SKUX
MOXYTb OyTH OTpUMaHi IIISIXOM CTATUCTUYHUX EKCIIe-
pumenrtiB. 4, B, C, D — mapaMmeTpu «BUAadi», TOOTO
BiJIMIOBi/Ib TIOIIYKOBOi CHUCTEMHM HA 3aIlUTH (IIOUIYKOBI
TIPUTHCH) - Z, SIKi € PYHKIIEFO:

Z;=F;(ky, ..., ki ..., k), (5)
Jie 1 — KUTBKICTD KJIFOUOBHUX CIIIB B KOHKPETHOMY 3aIlHTi,
k; — KJTI0YOBE CIIOBO, 200 B HAIIIOMY BHIAJIKY - TIOHSATTS
3 TEMaTHYHOI'O Te3aypyca o0csary N, j — iHIeKc Halfio-
HanbHOT MOBH (j = 1, 2, ..., [, ne [ — 3arayiibHa KUIbKIiCTh
MOB B T€3aypyc).

[Mapamerpu «BHaui» € BUMAJKOBUMH BEJIHMYHHA-
MH, TOMY OILIHKY X YHCIIOBUX 3Ha4eHb OyaeMoO 3milc-
HIOBaTH METOJIOM CTaTUCTHYHUX BUNpoOyBaHb. Ha 00-
paHoMy 00csi3i Ev TekcToBOi 0a3u gaHux, copmMoBaHOl
TMIOBiZIOMJICHHSIMH, TPOBOAMIIKCS ITOUTYKOBI MPOLENTypH
3 PI3HUMH TOIIYKOBHMH 3aBJIaHHAMH, (PiKCyBaTH BHIIa-
JIKOBI 3HaYEHHsI ITapaMeTpiB BUIAY i OOYHCIIIOBATH 3HA-
YeHHs apaMeTpiB cucreMu 3a popmynamu (2)—(4).

Bingomo, 110 mapaMeTpy IOBHOTH i TOYHOCTI aBTO-
MaTH30BaHUX [IaJIOrOBHX 1H(OpMaIiiHO-ITOITYKOBHX
CHCTEM € cynepewInBUMH. [IOBHOTY 3aBXIM MOXKHA
MiBUIIUTH 10 OMUHMII (TIPU Iy)KE HU3BKIHA TOYHOCTI),
MOBEPTAIOYH BCi IOKYMEHTH Ha Bci 3anuti. [Ipn mpomy
TIpY 301IBIIEHH] KiJTBKOCTI 3HAHIEHUX JIOKYMEHTIB ITOB-
HOTa HE yOyBae€, 3 IHIIOrO OOKYy, TOYHICTH 3a3BHYAil
3HWKYEThbCs. [1OKa3HUK, IO J03BOJSE 3HAWTH OanaHc
MIX TOYHICTIO 1 ITOBHOTOIO IIOIIYKY, HAa3WBA€ThCS F-
3aXO0J/IOM i € X CepeHIM TapMOHIHHUM 3Ba)KEHUM:

F=1/(a*(1/P*+(1-a0)*(1/R))=
=((B"2+1)-PR)/(B"2-P+R), (6)
Jie o, — Bara rnapamerpa P,
B"2=(1-a)/aae[0,1], ToOTO B "2 € [0, ). (7)

VY areHTHy CHCTEMY 3aKJIaal0ThCs Pi3HI TOKA3HU-
KU ITOBHOTH 1 TOYHOCTI BUXOJASYH 3 IHTEPECIB KOPUCTY-
Baua, TOMY 0= Y5, a6o = 1, popmyra crponryeThCes.

F=2PR/(P+R). ®)

3 ornsaay Ha, Mo P 1 R € CTOXaCTHYHUMH ITapaMeT-
pamu, o Bu3Ha4YaThcs Gopmynamu (2) i (3), Burisia
F-3axofiB U1 CUCTEMH BU3HAYAETHCS TAKUM YHHOM:

Foner = [2 (M[P] £ KP) x
x (M[R] £KR)]/[(M[P] £ KP) + (M[R] £ KR)]. (9)

LinboBe 3HaueHHsS F-MipH CHHTE30BaHOI CUCTEMH
BCTaHOBUMO Ha piBHi 0,7.

4. Moaeanb AMHAMIYHOI Bi3yalabHOI MOHATINHHO-
TepMiHosoriuyHoi indopmaniiinoi cucremun. Hazsemo
OykBolo ineHTH(iIKaTOp b, MO € PparMeHTOM IOTOKY
JIAHUX TIEBHOT'O PO3MIipy, OJIHO3HAYHO BHU3HAYA€E 3HAK B
npupoHii MoBi. HazBemo ciioBo ieHTH(DIKATOP W, 1110
CKJIaJIa€ThCs 3 TIOCIIIOBHOCTI CUMBOIIIB, SIKi € JIiTEpaMu.
Ha3BemMo cHMBOJIOM KiHISI NMPOMO3UIT €IeMEHTH MHO-
xuuan { ".", "?", "!"}. HazBeMo (CHHTaKCHYHOIO) TPOIIO-
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3uLier0 S MHOXKHUHY ciiB {wl, w2, ... wWN} CHHTaKCHYHO
MOB'SI3aHUX ONUH 3 OJHUM (IO 3HAXOMHTHCS B OJHIH
MIPUPOTHO-MOBHIM TPOMO3HUIIiI, M0 3aKIHYYETHCSI CUM-
BOJIOM KiHIII mpono3uiii). Hexail € TekcT - MHOXXHHA
CHHTAKCHYHHUX IIOB'SI3aHUX YIOPSIKOBAHUX imeHTH(i-
KaTopiB, ki € cmoBamu w € {W} < {®}, ne w — cIo0Bo,
W — MHOXHHA CITiB B TEKCTi, ® — MHO)XHHA JIOMYCTUMUX
ciiB y MoOBi. JlonmycTuMa MHOXKMHA CITiB B MOBi BH3Ha-
YaeThCsl CIIOBHUKAMH 1 € KapkacoM oHTodorii. Jlis Tek-
CTY MPOBOJIMTHCS CETMEHTAllisi HA CEMaHTUYHO OJNU3bKi
KOMITOHEHTH. JIJIs1 KO>)KHOTO CJIOBa ITPOBOJUTHCS HOpMa-
mizamist MopdosoriyHoi GopMu 3 BUKOPUCTaHHIM (YHK-
1ii m Mopdooriunoro anamnisy: m (w) = b, w € {W}, ne
{W} — MHOXXUHA CII0BO(OPM OIHOTO CIOBO, b — HOpMa-
JmpHa GopMma croBa (IM. MajiK, OJHUHH JJIS IMEHHHKIB,
1 1., OMHWMHY, TEHep. Yac I TIECITIB 1 T.11.).
Brnactuocrti ¢yHKIIIT MOp(hOIOriuHOr0 po30opy:
m (b) = b;
Vw(w e {W})=>m(w)=b,b g W}.

Jlisi KO)KHOT'O CJI0Ba B HOpMaubHIHM ¢opmi Oyny-
€ThCS PSUTHHTOBHUIA PO3MOIN EW, SIKE BUKOPUCTOBYETh-
csl B HACTYIHUX Tpouenypax (iabrpamii npu maroTos-
ui 1o Bizyamizamii. [ns ciiB Oyayrotsest BimHocuHH R1 i
R2 3a Takum npaswiom: (W1, w2) € R1 sxmo wl, w2 —
TIOCITIJIOBHI CJIOBA B PEYEHHI, TOI

V wl eS&Vn2 eS= (W1, w2) e R2.

Jlns BiTHOCHUH OYAYHOTHCS PEUTHHIOBI PO3MOALTY
ER1 1 ER2 3B’SA3KIB €IIEMEHTIB.

Bignomennst R1 BHKOPHCTOBYEThCS U BH3HA-
YeHHs CKJIaJHHUX TEPMIiHIB, IO CKIIQJAIOTHCS 3 JIEKLIb-
KOX ITOCJiIOBHUX CIIIB.

Sxmo ER1 (w1, w2)> €1, To coBa wl Ta w2 BBa-
KAIOTHCS €AMHUM TEPMIHOM 1 TSI HBOTO MTOBTOPIOETHCS
BCsl 00poOKa, mpH sIKiii cmoBa wl Ta w2, po3TarioBaHi
MOCITIZIOBHO, PO3TJSNAIOTBECS K OfaHe cioBa wl + 2.
Sxmo ER1 (w1, w2) > €2, To cioBa wl 1 w2 BBaXKaroTbCs
CEeMaHTHUYHO IOB'sI3aHUMH, €1 Ta €2 — 3HAYESHHSI OPOTiB
Bi3yaumizarii. J[yis1 Bizyamizarii OyayeTbcss MHOKHHA V2

ER2 (w1, w2)> €2 = (W1, u2) € V2.
MuoxuHa V2 Bi3yani3yeTbes y BUMIIsLAL rpada, pe-
Opamu sikoro € enementa (wl, w2) € V2.

5. Moaeap areHTHOr0 NMOLIYKYy Ta o0po0KHN Ha-
ykoBo-TexHiuHoi iHpopmanii. OcHOBHA imest TpUpiB-
HEBOI MOJIENI areHTHOTO MOIIYKY Ta 00poOKu iH(popMa-
i1 MOJISIra€e B HACTYITHOMY:

1. Ha miepriiomy piBHIi CJ1ijJ1 320€3MEYUTH TOJIOBHUM
YHHOM MOBHOTY MOIIYKY iH(popMallii B 30BHIMIHIX JDKe-
penax, 4oro MOXKHa JOMOITHCS 33 PaXxyHOK MOBHOTH
MapUIpyTHOI TEMaTHYHOI 0a3H JaHMX;

2. Ha npyromy piBHI 3a0€3M€4yeThCS TOUHICTD iH-
(opMarii 3a paxXyHOK MOBHOTH TEMAaTUYHHX Te3aypycCiB
CHCTEMH;

3. Ha TperhoMy piBHI JOCSTAETHCA MaKCHMaabHa
MEepPTIHEHTHICTh MOWIYKY iH(pOpMAaILlii BiIIOBIAHO IO
BUMOI' KOHKPETHOI'0 KOpHUCTYyBada-(haxiBIl 32 paxXyHOK
MIepCOHAJIBHUX CJIOBHHKIB KOPUCTYBaya.

Mopenb areHTHOro momryky i crpykrypusanii HTI
BKJIIOYA€E B ceOe Taki piBHi:

1. 306ip iHopmarii 3 30BHILIHIX JHKEPET MepexKi;

2. ®inbTpalis i TeMaTHYHA PyOpPHKALLis;

3. BropunHna QinbTpanisi o MepCcOHaIBLHUM CIOB-
HUKIB.

Mopenb areHTHOI iHQOpMAaIiifHO-aHATITHYHOI CH-
CTEMH IIpe/icTaBlieHa Ha puc. 1.

Ha nepumomy piBHI BUpILIyeThCsS 3aBOaHHS 300py
HAayKOBO-TEXHIUHOI iH(opMmalii B TOBHOTEKCTOBY 0a3y
naaux. OCHOBHMMH elleMeHTaMu € APF, 6a3a maHHMX
YOpaBIIiHHS areHTHHM IIOIIYKOM 1 MOBHOTEKCTOBa 0aza
JaHux. Y 0a3i MaHWX YyNpaBliHHS areHTHHM IOIIYKOM
MiCTATbCS 1H(pOpMAIlilHI JpKepena 3 PI3HUX HAIPSMKIB.
APF, xepoBaHi TaHOI 0a30(0 JOCTaBJISIOTH TEKCTOBY 1H-
(opmariito i HeoOXiHI aTprOYTH (ABTOp, AaTa IMyOITiKarli
TOIIIO) 3a BiMOBIMHNAM rpadikom ckaHyBaHHS 3 iH(opMa-
LIMHUX JPKepeN B MOBHOTEKCTOBY 0a3y manux [11].

Ha nanomy piBHI MakcuMi3yBaTu napamerp MOB-
HOTH (R,,), IO OCATAETHCS 32 PAXYHOK OXOIUICHHS Ma-
KCUMaJIbHOI KUIBKOCTI 1H(OpMaliiHUX pecypciB 3a
3aJ]aHIM TEeMaTHYHUM HarpsMkoM. Ha apyromy piBHi 3
MIOBHOTEKCTOBOI 0a3010 JaHuX B3aeMonitote AKF. AKF,
KEepOBaHI TEMAaTHYHUMH Te3aypycaMH, BUPOOJISIOTH
¢inpTpariro iHGopMaIli 3a BiIMOBITHUMHA TEMAaTHUHU-
MU TpyIamu moBigomiens. Ha npomy etari AKF 3a0e3-
MeYyIOTh TPAHUYHY TOYHICTh, BiJOMpPAIOYN MaKCHMaJlb-
HO TEPTiHEeHTHY iH(opMarito A KOPUCTYBaviB 3a JI0-

ITapamerp €2 Moxe

MHAMIYHO 3MIHIOBATHUCS 0
- IHTepHeT
KOpUCTYBa4YeM JJIs iHTEepakK- 611 p
. Ipaidk B/l TEMaTHYHMX Daiipmect

THBHOTO BHBYEHHS CEMaH- YIRRBTIA | | cypaniin Tesaypycic —
THYHOTO OTOYEHHS HEOOXIis- Tematnana Homro- :
HOTO TEPMiHYy. o v v R— ¥

EXcriepHMEHTaBHO TemaTitina

p o AP-areHTn —> [ AK-arenTm le—>] rpyna
[MOKa3aHo, IO HaWOIIbII nosigomaens
e(peKTHBHE CIIPUAHATTS JIIO- v
IUHOKO iH(popMarii BinOyBa- 6 i
€TbCS IIPU OHOYACHIH Bi3y- Crncon
. . P 06'ekTHMX
anmizanii "He Oinbire 20 00'ek- AR-arentn [ <] KAACTEpiB | THNIG
: BiHOCKMH Mix

TIB. A TemaTMyHa 06'exTamm B/l cemanmmimx

JInst JOCSATHEHHS LBOTO rpyna Nocue i
Bisyamisyrotecs mepmii 20 nosiacmaers

: Vl Cnucok 06'exTiB

€IEMEHTIB  MHOXHHH , repeda m
YIOPAIKOBAHUX IO CIAJIAl0- pneTyee
4iif yactoru ER2 iX BUKOpH-

CTaHHA.

Puc. 1. Moznens areHTHOT iHpOpMaIiHHO-aHATITUYHOT CHCTEMHU
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MOMOT'OI0 TEMAaTUYHUX Te3aypyciB. POpMyIOThCs TeMa-
TUYHI TPYIIH MOBiJJOMJICHb, B SKUX ITOKa3HUK TOYHOCTI
MOBUHEH OyTH MakcuMizyBatu (Pmax). 3a miacyMKamMu
yIpyNOBaHHs iHQOPMAIHHUX ITOBIIOMJIEHb B aBTOMa-
TU30BAaHOMY PEXHMi (POPMYETHCS NEPIIMA THUI JOKY-
MEHTa - JAHIDKECT 32 TEeMaTUYHUM.

Ha TperboMy piBHI 31iHCHIOETBCS TepcoHi(ikoBa-
Ha 00poOka iH(popMarlii. B skocTi kepyroumx HTaHUX
BHCTYIAE CHHCOK OO0'€KTIB, MIO CTAHOBJIATH MPOQeciii-
HUI THTEpeC I KOPUCTYBaya i IEpCOHANBHI Te3aypycH
KOXKHOTO 3 (axiBiiB. ARF Ha TpeThbOMYy piBHI BHUKOHY-
I0Th TEXHOJIOTIYHI onepaii, sSKi MOJsAraroTh y BUIIICHHI
3 TEeKCTiB iH(opMaIllii, MoB's3aHol 3 IMEHAMH 00'€KTiB
npodeciiiHoro iHTEpecy, i nepeaadi MUxX AaHUX B JIOCHE
KO)KHOro 3 00'ektiB. Ha TperboMy piBHI (OpPMYIOThCS
TaKi THITH 3BITiB I KOPHCTyBaya:

1. Jlocbe Ha 00'€KT iHTEpECY - AJOKYMEHT OIHCYE
CTaH TUHAMI4YHOrO 00'ekTa B pi3HiI mepiogu vacy. Ilix
00'€eKTOM 1HTEpeCy MaloThCsl Ha yBa3i TEXHOJIOTIs, MPo-
eKT, opraHizauis i T. 1. Jlocke Ha 00'ekT iHTEpECy 30epi-
rae TOCWJIAHHS Ha BINNOBIAHI JIOKYMEHTH - JDKepena
iHpopMarii.

2. CemaHTHYHA Mepeka - Tpad, BEpIIMHAMU SIKOTO
€ 00'eKTH, a IyrW 03HAYAIOTh Pi3HI TUIHU BiTHOCHH MiX
00'exTaMu.

OTpuMaHi CeMaHTHUYHI Mepexi 30epiraroTbCs y
BIMOBIHIM 6a3i qaHuX. [Ipr HEOOXiMHOCTI KOPUCTYBAY
Ma€ MOXXJIMBICTh BBECTH HOBI 00'€KTH B CEMaHTHUYHY
Mepexy, 1 BoHa Oyje rmepedyaoBaHa.

TakuM 4YMHOM, 3ampONOHOBaHa MOJEb BimoOpa-
)Ka€ HACTYITHI OCHOBHI IPUHIMITY CTPYKTypHU3alii Hay-
KOBO-TeXHIUHOI iH(opMallii, po3cisHO B Mepexi IH-
TEpHET:

1. InTerparist TeMaTnaHOl iHGOpMALT 3 yCiX JKe-
pel Mepexi B €IMHIH MOBHOTEKCTOBOI 023U TaHUX.

2. Tematnyna pyOpuKkauis iHpopMmarii, HIIIXOM
¢inbTpalii MOBHOTEKCTOBOI 0a3M JaHWUX 3 BUKOPUCTaH-
HSIM TEMAaTUYHHX Te3aypyCiB.

3. ®opMyBaHHS KOPHUCTYBAallbkuxX 0a3 JaHUX Ha
OCHOBI TIEPCOHAILHUX TE3ayPYCiB.

BucHoBku

Po3risinyTo 00'€KTHBHI IEepeyMOBH BUKOPHCTaH-
HSl areHTHUX TEXHOJIOTiH B 1H(OpMaIiiHO-ITOITYKOBHX
cuUcTeMax HayKOBO-TEXHIUHOI iH(opmalrii. 3arnpornoHo-
BaHO 1 peaii30BaHO METOJHMKY CTPYKTypHO-TIapamer-
pUYHOTO CHHTE3y MOAiOHMX cucTeM. SIK mapamerpuy-
HUX BHMOT JI0 CUCTeMH 00paHi i 00IpYHTOBaHI YHCEIb-
Hi 3HAYEHHS OCHOBHUX XapaKTEPHCTHUK IOUIYKOBHX
CHCTEM I10 TIOBHOTI i TOYHOCTI.

3anponoHOBaHO MOJIEb areHTHOTO MOIIYKY iH(O-
pMarii, o 3abe3neuye TOCSITHEHHS BUCOKHUX MOKA3HUKIB
ITOBHOTH, TEMAaTHYHOI TOYHOCTI 1 MEPTIHEHTHOCTI 1H(OP-
Martii.

Teszaypycu nmpeaMeTHHX 00JacTel MPOMOHYETHCS Y
BUIISAJ Bi3yaJIbHOI'O 1HTEPAaKTHBHOTO cepeaoBmina. Po3-
poOJIeHO Ta OOIPYHTOBAHO (BYHKIIT areHTiB, IO IPAIto-
I0Th Ha KOXXHOMY 3 PIBHIB CHCTEMH, i MeTomu (hopmy-
BaHHS MOUITYKOBHX NpUNHCIB 11 «AP», «AK», «AR».
3anponoHOBaHO METOJ arperyBaHHs 0a3 JaHUX Kepyro-
YUX areHTHUM TOIIYKOM, MO KOKHOMY 3 TeMaTHYHHX
HAIPSMKIB a TAKOXX arperyBaHHs TEMATHYHUX Te3aypycCiB
JUISL TIOIIYKY iH(opManii B IPUKOPIOHHUX TEMaTUYHHM
00acTsIM ISl CKOPOUEHHST 00CATIB BHIAYI.

BasiunicTh

Iro poboty Oyi0 9yacTkoBO mpodiHaHCOBaHO €B-
poneticbkum CorozoM y koHTeKcTi npoekTy «dComFra —
Digital competence framework for Ukrainian teachers
and other citizens» (Project Number: 598236-EPP-1-
2018-1-LT-EPPKA2-CBHE-SP) 3a mporpamoro ERAS-
MUSH. IMiatpumka €Bponericbkoro KoMiciero CTBOpeHHs
uiei poOOTH HE O3Ha4yae MOBHOTO CXBaJEHHA 1 3MicCTy,
SIKMH BiJI3EpPKAJIFOE JIUIIE oA aBTopiB. Komicis He
MOXKE HECTH BiJIIOBIJaJbHOCTI 32 Oy/b-SIK€ BUKOPUCTaH-
Hs iHpOpMaIlii, SIKy pO3MIIIEHO B 11iil pOOOTI.

CIIMCOK JIITEPATYPH

1. Aceesa H.H., Banckas I'.I1. Bubnuoreuno-on6ianorpadudeckas kiaccudukanus. M.: Jlubepes, 1999.
Jaynarayan L.H., Hendler J. Control of Agent Based Systems (CoABS) & DARPA Agent Markup Language (DAML).

DARPA, 2000. Presentation.

3. Bymxko B.U., Jleonos /I.B., Huxonaes B.C., Oupixuit b.H., Cokonnna K.A. Pa3utie uH}pOpMaMOHHO-aHATUTHIECKON
TIOTIEPKKH HayIHO-TEXHUUECKON JeITeIbHOCTH B HalloHaIbHOM HCCIIeI0BaTEIbCKOM siiepHOM yHUBepcutete «MUDNy,

Cucmemut svicoxoui oocmynnocmu. T. 7, Ne 4. C. 4-17.

4. Mannnnr [, Parxasan I1., llrorne X. Beenenue B nngopmarnronHslii norck. Bubsmce, 2014.

5. Kent A, Berry M.M., Luehrs F.U., Perry J.W. Machine literature searching VIII. Operational criteria for designing informa-
tion retrieval systems. American documentation. Vol. 6, No. 2. April 1955. pp. 93-101.

6. Rijsbergen C.J. Information Retrieval. London: Butterworths, 1979.

7. Artamonov A.A., Ananieva A.A., Tretyakov E.S., Kshnyakov D.O., Onykiy B.N., Pronicheva L.V. A three -tier model for
Structuring of Scuentific and Technical Information. Journal of Digital Information Management. Vol. 14, Ne 3, June 2016.

pp- 184-193.

8. Roussopoulos N.D. A semantic network model of data bases. University of Toronto, Department of Computer Science, To-

ronto, Dissertation TR No 104, 1976.

9. Larissa T. Moss, Shaku Atre. Are Business Intelligence Roadmap: The Complete Project Lifecycle for Decision-Support

Applications. Addison-Wesley Professional, 2003.

10. ®epcrep 3., Penn b. MeTons! KOppeIsIHOHHOTO U pErpeCCHOHHOr0 aHanu3a. M.: @uHaHCHI U cTaTucTHKa, 1983.
11. Artamonov A., Ananieva A., Onykiy B., lonkina K., Galin 1., Kshnyakiv D. Thematic Thesauruses in Agent Technologies for
Scientific and Technical Information Search. Procedia Computer Science. 2016. Vol. 88. pp. 493-498.

REFERENCE

1. Aseeva, N.N. and Vanskaya, G.P. (1999), Library and bibliographic classification, Liberia, Moscow.

98



ISSN 2522-9052 CyuacHi indopmaniiini cucremu. 2020. T. 4, Ne 2

2. Jaynarayan, L.H. and Hendler, J. (2000), Control of Agent Based Systems (CoABS) & DARPA Agent Markup Language
(DAML), DARPA, Presentation.

3. Budzko, V.L, Leonov, D.V., Nikolaev, V.S., Onyky, B.N. and Sokolina, K.A. (2011), “The development of information and
analytical support for scientific and technical activities at the National Research Nuclear University MEPhI”, High Availabil-
ity Systems, Vol. 7, No. 4, pp. 4-17.

4. Manning, D., Raghavan, P. and Schutze, H. (2014), Introduction to the information search, Williams.

5. Kent, A., Berry, M.M., Luehrs, F.U. and Perry, J.W. (1955), “Machine literature searching VIII. Operational criteria for de-
sign-information information retrieval systems”, American documentation, Vol. 6, No. 2, pp. 93-101.

6. Rijsbergen, C.J. (1979), Information Retrieval, Butterworths, London.

7. Artamonov, A.A., Ananieva, A.A., Tretyakov, E.S., Kshnyakov, D.O., Onykiy, B.N. and Pronicheva L.V. (2016), “A three-
tier model for Structuring of Scuentific and Technical Information”, Journal of Digital Information Management, Vol. 14,
No. 3, pp. 184-193.

8. Roussopoulos, N.D. (1976), A semantic network model of data bases, University of Toronto, Department of Computer Sci-
ence, Toronto, Dissertation TR No 104.

9. Larissa T, Moss and Shaku, Atre (2003), Are Business Intelligence Roadmap: The Complete Project Lifecycle for Decision-
Support Applications, Addison-Wesley Professional.

10. Ferster, E. and Renz, B. (1983), Methods of correlation and regression analysis, Finance and statistics, Moscow.

11. Artamonov, A., Ananieva, A., Onykiy, B., lonkina, K., Galin, I. and Kshnyakiv D. (2016), “Thematic Thesauruses in Agent
Technologies for Scientific and Technical Information Search”, Procedia Computer Science, Vol. 88, pp. 493-498.

Received (Hapniiinua) 24.03.2020
Accepted for publication (ITpuitasiTa no apyky) 20.05.2020

B1IOMOCTI ITPO ABTOPIB / ABOUT THE AUTHORS

KacisioB Outer BikTopoBHY — KaHIMIAT TEXHIYHUX HAYK, TOLEHT, podecop kadenpu cucrem inpopmarii; HanionansHuil Tex-
HiuHHMi1 yHiBepcuTer «XapKiBChbKHI MOMITEXHIYHUI IHCTUTYTY», XapKiB, YKpaiHa;
Oleg Kasilov — PhD, Associate Professor, Professor of the Information Systems Department, National Technical University
"Kharkiv Polytechnic Institute", Kharkiv, Ukraine
e-mail: o.kasilov@hotmail.com; ORCID ID: http://orcid.org/0000-0002-8524-2345

Kpamcbka Karepuna IropiBaa — acriipant xadenpu «[HhopmaiifHuX TEXHONOrIH i CHCTEM KOJIICHUX Ta I'YCEHHMYHHX MAlllMH
iM. O.0. Mopo3oBay; HarionayibHUI TeXHIYHUI yHIBepPCUTET «XapKiBCbKUH MONITEeXHIUYHMIT iHCTUTYTY», XapKiB, YKpaiHa;
Kateryna Kramska — graduate student of the department “Information Technologies and Systems of Wheel and Track Ma-
chines”, National Technical University "Kharkiv Polytechnic Institute", Kharkiv, Ukraine
e-mail: katerina kramskaya@ukr.net; ORCID ID: http://orcid.org/0000-0002-9694-0552

Mopeyin 1 MeTO CHHTE3a areHTHOH HH()OPMAIHOHHO-TIOMCKOBOI CHCTEMBI
O. B. Kacwunos, E. 1. Kpamckas

AHHOTAUMSA. Cyl_LIeCTByl-OHII/Ie COBPEMCHHBIC I/IH(l)OpMaLII/IOHHO-HOI/ICKOBLIe CUCTCMbI, TAaKHC KakK Google, HHZ[GKC,
Yahoo OPHUCHTHUPOBAHBI HA CPEAHECTATUCTUYCCKOI'O I0Jb30BaTEJI, IS KOTOPOr'o IPEAMETOM IIOMCKa ABJISCTCA HGCHGLII/I(i)I/I‘Ie-
CKasl, HAy4YHO-TE€XHOJIOIrnM4CCKas I/IH(i)OpMaLII/IH. HOQTOMy OTHU ITOMCKOBBLIE CUCTEMbI HE MOI'yT B ITOJJHOM o0beme NpeaOCTaBUTh
HY)XHYIO I/IH(i)OpMaLH/HO JIIA l'Iqu)eCCHOﬁJ'IBHOFO I10JIB30BaTECIIA. BCJ'[GZ[CTBI/IG TOro, 4TO JaHHas I/IHq)OpMaLII/ISI SIBJISICTCS CIIpaBOY-
HOHM W1 3HHHKHOH€Z[H‘ICCKO§I, OHa HE COOTBETCTBYET 3aJaHHOMY IIOUCKY. O06ecneunTh Ka4eCTBEHHBIN TOUCK I/IH(i)OpMaLII/II/I u
penmmThb np06neMy I/IH(1)0pMaI_II/IOHHO-aHaJ'[I/ITI/I‘-IeCKOFO oOecrieueHus Haquoﬁ M TEXHOJIOTMYECKON JACATCIBHOCTH BO3MOXXHO
TNOCPEACTBOM HCIIOJIB30BaHUS arCHTHBIX TEXHOJIOTUH. ATCHTHBIEC TEXHOJIOTUU WHULUUPYIOTCA U yIIPABJIAOTCS aBTOMAaTHYCCKH, a
TaKXe (byHKLII/IOHI/IpyIOT 0e3 ydJacTusl 110J1b30BaTECIIs. HO3TOMy OHH UMEIOT Oojiee BBICOKYIO ITPOU3BOAUTEIIBHOCTH U BO3MOXK-
HOCTH HerepBIBHOﬁ pa6OTI>I. Pa3p60TaHa MOACIIb MHOFprOBHeBOﬁ ar¢HTHOI'o I/IHQ)OPMaHHOHHO-aHaHHTquCKOﬁ CUCTCMbI B
€CTCCTBCHHO-HAYYHbIX W TEXHOJIOI'MYCCKHUX HallpaBJICHUSAX. OHa siBiisseTcst HanboJjiee Henecoo6pa3H0 JUIs1 TEMATUYCCKOI'O 00-
CIIY’)KMBaHUS KOJUICKTUBHBIX U IIEPCOHAIBHBIX rmoyb30BaTesieii. Takke B cTaThe PacCMOTPEHO UCITOJIB30BAaHNUC ar€HTHLIX TCXHO-
JIOTHA B I/IHq)OpMaLII/IOHHO-HOI/ICKOBBIX cucremMax Hay'{HO-TeXHH‘-IeCKOﬁ I/IH(i)OpMaLII/II/I. l'[pe;mon(eHa METOAUKAa CTPYKTYPHO-
apaMeTpuieCKOoro CHUHTe3a HOZ[O6HLIX CUCTECM.

KawoueBble cioBa: I/IHq)OpMaI_II/IOHHO-HOI/ICKOBLIe CUCTCMBI; ar¢HTHbIC TCXHOJIOI'MH, arCHTHBIC CUCTCMBI, areHTHBIN
TIOUCK.

Models and synthesis method of agent information retrieval system
0. Kasilov, K. Kramska

Annotation. Existing modern information retrieval systems such as Google, Yandex, Yahoo are aimed at the average
user, whose subject of the search is not specific, scientific and technological information. Therefore, the aforecited search sys-
tems cannot fully provide the necessary information for the professional user. Due to the fact that this information is reference or
encyclopedic which does not correspond to the specified search. It is possible to ensure a high-quality information search and to
solve the problem of information and analytical support for scientific and technological activities with the using of agent tech-
nologies. Agent technologies are initiated and controlled automatically, and also function without user’s participation, therefore
they have higher productivity and the possibility of continuous operation. This article has developed the architecture of a multi-
level agent information-analytical system in natural-scientific and technological areas. The authors proposed software and hard-
ware implementations of a thematic service model for collective and personal users. Also, the article discusses the use of agent
technologies in information retrieval systems for scientific and technical information. The technique of structural-parametric
synthesis of such systems is proposed as well.

Keywords: information retrieval systems; agent technologies; agent systems; agent search.
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PO3POBJIEHHSA IA®POBOI'O EKBAJIAM3EPA JIJISI BIOCEHCOPA
IHOPTATUBHOI'O AHAJII3BATOPA BIOIMIIEJAHCY

AHoTanisi. Y crarTi onucaHo HOBHH MiJXif 10 HOOYIOBH MOPTATUBHOIO YaCTOTHOI'O aHajii3aTopa OioiMnenanca. HoBu-
3Ha MiIXOMY IOJIArae y CHHTE31 alrOpUTMIB KOPUI'YBaHHS, SIKi BUKOHYIOTh (pyHKLi0 1udpoBoro ekpanaizepa i3 BUPiBHIO-
BaHHS YaCTOTHOI XapaKTEpUCTUKH ceHcopa OloimmenaHcy. Peanisaris miaxomy 1ae 3Mory OUTBII HXK Ha J1Ba MOPSIKHA PO3-
IIUPUTH Jiara3oH poOo4MX 4acToT 0e3 yCKIaJAHHEHHS CTPYKTYPH 4acTOTHOro aHaji3aropa Gioimnenancy. Ipeamerom
JOCJIi/IKeHHs € METO]| MO0y JOBH HU3bKO3aTPAaTHOrO YaCTOTHOTO aHalizaTopa OioiMIlejaHca Julsl IIEPCOHANIBHOIO 3aCTOCY-
BaHs y JIOMAIIHIX yMOBaX 30KpeMa K HOCUMOro IprcTporo. MeTa gocizkeHHs1 — po3po0IeHHS HOBOTO MiAXOy /10 I0-
OynoBu GioceHCopa, sIk 6a30BOro KOMIIEHEHTA IOPTaTHBHOIO YaCTOTHOr'O aHallizaropa Gioimnenancy. Hosuit minxin 6a3y-
€TbCS Ha MAKCUMAaJIbHOMY CIIPOILIECHHI aHAJIOr0BOi YaCTUHHU 010CEHCOPA i BUKOPUCTaHHI OOUMCITIOBAJIHUX 3aC00IB IS KO-
PUI'YBaHHsI AMHAMIYHUX MOXHOOK BUMIPIOBaIbHOrO KaHary. KiltouoBMM acrekToM UL peani3allii Takoro miaxoLy € CHHTe3
¢byHKUii MpoBoro ekpanaizepa y BUIIIsAL ANTOPUTMIB KOPUI'YBaHHS AMHAMIYHUX NOXUOOK. PesyabTaT. OOrpyHTOBaHO
JIOLIBHICTD TTOOYI0BH CeHcopa GioiMIenaHcy 3a METOIOM aBTOMAaTHYHOro OanmaHcyBaHHA Mocta. [Ioka3aHo, 110 OCHOB-
HOIO IPOOJIEMOIO Ha [IbOMY LIULIXY € JMHAMIuHI HOXMOKH, SKi OOMEXKYIOTh Jliana3oH podounx yactoT. [IpoaHanizoBaHo ya-
CTOTHY HepeAaTHy (YHKIIII0 aBTOKOMIICHCAIIHOr0 IIEpeTBOPIOBaYa 1 BU/JIEHO TPU HAMOIbII iCTOTHI JuKeperna IuHaMid-
HUX noxubok. PopmMaiizoBaHO nepenatHy (yHKIIO, 1€ AecTabiii3yroui BIUIMBY MIPEICTaBIEHO TPhOMa Koe(illieHTaMH.
3anporoHOBaHO METOJIOJIOTII0 CHHTE3Y all'OPUTMIB KOPUTYBAaHHS «CHPUX» PE3yJIbTaTiB BUMIPIOBaHHS, SIKi, 110 CyTi, pealli3y-
10Th (QYHKI0 IH(poBoro ekBanaiizepa. Iligkpecneno, mo iMrmieMeHTanis TudpoBOro exBanaizepa He mMoTpedye 3MiH y
CTPYKTYpi ceHcopa 0ioiMIIeZIaHCy, a JIMIIE 3aTy4ae OOUNCIIIOBAIIbHY MOTYXKHICTb, SIKY BXKE MArOTh Cy4acHI BUMIpIOBaJIbHI 3a-
cobu. JlocnimkeHo eeKTUBHICTh aITOPUTMIB KOPHI'YBaHHS B Aianas3oHi yactor Bix 10 I'n no nexinekox MI'1 nuisixom cumy-
i ceHcopa Gioimrieziancy Ha Moziedti Pspice. PesynbraTu nociipkeHb oka3aau MOXIIMBICTD POSLIMPEHHS liaria3oHy pobo-
YHX YacTOT OUTBII HiXK HA JBI 4acTOTHI Aekaqu. BucHoBkm. [Toka3ano HeoOXiqHICTH po3po0iIeHHs IM(POBOro eKBasaizepa
JUTSL TIOPTaTHBHOT'O aHaJIi3aTopa GioiMIieqaHCy. 3alpoIIOHOBaHO 1HHOBALMHKI i XiJ] [I0JJ0 3MEHIIEHHS TMHAMIYHUX MOXH-
OOK Ha OCHOBI CHHTE3Y Ta BUKOPHUCTAHHS aJIrOPUTMIB KOPUT'YyBaHHS. JlociikeHO e(heKTUBHICTh CHHTE30BAHUX aJIOPUTMIB 1
0Ka3aHO MOJKJIMBICTb iCTOTHOIO PO3LIMPEHHS Jiana3oHy poOOYX OPTATUBHOIO aHaizaTopa GioimMIieIaHcy.

Kaw4yoBi cioBa: mopraTuBHHI YacTOTHMI aHami3aTop OloiMmenaHca; 6i0CEHCOp; aBTOKOMIIEHCALIMHUN IepeTBOpIO-

Bay; LM(POBHI eKBaaii3ep; arOPUTMHU KOPUTYBAHHS JUHAMIUYHUX OXHOOK.

Beryn

IMmeraHCHa CIIEKTPOCKOIISE € MOTYXXKHUM 1HCTpY-
MEHTOM JOCJIi/DKEHHS, 10 IUPOKO BHKOPUCTOBYETHCS
B He juuie y Haymi [1] i TEXHOJOriSX Ui KOHTPOIIO
TEeXHIYHHUX 00'€KTIB [2, 3], ajie TaKOX 1 Y MEIUITHHI JJIS
JIIarHOCTUKU 3aXBOPIOBaHb i MOHITOPUHTY CTaHy 370-
poB’st [4, 5]. Ines MeTony ciMpaeTbesl HA BUMIipPIOBaHHS
YaCTOTHOI 3aJIeKHOCTI CKJIaJOBUX IMIenaHca Ta ii
npezcTaBieHHs aiarpamamu bome um Haiiksicra. Ha
OCHOBI CHEKTPY IMIIEZIaHCYy BUKOHYIOTH MapaMEeTPHUYHY
inenTH(iKaio 00'eKTa, IKUH MOJIETIOETHCS 33 JOIIOMO-
TOI0 €IEKTPUYHOI CXEMH 3aMillleHHSI.

BukopucraHHs iMIIEIaHCHOI CHEKTPOCKOIIT st
0araTo4acTOTHOrO aHaji3y OiOoiMIIeZ]aHCy, Ma€e CBOIO
cnenu(iky, 3yMOBJICHY K MPUPOOK0 01000’ €KTa, Tak i
3aBJAaHHIMHM TOCTIHKeHHA. Cepell MOIMUPEHUX 3aCTOCy-
BaHb 0i0IMIIEIAHCHOI CIEKTPOCKOIII MOXXHAa Ha3BaTH
BUMIPIOBaHHS IHIEKCY MacH TiJia 3a BMICTOM BOIH,
YKHPOBHUX TKaHUH Ta iH. [6], MOHITOPHHT PiBHSI [NIIOKO3H
3a 3MIHOIO TPOBIJHOCTI KpoBi [7], KOHTPOJIb KPOBOHA-
TIOBHEHHS OKPEMHX OpraHiB 1 JUISTHOK Tina [8].

Ha neit yac icHye 3anuT Ha 3acTocyBaHHs OioimIie-
JTAHCHOI CIIEKTPOCKOITI TaKOXX B JIOMAIIHIX YMOBaX,
30KpeMa 1 y BapiaHTi HOCHMHX EJIEKTPOHHHUX IPHCTPOIB
[9, 10]. Lle cTaBUTH TOAATKOBI BUMOTH IIO/I0 MiHITIOAPH-
3alii Ta 37eMIeBJICHHs] YaCTOTHUX aHAII3aTopiB OioimIe-
JAHCY. 3 OISy Ha JOCTYIHICTB Ul KOPHUCTYBadiB 00-
YHCITIOBATIBHOI MMOTYXKHOCTI Y BHIJISI HOYTOYKIB, cMap-
T(OHIB, XMapHHUX CEPBICIB, OCHOBHHI aKI[EHT 3MilIyETh-

csl Ha po3po0JIeHHsT 010CEHCOPHOT YaCTHUHH, MPU3HAYEHOT
Ut (POpPMYBaHHS CTHMYJIIB 1 aHaJ3y CHUTHAJIB BiATYKY,
10 HECYTh 1H(pOpMAIIiFO0 PO OioiMITeaaHC.

AHani3 mpo0ieMHM Ta HAyYKOBHUX myOmaikamii.
IcHye nexinbka MeTOniB MOOYJIOBH 0araro4acTOTHHX
BHMIpIOBayiB iMIlelaHCca, KOXKEH 3 SIKMX Ma€ CBOI Iepe-
Bardu Ta HeJoJNiku. Tak 3BaHWH METOJ MOCTa 3 aBTOMa-
TUYHUM OallaHCYBaHHSM € TIPOCTHUM Yy peaiizaiii Ta
MoeqHye B €001 HM3KY IHIIMX IIepeBar, HacamIepen
BHCOKY INBUIKO/IIO, IITO € BU3HAYAIBHUM Y HOT0O BUOOPI
Jutst o0y noBu Giocencopa [11, 12].

CyTh MeToIy aBTOMAaTH4HOIO OajaHCyBaHHS MO-
nsrae 'y HactymHomy [11]. B pesynbrari 30ymxeHHS
CHHYCOiJasIbHOIO Harpyroto E 00'exTa 3 iMnenancom Zy
yepe3 HBOro TMpoTikae cTpyM [y lLleir crpym
BPIBHOB&KYETHCS CTPYMOM [, IO (OPMYEThCS Tiepe-
TBOpIOBaueM cTpymy B Hanpyry (//U), noOynoBaHuM Ha
omepamiiinoMy migcwioBadi  (OIl) i3 pe3ucTopom
niamasoHy Rp y KOJi 3BOpPOTHOrO 3B'S3Ky. SIKImIO mpu-
mycTuTH ixeansHi mapamerpu OIl, moreHmian AU Ha
HU3BKOMY TEpMiHalli (3BaHMH BIPTYaJBbHOIO 3EMIIEIO)
JIOPIBHIOE HYINIO, TOMY maaiHHg Hampyru U; Ha
BHUMIPIOBAaHOMY IMITEIaHCI Take K, SK 1 cHrHaj 30y.-
xeHHs E. OTxe, BUMIpSHUN IMIIeaHC MOXKHA 00YHCITH-
TH 32 HOPMYJIIOF0:

Zy =—Rp-(Uz/Upg). (1)
Jl1st BUMiproBaHHS KOMIUTEKCHUX Hanpyr Uy ta Uy

BHKOPHUCTOBYETHCS BEKTOPHUHN BOJBTMETP, SKHH Kepy-
€ThCS OTMOPHUMH curHajmamu i3 ¢aszamu 0 ta 90° mis
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BUJIJICHHS TIHCHUX Ta YSIBHUX KOMIIOHEHT (4 1 j'B)
Hanpyru Uz Ta xomnoneHt (C i j-D) wampyru Ug. Ta-
KAM 4YHHOM, aKTHBHY CKJIQJoBy R 1 peakTuBHy X
BHUMIpPIOBAHOTO IMIleaHCy Zy MOXXKHA BU3HAUUTH 13
Takux piBHSHG [11]:
A-C+B-D B-C-A4-D
R=Ro=—3—5 3 X=Ro—FH—5— (@
C°+D C°+D

Po3BUTOK TeXHONOTIi IHTErpaIbHUX CXEM, BKIO-
Yaro4yu METOIH HU(pPOBOI 0OPOOKH CUTHAIIIB, 1A€ 3MOTY
BHCOKOTOYHOT'O CHHTE3y 1 BHMIpIOBaHHS OPTOrOHab-
HUX KOMIOHEHT HAIPYTH B NIMPOKOMY Jiana3oHi 4acTOT
[3, 13, 14]. Hanpuknan, y neperBoptoBadax ADS5933 i
AD5934 ¢ipmu  Analog Devices BHUKOPHCTOBYETHCS
JTUCKpeTHH airoput™m mneperBopeHHs Dyp'e s
BHMIpIOBaHHS KOMIIOHEHTIB iMrenancy [15, 16]. Oc-
HOBHHMM JDKEPEIOM TOXHOOK BUMIPIOBaHHS B IILOMY
BUIIAJIKy € BHMIpIOBaJbHUI Kackaj i3 aBTOMaTHYHUM
0aJaHCYBaHHSIM — aBTOKOMIICHCAIIMHUN MTEpEeTBOPIOBAY
IMITEeIaHCa Y HATIPYTY.

Amnani3 nokasye [11, 14, 17], mo nmoxuOku aBTo-
KOMITIEHCAI[IHHOTO TIepeTBOpIOBaYa MAaroTh AWHAMIYHY
MIPUPOJY, OCKIIBKA BOHU € PE3YJIbTaTOM HAKOIWYEHHS
3apsaly Yy Tapa3uTapHUX €MHOCTSX —OIepaliidHOro
I ICHITIOBaYa, 110, Cepell 1HIIOro, MPU3BOIUTH JI0 TOTO,
10 TOTeHIIIaN BipTyanbHoi 3emiti AU # 0. Tomy Hampy-
ry Uz cnig po3diuTv, BUKOPHCTOBYIOUM Pi3HUIIEBHUI
MiJCHIIOBAY, K PI3HUIO IMOTEHIiaTiB Ha BHUCOKUX 1
HU3BKMX TepMiHajax (KJIeMax 0 SKUX MiJKII0YEeHO
IOCTiKyBaHu#i 00'ekT). OmHaK I pIlICHHS MOXKHA
BHUKOPUCTOBYBATU Ha yacrorax Hikue 100 k' [11].

[TinBUIIEHHS] TOYHOCTI BUMIpPIOBaHHS IMIICIAHCY B
niama3oHi yactor moHan 100 k[’ MOXJIMBE 3a PaxyHOK
CTPYKTYpHHX 3MiH meperBoptoBaya I/U. Hampuknan,
¢dipma Keysight Technologies (panime Agilent) po30y-
noBye mieperBoproBau /U, BBOISYM JETEKTOP HYIIS,
(ha30vyTIINBI JIETEKTOPH, IHTErpaTopu Ta BEKTOPHI MO-
IIYJSITOPH, YUM 3a0e3MeuyeThCsl BUCOKMH PiBEHb MiJICH-
JISHHSI JUTsl BUCOKUX YacToT (ax g0 120 MI'm) [11].

TakuM 4YMHOM, y BiIOMHX YacCTOTHHX aHaNi3aTo-
pax OioiMmenaHca € HEOOXiJHICTh BHMIpPIOBATH BiIHO-
LIEHHs JBOX KoMIUleKcHuMX Hampyr Up Ta Uz 3rigHO
piBusiHHS (2). lle BuMarae 4acoBoi HaaMIpHOCTI Ta
3abe3neuye BUMipIoBaHHs ornopy Jjwuiie a0 100 k'
Posmmmpenns pianasony gacrot monaja 100 kI’ moxiu-
BE€ 32 PaxyHOK J0JIaTKOBOI po30YyIOBH MepeTBOpIOBava
I/U, T0oOTO 1le AOCSTaeThCcs 3a PaxyHOK 301NIbIIEHHS
ckiagHocTi obnamHanHs. OOuABa MiXOMU HENPUIHSAT-
Hi a7 MoOyJOBH TPOCTOrO 1 JIEMIEBOrO YacTOTHOTO
aHayizaropa OioiMIeIaHCy, NMPU3HAYCHOTO IS IEepPCo-
HAJILHOT'O 3aCTOCYBaHHS Y JJOMAIITHIX YMOBaX, 30Kpema i
y BapiaHTi HOCUMUX TPUCTPOIB.

IMocTaHoBKa 3aBOaHHA. METOIO CTATTI € pO3p00-
JICHHS HOBOTO IIIXOMy 1O MOOYIOBH OioCeHCOpa, SK
0a30BOr0 KOMIIEHEHTa [TOPTATUBHOTO YaCTOTHOTO aHai-
3aropa OioimMnenancy. HoBuil minxin O0a3yeTbcs Ha Mak-
CHUMAJILHOMY CIIPOILIEHH] aHaJO0roBOi YacTHHU 0ioceHCo-
pa i BUKOpUCTaHHI OOYMCITIOBAIIBHUX 3aCO0IB ISl KOPH-
T'YBaHHsI JUHAMIYHHUX MOXUOOK BUMIPIOBAILHOTO KaHAIY.
KnrouoBuM acrekToM Juist peanizaliii Takoro mMiJIXoay €
cuHTe3 (QYHKUIl 1M(ppoBOro exBaiai3epa y BUIIISAL all-
TOPUTMIB KOPUT'YBaHHS JTUHAMIYHUX ITOXHOOK.

BuKkJ1aJg 0CHOBHOT0 MaTepiajly A0CiKeHHs

ApxiTeKTypa NOPTATHBHOr0 aHajgizaTtopa Oio-
iMmnenancy. 3agaui BuMiproBaHHS OioiMmenancy 0asy-
I0ThCSI HA 3JIATHOCTI O10JOTIYHUX TKAHHWH, B TOMY YHCII
1 TiJa JIFOJMHH MPOBOTUTH CICKTpHUYHME cTpyM. OcHO-
BHUMH HOCISIMH 3apsiiy B 0i000’exrax € ioHu. YKuBa
OioyioriyHa TKaHWHA € HEOJHOPIJHMM NPOBITHUKOM i3
PE3UCTHBHO-EMHICHUM  XapaKTEepOM IMIIIaHCy, sIKa
JI00pe MOJIETIOETHCS EIEKTPUYHOIO CXEMOIO 3aMillIeHHS,
300pakeHOr0 Ha puc. 1, a. EmeMeHTH Ha Iili cxemi Ma-
I0Th Takui Qi3UYHKIN 3MiCT: Ry — 30BHIIIHUN OMip KITi-
TUH, R; - BHYTpilHUA omip KiIiTHH, C)s - EMHICTh MEM-
Opanu [6].

R Cw

f=e f=0

6
Puc. 1. Mopens Gioimnenanca 3a Koyn-Koyowm (a)
Ta YaCTOTHA 3aJIS)KHICTh AKTUBHOTO 1 PEaKTHBHOT'O
oropy 61000’ ekTy (0)

3aJIe)KHO BiJl 3a7a4i TOCITIKCHHS YacToTa 30HIY-
BaJBHHOTO CHTHAJY MOXKE 3MIHIOBATHCS Yy IIUPOKUX
Mexax — Big 1 k['p qo 1 MI't. BaxuBoro xapakrepuc-
THKOIO EJIEKTPUYHOTO IMII€IaHCY TKaHUH € BiJHOUICHHS
iX emHicHOro X i1 aKkTHBHOro R omopiB — tg ¢ = X/R.
dazoBuil KyT ¢ Xapakrepusye 3cyB (azu 3MiHHOIO
CTpyMy, IO MPOTIKa€e uepe3 00’€KT, BIAHOCHO CHany
Hanpyru Ha HboMy. Ha puc. 1, 6 300pakeHO 3aJIe)KHICTh
MIXK aKTUBHHM 1 PEaKTUBHHM OIIOPOM TP 3MiHI 4acTo-
TH 30HAYBaJbHOrO CUTHANY Bix 0 10 +oo (Tak 3BaHMU
rpadix Koyma-Koyna). Yacrora, Ha sKiii crmoctepi-
raeThcsi MaKCUMaJIbHE 3HAUCHHS PEaKTUBHOI CKIIaZ[0BOI
010IMIICIAaHCY, HA3UBAETHCS XaPAKTCPUCTUIHORO.

3Ha4yeHHs] aKTUBHOI 1 PEaKTUBHOI CKJIaZIOBHX 010iM-
TIeAIAHCY 3aIeKaTh BiJl JOCIIDKYBAHO! JUISHKH TiJia, CIo-
0c00y HaKJIaIaHHs, THITY €IEKTPOIiB Ta ix ruroii, Hanpu-
Ki1a, TaroBi X 1 R npu BUMIpIOBaHHI iMITEJaHCy BCHOTO
Tina ckiamarote 20+-80 i 200800 Om BianoigHo. 3Ha-
yeHHs ¢ Ha yactoTi 50 xI'11 ckiamae B HOpMi 7,6+£1,0° y
4oJIoBiKiB Ta 6,9+1,3° y xiHOK. Mexi BUMiproBaHHs (a3o-
BOr0O KyTa MOXYTbh 3MiHroBatucs Bif 3 no 10°. 3a cydac-
HHUMH YSIBIICHHSAMH TTOHIDKEHHsI 3HAYEHHST EMHICHOTO OT10-
PY 3B’SI3yIOTh 13 TIOPYLICHHSIM JTi€IEKTPUYHUX BIIACTUBOC-
Tel MeMOpaH KITITHH Ta 30UTbIIICHHSIM JIOJTi TIOIIKODKEHUX
KIITHH B OpraHi3mi. I, HaBmaku, ITiIBHUINCHI 3HAYCHHST X,
BiIOOpa)karoTh Kpaliuii cTaH MeMOpaH KiTiH. Ha ocHOBI
IILOr0 BBAXKAIOTh, IO UMM OLUIBIIC 3HAYCHHSA (DA30BOrO
KyTa, TUM KpAIIWi CTaH OpraHiamy [6].

BumiproBannsi OloiMIenaHcy Mae BiANOBigaTH
YKOPCTKMM HOpMaM Oe3IeKH BiJl ypasKeHHS eNeKTpHY-
HuM crpymom (cranmapt IEC60601). Ile wnaxmamae
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NeBHI OOMEXEHHsSI 10 DIBHIB CHTHAJIB 30HAYBaHHSI, a
BIITAK BHMAarae 3acTOCYBaHHS BIIIOBITHUX METOJIIB
3a0e3IeueHHs 3aBaJOCTIMKOCTI BHMIipIOBaHb. Peaiiza-
1i}0 MIOPTATHBHOTO YaCTOTHOIO aHaJi3aropa OioiMrena-
HCY Y 3araJis-HOMY BHTJIsiII 300pakeHo Ha puc. 2.
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Puc 2. ApxitekTypa HOPTaTUBHOIO YaCTOTHOT'O
aHaji3aropa Oloimrenancy

KirouoBUM CTPYKTYpPHM KOMIIOHEHTOM 4YaCTOTHO-
ro aHajizaropa € ceHcop Oioimnenancy. Jlo ¢yHKIii
LLOrO MPHUCTPOIO BXOAUTH (YOPMYBAHHS 30BHILIHBOTO
CTUMYILy Yy BHIJISIII 30HIYBaJbHOI'O CHHYCOIAAJIbHOTO
CUTHAJIy, a TaKO)X BHUMIPIOBaHHsA OIOMOTEHINANIB Ha
TIOBEPXHI JOCIIKYBaHOI JUISHKH TiJIa, SIKi € BiT'yKOM
Ha 30HAyBaHHsI. Y ceHcopi OioiMIienaHca BiOyBa€eThCs
HHU3Ka BXXIIMBUX BUMIPIOBAILHHUX IEPETBOPEHb, CIPS-
MOBaHMX Ha ()OPMYBaHHS pE3yNbTATIB BHUMIipPIOBAHHS
aKTHBHOI 1 PEaKTUBHOI CKJIAJOBUX OioiMmIienaHca st
KO)KHOTO 3Ha4€HHSI 4YaCTOTH 30H/1YBaJbHOI'O CUTHAIY.

[Ipouec BUMiprOBaHHs BiIOYBAa€THCS y CKIATHHUX
YMOBaX, 4Yepe3 pi3Hi AecTaliai3yrodi BILIMBH 30BHIII-
HBOTO 1 BHYTpILIHBOTO MoxomkeHHs. Lle Bumymiye 3a-
CTOCOBYBATH SIK BiJIOMi, TaK i HOBI METOJIM KOHJHMILIIO-
BaHHS BUMIpIOBAJILHOrO curHany. OJHHM i3 Takux €
3aIrporOHOBaHMI aBTOpaMHU METOJI BUPIBHIOBAaHHS Yac-
TOTHOI XapaKTEepPUCTUKU ceHcopa Oioimmenancy. Lleit
METOJl IMIUIEMEHTOBAHO y MIKPOKOHTPOJIEp] y BHIVISII
AITOPUTMIB KOPUTYBaHHS IHUHAMIYHHX CIIOTBOPEHb Yy
pe3ynbTaTax BHMIPIOBaHHS CKJIAJOBUX OioiMIIenaHcy,
IO HAAXOAATH 13 ceHcopa. Y CTaTTi IpPEACTaBIECHO
METOJIOJIOTII0 CHHTE3Y IIUX aJITOPUTMIB Ta JOCIIIKEHO
iX e(peKTHBHICTB.

BinkopuroBani 3HaueHHs AaKTHBHOI 1 pPEaKTUBHOI
CKJIaZIOBUX OloiMIleIaHca Yepe3 KOMYHIKalliifHIHA MOJYIb
TIepEealoThesl Ha KOMIT'IOTEP 13 CIIelliali3oBaHiM TIporpa-
MHUM 3a0e3MeueHHsIM /TSl [TOIAJIBIIONO aHaji3y Ta iHTep-
npeTarii pe3ynbTaTiB JOCHIKEHHs. 3aJIeKHO BiJ| CLCHA-
pil0 BUKOPHCTaHHS MOKIIMBI Di3HI BapiaHTH peastizarlii
KOMYHIKatiii i KOMIT'TOTEpHOrO OINpAIIOBAHHS: Yepe3 MOpT
USB Ha HOyTOYyKY, 4epe3 Bluetooth Ha cmaprdoni abo
Iami B XMapHOMY cepeioBwii. Ha OCHOBI BHMIpsSHHX
3Ha4YeHb AKTHBHOI Ta PEAKTUBHOI CKJIJIOBUX MOYKHA OOUH-
cmuTH TiepBUHHI Tapamerpu Rg, Ry i Cy enexrpuuHOi
cxemH 3amimieHHs (puc. 1,a), a BpaxoBYIOUM HAasBHITH
3aJIOKHOCTI MapaMeTpiB OioiMIIeIaHca BiJl YaCTOTH HHU3KY
IHIIMX BKIMBHUX O10MEIMYHHX TTOKa3HUKIB.

CTpykTypa i npuHIMI PodOTH CeHcopa A Mo-
PTATHBHOrO aHajizaTopa 6ioimmenancy. SIk mokasas
OIJISIL JIITEpaTYpHHUX JDKEpell, TUHAMIYHI ITOXHOKH €
cepiio3HIM Oap’epoM Ha IUIIXY MOOYI0BU Mano3arpar-
HOT'O YacTOTHOTO aHajizaTtopa OioiMIienanca. 3 orisiay
Ha 1le y poOOTi 3aIIpOITOHOBAHO 1HOBALIMHME MiAXiA 1O
PO3IIUPEHHS iana30Hy POOOYMX YacTOT aHami3aTopa

OioimrienaHca, sIKMd He MOTpeOye Hi amaparHOI, Hi 4a-
COBOI HaJUTMIIKOBOCTI. Moro cyTh monsrae B Iporpam-
HOMY KOPWT'YBaHHI BIUIMBY IHHAMIYHHUX ITOXHOOK, IO
BHUMarae JMIIe 3ajydeHHs BiJIIOBiJHOI OOYMCITIOBAIIb-
HOi TIOTYXKHOCTI, SIKOIO BOJIOJIIOTH CYYacHI BUMIpIOBa-
JBHI TpUcTpoi. [ peanizanii Takoro migxomny morpio-
HO HacaMmIlepell CHHTE3YBAaTW BiJMOBIJHI aJTOPUTMH
KOpPHUT'YBaHHSI.

3anpornoHOBaHU METOI KOPUTYBAaHHS BIUIMBY
JTUHAMIYHUX TOXHOOK MOXKe OYyTH BHUKOPHCTaHWH ISt
nmoOyIOBH CEHCOPHOI YacTHUHHW aHajlizaTopa Oioimrena-
Hca, OJIOK-cXeMa SIKOro TIoKa3aHa Ha puc. 3.

Lincpposuin
ekBanavsep

AsmokomneHcauyitiHuli
nepemeoptosay

MikpokoHT ponep

Puc. 3. CrpykrypHa cxema 6ioceHcopa
Ha OCHOBI METOZy aBTOOAIAHCYBaHHS

AmHanoroBa YacTMHa aHamizatopa OioimrenaHca,
IO peati3ye MeTojl aBTOMAaTUYHOro OallaHCYBaHHS
MOCTa, Io0Y/I0BaHa 3a JIONOMOrolo neperBoproBaya 1/U
Ha ocHOBIi OIl, pe3ucropa nianazony R, i moBToproBaya
nHanpyru (ITH). BiooG'ekt migkmodaeTbest 10 BUMIpIO-
BaJIbHOI CHCTEMH 3a JIOIIOMOI'OI0 JIBOX KaOeliB CTpyMy
(Hc 1a L¢) Ta 1BOX MOTEHIiaNbHUX KabemiB (Hp Ta Lp).
BukopucraHHs MOBTOpIOBaYa HaImpyru 3 OOKY TepMiHa-
JIy 3 BUIIUM TOTeHIiagoM (JiTepa H) 3abe3meuye He-
3MIHHICTh BIUIMBY Hapa3UTapHUX MapaMeTpiB HUX Ipo-
BOJIB Ha TOYHICTh BHMIpIOBaHHs iMmenaHcy. Brums
napa3uTapHUX MapamMeTpiB kKadens Lc MOXXHA YCYHYTH
i1 9ac KajgiOpyBaHHS BUMipIOBAJIBHOTO KOHTYPY. A OT
BILUIUB iMIenaHca kabenst Lp € 0OMEKEHUM, OCKIJIbKU
JIOAAETHCS 10 BUCOKOT'O BXIIHOTO OMOpY OnepaniiHoro
I ICHITIOBAYA.

Hanpyra Uy Ha BHXOZl aHAJOrOBOI YacCTHHH B
MepIIOMY HaOJIMKEeHH] (3 MOTIISIY MOMXJIMBUX JHHAMIY-
HUX TMOXWOOK) TpOIOpLiliHa HE iMIlenaHcy Zy JOCHi-
JUKYBAHOTO 01000'€kTa, a OOCpPHEHIH 10 HHOTO BEIUYH-
HHU — aaMiTaHcy Yy

ne Gy 1 By — BIIOBITHO aKTHUBHA 1 PEaKTHBHA CKJIaJIOBI
aaMiTaHca.

TakuM 4MHOM, 3HaYEHHS CKJIAJOBUX aJMiTaHCa
OTPUMYIOTH SIK pe3yJbTaTh CUH(a3HUX Ta KBajpaTyp-
HUX BUMIPIOBaHb KOMITIOHEHT Hampyru Uy momo 30H-
IyBaJbHOTO cUTHANY E. J[is 1[bOro MUTTEB] 3HAYCHHS
uiei Hampyru NEepeTBOPIOIOTECS B LUPPOBY (Gopmy
Ux(n) 3 Bukopuctanasm AlIIL. Brok mudporoi 06po6-
ku curnany (Digital Signal Processing - DSP), kepo-
BaHUH OPTOTOHAJLHUMHU OMOPHUMHU NUGPOBUMH CHI-
HaJlaMH Sin 1 cos, po3Kianae KoMmiuiekcHy Hanpyry Uy
Ha JICHY Ta YsIBHY YaCTHHH 32 aJlTOPUTMOM JHCKpET-
Horo mepetBopeHHs ®yp’e (Discrete Fourier Trans-
form - DFT) [15, 16]:
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N-1
My =real (Uy =ZUX
n=0

N—
Mz—lmag UX Z

-cos(2nfulg) (4,2)

sm(2nfnTS) (4,0)

ne Ts — nepion BUOIpKH; 77 — HOMEp BHOIpKH B OJIOII;
N — 3aranpHa KUIbKICTH BHOiIpok y Omowi; cos(n) i
sin(#n) — BUOIpKH OIOPHUX BEKTOPIB, IO 3a0€3eUyI0Th-
cst ssapoM DDS 'y Toutti f.

SIK1o JOTpUMaHO YMOBH 301XKHOCTI (ha3 cCHrHaiy
30ymkenHs1 E ta onopHoro curHamy cos(n), oTpuMai
3rigHo BUpasiB (4) Benmuuunu M| i M, BimoOpaxaroTh
aKTHBHY 1 peaKTHBHY CKJIaJIOBI ajiMiTaHca 61000'eKkTa:

Mg=M, i Mg=M, (%)

TecroBuii curHan £ Ta OIMOpHI CHTHAJIH Sin Ta COS
TeHEPYIOTHCS 38 METOJIOM MPSIMOr0 HU(PPOBOTO CHHTE3Y
(Direct Digital Synthesis - DDS), sxuii 3a0e3neuye
MepeNanTyBaHHsS 9acTOTH 3 JAPIOHUM KPOKOM 3i 30epe-
YKEHHSIM BHCOKOi cTabinpHocTi [14, 18, ]. LIAII Buxopu-
CTOBYETHCS JUIs1 (POPMYBaHHS HANpyru 30ykeHHs E.

Ha ocHoBi ckimagoBux anmitanca G i B 3pyuHime
OITUCATH BJIACTUBOCTI 01000'€KTIB 13 MapaienbHO0 eKBi-
BaJICHTHOIO CXEMOI0, a, SIKIIO HEeOoOXiJHO, 3a JOMOMO-
roro 3BHYaiHUX oOumcneHp Ha [IK, MoxxHa oTpHMaTH
napameTpu iMrenancy (omip R Ta peakTUBHICTb X) ISt
TIOCITIZIOBHOT eKkBiBaJieHTHOT cxemu [11].

OcoO0JIUBICTIO TPOMOHOBAHOI'O PIllICHHS CEHCOpa
OioimMIeIaHca, TOPIBHSIHO 3 BiIOMHUMH, € OIHOKaHAaJb-
HUM TpPakT BUMIPIOBaHHS, IO BUTIMHO JUIs MTOOYIOBH
MIPOCTHX YACTOTHUX aHATI3aTOPIB Oi0IMEIIaHCY.

AHani3 Ta ¢popmaitizania MaTeMaTHYHOI MoeJTi
ceHcopa Oioimnmenanca. MateMaTHYHy MoOneNnb OyIb-
SIKOT OIepaliifHoi CXeMH 3 ONepaliifiHuM ITiACHITIOBa-
4eM, sIKa MOBHICTIO BPaxoBYe Ii BJIACTUBOCTI B YacTOT-
Hill 00JIacTi, MOXXKHA 3BECTU JO0 KaHOHIUHOI (popMHU ITe-
penarHoi ¢pyHKIii [20]:
7L P (6)

AB) 1+(4-B)

ne A - migcunenns OIl 3 BigKpUTUM KOHTYypoM; [ -
Koe(illieHT 3BOPOTHOIO 3B'S3KY OINEpaIiifHOI CXeMH;
H, - imeamizoBana mepeaaTtHa QYHKINS OIepariiHol
CXEMH 13 3aMKHYTHM KOHTYPOM 32 HECKIHYEHHO Bellu-
KOro migcuieHHs A4 = oo; Hy - mepenatHa GyHKIIis orre-
pariiiHoi cxemw, 1o BimoOpakae edeKT mpsAMoro Impo-
XOJIKEHHsI CUTHAJTY 32 BiCyTHOCTI mifcuieHHs A4 = 0.

Jls Bunanky oneparuiitHoi cxemu OioceHcopa, Io-
OymoBaHOI 3a MeTOmOM aBToOaNaHCyBaHHS (puc. 4),
MOXKHa KOHKPETH3yBaTH BUIIE3a3HAYEH] €JIEMEHTH piB-
HsHHS (6). IneanizoBaHuii KoedillieHT MiJCUICHHS 3a-
MKHYTOI'O KOHTYPa BH3HA4Ya€ThCsl BiTHOLICHHSIM OIOPIB
Z, = Ro y xomi 3BopoTHOro 3B"13ky OII Ta Ha #oro Bxo-
I[i Z] = Zx.'

H=

Z
H - %2__Ro_ 5y (7)
) 7 7 o0+ X
1 X
VY HaBeZieHOMY BUIIE PIiBHSHHI IMIIEIAHC MOAAHO Y
BUDJIAI HOrO 3BOPOTHOTO 3HAYCHHSA - SIK  aJMITIHC
Yy=1/ Zy, mo n03BoJIs€ 3aMiHUTH AUICHHS Ha JTOOYTOK.

YX Ro  yx

AU

Puc. 4. Cxema aBTOKOMIICHCAIIITHOTO IIEpETBOPIOBaya (a)
Ta eKkBiBaJIeHTHa cxeMa (0) JJIsi BUSHAUSHHS IepeaTHOL
GbyHKUIT 13 3aMKHYTUM KOHTYPOM

OOMexxeHa qUHAMiKa ONepaliifHOro MiJCHITIoBaYa
TPU3BOMUTH 10 TOSIBU JMHAMIYHHX TTOXHOOK MEPETBO-
proBaua U/I Ta ix 3pocTaHHsl y Mipy 30UIBIIEHHS YacTo-
TH 30HIyBaJILHOI'O CHTHANY. SIK pe3ynbTar, 00YHCiIeHi B
onomi DSP 3nauenns Mg ta My nuuie B mepumomMy Ha-
OJDKEHHI TIPENICTaBISIFOTh aKTHBHY 1 PEAKTHBHY CKJa-
JIOBi axmiTaHca 6i000'ekTa. 3 METOI0 3MEHIIEHHS IHX
noxuboKk “‘cupi” pe3ynabTaTH BuUMIiploBaHb Mg Ta Mp
00pOOJIAIOTHCSI KOMITIOTEPOM 33 JIOMIOMOTO0 CIIeIlialib-
HUX QJITOPUTMIB, IO JIA€ MOXIJIUBICTh PO3IIUPHUTH Jia-
Ma3oH poOOYMX YacTOT aHaji3aropa OioimrenaHca.

VY cBow 4yepry, Bupas Hy/(4-B) y dopmymi (6) B
OCHOBHOMY BpaxoOBYe IIpsSME MPOXO/KEHHS CHTHAIY,
3YMOBJICHE HEHYJIbOBUM 3HAYEHHSIM BHXIJTHOTO iMIle/a-
Hey OIT Royr#0, a i po3riIsHyTOr0 aBTOKOMITEHCA-
LiIfHOr'O MepeTBOpIOBaya 1€ OIMHUCYETHCS TAKOK (HOpMY-
JI010:

Hy _ Rour ROUT'YX. )
AB A7 A

BinpuricTs onepariifHuX MiJCUIIIOBAYiB MarOTh Ya-
CTOTHHH KOCOIIIEHT MiICUICHHS, SKHH MOXXHA JIOCHTH
TOYHO aIPOKCUMYBATH MPOCTUM OTHOIOIIOCHUM BiAry-
koM [20, 217:

A
V(S fr) 4o

ne Ao - MiJCUIICHHS BIIKPUTOTO KOHTYpa Ha IOCTIHHOMY
CTpYMi; fr - 94acTOTa OMUHHYHOIO IMiJCUICHHS; f - Yac-
TOTa 30HIyBAILHOTO CUTHAITY.

BianoBigHO 10 03HAYEHHs, Koe(illi€eHT 3BOPOTHO-
ro 3B'A3Ky P € BIJIHOIIEHHSIM BHYTPIIIHBbOI BXiqHOI Ha-
npyru OIT AU 1o BHYTpimHbO1 BUXiTHOT HAnpyru Eopr,
TOOTO sIBIIsIE COOO0I0 KOe(illiEHT MPOITyCKaHHS MTaCUBHO-
rO JIIbHKUKA, HAa BXOMI SKOro € Hanpyra Eoyr, a Ha BH-
xomi - AU. KoediuieHT B BpaxoBye OUIBIIICTh peabHAX
napametpiB OII i Mae BupilIaTbHUN BIUIMB Ha TOBEIH-
Ky OIepaIliiHoi CXeMHU B YacTOTHi# o0yacti. OCKIIBKH
y dopmynax (6) ta (8) xoedimieHT [ 3ycTpidaeThCs

)
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JIHIIE B 3HAMEHHUKY, MPOCTIillle BUKOPUCTOBYBATH HOTrO
3BOPOTHE 3Ha4EHHs, TOOTO 1/p:

l=[1+Q+Z—2J£l+ ROUTJ+ Rour + Rour (10)
B Z; Zp Zr Z, Zp

ne Z; - omip HaBaHTaxeHHs;, Zp = 1/Yp = Zp||Zs - BXig-
HUM eKBIBaJICHTHUH iMIenanc; Zp i Zg - audepeHIiiaib-
HUi 1 cuHdaszuuit BxiaHi imnenancu OI1.

3aMiHMBIIH 3a JOMoMoror Bupasis (7), (8) Ta (10)
BIAMOBIIHI BenwuuHA Y hopMmydi (6), oTpuMyeMo pea-
JpHY (YHKIIIO MEpEeTBOPEHHSI MOCTa aBTOOAJIaHCYBaH-
Hs, 110 BKJIOYae napamerpu koHtypa OIT i 3BopoTHOTrO
3BSI3KY Ta BijloOpakae pKepesia YaCTOTHUX OXUOOK:

o Yy Ro —YxRouyr /4 _

Rour
11(1+YyvRH +YpR 1+
1 ( Xfo t4ip 0)[ Z, J an

+YxRour +YpRour
real(H)+ j-imag(H) .

1+

PiBusaHs (11) € HOCUTH CKIIQJHUM, IO YTPYAHIOE
HOro BUKOPUCTAaHHS B iHXKeHepHill mpaktumi. Tomy
BapToO 3alpOBAAUTH €Ki CIIPOIIEHHS, SIKi CyTTEBO HE
BIUIMHYTH Ha a/IeKBaTHICTb Mozeni. [lepur 3a Bce, KOM-
MOHEHTOM Royr/Z; MOXXHA 3HEXTYBAaTH, OCKIJIbKH 3Ha-
YEeHHsS BHXIJHOTO ONOPY OINEpalifHuX IIiJCUIIIOBAYiB
KOJIUBAIOTBCS IO JCKUIBKOX JecATKIB OM, a IMIemaHC
HaBaHTa)KEHHS MOKE MaTH COTHI KUIOOMIB 1 OlLbIIE,
T00TO0 Royr/Zp << 1. Y Bupasi (9) wien 1/4, Takox
MoXke OyTH ONyIIeHWH 4epe3 Te, IO Ha 4YacToTax, e
JMUHAMIYHI TTOXHOKH BXKE TIOMITHI, HOTrO 3HAYCHHS Oy/e
HE3HAYHUM TOPIBHSHO 3 BiTHOIICHHM f/f7.

Cr1ij1 TakOXK 3a3HAYMTH, 110 Y 3raJaHOMY JIiana3oHi
4acTOT BXiJHA EMHICTh IMiJCHIIOBaYa OICPAIliitHOro
migcwioBada Cpy Oynme mryHTyBaTH IudepeHINaTbHUMA
Rp 1 cungaznuii Rg Bxigni onopu OIl, Tomy Bupas mis
Zp MOXHA 3aIHCATH SK:

_ RpRs_ L]
2+ joCiyRpRs_  joCpy

(12)

Zp

Kpim Toro, sikiio n00ytok Yy Ry BUHECTH 32 JTyXK-
KU y uncenbHHUKY BUpasy (10), To peanbHa mepenaTHa
(G YHKIS aBTOKOMIICHCAIIITHOTO IMepeTBOpIOBaYa Ha0y-
JIe TAKOT'O BHUTJISILY:

R
_YXRO£1_]'JJ:.I(;UTJ
T 0

13
+J- - .
Jr [ +YxRour + joCivRour

JlocmimKkeHHsT aZeKBaTHOCTI OTPHUMAaHOi CHpole-
HOi MojIeJIi aBTOKOMIICHCAIIHOTO TiepeTBoproBaya (13)
MOKa3aJo, Mo po30iKHICTh i3 moBHOIO Mozeto (11) He
nepesuirye 0,01% B cmy3i wacror g0 f= 0,1xf7. Kpim
TOr0, TOPIBHIBHUHA aHani3 (YHKI[H I[1epeTBOPEHHS
CXeMHU Ha OCHOBI 17I€aJbHOTO OMEPAI[iIHOTO ITiJCHITIO-
Baya (7) ta modynosanoro Ha OIl 3 peanbHUME Tapame-
Tpamu (13) BHSBUB, 110 HAKOLIBII 3HAYYIIMMU JDKEpe-
JIaMH TIOXMOOK €: 3MEHIIEHHS! Koe(illieHTa MiJICHICHHS
Ay Mipy 30UIBIIEHHS] YaCTOTH, BIUIMB BHXIiIHOTO iMIIe-

TAHCY Ry OMEpaliiHoOro miJICHIIoBaYa Ta BILIUB HOTO
BXigHoi eMHOCTI Cyy.

1106 mpocTexuTH MpUpoAy 3B'SA3KY MK Pi3HUMHU
rapameTpaMH OIepaIiifHOl CXeMH Y BUpa3ax YHCEIbHH-
Ka i 3HaMeHHHKa, copMaitizyeMo Mozenb (13) nuisixom
BBEICHHS OIMCAHUX HW)KYE CUMBOJIHHX 3MiHHHX.
Jlobyrox Yy Rp MOXKHA IHTEPIIPETYBAaTH SIK HOPMOBaHi
pe3y/bTaTH BUMIpIOBaHHS iMIIEIaHCY, TOMY BOHU Oyiu
TIO3HAYEHI:

Yy Ry=G+j-B, (14)
ne G i B - BiAIOBITHO HOpMaJli30BaHI akTUBHA 1 peak-
THUBHA KOMIIOHEHTH ajMiTanca 01000'ekTa.

BigHoIeHHsT BUXiTHOTO onopy Royr A0 OMOPY pe-
3MCTOpa Jiana3oHy Rp MO3HAYAETHCS HE3aJEHKHOI Bif
YacTOTH 3MIHHOIO D, TOMI SIK JOOYTOK BXIJHOI €EMHOCTI
Civ y GopmaiizoBaHiii MOAETI HPEACTABICHO 3MiHHOIO
C, TIPOIOPIIHO 3aJICKHOO BiJl YaCTOTH:

p=Rour (15)
Ro
C= (DC[NRO . (16)

A BiI[HOIJ_IeHHH H4aCTOTH OJUHHYHOI'O HiI[CI/IJ'IeHHH
J10 4aCTOTH CUTHATY BI/I6ipKI/I IIO3HAYCHO SK:

K=fr/f. 17)

Takum uunHOM, (popmarnizoBaHa MaTeMaTHYHA MO-
JIelTb MOCTa aBTOOAJIaHCYBAHHS 3 YpaXyBaHHIM 3MiHHHX
(14) + (17) BupaxaeTbcsi pIBHSIHHSIM:

(G+jB)(1—j£j

; - . (18)
1+(G+ jB)+ jC + }

1
J— .
K LY xRour +joCiyRoyr

Hobyrku Yy Rour 1 @ Ciy'Royr TAKOXK MOXKYTh 0Y-
TH BUpaXkeHi 3MiHHUMHU D i C TaKuM YHHOM:

R .
YyRour =YxRo=2’L=D(G+B),  (19)
Ro
R
oCyRoyr = oCvRo 2UT =C-D; (20
0

OCTAaTOYHO (bopManBOBaHa MaTeéMaTH4YHa MOJECJIIb MOCTa
3 aBTOMaTUYHUM 6aJ'IchyBaHHHM Ha6yBa€ BUTJIAAY:

D
(G+j3)(1—j)
H= K

@
1+j%[1+(G+jB)(1+D)+jC(1+D)]

Koxna 3i 3minaux K, C i D B mozeni (21), Bigo-
Opakae OfHE 3 TPHOX OCHOBHHX IDKEpeNl THHAMi4HOi
MOXUOKH, [0 BUHUKAE B aBTOKOMIICHCALITHOMY Iiepe-
TBOpIOBaui (IIpo sIKi 3a3HAYAIIOCS BHIIIE):

* 3MiHHa K - 3MEHIIEHHs Koe(illieHTa MiICHIeHHS
OIepaIiiHOro MiJICHIII0BaYa 3 POCTOM YaCTOTH f;

* 3miaHa C - IIYHTYBaHHS BXIiJHOIO €MHICTIO Cpy
BXI1/IHOTO IMIIeJaHCa ONepaIiifHOrO ITiICHITIOBaYa;

* 3MiHHa D - mpsiMe NPOXOJPKEHHSI CHTHATY Bif
BXOJ/ly JI0 BUXOIY ONEpamiiHoOl CXeMH 3a PaxyHOK He-
HYJIBOBOT'0 3Ha4eHHs BuXigHoro onopy OIl.
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Konuenryasnizania cuntedy ¢ynkuii nupposo-
ro eKkBajaiizapa Jisi KOPHUTYBaHHSI JHHAMIYHHX
noxuOoK YacTOTHOrO aHajdizatopa OioiMmenaHca.
®ynkuito nuppoBoro ekBaiaizepa MOXKHa IPEICTaBUTH
aITOPUTMaMHU KOPHUT'YBaHHS PE3YJIbTATiB BHUMipPIOBaHHS
CKJIaJIOBUX aaMiTiHca 01000’€KTa 3 METOK 3MEHIICHHS
BIUIMBY JWHAMIYHHUX TOXHOOK BHMIPIOBAJIBHOTO KaHa-
ny. BUXiZIHUM NyHKTOM CHHTE3Y aJTOPHTMIB KOpHIY-
BaHHA Oylne OTpUMaHa B IIONEPEAHBOMY PO3ALIL (op-
MauizoBana Mozients (21). Buninumo niticHy yactuny P i
ySIBHY YacTHHY Q:

H=P+j-Q=

G+ im)(1-77 o

1+j%[1+(G+jB)(1+D)+jC(1+D)] .

Le o3nauae, oo 3HaueHHs P i Q MoXHa iHTEpIpe-
TyBaTH sIK "TIpUOIU3HI" pe3yNbTaTH BUMIPIOBAHHS M-
MeIaHCy, OCKUIBKY "ilea bHUMH" pe3yJbTaTaMH BiIO-
BimHO 10 (7) Ta (14) €

sz—Yx'RozG‘Fj'B. (23)

CuHTE3 aNropuTMiB KOPEKIIil BKIIOYA€E TaKi eTarm.
Crioyatky mno30yzemocsi 3HaMeHHUKa y Bupasi (22),
TIOMHOXKUBIIIM HA HBOTO TIPABY Ta JIiBY CTOPOHH:

(P+jQ)X
K
x[1+(G + jB)(1+ D)+ jC(1+ D)| =

P+jO+j
(24)

=(G+jB)(1—j§j.

3anucyrouu OKpeMo JiHCHI Ta ysSBHI YaCTHHU Y
HaBEJCHOMY BHIIEC BHpa3i, OTPUMYEMO CHUCTEMY JBOX
PIBHSIHB Yy TIHCHUX YUCIAX:

D

P
P—?(B+C)(1+D)—%[1+G(1+D)] =G+B=; 05

P D
Q—%(B+C)(1+D)+E[1+G(1+D)] = B—G;.

[eperpynyroun Bupasu BigHocHO G i B 1 nepemic-
TUBIIH HE3AJICXKHI 3MiHHI BIIiBO, OTPUMYEMO:

[ (1+D)} [D+P(1+D)]
+0 I =

_P[l C(1+D)} 2,
K K

Gl o).

(26)

(1+D)
_Q[l c—= } -

K

BBOI[H‘II/I HaCTyHHi IIO3HAYCHHA

~ (1+D)
a—1+QT,

b=P(1+D)

pillleHHS 11i€l CHCTEMHU pIBHSIHb MO)KHA 3alucaTd y
TAKOMY BUTJISII:

Gza-c—b-d’ =b-c+a-d'

a®+b* a®+b*
Hacnpagni, y Hac Hemae BenmuuuH P i O, OCKIIBKH
BOHU TIPEJCTaBJISIOTh PEANIbHI Ta YSBHI KOMIOHEHTH
cnpomteHoi moxeni (13). "Cupumu" pesyabraTamu BH-
MiproBaHb € BianoBiaHi real {H} ta imag{H} xommoHe-
HTH TniepenaTHol ¢yHKii nmoBHOI mozaeni (11), sxi Ha
MPaKTHII MOKHa OTPUMAaTH, BUKOPHCTOBYIOUH OJTHOTO-
YKOBE AMCKpeTHe reperBopeHHs Dyp'e s kBagpaTyp-
Horo poskiany Harpyru Uy, sIK y piBHsHHI (4):

} =Mg i imag{Hw} =Mpg

(28)

real { H, (29)
Tomy, sKIo 3aMiHUTH y hopmynax (27)
P> Mg=real{H,} i0—>Mp= w} > (30)

OyIyTh OTpHMaHI BHPa3H aJlTOPUTMIB KOPUTYBaHHSL:

1mag{

G=~

ne a=1+Mp~—L; b=Mg ;

(32)

[HmuMu coBamu, Ha BXiJ NUGPOBOrO CKBaIai3e-
pa HaAXoAATh Pe3yJabTaTH BUMiploBaHb Mg Ta My crio-
TBOpEHI JIWHAMIYHUMM IOoxHOKaMu. EkBamaiizep 3a
cuHTe30BaHMMHU airoputMaMu (31) 1 (32) BHKOHYE
KOpPHUT'YBaHHS 1 BUJIA€ HA BUXI1Jl YTOUHEHI pe3yabTaTi Ng
Ta Np, 9Ki € OJTU3BKUMH [0 ICTHHHUX 3HA4Y€Hb CKIIaJI0-
Bux Gy 1 By anmiTanca Yy AOCIIIKyBaHOTO 01000’ €KTa.
TakuM YUHOM, CHHTE30BaHI aIrOPUTMU KOPUTYBaHHS Y
HESIBHOMY BHIIISI NPENCTABISAIOTH (DYHKIIIO eKBajaii-
3epa BUMIPIOBAILHOI'O KaHATY CEHCOpa 010IMIICICHCY.

MeTtoauka i pe3y1bTaTH YMCeIbHOT0 MOJEJIIO-
BaHHs. OCHOBHE NPHU3HAYEHHSI PO3POOJICHUX aJITOPHUT-
MiB - KOPUT'YBaHHS JUHAMIYHUAX MMOXUOOK, 1[0 BHHUKA-
I0Th Ha €Talli epeTBOPEHHs aaMiTaHca Yy Ha MpOIop-
uiiiny koMmruiekcHy Hanpyry Uy. Tomy BaxximBO mocii-
JUTH MOKJIMBICT PO3MIMPEHHS [iarna3oHy 4YacToT 3a
JIOTIOMOTO0  TU(pOBOro  €KBajaizapa y 4YacTOTHMY
aHaytizaTopi OioiMnenanca.

s Bepudikalii anropuTMiB KOPUTyBaHHS BUKO-
pUCTaHO TpeNM3iMHUK  onepamiiHu{  IMiJCHIIOBaY
ADB845 (Analog Devices) i3 TakuMu napamMeTpamHu:

Ay =100000; f7=16 MI't;; Rp = 10 MOwm; Cjy = 4 n®D;
Rour=5 Om; Rg =100 MOwMm; R, = 10 xOm [22].

Onmip 3pa3koBoro pezucropa cranoBuB 10 kOm.

Criouatky Ha ocHoBi Mozneni (11) mocnimkeHo au-
HaMiuHi IMOXHUOKH aBTOKOMIICHCAI[IITHOIO TEePETBOPIOBA-
Ya, 110 BUHUKAIOTh Ha (ha3oBidl wionmHi G = GyX Rp =
=0+ 1,0ta B=Byx Rp=0 =+ 1,0. JIi gecradimizyrodi
Beimuuad D 1 C, ski BigmoBiaao 10 (15) i (16) MaroTh
KOHTpaBepCiiiHy 3aJIeKHICTh BiJ 3pa3KoBOro ornopy Ro:
C — nporopitiiiny, a D — 00epHEHO MPOIOPIIHHY.
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Pesuctop nmianmaszony Ry = 10 kOM BiamnoBigae mij-
Jliana3oHy BUMIPIOBaHHS CKJIQJIOBHX aamMitaHca Bix 0 1o
10 Cm.

KaniOpyBaHHS BHMipIOBaJIBHOIO KaHAIY CIPSMO-
BaHEe Ha YCYHEHHS aJMTUBHUX Ta MYJIbTHILTIKATUBHUX
noxu6ok. IlInsxoM KOpUTYBaHHS HYJS Y PEKUMI Bin-
KpuToro Bxoxay, To0to komu G = 0 i B = 0 ycyBaioTh
aZUTHBHY MOXHOKY. 111 yCYHEHHSI MYJIbTUIUTIKATHBHOI
MOXMOKH BHUMIPIOBAHHS IPOBOIATH B PEXKUMI Kaliopy-
BaHHS 3a JIONOMOTOI0 OMOPHOro pesucropa Rx = R,
T00TO0 G=11B=0.

HaiiMeHI cripusTiuBi YMOBH BUMIpIOBaHHSI BHUHH-
KaloTh, KOJIM BUMIpIOBaHa CKJIaJ0Ba a/IMiTaHCa HEBEJIHKa
BIJIHOCHO CYITyTHBOI. SIK MOKa3ay pe3yibTaTh YHCETbHO-
IO MOJICIOBAaHHS AWHAMIYHI MMOXMOKHU HA 9acTOTI 30H.IY-
BajibHOrO curHany f= 1 MI'1| caratots g0 15%. Tomy mis
TMOZIAJIBIIONO aHAITI3y 0OPaHO HECHPHSTINBI YMOBH, KOJIH
CKJIaJIOBa B3ipIIEBOTrO PE3UCTOpa CKIIAJIAE JIMIIE TPUOIH-
310 10% BiJI HOTO MOJTYJIS, 1110 BiJIIOBIIAIIO:

a) BUMIPIOBAaHHIO MEHIIIOI 32 3HAYEHHSM aKTUBHOI
ckinanoBoi G = Gy'Rp = 10 [uS]x10 [kQ] = 0,1 Ha 11
JIOMIHYIOUOi PeaKTHBHOI

B=Bx'Rp=100 [uS]*x10 [kQ] = 1,0;

0) BUMIPIOBaHHIO MCHIIIOI 3a 3HAYCHHAM pPCaKTHB-
HOi ckiazoBoi B = By'Rp = 10 [uS]x10 [kQ] = 0,1 3a
JIOMIHYIOUOi aKTUBHOI CKJIaI0BOI

G =Gy Rp=100 [uS]x10 [kQ] = 1,0.

J7st oriHrOBaHHS €()eKTUBHOCTI CHHTE30BaHHX aJl-

TOPUTMIB BUKOPHUCTAHO BiJJHOCHI MOXUOKH BHUMipIOBaH-

HSl aKTUBHOI 1 PEaKTHBHOI CKJIQJIOBHX aJMiTaHCa Iepes
KOpPHUT'YBaHHSIM

M M
8o =| =% —1|x100%, 54 =(—B—1Jx100% (33)
G B
1 TiCTIs 3aCTOCYBAaHHSI aITOPUTMIB KOPUT'YBaHHS
N, N
G = ?G—l x100% , €5 =(?B—1jx100% - (34)

Benmuunnu Mg T1a Mp obuuncneHo 3a ¢dopMmynaMmu
(11) Ta (29), Tomi six Ng Ta N3 i3 hopmyi (32).

UncenpHEe MOJENIOBaHHS MPOBEJICHO HA OCHOBI
nmapameTpiB Mozen PSpice omepamiifHOro miacuioBada
AD845 B miamasoni yactror Bim 10 I'm g0 mekiTbKoOX
MIn. ¥V 1abn. 1 i 2 mogaHo pe3ynbTaTé OOYHMCIEHHS
noxubok Ha Bxozi (85,085 ) 1 Buxomi (eg,¢€p ) wadpo-
BOTO €KBaJlaii3epa, y TOUKax, SKi BiIIOBITAOTh MEXaM
4acTOTHUX JAekaa. KpiM Toro, y Tabiuiisx norpyoneHum
KerJIeM BHJJICHO 3HAUCHHSI YaCTOT, HA SAKUX JHHAMIYHI
moxuOku gocaramTs 1,0%.

Ha puc. 5 mokazaHo pe3yiabTaTH BHMipIOBaHHS
CKJIJIOBUX aJaMiTaHca Uil Bisyasizamii e(eKTHBHOCTI
PO3IIUPEHHS Jlialla30Hy 4acTOT 0ioceHCopa 3 BHKOpPHUC-
TaHHSIM ITU(PPOBOrO ekBanaiizepa. [[ns 3abe3medeHHS
3araJbHOCTI pe3yNbTaTiB Ta 3JaTHOCTI MIPOBOAUTH TOPi-
BHSUIPHHH aHaJli3, 4aCTOTHI XapaKTEepPUCTHUKU BUMIpIO-
BaJBHOTO KaHally OlOoCeHcOpa IOJaHO 3a BiJIHOCHOIO
mkajoro f/fr.

Tabnuys 1 — Junamiyai moxuOKM BUMiPIOBAHHS aKTHBHOI cKJIaa0Boi agmitanca Yy = 10 + j 100 [mxCwm]

f, Hz 10 10° 10° 10 ~1.2x10* 10° 10° ~5.9x10°
06,% 0.01 0.016 0.08 0.8 1.0 7.6 88 >100
£6,% 0.01 0.01 0.01 0.01 0.01 0.017 0.09 1.0
Tabnuys 2 — Juaamiyai moxuOKN BUMIPIOBAHHS PeaKTHBHOI ck1afoBoi agmitanca Yy = 100 + j 10 [MxCwm]
f, Hz 10 107 10° ~1.9x10° 10° 10° 10° ~4x10°
85,% -0.01 -0.016 -0.13 -1.0 -1.2 -12.5 >-100 >-100
€3,% -0.01 -0.01 -0.01 -0.01 -0.01 -0.013 -0.1 -1.0%
0101 ' ' ,I‘ ' ' 0101 ' I I ' I b
8 realh) ¢ Gx 8
‘§ 0.1005 - L’ . £ 0.1005 _
§ 0.1 L 1 é 0.4 — .
Lé 0.0995 - : Té 0.0995 : > R
g é imag(H) Bx
0.099 - y 0.099 \\ H
| 1 L ! L I L AW I L
10% 10° 10* 103 102 10™ 10% 10 10+ 103 102 10

Normalized Frequency

a

Normalized Frequency

6

Puc. 5. YacToTHi XapaKTepUCTUKH BUMipIOBAJILHOIO KaHATy OioceHcopa: (a) - BuMmiproBaHHs anMitanca Yx = 10 +j 100 [MxC],
(6) - BumiproBanHs agMitanca Yx = 100 +j 10 [uS], (myrkTHpHA JiHisS — O6€3 ekBanaii3epa, CyLiIbHA JiHis — 3 eKBaJai3epoM)

Pe3ynbratn MojentoBaHHS MOKa3yloTh e(eKTHB-
HICTh 3aCOCYBaHHS ITU(POBOro eKBayiansepa Uit 3Me-
HIICHHS JTUHAMIYHHX MOXHOOK OioceHcopa 30ymoBaH-
HOI'O Ha TPOCTOMY aBTOKOMIIEHCALliHHOMY IEpeTBO-
proBaui. I'padixu Ha puC. 5 TaKOX UIIOCTPYIOTH MOX-
JUBICTh PO3MIMPEHHS Jliala30Hy 4acTOT BUMIipIOBaHb.
B 000x ripmux BUNaakax, TOOTO KOJNH 3HAYEHHS BH-
MIpIOBaHOI CKJIa/IOBOI CTaHOBHUTH BCHOTO JIECATY Hac-
TUHY CYIyTHHOI, MOXUOKH He mepeBuIyBaiu 1% Ha

yacToTax 30HAyBambHOro curHamny ao f = 0,4 fr i3
IU(pPOBUM eKBaJlaii3epoM, TOJi sk Oe3 ekBananzepa s
Mexxa Oyna Hwkue Hix f = 0,001 fr. InTepnperyroun
pe3yiIbTaTH B aOCONIOTHUX BEJIMYHMHAX, MOKHA KOHC-
TaTyBaTH, 1[0 BUKOPUCTAHHS y €KBalaizepi CHHTE30-
BaHMX ainroputMiB kopuryBanHs (31), (32) mae mMox-
JUBICTh PO3IIUPUTH Jiana3oH YacTOT IMIIEJAaHCY Bif
npubnmu3no 10 k['11 1o monan 4 MI'1, sSKIIO aBTOKOM-
MeHCalliHHUI TIepeTBOproBadY OioceHcOopa peati3oBaHO
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Ha 0a3i omepalliiHOro MiJCHIOBaYa 3 YACTOTOK OJH-
HUYHOro macuieHus fr = 16 MI'.

BucHoBku

IMmeaHcHa CHEKTPOCKOITSl MIMPOKO 3aCTOCOBY-
I0ThCSI HE JIMIIE Y TEXHIYHUX Taly3sx, aje i y Oiomenu-
YHHX JOCTiuKeHHsIX. Ha 1ieit gac icHye motpeda y mpo-
CTHX TIEPCHOCHHMX aHaji3aTopax OioiMIle[aHCy, IO
PO3IIUPUTH CHEKTP BUPINIYBAaHUX 3a7ad i MOXKJIHMBICTH
MEPCOHAJIBHOTO 3aCTOCYBAaHHS Y JOMAIHIX YMOBax.
KinrouoBUM CTpYKTYpHHM €IEMEHTOM aHaji3aropa €
OioceHcop, skuii 3abe3nedye (OpMYBaHHsS i BHUMipIO-
BaHHS CKJIQZIOBHX OioiMmenanca. Meros aBTOMaTHYHO-
ro OalaHCYBaHHS MOCTA € OJHHUM 13 HAWIIPOCTIIINX IS
NoOyIOBH TOPTATUBHOrO ceHcopa Oioimmenanca. [Ipo-
Te, 100 3a0e3MeYNTH MOXKIIUBICTD HOTO 3aCTOCYBaHHS Y
LIMPOKOMY JiaIria3oHi 4acToOT MOTPIOHO BUPILIUTH IMPO-
OJieMy TMHAMIYHUX ITOXHOOK.

Bigomi Meromu po3mMpeHHs Iiana3oHy poOodMX
4yacToT 0a3ylThCs Ha BBEJIEHI CTPYKTYPHOI ab0 4acoBOi
HAJUTMIIKOBOCTI, 110 HE € e(eKTUBHUM JUIS ITOPTATUB-
HUX aHai3aTopiB OioiMIenancy. ¥ poOOTi 3amporoHo-
BaHO aJbTEPHATUBHUHN 1HOBALIMHUI MiaXin, skuil 6a3y-
€ThCS Ha 3MCHIICHHI JIWHAMIYHHMX IMOXHOOK IUIIXOM
MPOrPaMHOT0 KOPHUT'YBaHHS PE3YJbTATIB BHUMipPIOBaHHS
aKTHBHOI 1 peaKkTHUBHOI ckiaaoBux Oioimmenanca. [lo
cyTi e (YHKINS eKBajaii3epa, OCKUIBKU Bi0yBa€eThCS
BUPIBHIOBAHHS YaCTOTHOI XapaKTEPUCTHKUA BHUMiprOBa-
JIHOT'O KaHay 0ioceHcopa.

XapakTepucTHKa eKBayaii3epa € I1HBEPCHOIO JI0
(YHKIIT MepeTBOpEHHs] BUMIPIOBAJILHOIO KaHAITY, TOMY
JIETaIbHO MPOAHAII30BAHO Ta BHUIIICHO HAWOLIBII iCTO-
THI Jpkepena moxuOok. OtpumaHa (opmalti3oBaHa MO-
JIeTb TIepelaTHOl XapaKTepPUTUKU aBTOKOMIIEHCAIlIHHO-
O MepeTBOpIOBava 0i0iMIIEIaHCy TOCIYXKHIa OCHOBOIO
Ui cuHTe3y ¢yHKHiT 1udpoBoro ekpanaizepa. Ll
(GYHKIST y HESBHOMY BHIJISIAI NPENCTABIEHA AlrOpUT-
MaMH KOPHUT'YBaHHs, TPOLEAYPY CHUHTE3Y SIKUX TOKPO-
KOBO OIKCAHO Y POOOTI.

ExBanaiizep iMIDIEMEHTYETHCS Ha iICHYIOUHUX O0YH-
CIIIOBAJILHUX pecypcax (MiKpOKOHTPOJIEpi) aHallizaTtopa
IMIIEJAHCY Y BUTJISII QITOPUTMIB KOPUTYBaHHS "CHpHX"
pe3yNnbTaTiB  BUMIPIOBAaHHS CKJIQJIOBHX  aJMiTaHca,
OTPUMAaHUX 13 BHKOPHUCTAaHHSM aBTOKOMIIEHCAIIHHOTO
nepeTBopioBavya. ToOTO peanizamis IM(POBOro eKBa-
nai3epa He BUMarae yCKJIaJHEHHs CTPYKTYypH aHaliza-
TOpa, IO BaXKJIMBO ISl HOr0 MOPTATHBHOI'O BUKOHAHHSI.
HeBinoMmi 3HaueHHs mapameTpiB, IO BUKOPUCTOBYIOTh-
csl B aJITOPUTMAaxX KOPHUTYBaHHs, OOUHCITIOIOTh BUKOPHUC-
TOBYIOUHM PE3YJIbTaTH OTPUMaHI IIiJ 4ac KanxiOpyBaHHS
BHUMIpPIOBAIFHOTO KaHaJdy 3a JOIOMOIOK 3pa3KoBOrO
pe3ucropa. Pe3yapTaTé AOCHIIDKEHb MOKa3adu ePeKTU-
BHICTh aJTOPUTMIB KOPUTYBaHHS - Jialma3oH poOOYMX
YacTOT MOYKHA 3HA4YHO po3mmputd (mpudiuszao B 500
pasiB). OTxe, 3alIPONIOHOBAHMI MMiAXiJ HA OCHOBI HHUQ-
pOBOTO eKBajaiizepa Jae 3MOTy 3MEHIIWTH BIUIMB IH-
HaMIYHHUX MMOXMOOK i THM CaMUM PO3LIMPHTH Jliana3oH
pOOOYMX YACTOT aHai3aTopa OioiMIICIaHCY.
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PaspatGorka mugposoro 3xBaJaiizepa st 0M0CEHCOPA OPTATHBHOI0 AHAJIN3ATOPAa OMouMIeaHca
10. B. Xoma, B. B. Xoma

AnHoOTamms. B craree omucaH HOBBIM MOAXOX K HOCTPOSHHIO MOPTAaTHBHOTO YaCTOTHOI'O aHAIW3aTopa OMOMMIIEaHca.
HoBu3Ha noaxozna 3aKIt04aeTcsi B CHHTE3€ alrOPUTMOB KOPPEKIHH, KOTOPHIE BBIIOIHSIOT (QyHKIUIO IU(POBOro sKBajan3epa mo
BBIPaBHUBAaHUIO YaCTOTHOH XapaKTEPUCTHKU ceHcopa OuommnenaHca. Peanmsaumst moxxona mosBonser OGojiee yeM Ha JBa
MOpsiIKAa PACHIMPUTh JHAIa30H pabodnx dYacToT 0e3 YCIOKHEHHS CTPYKTYpbl 4acTOTHOro asamusaTtopa. Ilpeamerom
HCCJIEIOBAHMSI SBJIACTCS METOJ IOCTPOCHHUsS HU3KO3aTPATHOrO YaCTOTHOrO aHalM3aTopa OnoumMIleaHca A NEepPCOHAIBHOIO
MIPUMEHEHUs] B JOMAIllHUX YCJIOBMSX, B YAaCTHOCTH Kak HocuMoOro ycrpoicrsa. Ileab mccaegoBanmsi - pa3paboTka HOBOTO
MOJIX0/la K HOCTPOCHHIO OHOCEHCOpa, Kak 0a30BOro KOMIIOHEHTAa IMOPTATMBHOIO 4YacTOTHOIO aHaiu3aropa OHOMMIenaHca.
HoBslii oxo1 OCHOBaH Ha MaKCHMAaJbHOM YIPOIIEHUH aHAJIOrOBOW YacTH OMOCEHCOpPA M HCIOJIB30BAHUM BBIYHCIHTEIIBHBIX
CPEICTB IJIs1 KOPPEKLMU AMHAMUYECKUX [TOrPELUIHOCTEH N3MEpUTENbHOro KaHaa. KiltoueBbIM acriekToM Ajis peajin3alyy Takoro
MO/IXO/1a SIBIISIETCST CHHTE3 (YHKIMU IM(POBOro dKBajai3epa B BHIE AITOPUTMOB KOPPEKLHUH AUHAMHYECKUX IOTPEIIHOCTEH.
Pe3yabraThl. O00CHOBaHA 11€71€CO00Pa3HOCTD IIOCTPOCHHS CEHCOpa OMOMMIIEIaHCa [0 METO/y aBTOMAaTH4ECKOl 0anaHCHPOBKU
Mocra. [Toka3aHo, 9TO IPH 3TOM OCHOBHOHM HPOOJIEMOH SIBIISIETCS AMHAMIYECKUE [TOIPEIIHOCTH, OrPaHUYMBAIONINE JTHAIa30H
pabounx vacror. [IpoBeneH aHaIM3 4acTOTHOM NepeaToYHoOM (yHKINK aBTOKOMIICHCAIIIOHHOTO ITPe0o0pa30oBaTelisi U BbIJEICHbI
TpH Haubolee CyIeCTBEeHHbIE HCTOYHUKY TMHAMHYIECKHX IOrpeIrHocTel. BrinomHena gopmanmzanus nepeaaTouHoi (yHKIn,
IIPU 3TOM JECTaOWIN3UPYIONIHE BO3JEHCTBUS IpeNCTaBlIeHbl TpeMs Kodpounuentamu. [IpeioxkeHa MeTONONOTHs CHHTE3a
AITOPUTMOB KOPPEKIIMH «CBIPBIX» PE3YJIbTaTOB HM3MEPEHUs, KOTOPHIE MO CYIIECTBY peajm3yloT (YHKIHIO LH(PPOBOro
skBanaiizepa. ITogyepkHyro, 4TO MMIUIEMeHTauust LU(POBOro dKBanaii3epa He TpeOyeT M3MEHEHHH B CTPYKTYpe CeHcopa
OuouMmIIelaHca, a TOJBKO HCIIOJB3YeT BBIYHMCIUTENBHYI0 MOLIHOCTH, KOTOPYIO YK€ HMEIOT COBPEMEHHBIE H3MEpUTENbHBIC
cpencrBa. MccnenoBana 3 eKkTHBHOCTE aJIrOPUTMOB KOPPEKIMK B quamna3oHe dactor ot 10 I'm mo Heckompkux MI'n myrem
CUMYJISILIMM CeHcopa OuouMmenaHca Ha Monenu Pspice. Pesynbrarsl mcciieoBaHMi IOKa3ad BO3MOMKHOCTB PacCIIMPEHHS
Jiana3oHa pabourx 4acToT Oosee 4eM Ha JIB€ 4acTOTHbIE Aekazbl. BeiBoabl. [Toka3aHa HE0OXOAUMOCTh pa3paboTKU HU(PPOBOro
JKBajlaiizepa ISl TOPTATHBHOIO aHajiu3aTopa OuoumMIenanca. [IpeioKeHO WHHOBAIMOHHBIM IOAXOA 110 YMEHBIICHHIO
JMHAMHYECKHX HOTPEIIHOCTEl Ha OCHOBE CHHTE3a M HCIIOIb30BAHUS aJTOPHUTMOB Koppekumu. MccienoBana sddexTrBHOCTH
CHHTE3HPOBAHHBIX AITOPHUTMOB M IOKa3aHa BO3MOXKHOCTH CYIIECTBEHHOTI'O paCHIMPEHMs Juana3oHa padouux MOPTAaTHBHOTO
aHanu3aTopa OMOMMIIeIaHCa.

KiaoueBble cJioBa: IMOPTAaTUBHBIM YacTOTHBIM aHanmu3arop OWoMMmIenaHca; OMOCEHCOp; aBTOKOMIEHCAI[OHHBIIM
peoOpa3oBaTenb; (POBOH IKBaai3ep; aAIrOPUTMBI KOPPEKIIUI AUHAMUYECKUX ITOTPEITHOCTEH.

Digital Equalizer Design of Biosensor for Portable Bioimpedance Analyzer
Y. Khoma, V. Khoma

Abstract. The article describes a new design approach for portable bioimpedance analyzers. The novelty of this ap-
proach is based on the idea to synthesize the correction algorithms that perform as a digital equalizer to equalize the frequency
response of the bioimpedance sensor. The implementation of the approach allows expanding the operating frequency range for
more than two orders without increasing the complexity of the structure of the bioimpedance measuring channel. The subject of
the study is a method of design a low-cost bioimpedance analyzer for personal use, in particular as a wearable device. The pur-
pose of the study is to develop a new design for a biosensor as a basic component of a portable bioimpedance analyzer. The
approach is based on the maximum simplification of the analog part of the biosensor and the use of computational tools to correct
the dynamic errors of the measuring channel. A key aspect of the implementation of this approach is the synthesis of the digital
equalizer function as a set of algorithms for dynamic errors correction. Results. The expediency of bioimpedance sensor design
by the method of auto-balancing bridge balancing has been proven in the paper. Dynamic errors that limit the operating fre-
quency range are shown to be the main problem along the way. The transfer function of the auto-balancing circuit is analyzed
and the three most significant sources of dynamic errors are identified. The transfer function is formalized, where the error
sources are represented by three coefficients. The methodology of the synthesis of the correction algorithms for "raw" measure-
ment results, which essentially realize the function of the digital equalizer, is proposed. It is stressed that the implementation of
the digital equalizer does not require any additional changes in the structure of the bioimpedance sensor, as it only requires the
computational resources that are already available as a part of the modern measuring instrumentation. The efficiency of the cor-
rection algorithms in the frequency range from 10 Hz to several MHz is investigated by modeling the bioimpedance sensor in the
Pspice simulation software. Research results have shown the possibility of extending the operating frequency range by more than
two frequency orders. Conclusions. The necessity of developing a digital equalizer for a portable bioimpedance analyzer is
shown in the article. An innovative approach is proposed to reduce dynamic errors based on synthesis and use of correction
algorithms. The efficiency of the synthesized algorithms is investigated and the possibility of significant expansion of the opera-
tion frequency range of portable bioimpedance analyzer is demonstrated.

Keywords: portable bioimpedance analyzer; biosensor; auto-balancing circuit; digital equalizer; dynamic errors correc-
tion algorithm.
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OIIHIOBAHHSA KYTOBUX KOOPAUHAT A KEPEJI BUITTPOMIHIOBAHHSA
METOAOM ROOT-MUSIC ITPU ITIONNEPEJHBOMY ®OPMYBAHHI
OPTOI'OHAJIBHUX ITPOMEHIB B YMOBAX BIIVIUBY
MMO3ACEKTOPHOI'O JKEPEJIA

AnoTanis. IIpenveTom BUBUCHHS B CTATTi € METOIM CIIEKTPAJIBHOTO aHAJI3y NPH IIEPETBOPEHHI JI0 POCTOPY IIPOMEHIB
(monepesHbOMY (hOPMYBaHHI OPTOrOHAJIBHHUX IIPOMEHIB AiarpaMu crpsiMoBaHocTi). MeTa gaHoi cTaTTi — IiABUILEHHS
e(PEKTUBHOCTI CHEKTPAIBHOrO0 aHaiizy (3MeHIIeHHs cepexnHbokBagparndHoi mnoxuOku (CKII) ormiHIOBaHHS KyTOBHX
KOOPJHMHAT JUKEepes BHUIPOMIHIOBAHHsS) B IPOCTOPI NMPOMEHIB B yMOBaX BIUIMBY IO3aCEKTOPHOrO JpKepena (3aBain).
BuxopucroByBaHUMH METOAMH €: METOIH CIEKTPAJILHOrO aHalli3y, METOAU L(POBOro CTATUCTUYHOIO MOJCITIOBAHHS.
PesyabTaTn. s niJBUILEHHS TOYHOCTI OLIHIOBAHHS KyTOBHX KOOpDAMHAT JKEpell BUIPOMIHIOBaHHS MeTonoM Root-
MUSIC npu nonepeaHboMy (OpPMYBaHHI OpPTOrOHAIBHHMX IPOMEHIB Ta BIUIMBI 3aBaju (I103aCEKTOPHOrO JKepela)
MPONOHYETHCA BUKOHYBATH 3CYB IIPOMEHIB, 1110 ()OPMYIOTHCS, TAKMM YHHOM, 1100 KyTOBiif KOOpJHMHATI JKepena 3aBaju
BIZINOBiZIaB HYJIb AiarpaMM CIPAMOBAHOCTI. [ BUNAIKy, IO PO3IIISANAEThCS, OTPUMAHO BUpA3 JUISl IOJIHOMY METOLY
Root-MUSIC. Ouinka KyToBoi KOOpAMHATH [pKepesa 3aBaju 3A1HCHIOEThCS 3a Jonomororw merony baprierra abo 3
BUKOPUCTaHHSAM auckperHoro neperBopeHHs ®yp’e (JAIID). Ilokazano, mo B ymMoBaX Majoro 4dmcia BUOIpOK Ta
HU3BKOro BimHOMEHHs curHai-mryM (BCI) To4HicTh 3alpOITOHOBAHOrO IMiIXONY BUIIA, HIK y OPHUTIHAIBHOI'O METOIY
Root-MUSIC 3 nomnepenHimM (popMyBaHHSIM OpPTOrOHAIBHUX NMPOMEHIB. BucHOBKH. Bricokuii piBeHb OIYHHX IEIIOCTOK,
IO Xapakrepu3ye chOpPMOBaHI OPTOrOHalbHI NpoMeHi npu BukopucranHi JII®, npuzBoguts 10 BIUIMBY JpKepena
BUIIPOMIHIOBAaHHS, KyTOBa KOOpJHMHATa SIKOTO BIJAINOBiZa€ CEKTOpY, IO HE OXOIUIIOEThCA IPOMEHSIMH, Ha
XapaKTEPUCTUKH METOIy CIEKTpalbHOro aHaiizy. Mae micue edekr mneperikanHs, xapakrepHuil s AIID. Brus
JUKepena, sIKe € 3aBaJIOl0 IO BiJHOIICHHIO 10 JKepesal KOPHCHOI'O CHIHAlly, MOJKHA 3MEHIIUTH 3CYBOM IIPOMEHIB, 110
dopmyroteest pu BukopucranHi JIID, takuM 4nHOM, 100 HyJb JiarpaMy CIPSAMOBAHOCTI BiANOBiJaB HAaNpsIMKY Ha
JoKepeno 3aBagu. Po3mIsHYTHMH MiAXix JOWITPHO BHKOPUCTOBYBAaTH 1 B cucreMax pamio3s’ssky 3 OFDM Ta
MIMO-OFDM, mo rpysrytorscs Ha JIID, cucremax 3B’A3Ky MiniMeTpoBoro niamasoHy xswib 3 MIMO Ta
MIMO-OFDM 3 MeToro IMiABUILEHHS IX 3aBaJOCTIMKOCTI.

Karo4doBi c1oBa: opTOroHanpHi IPOMEHi; MPOCTIp NPOMEHIB; CIEKTPalbHE PO3KIIAJICHHS KOPEJIALIHHOI MaTpuli; Me-
TOJMU CIEKTPAIBHOIO aHalli3y; 3aBaJIOCTIHKICTb.

CTCHKO Ta IHIIUX BUCHHX, MOCTIHHO po3BHBAEeThC. Cre-
KTpaJbHUHN aHaJli3, 10 3a3BH4Yaii MMOB’A3yBaBCA 3 IEpe-
TBOpeHHsAM Dyp’e, Metogamu CA, y3arajJbHIOEThCS pe-
3yJIbTaTaM¥, OTPUMAHUMU B CIICKTPAJIbHIN Teopii omepa-

Beryn

IMocTanoBKa NpodJieMH y 3araibHOMY BULJISII.
Ha croromninHiit neHs mokparnieHHs e)eKTUBHOC-

Ti CyJ4acHHX PaJiOTEeXHIYHUX CHCTEM (CHCTEM pamioiio-
Kalii, rifipoyokanii, paJiOMOHITOPUHTY, CHCTEM 3B’s3-
KY) MOJXJIMBE IIISIXOM BIIPOBaJDKEHHSI METOMIB MPOCTO-
POBO-4acOBOI, MOJSApPU3aliiHOI 0O0pOOOK CHUrHaiB Ta
METO/iB, OTPUMAaHUX B HENIHIAHINA JWHAMIIN, IHIIAX
criopiHeHux obnactax [1-4].

dazoBani a00 mupposi anTeHHI pernitku (AP), mo
BUKOPHCTOBYIOTHCS B PaioOJIOKAIIfHUX CHUCTEMax Ta B
JIeSIKUX CUCTeMax 3B’3Ky (CYHMYTHHKOBOIO i T.J.) IIO-
YHHAIOTh IIUPOKO 3aCTOCOBYBATUCS B CY4aCHHX CHCTe-
Max 3B’s3ky. Mogens OSI (open system interconnec-
tion- B3a€EMOII1 BIJKPUTHX CHUCTEM), SIKa IIHPOKO 3aCTO-
COBYETBCS B CHCTEMaXx 3B 53Ky, ITOIIMPIOETHCS 1 HAa BHU-
nmajiok cucreM 3B’s3Ky 3 AP. OcobnuBuil iHTEpec Bu-
KJIMKa€e MipiBeHb KaHanpHOro piBHs OSI, mo HaszuBa-
etbcst MAC-piBaeM (Medium Access Control) [5].

Cy4acHi MeTogu MpPOCTOPOBOTO CHEKTPAIBLHOTO
anaiizy (CA) T0O3BOJISIIOTH OLIHIOBATH KyTOBI KOOPAWHA-
TH JKEpEN BUIPOMIHIOBAHHS B PEKUMI HaIlPO3JLJICHHS.
Teopis Hampo3aLIeHHs, po3rysiHyTa B podorax S.JI. 11Iu-
pmana, J[.1. JIlexosuipkoro, C.€. ®@anpkoBuya, [1LFHO Ko-

TOpiB (BIAMOBIMHUX M MaTpuIlb), CHEKTpalbHill Teopii
rpadis, ’cTucHeHHi’’ (compressive sensing), MeToaax,
[0 BUKOPUCTOBYIOTHCS MPU OOPOOII CHUTHAJIB Ta HEJi-
HiliHI} TUHAMILI (HANIPUKIIAJ, CUHTYISPHHUN CIIEKTpaib-
HU# aHaii3 (singular spectrum analysis) 1 T.1.

ITotpeba B HaApO3MiJICHHI BHHHKAE B CHUCTEMax
pamionokarii (cucTeMax IeNieHrallil, paioaoKaIliiHux
CTaHI[ISIX 3 CHHTE30BAHOIO alepTypol0 SIK Ha3eMHOro
TaK i KOCMIYHOr'0 0a3yBaHHs), B CUCTEMAaX 3B’SI3Ky (TIpH
BHpIIIICHHI 33aJ1a4 30HIyBaHHS KaHATy 3B’sA3KY, IPOCTO-
POBOMY PO3IIIJICHHI CHUTHATIB), CHCTEMaxX pPasioMOHITO-
PHHTY 1 B psii iHIINX BUMAKIB.

Peamizanist cygacanx meronie CA moB’s3aHa 3
CHEKTPaJbHUM PO3KJIAJCHHSIM KOPEJAIHHOI MaTpull
(KM) criocrepexxeHb ab0 CHUHTYJISIPHUM DPO3KJIAJACHHSIM
MaTpHIli JTAHWX, eIEeMEeHTaMu (DYHKIIiOHaJbHOTO aHali-
3y. Taki po3kiafieHHs] NIMPOKO 3aCTOCOBYIOTHCS TaKOX
pu 00poOIIi TIOMIB (300paXkeHb) 1 T.1I.

Criextpanbae noganHs KM noB’s3aHe 3 BiJoMOIO
TeopeMoro KapyHena-JIoeBa, METOOM TOJOBHHUX KOM-
MOHEHT 1 T.1. [1-3].
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B psiai Bumazkis, 3 METOIO IPHUCKOPEHHS KYTOBOTO
CA BHKOPHCTOBYIOTH [iarpaMOYTBOPIOIOWi  CXEMH
(AYC). Ipuxnagom GpopMyBaHHS OPTOrOHAIBHUX PO-
MeHiB aiarpamy crpsmoBaHocti ([IC), mo yTBOpIoIOTH
6aratonpomeneBy J1C), € JII®d. B 1pomy BUDAanky B
TEXHIYHIH JIiTepaTypi BKa3yeTbcs Ha 0OpOOKY y mpoc-
Topi mpomeHiB (beamspace) [1, 7, 8]. Cuix 3a3HauuTH,
IO MEPETBOPEHHS JI0 MPOCTOPY MPOMEHIB BUKOPHCTO-
ByeThes B cucreMax MIMO MixiMeTpoBOro Jiana3oHy
XBWJIb.

Oo6uucmoBaabHa CKIaaHicTh MeToniB CA mpu 00-

poO1i B MPOCTOPi MPOMEHIB 3MEHIIYETHCS 10 O(M g )

omnepaliif KOMIUIEKCHOTO MHOXEHHS, ne M, <M -
gucio npoMeHiB (beams), mo GopMyroThes. Lle cyrreBo
MeHmie Hixx O(M 3) , & M — KiJIbKICTh €JIEMEHTIB aH-
TEHHOI PEUITKU JJIsi BUNaIKy, KOJIH (hOpMyBaHHS Ipo-
MEHIB He 3/[IICHIOEThCSI.

Hemonixom IYC, ocHoBanux Ha JI1® (sx i opTo-
TOHAJBHOI'0 YaCTOTHOTO JUCKPETHOTO MYJIBTHILIEKCY-
BanHs (OFDM- Orthogonal Frequency Division
Multiplexing)) € BHCOKMH piBeHb OIYHHX IIEITIOCTOK
MpOMeHiB, a came 13,5 nb. [Iyis #oro 3MEHIIICHHS BUKO-
PHUCTOBYIOTHCS PI3HOMaHITHI BikoHHI (yHKiT [1,3,6].

VY psani pobiT BBaXKAETHCS, L0 JKEpena BHIPOMi-
HIOBaHHS 3HAXOJATHCS B KyTOBOMY CEKTOpi, IIO0 OXOI-
JIIOETHCS. OPTOTOHAILHUMU ITPOMEHSIMH, C(DOPMOBAHUMHU
Ha ocHoBi JI[1®. PazoM 3 TuM, HEOCTATHLO AOCIIHKE-
HuUM B 3amadax CA e BUIIAQJOK, KOJM CHUTHAJ OJHOTO
JDKEpena, sIKe € 3aBaKAl0YUM I10 BiJHOIIEHHIO IO BHYT-
PIIIHBOCEKTOPHUX [DKEpell, HAXOIUTh 3 HAPSIMKY, 1110
HE BIJNIOBIJIA€ CEKTOPY, LIO OXOILTIOETHCS MPOMEHSIMHU
(Iukepero € 1mo3a CeKTOPHHUM).

TpaauuiiiHo 3 METOO MiIBUIIIEHHS 3aBaI0CTIHKOC-
Ti cucTeM pazio3s’s3ky Ta PJIC B yMoBax BILIMBY 3aBaj
BUKOPHCTOBYIOTh a/IAITUBHI aHTEHHI pPelIiTKu (TpoMe-
HeopMyBaHHSI), aBTOKOMIIEHCATOPH, IICEBIOBHIIAIKO-
BY nepe0y/10By poOOYOi YacTOTH, NPUHIIUIHA KOTHITHUB-
Hocti [1-3]. YV poboTi aHami3yeThcsl MOMUIBHICTE BHKO-
pucraHHs 3cyBy (a He (QopMyBaHHs IpoBajiy) Oararo-
npomeneBoi JIC, mo otpumyerhes 3a nonomororo JI1D.

MeTta cTaTTi — MiBUIIECHHS €()EKTHBHOCTI CIEKT-
panpHOro ananizy merogamu CA TIpH IONEPEIHHOMY
(opMyBaHHI OPTOrOHAJIILHUX MPOMEHIB JiarpaMu crpsi-
MOBaHOCTI B yMOBax BIUIMBY JDKEpENa BUIIPOMiHIOBaH-
HS B CEKTODI, 1110 HE OXOILTIOETHCS MPOMEHSIMU (I103ace-
KTOPHOT'O JDKEpEna).

AHaJti3 ocTaHHIX J0caigxens i myomikamii. Tu-
TaHHIO OOpPOOKM CUTHAJIB B aHTEHHHX pEIIiTKax MpU
(OopMyBaHHI OPTOrOHAIBFHHX IPOMEHIB IIPHCBSYEHO
psan pobiT (X mepenik MOXXHA 3HAWTH, HANPUKIAMA, B
[1,3]). B Takux poOoTax pO3IISHYTO MOPSIOK y3arajb-
HenHst meroiB CA 3 naaposainenHsMm (Root-MUSIC,
ESPRIT Ta iHmmx) mpu Takiéi o0po6bii. B po6orti [6]
MPOaHaJIi30BaHO BIUIMB BIKOHHHMX (DYHKIIH Ha eeKTH-
BHicTh MeTtoay Root-MUSIC npu monepemaasomy ¢op-
MyBaHHI OPTOrOHAJIBHUX INPOMEHiB. B pobori [7] 3a-
MPOITOHOBAHO MiJXiA TO (OPMYBAaHHIO MAaTpPHIl, IO
3MIIACHIOE MEPETBOPEHHS IO MPOCTOPY MPOMEHIB 3 (o-
PMyBaHHSIM IIPOBAJy y HANpsIMKy Ha [03aCEKTOpHE
Jokepeno (mkepena). [Ipore Horo peanizamisi BUMarae

3HAYHOTO YHCJIa OOYHCIIEHb, II0 3YMOBJICHO BUpILIEH-
HM OIITUMI3aLiiiHol 3a1a4i

Buxinkae inTepec po3poOka MiIxony, SKHH JIo-
3BOJIUB OM BHPINIYBAaTH 3aBJIaHHS OLIHFOBAHHS KyTOBHX
KOOpJIMHAT JUKEPEN BUIPOMIHIOBAHHS B MPOCTOPI MPO-
MEHIB 32 YMOBU HAasiBHOCTI ITO3aCEKTOPHOI0 JKepena,
BpaxoByBaB 0coOMUBOCTI BHkopucTanHs JII® ta mir
pearizoByBaTHCS Yy MacmTadl yacy, OlMM3bKOMy 10 pea-
npHOTO. TOMY mpencrasise iHTepec BKa3zaHa B [8] MOXx-
nuBicTh BIockoHasieHHs1 edekruBHOCTI 2-D ESPRIT 3
nonepeqHiM (GOpMYyBaHHSIM OPTOTOHAJBHUX HPOMEHIB.
VY [9] B xomi CA meromom MUSIC Tta momepenHsomMy
(hopMyBaHHI OPTOTOHAJILHHUX MPOMEHIB 3IHCHIOBAIOCS
(opMyBaHHs MPOBATy B HANPSIMKY Ha JDKEpENo, 10 €
3aBa)kKalO4MM I10 BiJHOIIEHHIO JIO 1HIIOTO, IpH iX Haj-
poznainenHi [1].

PazoM 3 TUM, KOOpIWHATa IT03aCEKTOPHOTO JDKe-
pena B [8] BBaxkaeThcs BimoMor. KpiM Toro, momiabHO
y3arajJibHUTH ieto [8] Ha BUMAJOK JIHIHHOI eKBixucTa-
HTHOI aHTeHHOI pewitTku Ta Merony CA Root-MUSIC,
SIKMH XapaKTepU3YETHCs OLIBIIOI0 TOYHICTIO OLIiHIOBAaH-
us Hix ESPRIT.

OCHOBHA YaCcTHHA

PosrisiHeMo BUMAIOK, KOJIH B SIKOCTI IHCTPYMEHTa
HAJIpO3/11JICHHS] BAKOPUCTOBYETHCS JIiHIHA €KBiANCTaH-
THa aHTeHHa pewitka (JIEAP). V Bumanky, komu aH-
TEHHA PElIiTKa HE € JIHIHHOIO Ta eKBiJINCTaHTHOIO, TIPH
00poOIIi CHTHAIIB MOXKYTh OyTH BHKOHAHI IIEPETBOPEH-
HS, SIKi JI03BOJISATH OOpOOJIATH OTpHMaHi AaHi SIK TaKi,
mo orpumani JIEAP. Hexait M — 4mcio eneMeHTIB
JIEAP, V' — KUNBKICTh JKepes pajiioBHUIIPOMiHIOBAHHSI.
Takok poOUMO MPHITYIIEHHS], IO JPKEpesia 3HAXOAATh-
cs B manbHil 30HI AP. Bekrop, 1o xapakrepusye KyTo-
Bi KOOpJHMHATH JpKepes BumnpomiHioBanHs (/IB) moxe
OyTH MOJaHUH 5K

0=[0p,,0,]",

T .
e (1) o3Hauae omnepaililo TPaHCIOHYBaHHS.

Po3risiHeMo BHMaIoOK, KOJIH 13 3arajbHOI CyKYyITHO-
CTI JDKepen JeKibKa € KOPUCHUMH, a OfHe (YM JACKiIb-
Ka) — JpKepelioM 3aBaj. BBakaemo, mo (opMmyeThbes
M <M npomeHis.

My x1 BexTop maHuX mpoctopy mpomeris (I1IT)
Moyke OyTu 3amucanuii sk [1, 8-10]

H
y(O) =Wy x(@), (1
ne W,, — martpuus nepersopeHHsa po IIII pozmipom

MxMjy, X(t)— M x1 BeKkTOop CHOCTEpEeKEHb, (-)H

O3HaYae OMeparilo epMiTOBOI'O TPAHCIIOHYBaHHSI.
BexkTop criocrepekeHb MpOCTOpy €IEMEHTIB MOXKe
Oytu npencraBieHni sk [1-3]

(1) = A(0)s() +n(), )

B naHoMy BHupasi A(0) =[a(0,),...,a(0;)] —M xV wma-
TPHISL BEKTOPIB aMILTITYAHO-()a30BOr0 po3MOIiTy CHr-
HaniB /IB Ha enemenrax JIEAP, s(f) — V' x1 Bektop

CUTHAJIB, a N(f) — M x1 BEKTOp aAUTHUBHOI'O IIyMY.
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Crosri Matpuni A(0) € BexTopamu (a3zyBaHHS,
110 BiJITIOBIIAIOTH JAESKOMY HAIpsIMKY O :

a(0) =[Lexp(jw),...,exp(j(M —1)0))]T. 3)

Tyr o=2ndu/\=2ndsin(0)/A, d — BiICTaHb MiXK
AHTCHHUMH CIEMCHTAMHM, A — JOBXKHHA XBHJII.

Iym criocTepekeHHs] € CTalliOHAPHUM BUITAKO-
BUM IIPOIIECOM 3 HYJIBOBUM CEpPENHIM 1 IependavyaeTbes,
110 BiH € IMPOCTOPOBO Ta 3a YacoM Oinuii [ 1, 2].

Bumora w{j W) =1y, m03BONISE CTBEPIKYBATH,

o aguriBHUi rym B 11 3anummTees Oinnm [ 1, 8-10].

s cucteM 3B’SI3Ky CUTHAJIM MOXYTh OYTH 3 MO-
nymsuiero QPSK, BPSK, QAM i 1.a. V Bunanaky nejieH-
ramii JpKkepen akKTUBHHMX LIYMOBHX 3aBaJl CHTHAJIU JDKe-
pel BiIpI3HAIOTHCS Bij NIyMiB MOTYXHicTiO [ 1, 2].

st hopMyBaHHS OpPTOrOHAJIBHUX IPOMEHIB IO-
TpiOHO BHM3HAYHUTH KYTOBHUH CEKTOp, B SIKOMY 3Haxo-
IITBCS JKeperna abo BOJOAITH IIEBHOIO alpiOpHOIO iH-
dopmariiero.

Indopmanis mpo cekropu sokamizamii B moxe
OyTu OoTprMaHa, HalpuKiIag, MeToqoM baptierra

oo
Pgr(0) =a™ (0)Ra(0),
xe R — BHOIpKOBa KOpeIsliiiHa MaTpui, mo (Gopmy-
€ThCS HA OCHOBI X(?) .
Martpuus W,, npu ¢popMyBaHHI IPOMEHIB B Ha-

npsvkax f2E ... (f + M, —1)% BHU3HAYAETHCS K

Wy =[a(f 35 a((f+ M, D3], (4)

ne [ — uire uucio [7, 8].

KopensuiiiHa matpurpt, mo GopMyeThes 10 TaHUX
micnst meperBopennst no I, moxe OyTu mpezcrasieHa
y BUTJIAI

R, =Ely()y" (0]= W ASA"W+o’Ly, . (5)

ne  E[-] —omeparop MaTeMaTUYHOIO CIIOAiBaHHS;

IMb — My xM; opuHUYHA MaTPULS;

S = E[s(t)s’ (t)] — V' xV KM curuanis;

o’ - JCIepCist IyMy.

Bub6ipkoa KM III1 mMoxxe OyTu mpeacTaBjicHa y
Burysiai [3]

A N H H A
R, =(/N)Y, " y@)y ()=W'RW,  (6)
ne N — 4ucio BUOIPOK,.
V¥ Bunanky JIJEAP R y € TIEPCUMETPUIHOIO i MOXe

MIEPETBOPIOBATHCS B NIHCHY MaTpuIero W , 10 3a10BO-

PR % g .
npHsie BuMo3i IW = W' | ne I — Matpuit oominy, a (*)
03HaYa€ KOMIUIEKCHE CIPSKEHHS.

BubipkoBa KM R 5 epMiTOBa, aje He IepcuMer-

puuna. [liticna KM otpumyeTbest sik

. b
Ryr =WIRp W, @

e R = 0.5(ﬁ+iﬁ*f) — MaKCHMAaJbHO MPaBIONOIi0-

Ha omiHka nepcumeTpuyHoi KM [3, 8-10].
VY 3aranbHOMY BUINISII TOMIHOM Meroay Root-
MUSIC IIIT moxe OyTu momanwii sk [1,7,8]

B, (2)=al z"Hw mtwa(z), (8)

ne a(z)= [l,z,...,zM_1 ]T , nt = fEan:ZZT,n — ormeparop
MPOEKTYBAHHS Ha MiANPOCTIp LIYMY.

Omnepatop hopmyeTbest Ha OCHOBI My, x (M, — I})
MaTpHIli BJIACHUX BEKTOPIB HiJIPOCTOPY IIyMY E b
KM R, V
[opsnok noninomy (8) piBauit 2M —2 .

IMominom Root-MUSIC IIII nopsaxy 2Mj -2

MOJKe OyTH MpeacTaBiIeHu# y Bursmi [7,8]
T, -I\n*E 7 T
Bym(z2)=2a" (z )Q Eb,nEb,nQ a(z), ©)

ne matpuig Q Bu3HaveHa B [3].
Ha puc. 1 nns JIEAP 3 M =32 aHreHHUX eneMe-

— YHCJIO JDKepeNl BUIpoMiHioBaHHA [1].

HTiB (AE) HaBezmeHi M) =8 mnpomeHiB (MapIiialbHUX
niarpaM), oTpuMadi 3a Jonomororo W, , sika BiJIoOBi-

Jla€ BUKOPUCTAHHIO MPSMOKYTHOTO BiKHA (OTPUMYETHCS
0e3 BHKOpHCTaHHS BikOoHHOI ¢yHKi(). Kyru opieHry-
BaHHs NpoMeHiB —6/M,...,8/ M .

-10
-20 -
-30 i
-40

-50 -

Spectrum (db)

-60

=70 1

) . . .
-0.6 -04 -0.2 0 0.2 0.4

u
Puc. 1. OpToronaisHi npomeHi,
orpumaHi nipu Bukopucranui 1D, M, =8, M =32

BBaxxaemo, 110 KyTOBa KOOpAHMHATa I1033aCEKTOP-
HOro JpKepena 11/ M BiamoBizae MaKCUMyMy HaiOJIu-
’KUOi JI0 OCTAaHHBOT'O TPOMEHs1 OIYHOI MeNtoCTKH (Ha
puc. 1 naHii KOOPAUHATI BiANOBIAAE yHKTHPHA JIHIs).

V BHUNa/Ky, KOJIM KyTOBa KOOPAWHATA TI03aCEKTOP-
HOTO JKepena (3aBajau) piBHa 6,

(0, =2ndu, /'L =2ndsin(0,)/L),

3CYB INIPOMEHIB Ha TaKWi KyT MOXKE 3IIHCHIOBATHCS
[UISIXOM MHO>KEHHSI HA MaTPHUIIEO
T =

10).
=diag {1,exp(-jo,),...,exp(—j(M —1)o,)} (10)
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Mmatputi W, . ¥V 11bOMy BUIAAKy MaTpHIIO, 10 (op-

Mye€ 3CyHYTi Ha ®, MPOMEHi 3alMIIEMO Y BUITIAII

W, =TW,,. (11)

Ha puc. 2 ans tux xe yMoB, sik 1 s puc. 1, i
u, =1/ M wnHaBeneni npomeHi 111 W, .

.

-

o
T

"
[
(=]

(2]
(=]

Spectrum (db)
g & &

.
@
o

=70

.80 1 L |
-0.6 -0.4 -0.2 0 0.2 0.4

u
Puc. 2. [IpomeHi, orpuMaHni 3 BUKOPUCTaHHIM Wi

BunHo, 110 B JaHOMY BUTIAAKY KYTOBE MOJIOKEHHS
M03aCEKTOPHOr0 JKepesa BiAMOBIAE HYIIO Jiarpamu
CIPSIMOBAHOCTI.

Ioninom Metonay Root-MUSIC TIIIT npu BuKOpuC-
TaHHi W,, Mae BUITIA]

T, -1 - Vi H
Pym(z) =2 YW, E, Bl WHaiz). (12)

3 MeTor BiI0Opy CUTHANBHUX KopeHiB (12) mori-
JBHO BUKOpucTaTH MeToxa baptierra. KyroBi koopau-
HaTU OyIyTh BU3HAYATHCS K

0, =arcsin (A / (2nd ))(arg(z,)+®.)),
v=1,..., V.

(13)

TobOro B omiHKax BpaxOBYEThCs (KOMIIEHCYETHCS)
3CyB, 3p0O0JIEHHI TTONEPEHBO.

BBaxxaemo, 110 BIUIMB MOTY)XHOTO MO3aCEKTOPHO-
r'o JDKepelia MoYaB 3iHCHIOBATHCSA B XOJi OILIHIOBAHHS
KyTOBHX KoopJuHaT JIB, ceKTop KyTOBOTO ITOJIOKEHHS
JoKepen BigoMuii 1 Matpurs W, chopMmoBaHa.

3anpornoHoBaHUi MiJXiJ MOXe OyTH TMoJaHuN Ha-
CTYIHOIO MOCITiZIOBHICTIO KPOKIB.

Kpox 1. Orpumaru oninky KM curnainis Ha BUXO-
mi AP R.

Kpox 2. 3a nonomoroto JI1d (merony baptierra)
BU3HAYUTH KYTOBY KOOPJIWHATY IT03aCEKTOPHOrO JDKe-
pena ta copmyBaTu MaTpuno W =W, .

Kpox 3. O6uucauTi MaTpHIIO
L HAG
R, =W'R;W.
Kpox 4. O0UHCIUTH  CIIEKTpaJIbHE PO3KIIAICHHS
MAaTpPHIT R yr -

Kpox 5. O0uncnuty npoueaypy OLiHIOBaHHS YHC-

JIa JDKEpel BUIIPOMIHIOBAHHS 3 METOI0 OTPUMAHHS V.

Kpox 6. 3naiitn xopeHi noninomy (12), BigiOpatu
3 HAX CHUTHAJIbHI Ta OI[IHUTU KYTOBI KOOPAWHATHU JKe-
pen 3a Bupasom (13).

EkcriepuMeHTa bHEe JOCHIKEHHS OTPUMAHOTO
METOJly OLIIHIOBaHHS KyTOBHX KoopauHat /IB 3 Buko-
PHUCTaHHSIM MONEPEAHBOr0 (OPMyBaHHSI OPTOrOHAb-
HUX MPOMEHIB Ta iX 3CYBY 3 ypaxyBaHHSIM HOJOXEH-
Hsl 3aBaJ MPOBEJIEHE METOJOM MAaTeMaTHYHOTO MO-
JIETFOBAHHSL.

VY Xxomi MonenroBaHHA Mependadanacs HasBHICTh
JIBOX PIBHOMOTYKHHUX [IB 3 KyTOBUMH KOOpAMHATaMHU
0,=10°, 6 ,=14".

BukopucroByBanucs M; =7 TpOMEHIB 3 KyTaMu
opieHTyBanHs —6/M,...,6/ M , 1m0 PIBHOMIpPHO pPO3-
HeceHi HA Au=2/M (Au =sin(0)).

BuOip KkyTiB Opi€HTYBaHHS IIPOMEHIB OOHpaBcCs
TaKUM YHUHOM, 100 KyTOBI KOOPAHMHATH JKEPEIT MOTpa-
IUSUTA B KYTOBHH CEKTOp, SIKMH OXOILIIOETHCS HpOMe-
HSIMH.

KyroBa koopJuHaTa TpeTHOro MOTYKHOTO JDKEpe-
na (moryxHictb 20 nb) BiAmoBigana MakCUMyMy Oi4HOT
MIEJIIOCTKA TIPOMEHSI 3 KyTOM OpieHTyBaHHs 6/M Ta
piBHa 9/ M . BuxopucroryBanacst IJEAP 3 M =11 AE,
9UCIIO 3HIMKIB N =50, 4HCIO OBTOPEHb MOJEIIOBAH-
Hs gopiBHIoBao 1000.

PosrnsimaBcsi BWIIAJIOK OLIHIOBAHHS KOOPIMHAT
Jokepen 1mrymoBoro BunpowmintoBanns [1]. CKII ominto-
BaHHS KOPHCHHX JDKEpeT YCepeIHIOBalach IO JpKepe-
naM [7]. Y Xomi MOJETIOBaHHS B SKOCTI ITOYaTKOBOI'O
Metoay Root-MUSIC III1 posrismaBcs BapiaHT, IO
BHU3HAYAETHCS 110 aHAIOTIT 3 BUpazoM (9).

Ha puc. 3 noka3sani 3anexxnocti CKII oriHroBaHHS
(RMSE - root mean square error) KyroBUX KOOpAHHAT
kopucHux JIB Binm BimHomeHHs curHai/mym (SNR —
signal-to-noise ratio) opwuriHanbHUM MeTomoM Root-
MUSIC npu nomnepenHboMy (GopMyBaHHI NPOMEHIB 3
BukopuctanHaMm JIIP, 3anpornoHOBaHUM METOJOM 3
3CYBOM IIPOMEHIB Ta IPHU BUKOPUCTaHHI BiKHa XeMMiH-
ra 3 OpTOroHaJIi3aIli€e0 IpOMEHiB [6].

102 . T T

1-Beamspace RM with
shift of beams

—%— 2-Beamspace RM
3-Beamspace RM with

10 ! Hamming orthogonalised tapering

RMSE

10°

SNR(dB)

Puc. 3. CKII ouinroBanss
KyroBux koopauHat 1B, N =50
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Iing BCI po3yminacs Benu4YHHA 1010g(c§ /02),

e c? — moTyXHicTh J[B.

3 aHaii3y puc. 3 BHIHO, IO 3aIPOITOHOBAHMM ITij-
X1J1 XapaKTepu3yeThcsl KPalor epeKTUBHICTIO Y MOpiB-
HSHHI 3 BWIIQJIKOM BUKOPHCTAaHHS BikKHa XeMMiHra 3
HACTYITHOIO OpTOrOHAaJIi3allilo MPOMEHIB B o0JacTi ce-
pennix Ta Bucokux BCIII. Horo noporose BCII €
MEHIIMM Y TIOpIBHSHHI 3 KJIaCHYHUM MeToioM Root-
MUSIC mnpu mnonepenHroMy (opMyBaHHI TPOMEHIB
(Beamspace Root-MUSIC).

Pe3ysnpraTt MOnEMIOBaHHS MiATBEPIKYIOTH BKa3a-
He y [6] 3ayBakeHHS, IO MepeBaru BUKOPUCTaHHS Ba-
roBUX (BIKOHHHX) (PYHKLIH NPOSBISIOTHCS y BUIAIKY
HasIBHOCTI 1103aCEKTOPHOTO JKEpEa BUIPOMIHIOBAHHSL.

Kpay ToYHICTh OLIHIOBaHHS Y BUIAJIKy BUKOPH-
cTaHHs BiKOHHUX (yHKUi# npu HU3bKoMYy BCII MoxHa
mosicHUTH THM, 1o npu Takux BCII npomenedopmy-
Ba4 bapTierTa Mae mik mpocTOPOBOrO CHEKTPa, 110 Bif-
TIOBiIa€ 3aBai.

[Tik, 1o BiAIOBiZa€ KOPUCHUM JKeperam, 3’ sBiIsi-
etbest ipu cepennix BCILL

Pe3ynpraTi MopentoBaHHS BKa3ylOTh Ha Te, IO
€(EeKTUBHICTh 3aIIPOITOHOBAHOTO METOMY IMOTIPIIYETHCS
IIPH HEMOOIIHIOBAHHI YHCIIa JHKepen (IUTs TaHOrO BHIIa-
JIKY, KOJIU V=2 ). IIpu 11boMy e eKTHUBHICTH OpUriHa-
JILHOI'O METONY MOTIPIIYEThCS e OibIne. Pa3oM 3 TuM,
MepeOoIiHIOBaHHS (KOJIH V=4 ) HEeCyTTEBO BIIMBA€E Ha
Horo e()eKTUBHICTB.

B HacTynmHOMY BHITIa/IKY YKCIO BUOIPOK 3MEHILIEHO
1o N =20 . Pe3ynbraTu HaBeseHO Ha puc. 4.

102 T

1-Beamspace RM with
shift of beams
—¥— 2-Beamspace RM
3-Beamspace RM with
Hamming orthogonalised tapering

RMSE

107
A0 5 0 5 10 15

SNR(dB)

Puc. 4. CKII ouinroBanss
KyroBux koopauHat 1B, N =20

VY 1poMy BUNAIKY, IO BUKIUKAE TPAKTHYHUH iH-
Tepec, ePEeKTUBHICT 3aIPONIOHOBAHOrO MiIXO/AY BHIIA,
Hik 3BnuaiiHoro merony Root-MUSIC II1. Edexrus-
HICTh OCTaHHBOTO MOTIPUIYETHCS MPU CEPEHIX Ta BHCO-
KUX BiJJHOIIEHHS CUTHAJI-IIYM.

3anpornoHoBaHUi MiaXiJ AOUIIBHUN 10 BUKOpHC-
TaHHS y cucTeMax 3B’ 13Ky 3 OFDM Ta ii Mmoaudikaris-
Mmu [11]. OcoOMUBICTIO IIBOrO BUMAAKY € ToTpeba orli-
HIOBaHHS YaCTOTH JDKepena, sike € 3aBaaoo. [Ipu npomy
3IHCHIOETHCS 3MiHA YacTOT IiJHECY4YHX (BiAOyBaE€ThCS
3CYB 3a 4acTOTOI0) 3 METOI0 OTPUMAaHHs e(eKTy, MoKa-
3aHOrO Ha puc. 2. lle 103BONMUTH MiABHIIUTH 3aBalOC-
TIHKICTh TAKHUX CHCTEM.

Takuii miaxigx Moke OYTH BUKOPHCTaHHU pa3oM 3
IHIIMMH METO/IaMH TIiJIBUILEHHs 3aBajocTiiikocti. Mo-
JKJIMBUM TIiIXOOM € BHOIp 9acTOT IMiJHECYYuX (4acToT
xorcera nipu [1ITPY) Ha OCHOBI IPUHIMITY KOTHITUBHO-
CTi, BHOIp KyTiB Opi€HTYBaHHS IPOMEHIB Ul CHCTEM
3B’S3KYy MIJTIMETPOBOT'O Tialla30HY XBHJIb 1 T.I.

Bkazana mocraHoBka 3a/adi OJu3bKa 10 PO3MOJi-
Jy YaCTOTHMUX KaHAIiB B OaraTOKaHAJIBbHUX Mepexax
3B’ 53Ky [12].

BucHoBKH i HANPAMKH
NOJANBIINX JOCTIIKEeHb

3 METOI0 MiJBHUIIEHHS TOYHOCTI OIIHIOBAHHS KY-
TOBUX KOOPJWHAT JKEpeNl BUIPOMIHIOBAHHS B YMOBAax
BIUIMBY HOTY>KHOT'O TI03aCEKTOPHOTr'0 JpKepesna (3aBajin)
Ta TpH TonepeanboMy (HOpMyBaHHI OaraTornpoMeHeBol
JiarpaMu CIpsIMOBAHOCTI Ha BHIIQJIOK MeTony Root-
MUSIC y3araipHeHa mpomno3wuilis [8] moao 3cyBy mpo-
MEHIB JliarpaMH TaKUM YHHOM, 1100 ITOJIOXKEHHIO 3aBaIH
BIJIMIOBIJIaB HYJIb JAiarpaMu.

YcyHyro neBHi oOMexeHHs [8], a came mpwuIry-
LIEHHS, 1[0 KOOpJMHATA MO3aCEKTOPHOro JDKEpena Bi-
noma. [IpoBeneHo MopiBHAHHS €(EeKTHBHOCTI 3aIporio-
HOBAHOTO MiJXOMy, OpHIiHANBHOrO Meroay Root-
MUSIC npu popMyBaHHI OPTOrOHAJIEHUX IMPOMEHIB Ta
Mmerony Root-MUSIC npu ¢popMyBaHHI OpTOrOHAIBHUAX
MPOMEHIB Ta BUKOPHUCTAaHHI BIKOHHUX (yHKUild (Ha
npuKianl BikoHHOT (QyYHKINI XeMMiHra 3 HacTYITHOO
OpTOrOHAJTI3AIlEI0 IPOMEHIB).

BukopucranHs BIKOHHUX (DYHKINH JTO3BOJISE ITiJI-
BUIIUTH TOYHICTH OIIHIOBAaHHS B YMOBAax BIUIMBY I103a-
CEeKTOPHHMX JDKEpEJ BHIIPOMIHIOBAaHHS NPU HHU3BKHX
BCILIL.

3anpornoHoOBaHUi MiAXiJ XapaKTepU3yeThesl Kpa-
100 €EKTUBHICTIO Y MOPIBHSAHHI 3 OPUTiHAIEHUM Me-
TOJIOM OCOOJIMBO B yMOBaxX MaJloro 4mcia BHOIpOK Ta
Huzbkoro BCIII.

3acTocyBaHHSI PO3IJISTHYTOTO IMiJIXOAy JOIIJIEHE B
cucreMax 3B’sa3Ky 3 BukopuctanHaMm [IID, a came
OFDM. B mnpoMmy BWIIAIAKy MOXIIHBE ITiJBUIICHHS
3aBaIOCTIMKOCTI TAKHX CHCTEM.

Bukinkae iHTepec y3arajgbHEHHSI OTPUMAaHUX pe-
3yJAbTaTIB Ha BUMAJOK cucTeM 3B’s3Ky 3 OFDM mpu
BUKOPHCTaHHI IMCKPETHOTO MEPETBOPEHHST XapTiIi, NpH
3a0e31neueHHi MHO)KUHHOT'O JIOCTYITY.

KpiM TOro, mOWiNBHO TPOBECTH aHalli3 BIUTUBY
npoMeHeOpMYyrOUoi MaTpuIli, o 3ade3neuye Ghopmy-
BaHHS TPOBAIYy B HANpPSMKY Ha JDKEpENo 3aBajid, Ha
edextuBHICTh MeTOIIB CA.
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OuennBaHue YIJIOBBIX KOOPAWHAT HCTOYHHKOB H3aydennust meronom Root- MUSIC
NPH NpeJBAPUTETHLHOM (POPMUPOBAHUN OPTOTOHAJIBHBIX JIy4eli B yCJIOBHSIX BJIMSTHHS BHECEKTOPHOI0 HCTOYHHKA

B. . Bacunummn, H. 1. 3apemckuii, B. I1. Korro6a, O. B. UexoBckwuii

AnnoTtanus. [IpeameTrom u3ydeHus B cTaThe €CTh METO/BI CIIEKTPAIBHOTO aHAJI3a MPH NPeoOpa3oBaHUK K IIPOCTpaH-
CTBY Jy4eil (IpeaBapUTeIsHOM (hOPMUPOBAHUN OPTOrOHAJIBHBIX JIydel JuarpaMMbl HanpaeieHHocTH). Llesb 1anHoii craTtbm —
MOBBIIIEHHE 3(P(PEKTUBHOCTH CIIEKTPATIbHOTO aHanu3a (yMeHblleHue cpennekBaapaTudnoi omuoku (CKO) oneHuBaHus yriio-
BBIX KOOPJMHAT MCTOYHHKOB HM3JIy4eHHsS) B IPOCTPAHCTBE Jydel B YCIOBHSX BIIMSHUS BHECEKTOPHOI'O MCTOYHHKA (IIOMEXH).
Hcrionb3yeMbIMI METOAAMH €CTh: METOJ/BI CIIEKTPaJIbHOIO aHaIn3a, METOABI IH(POBOr0 CTATUCTUYECKOIO MOJETHPOBAHMS.
Pe3yabTaThl. J{715 NOBBIIEHNS] TOYHOCTH OLICHUBAHUS YIJIOBBIX KOOPAMHAT UCTOYHUKOB U3IydeHust MeTonoM root- MUSIC npu
MIpeABapUTEIILHOM (POPMHUPOBAHUU OPTOTOHAJIBHBIX JIydel W BIUSHUM MOMEXH (BHECEKTOPHOTO MCTOYHHKA) IpeylaraceTcs Bbl-
TIOJHSATE CIBUT (POPMHPYEMBIX JIydeil TakKuM 00pa3oM, YTOOBI YIIIOBOM KOOpIHMHATE MCTOYHHKA IIOMEXH COOTBETCTBOBAJ HYINb
JMarpaMMbl HaIlpaBIEHHOCTH. J[Jis paccMaTpHBaeMoro ciaydas IOJIydeHO BbIpaxkeHHe Ui nonrHoma Mmetozna Root— MUSIC.
OneHka yriioBoil KOOpIMHAThI UCTOUHHUKA IOMEXH OCYIIECTBIIIETCS ¢ IOMOILBI0 MeTo/a bapTiierra miu ¢ ucroab30BaHUEM AUC-
kpeTHoro npeobpaszosanust @ypse (JAI1D). ITokazaHo, 4TO B ycIOBUAX Manoro yucia Bbioopok u Huskoro OCII tounocTs npen-
JIO)KEHHOT'O MIOIX0/1a BEIIIE, YeM y OpuruHanbsHoro meroaa Root—MUSIC ¢ nmpeaBapuTenbHBIM (POPMUPOBAHUEM OPTOT OHAIBHBIX
nmydeil. BeiBoabl. Bricoknii ypoBeHb OOKOBBIX JITIECTKOB, XapaKTEpHBIH JIsi CHOPMUPOBAHHBIX OPTOrOHAIBHBIX JIydeil mpu
ucnonb3oBaduy JI1D, npuBoAUT K BIMSHUIO UCTOYHMKA U3JIYYEHMs, YIrJIOBas KOOpPAMHATAa KOTOPOrO OTBEYAET CEKTOpY, KOTO-
pBII HE OXBaTHIBACTCS JIydaMH, HAa XapaKTEPUCTUKH METOZIOB CIIEKTpaJbHOro aHanm3a. lMeer mMecto adekT neperekanus, xa-
pakrepHbiit uia JAIID. BausiHue ucTOYHMKA, KOTOPBIH SIBISETCS MOMEXOH 110 OTHOLIEHUIO K MCTOYHMKAM IIOJIE3HOIO CUTHala,
MOXKHO YMEHBIIUTH CABUTOM JIydel, popMupyeMbix ¢ ucnons3zoBanueM 1D, takium oOpa3zom, 4ToOBl HYIIb AWArpaMMbl Ha-
MIPaBJIIEHHOCTH OTBEYaJl HAIPABJICHHIO HA HCTOYHHUK IIOMEXHU. PaccMOTpeHHBIH MOAXO0. [eJeco00pa3Ho UCIIOIb30BaTh U B CHCTeE-
Mmax paguocea3u ¢ OFDM u MIMO-OFDM, ocHoBanHbix Ha JII1®, cucremax cBS3u MUJUIMMETPOBOro Juara3zoHa BoiH ¢ MIMO
1 MIMO-OFDM c 1enbto NOBBILIEHNUS UX IOMEX0YCTOHYMBOCTH.

Kawo4ueBnle caoBa: OPTOrOHAJIbHBIC JIY4H; MIPOCTPAHCTBO nyqeil; CIIEKTPAJIbHOEC Pa3JIOKCHUC KOppeJ'[fH.IHOHHOﬁ mar-
pu1Lbl; METOABI CIIEKTPAJIBHOI'O aHAJIU3a, HOMGXOYCTOﬁ‘-IHBOCTB.

Estimation of the radiation source angular coordinates by Root-MUSIC method
with the preliminary forming of orthogonal beams under the influence of out-of-band source

V. Vasylyshyn, M. Zaremskyi, V. Kotsiuba, O. Chehovsky

Abstract. The subject of study in the article is the methods of spectral analysis in the beamspace (in the case with pre-
liminary forming of pattern orthogonal beams). The purpose of this article is to increase the efficiency of spectral analysis (reduc-
tion of root mean square error (RMSE) of estimation of radiation source angular coordinates in the beamspace under conditions
of influence of out-of-band (interfering) source. The used methods are: spectral analysis methods, digital statistical modeling
methods. The following results were obtained. In order to improve the estimation accuracy of the radiation source angular
coordinates by Root-MUSIC method with the preliminary forming of orthogonal beams and the influence of interference, it is
proposed to shift the formed beams so that the angular coordinate of the interfering source corresponds to the null of array
pattern. For the case under consideration, the expression is obtained for the polynomial of the Root—-MUSIC method. The
angular coordinate of the interfering source can be estimated using the Bartlett method or discrete Fourier transform
(DFT). It is shown that in conditions of a small sample number and low SNR, the accuracy of the proposed approach is
higher than accuracy of original beamspace Root-MUSIC. Conclusions. The high level of the side lobes of the formed or-
thogonal beams when using the DFT leads to the influence of the radiation source, whose angular coordinate corresponds to a
sector that is not covered by the beams, on the characteristics of the spectral analysis methods. The leakage effect of DFT has a
place. The influence of the source, which is an interference with respect to the useful signal sources, can be reduced by the shift
of the beams formed using the DFT, so that the null of beampattern corresponds to the interfering source direction. The consid-
ered approach is also advisable to use in radio communication systems with OFDM and MIMO-OFDM, based on DFT, millime-
ter-wave communication systems with MIMO and MIMO-OFDM in order to increase their noise immunity.

Keywords: orthogonal beams; beamspace; spectral decomposition of correlation matrix; spectral analysis methods; inter-
ference immunity.
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INVESTIGATION OF THE INFLUENCE OF OPERATIONAL-TACTICAL
AND MILITARY-GEOGRAPHICAL FACTORS OF THE COMBAT AREA
ON THE FUNCTIONING OF ELEMENTS OF THE ARMORED WEAPONS
AND MILITARY EQUIPMENT RECOVERY SYSTEM

Abstract. The subject matter of the article is the influence of operational-tactical and military-geographical factors of the
combat area on the functioning of elements of the system for restoring armored weapons and military equipment during combat
operations in modern conditions. The goal of the study is investigation of the correlation effects between operational-tactical and
military-geographical factors of the combat area on the functioning of the armored weapons and military equipment recovery
system. The tasks to be solved are: to analyze the influences of the factors of the combat area on the functioning of the system
of restoration of armored weapons and military equipment during the performance of the Armed Forces missions by purpose;
form formal sets of conditions and factors and elements and functional links of the system of armored weapons recovery and
military equipment subject to their influence; calculate the factor loadings of each factor and construct correlation Pleiades of
influence. General scientific and special methods of scientific knowledge are used. The method of hierarchy analysis,
mathematical apparatus of probability theory and multidimensional statistical analysis were used. The following results are
obtained. Operational-tactical and military-geographical factors of the area of operations and elements the functional
relationships between the recovery system of armored weapons and military equipment are formally represented as sets of
random variables, and the significance of each factor is expressed by the numerical value of the factor load. Based on the
results of correlation and factor analysis, correlation Pleiades are constructed, which provide tools for algorithmic accounting
of the essence and qualitative characteristics of the influence of factors in managing the renewal of armored weapons and
military equipment. Conclusions. Operational-tactical and military-geographical factors for any region have an impact on the
functioning of the system for restoring armored weapons and military equipment, different both in terms of semantic loads and the
results of actions on individual elements of the system. Based on the results of factor analysis, the significance of the influence of
each factor can be expressed as a numerical value of the factor load. The influence of both military-geographical and operational-
tactical factors of the combat area and the quality of functioning of elements of the recovery system of armored weapons and
military equipment correlate with each other. Correlation Pleiades of influence of military-geographical and operational-tactical
factors of the combat area provide tools for managing the renewal of armored weapons and military equipment.

Keywords: restoration of armored weapons and military equipment; operational-tactical and military-geographical

factors of the area of hostilities; factor analysis; correlation Pleiades.

Introduction

Formulation of the problem and research tasks.
Changing the nature of modern military conflicts,
improving existing ones and the emergence of new
forms of use of troops (forces) require the introduction
of new standards in the Armed Forces (AF) of Ukraine
aimed not only at the purposeful acquisition by military
authorities and military units of certain combat forces
and means to perform a specific list of tasks, but also to
organize the restoration of armored weapons and
military equipment (AWME) whose structure and inter-
elemental relationships are justified by the conditions
and factors that affect it.

At the present level of society development both
operational-tactical and military-geographical factors
have impacts on the functioning of the system of
reconstruction of the AWME, different both in content
load and in time and the consequences of action on
individual elements of the system. In this regard, the
effectiveness of the functioning of the AWME system
depends not only on the correct assessment of the
qualitative and quantitative characteristics of the impact
on one or another factor, but also on the consideration
of the relationships between them.

The above induces the authors to consider it
relevant to study the correlation effects on the

functioning of the system of renewal of arms and
military equipment of the operational grouping of troops
(forces) by operational-tactical and  military-
geographical conditions and factors in local wars and
armed conflicts of the present.

Analysis of recent research and publications on
the above issues shows that the features of the AF of
Ukrainian performance for their intended tasks purpose
outline the main problems and directions of
development of the justification theory of decisions on
the AWME recovery system management.

Experts also describe the consequences of the
influence of a particular factor on the operation of
weapons and military equipment during the preparation
and use of troops (forces).

Using of such research results can greatly improve
the technical support troops (forces) quality as a whole
and the functioning of the AWME recovery system
particularly. Nevertheless, factor analysis can provide a
toolkit for algorithmic consideration of the nature and
qualitative characteristics of the influence of factors in
managing the restoration of AWME [1-3].

The goal of the study is investigation of the
correlation effects between operational-tactical and
military-geographical factors of the combat area on the
functioning of the armored weapons and military
equipment recovery system. To achieve this goal the
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following research tasks are solved: : to analyze the
influences of the factors of the combat area on the
functioning of the system of restoration of armored
weapons and military equipment during the
performance of the Armed Forces missions by purpose;
form formal sets of conditions and factors and elements
and functional links of the system of armored weapons
recovery and military equipment subject to their
influence; calculate the factor loadings of each factor
and construct correlation Pleiades of influence.

Main material

1. The number, composition and training of
personnel, the AWME number and quality, the
availability of reserves of military-technical equipment
and the possibility of their recovery, location and nature
of the enemy's actions are considered as operational
and tactical factors affecting the functioning of the
AWME recovery system. and opportunities to interact
with other power structures.

Thus, the critically low staffing of repair and
rehabilitation bodies to a large extent contributes to the
reduction of production capacity for the repair of
AWME ultimately leads to low performance.

Shortcomings in the training of personnel, poor
knowledge of driver mechanics on the device and
operation of units, operation of machines had a negative
impact on the AWME quality involved in performing
tasks for the intended purpose.

The effectiveness of the operation of the AWME
recovery system certainly depends on the correct
assessment of the qualitative and quantitative status of
weapons and equipment that will be subject to
maintenance and repair, that is, forecasting task
volumes for evacuation units and repair and restoration

agencies.
According to statistics, the main AWME
malfunctions during decommissioning tasks are

predominantly random and hardly predictable, which
causes the receipt of failures in the AWME recovery
system in the form of a flow of orders with variable
intensity. In general, the condition and completeness of
the AWME in a certain way influences the choice of a
rational method of restoration of details, since it
requires consideration of technological and economic
features of the Ministry of Defense of Ukraine specific
repair enterprises [2, 3].

The existing military-technical equipment resupply
system is morally outdated and has shortcomings that
impede the timely implementation of AWME
restoration measures.

Lack of training, intelligence equipment, problems
with clevises and targeting led to the fact that the
consumption of ammunition had at times exceeded the
standards prescribed for the respective purposes in the
post- Soviet courses of fire.

Obviously, during combat operations, weapons
and military equipment will fail due to the fire influence
on the troops by the enemy. Given the location and the
nature of the enemy's actions in modern conditions, the
organization of recovery should be aimed at restoring
the maximum number of AWME at the site of failure (at

checkpoints, fighting positions, areas of failure), and
during the march and regrouping, usually after the
evacuation of it to the national team point of damaged
machines.

During the advance of troops, it is advisable for
repair and evacuation groups to act as closing marching
columns in order to restore the mobility of AWME
samples or evacuating them to an area where it is
possible to organize repairs. These circumstances
indicate the need for rapid response to changes in the
technical situation, which is possible if a reliable
management system and the manifestation of all-round
creative activity of commanders to organize the AWME
restoration.

Equally significant for the functioning of the
AWME recovery system are the military-geographical
factors of the area of hostilities and the level of
operational equipment of the territory. These
circumstances complicate the process of organizing
technical reconnaissance and evacuation of damaged
equipment during combat operations.

The next factor that has an impact on the
functioning of the AWME recovery system when
performing tasks for their intended purpose is naturally
considered to be climatic conditions. These
circumstances should be taken into account when
organizing the AWME operation (GB, cooling and
lubrication systems, etc.), evacuation of damaged
equipment samples (identification of escape routes,
equipping repair and evacuation groups and repairs in
the field (placement of repair tools on the ground, their
deployment, equipment of work stations, setting up the
production process).

As we can see, both operational-tactical and
military-geographical factors that influence the nature of
combat operations and the AWME recovery system
have different characteristics in time and space. The
temporal multiplicity (frequency of use) of such
information in managing the system of recovery of
AWME will be less in comparison with the variable
information. Variable information can be attributed to
the current weather forecast, the state of green space
spaces in accordance with the season, the availability of
AWME stocks, etc. Similarly, for each factor, the
consequences of the aftereffect, the number of elements
and functional relationships of the AWME recovery
system fall under their influence, the degree and scale of
action in space are different.

Thus, at the current level of society development
both operational-tactical and military-geographical
factors for any region have impacts on the functioning
of the system of restoration of military-industrial
complex, different characteristics both in content load
and the consequences of actions on individual elements

of the system.
2. We define the FO=

={ foj}, j= Lm, (m =5)of operational and tactical

following  set

factors to be investigated:
fo; — quantitative and qualitative status of
weapons;

Jfo, —number and training of personnel;
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fo; — availability of the
equipment resupply;

fo4 — the location and nature of the enemy's
actions;

fos — possibilities of interaction with other power
structures.

By analogy, the set FG = {fgj},j =1,m (m=5)

military-technical

of military-geographical factors will contain the

following elements:
fg1 —locality;
g, — climate conditions;
fg3 — territory operational equipment level;
Jfg4 — combat area infrastructure;

fgs — the other states’ ability to support or

participate on the side of the enemy.

We will consider the elements of sets as random
variables.

Similarly, ~we  distinguish the
characteristics of a factor influence:

a; —multiplicity and duration of action;

following

a, — the number of elements and functional links
of the AWME recovery system are affected;

az — degree (intensity) of action;

a, — the spatial scale of the action;

a5 — aftereffects.

In the theory of multidimensional statistical
analysis, the coefficients a;, & =G, (p=5) are
called factor loadings characterize the significance of
the influence of each factor [4].

Each of these factors influences the functioning of
the AWME recovery system, namely its individual
elements. For the study let’s select the following:

V={v;},j=Lm, (m=5).

v, — state of
implementation;

v, — organization of the AWME evacuation;

technical intelligence

vy —using the technological potential of repair
and restoration units;

v4 — AWME protection, security and defense
measures;

vs —creation and replenishment of military-
technical equipment stocks.

To simplify the mathematical calculations, we

assume that the value vo; will characterize the

influence of the j-th operational-tactical factor on the
functioning of the i-th element of the AWME recovery
system and can be calculated by the expression

P
vo; = Zajkfokl- , 1)
k=1

i=1,2,.,n5j=1,2,...m; k=12,..,p.
here aj; — elements of the operational-tactical factors

loadings matrix 4 = {al-k}, j=L2,.m; k=1,,2,...p.

Analytical determination of values for calculations
is proposed to be carried out both by the results of the
expert survey and by the mathematical apparatus of
probability theory, since certain characteristics can be
considered as discrete or continuous random variables
(multiplicity and the duration of the action, the number
of failures in the AWME samples, etc.).

In order to eliminate the influence of dimensionality
and ensure comparison of factors, the matrix of initial
data was normalized by standardization [5].

Thus, it is natural to require the condition

iajk=l k=12,..,p. (2)
k=1
The result of such calculations is the matrix A.
0,17 0,20 0,23 0,14 0,26
0,22 0,24 0,19 0,16 0,19
A=|0,21 0,16 0,18 0,19 0,27 3)
0,25 0,22 0,14 0,11 0,28
0,25 0,20 0,20 0,18 0,17

For similar reasons, the matrix B of factor loadings
of military-geographical factors on the functioning of
the AWME recovery system was calculated

0,1 0,14 0,22 0,24 0,21
0,27 0,16 0,25 0,15 0,17
B={0,19 0,23 0,19 0,20 0,19 4)
0,16 0,22 0,19 0,17 0,26
0,15 0,26 0,21 0,18 0,20

In this case, an influence indicator of the j-th
military-geographical factor on the functioning of the i-
th element of the AWME recovery system will be a

value vg ;; that can be calculated by the expression

p
vgji = ijkfgki (5)
k=1

i=1,2,.,n5j=1,2,...m3; k=12,...,p.
here B={bl-k}, j=L2,.m; k=1,2,..p — military-

geographical factor loadings matrix.
Thus, the matrix VO = {VO,','} ,

j=12,..m will characterize the influence of the j-th

i=12,.,n,

operational-tactical factor on the functioning of the
i-th element of the AWME recovery system.
The matrix VG = {vgl-l-} ,i=12,.,n, j=12,.m

will characterize the influence j- ro military-
geographical factor on the functioning of the
i-th element of the AWME recovery system.

Values FO={fo;} and FG:{fgj},jzl,_m

were calculated on the basis of the results of statistical
processing and expert surveys on the theory of
probabilities and modifications of the method of
hierarchy analysis.

The results obtained were used to calculate the
elements of the matrices VO = {vojl-} and VG ={vg;},

119



Advanced Information Systems. 2020. Vol. 4, No. 2

ISSN 2522-9052

i=12,..,n, j=12,..m by the way by applying
formulas (1) and (2) used for further correlation
analysis.

In order to achieve greater clarity of statements
about correlated values fo, fg Ta vo, vg cross-

correlation matrices were used. They are: RO = {rojl-}
and RG = {rg,-l-} ,i=12,..,n, j=12,.m [6-9].

0,56 0,88 0,118 0,80 0,31
0,45 0,63 0,29 03 0,2

RG=| 0,72 089 057 0,54 0,3 [, (6
0,52 0,79 0,84 0,7 0,67
~0,57 -0,61 —0,50 —-0,91 —0,73
0,82 0,68 0,8 0,66 0,69
0,66 0,73 0,81 06 0,4

RO=| 0,55 0,65 081 0,41 0091[. (7)
~0,69 —0,78 -0,64 —-0,92 -0,8
0,62 0,59 0,45 0,46 0,57

The results of correlation and factor analysis
showed that the influences of both military-geographical
and operational-tactical factors of the combat area and the
quality of functioning of the elements of the system of
recovery of military-industrial complex are correlated
with each other. Correlation analysis (Pearson’s criterion
was used) of indicators of influence of military-

0,88

geographical and operative-tactical factors of combat area
on functioning of elements of system of reconstruction of
military-industrial complex and presentation of
generalized results in the form of correlation Pleiades
makes it possible to draw conclusions about operational-
tactical and military-geographical component during
preparation and during operation [11].

To summarize the results of the correlation
dependence analysis, the method of correlation Pleiades,
illustrated in Fig. 1, was applied.

This figure shows the elements shows the elements
of the operational-tactical factors set

FO={fo;},] =1,m, (m=5), of the combat area
military-geographical factors set FG ={fg;},/ = Lm,
(m=5) and elements of the AWME recovery system
V=_{v;},j= Lm, (m=15) (statistically significant

relationships are taken into account).

The correlative of the influence of military-
geographical and operational-tactical factors of the
combat area give the tools of algorithmic consideration
of the nature and qualitative characteristics of the
influence of factors in the AWME recovery.

According to the authors, taking into account these
dependencies in the management of the system will
greatly increase the efficiency of its functioning and will
provide significant assistance in planning the AWME
restoration.

Fig. 1. Correlation Pleiades of the influence of military-geographical and operational-tactical factors
of the area of hostilities on the functioning of elements of the AWME recovery system

Prospects for further research in this direction.
The successful solution of tasks that are assigned to the
recovery system at any level of the hierarchy depends,
first of all, on the purposeful management of this
system's activities.

The effectiveness of management and, as a result,
the effectiveness of the recovery system depends on the
ability to analyze the initial data that affects its
functioning at the planning stage.

Thus, the results of correlation and factor analysis
can be used in the design of decision support systems
for the AWME restoration.

Conclusions

1. Operational-tactical and military-geographical
factors for any region have an impact on the functioning
of the system for restoring armored weapons and
military equipment, different both in terms of semantic
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loads and the results of actions on individual elements
of the system.

2. Based on the results of factor analysis, the
significance of the influence of each factor can be
expressed as a numerical value of the factor load.

3. The influence of both military-geographical and
operational-tactical factors of the combat area and the

quality of functioning of elements of the recovery
system of armored weapons and military equipment
correlate with each other.

4. Correlation Pleiades of influence of military-
geographical and operational-tactical factors of the
combat area provide tools for managing the renewal of
armored weapons and military equipment.
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JocJinzkeHHs: BIUIUBY
ONepaTUBHO-TAKTHYHHUX TA BOCHHO-TeorpaQivHuX YHHHUKIB paiiony 6oiioBuX Iiit
HAa QYHKIiOHYBaHHS €JIeMEHTIB CHCTEMHU BilHOBJICHHsI OPOHETAHKOBOIr0 030POEHHS TA BiliCbKOBOI TeXHIKH

C. A. Konammxcekuid, O. B. Cepryxos, O. A. Makoron, I'. B. Kapakypxkui, O. I1. Knimos, FO. B. ba0Okin

AHorauisi. [IpeqveroM BHBYEHHS B CTATTi € BIUIMBH ONEPATUBHO-TAKTUYHHUX Ta BOEHHO-TeorpadhiyHuX YMHHUKIB paiOHy
60lOBHX [Iili Ha (QYHKI[IOHYBaHHS €JICMEHTIB CHCTEMHU BiJHOBJIEHHS OPOHETaHKOBOrO 030pO€HHS Ta BIHCHKOBOI TEXHIKHM IIiJ] 4ac
Be/IcHHA OOHOBMX i B Cyd4acHHMX yMoBax. MeTOI0 JOCIiJ:KeHHs € JOCIIUKCHHS KOpEeNALiHHMX BIUIMBIB ONEpPaTHBHO-
TaKTUYHUX 1 BOEHHO-TeorpadiyHuX YMHHUKIB paiioHy 60HOBUX il Ha (YHKLIOHYBAHHS CUCTEMH BiJHOBIICHHS OPOHETAHKOBOI'O
030pO€HHST Ta BIHCHKOBOI TEXHIKM. 3aBAAaHHSA: IPOAaHANI3yBaTH BIUIMBH YHMHHHKIB paiioHy OOHOBHX Ha ()yHKIIOHYBaHHS
CHCTEMH BiJIHOBJIICHHSI OPOHETAHKOBOIO 030POEHHS Ta BICHKOBOI TeXHIKM miJ yac BUKoHaHHA 3CY 3aBJaHb 3a NPU3HAUCHHSM;
chopmyBatn QopMaibHI MHOXKHHM YMOB 1 YHMHHHUKIB Ta €JEMEHTIB i (YHKIIOHAJBHUX 3B’S3KIB CHCTEMH BiJHOBJICHHS
OpOHETaHKOBOIO O030pOEHHS Ta BIMCHKOBOI TEXHIKH, IO MiANAAlOTh IiJ IX BIUIMB; OOYHCIUTH (aKTOPHI HaBaHTaKCHHS
KOXXHOTO YHHHHKA Ta IMOOYQYyBaTH KOPEJUILINHI IUIESIH BIUIMBOBOCTi. METONOJIOTIYHOIO OCHOBOIO JIOCHIIKSHHS CTajH
3araJlbHOHayKOBI Ta CIIeLiaJIbHi METOAM HAyKOBOrO Ii3HaHHS. Bynau BUKOpUCTaHI MeTOA aHaJi3y i€papxiii, MaTeMaTHYHUHA
arapar Teopii iMOBipHOCTi Ta 6araTOBUMiPHOro CTaTHCTHYHOrO aHadi3y. OTpuMmaHi Taki pe3yabTaTH. OnepaTuBHO-TAKTHYHI
Ta BOEHHO-reorpadiuHi YMHHMKM pailioHy OoifoBMX aili Ta eneMeHTH i (YHKUIOHAIbHI 3B’SI3KM CHUCTEMH BiJHOBIJICHHS
OpPOHETAaHKOBOrO 030pOEHHS Ta BiIICHKOBOI TEXHIKM (hOPMAJIBHO NPEICTABJICHI Y BUIVIAAI MHOXXKHH BHIIQJKOBUX BEJIMYHUH, a
CYITEBICTh BIUIMBY KOXHOIO YHMHHHMKA BHPAa)KCHA YHCIOBOIO BEJIMYMHOIO (DAKTOPHOIO HABAHTAXEHHSA. 3a pe3yiabTaTaMu
KOpeJISILIHHOro Ta ()aKTOPHOrO aHaji3y MoOy[noBaHI KOpEeNALiHHI IUIesad, SKi Jal0Th IHCTPYMEHTapill airopuTMI4HOro
BpaxyBaHHs CYTHOCTI Ta SIKICHUX XapaKT€PUCTHK BIUIMBY YMHHUKIB [IPH YIPABIiHHI BiTHOBICHHAM OPOHETAHKOBOIO 030pPOEHHS
Ta BIHCBKOBOI TexHikH. BHCHOBKH. OnepaTHBHO-TaKTHYHI i BOEHHO-reorpadiuHi YMHHHKIB U1 OyIb-fKOI PErioHy MaroThb
BIUTMBY Ha (DyHKI[IOHYBaHHS CHCTEMH BiJHOBJIECHHS OpPOHETAHKOBOI'O 030pOEHHS Ta BIHICKOBOI TEXHIKH, Pi3Hi 5K 33 3MiCTOBHUM
HABAaHTAXKEHHSAM TakK 1 3a HACHiIKaMU Jil HA OKpEMi €JeMEHTH CHCTEeMHU. 3a pe3yinbraTaMu (PaKTOPHOIO aHali3y CyTTEBICTBH
BIUTMBY KOJKHOI'O YMHHUKA MOXe OyTH BHpa)K€Ha YHCIIOBMM 3HAUCHHSAM BEJIMYMHU (PaKTOPHOro HaBaHTAXKEHH:. BImMBOBOCTI 5K
BOEHHO-TeOrpadiuHuX, TaK 1 ONepaTUBHO-TAKTUYHUX YMHHUKIB palioHy OOHOBHX Ta AKICTb (D)YHKLIOHYBAHHS €IE€MEHTIB CHCTEMU
BiZIHOBJICHHSI OPOHETAHKOBOTO 030pPOEHHS Ta BiICHKOBOI TEXHIKM KOPEIIOIOTh MK coboro. KopemsuiiiHi miesnu BIUIMBOBOCTI
BOEHHO-TeOrpadiyHUX 1 ONEepaTHBHO-TAKTUYHMX YMHHUKIB paiioHy OOHOBMX Jar0Thb IHCTpyMEHTapiii mpu ynpaBiiHHI
BiZIHOBJICHHAM OpPOHETaHKOBOI'O 030POEHHS Ta BiCbKOBOI TEXHIKH.

Kar4doBi cioBa: BifHOBIEHHS OPOHETAHKOBOIO 030pPOEHHS Ta BIHCHKOBOI TEXHIKH; ONIEPATUBHO-TAKTHYHI T4 BOEHHO-
reorpahiyHuX YMHHUKU pailoHy O0HOBUX Jiii; (paxTopHUil aHaII3; KOpEILiiHI e au.

Hccnenopanue BausiHust
ONepPaTHBHO-TAKTHYECKHX M BOCHHO-Teorpaguuecknx Gpakropos paiioHa 00eBbIX JeiicTBHI
Ha (yHKIMOHHPOBAHHSA JIEMEHTOB CHCTEMbI BOCCTAHOBJICHUS OPOHETAHKOBOI0 BOOPY/KCHHUS U BOCHHOW TEXHHKH

C. A. KonammHckuid, A. B. Cepryxos, E. A. Makoron, A. B. Kapakypkuu, A. I1. Knumos, 1O. B. babkun

AHHoTanus. IIpeaMerom M3yueHusl B CTAThe SBILSICTCS BIMSIHKS ONEPATHBHO-TAKTHYECKUX M BOCHHO-TEOrpa)MICCKUX
(akTopoB palioHa OOEBBIX IEHCTBHH Ha (YHKIMOHMPOBAHHE JJIEMEHTOB CHCTEMBl BOCCTAHOBJICHUSI OpOHETaHKOBOTO
BOOPY)XEHHSI 1 BOCHHOH TEXHHKH BO BpeMsl BeIEHHs OOEBBIX AEHCTBHI B COBpeMeHHBIX ycinoBusx. Lleabio mcciaenoBaHms
SIBJISICTCSl WICCIIEIOBAHNE KOPPEJSIIMOHHBIX BO3ACHCTBHUI ONEPaTHBHO-TAKTUYECKHX M BOEHHO-reorpaduueckux Qakropos
paiioHa 60eBBIX NeHCTBUI Ha (QYHKI[IOHUPOBAaHHE CHCTEMbI BOCCTAHOBJICHHSI OPOHETaHKOBOTI'O BOOPYKEHHSI 1 BOCHHON TEXHHKHU.
3agaum: npoaHaNM3UpPOBATH BIMSHUE (DAKTOPOB paifoHa OO0eBbIX Ha (YHKIMOHMPOBAHME CHCTEMBI BOCCTAHOBJICHUS
OpOHETAaHKOBOT'O BOOPY)KCHHSI M BOCHHOH TEXHHKH BO BpeMs BeimonHeHust BCY 3amau mo HasHaueHHIO; c(hOpMHpPOBATH
(opMasibHBIE MHOXKECTBAa YCIOBHH W (DaKTOPOB, JJIEMEHTOB M (YHKIMOHAJIBHBIX CBSI3€d CHUCTEMBI BOCCTAHOBIICHHUS
OGPOHETAHKOBOI'O BOOPYKEHHS M BOCHHOW TEXHHKH, IOIA/AI0IINX [0/l UX BIMIHUE; BEIYMCIHTH (DAKTOPHBIC HAIPY3KH KaXKI0r0
(axTOpa M MOCTPOUTH KOPPEISIIMOHHBIE TUISSBI BIUSHUS. MeToI0I0rn4eckoil OCHOBOW HCCIIE0BAaHMS CTall OOIIEHAayIHbIE 1
CrelaNbHble METOABI HaydHOTrO IO3HAHWS. BBUIM HCIIONB30BaHBI METO[ AHAJIM3a HepPapXMii, MaTeMaTHYeCKUi ammapaT
TEOPHH BEPOSTHOCTH U MHO2OMEPHO20 Ccmamucmuyeckoeo auanusa. llomydeHsl cinenyromue pe3yiabTaTbl. OnepaTuBHO-
TaKTHYECKHE W BOCHHO-reorpapuyeckue (GpakTopsl palioHa OOEBBIX AEHCTBHM, 3JIEMEHTHI M (DYHKIMOHAIBHBIE CBSI3H CHUCTEMBI
BOCCT@HOBJICHHSI OPOHETAaHKOBOI'O BOOPY)KEHUSI U BOSHHOH TEXHHKH (pOpMaibHO MPEACTAaBICHB! B BU/IE MHOKECTB CITyJalHBIX
BEJIMYMH, a CYIIECTBEHHOCTh BIIMSHUS KaKAOro (akTopa BEIpa)KEHA YHCIOBOW BENMYMHON (akropHOro Harpysku. Ilo
pe3yabTaTaM KOppeJsIIMOHHOTO U (haKTOPHOI'O aHAIIM3a MTOCTPOCHB! KOPPEILIIMOHHBIE TS Abl, KOTOPBIE IAI0T HHCTPYMEHTapHi
ITOPUTMHYECKOTO ydeTa CYIIHOCTH M Ka4eCTBEHHBIX XapaKTEPHCTHK BIMSHUS (AaKTOPOB MPH YIPABIECHHH BOCCTaHOBICHUEM
OpOHETaHKOBOI'O BOOPY)KCHUSI U BOCHHON TEXHUKH. BbIBoabl. OnepaTHBHO-TaKTHYECKHE U BOCHHO-Teorpaduieckne (Gakrops
JUISL JTFOOOTO PETMOHA HUMEIOT BIMSHMS Ha (YHKIMOHHPOBAHHE CHUCTEMBI BOCCTAHOBJICHHSI OpOHETAHKOBOTO BOOPYXEHHS H
BOCHHOH TEXHUKH, pa3HbIe KaK IO (aKTOPHOH COAepKaTeNIbHOW Harpyske, Tak W IO pe3yibTaTaM JAeHCTBHH Ha OTIEJIbHBIE
9JIEMEHTH cHCTeMBl. [lo pe3yapraTaM (akTOPHOTO aHaM3a CYIIHOCTh BIIMSIHUS KaXJoro (akropa MoeT OBITH BBIpa)keHa
YHCIIOBBIM 3HAYCHHEM BEJIWYMHBI (DAaKTOPHOI'O HATPY3KH. BisHHe Kak BOEHHO-reorpauiecKkux, TaK U OIEpaTHBHO-
TaKTHYECKHX (pakTOpoB paifoHa OOEBBIX M Ka4eCTBO ()YHKIIMOHUPOBAHUS HJIEMEHTOB CHCTEMBI BOCCTAHOBIICHHS! OPOHETAaHKOBOT'O
BOOPY)KEHHSI U BOSHHOW TEXHHKH KOPPEIUPYIOT MeXIy coool. KoppesimoHHbIe 1uIes/ibl BIMSHUS BOGHHO-Teorpahuieckux u
OIEPaTHBHO-TAKTUYECKMX (DAaKTOPOB paifoHa OOEBBIX MJAlOT HWHCTPYMEHTApUid TIPH YIPABICHHH BOCCTAHOBIICHUEM
OpOHETaHKOBOI'O BOOPY)KECHUSI 1 BOCHHOW TEXHUKH.

KiaoueBbie ciIoBa: BOCCTAHOBJIEHHE OPOHETAHKOBOI'O BOOPY)KEHHSI M BOCHHOIH TEXHUKH; ONEPAaTHBHO-TAKTUYECKUE U
BOEHHO-Teorpaduuecknx (pakTopoB palioHa OOEBBIX IAeHCTBHH; (haKTOPHBIH aHAIN3; KOPPEISIINOHHBIE TUIES/IBL.
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THE INFLUENCE OF STATISTICAL CHARACTERISTICS
OF THE FLUCTUATIONS OF THE RADIATION SIGNAL INITIAL
PHASES ON THE ACCURACY OF THE MEASUREMENT
AERODYNAMIC OBJECT RADIAL VELOCITY

Abstract. The article deals with the estimation of radial velocity when using a coherent packet of radio pulses regarding
the case of the presence of correlated fluctuations of the initial phases in the reflected from the aerodynamic object pulses.
The subject of the research is the accuracy of measuring the frequency of the received packet for the case of concerted
processing without taking into account the phase fluctuations of its radio pulses. The purpose is a numerical analysis of the
influence of the statistical characteristics of the fluctuations of the received pack’s initial phases on the decrease in the
accuracy of measuring the radial velocity of the aerodynamic object. The task: to estimate the possible values of
fluctuation constituent middling quadratic error of measuring of radial speed of aerodynamic object. Consideration is given
to the assumption that an additive mixture of deflected signal and uncorrelated Gaussian noise is input to the radar receiver.
It is considered that the phase fluctuations of the received packet are distributed according to the normal law with zero
mean, and the correlation of phase fluctuations with the increase of the interval between the packet radio pulses decreases
according to the alternating law. Methods used: methods of probability theory and mathematical statistics. The following
results are obtained: the accuracy of frequency measurement of the pack had been estimated in the presence of correlated
phase fluctuations of its radio pulses. Conclusions. The results indicate that for modern radars in the conditions of regular
measurement the accuracy of estimating the frequency of the packet of radio pulses is much more influenced by the
statistical characteristics of the phase fluctuation than the signal-to-noise ratio. Due to the phase fluctuations of the radio
pulses of the received packet, the mean-square error (MSE) of radial velocity measurement of the aerodynamic object is
able to exceed the values determined by the requirements for coherent pulse radar.

Keywords: coherent pulse radar; packet of radio pulses; phase fluctuations; radial velocity aerodynamic object;
Gaussian noise; radar surveillance; optimization efficiency.

Introduction

Formulation of the problem. Improvements and
development of modern aerodynamic objects of radar
surveillance, performance of their tasks at low and
limiting low altitudes cause increasing requirements for
their detection and tracking facilities. The increase in
the maneuverability of aerodynamic objects makes it
necessary to evaluate radars of different classes of range
derivatives to the aerodynamic object with maximum
accuracy. The determination of the radial velocity of the
aerodynamic object during the primary time-frequency
processing of the radar signal is realized in coherent
pulse radars, which use a coherent packet of radio
pulses as the probing signal. The degree of coherence of
a packet determines the duration of its regular phase
structure and, as a result, the radial velocity resolution
and the accuracy of measuring the radial velocity of an
air object. The real conditions for the propagation and
reflection of a radar signal could substantially limit its
temporal coherence and the quality of its time-
frequency processing.

These conditions include the influence of
atmospheric heterogeneities [1-3], Doppler objective
noise [4-6] and the reflection of radio waves from the
earth's surface with complicated terrain [7- 9].

The degree of coherence of the packet determines
the duration of its regular phase structure and, as a
result, the measure of the frequency resolution and the
accuracy of measuring the frequency of the specified
radar signal. In modern coherent-pulse radars that
provide radar surveillance of maneuvering aerodynamic

objects in a complicated aerodynamic object and
interference condition, algorithms for digital coherent
accumulation of the received packet radio signal are
implemented. Therefore, it is of practical use to estimate
the error of measuring the frequency of the received
pack depending on the statistical characteristics of the
phase fluctuations of its radio pulses.

The estimation of the possible decrease in the
accuracy of the radial velocity measurement of the
aerodynamic object due to the signal’s phase
fluctuations will allow to determine the conditions for
optimization of its processing.

Analysis of recent research and publications. A
considerable amount of work is devoted to radar
surveillance of aerodynamic objects and the
measurement of their coordinates and motion
parameters under complicated conditions.

The distortions of the phase structure of the radar
signal have a different nature. Phase fluctuations due to
an atmospheric heterogeneities and the peculiarities of
the use of radio engineering systems under the
conditions of their influence are described in [1, 7, 10-
12]. In addition, phase distortions of the received signal,
which are due to the complex shape of the aerodynamic
object and its ability to perform sudden maneuver, cause
the wandering of its radar center and, as a result, the
appearance of velocity’s noise of the aerodynamic
object [1, 4, 5, 13, 14]. If radar surveillance is
implemented for aerodynamic objects moving at low
angles of location, and due to the multipath propagation
of the radar signal, additional phase distortions are
appeared [4, 7, 8, 15-26].

© 0. Kuznietsov, V. Karlov, O. Kolomiitsev, K. Sadovyi, O. Biesova, 2020
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There is [28, 29] the method for calculating the
error of the packet’s frequency arising due to the
influence of phase fluctuations of its radio pulses.

As shown in [30, 31], the possible values of the
measurement errors of the time-frequency parameters of
the radar signal resulting from its phase distortions are
capable of exceeding the allowable radar values of
different wavelength ranges. The assumptions about the
statistical characteristics of the reflected signals are
confirmed by the results of the experimental
investigation, which were elucidated in [32].

The purpose of the article is a numerical analysis
of the influence of the statistic characteristics of the initial
phase fluctuations of the radio pulses for the received
coherent pack on the decrease of the accuracy of the
radial velocity measurement of the aerodynamic object.

Basic material

The radial velocity of the aerodynamic object is
estimated according to the expression [1, 2]:

A
Vv, =—Q, 1
. (D
where Q=2nF, - the cyclic Doppler shift of the

frequency; Fp — Doppler frequency; A — the
wavelength of the radar signal.

It is assumed that the received realization is the
sum of the reflected of the packet radio pulses from the

aerodynamic object and the internal noise:

y(t,Q) = x(t, Q) +n(1), )
where y(z,Q) — realization of the received oscillation;
x(t,Q) n(t) -
realization of internal Gaussian noise.

A useful signal is a coherent packet of radio pulses

with random amplitude and initial phase whose complex
amplitude is described by expression:

— realization of a useful signal;

X(t,Q) =bY X;(1,Q)exp[j(B)], 3)

i=l
where Xi(t,Q) — the complex amplitude of the i-th

radio impulse; » — random amplitude of the radio
signal, which is distributed according to Rayleigh's law;
B — the random initial phase of the radio signal, which

is distributed according to a equable law; i — the radio
pulse number that counted from the beginning of the
packet; n — the number of radio pulses in the packet.
According to [1] it is determined that estimating
the shift of the frequency of the packet of radio pulses
could be realized by finding the argument of the
maximum natural logarithm of the likelihood ratio:

Q = argmax In /() . 4)

where /(Q2) — the likelihood ratio as a function of the

measured parameter.

It is determined in [1] that the likelihood ratio for a
coherent signal with a uniformly distributed random
phase and a random amplitude which distributed
according to the Rayleigh law, as a result of the

statistical averaging by the random parameters b and 3
has the form:

2
q*/2

1
°(Q) =
) 1+q2/2exp2(1+q2/2)

Z, @, )

where q2 — the signal-to-noise ratio for power;

|Zn (Q)|2 — the square of the module of the normalized

complex weight integral as a function of the measured
parameter.

In the conditions of regular measurement

(q2 >>1), equality is valid:

|1Z,(Q)| =|2,(®,.®,)|~ gp(®,D,) = gp(Q), (6)

where @ =||®Sl- ||T @=1 2,.., n)

observed values of the initial phases of the packet radio
I

— vector of
pulses; @, = ||d)m~ — vector of the expected values of

of the packet
p(®,,D,)=p(Q) - anormalized mismatch function

the initial phases radio pulses;

by the phase of the observed and expected radio signal.
Taking into account (6) the likelihood ratio (5) is

taking the form when q2 >>1:

1 ~(2/q*)-exp( 0> @)/2). %)

As shown in [28], in the case of a coherent pack
with a constant period of radio pulses, the square of the
normalized mismatch function by the frequency is
described by the expression:

2 [RCRS 2
pT(Q) =1_EZ Zaiéj(q)i _q)j) -

i=1 j=1

TPy N8P

i=1 j=1

n n

HTQY Y 8 - )@~ D)), @®)
i=1 j=1

the mismatch between the

where Q=0-0;, -

observed ® and expected w cyclic frequencies of the
pulse packet; i, j — pulse numbers that are counted
from the beginning of the packet; cD,-’ D - observed
values of the initial phase of the i-th and j-th radio

0

. Z; 1 . .
pulses accordingly; &; =Z—’; Z, =3 j Yl-(t)Xl-*(t)dt
z —00
— module of the signal part of the complex correlation

integral for the i-th radio pulse; Yl-(t) — complex

envelope of the received i-th radio pulse; X:-‘(t) -

complex conjugate envelope of the reference voltage
during the processing of the i-th radio pulse;

n
Zs = ZZ,-; T — period of packet radio pulses.

i=1
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For a symmetric amplitude distribution of radio
pulses in the packet &; =¢&,,,_;, using the expression
(8) into (7), computing logarithm and leaving only the
dependent on the measured parameters subtrahends, we
obtain an expression for sufficient statistics:

2 2 n n
S@=lni@=-L 10y Y e, ) -
i=1 j=1

n n
TQY Y L (- D D)) ©)
i=1 j=1
Estimation and dispersion of the error of
estimation of the frequency of a packet of radio pulses is
obtained according to the method of maximum
likelihood [1] by the expressions:

45EY _ () when Q=Q, (10)
dQ
1 dA*InuQ)  d*SQ) -
= =— when Q=0Q, (11)

o5 do? dQ?

where In /(QQ) — the natural logarithm of the likelihood
ratio (7) or its sufficient statistics S(Q); Q -
estimation of frequency of the packet radio pulses.

After a one-time and two-time differentiation by
the measured parameter of sufficient statistics (9), the
estimation and dispersion of the error of frequency
estimation in the next form are obtained:

Q= Zaj(zj—l)k_,-/TZa_,-(zj—nz . (12)

J=1 J=1

272 m
A NI (13)
=

GO 2
where R ;- the difference of the j-th initial phases of

the symmetric pair radio pulses; m — the number of
pairs of radio pulses symmetrical about the center of the
packet.

If the packet of radio pulses has a rectangular
envelope (&; =1/n), expressions (12) and (13) could

be converted to the form:

~ 3 m
Q=———-> (2j-DR;, (14)
m(4m2—1)TJZ=1 /
1 ¢@Em* -1,
— 4" )2 15
5 B (15)

SJe)
Random error of frequency measurement caused

by fluctuations of initial phases of packet pulses could
be represented by the expression:

3

2 > (@2j-DAR;,
m(4m2—1)Tz(] AR

J=1

AQ = (16)

where AR ;- fluctuations in the phase difference of the

j-th symmetric pair of radio pulses.

The dispersion of this error is determined by the
expression:

02 = 0
o T —
pr m2 (4m? —1* T2

<[Z(2j—1)AR,-]2>, (17)
j=1

where ( ( — the operation of statistical averaging.

The dispersion of the total measurement error of
the frequency of the packet of radio pulses is

determined by the sum of the error dispersion oé
which conditioned by the influence of the internal noise

of the receiving device and the error dispersion céﬂ

(17) caused by the phase fluctuations of the radio
pulses:

(18)

It is believed that the phase fluctuations of the
received packet radio pulses are distributed according to
the normal law with zero mean, and the correlation of
phase fluctuations of the adjacent radio pulses of the
packet decreases according to the alternating law [1].

The realization of the statistical averaging (17)
allows to obtain the expression of the dispersion of the
total error of measuring the frequency of a packet of
radio pulses at the alternating correlation function of
phase fluctuations:

2 2 2
Gz—GQ‘FGQﬂ.

2
c% _ 12 . 180, 5
T (4m? =1y m°T?(4m* -1y
m
[ 2k =1)* (1 - (-a) D) +2x
k=1
m—lm—k

x> (=a) 2k =12k +2i - (1~ (-a) D), (19)
k=1 i=l
where cs(zp
correlation coefficient of phase fluctuations of adjacent
radio pulses of the packet.
There is a graph of the dependency of the square
product of the measurement MSE of the frequency of a

— dispersion of phase fluctuations; a — the

packet for ten radio pulses and their period (cszT)2 on

the signal-to-noise ratio in power q2 when a=0,99
(Fig. 1, a) and the correlation coefficient of phase
fluctuations (Fig. 1, b) when q2 =1000. Graphs are
obtained for different values of phase fluctuation

dispersion cs(zp =0,01; 0,1; 1, 10 rad”.

The results are shown in Fig. 1, and indicate that,
under the conditions of regular measurement (when

q2 >>1), the accuracy of measuring the frequency of

the packet of radio pulses mainly depends on the
statistical characteristics of phase fluctuations than on
the magnitude of the signal-to-noise ratio.

Increasing the dispersion of phase fluctuations by
an order of magnitude has almost no effect on changing
the magnitude of the error dispersion of the
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measurement of the frequency of the packet radio pulses
for the small values (6(2') =0,01...10 rad? ). Increasing
this

(cs(zp =1...10 rad? ), which can occur in practical cases,

dispersion by an order of magnitude

leads to an increase in the dispersion of the error
measurement of the frequency of the packet radio pulses
by an order of magnitude and more.

These results were obtained for the alternating
correlational function of phase fluctuations, with a
decrease in the inter-pulse correlation coefficient by
only 1% (a =0,99).

The graphs in Fig. 1, b indicate that, as the
dispersion of phase fluctuations (cs(zp =0,01...10 radz)

increases, the effect of their inter-pulse correlation
coefficient on the measurement error of the frequency of
the packet radio pulses increases. Most significantly,
this effect occurs at large dispersion of phase

fluctuations (cs(zp =1..10 rad? ), which can indeed take

place under the real conditions of the use of the radar.
(o5 T)?

\ a=0,99
S
‘\ \.\. T =10 rad

0.4

N
35}

/

2 el 2 “~ adied X R PR S W O L
S(ch’m rad s"""--.- ..... \
UI 10 100 2 IIU3
q
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272
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Fig. 1. Dispersion of measurement error of the frequency
of the packet radio pulses in the absence
of consideration of phase fluctuations

For a packet of pulses with rectangular envelope
and pair number of pulses, the dispersion error of the
measured parameter Q in the presence of only the
internal noise of the receiving device is estimated

according to expression (15) and has the form:
12
g*(@4m? -n1*

For phase fluctuations of the radio pulses of a
received pack with an oscillating correlation function, the
dispersion of the measurement error of the parameter Q
by the presence of only phase fluctuations is estimated
according to the expression obtained in [28]:

céﬂ = 180¢2/(m2 (4m2 —1)2 T2)><

5 = (20)

Y (2= (- eXp(—g(zj —1)cos((2j=DyT)) +2x
j=1

m_j T m—1
x D exp(——) Y (212 +21-1)x
=1 T

x(cos(jyT) —eXp(—%@j —1)cos((Zj +1=1yT))], (21)

where t — the interval of the correlation of the phase
fluctuation; y — oscillation frequency of the phase
correlation coefficient.

The corresponding components of the MSE of
radial velocity measurement of the aerodynamic object
can be calculated according to the expressions:

o, =(M4n)-0q,

Oupt = (k/4n)-cQﬂ.

It is of practical benefit to obtain the possible
values of the MSE components of the measurement of
the aerodynamic object’s radial velocity in the signal-to-

(22)

(23)

noise ratio q2=1000, for the cases of coherent

accumulation of short n =8, medium »n=16 and long
n =32 packets of radio pulses.

For the case of the radio waves propagation in a
randomly-heterogeneous environment, in [1, 2] the
magnitudes of the dispersion of the phase fluctuations of

a radio signal cs(zp which passed through the perturbed

Earth troposphere are given. The interval of correlation
of phase fluctuations can be t=0,1...1s.

The heterogeneities of the troposphere 100 m in
size can cause phase fluctuations with dispersion

cs(zp =1,74rad at A =0,1m for the surveillance radar at

the range of detection of aerodynamic objects over
200 km.
The troposphere heterogeneities of 100 m size can

cause phase fluctuations with dispersion cs(zp =4,8...9,7

at A =3...5 cm for the tracking radar at detection ranges
of aerodynamic objects 50... 150 km.

For the given data, the expressions (22) and (23)
can be used to calculate the component of the
measurement MSE of the aerodynamic object’s radial
velocity which are conditioned by the internal noise and
phase fluctuations of the received packet radio pulses
accordingly for n=8, 16 and 32. The results of the
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calculations of the components of the measurement
MSE of the radial velocity for the surveillance radar are
shown in table 1.

The results of the calculations of the components
of the measurement MSE of the radial velocity for the
tracking radar are shown in table 2.

The obtained results indicate that the values of the
components of the measurement MSE of the radial
velocity which are conditioned by the phase fluctuations of
the radio pulses of the received packet, can several times
exceed the components which are conditioned by the
influence of the internal noise of the radar receiving device.

Table I — Components of the measurement MSE of the

In addition to the effect of troposphere
heterogeneities, the effect of aerodynamic object
Doppler noise and multipath propagation causes an
additional increase of the fluctuation component of the
measurement MSE of the radial velocity to several units
of m/s or more. Moreover, the phase distortions of the
radar signal significantly exerts influence on the
operation of the tracking radar, causing the danger of
disruption of the aerodynamic object from the
autotracking in the range and radial velocity.

Conclusions and Directions of Further Research

There are fluctuations in the initial phases of the
received packet pulses with a normal distribution law and

radial velocity for the surveillance radar, m/s alternating correlation function when a coherent-pulse

Table 2 — Components of the measurement MSE of the

" radar is operating in real conditions. These fluctuation
Oy Syt . .

can greatly reduce the quality of the time-frequency
8 0,08...0,18 0,5...0,76 processing of a radar signal. The accuracy of radial
16 0,04...0,09 0,36...0,54 . .

velocity measurement essentially depends on the
32 0,02...0,05 0,26...0,38 .. .. .

statistical ~characteristics of phase fluctuations —

dispersion and correlation, which values determines the

radial velocity for the tracking radar, m/s conditions and the usefulness of optimizing the time-

Ju—

10.

11.

12.

13.

14.

15.

16.

frequency processing of the received packet radio pulses.
" Oy Suft Areas of further research are: evaluation of
8 0,66 1,85...6,9 influence of casual phase distortions radio of
16 0,33 1,3...4,82 nokanyonuoro signal on quality of accompaniment of
32 0,16 091...3.4 aerodynamic object.
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BB cTaTHCTHYHHMX XapaKTEPUCTHK (PIIYKTyaliid mo4aTKoBHX (a3 pagioIoKaliifHOro CHrHATY
HA TOYHICTH BUMIPIOBaHHA PafiaibHOI INBHIKOCTI 2¢pPOAMHAMIYHOIO 00'€KTY

0. JI. Ky3uenos, B. JI. Kapnos, O. B. Konowmiiines, K. B. Canoswuii, O. B. becosa

AHoTanisi. B crarri po3rnsparoTbes NMUTaHHS OLUHIOBaHHA PajiafbHOI IIBMAKOCTI NMPH BUKOPHCTAHHI KOTEPEHTHOI
IIaYKK PafioiMITyJIbCIB CTOCOBHO BUIAJIKY HAsSBHOCTI Y BIIOMTHX BiJl apOAMHAMIYHOTO 00'€KTY paJioiMITy/bcax KOPEIbOBAaHUX
¢uykryaniii nodatkoBux ¢a3. IIpeameroM BHBUEHHsS € TOYHICTh BHMIPIOBAHHS YaCTOTH NAuyKH ULl BUIIAAKY IOTOIKEHOL
00poOku Oe3 ypaxyBaHHs (asoBux ¢uykryamii i pamioimmynbciB. MeTol0 € YHCENbHUH aHaji3 BIUIMBY CTaTUCTHYHHX
XapaKTepUCTHK (IIyKTyaliil MoyaTkoBuUX (a3 palioiMIylIbCiB NPUHHATOI MAyKM Ha 3HIDKEHHS TOYHOCTI BUMIpPIOBAHHS
paliaipHOl IIBHAKOCTI aepOAMHAMIYHOrO 00'ekTy. 3aBAaHHS: OLIHUTH MOXJIIMBI 3HaueHHA (IIyKTyauifiHOI CcKi1az0BOl
CEepeHbOKBA/IPATHYHOI ITOXMOKM BUMIPIOBaHHS pajialibHOI MIBUIKOCTI aepoiaMHaMidHOro o0'exry. Posrisin npoBoauThest B
MIPUITYIIEHH], [0 HA BXiJ MPUAMAaIBHOrO MpUcTporo pamionokaniiiHoi crannii (PJIC) HanxoquTh aquTHBHA CYMIII BifOUTHX Bifg
aepoIMHAMIYHUX OO0'eKTIB CHIHANIB 1 HEKOPEJIBOBAHOrO raycoBoro Inymy. Ilepenbauaerscs, mo ¢a3oBi Qaykryamii
PalioiMIyNbCIB NPUIHATOI MAyKW PO3MOMIJIEHI 3a HOPMallbHUM 3aKOHOM 3 HYJIBOBMM CEpeiHIM, a Kopesuis (a3oBux
Gurykryaniii 3i 30UIBIIEHHSAM IHTEPBAly MiX PaAioiMITyJbCcaMH IaykKu yOyBa€ 3a 3HAKO3MIHHMM 3aKOHOM. BukopucToByBaHi
METO/M: Teopii IMOBIPHOCTI Ta MaTeMaTHYHOI cTaTUCTUKU. OTpUMaHi HACTYIHI pe3yabTaTH. IIpoBEICHO OLiHIOBaHHS TOYHOCTI
BUMIpPIOBAHHS 4acTOTH IAYKM IIPU HAsBHOCTI KopesboBaHMX (asoBux uykryawiii ii panioimmynscis. BucHoBku. OrpumMani
pEe3yNbTaTH CBifyaTh Hpo Te, 1o s cydacHux PJIC, B yMoBax peryisipHOro BUMiprOBaHH:, HA TOUHICTH OL[IHIOBaHHS 4acTOTH
[AYKW PaAioiMIIyIbCiB B 3HAYHO OUIBLIOMY CTYNEHI BIUIMBAIOTh CTAaTUCTHYHI XapakTepUCTHKU (QIyKTyauiii ¢as, umm
BiZIHOLIIGHHS CUTHAJ-IIyM. BHacnigok ¢azoBux ¢uykryaiiii pagioiMiynbsciB NpUHHATOI MauKy, CepeaHbOKBAIPaTHYHA TOXHOKa
BUMIPIOBaHHS paJliabHOI MIBUIKOCTI aepOAMHAMIYHOr0 00'€KTY 3/1aTHA NE€PEBUIIYBATH 3HAUYCHHS, SIKi BU3HAYAIOTHCS BUMOTaMU
1o xorepeHtHo-iMmysnbcHux PJIC. TTomanbimii HANPsIMOK JOCIIJUKEHb IOJArae y OLIHIOBaHHI BIUIMBY BHUIAJKOBHUX (ha30BHX
CIIOTBOPEHb Pa/liONIOKaLiiHOr0 CUTHAILY Ha AKICTh CYIIPOBOKEHHS aepOIMHAMIYHOIO 00'€KTY.

Karo4doBi cjoBa: KOrepeHTHO-IMITyJbCHA paJioNOKalliiiHa CTaHLis; Mayka paaioiMIynbcis; ¢a3oBi QiyKTyaril;
pajianpHa MIBUIKICT aePOAMHAMIYHOrO 00'€KTY; TayCOBHI IIIyM; paioioKaliiiiHe crocTepeXeHHs; e)eKTHBHICTb ONTHMI3aLi.

BimsiHpe CTATHCTHYECKHX XaPAKTEPUCTHK (UIYKTYaluii HAYaJbHBIX (a3 pasnoJ0KalMOHHOr0 CHTHAJIA
HA TOYHOCTH H3MEPEHHsl PAIHAJILHOI CKOPOCTH a3POINHAMMYECKOr0 00beKTa

A. JI. Ky3uenos, B. /1. Kapnos, A. B. Konomuiines, K. B. Canossiii, O. B. becosa

AHHOTanmusA. B craree paccMaTpHBaroTCsl BOIIPOCHI OLEHUBAHKS PaIHAIBHON CKOPOCTH IPH UCIIONB30BaHUH KOI€PEHTHOM
MaYKH PaJUOMMITYIIECOB TPUMEHHTENIFHO K CITy4al0 HAIMYHS B OTPAXKEHHBIX OT a’pOIMHAMIYECKOr0 OOBEKTa PaIrOUMITYIbCax
KOPPEIHUPOBAaHHBIX (IIyKTyalnii HadainbHbIX (a3. [IpemMeToM H3ydeHUs SIBISETCS TOYHOCTh M3MEPEHMsS] YacTOTHI MayKH JUIs
Cllydasi corjlacoBaHHOM 00paboTku Oe3 ydera (a3oBbIX (hIyKTyanumii ee paanonMITyibcoB. Llesblo sSIBISIeTCS YHCISHHBIN aHam3
BIIMSTHUSI CTATUCTHYECKUX XapaKTEePUCTHK (IIyKTyanuidi HayaabHBIX (a3 pauouMITyIbCOB IPUHATOH ITa4YKi Ha CHIDKEHHE TOYHOCTH
H3MEPeHUsI PaJualbHOM CKOPOCTH a’pOAMHAMHYECKOro oObekTa. 3amada: OIEHWUTH BO3MOXKHBIE 3HA4YeHHs (PIIyKTyallMOHHOI
COCTaBIISIIOIIEH CpeTHEKBAIPATHIECKOH OIMOKNA M3MEPEHNs PaJualbHOW CKOPOCTH a’pOoiMHAMUYecKoro oobekra. PaccMorpenue
MIPOBOJUTCS B TIPEATIONIOKEHNH, YTO Ha BXOJ| IPUEMHOI0 yCTpoicTBa paanonokanuonHoi cranmuu (PJIC) mocrynaer agauTuBHas
CMECh OTPaKCHHBIX OT adpOAMHAMHYECKUX OOBEKTOB CHI'HAJIOB M HEKOPPEIHPOBAHHOIO rayccoBo myma. [Ipexnonaraercs, 4ro
(a3oBble (uIyKTyalMu paavioMMITYJIBCOB MPUHSATON MAYKH paclpesiesieHbl [0 HOPMAIBHOMY 3aKOHY C HYJEBBIM CpPEIHHM, a
Koppersiust - Ga3oBbIX  (QIYKTyallid C  yBENMYCHHMEM HHTEpBaja MEXAy paJdOUMITYIbCAMH IIA4KH YOBIBaeT IO
3HAKOIIEPEMEHHOMY 3aKOHY. lcronmb3yeMble MeTOAbI: TEOPHM BEPOSTHOCTH M MaTEeMaTHYeCKOH CTaTUCTHKH. [lomydeHs
clieyromue pe3yJabTarsl. [IpoBeseHO OleHMBaHWE TOYHOCTH M3MEPEHMs 4acTOThl MAayKH IMPU HAIWYUM KOPPEIMPOBAHHBIX
¢da3oBbIX (UIyKTyanuii ee paauonMIryiabcoB. BeiBoabl. [lomydeHHBIE pe3ynbTaThl CBHIETENIBCTBYIOT O TOM, 4YTO IS
coBpeMeHHbIX PJIC, B ycIOBHSIX perylsipHOrO HW3MEpeHWs, Ha TOYHOCTb OICHUBAHHS YacTOTH IAYKU PaJHOMMITYJIbCOB B
3HAUUTENFHO OOJNBIIEH CTENEHH BIMSIOT CTaTUCTHYECKHE XapaKTEPUCTHUKH (UIyKTyanuid (a3, ueM OTHOMICHHE CHIHAJI-IIYM.
BcenencrBue ($ha3oBbIX GUIyKTyanuii pagrouMITyIIECOB IIPUHSTOMN ITAYKH, CPpeTHEKBaApaTHIecKas OMMOKa H3MEpEHHNs paJHaTbHON
CKOPOCTH a3pOIMHAMHYECKOTr0 00BEKTa CII0COOHA MTPEBBIIATH 3HAYECHHSI, KOTOPBIE OIPEICIISIOTCS TPEOOBaHUSAME K KOT€pPEHTHO-
nmiyinbeHbIM PJIC. [lanpHelee HanpaBiieHUe UCCICIOBAHUN JIEKHUT B OLCHUBAHUN BIIMSHHUS CIyJaiHBIX (pa30BBIX HCKaXKEHUI
PBANOJIOKAIIMOHHOT O CHI'HAJIa HAa KAYeCTBO COMPOBOKACHHS a9POJUHAMHIECKOT0 O0BEKTa.

KaoueBble ca0Ba: KOrepeHTHO-UMITYJIBCHASI PaJMONOKALMOHHAS CTAHIMS; I1ayka paJdOMMIIYILCOB; (a30BbIe
¢GuryKkTyanuy; paauanbHasi CKOPOCTh adpOJMHAMUYECKOIO OOBEKTa; TayCCOBBIM IIyM; paJUOJIOKAIIOHHOE HaOII0IeHHE;
3 (PEeKTUBHOCTH ONTUMH3ALHN.
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FACTOR SYNERGY ANALYSIS AND MERGER STRATEGY MODELS

IN INVESTIGATION OF TELECOMMUNICATION OPERATORS' PERFORMANCE

Abstract. The subject of the study is the process of choosing a strategy to improve the effectiveness of telecom
operators, given the trend of growth in multitraffic in data networks. The purpose of the work is to analyze the synergy of
factors and develop models of traffic of data networks in the implementation of the strategy of merger of
telecommunication operators. The following tasks are solved in the article: analysis of telecommunication development
strategies; building a network model of synergistic effect in the implementation of development strategies; development of
a model of data flow intensity in the integrated networks. The following research methods are used: statistical and system
analysis, cause and effect models, mathematical programming models, and vector matrix models. The following results are
obtained: The tendencies of development of multiservice services in the sphere of infocommunications are considered.
Here are some basic strategies for developing a communications company. It is shown that merger and acquisition
strategies are nowadays a means of integrating the necessary resources, contributing to competitive advantage. A
mathematical model of linear programming is used to make the decision to invest in development strategies. The task of
evaluating the effectiveness of development towards expanding the number of service users is considered. A network
model in the form of a cause and effect diagram to investigate the mutual influence of sales factors was formed. The
economic manifestation of the synergistic effect of companies in the implementation of the merger strategy is considered.
A multilevel data flow model is used to study the intensities of data flows in a unified network. Conclusions: Due to the
increasing volume and heterogeneity of infocommunication network traffic, telecom operators are using merger strategies
to pool network management resources. Thus there is a synergistic effect of factors affecting sales of services. The changes
in traffic and performance of the consolidated network structure are investigated on the basis of a three-tier hierarchical
model. The direction of further research is to simulate network load with different technical structure characteristics to

evaluate the effectiveness of a reengineering strategy.

Keywords: telecom operators; data networks; development strategies; influence of factors; traffic intensity.

Introduction

The rapid growth of traffic and the change in its
structure, the need to provide services to a growing
number of mobile users determines the modern
requirements for data networks. The traditional network
architecture will no longer be able to handle growing user

requests in the near future. The development of
information and communication technologies, new
principles for building communication networks,

changing the structural composition of subscribers and
the range of services provided are all factors that
significantly influence the parameters of traffic and cause
the creation of new mathematical models of its research.

The introduction of new services (especially
services related to video traffic) will increase the load
on data networks. In addition, the networks function as
multiservice using the latest IP technologies. The level
of loading of the border nodes is 60-70% already.
Further increase in load through the introduction of new
services requires analysis of their efficiency and study
of forecast traffic.

Effective decisions must be made regarding the
choice of network development strategies to maximize
the use of its resources. Setting up a flexible traffic
management system takes time, knowledge and
considerable resources. A comprehensive analysis of
network resources and traffic should be undertaken to
form a decision-making system for managing network
development. The main tasks in managing traffic are
minimizing packet loss and delays, optimizing
bandwidth and ensuring quality of service.

Reviewing publications and setting a task.
Despite the considerable number of theoretical and
methodological publications on management of activity
of telecommunication and telecommunication operators,
enterprises of the telecommunication industry, in the
existing publications, only relations from the positions
of supplier (equipment manufacturers) and consumer
(operators and providers) are considered [1 - 5]. The
process of formation and implementation of strategies
for the development of telecommunication operators to
maintain the efficiency of their activity in the conditions
of heterogenecous and growing traffic remains
insufficiently studied [6, 7]. In addition, the
development of economic relations in the field of data
transmission causes the expansion of the sphere of
cooperation of telecommunication operators on the basis
of cooperation and integration [8, 9]. These processes
are also poorly understood from the point of view of
data transmission efficiency in the unified networks.

Therefore, the purpose of the article is to
investigate the synergy of factors of activity of
telecommunication operators and to develop models of
traffic of data networks in the implementation of the
merger strategy.

The following tasks are solved:

1) analysis of telecommunications development
strategies;

2) building a network model for the study of
synergistic effect in the implementation of development
strategies;

3) development of a model of data flow intensity
in the integrated networks.
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Main part

1. Analysis of development strategies of the
operators. The modern development of
infocommunication services is characterized by an
increase in the volume of traffic (Fig. 1), which is caused
by the growth of consumption of "bulk" types of content
(Fig. 2) [10]. In addition, the information market is
characterized by increased competition of its participants
[11, 12]. This leads to the need for companies to find and
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apply the most effective development strategies [8]. For
example, Jio and Microsoft are competing for and
deploying advanced technologies such as data analytics,
artificial intelligence, cognitive services, blockchain, the
Internet of Things and peripheral computing. AT&T
Communications and Microsoft have formed a long-term
alliance that will utilize innovative technologies such as
cloud computing, Al and 5G. SK Telecom and Microsoft
are partner operators and plan to test gaming streaming
capabilities [13].
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Fig. 1. The trend of increasing the consumption of communications services
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Fig. 2. Distribution of different types of content when consuming telecommunication services

Depending on the development goals of the
company, there are three main types of strategies [8]:
growth strategy, including sub-strategies of
concentration, integration and diversification (Fig. 3);
stabilization strategy that includes
reengineering (redesign), mass service provision and
termination of investment;
protection and survival strategy that includes
mergers and acquisitions.

Growth strategies are aimed at expanding market
activities, increasing operator assets, increasing
investment. Stabilization, protection and survival

strategies are applied by major operators who already
dominate the market and aim to preserve it. There is a
search for internal reserves and profitable opportunities
with minimal risk. This strategy is used by businesses at
the stage of the life cycle.

In addition, there is also a downsizing strategy that
includes business restructuring, bankruptcy and
liquidation. Reduction strategies have the primary
purpose of minimizing company costs for those
business processes that are unprofitable. But in this
article, we only look at the strategies that characterize
the campaign's development to some extent.
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Basic development strategies

y

Growth strategy

Stabilization strategy

Protection and
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- diversification - termination of

Fig. 3. Basic strategies for developing communications companies

The integration of M&A processes has led to an
increase in M&A market volumes in recent years [9].
Therefore, these strategies are a means of integrating the
necessary resources, which contributes to the
achievement of competitive advantages. Depending on
the type of integration (vertical or horizontal), the
integration of telecommunication operators enables to
increase the volume of consumption and increase the
diversification of services. In addition, there is a
synergistic effect, which is understood as an overall
increase in the effectiveness of integration activities [8].

Leading operators are developing a new business
model that leverages existing production resources in
developed market segments or develops them through
merger and acquisition strategies. The merger strategy is
also used to address traffic management issues and
ensure that users have access to information resources.

To make the decision to invest in the most
effective development strategies, a mathematical model
of linear programming is used in which the objective
function is maximized:

5
Finax =Zaixi (1)

i=l
where a; — the weights on the estimates of investment
efficiency; x; — efficiency of investment in new
communication services and technologies; x, -
efficiency of investments in technological re-equipment;
x; — efficiency of investments in improvement of
operational activity; x4 — effectiveness of investment in

EBITDA In bllllon eurcs

the development of innovative infrastructure; xs —

efficiency of investment in management for entering

new markets (expanding the circle of consumers).
Investment performance is defined as

x; =y;/d; 2

where y; — investment income, d; — volume of investments.
The problem is solved with restrictions on the total
amount of investment:

5
>d;<D.
i=1

Forecasting methods based on generalized industry
development indicators are used to determine
investment performance weights [14].

Consider the task of evaluating the effectiveness of
development towards expanding the number of service
users. It should be noted that there is no linear
dependence of financial indicators (income of operators)
of the market on the number of consumers [15, 16]
Thus, in simplified form, the average revenue per
subscriber is determined by the formula Y =N xS,
where N is the volume of consumption of services
(number of consumers), S - cost of services.

Thus, as consumers grow, revenue should increase
in proportion. But in the context of price competition,
there is a tendency to significantly reduce the cost of
services, which in turn slows revenue growth. As an
example Fig. 4 shows the profits of the Vodaphone
division in Germany [10].

€)

2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16 2016/17 2017/18 2018/1%

Fig. 4. The trend of changing the profit of the carrier
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The figure shows a fall in revenues of 16% by
2013, followed by a 22% increase in revenues. If you
relate this data to the trend of a steady increase in traffic
(see Fig. 1), the change in revenue can be explained by
the overall decrease in the price of data transmission
and at the same time the rapid increase in the volume of
traffic after 2014.

2. Network model of synergistic effect in the
implementation of development strategies. When
studying the effectiveness of investments in the field of
infocommunications, the synergistic effect associated
with the size of the operator's network and the number
of subscribers should be taken into account [17-23].
With increasing number of consumers, the following
effects occur:

e communicative aspect, which means effective
exchange of information and development of the contact
network;

e content that enhances the value of the network
in terms of content distribution and aggregation;

e brand of a company that increases customer
loyalty.

You can distinguish the following factors, which
affect the sales of your business (which leads to an
increase in its efficiency) and are related in turn:

a) factors that are directly controllable:

e network scale,

e operational activity,

¢ financial investments,

e level of management;

b) second-order management factors
depend on the factors of group a):

e e number of users,

e e« customer loyalty.

To investigate the network effect of the interaction
of these factors [24], it is necessary to construct a cause
and effect diagram with the corresponding coefficients
of influence (interaction of factors) (Fig. 5).

(which

Fig. 5. Cause-and-effect diagram of the mutual influence
of factors of sales volume of services of the company

The figure shows: studied variable Y - sales
volume and multiple factors X; - operating activities,
X, - financial investments, X; - level of management,
X,- scale of network X; - number of users, Xj-
customer loyalty; impact factors - a; and a;, i, =1,6.

It should be noted that between some eclements
there is mutual influence, and on the diagram there are
three loops, which causes the corresponding effect of
self-development.

So, for example, the factor of increase of sales
volume is revealed at realization of services to a larger
subscriber base (effect of critical mass) through unified
channels of distribution. Metclough's law also works
here, according to which the value of the network
increases nonlinearly (corresponding to the square of
the number of additional consumers). Expansion of the
consumer market, in turn, reduces the cost of
telecommunication services. Networking results in
increased revenue through the use of a single
infrastructure and increased customer loyalty.

Let’s consider the economic manifestation of the
synergistic effect of companies in the implementation of
the merger strategy. The total income of both companies
for the merger is defined as

Yo=NiSi + M,S (4)

where Ny, N, — appropriate volumes of services provided
to consumers, S, S, — cost of services of two operators.

As a result of the merger, the total revenue can be
reported in the form:

YOZY5+N1S1+N2S2, (5)

where Y5 — the effect of synergy on consolidation.

Influence of network effect in the sphere of
infocommunications is also non-linear, it can be
expressed by an exponential function. Thus, even when
the price drops after the consolidation of the operators,
the revenue can be greater than the gain in network
expansion, since it generates more network resources.
The network effect of merging operators can be
displayed using an index (B):

Y() = YS+ ﬁ(N]S] + NzSz)' (6)

Consider the variants of the values of this index:

if f = 1, then the increase in value from network
integration did not occur and the volume of services
provided is unchanged;

S >1 -there is a synergistic effect;

S <1 - only the number of consumers increases.

3. Model of the intensity of data flows in the
integrated networks. Combining networks leads to
changes in traffic in each network, which require
decisions to effectively manage it [25]. To solve this
problem, let's consider a hierarchical model, at the upper
level of which the combined network is represented, the
lower level is made up of separate subsystems
(networks of operators before their merger) [26].
However, large operators have their own subnet level in
their structure. Therefore, the tiered structure is formed,
which occurs when combining networks of two or more
operators (the first level of partitioning), which in turn
implement unions of their own subnets (the second
level) [27].

A multilevel data flow model is used to study the
intensities of data flows in a unified network.

Suppose there are k; networks in the consolidated

network (denote the network number n =1k ). The

composition of each network number n is given by a
vector column

(C]n)T =(clnl,...,clni,...,clm), (7)
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where cj,; ={

From the vector columns ¢y, , you can construct a
matrix that defines the networking C1=||c1n||. The total
intensities of data flows transmitted between network
nodes are determined by a matrix 4 = ”oc ” where o;; i
is the total intensities of data flows from node i to node j:

You can calculate the intensities of data flows
between networks:

4(6 ):"alz_'j”:ClA(Cl ), ®)

where a; — total data flow intensity between node

group number i and node group number ; of the network
structure :

13 13
i = D1k D Clinl - )
k=1 r=1

Let’s calculate the data flows of a single user
request between networks. So for the query number &
we get

(e ):"‘llky ":ClAk @) . (10)

where ay;; — the total intensity of the request data
1kij Y

stream number & between the node group number » and
the node group number ; of the network structure

Z Cljm Z ANirBm -

m=1

fij = (1 1)

The results obtained allow us to estimate the data
flows, respectively, the loading of the structure-forming
equipment of the networks at the first level as a whole
and the flows of each request.

For the second layer of the structure, we similarly
define: the matrix of association of the second layer
subnets in the network of the first layer; the intensity of
data flows between the second level subnets; the
intensity of data flows of one request between the
second level subnets.

The total intensity of data flows in the network of
nodes of the first level:

t t
Ao=2 D ay.

i=l j=1

(12)

~.

The total intensity of data flows within the first tier
networks:

(Al Cl ) Zalll’ (13)

1, if thei- th subnet is a part of the n- th net;
0, if thei- th subnet is not a part of the n- th net;

Z i 21, chm =

i=1

where 4 (C}) — the total intensity of data flows that are

transmitted only within the first tier networks.
Total intensity of data flows at the second level:

ki K

AZO(AI Cl ) Z Zall] Zalll >

i=l j=1 i=1

(14)

the total intensity of data flows within the second level
subnets:

(A2 C2 ) Za2u~

The absorption coefficients of the data flow
intensities at each level are used as a measure of
structure efficiency. Absorption coefficient for the first
level:

(15)

A (4(C
G](C])=l(l—(l)),0< 01<1. (16)
Ao (4 (¢1))
Absorption coefficient for the second level:
4 (4 (C
02(C2)=*2(2—(2)), 0< 02<1. (17)
Ay (4 (C2))

Based on this model, the intensities of data flows
between nodes, as well as the exchange of data between
subnets to determine the load of communication
channels and network equipment can be calculated.

Conclusions

The article discusses the strategies of development
of modern telecommunication operators, caused by the
increasing volume and heterogeneity of traffic of
infocommunications networks.

The tendency of application of merger strategy
of several operators is made, its advantages are
considered.

A synergistic network effect model has been
developed under the conditions of operator unification.
The model allows us to evaluate the impact of changing
the quantitative parameters of the network on the
change of its economic efficiency indicators.

A three-level hierarchical network model is used to
study traffic changes and the effectiveness of the
combined network structure.

The direction of further research is to simulate
network load with different characteristics of the
technical structure to evaluate the effectiveness of a
network conversion strategy development.
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AHauni3 cuHeprii pakTopiB Ta MoaeJIi cTpaTerii 3JUTTA
B J0CTiKeHHI e)eKTHBHOCTI TisILHOCTI OnepaTopiB 3B’ 3Ky

O. B. Marneega, B. B. Kocenko, O. K. JlaBunoscekuii, 1. O. boes

AnoTanis. IIpeamerom 10CiiPKEHHS B CTATTi € MpoLecH BUOOPY cTpaTerii s MiJBUILEHHS e()eKTUBHOCTI AisUIBHOCTI
oIepaTopiB 3B’A3Ky 3 OIJIANY Ha TEHJCHLIi 3pocTaHHA MynbTUTpadiky B Mepexax nepenadi JaHux. Mera poboru — aHai3
cuHeprii (akTopiB i po3pobka Monesnel Tpadiky Mepex mepeadi JaHUX IIPU peanizalii crparerii 31UTTs onepaTopiB 3B°s3Ky. B
CTaTTi BHPILIYIOTHCS HACTYIHI 3aBHAHHSI: aHAII3 CTPaTerii PO3BHTKY ONEpaTOpiB 3B’s3Ky; MMOOYHOBa MEPEXKHOI Mopeli
CHHEPIreTHYHOro e(eKTy IpU peaizalii crpaTerii po3BHTKY; po3poOKa MoJeli iIHTEHCHBHOCTI HOTOKIB JaHHX B 00’ €IHaHHX
Mepexax. BUKOPHCTOBYIOTBCA Taki METONM JIOCHI[DKEHHS: CTaTHCTUYHOIO Ta CHCTEMHOIO aHali3y, NPUYMHHO-HACIIIKOBI
MOies1i, MOJIeJli MaTeMaTHYHOT O IIPOrpaMyBaHHs Ta BEKTOPHO-MATpU4Hi Mojeli. OTpHUMaHO HACTYIHI pe3yabTaTH: Po3risHyTo
TEHJIEHLIT PO3BUTKY MYJIBTUCEPBICHUX mociyr y cdepi iHpokomyHikauiid. HaBeieHo OCHOBHI crpaterii po3BUTKY KOMIaHil 3
HaJlaHHS 1oCcyT 3B’ s13Ky. [loka3aHo, 10 crpaterii 3MUTTS Ta MOTJIMHAHHS ChOI'OHI BHCTYIIAIOTh 3aCO00M iHTerpamnii HeoOX1THIX
pecypciB, 110 CHpHSAE AOCITHEHHIO KOHKYPEHTHHMX mepesar. [list NpUHHATTS pIlIEHHS 3 IHBECTYBaHHS y cTparerii po3BUTKY
3aCTOCOBYETHCSI MATEMAaTHYHA MOJIEIIb JIIHIHHOrO IpOrpaMyBaHHs. Po3rIIsiHyTO 3aBaHHS OLIHIOBaHHS €()EKTHBHOCTI PO3BUTKY B
HaIpsIMKY PO3IIMPEHHS KiJbKOCTI CroKuBadiB mociayr. ChopMoBaHa MepeKHa MOAENb y BUIJIALI HNPUYMHHO-HACIIIKOBOI
JiarpaMu JuUis JOCHTI/DKCHHS B3a€MOBIUIMBY (DakTopiB o0Csry nponaxiB. PO3IIISIHYTO €KOHOMIUHMH HPOSIB CHHEPr€THYHOrO
eexTy KoMIaHiid npu peaiizanii crparerii 3murts. st ZOCHiIpKeHHs] IHTEHCHBHOCTEH ITOTOKIB JaHUX B 00 €IHaHIN Mepexi
BUKOPHUCTOBYETBCS MOJIENb IIOTOKIB JaHMX OararopiBHeBOI CTpyKTypd. BucHoBkmM: BHacnmigok 3pocratounx obcsriB Tta
HEoJHOpiAHOCTI Tpadiky iHPOKOMYHIKALIHHUX MEPEXkK ONEepaToOpaMH 3B’ 3Ky 3aCTOCOBYIOTBCS CTpATErii 3/IUTTA i 00’ €IHaHHSA
pecypciB ynpaBiiHHA Mepexero. [Ipy boMy BHHHKa€ CHHEPreTHIHHH e(eKT (aKTopiB, IIO BIUIMBAIOTH HAa OOCATH IPOIaXiB
nociyr. JlocmipkeHHs 3MiH Tpadiky Ta e(peKTHBHOCTI CTPYKTYpU 00’€IHAHOI Mepexki IPOBOIMUTHCS Ha OCHOBI TPHUPIBHEBOI
iepapxiqHoi Mozieni. HanpsMKoM rmopaibImx JOCIIDKEHb € MOJICIIFOBAaHHS HABAHTA)XKEHHS MEPEKi 3 PI3HUMHU XapaKTepUCTUKAMU
TEXHIYHOI CTPYKTYPH JUIsl OLIHKU e(heKTHBHOCTI CTpaTerii peiHKUHUPIHTY.

Kar4dosi ciaoBa: oneparopu 3B’3Ky; Mepexi nepenadi JaHUX; cTparerii pO3BUTKY; BIUIMB (haKTOpiB; IHTEHCHBHICTb
Tpadiky.

AHaJm3 cuHeprun GaKTopoB M MOJEU CTPATETUH CIAUSTHUS
B Hcc1e10BaHNH 3PP eKTUBHOCTH JesITEIbHOCTH ONIEPATOPOB CBSI3H

O. B. Marneera, B. B. Kocenko, 0. K. JlaBernoBckuit, /. A. boe

AnHoTanus. IIpenmerom uccnenoBaHus B CTaTbe SBILSIOTCS IIPOLECCH BBIOOpa CTPATErMU JUIA IOBBILICHUS
3¢ GeKTUBHOCTH AEATEIBHOCTH ONEPATOPOB CBSA3M C YUE€TOM TEHICHILMU POCTa My/IbTUTPadHKa B CeTsX nepenayu JaHHbIX. Hlean
paboThl - aHaNu3 cUHEpruu (GakTopoB M paszpaboTka mozeneil Tpaduka cerell nmepenauyu JaHHBIX IIPU PeasTM3alMU CTPATEruu
CIMSIHMSL ONEPaTOpPOB CBs3M. B craTbe pelnarorcs crlelylolMe 3aAaud: aHaIM3 CTpaTeruil pasBUTHs ONEPATOPOB CBSI3H;
HOCTPOEHUE CETEBOH MOJENH CHHeprerudeckoro 3Gdekra Ipu pealusalud CTpaTerdil pa3BUTHs; pa3paboTKa MOJIENH
MHTCHCUBHOCTH IIOTOKOB JJaHHBIX B OOBEAMHEHHBIX CeTsX. MICIONb3yIOTCS TaKhe MeTOAbI MCCIICIOBAHUA: CTATHCTHUECKOTO U
CHCTEMHOI'0 aHAJIN3a, NPUYUHHO-CICICTBEHHBIC MOJENIH, MOJENIM MAaTeMaTHYecKOro HpPOrpaMMHPOBAHHUS M BEKTOPHO-
MarpuyHble Mozeny. IlomydeHsl cienyromue pe3yJbTaThl: PaccMOTpeHbI TEHACHIMH Pa3BUTHS MYJIBTUCEPBHCHBIX YCIYT B
chepe uHpoxoMMyHuKauuid. [IpuBeneHbI OCHOBHBIE CTPATErMM Pa3BUTUS KOMIIAHUM II0 HPEJOCTABICHUIO YCIYr CBS3H.
INoka3zaHo, 4TO CTPATErMU CIUSHHUA M IIOIJIOLIEHHS CETOJHSA BBICTYHAIOT CPEACTBOM MHTETpalMy HEOOXOAMMBIX PECYpPCOB,
CIOCOOCTBYIOT JIOCTIKEHHMIO KOHKYPEHTHBIX INpeuMyliecTB. Jis NPUHATHS pElIeHHs 0 HHBECTHPOBAaHUIO B CTPaTeTrHH
pa3BUTUsL IPUMEHSETCS MaTeMaTHdecKas MOJENb JIMHEHHOro IporpaMMHpOBaHus. PaccMOTpeHBl 3ajaud  OLEHKH
3¢ dexTUBHOCTH pa3BUTHs B HANpPABJICHUM PAacIIMPEHMs KonudecTBa norpedureneil yeiyr. ChopmupoBaHa cereBas MOJENb B
BUJIE NPUYMHHO-CIICCTBEHHON MarpaMMbl Ul MCCIENOBaHUS B3aUMOBIMAHMS (akropoB oObema mpopax. PaccMoTpeHo
9KOHOMMYECKOE IIPOSBICHHE CHHEPreTHUeCKoro 3 dexra KoMnaHuii Npy peanusalyuy crpaTeruu cnusHus. s uccieioBaHus
MHTCHCUBHOCTEH IIOTOKOB JJAHHBIX B O0BbEANHEHHON CETH HCIIOIb3yeTCsl MOJIEIIb IIOTOKOB IAHHBIX MHOTOYPOBHEBOI CTPYKTYPHI.
BeiBoabl: B pesynbrare BozpacTarolmx 00beMOB U HEOIHOPOIAHOCTH Tpaduka HHHOKOMMYHUKALMOHHBIX CETEH orepaTopamMu
CBSI3U NIPUMEHSIOT CTPATEruH CIMAHUS UL OObEIMHEHHS PECYPCOB YIPaBIEHHs CEThI0. [IpH 3TOM BO3HUKAET CHHEPreTHYECKHil
addexr daxropos, Biamsrommx Ha o0bembl ycnyr. MccnenoBanme u3MeHeHMit Tpaduka M 3(QPEKTHBHOCTH CTPYKTYPbI
00BbEJMHEHHON CeTH IPOBOIMTCA HA OCHOBE TPEXYPOBHEBOW Hepapxuueckoil Mozenu. HanpasneHuem JanpHeHImx
UCCIICZIOBAHUI SIBIISIETCS MOJEIMPOBAaHUE HATPY3KH CETH C PA3IMYHBIMU XapaKTEPUCTHUKAMM TEXHHUUYECKOH CTPYKTYpBI JUIS
OLECHKH 3()(HEKTUBHOCTH CTPATEry PEMH)KUHUPHHTA.

KaoueBble ciaoBa: oneparopsl CBs3W; CETH IIepefaddl JaHHBIX; CTPATerWH pa3BHUTHS; BIUSHUE (AKTOPOB;
HWHTEHCUBHOCTD Tpaduka.
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RESEARCH AND PROTOTYPING METHODS OF STEGANOGRAPHY
USING MOSAIC

Abstract. The paper considers the possibility of using a mosaic composed of many miniature images to hide the fact of
text information transmission. The results of the study of optimal mosaic construction when using steganographic methods
of hiding information are presented. The use of the proposed algorithms implies the use of cryptographically secure
pseudorandom number generator with dynamically changing parameters for concealing information. The generators are
used to determine the location of information bits in a certain mini-images, as well as in a specific pixels and color
channels. Using the proposed algorithm, no more than twenty-five percent of the color channels are changed, provided that
one bit per color is used. This paper is supplemented with illustrations and examples of how the algorithm works.

Keywords: mosaic; steganography; pseudo-random sequence generators; pixel; color channel; information bit.

Introduction

Every day IT increases influence in all of the sides
of our life. Even in Art it becomes more and more
popular and helps to create new masterpieces. One of
the examples is a painting but how it can help to create a
picture? There is a new trend that became popular last
years — a photographic mosaic. It is a compilation of
small photos grouped together in a way, that they look
like a certain big picture. You can see the example of a
photographic mosaic bellow on the Fig. 1.

Fig. 1. A photographic mosaic made
from different small pictures

To implement this concept, a certain set of images
of the same size is used and a mosaic of existing images
is formed on the basis of the original image. There are
many different principles and parameters that provide
effective comparison, and choose the most appropriate
variant from all possible by comparing it with the
original [1].

It is necessary to understand that it is impossible to
achieve a hundred percent match, though it is not
required. One of the main ideas of the mosaic is that the
viewer is aware that any large composition consists of
many small parts and each of them is a complete work.

It should also be noted that the issue of user data
security and confidentiality is more pressing than ever.

In recent years, many ways of intercepting transmitted
information have been created. This is due to the fact
that the information is in the least secure state at the
very moment of transmission from one hand to another,
which greatly simplifies the work for malicious users.

There are various ways of combating unauthorized
access to information, but steganography (the implicit
transfer of information) is particularly notable. It allows
you to hide the fact of data transfer, so that other users
will not even know that the information was
successfully transmitted. However, in order to
implement this approach, it is necessary that the sender
and the receiver have previously accepted arrangements.
For example, when hiding information in an image, it is
necessary that all participants have the original image or
know how the used algorithm of steganorgaphy works.

The obvious problem with this method is the
possibility of information leakage about the method of
hiding data, which will instantly compromise all the
messages transmitted in this way. Steganography is also
easily recognized by simple comparison algorithms,
which can negate the whole point of hiding information
in another object. In such a case, you can additionally
secure the transmitted information using encryption
algorithms, or create an algorithm that allows you to use
the transmitted object not only as a container for
information, but also as an encryption tool. Thus, even
if the fact of transfer is known, the information cannot
be read by a third party.

This paper considers various methods for
comparing a set of pixels, analysis and algorithm for
hiding information in a mosaic, as well as a description
of the requirements for a pseudo-random sequence
generator.

Image analysis

All of the raster type digital images and displays
consist of small dots. Typically, they have particular
structure — RGB [1]. It stands for Red, Green and Blue. A
set of RGB colors forms one point that is called a “pixel”
and image is made of rows and columns of pixels. Then
pixels are placed a matrix with a size n by m (Fig. 2).

© Pevnev V., Voikov Yu., 2020
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Fig. 2. Pixel structure of a RAW(uncompressed) digital raster
image where n is column number and m is row number

The combination of these colors can give us
majority of existing color that can be recognized by
human’s eye. The only difference is the number of bits
that are used to store the value of each color. The bigger
amount of values leads to a wider color range we get. It
is also called a “color depth”, which is easily shown on
smooth gradient transitions. Commonly, there are 8 bits
for each color so it gives us the following result:

8b-3=24b=16777216 (1)

Based on this structure there are many different
types of image analysis but here would be described
only easy and effective ones. It is important due to
service requirements. It should be efficient and fast
enough so user won’t have to wait a lot of time until the
output image is done. Using mosaic in stenography
gives us big advantage of not sending the original image
to the receiver. Since the database contains all of the
images used in the mosaic it can be easily compared with
originals. The original image is divided into patches,
which can hold from 1 pixel to several hundreds or even
thousands, in the end each patch will be replaced by the
most suitable image from the database. Choosing how
many pixels a patch will hold directly affects the quality
and size of the mosaic (Fig. 3).

Fig. 3. Original image and mosaics with different patch size

Next step is to choose the most appropriate images
for the database in order to replace created patches. The
most accurate is a pixel-by-pixel comparison, but it takes
too much time, moreover, it is almost impossible to find
the perfect picture for the required patch, so it is
necessary to calculate the overall picture characteristic.

All images from the database are processed and the
required metadata for each of them is calculated,
allowing comparison by properties that we need. Then,
the same metadata is calculated for each patch of the
original image. For each patch a certain number of best
images is selected, after which the patch and these
images are further split into 4 parts, each of which as a
result receives its own metadata and another comparison
is made. The results select the most suitable image from
the available ones. There are several criteria for
comparing the similarity of images: Saturation; Contrast;
Average values of color channels; Boundaries of color
transitions (Edges).

Perhaps the main way to compare pixels similarity
is measuring mean values of the color channels and
calculating the difference, the rest help to improve the

accuracy of the final selection. For example, partial
coincidence of borders of transitions of colors allows to
achieve selection not only on color, but also on various
lines, figures and the original image (Fig. 4).

Fig. 4. Grey scale image
and applied edge detection filter image [1]

One of the main ideas of using stenography in
combination with image mosaics is that there is no need
to convey the original image. All original images are
stored in the application database.

As a source of images, you can use any set of small
pictures of the same shape. The easiest to use are square
images with the side equal to 2" pixels.

This size allows you to quickly make calculations
on changing the size of the image without the need for
additional cropping of the photo.

Steganography

Steganographic system is an association of
methods and algorithms used for creation of the hidden
channel for information transfer [2]. In other words,
steganography refers to the process of information
transfer, which hides the very fact of transfer.

The majority of experts in the field of
steganography, describe three groups of methods with
different approaches to the implementation of the
implicit information transfer. These are the following
methods [3-7]: usage of special properties of computer
data formats; usage of less important audio and visual
information; linguistic steganography.

Methods based on the use of special properties of
computer formats are divided into groups [8]: computer
data formats reserved for field expansion; special
formatting text files; hiding in unused places of CD-disk;
removing the identifying header file. All researchers pay
great attention to the methods of using redundancy of
audio and visual information. At the same time, audio
steganography methods include [9]: LSB (Least
Significant Bit); even coding; phase coding; spread
spectrum method. In a general case, the following scheme
represents steganographic system work (Fig. 5).

No

Message Yes
Human detector
perception
Attack

Encoder Message Message
co channel selector decoder
Message
:

Key

Container

Fig. 5. Steganographic system work scheme

138



ISSN 2522-9052

CyuacHi iHpopmariiini cucremu. 2020. T. 4, Ne 2

It contains the following eclements: Human
perception — actions or algorithms that source data
which has minor influence on human perception (ability
to see or hear) in order to make the message existence
almost invisible; Precoder — changes the message to a
suitable for encoder form; Encoder — encodes the
message into container; Aftack channel — data transfer
channel; Message selector — selects the data where the
message could be stored; Message detector — detects if
the message it is hidden inside data; Message decoder —
decodes the message from data.

Depending on container we need to know which
data we can modify so a user will not recognize any
changes. Then we can modify message if encoder
requires different format of data. After it, encoder
inserts message into the container in a way that it
became invisible for a user.

Data that contains hidden message can be damaged
by channel noise or other reasons so it might be
necessary to use noise-resistant coding algorithm.

When encoding is completed the container with
hidden message goes to untrusted channel. We assume
that anyone can see our container there. After receiver
gets the container, message selector retrieves the data
where the message could be stored. Then message
detector analyses if this data has a hidden message and
id so decoder convert it to original message.

Like most objects that were created from real-
world information, photographs are not of ideal quality,
there are always all kinds of noises and artifacts, so they
are widely used in steganography for the implicit
transmission of information. However, in order to
record information in an image, it is necessary to change
it, which, if implemented incorrectly, can be visible
even to an average user. In order to avoid this situation,
it is necessary to understand what effect on the final
image will have a change of a certain bit in the color
channel (Fig. 6).

7 6 5 4 3 2 1 0

wam

Fig. 6. Impact of changes in bits on the final image

Therefore, changing a lower bit has almost no
effect on the final result, and vice versa, changing a
higher bit can have a significant effect on the final
image. On this basis, it can be concluded that the safest
bit is the lowest bit, but if more information needs to be
packed, the next highest bit can be used.

Encoding

One of the key features of the steganography
algorithm is how and in what sequence it places
information in the container. Thus, when information is
written sequentially to the lower bits of pixels in a row,
the information can be easily read as soon as the user
realizes that the picture is different from the original.

For reliable data protection, a distributed recording
of information across all pixels with a normal
distribution of random values is the best option (Fig. 7).

This approach helps to minimize the risks of encrypted
information disclosure. You can also use the following
method to ensure better information privacy [10].

5

Fig. 7. Example of a distributed recording
with normal distribution probability

When converting a message to a bit sequence, the
number of zeros and units is compared. If the number of
units is greater than the number of zeros, the message is
inverted (Fig. 8). Then a pseudorandom bit sequence is
generated. The bits of the original container data
sequence are selected based on the indexes of the PRBS
elements whose value is equal to zero. The message bit
values are written to the container bits using the XOR
logical operation as shown below (Fig. 9).

Original
message [ 10 1[0 o [1 1 1 o]1]

Resulted
Message‘o‘l‘o‘l‘l 0‘0‘0‘1‘0‘

Fig. 8. Example of message changing

Mess ‘0‘1‘0‘1‘1‘0‘0‘0‘1‘0‘

1

PReS Jof1fofofrfol1]r]o]o]

Fig. 9. Encoding algorithm example

This way, in the worst-case scenario, the number
of modified bits will not exceed twenty-five percent of
the bits used for encoding.

However, a random sequence of sufficient length
and stability must be generated to allocate the bits.

Pseudorandom number generator

Generators of true random numbers are usually
based on natural processes, such as pickups in the
transmission channel, so that they can produce a crypto-
resistant sequence of any length, but they cannot
reproduce the same sequence a second time.

The most common types of PRBS generators are
shift register-based and congruent generators. The
congruent generators are based on numerical sequences,
in which each member depends on one or more previous
ones. Generators based on shift registers are based on
the generating polynomial. These generators are not
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crypto-resistant enough, because they are easy enough
to hack, but have a big advantage in simplicity and
speed of operation.

Successful use of a generator directly depends on
its crypto resistance, so it is critical for a reliable
generator. Improved generators are perfectly suited for
this task. The main features of these generators are the
use of dynamically changing parameters. Depending on
the type of generator it can be parameters a and ¢ for the
congruent generator(2) and generating polynomials for
the generator based on the shift registers:

X, =(aX, +c)modm . ()

In addition to using dynamic parameters to improve
the cryptographic stability of the output sequence, there
are a modification of the algorithm of generating PRBS,
which consists in using the operation XOR over the
generated sequences of a certain length, obtained from
two registers with different digit capacity. The used
registers change their parameters at least every 2N - 1 bit,
where N is the product of the two registers' digit capacity.

Conclusion

In the paper we investigate the possibility of using
steganography in combination with a mosaic of
miniature images for covert information transfer. The
crucial parameters of the images that most affect the
selection of the most suitable image for a certain area of
the original drawing have been described. It was pointed
out that the main criterion is the average value of the
color channel. The algorithm of division of the original
image into patches and the system of rounds of selection
of the most suitable pictures to replace the selected area
were also described, and examples were given.

The described approach allows to achieve a
reliable result and also has flexibility that allows to

easily add various criteria for evaluation of the image,
as well as choose in which round it will be applied.

In such a way, it is possible to perform resource-
intensive operations on the most promising variants of
pictures only. The basic principles of steganography for
understanding the significance of the next steps were
presented, and the variant of hiding information in a
mosaic was suggested and described. This method
allows to achieve no more than 25 percent of lower bit
changes, which is about 3.125 percent of all
information, provided that the lower bits are fully filled
with information. In the real situation, when encoding a
message is used a significantly smaller number of bits,
which in turn dramatically reduces the percentage of
changes in the mosaic data, and visual detection of the
transfer is almost impossible.

Also, the principle of uniform pseudo-random
distribution of information bits throughout the mosaic
makes it almost impossible to use brute-force attack to
evaluate the hidden message. The concept of using the
PRBS generator was described, as well as security
problems that arise when using simple implementations
of generators that do not have sufficient crypto
resistance. To generate and restore a pseudo-random
sequence, it was proposed to use an improved generator
with dynamic parameters [2]. It has significant
resistance to known crypto attacks, which allows its use
in modern cryptosystems. As a result, the proposed
system allows you to secretly transfer information
inside the mosaic, and has sufficient protection to
protect information from unauthorized reading in case
of detection of the transfer of information.

The presented steganographic algorithm can be
easily adapted to work with usual raster images, sound
files and other types of data which could be presented as
an array of numerical values.
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JlocaimxeHHs1 Ta MPOTOTHNMPYBAHHS METOMIB cTeraHorpagii 3 BAKOPHCTaHHAM MO3aiKH
B. 4. IleBnes, 1O. B.BoiikoB

Anotanisi. IlpeaveroM BUBYEHHS B CTAaTTi € MOMJIMBICTh BUKOPHCTaHHS MO3aiKH B CYKYIHOCTI 31 cTeraHorpaiyHuMU
JICOPUTMAaMH JUIsL TIPUXOBAHOI Hepejadi MoBiIOMIEHHs. 3 KOXHUM jaHeM [T 30inbliye BIUIMB Ha BCi CTOPOHM HAILIOTO JKUTTS.
HagiTp B MUCTEIITBI BiH CTa€ Bce OUIBLI MOIYNISPHUM 1 JIOIIOMara€e CTBOPIOBAaTH HOBI I1e/IeBpH. 3'IBUBCSI HOBUI HAIIPSIMOK, 110 CTAJI0
TOITYJIIPHUM B OCTaHHI pokH - hororpadiuna Mo3aika. Ile 30ipka ManeHbkux Qororpadiid, 3rpyrnoBaHuX Tak, 1100 BOHU BUITIAIAIN
SK SIKach BeJMKa KapTuHa. MotmBamis. B ocranHi pokm Oyno crBopeHO Oe3iid crocoOiB IepexoruieHHs iHopmarii, 1o
nepenaerbes. Lle nos'3ano 3 TUM, 10 iHOpMalis B MOMEHT Iepeziadi 3 OJHUX PYK B 1HILI 3HAXOQUTHCS B HAMEHII Oe3MeYHOMY
CTaHi, 10 3HAYHO CIIponIye poOOTy A 3M0BMUCHHKIB. CreraHorpadist 103BosiE IPUXOBATH (BakT Hepeadi JaHuX, Tak IO iHII
KOPHUCTYBaul HaBiThb HE 3HATHMYTb, 110 iH(popMawis Oyia ycmimHo nepepana. OnHak A1 peastizauii Takoro migxoxy HeoOXilHo,
mo0 BINPaBHUK 1 OfiepKyBad IONEPEIHHO Mall JOMOBJICHOCTI, TaKi SIK HAasBHICTb y 000X yYaCHUKIB OJJHAKOBOI OpPHIiHAJIBGHOL
KapTHHKHA. O4YeBUITHOIO TPOOJIEMOIO IILOT0 METOJY € MOXIIMBICTH BUTOKY 1H(OpMALl 1po crioci® npuxoByBaHHS JaHHX. MeToio
L[Or'0 JIOCHI/UKEHHS € OTPUMAaHHsS aJrOpUTMY IIPUXOBYBaHHs IIOBIJOMIIGHHsS BCepelMHI Mo3aiku, 110 3abesnedye MiHIMAJIbHY
BUJIMMICTh, HaAIMHWIA 3aXUCT JAHUX HABITh y TOMY BHUIIAJKY, SKIIO 300pa)KeHHs MO3aiKé 1 alrOpUTM BiJOMi 3JIOBMUCHHKY i B
TMIepIy Yepry He MoTpedye BiANPaBKU OpUTiHAIBHOTO 300paxkeHHs. PesyabraTn. OnucaHuii miaxif 103BONSE JOOUTHCS SIKICHOTO
PE3yJIBTaTy, a TAKOXK Ma€ 3HAYHY 'HYUKICTb, 110 JIO3BOJISIE JIETKO JJOJaBaTH Pi3HI KpUTEPIi OLIHKK 300pa’keHHs, a TAKOXK BUOUPATH B
SIKOMY payHZli BOHO Oyje 3aCTOCOBYBAaTHCS. TaknM YMHOM MOXKHa BHKOHYBATH PECYpPCOMICTKI omepauil TUTBKM HaJ HalOLIbII
MEePCIeKTUBHUMH BapiaHTaMU KapTHHOK. 3aIllpOIIOHOBAHI aJITOPUTMHU MaroOTh HA yBa3i BUKOPHCTaHHs Kpurrorpadiuno-6e3neynoro
reHeparopa IICeBIOBHUIIAIKOBUX YHCEIl 3 IMHAMIYHO 3MIHHUMH ITapaMeTpaMH JUlsl IPUXOBYBaHH iHpopmauii. I'eHepaTopu ncesio-
BUIIAJIKOBOI IOCIIIOBHOCTI BUKOPHCTOBYIOTbCS Ul BU3HAYEHHS Miclsi po3TallyBaHHS iH(opmaniiiHux OiTiB B I€BHHX MiHi-
300pa)KEHHSX, 4 TAKOXK B OKPEMHX HIKCEeJISX 1 KOJMPHUX KaHanax. [Ipu BUKOPUCTaHHI 3aIIPOIIOHOBAHOIO aJrOPUTMY 3MiHIOETHCS HE
Oinpllle JBajlATH I'ITU BIJICOTKIB KOJIPHMX KaHAiB 3a yYMOBH, IO BHKODHCTOBYETBCA OIMH OIT Ha Koimip. BHCHOBKH.
3anporoHoBaHa CHCTEMa JI03BOJISIE IIPUXOBAHO NepeiaBaTH 1HPOPMALLito B MO34illi, @ TAKOX BOJIOJIE JOCTAaTHBOIO 3aXHILCHICTIO IS
3axucry iH(popMallil BiJi HECAHKI[IOHOBAaHOI'O YUTAHHS B BHIIAJKU BUsBIEHH: (axTy nepenadi inpopmauii. ¥ MoeaHaHHI 3 JaHUM
ITIXOI0M MOXKHA BUKOPHCTOBYBaTU JIOJATKOBO OYIIb-SIKMH alroputM IMQpyBaHHs Ul 3a0e3neueHHs 1ie OlIbIIO] 3aXHILEeHOCTI
nanux. [IpencraBneHuit anropurM KOIyBaHHS 1 IPHXOBYBAHHS JIAHMX MOXKHA JIETKO aJanTyBaTH A poOOTH 3i 3BHMYAHHMMU
pacTpoBUMU 300paKeHHIMHU, 3BYKOBUMH (paiiiaMy Ta IHIIMMHU TUIIAMU JIaHUX, SIKi IPEICTaBIIeH] Y BUIJIS MACUBY 3HAUCHb.

Kar4dosi ciaoBa: Mmo3aika; creraHorpadisi; reHepaTop I1CEeBI0-BUIIAIKOBOI ITOCIIIOBHOCTI; MiKCENb; KaHAT KOJIbOPY;
iHdopmawiiinuii 6iT.

HccenenoBanue 1 NpOTOTHIHPOBAHME METOOB CTEraHOrpaduu ¢ HCIOJIb30BAHMEM MO3ANKH
B. 41 IleBHes, 10O. B. BoiikoB

AnHoTtanusa. [lpeqveroM M3ydeHHs B CTaThe SIBIAETCS BO3MOXKHOCTH HCIIONB30BAHUS MO3aMKH B COBOKYIHOCTH CO
cTeraHorpaMuecKUMH aarOpuTMaMH Uil CKPBITHOH mnepenaun cooOmienus. C kaxapiM aHeM [T yBennuuBaer BIUsSHUE Ha Bce
CTOpOHBI Halleil >ku3HU. Jlaxke B MCKYCCTBE OH CTaHOBUTCS Bce OoJiee MOMYJISPHBIM M IIOMOraeT CO3[aBaTh HOBBIC IIEIIEBPHIL.
IMosiBUIOCH HOBOE HAIIPABIIEHKE, CTaBLIEE IIOMY/IAPHBIM B IIOCIEAHUE TOAbI - hoTorpaduueckas Mo3anuka. IT0 COOPHUK MaJeHbKHUX
¢ororpadui, CrpyrmnupoBaHHbBIX TaK, YTOObI OHU BBIIVIAZIEIN KaK Hekas Oonbiuast kapruHa. Morusanus. B nocnennue roapl Obu10
CO3JIaHO MHOXKECTBO CIIOCOOOB IepexBara NepeaBaeMoil HHpopMalMu. ITO CBA3aHO C TEM, YTO MH(POpPMALs B MOMEHT Ieperiaunt
U3 OIHOM pyK B JApyrHe HaxXOIUTCS B HauMeHee O€30IIaCHOM COCTOSHHUHM, 4YTO 3HAYMTEIBHO YIPOLIAeT paboTry Ui
370yMBILUICHHUKOB. CreraHorpaus mo3BOJISeT CKPBITh (aKT Iepefiadd JaHHBIX, TaK YTO JAPYTHE MOJIb30BaTeIN Jake He OymyT
3HaTh, yTO MH(pOpMarMs OblIa ycrnewHo nepegana. OHaKo I pealn3alliii TaKoro Moaxona HeoOX0aUMO, YTOObI OTIPABUTENb U
OJTy4aTeNb MPEeBapUTEIbHO MMENH JIOrOBOPEHHOCTH, TaKHE KaK HAIWMYHME Yy OOOMX YYaCTHHKOB OJMHAKOBOW OPUIMHAJIBHOM
KapTUHKH. O4eBHIHON NPOOIEMON € 3THUM METOIOM SBJISETCS BO3MOXKHOCTD YT€UKH MH(OPMALKMU O CHOCO0E COKPBITUS JAHHBIX.
Henbro 3TOro MCCIeOBaHUS SBISICTCA IIONYYCHHE AITOPUTMA CKPBITHS COOOLICHMS BHYTPH MO3AaUKH, OOECIICUMBAIOLICTO
MHHHUMAJIbHYIO BUIMIMOCTb, HAJIGXHYIO 3allUTY JaHHBIX JaXe B TOM Cllydae, eclli M300pa’keHHEe MO3aMKH M aJIrOPUTM HW3BECTHBI
3JI0YMBILIVICHHUKY M B IIEPBYIO O4Yepellb He TPeOYIOIEro OTIpaBKu UCXOAHOro 300pakeHus. Pesyabrarel. OnucaHHbIA M101X0A
MO3BOJIAET JIOOMTHCS Ka4eCTBEHHOI'O Pe3yJbTaTa, a Talke o0iazaer TMOKOCTBIO, YTO IO3BOJISET JIETKO J0OABISTH Pas3INYHbIC
KPUTEPUH OLIEHKH U300pakeHHs, a TAKKE BHIOMPATh B KAKOM payH[ie OHO OyleT NPUMEHSThC. TakiuM 00pa3oM MOXKHO BBITIOJHSATD
pecypcoéMKHe oOnepalMd TOIbKO HaJl HauOosnee IIePCHEKTUBHBIMHM BapHaHTAaMH KapTHHOK. [IpeyiaraeMble airopuTMel
MOJIPa3yMEBAIOT  HCIIOJIB30BAHUE KPUNTOrpadUuecKu-0e301acHOr0 TeHepaTopa IICEBJIOCIYJalHBIX YHCEN C JAUHAMHYECKH
M3MEHSOIMMUCS [TapaMeTPaMHU [Tl COKPBITHA HHpopMaLiy. [ eHepaTopsl IICeBI0-CIIyqaifHOM HOCIEN0BATEIbHOCTH HCIIONB3YOTCS
JUISL ONPEJENICHUs] MECTOIOJIOKEHNSI NH(POPMALMOHHBIX OMTOB B ONPENENEHHBIX MHHU-U300PAKEHHSX, a TAKKe B OTAEIBHBIX
ITMKCEJISX U LIBETOBBIX KaHanaxX. [Ipy HCIONB30BaHUM NPEUIOKEHHOr0 AJITOPUTMA U3MEHSETCs He Ooiee JIBaALaTH IIATH IIPOLICHTOB
L[BETOBBIX KAHAJIOB IIPU YCIOBMH, YTO UCIHOJB3YEeTCs OJIMH OWT Ha 1BeT. BoiBoabl. IIpeuiorkeHHas cucreMa IO3BOJISET CKPBITHO
nepeaBath MHGOPMALMIO B MO3aMKe, a TakKe 00JajaeT JOCTaTOYHOW 3aIlMIICHHOCTBIO I 3allUThl MHPOpMALMU OT
HECaHKI[MOHUPOBAHHOI'O YTEHHUS B Cllydau oOHapykeHus (axTa neperadn nHpopManuu. B couerannu ¢ JaHHBIM HOIXO0M MOXKHO
HCHOJIBb30BATh JOHOJIHUTENILHO KaKOH-THO0 anropurM mmmdpoBaHus s obecriedeHust emé Oonbluel 3alMINEHHOCTH JAHHBIX.
IpencraBneHHsIi alIrOpUTM KOJUPOBAHKS U CKPBITHS JAHHBIX MOMKHO JIETKO aJallTUPOBATh I pabOThl ¢ OOBIYHBIMU PACTPOBBIMU
n300paKeHUAMY, 3BYKOBBIMH (haiilaMyl M IpyrMHU THITAaMH JIAHHBIX, KOTOpPBIE TIPE/ICTaBIICHB! B BUJIE MACCHBA 3HAYCHHUIL.

KawueBpie cJjoBa: MoO3auKa; cCTeraHorpa(us; reHepaTop IICEBIOCIyJaiiHON I10C/IEJ0BAaTENbHOCTH; ITHKCEINb;
LIBETOBOH KaHaJ; MHQOPMALMOHHbIH OUT.
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ANALYSIS AND RESEARCH OF WELL-KNOWN ORCHESTRATION SYSTEMS
FOR THE CONSTRUCTION OF MICROSERVICE INFRASTRUCTURE

Abstract. Modern orchestration systems are being studied. Using different virtualization methods is it a good way to

reduce construction time, equipment costs and support system operations during infrastructure construct.

The article

provides a detailed analysis of existing virtualization tools. A comparative analysis of modern solutions shows that the
Kubernetes tool is one of the best tools for orchestration. The features of sharing orchestration systems together with
different Cloud providers are presented in the article, comparisons of the cloud providers themselves are presented too.

Keywords: virtualization technologies; orchestration systems; Docker; Docker Swarm; Kubernetes; Amazon Web

Services, Google Cloud Platform, Microsoft Azure.

Introduction

Due to the development of information
technology, the amount of data processed is increasing
every day. That is why the problems of choosing a
reliable system for storing and processing user data are
also increasing.

Based on the requirements for guarantee systems,
we can conclude that it is necessary to ensure the
availability and integrity of the information that
circulates in different information systems. Methods for
ensuring the integrity of information are given in
sufficient detail in [1].

Today we have many infrastructure systems, but
one of the most popular is Cloud systems. The choice of
the system depends on the requirements that a particular
organization applies to own IT infrastructure. A
comparative analysis of the market share of leading
cloud providers shows that 35% of the market is owned
by AWS-based systems, 11% by Microsoft Azure and
7% by Google Cloud Services. It was noted that growth
was an average of about 2% over 2018, with only
Microsoft Azure rising to 3% [2]. All of these providers
allow users to create reliable and easily scalable
infrastructure.

However, any infrastructure requires a large
amount of resources. That is why it is necessary to use
solutions that will help to use these resources
efficiently, without losing all the advantages provided
by Cloud provider. The virtualization helps users with
creating a secure, reliable and scalable infrastructure.

The main goal of the article is the comparable
analysis of well-known orchestration systems and
choosing the most secure and reliable system for the
construction of microservice infrastructure.

Analysis of orchestration systems

The main virtualization technologies are
hypervisor-based virtualization (eg, Hyper-V, Virtual
Box, VMware) and container virtualization (eg, Docker)
(Fig. 1).

Hypervisors are hardware-level virtualization.
There is a layer between the host and guest OSs that
emulates hardware.

The method of hypervisor virtualization have some
disadvantages — the decrease in efficiency and idle
computing resources, the complexity of porting various
applications between virtual operating systems, the
ability to lose all virtual machines in the event of failure
of one hypervisor on which they are installed, etc. [2].

[Application} [Application] [Application]
0s ] 0s ] 0s ]

Virtual Virtual Virtual [Application] [Application] [Application]
machine machine machine Container Container Container
HyperV/VirtualBox Container Engine (Docker)

Kernel 0S5 Kernel 05
0s 0s
Server Server
a b

Fig. 1. Virtualization technologies (a — virtualization using hypervisor, b — container virtualization)

Container virtualization is a virtualization at the
operating system level, not hardware level, when each
guest OS uses the same kernel (and in some cases, other

parts) as the host OS. This gives the containers a big
advantage: they are smaller and more compact in
hypervisional guest  environments. Container
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virtualization uses the capabilities of the kernel to create
an isolated environment for processes. Unlike
hypervisor-based virtualization, containers do not
receive their own virtual hardware, but use host
operating system hardware [3]. One of the features of
containers is that they can be managed (orchestrated) as
a cluster of multiple applications. A system that is a
container cluster is called a container orchestration
system. The most popular container management
systems (or container orchestration systems) are:
Kubernetes and OpenShift. There are also other
container orchestration systems, such as: Amazon Web
Services (AWS) Elastic Compute Cloud (EC2)
Container Service (ECS) and others.

Docker is a software platform for quickly
developing, testing, and deploying applications in
containers. Each container includes everything that you
need for the program: libraries, system tools, code, and
runtime. Using Docker allows you to use applications
faster and more efficiently, standardizes the operations
performed by the applications and optimizes the use of
resources. With Docker, users get an object that can be
run on any platform with high reliability. But part of the
professional systems engineers is to avoid using Docker
in production because it is not stable tool [4]. Today,
Docker is not a reliable tool for using in production, but
it continues to be used by many customers.

Docker Swarm is a tool for clustering and
managing Docker containers [5]. Clustering is an
important function of container technology because it
creates a common group of nodes that can be used to
achieve a reliability and resiliency, when one of the
nodes fails. Containers and nodes are controlled through
a manager node, which organizes and plans containers
at other worker nodes [6]. Docker Swarm is tightly
works with Docker, and developers can easily
customize it without installing additional software
services.

Kubernetes is an open source platform designed to
deploy, scale and manage a Docker or rkt container
cluster as a single system across multiple hosts. The
project was started by Google in 2014, it has invested
one and a half decades of experience with containers
[7]. Now Kubernetes has an active community and is
supported by companies such as Microsoft, RedHat,
IBM and Docker. Kubernetes has many advantages over
other container orchestration systems. It speeds up the
development process, simplifies and automates
deployments and sequential updates [8]. It also manages
applications and services, allowing to build a resilient
infrastructure that works without downtime. Kubernetes
allows to recover lost containers (in the event of a
container failure) or to find and restart existing
containers on another node (in case of a node loss).

Kubernetes clusters can run on EC2 and integrate
with other Amazon services, such as Amazon Elastic
Block Storage, Elastic Load Load Balancing, Auto
Scaling, etc. Kubernetes is still popular because has
flexible architecture, open source innovations [9].
Kubernetes has become one of the most popular
orchestration systems, ranked first on the market and
used by many real projects with great success [8], [9].

Comparative analysis
of the Docker Swarm
and Kubernetes orchestration systems

Comparative analysis of Kubernetes and Docker
Swarm shows that each container orchestrator has own
advantages and disadvantages. If you need a quick
installation and simple configuration requirements,
Docker Swarm can be a good solution. If the application
is complex and uses hundreds of thousands of
containers in production, then Kubernetes should be
selected. Although both orchestrators have the same
functions, but they have a fundamental differences
between their work. Below are the biggest differences
between these two platforms.

Cluster installation and configuration. Docker
Swarm is much easier to set up, it doesn't take a lot if
time to deploy a container group. Along with ease of
use, Swarm also provides flexibility by allowing any
new node to join existing cluster as manager or
employee, and move or manage the nodes and their
roles. Each node encrypts the data before sharing with
neighboring nodes. Shared data encryption keys are
stored in the master nodes inside Swarm, only hosts in
that cluster can access cluster management.

Kubernetes requires several manual configurations
to connect components. Before starting the Kubernetes
should also know a lot of the cluster configuration, as
the IP addresses of the nodes, which role each node
must take, and how many nodes they have in common.
Kubernetes allows you manually manage settings and
access to containers from the outside. Also, there is a
Pod Network Communications Policy the main load is
on pods, that contained of one or more containers that
are deployed together. Kubernetes assigns each pod an
IP address that can be routed from all other pod, even
through major servers. Kubernetes network policies set
access permissions for pod groups, similar to security
groups, which are used to control access to VM
instances.

Customize the container. The Swarm API
provides much of the functionality from Docker, but
does not cover all of commands. It supports many tools
that work with Docker, but if the Docker API lacks a
specific operation, there is no easy way to get around it
with Swarm. Kubernetes uses own client definitions,
APIs and YAML files, which are different from the
standard docker equivalents. Using them, you can easily
manage containers and the Kubernetes cluster.

Scalability. Docker Swarm deploys containers
faster than Kubernetes in very large clusters and high
clustering stages, allowing you to quickly respond to
scaling as needed. You can run new replicas with one
upgrade command. The complexity of Kubernetes stems
from providing a unified API suite and reliable cluster
state guarantees that slow container deployment and
scaling.

Accessibility. Kubernetes and Docker Swarm
provide high availability of replication services. The
same service is deployed to multiple nodes to provide
redundancy. If the host that runs the service has shut
down, the service is being redistributed on the other
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hosts. It makes services are self-renewing. Although any
of the orchestral containers can run on the same server,
true redundancy requires additional nodes.

Load balancing. Docker Swarm provides built-in
load balancing. All containers in a single cluster are
connected to a shared virtual network that allows
connection from any node to any container. Docker
Swarm also does not allow managing the internal
balancer on a node and is bound to ports on which
containers are deployed. Kubernetes allows you to
manage and adjust load balancing. Each service is
accessible through a set of rules that can be accessed
without worrying about ports, IPs, and other physical
settings.

Container updates and cluster restore. The
Docker Swarm container is upgraded by telling the

planner to use the new image instead. You can then roll
out the updates, preventing the service from shutting
down and letting you roll back if something goes wrong.
Kubernetes processes the upgrade process by gradually
tracking the health of the service to maintain
accessibility throughout the upgrade process, making
changes to one each container incrementally.

Table 1 gives the results of comparative analysis.

The choice of orchestration system depends on the
tasks and goals that you want to achive. If you need a
simple system that does not require additional
configuration and allows you to quickly build a cluster,
then you can choose Docker Swarm. But if you want to
run more containers in a secure and well-tuned
environment, then you need to choose the Kubernetes
orchestration system.

Table I - Comparative analysis of Docker Swarm and Kubernetes

Criterion for comparison

Docker Swarm

Kubernetes

Cluster installation

Easy and quick to install and configure.

It takes some time to install and configure.

Customize the container the Docker APL

Functionality is provided and limited by

Client definitions, APIs and YAML are
unique to Kubernetes.

Scalability

Quick deployment and scaling in not very
large clusters. Adding a new node does not
require additional master node settings.

Quick deploy and scale in very large
clusters. Adding a new node requires
additional master node settings.

Accessibility

High availability is ensured through the replication of containers, their constant
monitoring and maintenance.

Load balancing any cluster node.

Automated internal load balancing across

You can manually adjust the internal load
balancing.

Container updates and cluster

Early planning of service maintenance

Progressive updates and health monitoring

restore processes during the upgrade. through updates.
— etcd is an instance that stores the status of the
Research on Kubernetes . .
lust hitect master server. It provides reliable storage of
cluster arcintecture configuration data and notification of different changes;
The main function of Kubernetes is the — Kubernetes API Server is an API that enables API

orchestration of containers, the scheduling of containers
of varying capacity on physical and virtual devices.
Containers must be packaged efficiently, and they must
comply the constraints that imposed by the deployment
environment and cluster configuration. In addition, the
Kubernetes platform must monitor all running
containers and replace those that have failed, failed, or
experienced any other difficulties.

The Kubernetes architecture is designed to extend
the cluster and consists of two nodes: a master server
and a large number of working servers which called
worker nodes (Fig. 2). The master node performs the
main function and manages the cluster. Worker nodes
cannot function properly without a working master node
and are only used to deploy Kubernetes objects.

A. The main elements of the Kubernetes cluster

The Kubernetes cluster include:

— node is a cluster server or virtual machine;

— pods are containers that are grouped together,
typically, pod includes from 1 to 5 containers;

— services is an abstraction over pods that defines
the access policy for them. Service automatically
distributes load between nodes, finds and route traffic to
the required container;

server to work. It is intended to be a CRUD server with
embedded business logic implemented in separate
components or in plugins. It basically handles REST
operations, checking them and updating the objects in etcd,;

— scheduler binds pod to node via call API,;

— Kubernetes  Controller = Manager  Server
responsible for other cluster level functions. For
example, the nodes are detected, managed, and
controlled by node controller. As a result, this entity can
be divided into separate components to make them
independently connected;

— replication controller is a mechanism based on
the pod API. Responsible for the number of pods;

— kubectl is a command line interface for
managing Kubernetes;

— kubelet manages pod, their containers, images,
partitions, etc;

— kube-proxy is a simple proxy balancer. This
service is started on every note and configured in the
Kubernetes API. Kube-Proxy can perform the simplest
redirection;

— volumes is a directory (section) with data in it
that is available in the container. This directory is the
shared between the container and the nod.
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VAML — kubelet
@ kube-proxy
kubect! ‘ |
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APl
Docker
Controll:
;:n;ageir Scheduler Werker node 1
efcd kubelet
kube-proxy
Master node i i
(=] (=) (=]
Docker

Worker node n

Fig. 2. Master node and Worker node architecture

The main benefits of the Kubernetes cluster.
Kubernetes allows you to quickly and efficiently deploy
applications, scale at runtime, integrate new features,
and use only the resources you need, optimizing your
resources.

Kubernetes fully supports the DevOps model and
allows you to manage full application lifecycle.

The following benefits of Kubernetes can be
distinguished:

— scalable. Software can be deployed via pods,
deployment process can be scaled or disabled;

— monitoring. Kubernetes lets you track
completed, incompleted, and unsuccessful deployments
with the ability to query the status of each container;

— version control. Kubernetes allows you to
update Pods which have been deployed, using newer
versions of applications and revert to the previous
deployment if the current version is not stable.
Kubernetes provides an option to revert to an earlier
version if the application deployment process fails;

— horizontal scaling. Kubernetes automatically
deploys the number of application deployment replicas
based on the using defined server resources (within
defined limits);

— self-healing. Kubernetes has different features
such as auto-reload, replication, placement, scaling, and
container load balancing.

Also, Kubernetes has its own disadvantages. These
include the lack of properly built documentation and the
high complexity of cluster construction. Compared to
other orchestration systems such as Docker Swarm,
Kubernetes is more difficult to understand but more
reliable orchestration systems.

Kubernetes cluster
and Cloud providers

Cloud providers like Amazon (AWS), the Google
Cloud Platform (GCP), and Microsoft Azure (MA) have
services capable of configuring Kubernetes clusters.

Amazon Web Services. AWS is a public cloud, is
the first in the public cloud market, with a huge and
growing suite of available services, as well as the
world's largest network of data centers [1]. AWS has its
own ECS container orchestrator, but it's different from
Kubernetes.

The Kubernetes Operations (kops) project has
become the standard for creating, upgrading and
managing Kubernetes clusters on Amazon Web
Services [7].

Advantages of using Kubernetes with AWS
Kubernetes is node updates, additions, and deletions.

The disadvantages of using Kubernetes with
Amazon Web Services:

— lack of support for Kubernetes in the Amazon
Web Services Management Console;

— no backup;

— high cost of use.

AWS uses a several payment models. You only
pay for the resources and services you use. The more
resources you use, the less the cost of services provided.
Amazon Web Services rounding works based on hours
ofuse [1], [7], [10].

Microsoft Azure. Microsoft Azure - Microsoft's
cloud platform. Azure Kubernetes (AKS) fully managed
service makes it easy to deploy and manage container
applications. AKS does not include features for
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updating the cluster after it is deployed. To upgrade
clusters with AKS, you need to use AKS to create a new
cluster, move containers to it, and remove the old
cluster [10, 11].

Advantages of using Kubernetes with Azure
Kubernetes:

— cluster backup is a feature of AKS;

— the Azure Management Console supports some
operations with Kubernetes. You can add or delete work
nodes by command in console.

The disadvantages of using Kubernetes with
Microsoft Azure is the non-automated Kubernetes node
upgrade.

Microsoft Azure uses a more flexible pricing
system, payment for the use of cloud resources, with
rounding by the minute [2].

Google Cloud Platform. Google Cloud Platform
is the third in the market because it doesn't have so
many different services and features as Amazon Web
Services and Azure Cloud providers. However, Google
offers significant scaling and load balancing. Load
balancing is a major feature because Google provides a
built-in general load balancer that is automatically
configured when creating services.

In Amazon Web Services and Azure, the load
balancer is another instance of a container that needs to
be scaled.

Advantages of using Kubernetes with Azure
Kubernetes:

— management of host and worker nodes is
possible through the available GCP management
console;

— management of master and worker nodes is
possible through the available GCP management
console;

— global zoom and built-in load balancer.

The disadvantages of using Kubernetes with GCP
is that some features cannot be changed or configured.

The Google Cloud Platform has a similar billing
system as Azure, but with a rounded usage of resources
over a period of 10 minutes [2]. Google Billing also
takes into account the network traffic used by the
features in the aggregate.

Conclusion

The Docker Swarm and Kubernetes are two of the
most popular container orchestration systems today.

Kubernetes is the most popular system that builds
an efficient container system for cluster nodes,
depending on current load and available services.
Kubernetes is suitable for deploying infrastructure that
requires a large amount of resources. It allows you to
manage a large number of hosts, run multiple

Docker containers, monitor their status, monitor
collaboration, perform load balancing. Kubernetes also
allows you to build a big reliable system. Compared to
other orchestrators, Kubernetes is the best in terms of
fault tolerance.

But Kubernetes has one major disadvantage -

incomplete documentation, especially for such a
complex orchestration system.
Docker Swarm is the second container

orchestration system.

The advantage are simplicity, the relative ease of
operation and speed of development. The disadvantage
is the functionality, which does not allow to build a
reliable container management system.

The choice of orchestration system depends on the
tasks and goals of your project. If you need a simple
system, you can choose Docker Swarm. But if you want
to run more container clusters with high reliability, then
you need Kubernetes.

REFERENCES

1. Pevnev V.Ya. “Metody obespecheniya tselostnosti informatsii v infokommunikatsionnykh sistemakh”. Visnik Natsional'nogo

tekhnichnogo universitetu KhPI. 2015. Ne 51. pp. 74-77.

2. Hypervisor [online] Available at: https://en.wikipedia.org/wiki/Hypervisor.

W

Gipervizor i ego rol' v virtualizatsii [online] Available at: https://vps.ua/blog/hypervizor-and-virtualization/ .

4. Sistema upravlinnya obchislyuval'nimi resursami zastosunkiv v umovakh konteinernoi virtualizatsii (2018). Kubernetes.
[online] Available at: http://ela.kpi.ua/bitstream/123456789/25529/1/Zagorulko_magistr.pdf.

(9]

Docker Documentation. (2019). Swarm mode overview. [online] Available at: https://docs.docker.com/engine/swarm/

6. Mesosphere.github.io. (2018). Marathon: A container orchestration platform for Mesos and DC/OS. [online] Available at:

https://mesosphere.github.io/marathon/.

7. Amazon Web Services, Inc. (2019). Amazon Elastic Container Service — ¥Ynpasnenue konmetinepamu Docker — AWS.

[online] Available at: https://aws.amazon.com/ru/ecs/.

*

Docker swarm vs Kubernetes [online] Available at: https://habr.com/ru/company/d2cio/blog/349138/ .

9. A comparative analysis of two container management systems: docker swarm and kubernetes [online] Available at:

http://synergy-journal.ru/archive/article2263/.

10. Sravnenie uslug oblachnykh provaiderov: Microsoft Azure, AWS ili Google Cloud. [online] Available at:
http://la.by/blog/sravnenie-uslug-oblachnyh-provayderov-microsoft-azure-aws-ili-google-cloud/.

11. Publishing, Jie Xiong, (2018). Cloud Computing for Scientific Research. school of Electronics and Information, Yangtze

University, China.

Received (Haniiina no penxonerii) 14.02.2020
Accepted for publication (CxBanena no npyky) 22.04.2020

B1IOMOCTI ITPO ABTOPIB / ABOUT THE AUTHORS

ITeBneB Bonogumup SIKoBJIEBHY — KaHIMIAT TEXHIYHUX HAYK, JOLEHT, ZOLUEHT Kadeapu KOMII'IOTEPHHX CHUCTEM, MEpEexX Ta
kibepbOesneku, Hanionansuuii aepokocMmiunuii yHiBepcuret iMeni M.€. XykoBcbkoro «XAl», Xapkis, YkpaiHa;

146



ISSN 2522-9052 CyuacHi indopmaniiini cucremu. 2020. T. 4, Ne 2

Volodymyr Pevnev— Candidate of Technical Science, Associate Professor, Associate Professor of Computer Systems,
Networks and Cyber security Department, National Aviation University “Kharkiv Aviation Institute”, Kharkiv, Ukraine;
e-mail: v.pevnev@csn.khai.edu; ORCID ID: http://orcid.org/0000-0002-3949-3514.

Tpery6 IOuais BosogummupiBHa — MaricTpanTka Kadenapu KOMI'IOTEPHHX CHCTEM, Mepex 1 KibepOesmexu XapKiBChKOro
HalliOHAJILHOTO aepoKocMivHoro yHiepcurery iM. M.€. JKykoBcbkoro, Xapkis, YkpaiHa;
Yuliia Trehub — Master's Degree in Computer Systems, Networks and Cyber Security, Kharkiv National Aerospace
University. M.E. Zhukovsky, Kharkiv, Ukraine;
e-mail: j.tregub@student.csn.khai.edu; ORCID ID: http://orcid.org/0000-0003-1495-3112

AHaJTi3 Ta JOCJII7KeHHs BIIOMUX CHCTEM OpKecTpamii
U151 MO0y yBaHHS MiKPOCePBiCHOI iHpacTPyKTYpH
B. 4. I1eBHes, 10. B.Tperyo

Anotanisi. I[IpenmeroM BUBYEHHSA B CTATTi € CydacHi cucreMu opkecrpauii. IIpu po3poOui, st CKOpOUeHHs dacy
noOynyBaHHs iHQPACTPYKTYpH Ta 3MEHILCHHS 3aTpaT Ha oOJIaJHaHHA Ta MiATPUMKY POOOTH CUCTEMH, iCHye BelMKa 1orpeba y
3aCTOCYBaHHI Pi3HMX MeTOAIB Bipryanizauii. OCHOBHUMHM TEXHOJIOTiIMU BipTyani3awii € BipTyaJlizalisi HdA OCHOBI BUKOPUCTAaHHS
rinepBizopa i KoHTeliHepHa BipTyanizauis. HaliOinplu nomynsipHUMH CHCTEMaMM YIpPaBlliHHA KOHTelHepamu (abo cucremamu
opkecrpauii koHTelHepiB) € Kubernetes Ta Docker Swarm, o6uzBi 3 skux 6a3yrorbes Ha ruiardopmi Docker. Buxopucranus
ofiHi€l 13 HUX J103BOJIIE IUBHAMIE 1 edeKTUBHILIE PO3pOOIIIOBATH ONATKU, CTAaHIAPTU3YE BUKOHYBaHI JIOaTKaMH orepauii Ta
ONTUMI3ye BHKOpPHUCTaHHs pecypciB. 3aBisiku Docker xopucTyBadi OTpUMYIOTH O0'€KT, SIKMH 3 BHCOKOIO HaAilHICTIO MOXKHA
3amyckaTi Ha Oynp-skii miatgopmi. Takoxk, y CTaTTi HaBeleHO OCOOIMBOCTI CIIBHOTO BHKOPHCTaHHS CHCTEM OpKecTpamii
pazom 3 pizHumMu Cloud npoBaiinepamu, a TaKOX MOPIBHAHHS CAMUX XMapHHX IOCTadajbHUKIB. MeTo € jeTanbHUN aHAwi3
ICHYIOUMX 1HCTPYMEHTIB OpKecTpaLiil KOHTeiHepiB, IPOBEICHHS NOPIBHIBHOI XapakTepuctuku Kubernetes i Docker Swarm, ta
BHOip Kkpamioi i3 Hux. PesyabTarn nopisusuas Kubernetes Ta Docker Swarm moka3yiots, mo Kubernetes — oquH i3 HalKkparmx
iHcTpyMeHTiB opkecTpauii. Kubernetes miaxoauTs uist po3ropTaHHs iHQpacTpyKTypH, sika noTpedye BEIMKOI KiJbKOCTI pecypciB,
Ta JI03BOJIsIE OOCIYrOBYBATH BEJIMUYE3HY KiNBKICTh XOCTIB, 3allyCKaTH Ha HMX 4YHCICHHI KoHTeitHepu Docker, Bincrexysaru ix
CTaH, KOHTPOJIOBATH CIIUIBHY poOOTYy, MpoBOIUTH OallaHCyBaHHS HaBaHTakeHHS. Kubernetes nossomste moOynyBaTv HaniiiHy
cucteMy. Y TOpiBHSHHI 3 iHIIMMH opkecTparopamu, Kubernetes € HallkpaIium 3 TOUKH 30py peatizamii BiJMOBOCTIHKOCTI. SIKIIo
NOTpiOHE LIBUJIKE HANAIITYBAHHA 1 € MPOCTi BUMOrH 10 KoHGirypaii, Docker Swarm Moske cTaTé XOpOLIUM BapiaHTOM 3aBJISKH
cBoiii mpocrori. BucHoBkn. CbhorosHi Ha PUHKY HIPEICTAaBICHO ABI cUCTeMH opkecrpauii koHreiHepiB: Docker Swarm Tta
Kubernetes. Kubernetes — HaiinonysspHima cucrema, sika BuOy1oBye eheKTUBHY CUCTEMY OpPKECTpallii KOHTeHHepiB 10 By3ax
KJIacTepy B 3aJIeKHOCTI Bijl IOTOYHOIO HABAHTAKEHHsI 1 HasBHUX 1OTped B podori cepsiciB. Docker Swarm — npyra, ane G6inbiu
MIPOCTa 3a peai3alli€lo CHcTeMa OpKecTpalii KoHTeiHepiB. Bubip cucreMu opkecTpamii 3ale)kuTh Bill IIOCTAaBICHUX 3aBlaHb.
Skmo mnorpibHa mpocra cucrema, MokHa BuOparm Docker Swarm. Ane skmo norpiOHO 3amyckaTH OUIBIYy KUIBKICTB
KOHTEHHEepHUX KJacTepiB, TOA noTpiOHO BUKkopucroByBaTH Kubernetes.

KawuyoBi caoBa: Texsonorii Bipryamizamii; cucremu opkecrpauii; Docker; DockerSwarm; Kubernetes; Ansible;
Terraform; Amazon Web Services, Google Cloud Platform, Microsoft Azure.

AHAJIN3 M MICCJIEIOBAHNE H3BECTHBIX CHCTEM OPKeCTPALMHU
AJIS IOCTPOEHMsI MUKPOCEPBHCHON HH(PACTPYKTYPbI

B. 4. IeBHes, 0. B.Tperyo

AnHoTanus. IIpeaMeToM H3ydeHHS B CTaThe SIBISIOTCS COBPEMEHHBIE CHCTEMbI opkecTpauuu. IIpu paspabotke, mis
COKpAILEHHs] BPEMEHH IIOCTPOSHHUsI HHPPACTPYKTYPHl M YMEHBIIECHHUS 3aTPaT Ha 000pPYIOBaHUE U TOANCPIKKY PaOOThl CHCTEMBI,
CyliecTByeT Ooibllas HOTPEeOHOCTh B IPHUMEHCHHM pa3IMYHBIX METOINOB BHUPTyaiu3aluy. OCHOBHBIMH TEXHOJOIMSMH
BUPTYaIU3aLUHK SBISCTCS BUPTYAIM3aLlysl Ha OCHOBE HCIIONB30BaHNUs THIIEPBH30pa M KOHTeiHepHas BupTyanusanus. Haubomnee
HOMYJSIPHBIMU CHCTEMaMH YIPAaBJICHHsI KOHTeHHepaMu (WIM CUCTEMaMU OpKeCTpalu KOHTeHHepoB) sBistorcs: Kubernetes u
Docker Swarm, o6e u3 koropbix Gasupyrorcs Ha miatdopme Docker. Vcnonp3oBanue omHON M3 HUX MO3BOJSIET OBICTpee U
s dexTnBHEE pa3pabaTHIBATh NPIIOKEHUS, CTAHAAPTH3UPYET BBIIONHACMBbIC NPHIOKSHHSAMY ONEpalid H ONTHMH3UPYET
Ucronp30BaHue pecypcoB. brnaromapst Docker monp3oBaTesid MONYYaloT OOBEKT, KOTOPBIH C BBICOKOM HAIEKHOCTBIO MOXHO
3amyckath Ha Jito0oii matdopme. Taxoke, B cTaThe MPUBEIEHE! OCOOCHHOCTH COBMECTHOT'O HCIIONIb30BAHMS CHCTEM OPKECTPaLHU
BMecTe ¢ pasnrunsivMu Cloud mpoBaiinepamu, a Takke CpaBHEHHE CaMUX 00Ja4HBIX ITOCTABINMKOB. I{eJIbI0 SBIISETCS eTalbHBII
QHAJIM3 CYLIECTBYIOIIMX HHCTPYMEHTOB OPKECTPALIM KOHTEHHEPOB, IPOBEICHNE CPaBHUTEIBHOI XapakTepucTuku Kubernetes u
Docker Swarm, u BeIOop ay4iueil n3 Hux. Pesyabrarsl cpaBaenns Kubernetes u Docker Swarm nokassiBator, uro Kubernetes -
OZIMH U3 JIyYIIMX MHCTPYMEHTOB OpkecTpauuy. Kubernetes oaxomur s pa3BepThIBaHUS HHOPACTPYKTYpHI, KOTOpas TpeOyeT
GONBIIOrO KOINMYECTBA PECYPCOB, M IO3BONSET OOCIYXHBaTh OFPOMHOE KOJNMYECTBO XOCTOB, 3allycKaThb Ha HUX
MHOTOYMCIICHHbIe KOHTeifHeps! Docker, OTCIe}uBaTh HMX COCTOSHHE, KOHTPOJIMPOBATH COBMECTHYIO pPabOTy, MPOBOIMTH
GaylaHCHPOBKY Harpy3ku. Kubernetes mo3BoiseT HMOCTPOUTH HaJeXHYyIO cucTeMy. 110 CpaBHEHHIO C IPYTMMH OPKECTPaTOp
Kubernetes sBIseTCs HAWIYYLIAM C TOYKU 3PEHUS peaM3aliMyl OTKa30yCTOMYMBOCTH. Eciy TpeOyloTcst ObICTpbIe HACTPOHKH K
TpeGoBaHUs K KOH(MUIypalmu NpocTsl, To Docker Swarm MoXeT cTaTh XOpOIIMM BapHaHTOM OJarojaps CBOEH MpOCTOTe.
BeiBoabl. CeromHs Ha pBIHKE INPEICTaBICHBI JBE CHCTEMBI OpKecTpanmu KoHTelHepoB: Docker Swarm u Kubernetes.
Kubernetes - camast HOIyJIsIpHas CUCTEMa, KOTOpasi BHICTpauBaeT () (HEKTUBHYIO CHCTEMY OPKECTPALMH KOHTEHHEPOB 110 y3J1aM
KJIacTepa B 3aBHCUMOCTH OT TeKyILeH Harpy3Kd U MMEIOIUXcsi oTpeOHocTel B pabore cepsucos. Docker Swarm - Bropas, HO
Goiee mpocTas 1Mo peaan3alyy CUCTeMa OPKECTPaIMi KOHTeHHEpOB. BEIOOP CHCTEMBI OPKECTPALMK 3aBUCUT OT IIOCTaBJICHHBIX
3ama4. Ecnu HyxHa mpocrast cucrtema, MOXKHO BbIOpaTh Docker Swarm. Ho ecinm HyxHO 3amyckaTh GoJbluee KOJIHYECTBO
KOHTEHHEPHBIX KJIaCTepPOB, TOTAa HyXHO BEIOHpaTh Kubernetes.

KaoueBble cJioBa: TEXHONOTMH BHPTyalU3aluM; cHCTeMbl opkectpamuy; Docker; DockerSwarm; Kubernetes;
Ansible; Terraform; Amazon Web Services, Google Cloud Platform, Microsoft Azure.
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METHOD FOR THE CONTROL VERIFICATION OF DIGITAL INFORMATION,
REPRESENTED IN A RESIDUE NUMBER SYSTEM

Abstract. The subject of the research in the article is the control methods for the data presented in the residue number
system. The object of research is the process of monitoring data presented in the residue number system. The purpose of
the work is to develop a method for increasing the reliability of control of data presented in the residue number system. The
following tasks are solved in the article: research of data control methods presented in the residue number system;
development of a method for increasing the reliability of data control; consideration of examples of application of the
developed method for a specific residue number system; demonstration of examples of calculation and comparative
analysis of the reliability of data control presented in the residue number system. The following research methods are used:
the basics of system analysis and the basics of machine arithmetic in the residue number system. The following results
were obtained: A method for increasing the reliability of data control was developed; examples of application of the
developed method for a specific residue number system are presented; examples of calculation and comparative analysis of
the reliability of data control presented in the residue number system are given. Conclusions: This article presents the
theoretical foundations of the process of increasing the reliability of control of data presented in the residue number system,
based on the use of the procedure of zeroing numbers. A method for increasing the reliability of data control has been
directly developed and presented. Examples of application of the developed method for a specific residue number system
are given and examples of calculating the reliability of control of data presented in the residue number system are given. A
method has been developed to increase the reliability of data control; it is a definite contribution to the theory of noise-
resistant coding in a residue number system. Examples of calculation and comparative analysis of the reliability of data
control confirm the practical significance of the results of this article.

Keywords: control system of information; data transmission and processing system; nulevization of number; residue

number system.

Introduction

Scales and complexity of the tasks solved by
modern computer systems impose qualitatively new
requirements to their main characteristics: productivity,
reliability and efficiency of systems that causes need of
improvement existing, creations of new means of
information processing.

The trend of development of computer systems
and components is aimed at increasing the speed
(productivity) and reliability of the implementation of
integer arithmetic operations [1].

Scientific researches were conducted in recent
years, identify promising ways to improve the reliability
of data processing, control, diagnostics and correction
of data errors of computer systems, which are based on
the use of the residue number system (RNS).

Error control in the RNS is a non-positional
operation and requires the development of special
methods, designed to increase the efficiency of this
procedure. This article focuses on finding ways for
increasing the reliability of digital information control
for data transmission and processing systems (DTPS)
that function in a RNS are described.

Analysis of recent studies and publications

The results of studies of methods for increasing the
reliability and control of calculations of computer
systems and data processing tools, which have been

carried out over the past decades, have shown that it is
practically impossible to achieve this within the limits
of the positional systems of the calculus [2].

This fact led to the need to find ways to increase
reliability, for example, based on the use of new
structural solutions in the creation of computer systems,
through the use of non-positional machine arithmetic. In
particular, on the basis of the use of a non-positional
numerical system in residual classes.

The results of research in the field of the creation
of high-speed and high-control computer systems of
processing data of well-known authors (Valakh M.,
Svoboda A., Sabo N., Aksushskyi 1.Y., Yuditskyi D.I.,
Glushkov V.M., Torgashov V.A., Amberbacv V.M.,
Kolyada A.A., Shimbo A., Paulier P., Thornton M.A.,
Dreschler R., Miller D.M., and others) shown that the
use of RNS as a system for increasing the reliability of
digital information control for DTPS allows developing
methods based on which it increases the reliability of
data control several times.

Highlighting previously unsolved parts
of a common problem. The goal of the work

Currently, there are many methods for data error
control in a RNS. Results of a research of control
methods of the data in RNS which are carried out in this
scientific field have shown that the existing control
methods of data in RNS based on use of application of
the zeroing procedure reduce control time [2].
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This article will present the theoretical foundations
of the process of increasing the reliability of the control
of data presented in the system of residual classes based
on the use of the nullification process of numbers.

On this considered a method for error control in
the RNS based on the use of the zeroing procedure is
proposed. The control verification of digital information
in the RNS is a non-positional operation and requires
the development of special ways, designed to increase
the efficiency of this procedure. Therefore, the main
task is to find effective ways for increasing the
reliability of digital information control for DTPS that
function in a RNS are described.

The main goal of the work is to directly develop a
method for increasing the reliability of data control,
give examples of the application of the developed
method for a specific RNS and examples of calculating
the reliability of data control presented in the system of
residual classes.

Materials and methods

Considerable time spent on data control leads to a
decrease in the overall efficiency of application of non-
positional code structures (NCSs) in a RNS in
implementing integer arithmetic and other modular
operations [3]. On-line data verification methods that
are recently developed in DTPSs and function in RNSs
allow one to appreciably reduce verification time but, at
the same time, the problem of increasing the reliability
of this verification arises [4].

The objective of this article is the development of
a method for increasing the reliability of data
verification in DTPSs functioning in RNSs.

The well-known method of on-line data verification
in RNSs is based on the obtaining and use of the so-
called position indicator of a non-positional code
(PINC) [5, 6]. This PINC is one of characteristics of a
special code (SC) obtained from the initial NCS (being
verified) 4 =(a;,a,, ... a,,a,.;) of

> @i 1545 Ajyys-ees

data represented in an RNS by bases {m;} (i=Ln+1)

with one check residue of ¢ to the check base

n+l
(modulus) m,,, and, in this case,

n+l

n
M=1]m;; My=1]m; .

i=1 i=1

Let us consider a procedure for obtaining a PINC from

the NCS A=(ay,ay,...., 81,8, Qs> Ay, Ayyp)
being verified. In the general form, an SC:
A) (4 A) (4

K0 ={Z0 20, 20 Z§0), (1)

is a sequence of bits Z}{l) (K =0,N-1) consisting of
ones and one zero at the n, -th place (from right to left

from the Z(gA) -th bit to the Z 1(\,{)1 bit). The parameter 7,

is the PINC of the non-positional code structure
A=(a,a,,.. iy -5 Ay, a,,q) of data [7].

Proceeding from mathematical considerations, 7,

) al’—]s ais

is a natural number referring to the location of the zero

bit Zr(lj) =0 in the notation of the SC K/(\f"‘). It

determines the number j; of the numerical interval
[j;-m;, (j; +1)-m;) containing the number 4, i.e., the
value of n, with a definite accuracy W that depends on
the magnitude of the value of the RNS modulus m; and

location of  the number
,d,,4d,,1) on the

determines the

A=(ay,ay,....,a_,a;, a1, ...

numerical axis 0+M,. We first consider a procedure

that forms the SC K/(\f"‘) . For the chosen RNS base m;

(the rules for selecting an RNS base m; will be

described below), a constant of the form
KH’(r:) =(a{,..., a;_l, a;, a;H, v a;,+1) is determined

from the value of the residue a; of the number
A=(a;,ay, ... QG_1, a;, A1y ... Ay Qyiy) in the
DTPS nulevization constant block (NCB). Next, using

. . A .
the chosen nulevization constant KH ,(n k , the following

subtraction operation is executed:

A
Ami =A—Kani) =(a1, Ay ooy Ui Oy Ay ey Ay a,,ﬂ)—

' ' ' ' , _
—(al, Ayy ey i1y Aiy Qiys ...,an,a},hq)—

U]

! 1 1 1
=[a1(), aé), oy af_)l, 0, al-(+)1, cor O ’“;21}

This operation corresponds to the shift of the
number 4= (ay,..., a;_, a;, @i, 15, Ay, Ay, ) being
verified to the left end of the interval
[j;-m;, (j; +1)-m;) of its initial location. In this
case, we have 4, =j;-m;,ie, the number 4, isa

multiple of the value of the RNS modulus m; .

As is well known, the correctness of the number 4 in
the RNS is determined by its presence or absence in the
numerical information interval [0, M). If the number A4 is

out of this interval (4> M), then it is considered to be

distorted (incorrect) [8]. In this case, using the value of 7, ,

it is necessary to verify the correctness or incorrectness of
the initial number 4 by determining the fact of the presence
or absence of the initial number A in the interval [0, M). To
determine the fact of the presence of the number in the
information numerical interval [0, M), it is necessary to
execute a collection of operations of the form:

A
Ay =K gom =2 2)

Operations (2) are executed in parallel
(simultaneously in time) by means of a collection of

N constants K 4 -m; (KA =O,N—l) of the form:

Ay —0-m; =25V,

i

A
Ami_l'ml'zzl( )’ (3)

)
A, = (N;=1)-m; = Z{{"),

149



Advanced Information Systems. 2020. Vol. 4, No. 2

ISSN 2522-9052

where N; =4, c..mx . In this case, the SC will

be represented in the form (1), and the method of
formation of the PINC n, in the RNS can be described
as follows [9].

1. Choose some information {m;}, i= Ln, and
check my; =m,,; (m <m,, ) bases to represent the data
A=(aj,ay,..,0;,_y,0a;, a4, ..,4a,,a,.) in the RNS;
GCD (m,,m,)=1,i#j.

2. Choose of a base m; € {m;}, (j =m) from

which the number j; of the numerical interval

[j;-m;, (j; +1)-m;) is determined that contains the

iy oes Ay Ayyy) -
3. Determine a nulevization constant of the form

number 4 = (ay,a,, ..., a;_1, a;,

A ' ' ' '
KH(i) =(a,ay..., a;,_, a;, @y, ..., 4,1 | from the
ml

value of the residue a; of the number

A=(aj, ay, ..., 0;,_1,8;, Qi 1,..., 0y, Ay 1) -

4. Determine the value of
Jiomy = Ay, = A—KH =
= (al, Ayy ey Qi1 Q75 Ajy ]y eens Ay an+1)—

) )
—(al, Ay eees Qi1 Ajy Aji 1y ey Ayy Ay ) =

=[a1(1), ag), o a 0, aV) a, g

> @i Vs Ay e Ay s n+1:|'

5. Determine an SC K/(V"’*) = {Z/(VA_)1 Z}VA_)z Z(()A)}

in the form K](\/’fA) = {fozl Z](Vflzz ZéA)}.
1
N=TIo ki > Ni=IMIml, M =T[.m; .
Y

Ay =Koy =2

6. Determine the PINC of the number
A=(aj,ay,...,0,_1,8;, Q,...,0,, 4, 1) namely,
find the numerical value of n, for which

Z}é) =Z;S:1) =0, ie. 4, —n,-m;=0; at the same

time, ZI(A) =1, (Am,- —l-m;#0; [#ny).

Analytical relationships (3) provide a unique value
of from collection (2) for which Z};? = Zr(:) =0
(Ky=ny),ie 4, —ny-m;=0. The other values of
collection (2) equal ZI(A) =1 (4, —l-m;#0; [#ny).
In the general case, the number of bits in the notation of

the SC K 1(\7’*) equals the value of N. But we note that, to

determine only the fact of distortion of the number 4,
there is no need to have and analyze the entire sequence

of the collection of N values Z};? of the SC K/(\f"‘) . To

this end, it suffices to have an SC K/(\f"‘) whose length
equals only N; =]M /m;[ bits (a quantity M /m;[

denotes an integer larger than and closest to the number
M /m;, ie., the number M /m; is rounded up to the
nearest larger integer).

This fact can be explained as follows. In
performing the verification procedure to establish the

fact of correctness of the number This
A=(a,ay,..,0;,_1,4a;, a,..,4a,,4a,.), there is no
need to analyze all numerical intervals

[j;-m;, (j; +1)-m;) in which a distorted number is
located outside of the information interval [0, M). In this
case, to establish only the fact of correctness of the
number A, the determination of numbers and analysis of
locations of these intervals [j;-m;, (j; +1)-m;) are

inessential. To verify the NCS A4 in the RNS, it suffices
to know the location of zero in SC notation (1) (to know
the numerical value of 7, ) only in numerical intervals
[j;-m;, (j; +1)-m;) belonging to the information
numerical interval 0+M,, i.e., belonging to the first
interval located on the segment 0+M,, after the value
of M. In this case, to verify the data
A=(a,ay,..,0;,_1,4a;,a,,..,4a,,4a,.), it suffices
to have an SC K](\Z") whose length is only
N; =]M /m;[ bits. Thus, the method for
verification in such an RNS is as follows.

1. Determine the SC K](\f_") for the number

data

A=(ay,a,, .. ils ey Qs Apyt) -
2. Determine the PINC n, A4, —ny-m; =0,

m,

s al’—]s ais

Zr(l:l) =0; ZI(A) =1, Am,- —l-my=1;1#ny.

3. Perform the data verification procedure over
A=(ay,a,, .. @i1s -5 Ay, d,,q) in the RNS.
If n,>N;,, then the number 4 is incorrect (distorted). If

s al’—]s ais

ny < N;, then the number A is correct (undistorted).
For the NCS 4 being verified that is represented in
an RNS, its PINC #n, is determined by forming an SC

K](\ZA) ={Z/(v[:lzl Z/(v/,.lzz ...ZI(A) Z(()A)} in the form of a
sequence of N, bits. An RNS base m; is chosen in a

special way according to definite criteria [10].
Proceeding from the value of the residue a; of the

number A=(aj, ay, ..., 0;,_1,8;, 0 ,..., 0y, A1)

some  nulevization constant of the form

KHY = (4, a @, a; a.,a is
m, A\ B> Q2500 iy Qs Gisps wos s Ay

chosen. Then the operation 4, =A—KH}$:_1) is
Using N;

f constants

performed. K, -m
(K 4 =O,N—,~—l), subtraction operations 4, —K-m
are simultaneously performed and, as a result, values of
bits of Z};? is obtained, i.e., the SC K](\Z") is formed.

The value of the PINC #n, is determined from the
equality 4, —n,-m; =0.
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The verification procedure for the number 4 is
as follows. If n,>N;, then the number A4 is

considered to be incorrect. Otherwise (7, < N;), the
number 4 is correct.

Let us consider examples of implementation of the
verification method for a concrete RNS specified by the
bases m; =3, my=4, my=5, my=7 and my =
=m, ; =ms =11. This RNS provides data processing
in a DTPS with single-byte words (/ = 1). In this case,
M =]} m =420, My= M -m,,; =. = 4620. More-
over, we consider that m; =11. In this case, N; =
=N, =M /m|=|M/m,,[=]420/11] = ]38,18[ =39.

Table 1 presents the NCB data of the DTPS with
respect to the base my =m, .| = 11.

Table 1 — Nulevization Constants KH an)]
n+

Value of Constants of nulevization
the with respect to m for the value of o'
residue m =
ae=a,, | m=3 | m=4 | my=5|my=7/|" 1
of the s
number A a') a' a'y a'y a's
0000 00 00 000 000 0000
0001 01 01 001 001 0001
0010 10 10 010 010 0010
0011 00 11 011 011 0011
0100 01 00 100 100 0100
0101 10 01 000 101 0101
0110 00 10 001 110 0110
0111 01 11 010 000 0111
1000 10 00 011 001 1000
1001 00 01 100 010 1001
1010 01 10 000 011 1010

Example 1. Verify the data represented in the
form 4 =(01,00,000,010,0001) with m; =m,,, =
Using the wvalue of the residue
ag =a,,; =as =0001 of the number 4 in the NCB
(Table 1), nulevization
KH,) =(01,01,001,001,0001).  Then

=m5=11.

choose the constant

determine

A

m,

= A-KH\" = (00,11,100,001,0000).

n+l

By realizing relationship (3), create an SC of the
form K" = K = {11..110111111111} . Proceeding

from the form of the SC and using the expression

A, —ngemy =0, we obtain ny=9

( Amn+1

We have N;=39>n, and ny =9. Hence, a data error

—ng My =99-9-11=0), ie, Z\W =z

is absent.

Verification: 4=100<M and M =420 (the
number 4 is correct).

Example 2. Verify the data

A=(00, 01, 000, 010,1010). Using the value of

as=1010, choose the constant of the form

KH\" =(01,10,000,011,1010) ~from the NCB

(Table 1). We obtain 4,, =A-KH." =(10,00,000,
110,0000) . Since A4, —n,-m,, =440-44-11=0,
the SC is of the form K\ = K{3” = {11...11...11} and

ny=40. Here, N;=39<n, and n, =40. Hence,
there is an error in these data.

Verification: 4=450>M and M =420 (the
number 4 is incorrect).

Example 3. Verify the data A4=(01, 11, 010,

000, 1001). Using the value of a5=1001, choose the
constant KH;A)I =(00, 01,100, 010,1001) from the

= A-KH'Y =
+1

Determine 4
mn+l

m,

NCB (Table 1).
=(01,10, 011,101, 0000) . Ay —hg My =
=418-38-11=0, the obtained SC is of the form
Ky =KGY ={011.11..11} adn n,=38. Since

Since

ny =38<N; and N;=39, the following conclusion is

drawn: the number A4 is correct (is not distorted). However,
the verification shows that 4=427> M and M =420,
i.e., the number 4 is incorrect. In this case, an error has
been made in verifying data [10].

As is obvious from Example 3, the use of the
considered method for on-line data verification in are
RNSs not always provides reliable verification results.
In fact, there is a collection of (j,, +1)-m,  —M

incorrect values of 4 that are recognized as correct by
the DTPS verification system (VS), which stipulates a
low reliability of verification. For Example 3, the
totality of such numbers can exceed 80%. In the
numerical range [418, 429), there are two correct
numbers A4, namely, 418 and 419. At the same time, the
collection of incorrect numbers A that are determined by
the DTPS VS as correct is as follows: 420, 421, 422,
423,424, 425,426, 427 and 428.

Thus, it is obvious that the developed method of on-
line data verification in RNS and the device that
implements it have a very low reliability of verification
[11]. This low reliability of data verification is a result of
the presence of the following nonzero residue value a:

a=M/m, . —[M/m,,], 4)

In turn, the presence of a nonzero residue o # 0 is
determined by the fact of the non-multiplicity of the
value of M to the RNS check modulus m,,; that
determines the range of some numerical interval
[Fps1 -Myits (G +1-m, ;) of the possible location
of the number 4. In this case, the verification of
data A=(a;,ay, ... _1,q;, A 15, Ay, Ayyp) 1S
performed on the basis of the use of the RNS check base
m,,, by forming the following SC:

(ng) _ | (4 (4) (4)
K ,:1 _{ZNM—l ZNM_z Ly }, 5)
This geometrically low reliability of data

verification can be explained as follows [12]. The
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numerical information interval [0, M =[]/, m;) does

not hold an integer number of segments whose length
equals to the value of m; =m,, ;. In this case, the

numerical axis 0+M, includes a numerical interval
[Jps1  Mys1s (Gpey +1)-m, ) or a numerical interval
[(Nn+1 -1 My Nn
M. Therefore, this interval simultaneously includes a
collection ( (j,.y+1)-m,,1)—M or [N, . -m, )—M]

+1 M, ) that contains a number

of incorrect numbers and a collection M — j, ., -m,
(or M — (N,
course of verification of data A4, in performing the
nulevization procedure, all incorrect
((ppy +D-m, )—M and correct M —j,. i -m,,,
numbers are shifted to the left end (to one correct
number j,,,-m, ;) of the interval [j,  -m,,

(Jpe1 +¥D-m, ;). In this case, the DTPS VS will

recognize incorrect numbers [N, . -m, )—M] as

—1)-m,,;) of correct numbers. In the

correct [13]. By the reliability of data verification in a
residue class we understand the probability of obtaining
the true result of the operation of verification of data
represented in an RNS [14]. The following ratio can be
used as the quantitative index of the reliability of an
estimate for data verification in RNSs:

Pvr = Vcw / Vtw > (6)

where, in the general case, V., =M is the number
(from 0 to M +1) of correct (A<M ) code words in
the operating numerical range [O,M 0) for a given RNS;

Viw = (Ve + Vi, ) is the total amount of code words that
are considered as correct after performed data
verification; V;, =(N;-m; —M) is the number of
incorrect code words (A4 > M ) that are considered as
correct after performed data verification (note that
N =M/ m[= i +1).
With allowance for the aforesaid, verification
reliability index (6) is specified by the relationship:
Pvr=M/(M+Ni'mi_M)zM/(Ni'mi)’ ™)

When m; =m,,_,, we have V,, = (N, -m,,;—M).In

this case, expression (7) assumes the form:
_ M B M
M+Nn+1 My -M Nn+1 My

®)

vr

If we take an RNS information base, for example,
m; =m, in the capacity of the base m; determining

ranges of numerical intervals j; -m; +(j; +1)-m; then
N; =IM /m;[= N; =IM /my[ and Ny =[], m; . In this
case, expression (7) assumes the form:
B, =M/(M+Ny-m-M)=M/(N;-m)=1, (9)
In this case (see expression (4)), we always have

P, =1, ie, when m; =my is chosen, the DTPS VS

always provides a reliable result of data verification in
an RNS [15].

The results of the of the developed method

The proposed method for increasing the reliability
of verification is based on the well-known method of on-
line information verification in RNSs and includes
procedures of obtaining and using PINCs [10]. This
feature is one of characteristics of the SC formed from
the initial NCS A of data represented in an RNS by bases

{m;}, i=1, n+1, with one check base number m,,, .
The essence of the proposed method of increasing
the reliability of data verification in RNSs consists of
ensuring the maximum reliability of data verification
P, =1 by providing the fulfillment of the condition
a =0 (see expression (4)). In this case, to compute the
value of N;=]M /m,[, the modulus m; that determines

the number j; of the numerical interval
Lj;-m;, (j; +1)-m;) containing the number
A=(ay,ay,....,a_1,a;, a,,...,a,,a,,;) is chosen

only from the collection of » RNS information bases
that, naturally, are multiples of the value of M. In this
case, a=M—[M/m;]-m; =0, which provides the
maximum value of the verification reliability index
P, =1 (see relationship (7)). Let us consider an
example of using the developed method for increasing
the reliability of data verification in RNSs [16].
Example 4. In the RNS considered above, we
choose, for example, the information base m; =my =3.
We obtain N;=N; =M /m =4-5-7=140. In this
case, the operating numerical range [0, M) of the RNS
is divided into intervals [j;-m;, (j; +1)-m;). For the
value of my =3, the information numerical interval [0,
M) is divided exactly into N;=M /m; =140 segments
of length 111 each. From Table 1, we choose the NCB
content concerning the base m; =3. It is necessary to
verify the number 4 = (01, 11,010, 000, 1001) . With the

help of the value of a; = 01, we choose the nulevization

constant of the form KH,S:I) =(01,01, 001, 001, 0001)

from the NCB. Next, we determine Aml =A-KH ,S;l) =
=(00,10,001,110,1000). If 4, —n,-m =426

m
-142-3=0, then the SC is of the

142 A) (4 ey
KI(\ZA) =K1(40 ) ={Zl(39) Zl(3g)-~-Z1( ) Z(() Y= {11111

Since N;=140<n, and n, =142, the number 4
contains an error.

Verification: 4=427>M and M =420. The
number 4 > M , i.e. it is incorrect (distorted).

By way of example. Table 2 (Fig. 1) presents the
results of computation of the data verification reliability
p» for six different values (11, 13, 17, 19, 23, and 29) of
check bases m in the RNS specified by the

information bases m; =3, my =4, my=5,and my =7.
known that N,

n
expression (4)), we always have P,. <1.

form

n+l

Since it is 1 My >M  (see
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Table 2 — Results of computation of data verification

reliability values
Results of computing reliability verification
Values values in the RNS for the parameters
of check Ny, =
bases M M
m M M By
n+l1 my, my, . = My
My 41
11 420 | 38,2 39 429 0,979
13 420 | 323 33 429 0,979
17 420 | 24,7 25 425 0,988
19 420 | 22,1 23 437 0,961
23 420 | 18,2 19 437 0,961
29 420 | 14,4 15 435 0,965
Py
0,988 ’P\
// \
’ \
/,/ \\
’ \
0979 r-=--v \
1
\
\
\
\
\
\\
\
0965 ‘\ .
\
0361 | i

Fig. 1. The data verification reliability values

In addition to the efficiency of data verification
[10], an important characteristic of a DTPS is the
amount of equipment in a verification system. Note that,
in an RNS, the amount of equipment of an VS depends
mainly on the number of summators implementing
operations of the form (3). Thus, the amount of
equipment of an VS depends on the value of the

n R
quantity N, =][m; (i=1, n). In this case, with
i=2

allowance made for o =0 and the requirement of the
avoidance of the decrease in the efficiency of
verification, to minimize the amount of equipment of
the VS in an RNS, an information base of maximum
should be chosen. For an ordered RNS (m; <m; ),
such a base is m,, .

A preliminary estimate for the amount of
equipment for DTPS with machine words consisting of /

bytes can be obtained through the value of the
efficiency factor:

!
K =N/N, =(M/m)[(M Im,)=m,[my. (10)
Let us consider an example of data verification in

an RNS for the value of m; =m,, .

Example 5. The maximum information base for
the above-mentioned RNS is m, =m, =7 . In this case,
N;=Ny=M/my=3-45=60. The  operating
numerical range [0,M,) is divided into intervals
[jg-my, (jy+1)-my), ie., into My/my =4620/7=
= 660 segments. the value of my =7, the
interval [0, M) is divided into
Ny =M /my =60 numerical segments each of which

has the length equal to seven ones. From Table 1, the

NCB content with respect to the base my =7 is

determined.
Assume

For
information

that the number
A =(01,11,010, 000,1001) should be verified. Using
the a, =000, choose the
KH," =KH}" =(00,00,000,000,0000) from  the
NCB (Table 1). Then determine the value of
A, =4,=A-KH!" =(01,11,010,000,1001) .

n

value of constant

As a result of execution of operations (2), we
obtain  the sought-for SC in the form

(1) _ (61 _ [(A) (A (A () _
Kyt =K 2P 2. 20 Z§P = nana,

Proceeding from the form of the SC and using the
expression A4, —n,-m, =0, we determine n, =61
n

(4, —ny-m, =427-61-7=0). Since N, =60<n,
n

and n, = 61 the data 4 contain an error.

Verification: 4 =427>M =420.

Table 3 (Fig. 2) presents design data on the
conditional amount of equipment of a DTPS verification
system functioning in an RNS and data on the
comparative analysis of the decrease in the amount of
the VS equipment when m; =m,, .

Table 3 — Comparative data on the amount of equipment of a DTPS verification system

Word size RNS information bases m; RNS check RNS information base
of an /l-byte DTPS o — base m minimum, | maximum, KS)
(pana k) (121"1) n+l m m, ‘
I=1(p=8,n=4,k=3) m=3,my=4,my=5, my="7 ms =11 m =3 my=T |23
123 ( 2 8. k=5) m=3,my=4,my=5,my=7, mg=11, 23 3 19 |63
= =24, n=8, k= mg = my = mg = ,
P " mg =13, m; =17, mg =19 ? ! 8
m=2,my=3,m3=5,my=7, mg=11,
I=4 (p=32,n=10,k=5) my =5 m =2 myy =29 |14,5
mg =13, m7; =17, mg =19, mg =23, myp =29 >
6 7 8 9 10
m=3,m=4, my=5,my=7, ms=11, mg=13,
- =64 . n=
! S(pk_66;n 16, my =17, mg=19, mg =23, my=29, m;; =31, | my=59 m =3 me =53 (17,6
my, =37, m3=41, my =43, ms5=47, m¢ =153
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Fig. 2. The data on the amount of equipment of a DTPS
verification system

The ways for increasing the reliability of digital
information control for data transmission and processing
systems that function in a residue number system are
described [17]. The developed method increases the
reliability of data control in a RNS to 3.5 percent,
depending on the value of the control basis. Based on

the use of this method, operational data monitoring
systems can be synthesized.

Conclusions

Thus, this article describes a method developed for
increasing the reliability of verification of data
represented in an RNS. This method is based on the use
of a PINC n, that is one of SC characteristics. In this

case, a modulus m; that determines the number of the

numerical interval containing an NCS is chosen from a
collection of n possible information bases of the
corresponding RNS [18]. The use of this method
provides the obtaining of a reliable result of data
verification in the RNS. The design data and a
comparative analysis of reliability of their verification
and the amount of equipment of a verification system
have shown that the efficiency of non-positional data
coding in RNSs considerably increases with increasing
the word size of a DTPS.
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Merton KOHTPOJILHOI epeBipku HuppoBoi iHGopmauii, MpeacTaB/IeHOI B CHCTEMI 3IMIIKOBUX KJaciB
B. A. Kpacnobaes, A. C. Suxo, C.I'. Typ

Anotanisi. IIpexmeroM 1OCTI/UKEHHS B CTAaTTi € METOAM KOHTPOIIO JAHUX, IPEJCTABICHUX B CHCTEMi 3aJIMIIKOBHUX
kiaciB. O0'€KT MOCTIDKEHb - MPOIEC KOHTPOJIO JAHWX, NMPEACTaBICHHX B CHCTEMI 3aIMIIKOBUX KiaciB. Meta poborH -
po3poOka METOHy MiJBUILIEHHSA JOCTOBIPHOCTI KOHTPONIO JAHUX, NPEACTaBICHUX B CHCTEMi 3aJIMLIKOBUX KiaciB. Y crarTi
BUPIIIYIOTHCSL HACTYIHI 3aBJAHHSA: JOCII/DKEHHS METOJIIB KOHTDPOJIIO JaHUX, IPEACTaBICHUX B CHCTEMi 3aIMIIKOBHUX KIACiB;
po3poOka MeTOAy IMiIBUIIEHHS JOCTOBIPHOCTI KOHTPOIIO JaHUX; PO3IIISL] NPHKIAAiB 3aCTOCYBAHHS PO3POOIEHOr0 METORY IS
KOHKPETHOI CHCTEMH 3aJIMIIKOBUX KIACiB; AEMOHCTPALisl NPHUKIAIIB PO3PAXyHKY 1 HOPIBHAIBHOIO aHali3y HOCTOBIPHOCTI
KOHTPOJIIO JaHUX, IIPE/CTaBICHUX B CHUCTEMI 3aJIMIIKOBHX KJaciB. BUKOpHCTOBYIOTBCS Taki METOMM [IOCIHIKEHHS: OCHOBU
CHCTEMHOI'0 aHajli3y Ta OCHOBM MAIIMHHOI apu()METHUKH B CHUCTEMi 3aJMIIKOBHX KiaciB. OTpUMaHI HAacTyIHI pe3yJbTaTH:
Po3po6i1eHO METOA MiJBUILEHHS IOCTOBIPHOCTI KOHTPOJIIO JAHUX; IIPE/ICTaBIIeHI IPUKIIA/IN 3aCTOCYBAHHS PO3POOIEHOrO METOLY
JUISL KOHKPETHOI CHCTEMM 3aIMIIKOBMX KJIACiB; HABEICHI NPHUKIAANM PO3PaxyHKY 1 IOpPIBHSUIBHOTO aHalli3y JIOCTOBIpHOCTI
KOHTPOJIIO IaHUX, IPEJICTABICHUX B CHCTEMI 3aJIMIIKOBUX Ki1aciB. BucHOBKM: B naHiii cTaTTi npeacraBieHi TeOpeTHYHI OCHOBU
POLIECY MiJBUILECHHS JOCTOBIPHOCTI KOHTPOJIO JaHUX, MPEJICTABICHNX B CUCTEMI 3AINIIKOBUX KJIACiB, HA OCHOBI BUKOPHCTAHHS
mpoleypy HyJneBizanii gucen. besmocepenabo po3poOiieHnil 1 IpecTaBIeHNiT METO/ ITiABUIIEHHS JOCTOBIPHOCTI KOHTPOIIO
nanux. HaBeneHi npukiagy 3acTOCYBaHHS PO3POOJIEHOrO METOHY A KOHKPETHOI CHCTEMH 3aJIMIIKOBUX KJIaciB 1 HaBelEeHI
NPUKIAAN PO3PAXYHKY JOCTOBIPHOCTI KOHTPOIIO JIaHUX, NPEACTABICHUX B CHCTEMI 3IUIIKOBUX KiaciB. Po3pobieHo meTon
ITiIBUIIEHHS IOCTOBIPHOCTI KOHTPOJIIO JAHHX, € IEBHUM BHECKOM B TEOPIIO 3aBaJIOCTIHKOro KOJYBaHHS B CHCTEMI 3aJIMIIKOBUX
knacis. [lpukiamu po3paxyHKy 1 NOpPIBHSJIBHOIO aHali3y [OCTOBIPHOCTI KOHTPOJIO [AaHHMX IiATBEPIUKYIOTh IPaKTUYHY
3HAYMMICTh PE3yJIbTATIB JAHOI CTaTTi.

Kaw4yoBi ciooBa: oOHyTiHHS 4Mclla; cHCTeMa Iepesiadi Ta OOpOOKHM JaHMX; CHCTeMa YIpaBIiHHA iH(pOpMAIi€lo;
CHCTEMA YHCIICHHSL.

MeTox KOHTPO/ILHOI NMPOBEPKH HHPPOBOH HHPOPMAIMH, TPEACTABJICHHONH B CHCTEMe 0CTATOYHBIX KJIACCOB
B. A. Kpacnobaes, A.C. Suxko, C.T. Typ

AHHoTanus. IlpeaMerom uccieoBaHus B CTaThe SABJISIOTCS METOZbl KOHTPOJIS IaHHBIX, NIPEJCTABICHHBIX B CUCTEME
OCTaTOUYHBIX KaccoB. O0BEKT UCCIEOBaHUMN - IIPOLIECC KOHTPOJIA JaHHBIX, IIPEICTABICHHBIX B CUCTEME OCTaTOYHBIX KJIACCOB.
Iesan paGoTh! - pa3paboTKa METO/A MOBBILICHHS JOCTOBEPHOCTH KOHTPOJISI TAHHBIX, NPEJCTaBICHHBIX B CHCTEME OCTaTOYHBIX
KJIaccoB. B cTaTee pemarorcs clemyromue 3aJa4vu: UCCIEJOBAaHNE METOIOB KOHTPOIS NAaHHBIX, NPEICTABICHHBIX B CHCTEME
OCTAaTOYHBIX KJIACCOB; pa3paboTKa MeTo/a MOBBIIMIEHHS JOCTOBEPHOCTH KOHTPOJS IaHHBIX; PAacCMOTPEHHE IPUMEPOB
MIPUMEHEHUsI Pa3paboTaHHOrO METOoZa Ul KOHKPETHOH CHCTEMBI OCTaTOYHBIX KJIACCOB; IEMOHCTpaLUs IPHMEPOB pacuera U
CPaBHUTEJIBHOIO aHAIN3a JOCTOBEPHOCTH KOHTPOJIS IaHHBIX, [IPEACTABICHHBIX B CUCTEME OCTaTOUHBIX KiaccoB. Vcronb3yrores
CJIe/TyIOIINE METOABI MCCIIEIOBAHMS: OCHOBBI CHCTEMHOI'O aHaJi3a ¥ OCHOBBI MAIIMHHOM apU()METHUKH B CUCTEME OCTATOYHBIX
kiaccoB. [lomydensl cnenyromyie pe3yiabTaTbl: Pa3paboTraH MeToJ IOBBIMICHUS JIOCTOBEPHOCTH KOHTPOJS JIaHHBIX;
IIPEe/ICTaBICHbl IPUMEpBl IPUMEHEHUs pa3paboTaHHOrO METOAa JUIsi KOHKPETHON CHCTEMBI OCTAaTOYHBIX KJIACCOB; IPHBEICHBI
IIpUMEpBl pacyeTa M CPaBHUTEIBHOI'O aHAIM3a JOCTOBEPHOCTU KOHTPOJS IAHHBIX, IPEICTABICHHBIX B CHUCTEME OCTaTOYHBIX
kiaccoB. BeiBoabl: B 1aHHOIN cTaThe MpecTaBiIeHbl TEOPETUUECKUE OCHOBBI IIPOLIECCA IOBBILICHUS TOCTOBEPHOCTH KOHTPOJIS
JIaHHBIX, MPE/ACTABICHHBIX B CHUCTEME OCTATOYHBIX KJIACCOB, HA OCHOBE HCIOJIb30BaHMS HPOLEAYpPHl HYJIEBH3ALUU YHUCEI.
HemnocpencrBeHHo pa3paboTaH M IPeJCTaBICH METOJ MOBBIIIEHHS JOCTOBEPHOCTH KOHTPOINS NaHHBIX. [IpHBENEHBI MpUMeEpH
MIPUMEHEHUsI pa3paboTaHHOTO MeTOoxa Uil KOHKPETHOM CHCTEMBI OCTAaTOYHBIX KJIACCOB M NPHUBEICHBI IMPUMEpPHI pacdeTa
JIOCTOBEPHOCTH KOHTPOJISL JAaHHBIX, INPEICTaBICHHBIX B CHCTEME OCTaTOYHBIX KJAccoB. Pa3paboTaH MeTox IOBBINICHUS
JIOCTOBEPHOCTH KOHTPOJISI JAHHBIX, SBJISAETCS ONPENEIECHHBIM BKIAJOM B TEOPUIO IOMEXOYCTOMYHMBOIO KOAUPOBAHUS B CHCTEME
OCTaTOYHBIX KiaccoB. IIpuMepbl pacuera W CpPaBHUTEIBHOIO aHANIM3a JOCTOBEPHOCTH KOHTPOJS [AHHBIX IOATBEPXKIAIOT
MIPAKTUYECKYIO 3HAUUMOCTb PE3YJIbTATOB JaHHOW CTaThH.

KaueBbie caoBa: oOHyICHHE YHCIIA; CHCTEMa IIepeaadr 1 00padOTKU TaHHBIX; CUCTEMa YIPaBJIeHUs HH(OpMaIyei;
CHCTEMa CUUCIICHHUSL.
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OPTIMIZATION OF JOINT SEARCH AND DETECTION OF OBJECTS
IN TECHNICAL SURVEILLANCE SYSTEMS

Abstract. The subject matter of the article is joint search and detection of objects in technical surveillance system. The
goal is solve the problem of optimizing joint search and detection of objects in technical surveillance system and develop a
method for assessing the effectiveness of joint search and detection of objects for technical surveillance systems. Results. In-
troduced the current discrete area of view. The task of finding the optimal Bayes decision-making rule in the introduced cur-
rent discrete area of view is posed and solved. The specified Bayes optimal decision rule is formulated. Proposes the efficiency
estimation method of joint search and detection of objects for surveillance technical systems. An algorithm has been developed
for calculating the unconditional probability of detecting an object of surveillance during a joint search and detection of objects
in technical surveillance systems. Conclusions. Shown, that a joint search and detection of the objects of surveillance using a
uniformly optimal search strategy provides a higher unconditional probability of the correct detection of the object of surveil-
lance. In future research, it is necessary to assess the average time that is needed to detect the object of surveillance during the
joint search and detection of objects and uniform distribution of the search potential of technical surveillance systems.

Keywords: technical surveillance system; area of view; joint search and detection of objects; minimum average risk cri-

terion; optimal Bayes decision rule.

Introduction

Today, in the development of technical surveil-
lance systems, the main issues are the joint optimization
of the stages of search and detection of objects [1-3]. A
number of significant scientific results were obtained in
optimizing the search and detection of objects. How-
ever, existing optimization methods consider search as a
single task to review space, process signals and make
decisions only in the production plan.

Solutions are obtained only for individual compo-
nents of the task. The solution to the problem as a whole
has not been received. A unified approach to the selec-
tion of an efficiency criterion that adequately reflects
the tasks of a technical system at the stage of searching
and detecting objects of interest has not been formu-
lated. The problem of optimization of joint discrete
search and detection of objects of interest in technical
systems is not solved [4].

Formulation of the problem. In [5, 6], the problem
of joint search and detection optimization was solved as
follows. For the case of a continuous a certain area of
survey Q, an improved Bayes rule for deciding on the
detection of an object is formulated. This rule is as fol-
lows. When solving the task of testing a simple hypothe-
sis against a simple alternative, the joint optimization of
the search and detection of objects reduces to finding a
uniformly optimal search strategy, calculating the maxi-
mum of the unconditional likelihood ratio in the current
area of view and comparing it with the threshold. In [7],
the results of joint search and detection of objects effi-
ciency are briefly analyzed. The weight criterion of an
optimality of detection in a zone of search elementary cell
is formulated. The differential characteristics of Bayes
criterion of a minimum of average risk are taken into
account. The weight criterion of joint optimization of
search and detection of objects in the current zone of
search is specified. Expression for the ratio of likelihood
in the current zone of search is received.

Consider the results obtained in [8-10] for the case
of solving task of the discrete searching and detecting a

stationary single object. We solve the problem of opti-
mizing joint search and detection of objects of interest in
technical surveillance systems. We will develop a method
for assessing the effectiveness of joint search and detec-
tion of objects for technical surveillance systems.

Results of researches

Consider the task of joint Bayesian optimization of
discrete search and detection of objects. We will use the
criterion of minimum average risk.

Figure 1 shows the ratio of the current viewing
area (O(¢) and the search area Q.

Fig. 1. The ratio of the current viewing
area Q(7) and the search area Q2

where Q(f) — current area of view that meets the
conditions Q(¢f) > Q for t > T; T — time of view of a

given search area Q.

Divide the area of search Q) into N subareas €);

(ZZ]QI- =Q). The average risk in subarea Q; is
denoted as R;. Introduce the current area of search
Q)= Z_j(zl-)Qj , where j — number of subarea of

search and detection of an object at time ¢ .

When searching for an optimal Bayes decision rule
in the current discrete search area €Q(f;), additional
optimization parameters appear. These are the current
dimensions and position of the discrete area €(#;) in

the common area (2. Conditions are created for finding
the optimal strategy for joint search and detection of an
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object in the search areca of a discrete structure. A
solution to such a problem was previously absent.

The average risk in the current area of search
Q(t;) can found as expression (1):

R(t;)= Y R; =Ry~ (Lo~ 111);

Q)
> Bt oy —1oo) D Foj(v1:t))s
Q) Q)
where Ry (v.1) the current value of the

unconditional probability of false alarm in the j-th
subarea at a time 7; H;(y;,f;) — the current value of

the unconditional probability of the correct detection of
objects in the j-th subarea at a time ¢; R, — a non-

negative constant for the current area of search €Q(¢;) at
time ¢. Write the Bayes rule for testing simple
hypothesis H|, against simple alternative H; in the

current discrete sub-area €Q(#;) of area Q as follows:

> Bi(nt) Y,

Q) > [01 _[00 (2)
> Ritnt) y<0 hio =11
Q)

Passing to the unconditional likelihood ratio write
expression (2) as follows:

> Bi(n) .

Q) > Io1 — 1o
It;) == ;)T ——. 3)
R IR FICTRD vo 1o =111
Q)

Thus, the optimal Bayes rule (3) for testing a
simple hypothesis against a simple alternative, which
was obtained on the basis of expressions (1) and (2), is
to maximize the unconditional likelihood ratio /(#;) in

the current discrete area €)(f;) and compare it with the
threshold (4):

_1o1=1go @)

C'b = .
Lo—1

If I(t)>c,, then decision vy, is made (the

hypothesis H, is rejected). If /(¢) <c¢,, then decision
Yo 1s made (hypothesis H|, is accepted).

In accordance with (2) optimization should be
carried out by:

parameters of conditional probability of correct
detection of P(y; / Hy,x) in sub-areas Q;;

parameters of the current discrete area of search
Q) .

Consider an important special case. Assume that,
similarly to the Neumann-Pearson criterion, the value of
the unconditional probability of false alarm in subarea
Q; ata time ¢ is fixed at a constant level — Ry (1)
Then, according to expression (2), finding the maximum

of the unconditional likelihood ratio reduces to finding
the maximum of the unconditional probability of the

correct detection of the object in the current discrete
subarea Q(t;) .

Thus, to find the optimal Bayes decision rule in the
current discrete area €)(f;) of the common area Q,
along with the solution of the hypothesis testing
problem in this area, the problem of finding the optimal
object search strategy (using the Bayes criterion of
minimum average risk) must be solved.

Search strategy k(Qj,tl-) is a rule that at any

moment of time 7 establishes in which subarea Q; of

the area the search should be carried out and with what
energy costs.

The condition of compulsory viewing of area Q
during the search 7" must be fulfilled. It's obvious that:

k(Qj,tl-)>O, for Q0@ (52)

MAn)=0,  for QeQ/Q).

Assume that the search strategy should be constant
for all subareas that are viewed at a fixed moment of
time ¢, . The measure of the current area €(;) consists

(5,b)

of the sub-areas Q ;

j viewed at the moment ¢; .

Q)= 9, (6)
J

In addition to the above properties of the search
strategy, require that it satisfy the optimality condition.
This condition is that if each T-truncated strategy
k(Qj,tl-) has a functional P(k(Qj,tl-)), then strategy

Mopr (€2,1;) will be optimal if:
Phope (1)) = sup P(MQ;,1;)), ()

where  P(A(€;,7;)) — unconditional probability of

correct detection of an object at time ¢; at strategy
M. t).

From the analysis of the results for the selection of
search strategies that are studied in the theory of search,
of all the strategies, the class of uniformly optimal
search strategies most fully satisfies expressions
5)=(D.

Strategy A(€2;,7;) is uniformly optimal if any T-

truncated strategy is optimal, i.e.

POQ;.1)) = P(lop(Q.1)). VG <T.  (8)

1

Thus, when solving the problem of finding,
according to the Bayes criterion of the minimum of the
average risk of the search strategy and object detection,
the uniformly optimal search strategy is optimal. In
accordance with which the current sizes and position of
sub-area Q(#;) in the common search area Q should be

selected.

In accordance with expression (2) with a value of
the unconditional probability of false alarm fixed at a
constant level, the optimization task is formulated as
follows:
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P] (YIati) — max;

MQL) 20, 1

1

>0;
ZQ(,I.)MQ_,'JZ‘) =Ly, >0; )
> M) =)

ZQ(li)(p(ti) = Lofi,

where F(y;,f;) — the unconditional probability of

detecting an object at time #; in the discrete area of
search Q(¢;); Ly — characterizes the power of a search
engine; ¢(t;) — search effort in search area Q at ¢;.

Based on the studies performed, the following
refined optimal Bayes decision rule can be formulated.
When solving the task of testing a simple hypothesis
against a simple alternative, the joint optimization of
discrete search and object detection is reduced to:
finding a uniformly optimal search strategy; calculating
the maximum unconditional likelihood ratio in the
current discrete area (t;); comparing it with a

threshold.

To optimize the decision rule in detection systems,
along with the Bayes criterion of minimum average risk,
the maximum likelihood criterion is widely used [11].
The synthesis of the optimal decisive rule of deciding
on the detection of the object by the criterion of maxi-
mum likelihood in the interests of joint search optimiza-
tion and detection of objects in technical surveillance
systems.

The weight criterion is clarified in the joint search
and detection of objects in the current area of view.

Optimized two-alternative solutions according to
this criterion. Synthesis of the decision rule was carried
out during a two-alternative test of hypotheses in the
current area and joint optimization of the search and
detection of objects by the criterion of maximum likeli-
hood.

Let us consider an algorithm for calculating the
unconditional probability of the correct detection of an
object and the average time for detection of this object.

We will calculate the unconditional probability of
the correct identification of the object and the average
time to detect the object in a joint search and detection
in two coordinates for a particular case. Namely, when
the a priori probability density of the location of the
object is set in the form of a truncated normal law, and
the viewing area is a circle with a radius of S .

We assume that the amplitude of the signal that is
received is distributed according to the Nakagami
distribution.

Define function A(x,?) of search strategy

My (3, xp50) =
B Ly /z(t); for x12+x22<r2(t);

0; for x12+x% Zrz(t),

(10)

where z(t) — a measure of the current search area.

This search strategy function will be distributed in
a circle centered in the center of the viewing area and
the current radius r(¢) .

This will happen until the scope of the search
strategy becomes equal to the size of the viewing area.

We define this moment of time # on condition

that the dimensions of the current viewing area are
equal to the dimensions of the entire area of view. We
get the expression (11):

o\2nLgt = 1S?, (11)

where o — standard deviation in the a priori law of the
location of the object. from expression (11) we obtain:

; ns?
1= .
46° L,

(12)

In the points of the viewing area where the search
strategy is distributed, the search potential will be
accumulated over time [0,#]. This search potential is
proportional to the detection parameter, which can be
calculated according to expression (13):

|
¢ = _f My, xp )dx,
1(x1,x7)

(13)

where #(x,x,) — function that matters the start time of
viewing the points of the viewing area.
We find this function #(x;,x,) under condition:

L
i+ 3= 20, 0L, (14)
b
From (14) we obtain the expression (15):
2232
(g, xy) = L EX2)” (15)

46° L,
We substitute (10), (12) and (15) into (13). Take
the integral (13) and get the expression (16):

% —xt —x3
—212 2; for x12+x22<52;
o

0; for x12+x%252.

(16)

01 (x1,xp) =

To find function ¢(x,x,) at any moment of
time, we replace in (13) the upper integration boundary
for the current time ¢ .

As aresult we get the expression (17):

¢
P1(x1,x) = _f Ay (xp, xp50)dt.
£(x1,X72)

(17)

After time moment # at the accepted density of a

priori probability, the search strategy will be distributed
under conditions of uniform distribution density (base).
While the current viewing area Q(f) will

completely coincide with the entire viewing area, and

Q(t) =nS2. (18)
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In this case, taking into account expression (18),
the search strategy has the following form:

Ly .
7L2(X1,X2;t) = TCS2 ’

0; for x12+x%252.

for x12+x% <S8%

(19)

In time interval [#,7], the search potential, taking

into account expression (19), can be determined
according to expression (20):
T
02(31,%2) = [ Mg (xp, 5300t (20)

7

We substitute (19), (12) into (20). As a result we
get the expression (21):
Ly(T-1)

(X1, %) =———5—,
nS

21)

where T — time to view the entire viewing area.

We calculate the unconditional probability of the
correct detection of the object during the search T
when continuously searching for objects in two
coordinates in a circular viewing area.

In this case, we will take into account the
proportional dependence of the detection parameter and
the calculated value of the search potential. We restrict
ourselves to the case of detecting a signal with an
amplitude that is distributed according to the Nakagami
distribution with coefficient m .

If m=1, the Nakagami distribution is converted
into a Rayleigh distribution.

If m=2, the Nakagami distribution is converted
into a Swerling distribution.

For the convenience of subsequent calculations,
we introduce a polar coordinate system.

Then, taking into account the transition to the polar
coordinate system and the transition in both parts of the
expression to dimensionless quantities by multiplying
by the search time, expressions (10) and (19) will have
the form (22):

K2 sel0,s;
VR 0
<h0<B<3607;
AprpT = | 2092 P P (22)
k sels,1];
mh? py < h0<p<360°,
where k — value that determines the total search

potential of the surveillance technical system; # — value
that determines the size of the entire viewing area.

And for the search potential when changing the
value of s in the interval of expression (16), expression
(17) is converted to the next expression (23):

Pk ol
P =—t——=1;
®(p1-B) == PR
pp < h (23)
0<p<360°.

Thus, the expressions for the unconditional
probability of the correct detection of the object of
surveillance:

for m=1
2
a(yl,T)=1/(1—e"’/2jx
24
f L A
0 1+ B PL
4 gp?2 2
for m=2
2
a<v1,T>=1/(1—e‘h/2jx
I
2
1+ 8 2nh 4 :
S
I+—+ T
A 8 omp? 4 25)
< <In(1/F) prdp;
0
In(1/F 2
XCeXp| — 2 ( 2) 2_p_l
h K pi 2
1+—+ -
8 2mn? 4

We calculate the unconditional probability of
correct detection according to obtain expressions (24)
and (25).

Fig. 2 and 3 show the dependences of the
calculated values on a value that characterizes the speed
and time of viewing the entire viewing area.

Fig. 2 and 3 show the dependence of the uncon-
ditional probability of correct detection on a value of
k for the values of the conditional probability of

false alarm F =102 (upper curve) and F = 1074 (lower
curve).

5 5 0 15 2 2 30
k
Fig. 2. The dependence of the unconditional probability of

correct detection on the value of (m=1LA=1 )
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Fig. 3. The dependence of the unconditional probability of

correct detection on the value of k (m=2,h=1 )

The minimum value of the value, which is propor-
tional to the value of the total search potential of the
surveillance system, is selected subject to mandatory
viewing of the entire viewing area.

To assess the effectiveness of the search algorithm
and object detection using a uniformly optimal search
strategy, we will compare this algorithm with the known
algorithms of the space-temporal distribution of search
efforts in surveillance systems.

Provided that the known algorithms assume a uni-
form distribution of the search potential across the
viewing area. With a uniform distribution, the expres-
sion for the detection parameter, and, consequently, for
the search potential, has the following form:

LyT
0(3,%) ===, (26)
S

which, taking into account the introduced notation, has
the form:

O(x1,%p) = k/(nh2 )

The expressions for the conditional probability of
the correct surveillance of the object under surveillance
with a uniform distribution of the search potential over
the search area, taking into account expression (27),
have the following form:

27)

for m=1

1/ (1+k/ nhz)

By /Hy,%,x)=F ; (28)
for m=2
_ 1
Ay / Hy,xp,x) = phe/n
(29)

k

(mhz (1+k/ (nhz))

x| 1+

- In(I/F)|.
|

Using expressions (28) and (29) we get the uncon-
ditional probability of the correct detection of the object
with a uniform distribution of the search potential across
the viewing area. We will use the notation introduced
earlier:

for m=1
Ry - ),
h
jeXP(—p%/2)pldpl (30)
x 0
l—e_hz/2
for m=2
Ry.T) = Fl/(l+k/nh2) §
h
x[exp(~p7 /2)pdpy x 31)
0
2
(1+ kln(l/F)/(znhz (1 - 2:112 J J

- e—h2/2

Fig. 4 and 5 show graphs of the dependence of the
unconditional probability of detecting an object:

the lower curve — when a uniform distribution of
the search potential across the viewing area, which are
calculated by the expressions (30) and (31) versus the
value of £ ;

the upper curve — when searching and discovering
objects together, which are calculated by the expres-
sions (24) and (25) versus value of % .

The value of the conditional probability of false

alarm was taken equal to F' = 1073,

From these graphs it can be concluded that a joint
search and detection of the object of surveillance using
a uniformly optimal search strategy provides a higher
unconditional probability of the correct detection of the
object of surveillance.

1

0.8t

0.8}

0.7F

0.6+

0.5}

P1

0.4+

0.3+

0.2}

01f

0 5 0 15 2 2 30
k
Fig. 4. The dependence of the unconditional probability

of correct detection on the value of k (m=1kh=1)
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Fig. 5. The dependence of the unconditional probability

of correct detection on the value of k (m=2,h=1)

This is especially noticeable provided that there is
a strict restriction on the value of % .

Conclusions

Introduced the current discrete area of view. The
task of finding the optimal Bayes decision-making rule
in the introduced current discrete area of view is posed
and solved. The specified Bayes optimal decision rule is

formulated. When solving the task of testing a simple
hypothesis against a simple alternative, the joint optimi-
zation of discrete search and object detection is reduced
to: finding a uniformly optimal strategy for finding an
object in discrete cells of the search area; calculating the
maximum unconditional likelihood ratio in the current
group of search subdomains; comparing it with a thre-
shold.

Proposes the efficiency estimation method of joint
search and detection of objects for surveillance techni-
cal systems. The differential characteristics of the Bayes
criterion of minimum average risk, a priori probabilities
of hypotheses about the absence of an object and its
presence are taken into account in the calculations.

An algorithm has been developed for calculating
the unconditional probability of detecting an object of
surveillance during a joint search and detection of ob-
jects in technical surveillance systems.

Shown, that a joint search and detection of the ob-
jects of surveillance using a uniformly optimal search
strategy provides a higher unconditional probability of
the correct detection of the object of surveillance.

In future research, it is necessary to assess the av-
erage time that is needed to detect the object of surveil-
lance during the joint search and detection of objects
and uniform distribution of the search potential of tech-
nical surveillance systems.
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OnTuMizanisi cNiJIbHOrO MOLIYKY Ta BUSIBJICHHS 00'€KTIB
B TEXHIYHHX CHCTEMAaX CIIOCTepPeKeHHS

I'. B. Xynos, K. A. Tax’an, B. I1. Yenypnuii, I. A. Xwxknsik, K. O. Pomanenko, A. O. Heogauuuii, O. B. SIkoBeHko

Anotanisi. IIpeaverom craTTi € onTUMI3alLis CHIIBHOrO MOLIYKY Ta BUABJICHHS 00'€KTIB B TEXHIYHUX CHCTEMax CIIO-
crepekeHHsa. MeTa - BUPIMKTH Npo0iieMy ONTHUMI3allii CHiJIBHOTO MOLTYKY Ta BUSBJICHHS 00'€KTIB B TEXHIYHHMX CHCTEMaXx CIIO-
CTEPEKCHHS Ta PO3POOMTH METOJ| OLIHKM €(eKTHUBHOCTI CIIUIBHOTO IOLIYKY Ta BHUSBICHHS 00 €KTIB JUIl CHCTEM TEXHIYHOrO
criocrepeskeHHs. PesyabTaTu. Byna BBelieHa y po3riisjl OTOYHA AMCKPETHA 30Ha orysmy. IlocTaBiena i BupilleHa 3ajaya Io-
LYKy ONTUMAJIBHOrO 6alleCOBCHKOIO MpaByiIa NPUHHATTS PillleHHs y BBEIEHIH MOTOUHIN AMCKpeTHiil 30Hi orysny. Chopmyinbo-
BaHO YTOYHECHE ONTHUMaibHE OalieCOBChbKE MPABMWIIO NPUHHATTS pieHHs. [IpoBeeHuil CHHTE3 ONTUMATIBHOrO IIPaBHUIIA IPUHHAT-
T PIlICHHA PO BUSABJICHHS 00’ €KTY IPH CyMiCHOMY HOILIYKY Ta BUSBJICHHIO B TEXHIYHUX CUCTEMAax CIOCTEPEXKEHHs 110 KpuTe-
Ppiro MaKCHMaJbHOI NPaBIONOAIOHOCTI. 3aPONIOHOBAHO METO/] OLIHKH €()EKTHBHOCTI CIUIBHOTO MOLIYKY Ta BUSBIECHHS 00'€KTiB
B TEXHIYHHX CHCTEMAaX CIIOCTEPEXCHHs. Po3pobiieHo anroputM oOuucieHHs 6e3yMOBHOI BipOriZHOCTI BUSBICHHS 00’ €KTa CIIO-
CTEPEeIKEeHHS I1iJ] 4ac CIIUIBHOTO MOLIYKY Ta BUSABIICHHS 00'€KTIB y CHCTEMaX TeXHIYHOro crocrepexeHHs. Bucnosku. ITokasano,
0 CHUIBHUN HOLIYK Ta BHUABICHHSA O0'€KTIB CIOCTEPEKEHHsS 3 BUKOPUCTAHHAM DPiBHOMIPHO-ONTHMAJbHOI CTpaTerii MOLIyKY
3abe3rnedye OUIBII BHCOKY 6€3yMOBHY IMOBIpHICTh IIPAaBMIBHOIO BHSBICHHS 00'€KTa CIIOCTEPEXEeHHs. Y MalOyTHIX JOCIIIKEeH-
HSIX HEOOXiJHO OLIHUTHU CepeHil 4ac, HeOOXIMHMI JUIs BUSIBJICHHS 00’ €KTa CIOCTEPEKEHHS i/ Yac CIUIBHOTO MONIYKY Ta BU-
SIBJICHHS 00’ €KTIB Ta PIBHOMIPHOI'O PO3IOALTY IOLIYKOBOr'O MOTEHIIially CUCTEM TEXHIYHOTO CHOCTEPEKEHHS.

Karo4doBi ciaoBa: TexHiyHa cucTeMa CIIOCTEPEKEHHS; 30HA OIJIANY; CIIUIBHUM IOIIYK Ta BUABICHHS 00'€KTiB; KpUTEPii
MiHIMyMY CEpeJHBOIO PH3HKY; ONTUMAJIbHE OalleCOBCBHKE IPABHIIO NPUIHATTS PiILICHHS.

OnTuMu3anusi COBMECTHOI0 NMOMCKA  00HAPY:KeHUsI 00bEKTOB
B TEXHHMYECKUX CHCTeMAaX HAaO/II01eHu s

I'. B. Xynos, K. A. Taxesn, B. II. Uenypnoii, 1. A. Xmwxknsxk, K. O. Pomanenko, A. O. HeBoguuuuii, A. B. SIkoBeHko

Annoranus. [IpeamMeToM cTaThy SBISETCS ONTHMHU3ALMS OOIIETO IIONCKA U 0OHAPY)KEHNSI 00BEKTOB B TEXHUUECKUX CHC-
Temax HaOmonenus. Llean - pemmTs pobieMy ONTHMHU3AaLUH COBMECTHOTO HOMCKa U OOHAPY)KEHUSI OOBEKTOB B TEXHHYECKHX
cucTeMax HaOJIoIeHHUs U pa3paboTaTh METOX OLEHKHU 3((EKTHBHOCTH COBMECTHOI'O TIOMCKA U OOHAPYXXEHHS 00BEKTOB ISl CUC-
TeM TeXHHUecKoro Halutosienus. Pe3yabTarhl. bblla BBeleHa B pacCMOTpPEHHE TEKyIasi AUCKpeTHast 30Ha o03opa. [TocraBieHa
U pellleHa 3ajaya MOMCKa ONTHUMAIBHOr0 0aleCOBCKHMH NpaBHila IPHHATHS PEIICHUS B BBEJICHHOH TEKYIIEW AMCKPETHOH 30HE
0630pa. ChopMyITIpOBaHO yTOYHEHHOE ONTHMAIIbHOE 0alleCOBCKHH MPaBWIIO MPUHATHUS pereHus. [IpoBeaeHHbII CHHTE3 ONTH-
MaJIBHOT'O TIpaBHJIa MIPUHATHS PEeLIeHHsT 00 00Hapy)KeHNH 00BEKTa IIPH COBMECTHOM ITOMCKE U BBISBJICHHIO B TEXHHYECKHUX CHC-
TeMax HaOJIIOIEHHsI 110 KPUTEPHI0 MAaKCHMAaJIbHOTO IpaBaomnonodus. [Ipemioxkesn MeTos oleHKH () (EeKTHBHOCTH COBMECTHOTO
MOMCKa 1 OOHApY)KeHUs] OOBEKTOB B TEXHHYECKHX CHCTEMax HaOroneHus. Pa3pa0boraH aqropuTM BBIYUCIECHHS Oe3yCIOBHOW
BEPOATHOCTH OOHAPYXEHUsI 00beKTa HaOIMIOAEHHS BO BPEMsI COBMECTHOT'O IIOMCKA M OOHAPY)KEHUsI 00bEKTOB B CUCTEMaX TEXHH-
yeckoro HaOmoneHus. BeiBoabl. [TokazaHo, YTO COBMECTHBIH IOKMCK ¥ BBISBJICHHE OOBEKTOB HAOIIONCHUS C HCIIOIb30BAHHEM
PaBHOMEPHO-ONITUMAJIBHONW CTpAaTeruu noucka obecrednBaer Ooiee BBHICOKYIO OE3YCIIOBHYIO BEpPOSTHOCTb HPABUIIBHOIO OOHa-
pyxeHust 00bekTa HabuoneHus. B Oyaymux uccie1oBaHuAX HEOOXOIMMO OLIEHHUTDb CpeliHee BpeMsl, Heo0Xoaumoe i 00Hapy-
JKEHUsI 00beKTa HaOII0AEeHHsT BO BPeMsI COBMECTHOT'O TIOMCKa M OOHApY)KEHUSI OOBEKTOB M PABHOMEPHOT'O PacIpe/IeIEHHs TIOHC-
KOBOT'0 TIOTEHIIMAJIA CHCTEM TEXHHYIECKOT0 HaOJIOICHUSL.

Kao4deBble cJI0BA: TCXHUYCCKAs CUCTEMA Ha6J'IK)E[eHI/IH; 30Ha 0630pa; COBMECTHBIH ITOKMCK M BBISBJICHHE O6’beKTOB;
KpI/ITepI/Iﬁ MHUHHUMYMa CPEAHETO PUCKA; OIITUMAJIbHOC OaiieCOBCKUit TIpaBUJIO IPUHATHUS PELICHUS.
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XapKiBChbKUI HalllOHAJIBHUN aBTOMOOLIBHO-TOPOXKHIN YHIBEpCHTET, XapKiB, Y KpaiHa

3AKOHOMIPHOCTI PO3IIOALTY WIBUAKOCTI PYXY
TPAHCIIOPTHUX 3ACOBIB HA MICBKUX BYJINLAX

Anotanis. IIpodaema. MeToro 10CIiDKEHb MIBUIKOCT] PYXY TPaHCIOPTHUX 3ac00iB € BU3HAYEHHS 3arAJIbHUX TEHJIE-
HIIM MIBUJIKOCT], BU3HAYEHHS 1i palliOHAJIbHUX MEJK, OLiHKa PiBHA OE3MEKU PyXy, IPOrHO3YBaHHS 00CATY BUKUIIIB LIKif-
JIMBUX PEYOBHH B aTMOc(hepHe MOBITPs Ta IHTErpajibHa OLIHKA 4acy MOI3AKU B MICBKHX MEpEXKax, 10 BPaXOBYe BHIIA[l-
KOBHH Xapakrep wiel BesimunHU. Oco0nMBoOi aKTyalbHOCTI 3a/1a4a i OL[iHKM Ha0yBa€ B MiCBKHX YMOBAX, KOJIM YMOBH py-
Xy He MOXYTb BBaXKaTHCS BUIbHMMH. BUHMKAIOU1 TYT TPaHCIOPTHI cUTYalii 4acTo 0OMEXKYIOTb IPOCTIp 1 yac JuIs 31ikc-
HEHHs MaHEBPIB, TAK CaMoO SIK i CKOPOUYIOTh HalOip MaHeBpiB julsf BOiiB. Pi3Ha peakuis BOAIiB Ha BUHHUKAIOUl B pYcCi
CKJIJHOCTI MOXKYTb IIPU3BOUTH 10 3pOCTaHHS PiBHS BUIIaJKOBOCTI IIBUAKOCTI, 1110 BUMArae Jy)Xe yBaKHOI'O CTaBJICHHS
Jo mapamerpis 1i posnoniny. ITonepeaHi nocmi/UkeHHs B IIbOMY HAIPsIMKY IiJITBEpAWIN TaKi TEHIEHLII, ajge He J03BO-
JIMJIM 3pOOMTH OCTATOYHUX BUCHOBKIB IIPO XapaKTep PO3MOALTY IIBHIKOCTI TPAHCIIOPTHUX 3aC001B HA MiCHKUX BYJIHIISX.
Mera. IlepeBiputu crpaBeIUBICTh TiNOTE3U NPO MOXIMBICTH ONMMCAHHSA KOJIMBAHb IIBHIKOCTI PYXY OIHOTHIHHUX
TPaHCIOPTHUX 3ac0o0iB B Pi3HUX YMOBax ramma-posnofiioMm. Merogosoris. CraTucTi4Ha OLiHKA (paKTHYHHUX 3HAYCHD
MIBUJIKOCT] PYXY TPAHCIIOPTHHUX 3acO0iB IEpeJ CTOIN-IiHIEI0 MiChKOIO PEryjabOBaHOrO MEPETHHY JOPIr 3a JOIOMOIOK
TEOPETUYHOT'0 3aKOHY PO3INOALTY Ta PErpeciiHoOro aHaiizy 3B’A3Ky MK MAaTeMaTHYHUM CHOJIBAHHAM Ta [apaMeTpOM
(dopMu rama po3nofiy mBHAKOCTI pyxy. PesyabraTu. [linrBep/mkeHo cripaBeIuBICTh TiNOTE3U PO MOMXJIMBICTH BH-
KOPUCTAaHHS raMMa-pO3IIOALTY Ul ONUCY KOJNMBAHHS 3HAYCHb IIBUIKOCTI PyXy OAHOTHMIIHMX TPAHCIIOPTHHUX 3ac00iB B
pi3Hux ymoBax. OpuriHaiabHicTb. IIpoBeIeHO OLIHKY IIBUAKOCTI aBTOMOOUIIB Ta MOTOLMKIIIB B HOBUX YMOBAaX pyXy.
IMpaxkTuyna 3HavymicTs. OTpUMaHi pe3yabTaTd A03BOJIAIOTH MiJBUIIMTH TOYHICTH MPOTHO3IB MIBUAKOCTI PyXy B aHa-
JITHYHUX Ta IMITALIHHUX MOAEIIAX (QYHKIIIOHYBaHHS TPAHCIIOPTHUX MEPEX.

Kawuori ciaoBa: I_HBI/IZ[KiCTB Pyxy; aBTOMO6iJ'lL; MOTOLMKII; perJ'lLOBaHI/Iﬁ TNEpETUH; BUIIAJJKOBA BCJIIMYMHA; 3aKOH

po3noniny.

Beryn

HIBuakicte pyxy (LIIP) TpaHcrmopTHuX 3aco0iB
(T3) € 00'exTOM BUBYEHHS yIs 0AaraThbOX JOCIIIHUKIB
TpaHCIOPTY. BHMipIOBaHHS INBUAKOCTI HaWJacTiIie
MIPOBOJSATHCS B TOUIl (200 Ha KOPOTKIi#l ALISHIN) Mpoi3-
HOI YaCTHHU B YMOBaXx BUILHOTO ITOTOKY. METOI0 TaKuX
JIOCITI/PKEHb € BH3HAYEeHHS IIBHIKOCTI, SIKY OOHMpPAaIOTh
Boxii [1]. s indopmariisi BAKOPHCTOBYEThCS JJIsl BU3HA-
YeHHs 3arajibHUX TEHJEHI[H MBHUIKOCTI, ISl BU3HAYCH-
HS PaliOHAJTBFHUX MEXK IBHIKOCTI Ta U1 OLIHKH PiBHS
Oesneku pyxy [1]. 3amis mpOro Takok BHKOHYIOTH JIO-
CII/DKEHHS MIBUIKOCTI PyXY B MICTaX, ajie BOHH Nepea-
0a4yaroTh TMPOTHO3YBAHHSA OOCATY BHKHIIB IIKiUTHBUX
pedyoBHUH B atMocdepHe MoBITpst [2] Ta BU3HAYECHHS iHTe-
TpaJIbHOI OI[IHKM Yacy IOi3[KH B MICBKHX Mepexax, 10
BpaxoBY€E BHITAIKOBUI XapakTep L€l 3MiHHOI.

IIIP T3 € BUIAAKOBOI BEIHMYMHOIO, KA CBIJOMO
00HMpaeThCsl BOJIEM B KOHKPETHIH TPaHCIIOPTHOI CHTY-
amii. 11 BumagkoBicTs 00yMOBJIEHA Pi3HOMAaHITHICTIO
MOXIIUBHX TPAHCIIOPTHUX CHUTYAIlIH Ta IHANBIAyaIbHUM
XapaKkTepoM peakiii BoAiiB Ha HUX, IO Ma€ y3arajibHe-
HY Ha3BY «MaHepa KepyBaHHS.

3anaua oninku IIP HaOyBae ocoOnMBOi akTyaib-
HOCTI B MiCBKOMY aBTOMOOIJIbHO-TOPOKHBOMY CEpeo-
BUIII, KOJIW YMOBH PYXy HE MOXYTh BBa)KATUCS BiJb-
HUMU. BuHMKaiO4i TyT TpaHCIOPTHI cUTyamii 4acto
00MEXYIOTh MPOCTIp 1 Yac s 3IiHiCHEHHS MaHeBpiB,
TaK CaMo SIK 1 CKOpOUYYIOTh Habip MOXIJIMBUX MaHEBPIB
Ut BofiiB. OCTaHHE TBEPIKCHHS 31eOIIBIIOTO BiIHO-
cutbes 10 Bubopy came 1P T3, sxa 3a3Budaii 3MeHITy-
€TBCS TIPHU yCKIIaJHEHHI YMOB pyxy. OnHak pizHOMaHi-
THA PeaKilisi BOMIiB Ha BUHHMKAIOUI CKJIAIHOIII MPH PYCi
MOX€E MPU3BOJHUTH JIO 3POCTAHHS PIBHS BUIAJKOBOCTI

1P, mo BUMarae gye yBa)KHOI'O CTaBJIEHHS 10 Hapa-
MeTpiB ii posnoainy. Ilonepeani 10CHiPKEHHS B IIbOMY
HaNpsIMKY TIATBEpAWINA Taki TeHaeHuii [3, 4], ane He
JIO3BOJTHITH 3pOOUTH OCTATOYHHUX BHCHOBKIB ITPO Xapak-
Tep posnoainy 1P TpaHCHOpTHUX 3ac00iB HA MICHKHX
Bynuusx. HeoOxijHe mojanbline AOCTIIKEHHS IHOTO
rnapamMerpa B HOBHUX YMOBax pyxXy M (OpMyBaHHS
OCTaTOYHHX BHCHOBKIB IPO 3aKOHOMIPHOCTI ii KOJH-
BaHHS B MiCbKUX YMOBaXx.

Anaxi3 gitepatypu. Crocid omucy 3akoHY po3-
noxiny (3P) mBuaxocti pyxy T3 3anpornoHoBaHO B
poborax [3, 4], B AKUX JOCHIDKYETHCSA BIUIUB IIMPHHU
MPOI3HOI YaCTHHU Ta HasABHOCTI cBiTIopopa Ha 3P
mBuakocti. (s onwcy komuanb IIIP BHKOpHCTaHO
raMMa-po3moAi, SIKHi A00pe MiAXOMUTh AK JJIA BiJb-
HUX YMOB pyXYy Ha MIKMICBKHX aBTOMOOUIBHHX JOPO-
rax, TaK i Jyisi OOMEXEHUX MiCHKUX YMOB.

VYV nepmomy Bunaaky s onucy I[P 3a3puuait
BUKOPHCTOBYETbCS HOpManbHHW po3momin [5]. [lpu
JIeIKOMY YCKJIQJIHEHHI YMOB pyXy aBTOMOOLIIB Ta 3HH-
JKEHHI CepeZHbOi IIBHIKOCTI PyXy, MOJa eMIIpUYHOTO
PO3IIOALTY TepeMIlyeThCs JIIBOPYY BiJ LIEHTPY CUMET-
pii [6]. Y HalOLIBII CKIIAHUX YMOBaX, 1[0 BUHUKAIOTH
mepes CTOI-JIIHIEI0 MICBKOIO IIEPEeTHHY, Tramma-
PO3IIOALT BIPHUTYT HAOIMKAETHCS IO CBOIO OKPEMOTO
BUIAJIKy — IMOKa3HUKOBOTO PO3IOJLTY, KOJIHU MapaMerp
¢dopmu Habmmwxaerbest Ao omuuuii [3]. Li pesynbratu
CBiYaTh Ha KOPUCTh BHUKOPUCTAHHS T'aMMa-po3HOIiILy
qutst onucy L1IP aBTomMoO0iLTiB B pi3HUX yMOBax, MpoTe HE
MOXYTh BBakatucs il migTBep/keHHsM. HeoOximHo
BuBuuTH po3monin 1P B curyarrisx 3 OLTBII CKIIAIHU-
MH YMOBaMH pyXy, Hi>K OyiH po3miIsiHyTi B poooTi [3].

Oxpema vactuHa gocmimpkenb P npucesyena ii
BUBYEHHIO HAa IPHKJIAJi JBOKOJICHUX TPAaHCIIOPTHUX
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3ac00iB — Pi3HOTO POy MOIEIIB, MOTOPOJIEPIB 1 MOTO-
IIUKJIB, AKi IIMPOKO BUKOPHCTOBYIOTHCS MEIIKAHIAMH
cxiguoi Asii [7, 8]. Takux poOiT 3HAYHO MeHIIE, HiX
pooir, 1o npucssueni LIP aBTomMo0imiB, ane BOHU MpH-
CBSIYEHI BUBYECHHIO PyXY JBOKoOJicHuUX T3 came B Mic-
taX. B poOori [7] HaBeneHo rpadiku mIiIbHOCTI HMOBI-
pHocTi posmoxiny TP MoTOUMKIIB B IEHTpaJbHIN
yactuHi XaHosi, cronuui B'erHamy. CnocrepexeHHs
IIPOBOJIMIINCS Ha NEPErOoHax BYIHIlb, 1 Pe3yabTaTd J0-
CJTi/PKEHb 3a0€3MeYriIi Bi3yalbHYy BiJIIOBIIHICTh KOJIH-
BaHp IIIP HopMmanbHOMY 3aKoHY. 3 HAIIOi TOUKH 30DY,
nel (GakT MOXKe MOACHIOBATUCA 3HAYHO MEHIION II0-
Tpeboro BokoicHuX T3 B IOPOXXHBOMY MPOCTOPI, IO
3abe3neuye iM OLTBLTY CBOOOAY PYXY B MICBKHUX YMO-
Bax. Lleif (akT Takox BUMarae HmepeBipKHU, pe3ylbTaTH
AKOi JaJyTh BIANOBiAb HA IHTAHHA IOJ0 MOXJIHBOCTI
3aCTOCYBAaHHS TilIOTE3H 00 BiINOBIIHOCTI KOIUBAHb
P T3 ramma-po3nozuiny.

Mera Ta nmocraHoBKa 3aj7adi. MeToro poboTH € 1o-
Jlanplna TepeBipka BUCYHYTOI B poboti [4] rinmore3m
IIOJI0 MOMKJIMBOCTI BUKOPUCTaHHS TaMMa-po3NOAiLy
st orucy 1P T3 B pi3HOMaHITHHX TOPOXKHIX CHTYa-
IisX, @ TAKOXK 10O 3B'3KY MK YMOBaMH pyXy 1 mapa-
MeTpoM (popMH LILOTO PO3MOALTY.

IHTEerpanbHUM IOKa3HUKOM, SIKHH JOCTaTHHO Xa-
pakTepusye yMoBH pyxy T3, € cepeaHs MIBUIAKICTh
PyXy Ha KOHKPETHil IUISHII TOPOTU B MIEBHUX YMOBaX.
Ils1 BenuuuHa B OCHOBHOMY 3aJISKHUTh BiJ] IOBEAIHKH
BOJIIB B KOHKpETHIH JOpOXHIH cuTyamii i Moxe OyTH
JIETKO BU3HAY€Ha 3a JOIOMOIOI0 HAaTYpHHX CIIOCTepe-
XKEHb.

ToMy U1 HOCATHEHHS INOCTAaBIEHOI METH HeoO-
XiJHO BCTAaHOBUTH CTaTUCTHYHUH 3B'SI30K MK cepen-
wpoto [P aBTOMOOLNIB 1 mapamerpoM (opMu ramma-
PO3IIoALTY, Al YOro HeoOXiJqHO OLIHWUTH ii 3HAYECHHS B
OUITBII CKJIQJIHUX YMOBaX PyXy, HiK OyJIH pO3IIISHYTI
pasnimie. Ile macte MOXIIUBICTH PO3LIMPUTH MEXI CTa-
TUCTUYHOIO PsIy EKCIEPUMEHTAJIbHUX 3HA4YeHb [UIA
NIPOBEJICHHS PErpeciiHOro aHaii3y Ta BCTAHOBJICHHST
JIOCIILKYBaHOT O 3B'SI3KY.

Jo Toro x, HEOOXiAHO MIiJABUIIMTU PiBEHb BIEB-
HEHOCTI II0/I0 CTYIIEHs CHIJIBHOCTI TilOTe3W Hpo 3B's-
30K Mix po3noginoM P, sikuit Bucynyro B podorax [3,
4], 1 ymoBamu pyxy #oro ydacHukiB. /[ nporo mori-
npHO ouinuTH 1P nBokomicHux T3 mepen crom-miHieo
MICBKOT'O PeryiaboBaHOro nepexpects. binpiua csobona
pyxy Takux T3 IOBMHHA NPUBECTU A0 MEHIIOI TpaHC-
(dopMarii HopMallbHO PO3MOIJIEHOT B BUIBHUX yMOBaX
1P, ik e XxapakTepHo s aBToMOOLTiB. [lis 3a0e3-
NIEYeHHA IIOPIBHAHHA pPE3YJbTaTiB  CIOCTEPEKCHHS
MOBUHHI OyTH 30€pekeHi 3arajbHi yMOBHU NPOBEICHHS
EKCIICPHMEHTY.

[Tpu 1boMy HEOOXiJHO YCBIIOMJIIOBATH, IO HPO-
BEJICHHS AaKTHBHOTO €KCIIEpUMEHTY HPHU3BOAUTH J0
HEeOoOX1THOCTI CBIIOMOT0 YCKJIaJIHEHHS YMOB pyxy T3 i
MPaKTHYHO HEe MOXKe OyTu peanizoBaHuM. Taki nii pe-
TymorThesa myHkTamu 1.5, 1.6 Ta 1.8 IIpaBun gopox-
HBOTO pyXy YKpainu [9], siKki He JO3BOJIAIOTH MPOBOHN-
TH 1X 0€3 BiAMOBIJHNX 3aKOHOJABYMX OOIPYHTYBaHb, O
MepesTiKy SIKUX HaYKOBI JIOCHIPKEHHS HE BiHOCSTHCS.

ToMy NHpOROBXKEHHA EKCHEePUMEHTalIbHHUX AO0CIHi-
JOKEHb TTOBUHHO 3JiHCHIOBAaTHCS B (popMi MacuBHOTO

EKCIIEPUMEHTY (CIOCTEpPEXEHHS) 3 BUKOHAHHAM BUMOT
30epe)KeHHs CITUIBHOCTI YMOB OOMEXEHHSI CBOOOIM
pyxy ais Beix T3, a Takoxk OAATKOBUM YCKJIaJHEHHAM
YMOB pyXy At aBToMoOumiB. TakuM ymMoBam BiZIOBi-
Jla€ CHUTYallisl, [0 BUHUKAE TIepe]] CTOMN-TIHIE€I0 MiChKO-
IO peryiboBaHOro Inepexpecta. [lna Hel MoxiuBe
YCKJIaJHEHHsS. YMOB PyXy IPH PO3IIAl TAKOro MigXOmy
JI0 TIEPEXPecTs, B AKOMY SIK 4AaCTKa CUTHAIY, 1110 JO3BO-
JISiE€ PyX, B TPUBAJOCTI IIMKIY, TaK i HOro abCoOIIOTHA
TPHUBANICTh OYIyTh MEHIIE, HI)K aHAJOTI4HI MOKa3HUKU
TPUBAJIOCTI LUKy CBITJIO(OPHOTO pEryJaroBaHHS Ta
HOro eJeMeHTIB, 0 PO3MJISTHYTI B MOMEPEIHIX CIOoCTe-
pexeHHsx [3].

Xapaxkrepuctukoro 1P, siky MOXXJIMBO OLIHUTH, €
CepefHs IIBHIKICTh MepeTuHy kopmycoM T3 momepeu-
HOTO Ilepepi3y AOpOrd Hepel CTON-JHIEI Iepexpects,
METO/IKa BUMIPIOBaHHS SIKOI JAETaJIbHO orrcana B [3].

Pe3yabTaT AocaiIKeHb

BumiproBanns IIP T3 nepen cron-iiHiero Mi-
CbKOI'0 peryJjibOBaHOr0 NMepeTHHY J0pir Ha miaxoai
ApyropsixHoro HampsiMky. IlocraBieHa Mera yckiani-
HEHHS yYMOB IIPOi3/y aBTOMOOUISAMH CBiTIIOQOpPHOrO
o0'ekTa B MiCTi MOke OyTH JOCSATHYTa TIpH BHOOpI IS
OOCTeXECHHSI APYrOpsITHOrO HANpPSMKY HAa MiCBKOMY
pErynpOBaHOMY IEPETHHI HOPIr 3 TPUBAIUM LHKIOM
cBiTiodopHoro perymoBaHHa. Llum ymoBam 100pe
BIANOBIZa€ MiIsHKA NPWIITaHHA mpocnekty Ilepemorn
1o Bynuii KitoukiBebkoi, Ha sIKiil IBI CMyrH pyXy MpH-
3Ha4eHi Ui HOBOPOTY JIiBOPYHY, JJIsI BUKOHAHHS SKOTO B
LUKJI BUJIIIEHUH OCHOBHUH TakT, puc. 1.

Puc. 1. CiTitodopHUii 00’ €KT, 00paHUii IS IPOBEICHHS
criocrepesxens 3a [1IP aBromobiniB

L1s minsHKa NPUISITAHHS Mae BEJIMKY IUTOLTY i rap-
HE JOpPOXHE IMOKPHUTTS, MO 3a0e3reuye NOCUThH BilIbHI
YMOBH pyXy Ha 00'exTi, ToOTO He oOMmexye IIIP aBTo-
MOO1JIIB TIPU CTapTi Bij CTOMN-JIIHIT 1 HA/IAJli TIPH PO3TOHI.
Tomy ymoBu cniocrepexenHs 3a 11IP aBTomo6iniB Oe3-
HOCEpPEIHBO Iepesl CTON-JIiHIEI0 MO)KHA BBAXXKATH CXO-
KHMH 3 YMOBaMH pyXy aBTOMOOLIIB B TOIEPEIHbOMY
excriepumenTi [3].

BozxHouac yMOBHM CBITJIOOPHOIO pEryNIOBaHHS
Ha OOpaHOMY HaIpSMKY OOCTEXKEHHs MOMITHO Bipi3-
HSIOTBCS BiJl aHAJIOTIYHUX YMOB B IOIEPETHBOMY EKC-
nepuMeHTi [3], Tadu. 1.
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Tabnuya 1 — XapakTepHCTHKA LUKJIIB CBiT/10)OPHOro pery;1ioBaHHsA

Tpusanicts, ¢ Yacrka pasu , mo

Hazpa nepernny gopir

I03BOJISIE PYX, Yo

IHKJIY ¢dazu, mo xo3BosIse pyx
Byan. 5. Mynporo — Byn. AnmueBcbkux 60 20 33,3
Ip. INepemoru — Byn. KnoukiBcbka 90 16 17,8

3Ba)karouM Ha AaHi 3 Ta0I. 1, TpuBamicTh a3y, 1o
JIO3BOJISIE PYXY, IJIsi OOpaHOro HAIPSMKY Ha HOBOMY
MIepEeTHHI JJOPIr HE € TPAaHUYHO HU3BKOIO 1 IOpiBHIOE 16
¢. Y BiIHOCHOMY BUTJISII BOHA 3MEHIIMIacs Ha 25 % B
TIOPIiBHSIHHI 3 TIONEpeAHIMH criocTepeskeHHsaMu. [Ipore
3HAYHO, Maike BJBiUi, 3MEHIIMIACA YacTka (a3u, M0
JIO3BOJISIE PYX, B LUKJII JUIS IOCHI/PKYBAHOTO HANPSIMKY.
Le cTBOpIOE TBEpAE MIAIPYHTS AJIsl IPOBEICHHS JOCITi-
JUKCHHST Ha JAHOMY IEPETHHi, TaK SK CIIOCTEPEKEHHS
TaKOrO POAY PO3UIUPHUTH PsAJ 3HAYCHD MIBUAKOCTI, IO
XapakTepu3ye YMOBH MPOi3ay 00paHOl JiISHKH.

CriocTepexeHHsT MPOBOMUIKNCSA MPOTITOM OJHI€T
TOAMHHU poOoYoro mus, m'stHui, 10 ciuas 2020 poky 3a
JIOITIOMOTOk0  Bifieo-(hikcarrii mporecy mpoi3ay aBTOMO-
OLIAMU TTOTIepeYHoro nepepisy mnp. [lepemoru Gesmoce-
pemHbO Tepen CTON-JTiHIEI MEPEeTUHY JOpIr MO JIBOX
cMmyrax. B pesynbraTi 00poOKH BimeoMatepiajiB OTpH-
MaHo 260 3Ha4YeHb Yacy MPOi3ay aBTOMOOILTIB BIACHOTO
rabapury yepes MonepeyHuii repepis 10pory i, BiacHe,
3HA4Y€Hb JIOBXKWHH aBTOMOOLIIB, puC. 2.

Variable: Car length, m. Distribution: Normal
Kolmogorov-Smirnov d = 0,05235,
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0.0 13 26 39 52 6.5
Car length, m

Puc. 2. Po3nozin 10BXKUHU KOPITyCY aBTOMOOLIIIB,
1110 OXOIUIEH] CIIOCTEPEKEHHAM

BiamoBigHICT pO3MOITY TOBKUHH aBTOMOOLTIB,
SIKI OXOILICHI CHOCTEPSIKECHHIM, HOPMAJIBLHOMY 3aKOHY
MiATBEPIXKCHO 3HAYCHHSAM KATETOPIHHOrO KpHUTEpis
Konmoroposa-CMUpHOBa, K€ BUSBUIOCS 3HAYHO MECH-
11e TabauaHoro, mo aopisuioe 0,381 It bOro BUIMAI-
Ky, 1 20% noBipuoi fimoBipHocri [10]. Lle cBigquuth npo
MIPaBOMIPHICTh BUKOPHCTaHHS OTPHUMAHOTO Habopy
crioctepexxeHb st opmyBanHs MacuBy P mepen
CTOIN-JIIHIEI0 MICBKOTO PETYIbOBAHOTO TIEPETUHY B
HOBUX yMOBax, TaOI. 2.

3HaveHHs, SKi HaBeOeHO B TaOn. 2, CBigYaTh Ha
KOPHUCTh TIlIOTE3H MPO Te, IO MPH 3HIKECHHI CePEaHbOT
TP T3 BimOyBa€eThCs BiMHOCHE 3pOCTaHHSA 11 CTaHIAPT-
HOT'O BiJXWJICHHS, IO B IMiJCYMKY IPHU3BOIUTH IO 3HU-

KEeHHs mapamerpa (popMu. Y MOPIBHSAHHI i3 MOepeTHIM
nmocBimoM [3], cepemHs MIBUAKICTH 3MeHIIacs 3 5,30
1o 2,42 m/c, ToOTO B 2,2 pasu, a CTAHAAPTHE BiIXUIICH-
Hs 3 4,94 10 3,00 M/c, To6TO B 1,45 pasu.

Tabnuysa 2 — CTAaTHCTHYHA XapaKTePUCTHKA
3Ha4yeHb IIIP aBToMo0iiB nepen
CTON-JIiHI€I0 MePeTHHY A0pir

XapakTepucTHKa BHOIpKH 3Ha4eHHs1, M/c
KinbkicTb criocrepexeHs, O 260
MinimMym 0,03
Makcumym 11,50
MaremaTu4He O4iKyBaHHS 2,423
CrangapTHe BiIXWICHHS 3,005
HapaMng macmraby — ramma- 3719
po3noniny >
IMapamerp dhopmu raMma- po3HoITY 0,651

[Ipore B 1aHOMY BUIIaJKy 3pOCTaHHS CTaHAAPTHO-
TO BIJIXWICHHS BUSIBHJIOCS 3HAYHHM, 1 3pEUITOI0 Iapa-
Merp (opMH TaMMa-po3NoAily TPHUHSIB 3HAYCHHS
MeHIIIe, HK ofiuHUIS. TOMY ITpy BUKOPUCTaHHI METOY
MOMEHTIB B TiI0Opi TEOPETHYHOrO 3aKOHY HOro pe-
3yAbTATH JUI TaMMa-pO3IMOJILUTYy BHSBUIIMCS HE3aJ0Bi-
JILHUMH, puUC. 3.

Variable: Car speed, Distribution: Gamma
Kolmogorov-Smirnov d = 0,12585, p < 0,01
Chi-Square test = 36,97304, df = 2, p = 0,00000
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Puc. 3. 'ama-poznoxin 1IP aBToM0GiiB,
110 OTPUMAHUH 33 JJOIIOMOT'0I0 METOly MOMEHTIB

OnHak, BHKOPHCTOBYIOUM METOA MaKCHMATbHOL
MPaBIONOAIOHOCTI, PE3yIbTATH MEPEKOHIUBO CBiIYaTh
PO MOXKJIMBICTh BUKOPHUCTAHHS TaMMa-pO3TOLTY st
omucy IIIP aBTomMoOiLNiB i B OCTaHHBOMY BHIIAJKY,
puc. 4.

[TapaMeTpu ramMMa-po3noaiiy, 1o miiopaHuii Me-
TOJIOM MaKCHUMaJIbHOI IPaBJONOMIOHOCTI, CKIaI: Ma-
cmrab - 3,011 1 gpopma - 1,005.
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Variable: Car speed, Distribution: Gamma
Kolmogorov-Smirnov d = 0,01413
Chi-Square test = 3,72859, df = 2, p = 0,15501
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Puc. 4. 'ama-poznoxin TP aBToM06i1iB, 1110 OTpHMaHHI
3a JIONIOMOI'00 METOY MaKCUMaJIbHOI IIPaB/IONOi0HOCTI

[Tpu Takux mapameTpax MaTeMaTH4YHE OYiKYBaHHS
raMMa-po3noAUTy MPUOIU3HO TOPIBHIOE CTAaHAAPTHOMY
BIIXHMJICHHIO, 1 00M/IBa OJIM3bKI IO 3HAYCHHS MapaMeTpa
MacmTay. 3arajom, 3Ha4eHHs napamerpa (GopMHu ram-
Ma-pOo3MOALTY, 10 OJU3bKE M0 OJAMHUIN, CBIIYUTH MPO
MOXIIUBICTh OMHKCY emmipuyHoro posnoxiny IIIP aBro-
MOOLIIB Tiepe]] CTON-JTIHIE€I0 TMOKa3HUKOBHM 3aKOHOM,
1[0 TiATBEPAMIIOCS TP BIAMOBIAHIN MepeBipI, puc. S.

Jlani pe3ynbTaTH CBiM4aTh Ha KOPHUCTH TiNOTE3U
PO MOXKJIMBICTh BUKOPUCTAHHS TaMMa-pO3IOIiTY ISt
ormucy TP T3, a Takok CTBOPIOIOTH OCHOBY JUIsI BCTa-
HOBJIEHHSI CTaTHCTUYHOTO 3B'SI3KYy MK MaTeMaTHYHUM

OUiKYBaHHSAM IIBHIKOCTI 1 mapaMeTpoM (opMu ramma-
po3moniny.

Variable: Car speed, Distribution: Exponential
Kolmogorov-Smirnov d = 0,01438,
Chi-Square test = 3,72213, df = 3, p = 0,29307
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Puc. 5. ITokasuukoswuii po3noxin [P aBromo06iniB,
110 OTPUMAHUH 33 JJOIIOMOT'OI0 METOY
MaKCUMAJIBHOI IIPaBIOIoiOHOCTI

BcTaHOB/IEHHSI CTATHCTHYHOTO 3B'SI3KY MiK
MaTeMATHYHUM OYiKyBaHHSIM IIBHJKOCTI i mapame-
TpoM ¢opMu ramma-posnoginy. Leit 3B'130k MoxHa
OLIIHUTH IICJIS CKJIaJaHHs BiAIOBIAHOIO CTATUCTUYHOTO
pAdy, KW OTPUMAHO 3 JOCTYITHHUX TaHHUX, BPAaXOBYIO-
Yy AaHe NOCHIDKEeHHA. BiamoBinHi [uid niel MeTH naHi
3BEJICHO 10 TaOJ. 3, i3 3a3HA4YEHHsSM JDKepena, 3BiJKU
BOHU OyJIH B3ATi.

Tabnuya 3 — PesynbTaru gociimxenns [P B pisHomaHiTHHX ymMoBaXx, M/c

Cepennst LIBHAKICTD, V CraHaapTHe BiIXWJICHHS dopma rama-po3nomiay xepesto
2,42 3,00 0,649 -
5,30 4,94 1,151 [3]
5,99 2,32 6,666 [4]
12,08 3,06 15,638 [6]
13,24 4,19 9,989 [6]
14,17 4,72 9,025 [6]
14,78 5,18 8,143 [6]
15,48 4,91 9,928 [11]
16,36 4,08 16,054 [12]
23,14 4,78 23,455 [13]

i nani 6ynm oOpoGiieHi B makeri ananizy Excel,
B pE3yJbTaTI YOro OTpUMaHa HaWIpOCTila perpeciiiHa
3aJIOKHICTh MK HapaMeTpoM (popmu raMMa-po3noaiTy
71 1 CEpeHBO0 NIBHAKICTIO V:

n=0,85-v. (1)

OTprMaHa MOJIeNIb Ma€ HACTUTBKU TEPEKOHJIMBI
CTaTUCTHYHI TMapaMeTpH, M0 MONIYK OULIBII CHIBHHX
BapiaHTIB CTATUCTUYHOTO 3B'A3KY MK HE3JISKHOIO Ta
PE3YABTYIOUO0 O3HAKAMH JIajli MOYKHA HE TPOJIOBIKYBa-
TH, TaoI. 4.

HacTinpku cuiabHHME MiHIAHMNA 3B'S30K MK Ia-
pameTpoM (GOpMHU raMMa-po3IMOILTY i CEPEIHBOIO IIBH-

JIKICTIO TIEPEKOHJIMBO CBiTYUTH Ha KOPHUCTh MOKJIUBOCTI
BUKOPHCTAaHHS TaMMa-PO3IIO/ILTY [UIsl ONUCY KOJHBAHHS
[P aBTOMOOLJIIB B Pi3HUX YMOBaX.

Ouinka posnoniny IIIP morounukiaiB mnepen
cTon-jTiHiel0 meperuny aopir. Taka omiHka MpoBO-
JIUTHCSL 3 METOI0 TEPEBIPKH TIMOTE3H IPO MOXKIHMBICTH
BUKOPHUCTAaHHS TaMMa-pO3IOJILUTY [UIsl ONUCY KOJHBAHHS
P immux T3, BIAMIHHUX BiJ aBTOMOOLNIB, a TaKOX
JUIS OLIHKH MOJJIMBOCTI BHKOPHCTaHHSI CTaTHCTHYHOI
sanexxHocti (1) mpu ommci IIIP motorukmis. OOcte-
JKEHHsI TIPOBOJMIIOCS Ha mepexpecti Bynuip Cat Linh-
An Trach i Trinh Hoai B cromumi B'etHamy, XaHnoi,
10 rpymus 2018 poxy, 3 9% 1o 11%, puc. 6.
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Tabnuysa 4 — CTaTHCTHYHA XapaKTepucTHKa moaeJi (1)

Hoxasauk mogeri 3Ha4yeHHs
MHuoxuHHUI R 0,963
R-xBagpar 0,928
Hopmosanmii R-kBagpar 0,817
CranzaprHa noxubka 3,402
KinbkicTb criocrepexeHb 10
E{(E)l(églz/lauiﬁHa CIIPOMO’KHICTb 4,.88735E-06
CranpaprHa noxubka koedirieHra 0,079
t-craTUcTHKa KoedilieHTa 10,763
P-3naueHHs KoedilieHTa 1,93E-06

M/c Cat Cat Linh Phia Giang V&

Puc. 6. dinstaka Bymumi Cat Linh-An Trach, o6pana
JUTS IPOBEJICHHS criocTepeskersb 3a [IIP MoTouukiia

TpuBaiicte CBITIIOQOPHOTO NMKITY HAa HEPETHHI
cknagae 95 c, 3 skux 80 ¢ TpuBa€ OCHOBHMM TaKT IO
Bynuni Cat Linh-An Trach, pyx MOTOLMKIIIB SKOIO €
o0'ekroM BuBUeHHs. [Ipomec OIHKKM wYacy Mpoi3ay
BIJICTaHI, 1[0 TOPIBHIOE Ta0apUTy MOTOIMKIIIB, BUSIBHB-
¢Sl 3HAYHO TPYIOMICTKAM Yepe3 HEBEIHKI Ta0apuTH ITUX
T3, ToMy 3 ychoro obcsry cnocrepexens omineHo 300
3nauens 1IP mororukiis, Tabd. 5.

Tabnuya 5 — CTAaTHCTHYHA XapAaKTEPUCTHKA 3HAYeHb
IIBHAKOCTI PyXy MOTOIMKJIIB Nepes
CTON-JIiHI€I0 MePeTHHY A0pir

XapakrepucTHKa BHOIpKH 3Ha4yeHHs, M/c

KinbkicTb criocrepexeHs, o 300
MinimMym 0,07
Makcumym 12,73
MaremaTHuHe CITO/[iBaHHs 5,508
CrangapTHe BiIXWICHHS 2,463
HapaMng Macirady rama- 1102
po3noniny >

g[;;:_[aé\;ei?:})l dhopmu ramma- 4.999

i pesynpTat mOBOJI BimpisustoThes Bix LIP
aBTOMOOLJIIB TIepe] CTOM-JIHI€IO K 332 3HAUYEHHSIM cepe-
nupoi P i cranmapTHOro BiAXHWICHHS, TakK 1 3a mapa-
MeTpoM (OpPMH TaMMa-pO3IOIiTy, SIKHH Y BHIAAKY 3

MOTOIMKJIAMH Ma€ BUCOKE 3HAUYCHHs, 3HAYHO Oijiblle
omunwii. I{eit Bumagok 3a pe3yapbTaTaMu OJU3BKUHN 10
BUIIAJIKy 3BYXKCHHsI NPOi3HOI YaCTHHU BYJUII JJIsI aB-
TOMOO1TIB [4], sikuii Hamae Oinble cBOOOAU PYXy, HIXK
perynboBaHuii mneperuH. [Ipore, mpu BUKOpHUCTaHHI
3anexxHocti (1), mapamerp ¢dopmu JOpiBHIOBaB Ou
n=20,85-5508=4,681. Ile 3nauenns naume Ha 6,37%
MeHIIe mnapamerpy (GOopMH TraMMa-po3IOAiTy, SIKUH
OTPUMaHO B PE3YNBTATi CIIOCTEpEeKEeHb. Taka HOTHY-
HICTh MOXKE CBIIYMTH NPO CHINBHICTH 3anexHocTi (1)
JUI OLIHKM TMapameTpiB ramma-posmnoniny LIP sk aB-
TOMOOUTIB, Tak 1 MoTOIMKIIB. OgHAK [JIsI MOTOLIMKJIIB
BBaXKaTH el (PaKT miaTBEPIHKEHUM Ticisl OJHI€T mepe-
BipKH IIepeI4acHo.

BomHouac He CIPOCTOBYEThCA i TimoTe3a Mpo
MOXIIUBICT BUKOPHCTAHHS TaMMa-pO3IIOALTY JUIsl OTH-
cy KonuBaHHs 3HayeHb [P morormkiis, mpo mo cBia-
YaTh pe3yjibTaTH Mi0OpY METOIOM MOMEHTIB IbOTO
PO3TONLTY Mifl eMIIPUYHUN DS IIBUIAKOCTEH, IO 30-
OpaxxeHo Ha puc. 7. Jlo Toro x, orpumanuii psi 1IP
MOTOIIMKJIIB JOCUTh T0Ope MOXKe OYyTH OIMMCAHWH HOp-
MaJIbHUM PO3IIOJIiIOM, pucC. 8.

Variable: Motorbyke speed, Distribution: Gamma
Kolmogorov-Smirnov d = 0,03148,
Chi-Square test = 7,08871, df = 2, p = 0,06063
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Puc. 7. 'amma-posnoznin P Moronukiis,
110 OTPUMAHUH 32 JJOIIOMOT' 0F0 METOly MOMEHTIB

Variable: Motorbike speed, Distribution: Normal
Kolmogorov-Smirnov d = 0,02687
Chi-Square test = 3,38104, df = 2, p = 0,18442
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Puc. 8. Hopmansauii po3nozin [IIPMoTonukiis,
110 OTPUMAHUH 33 JJOIIOMOT'0I0 METOy MOMEHTIB

Takuii 1BiYi TO3UTHBHUN UIS MOTOIUKIIB pe-
3yJIbTAT, BPAXOBYIOUM PE3YJIbTaTH IOMEPEIHIX 0-
CIIJDKEHB [3, 4], MOXKe BBaXKaTHCS JOCTATHIM JJIs OCTa-
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TOYHOTO BHUCHOBKY IIPO MOXKJIMBICTH BHUKOPHCTAaHHS
raMMa-po3Ioily Mpu ONMUCi KoiuBaHHs 3Ha4yeHb LIIP.
IIpore, anst Toro, mo0 BHKOPUCTOBYBATH HOTO IS
iammx T3, BIAMIHHHX 32 CBOIMH TaOapUTHUMH 1 IIBUJI-
KiCHUM TapaMeTpaMH BiJl JIETKOBHX aBTOMOOLIIB, HEOO-
XiIHO OJATKOBO OI[IHUTH CTaTUCTUYHHUHA 3B'S30K MiX
MaTeMaTU4YHUM OYIKYBaHHSIM 1 mHapamerpoM (HopMu
ramma-posnoainy P BigmoBignux T3 B pizHHX ymo-
Bax pyxy.
Buchnoeku

VYckaJiHeHHsT YMOB pyXy aBTOMOOLUIIB Ha riepe-
TUHI JIOpIT, IO BUKJIMKAHE aOCONIOTHUM 1 HMHTOMHM
CKOPOYEHHSIM OCHOBHOI'O TAaKTy CBITJIO(OPHOrO HHUKITY
JUISL TOCIIJPKYBAHOTO HANPSIMKY PYXY, MPHU3BOAUTH 10
3HW)KEHHSl CEepelHbOI MIBHJIKOCTI PyXy, NpPU SKOMY
CIOCTEpIraeThesl BiIHOCHE 3pOCTaHHS ii CTaHIAPTHOrO
BiJIXWJICHHS, 1O B ITiJJICYMKY NPU3BOJMUTH J10 3HHKEHHS
napamerpa (GOpMH TraMMa-po3MoIily, a TakoX HOro
HaOIMKEHHS 10 OIUHHMITI.

VY ckaHUX yMOBax pyxy IIBHIKICTH aBTOMOOI-
JIB 100pe OMHUCYETHCS MOKA3HUKOBHUM 3aKOHOM PO3IIO-
Ty, IO CBIMYMTH HAa KOPUCTD TIMIOTE3H IIOI0 MOXKIIH-
BOCTI BHKOpPHCTaHHSI raMMa-pO3IOJILUTY AJIsl OMUCY KO-
JIMBAaHHS 3HaYeHb LIBUJKOCTI PyXYy.

Ls rimoTe3a TakoX MiATBEPHKYETHCA OTU3LKUM
CTaTUCTUYHHUM 3B'SI3KOM MDXK MapamerpoM (hopMH ram-
Ma-pO3IOJITY i CepeAHBOI0 MIBUIKICTIO PYXYy aBTOMO-
OB, IO OTPUMAaHO HA OCHOBI CIIOCTEPEKEHb 3a
LIBUJKOCTI pyXy B Pi3HUX KpaiHax, B Pi3HHX JTOPOXKHIX
yMoBax. BimmoBigHo mo 3ajiexHocti (1) Omu3bkuii 10
MPOTHO3Yy mMapamMerp (OpMH raMMa-po3IOALTy TaKOX
BHUSBIICHO Y 3a(iKCOBAaHOMY psIi INBUIKOCTI PyXY
MOTOIIMKJIIB.

Jlyis onucy KOJIMBaHHS 3HAYEHb MIBUIKOCTI PY-
Xy MOTOIHMKIIIB TEpel CTOM-JiHIEI0 MEPETHHY TaKOXK
MiJJIATa€ TaMMa-po3IOaia 3 mapaMeTrpoM (OpMH, IO
3HAYHO BHWINE OAWHUIN, i HOPMaJbHHH PO3MOJLI, IO
CBIJUUTH MpPO YHIBEpCAIbHUI XapakTep BHUCYHYTOI
rirnoTesu.
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3aK0HOMEPHOCTH pacnpe/esieHusi CKOPOCTH JIBHKEHHUsI TPAHCIIOPTHBIX CPeACTB
Ha FOPOJACKHUX yJIHIax

I1. ®. I'op6aues, B. /I. Muns, 1. U. llItansko

Annoranusa. Ilpodsema. Llensro nccnenoBanuii CKOPOCTH JBHKEHHUs TPAHCIIOPTHBIX CPEICTB SBISETCS ONpPENEIeHHE
00IMX TeHACHIMI CKOPOCTH, ONPEAEIICHUE €€ PALMOHAIBHBIX I'PAHMII, OLICHKA YPOBHS 0€30MaCHOCTH JIBHIKEHHUS, IPOrHO3HPO-
BaHUE 00beMa BbIOPOCOB BPEIHBIX BEIIECTB B aTMOC(EpPHBINH BO3AYX M MHTErpalibHas OLICHKA BPEMEHH I10€3/IKH B FOPOJICKUX
CeTsIX, YUUThIBas CIydaiiHblil Xapakrep 3Toi BenuunHbl. OcoOyl0 aKTyalbHOCTb 3a/lada €€ OLEHKH IPHOOPETaeT B FOPOJICKUX
YCIIOBUSAX, KOTJId YCIIOBHS JIBIDXKEHHSI HE MOT'YT CUMTAThCsl CBOOOIHBIMU. Bo3HMKaromue 3/1ech TPAHCHIOPTHBIE CUTYalLlU 4acTo
OrpaHUYMBAIOT MPOCTPAHCTBO U BPEMs [UIs OCYIIECTBIICHUSI MAHEBPOB, TaK XK€, KaK M COKpaIlaloT Habop MaHEeBPOB IJIsl BOAUTE-
nel. PazHasa peakuus BoauTenel Ha BO3HUKAIOUIME B JBWKEHHHU CIOXHOCTH MOXKET IPHBOIHUTEH K POCTY YPOBHS CIy4alfHOCTH
CKOpPOCTH, 4TO TpeOyeT OuYeHb BHUMATEJILHOIO OTHOLICHMS K IIapamerpaM ee pacrperencHus. IIpeabiayime uccnenoBaHus B
9TOM HANpAaBJIECHUH MMOATBEPANIIN TaKUe TEHJCHIMU, HO HE MO3BOIMIIN C/IENIaTh OKOHYATEIbHBIX BBIBOIOB O XapaKTepe pacrpe-
JIETIEHUs] CKOPOCTH TPAHCIOPTHBIX CPEICTB HAa TopoAckuX ynunax. Ileas. IIpoBepuTs cripaBeUIMBOCTE THIIOTE3EI O BO3MOXKHO-
CTU ONUCaHUs KojeOaHWIl CKOPOCTH JBMKEHHS OJHOTHIHBIX TPAHCIOPTHBIX CPEICTB B Da3lIMYHBIX YCIOBUSX TraMMa-
pacnpeneneaueM. Metopoaorusi. Crarucruueckas OLEHKAa (AKTHUECKMX 3HAYEHMH CKOPOCTH JIBMDKEHMS TPaHCIIOPTHBIX
CPEJICTB NEPEN CTON-TMHUEN FOPOICKOr0 PEryIMPYEMOro IEPEKPECTKA C MOMOIIBIO TEOPETHYECKOTO 3aKOHA PaclpeeseHus 1
PErpecCHOHHOr0 aHaJIN3a CBSI3H MEXIy MaTEMAaTHYECKUM OXMAAHMEM U ImapamMeTpoM (opMbl raMMa pacrpesesieHus: CKOPOCTH
nswkeHns. Pesynabrarel. IloqTBepkieHO CIpaBeUIMBOCTh THIIOTE3bl O BO3MOKHOCTH HMCIONB30BAHHS IaMMa-PaclpeaeIeHHs
JUISL ONUCaHUs KoJIeOaHus 3HAYEHUH CKOPOCTH JIBMXKEHMS ONHOTUIIHBIX TPAHCIIOPTHBIX CPEJICTB B Pa3IMUHBIX ycioBusax. Opu-
THHAJBHOCTB. [IpOBe/ieHa OLIEHKa CKOPOCTH aBTOMOOMJIEH M MOTOLMKIOB B HOBBIX YCHOBMAX nBikeHHs. IlpakTuueckas
3HAYMMOCTh. [lomydeHHbIe pe3ylbTaThl MO3BOJISIOT MOBBICHTH TOYHOCTH IPOTHO30B CKOPOCTH JBMKEHUS B AHAIINTHYECKHX U
MMUTAIMOHHBIX MOZEJISX (DYHKIIMOHUPOBAHUSI TPAHCIIOPTHBIX CETEH.

Knro4deBbie ca10Ba: CKOPOCTh IBM)KCHUS; aBTOMOOKIIb; MOTOLMKII; PErYIUPYeMblil IEPEKPECTOK; CllydaliHasi BEJIUYH-
Ha; 3aKOH PaCIIpe/IeIeHHs.

Distribution regularities of motor vehicle speed on city streets
P. Horbachov, V.D. Minh, I. Shtanko

Abstract. Problem. The purpose of vehicle speed studies is to identify general trends in speed and its rational limits, to
assess the level of traffic safety, to forecast harmful emissions into the air and to provide an integrated assessment of travel time
in urban networks that takes into account the random nature of this variable. Its assessment is particularly relevant in urban
environments where traffic conditions cannot be considered free. Transport situations here often limit space and maneuver time,
as well as reducing opportunities for drivers. Different drivers' reactions to the difficulties in traffic can lead to an increase in the
level of speed randomness, which requires very careful attention to the parameters of its distribution. Previous studies in this
direction have confirmed such trends but have not let definitive conclusions about the nature of speed distribution in urban
streets. Goal. Testing the hypothesis that the gamma distribution is suitable to describe the speed oscillations of the same type of
vehicles in different conditions. Methodology. Statistical evaluation of vehicle speed actual values in the stop-line front of the urban
signalized intersection by means of the distribution theoretical law and regression analysis of the relationship between the mathe-
matical expectation and the form parameter of the gamma distribution of speed. Results. The hypothesis that the gamma distribution
can be used to describe oscillations in the speed of similar vehicles under different conditions has been confirmed. Originality. The
speed of cars and motorcycles under new driving conditions was assessed. Practical value. The obtained result allows increasing
accuracy of the car and motorcycles speed prediction in analytical and simulation models of transport networks functioning.

Keywords: driving speed; car; motorcycle; signalized intersection; random variable; distribution law.
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