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0.0. Zhulkovskyi, I.I. Zhulkovska, V.V. Kostenko, O.F. Bulhakova
RESEARCH ON SYNCHRONIZATION AND DATA PROTECTION PROBLEMS
IN IMPLEMENTING MULTITHREADED PROGRAMS

Abstract. The issue of shared data usage by threads is especially relevant in modern multi core
and multiprocessor systems. The main problems of implementing multithreaded programs are
race conditions, deadlocks, and thread starvation. The aim of the work is to solve the problem of
thread racing in multithreaded calculations of resource intensive tasks with parallel access to
shared data using appropriate synchronization mechanisms, such as mutexes. A multithreaded
algorithm for implementing a typical task of processing large data arrays with protection of the
critical area in concurrent programs running on multiprocessor and multi core systems has been
developed and researched.

Keywords: multithreaded computing, parallel programming, thread racing, synchronization
mechanisms, mutexes.

Introduction. Urgent problems of modern development of processes and tech-
nologies require constant improvement of computer equipment, efficient use of its
resources, processing of large volumes of data, and support for the growing require-
ments of modern information systems.

One of the approaches to address the mentioned problems is the use of multi-
processor and multi-core computing systems, where multiple physical or logical
cores can be efficiently utilized, ensuring faster and more productive parallel solu-
tions to specific resource-intensive tasks [1]. Software for computers is adapted and
refined to utilize such systems. Parallel techniques, such as parallel algorithms, par-
allel databases, and parallel programming, are becoming increasingly important to
ensure optimal system performance. Big data processing, training, and implementa-
tion of complex artificial intelligence algorithms, especially deep learning, have also
become integral to many industries. Moreover, multithreaded computing remains a
key technology in the powerful video game programming industry with high-quality
graphics, the Internet of Things (IoT), and helps solve various tasks in many sectors.

Thus, researching synchronization methods and resource management in mul-
tithreaded environments, developing new methods and tools for parallel program-
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ming with the creation of efficient multithreaded cross-platform programs, and op-
timizing algorithms and architectures for scalable computations are relevant tasks.

Literature Review. Multithreading is a property of a platform (e.g., an operat-
ing system, virtual machine, etc.) that allows a process created by the operating sys-
tem to consist of several threads that are executed "in parallel’, i.e., without a fixed
order in time. During the execution of some tasks, such a distribution can achieve
more efficient use of the computing machine's resources [2].

Full parallel execution of tasks is possible only in a multiprocessor (or multi-
core) system. In the case of a single-processor multitasking system, processes are
actually executed sequentially - here pseudo-parallel execution is used, creating the
appearance of parallel work of several processes [2].

From the user's perspective, a process is an instance of a program during exe-
cution, and threads are branches of the program that are executed "in parallel".
When one program performs many tasks, supporting multiple threads within one
process allows distributing responsibility for different tasks among different threads,
as well as increasing performance. Furthermore, tasks often need to exchange data,
use shared data, or the results of other tasks. Threads within a process provide this
capability, as they use the address space of the process to which they belong [2].

A thread can be in one of three states: executing, runnable, and waiting or
blocked.

A multithreaded system can be implemented with scalability. For example, in
parallel processing, the number of threads created can adapt to the number of pro-
cessor cores in the system, allowing the program to accelerate within certain limits,
fundamentally without changing its code.

When threads need to interact with each other or work with shared data, multi-
threading problems can arise, most of which are illustrated by the following classic
tasks: about dining philosophers, about a sleeping barber, about smokers, about
readers-writers, and others [2, 3].

The main problems of implementing multithreaded programs related to thread
synchronization are [4-6]:

— race conditions, when two or more threads try to simultaneously access the
same data or system resources without proper control, which can lead to unpredicta-
ble results;

— deadlocks, when two or more threads mutually block each other, waiting for
mutual unlocking, as a result of which the program seems to freeze;

- thread starvation, when one thread is given excessive access to resources,
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and other threads suffer from insufficient access to these resources.

Research Objective. The aim of this study is to solve the problem of thread
racing in multithreaded calculations of resource-intensive tasks with parallel access
to shared data using appropriate synchronization mechanisms, such as mutexes.

To achieve this goal, the following tasks are formulated: development of a mul-
tithreaded algorithm for implementing a typical task of processing large data arrays
with protection of the critical area using synchronization primitives - mutexes; re-
search of the performance of the developed algorithm with a significant amount of
processed data and a variable number of computing threads; development of a con-
cept for further application of effective approaches to data protection in concurrent
programs implemented on multiprocessor and multi-core systems.

Research methodology and results. In this work, the problem of race condi-
tion is explored - an error in designing a multithreaded system where the program's
operation depends on the order of code execution. Since this error is a «heisenbug»,
it can manifest randomly at different times, making it unpredictable and challenging
to analyses, detect, and correct due to its variable behaviour.

The issue of shared data usage by threads is especially relevant in modern mul-
ti-core and multiprocessor systems, where many threads compete for access to
shared resources, such as memory or files.

Research in this area aims to develop synchronization algorithms that allow
threads to interact with shared data without conflicts and ensure the program's cor-
rect execution. It's also essential to optimize access to shared resources to ensure
efficiency and speed of program execution. This issue is crucial for software develop-
ers as it allows efficient use of modern computing systems' capabilities and creates
high-performance and reliable applications that can operate under intense resource
competition.

When different threads have access to shared data, especially modifying them,
synchronization of such access is required.

The thread race problem can be solved using synchronization and appropriate
synchronization mechanisms, such as mutexes, conditional variables, atomic opera-
tions, and semaphores [2, 3].

Mutexes allow blocking access to shared data to one thread at a particular time.
The thread that first locks the mutex gets access to the data, and other threads wait
until the mutex is released.

When designing a program to reduce thread conflict, immutable design can
avoid the race condition. That is, it's desirable to avoid shared access to mutable da-
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ta from multiple threads or use immutable objects and data.

The choice of a specific method depends on the task and context.

Consider the thread race problem by solving a typical task of finding the sum of
elements of a massive array in multithreaded mode.

The algorithm for solving this problem is implemented in C++ in the Microsoft
Visual Studio 2022 IDE using the std::vector class - a dynamic array from the stand-
ard STL (Standard Template Library), which provides a convenient and safe way to
manage memory and array size.

The program generates a large array of integers and uses a user-specified num-
ber of threads for parallel calculation of the sum of array elements. The std::thread
class is used to create and manage threads in the program [7]. Each thread is respon-
sible for a specific segment of the array, for which it calculates the sum of elements
in a specially developed function. After the calculations are completed, the program
displays the total sum and execution time.

To avoid thread races when several threads simultaneously try to access a
shared variable storing the sum of array elements, the std::mutex class is used. The
mutex ensures the correct calculation of the sum of the given array elements. In this
program, to simulate a more significant mutex capture load, the mutex was captured
on each iteration of the sum accumulation loop. Of course, in practice, using such an
approach is justified only for experimental purposes.

For the experiments, the following PC infrastructure was used: Intel
Core i7-12700H (14 cores, 2.3 GHz / 4.7 GHz); Goodram DDR4 (16 GB)x2 = 32 GB;
Microsoft Windows 10; IDE Microsoft Visual Studio C++ 2022.

The size of the output array varied in the range from 100 million to 1 billion el-
ements.

Fig. 1 presents the results of the implementation of the described program
without blocking the critical area with a mutex, i.e., with the thread race problem
and a deliberately incorrect result of the sum calculation.

As can be seen, with an increase in the size of the output array, the computa-
tion time significantly increases, while splitting the program into separate computa-
tional threads contributes to a noticeable increase in its performance. For example,
with an increase in the array size in the range of 103-10° the program execution
time increases by 6—7 times in multithreaded (2-14 threads) and ten times in single-
threaded implementation. The use of a multithreaded algorithm instead of a tradi-
tional single-threaded one provides a 1.5-2 times increase in program execution
speed, depending on the array size. It should be noted that the results mentioned are
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merely informative, as they were obtained without using mechanisms to avoid
thread races, and the sum calculation here is most likely incorrect.
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Figure 1 — Dependence of the computation time of the multithreaded program
on the size of the output array (without blocking the critical area)

In Fig. 2, the results of the implementation of the described program are pre-
sented, addressing the thread race problem by blocking the critical area with a

mutex, i.e., obtaining correct calculation results.

70
60 /’ —o—1 thread
20 A~ -m2thread
3 40 S //
g = // ‘ 5 thread
F >
20 - ,\/ ——10 thread
10 %77-4- —+ 14 thread
0 +— =¥ = :

0E+00 3E+08 5E+08 8E+08 1E+09
Array size
Figure 2 — Dependence of the computation time of the multithreaded program
on the size of the output array (with blocking the critical area)

As can be observed, when solving the thread race problem in the considered
task, with an increase in the array size in the range of 102-10° the program execu-
tion time increases approximately tenfold. Increasing the number of used threads for
parallel calculations with mutex capture on each iteration of the sum accumulation
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loop also leads to a noticeable slowdown in program execution. For example, when
increasing the number of threads from 2 to 14, the program execution time increases
approximately four times, regardless of the output array size.

Each time a thread captures a mutex, other competing threads must wait until
the current «owner» of the mutex releases it. The more threads there are, the more
situations can arise where threads wait for access to the mutex, affecting the overall
program execution time. The more cores in the processor, the more intense the
competition for access to the mutex becomes. Additionally, when threads compete
for processor time, scheduling operations can cause delays due to context switching
between threads.

To improve performance with many threads, it is desirable to consider alterna-
tive methods in the future, such as using atomic operations, etc.

Also, promising directions are considered to be the use of special tools, for ex-
ample, ROMP [8], DataRaceBench [9], and new approaches to detecting thread races
based on deep neural network models [10].

Conclusions. As a result of the work, a multithreaded algorithm was developed
to implement a typical task of processing extremely large data arrays with protection
of the critical area to prevent the thread race problem using mutexes; the perfor-
mance of the developed algorithm was investigated with a significant amount of
processed data (10%-10° elements) and a variable (1-14) number of computing
threads; a concept was developed for the further application of effective approaches
to data protection in concurrent programs implemented on multiprocessor and mul-
ti-core systems.

It was established that solving the thread race problem in the considered task
on a modern PC with an Intel Core i7-12700H processor, with an increase in the ar-
ray size in the range mentioned above, slows down the program execution approxi-
mately tenfold. Increasing the number of used threads from 2 to 14 during this slows
down the application implementation approximately four times, regardless of the
amount of processed data.
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JocnionceHHs npobaem cuHXpoHizayii ma 3axucny 0aHux
npu peanizauii 6azamonomoyHux npozpam
HazanwvHi npobaemu cyuacHozo po3sumky npouyecie ma mexHosoziii nompebyroms
nocmitiHo20 nidsuwjeHHs: NPoJdyKMuU8HOCMI KOMN’oMepHOi mexHiku, e(exmueHozo 8u-
KopucmauHs ii pecypcie, 00poOKu genukux 00cs12ie daHux ma nidmpumKu 3pocmarnuux
8UMO2 CYUacHUXx iHpopmauyiiinux cucmem. OOHUM i3 HANpAMKie, wlo 3abe3neuyroms 6u-
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pilleHHs1 8KA3aHUX npobnemM, € BUKOPUCMAHHS 6A2amonpoyecopHux ma o0uuUCI08ans-
Hux cucmem i3 6azamosidepHuUMU npoyecopamu, wo 3ade3neuyroms weuoke ma npooyk-
MueHiule napasieibHe 8UPIWEHHS OKPeMUX PeCypCHOMICMKUX 3a80aHb.

V 38°93Ky 3 Yyum akmyanpbHumu 3adadamu € 00CnioHceHHss memodie CUHXPOHI3ayii
ma ynpasniHHsl pecypcamu 8 6azamonomouHux cepedosuwiax, po3pobaeHHs HOBUX Me-
modie ma iHcmpymeHmisa 0 hapaneibH020 NPo2pamyeaHHs 3i CMBOPeHHIM edpekmue-
Hux 6azamonomouHux Kpoc-niam@opmHux npozpam, onmumisayis arzopummis ma ap-
ximekmyp 02151 Macumab0o8aHux 00UUCTIEHb.

Memoto daHoi pobomu € supiuieHHS matixce 8axicnusiuioi ceped npobiem 6azamo-
NOMOYH020 NPOZPAMYBAHHS — NPOOAEMU 20HKU NOMOKi8 npu 6azamonomouHux oouuc-
JIEHHSIX pecypCHOMICmKUX 3aday i3 napaienpHum 0ocmynom 00 CniibHux 0aHux 3a 0ono-
MO02010 8UKOPUCMAHHS M 10MeEKCis.

B po6omi supiweHi HacmynHi 3a80aHHs: po3pobJieHo 6azamonomouHull anzopumm
peanizauii munosoi 3adaui 06po6KuU HA0BENUKUX MACUBI8 OAHUX i3 3AXUCMOM KPUMUYHOT
obnacmi 3a 00NOMO02010 NPUMIMUBI8 CUHXPOHI3auil — M’OMeKcie; 00Ci0HeHO0 NPOoOyK-
MUBHICMb BUKOHAHHS PO3P00SEH020 anzopummy npu 3HauHiti (105-10° enemenmis) Ki-
Jibkocmi 00pobaoearux davux i 3miHHOMY (1-14) uucni 064UCTIOB8ANIBHUX NOMOKIB
(a0ep); supobneHo KoHuenyiw 0 n00answ020 3acmocy8aHHs e(pekmusHux nioxodie 0o
3axucmy 0aHux y KOHKYPEHMHUX Npo2pamax, wo peanizyomscs Ha 6azamonpoyecopHux
ma 6azamosidepHux cucmemax.

BcmaHoeneHo, wo supilieHHs hpobieMu 20HKU NOMOKi8 y po32asaHymiii 3adaui Ha
cyuacHomy PC i3 npoyecopom Intel Core i7-12700H (14 cores, 2.3 GHz / 4.7 GHz) npu
30inbUWeHHI po3Mipy Macusy y 00CNi0ny8aHomy 0ianasoHi ynosiibHWE BUKOHAHHS NPO-
epamu npubausHo 6 10 pasie. 30inbWeHHs NpU YboMY YUCIIA BUKOPUCMAHUX NOMOKi8 8i0
2 0o 14 ynosinbHioe peanizayiro 3acmocyHKy npubiu3Ho 8 4 pasu, He3anexHo 8i0 KilbKo-

CTi 06POOJIIOBAaHNUX JaHUX.

JKynbkoBcbkuit Oner OyieKcaHAPOBUY — TOIeHT Kadeapu MporpamMHoOro 3abesie-
YeHHS cucTeM, JJHIMPOBCbKUIA ep>KaBHUI TEXHIYHUIA YHIBEpCUTET.

JXynbkoBcbka IHHaA IBaHiBHA — 1o1ieHT Kadenpy Kibepbesmneku Ta iHpopmalliitHux
TEeXHOJIOTii, YHIBepCUTET MUTHOI cripaByu Ta ¢piHAHCIB.

KoctreHko Bikropisi BikropiBHa - crapmmii Bukaagau Kadeapyu KOMIT IOTepPHUX
HayK Ta iHKeHepii ImporpaMHoOro 3abesneueHHs, YHiBepCUTET MUTHOI cripaBu Ta ¢i-
HAHCiB.

ByarakoBa Osbra ®emopiBHa — CT. BUK/Iagad Kadeapy KOMI'IOTepHUX HAYK Ta iH-

’KeHepii ImporpaMHOro 3abe3rnedeHHs, YHiBepCUTET MUTHOI CITpaBy Ta (hiHAHCIB.
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B.B. l'epacumos, H.B. Kapnienko, [.A. CKypaTOBCbKUIt
OOCTVII 4O EJIEMEHTIB CTPYKTYPU
I HEBU3BHAYEHA ITOBEJITHKA KO/1Y HA MOBI C

Anomayia. [JocnioxeHo docmyn 00 3MIHHUX muny 0aHUx cCmpyKkmypa Ha Mosi npoepamysaxHs C.
llpoaHanizosaHo ocobausocmi HesuzHayeHoi nosediHKU Kooy nicia komninsmopy Visual Studio
2019 nio kepysarHam Windows 10 ma komninamopy gcc nio kepysaHHam OC Linux. [TokazaHo
pe3ysibmamu HexmyBaHHA NOBIOOMIGHHAMU NpU KOMNIAAYII npoz2pamM, npu SKUX OCMAaHHI npa
yrtotoms HekopekmHo. HadaHo pekomeHOayii w000 YHUKHEHHS Uiei npobiemu.

Knwo4osi cnosa: HesusHayeHa nosediHKa, CMpPYKmMypa, Komninamop, Mosa npo2pamysarHs C.

ITocranoBKa npoo6siemu. ITig yac po3pobKM MPOrpaMHOTO 3a6e3rmeyeHHsT Po3-
POOHMKM-TIOUATKIBIII 3a3BMUali OTPMMYIOTh OaraTo IOBiJIOMJI€Hb IIPO MOMMJIKM Ta
MIPOCTO TIOTNepeKeHb Pi3HOTO BUIY. | SKIO € MOMWIKM, TO KO, IMPOCTO He 3aIyC-
TUTBCS, ajie IIPY HASIBHOCTi pPi3HOMaHITHMX ITOIepe/i>KeHb IIporpama 3a3Budaii 3aiy-
CKa€ThCA. | TYT BasKIMBO PO3YMiTH, OO SIKMX HACIIKiB MOXe MPUBECTU HASIBHICTb
rorepei>keHb Pi3HOTO PoAy.

AHani3 ocTraHHiX FOCTimKeHb i myOsikamii. /[yske 4acTo ITOINepemKeHHSs
KOMMIJISITOpa ApaTyiOTh MPOrpaMiCTiB i BOHM IIYKAalOThb B IHTepHeTi pilleHHs Ajisi
YCYHEHHSI IIMX TorepelskeHb yepe3 HajalllTyBaHHS KOMIIUISITOpa. Aje MOCBiguyeHi
MIPOTPaMiCTi CKaXXyThb, 110 MOMNepeasKkeHHsI irHOpyBaTy He MOXXHA Hi B IKOMY BUIIa[I-
KY, OCKiJIbKM BOHM MOXKXYTh OYTM HACTiIbKM BasKJIMBUMM, II[O KOJ, HAITMCAHUI TaKUM
YMHOM OyIe YMOBHO POOOUMM.

[Hdopmaliis mpo Te, ski nonepemkeHHs icHyoTh B IDE Visual Studio, Ta ski 3
HMX BMMKHEHi 3a 3aMOBUeHHSIM, MOXXHa 3HaiTH Ha caiti Microsoft [1]. CtaTTs [2]
HaZla€ peKoOMeH/ Iallii 1010 HaIallITyBaHHSI PiBHS IoNepemKeHb IJisl cepegoBUIIL PO-
3pobku Visual Studio, Code::Blocks Ta GCC/G++. Takoxk Tema IIpO TomepeasKeHHs
KOMITUISITOPIB MiHIMA€ETbCSI B KHM3i PO IMOKpaIllleHHS KOy, HallMCaHOTO Ha MOBI
C++ aBTOpa Scott Meyers [3]. loCUTbh 11iKaBOI i KOPMUCHOIO € CTATTS 3 MPUKIagaMu
YCYHEHHSI TOMUJIOK cerMeHTallil ajis1 MoB nporpamyBaHHsl C/C++ [4]. OgHaK OCHOB-

Ha Maca CTaTeil MiCTUTh JIMIIe 3arajbHi BigomocTi 6e3 mpukiaamiB. I koau mporpa-

© T'epacumos B.B., Kapmenko H.B., CkypaToBcbkuii I.A., 2023
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MiCT CTUKAETHCS 3 UMMOCh HE3PO3YMIJIMM, BiH MOYMHAE IIYKATM BiAIIOBiAb i He Ha-
Xonsun ii, 3a/mMiae CBO€ MUTAHHS B mpodeciiiHux 6orax uu Ha dopymax, aje Ha
JIesIKi MUTaHHS Tak i HeMae€ BiaroBimeri.

MeTo10 JaHOi POOOTHM € MOC/iIKeHHS HeBM3HAUEHOI MOBEMiHKM KOAY IIpU
poboTi 3i cTpyKTypamu Ha MOBi nmporpamyBaHHs C mpy Buaadi BillIOBiIHOIO moIie-
peIyKeHHs KOMITIJIITOpa PO TTOBEPHEHHS afpecy JIOKaJIbHO1 ab0 TMMYacoBOi 3MiH-
HOI.

OcHoBHa yacTuHa. CTyJIeHTH, SIKi TiJIbKU TTOYaix MporpaMyBaTu, PoKyCyrThb-
csl Ha TOMY, 1106 HamMcaHa Mporpama IpailoBaja i mepeBipsmTh ii Ha 0OMesKeHili
KiJIbKOCTi KOMIUIEKTIB TeCTOBUX NaHuX. lle mpMBOAUTH OO TOTO, 1[0 BOHU MOXYTh
HaBiTh i He MOMITUTH, KOJIM B IIPOTpaMi € HeBM3HAUEHICTh MOBeIiHKM [5].

B mpouenypHiii MoBi niporpamyBaHHs C € mpamryp kiacy OOIT — cTpykTypa
struct, sgka iHKAIICYJIIO€ JuIlle CTaH CYTHOCTI. | BMHMKAe€ MUTAHHS — a UM MO’KHA
MpaloBaT 3 OKPeMUMM KOMITOHEHTaMM-TIOISIMM TaKOi CTPYKTYPM aHAJIOTiuHO MO-
Bam OOII?

Po3sryissHeMo mpo6jieMy JOCTYIY IO eJIeMEeHTIB CTPYKTypu Ha MoBi C Ha IpUK-
nani "Hanmpoctimoi ingopMmartiiiiHoi cuctemu "TenedoHHMIT TOBITHUK", e B SIKOCTi
CTPYKTYPU JaHUX OyZeMO BUKOPUCTOBYBATU HACTYIIHY CTPYKTYPY [6] (TicTuHT 1).

Jlictuwr 1

typedef struct {

int id;
char firstName[20];
char lastName[20];

char number[20];
} person;

[l onTMManbHOI peastisallii GyHKI[iOHaATy MOIIYKY 3a iM’SIM, Mpi3BuileM abo
Tesie)OHOM ITOTPiOHO 3arajibHy YacTMHY OQOPMUTH Y BUIISAI OKpeMoi (QyHKIIii, B
SKiii TIleBHA YacTUMHA CTPYKTypu OyJle MOPiBHIOBATUCh i3 BBeJEHUM TEKCTOM. B
00’€KTHO-OPi€HTOBAHMX MOBAX IMPOrpaMyBaHHSI BUCOKOTO piBHS (C#, Java To1io) A
OTPUMAaHHS YaCTMHU CTPYKTYpH (K/1acy) 3a3BMUali BUKOPUCTOBYIOTh Tak 3BaHi rere-
pu — creniaabHi QYHKIIiI, MPM3HAUeHi /1Sl MTOBepPTaHHS 3HaueHb I0JIiB eK3eMIUISIpY
Kiacy (foro crany). Cripobyemo peasizyBaTu 1och rmoai6He Ha MoBi C (JTicTUHT 2).

JlicTuHr 2

char* getFirstName (person person)

{

return person.firstName;

}
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LIs1 dyHKIIisI TOBepTae iM’sl TIOAMHM. AHAJIOTIiYHMM YMHOM MOSKHA peasi3yBaTu
byHKIIi1 /11 BMOKpeMJIeHHS Mpi3Buia Ta Homepa TenedoHny. Toni 3arasibHa QyHK-
IlisI U1 TTOLTYKY 3@ 6yIb-sSIKOI0 YaCTUMHOIO CTPYKTYpy Oy/ie MaTy HACTYITHUI BUTJISI,
(sricTuHr 3).

JlicTuHr 3

void searchByPartInfo (char* part, char* (*func) (person per-
son) )

{

char arr[FIELD], * info;
printf ("Enter %$s\n", part);
scanf s("%s", arr, FIELD);
int counter = 0;

for (int i = 0; i < N; 1i++)

{
if (massiveStruct[i].id != -1)
{

if (strstr(func(massiveStruct([i]), arr))

{
printItem(i);
counter++;

if (counter == 0)

{
puts ("Not found");

}
}

Ie char* (*func)(person person) — BKa3iBHMK Ha Halll [IC€BAOTETED, SIKUIi TOBEpPTa-
TUMe HeOoOXiHY YaCTUHY CTPYKTYpU JaHUX.

[Tpu kKoMmissIii BUXigHOrO Komy B cepemoBuiii Visual Studio BumaioTbest mo-
repeKeHHS BiTHOCHO HalllMX TiceBaoreTepiB — warning C4172: nosepHeHHs adpecu
JIOKAJIbHOI ab0 Mumuacoeoi 3mMiHHOI: person. Aje TUM He MEHII, KO/ 3aIyCKa€ThCs i
Mpaloe, M0 MOXe MPUCTATU MUIbHICTh PO3POOHMKA KOAY, 0COOIMBO HeNOCBiTue-
HOTO. A 0OChb pO3pOOHMKM 3i CTakeM MOXyTh Bimpasdy sragatu — Undefined
behaviour, HeBu3HauUeHa MOBeiHKA. B YoMy 3K MpOSBSETHCS 11 HEBU3HAUeHa M0-
BeniHKa?

TecTyBaHHS KOAY MOKa3aJio, 10 MONIYK 3a iM’SIM i mpi3BuIlleM B TAKOMY BUIIa-
IIKy TIpalioe 6e340raHHO, ajie 3a HoMepoM TeyieOoHY (KUt CTOITh HA OCTAaHHbOMY

MiCIIi ITiJT Yac OTOJIOLIEHHS CTPYKTYpM) — He Ipaifioe 30Bcim. 11106 3po3ymiTu mpo-
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6;1eMy HeOOXiTHO 3a JOTIOMOroI0 HajaroakyBada (debugger) mpocaigKkyBaTy 3a XO-
IIOM BMKOHAaHHS Komy. [IJisS IIbOrO CTBOPUMMO HeBeJUKY (GYHKIIiI0-00TOPTKY
(JTicTUHT 4).

JlictuHr 4

int compare (char str[], char subl[])

{

return strstr(str, sub);

}

Bimpa3sy micas gogaBaHHSI Takoi (PYHKIIii-0OTOPTKM KapTMHA [ello 3MiHWIACh,
a came B JesSKMX BUIIaAKaXxX IMOIIYK [MOYaB BUKOHYBATUCh. [leTanmbHMit aHasi3 Mmoka-
3aB, IO Bifgpasy mic/ast BXoay B (QYHKIII0-00TOPTKY CMMBOJIBHUI PSIAOK, SIKUiA Mic-
TUTh HOMep TesiedOHY 3aMMIIaEThcsl 6e3 3MiH (puc. 1,a). Ame OYHKIIIS [JIsI TTOPiB-
HSIHHSI CMMBOJIBHUX PSIIKIB Strstr ImoBepTae psioK, B SKOMY 0e3 3MiH 3a/IMIIaI0ThCS
nepiti 8 uudp, iHII — 3MiHIOIOTHCS BUMAAKOBUM UMHOM (puc. 1,6). Tomy sIKio o6-

JIaCTh MOIIYKY 0OMesKeHa TibKy repimmMu 8 1iudbpamy — pesyabTaT YCIilTHUIA.

328 —int cmp{char str[], char sub[]) 328 int cmp{char str[], char sub[])
@ 329 Iy 329 7
338 return strstr({str, sub); £ 338 | return strstr({str, sub);
331 1 331 }
1M0% - Q0 i 1 « =2 1M0% - Q0 i 1 « =2
Mowck (Ctrl+E) P - Fay6uy | Mowck (Crl+E) P~ CyGn
nan 3HAYEHKE nan 3HAYEHKE
bo@ str Dx00aff554 "09329874 ul"
b @ sub R ET S b @ sub Cre00affee0 "050"
a) 6)

PucyHok 1 — BusiBieHHSI MOMEHTY 3aMiHM CMMBOJIiB IIOYaTKOBOTO PSIIKY:

a) BXiJ B PYHKIIi10-00ropTKY; 6) pe3yabTaT, IKMii moBepTae GyHKILiS strstr

Bynu cripo6yBaHi pi3Hi BapiaHTy BuUpileHHsST Ipobaemu. MacuB OTOJIOIIYBaBCS
i IK CcTaTUYHMIA, i IK KOHCTAaHTHMII — >KOOHE pillleHHS He MOIIOMOTJIO BUPILIUTU
npo6iemy. HeamMiHHMM 3anuinanoch juine ogHe — repir 8 mudp. Pemrra macuBy
ab0 3MiHIOBajaCh BUITAAKOBMM UMHOM, ab0 IMPOCTO Bimkupanack. Ilepematy Ha 00-
POOKY YaCTUHY CTPYKTYPH Y BUIJISIIII MAaCUBY CMMBOJIiB-IIM (P He BIaBaIOCh.

[Totim 6ynu mpoBedeHi MOCHIIKEHHSI SIK 3MiHIOETbCS 3HAUE€HHSI OCTaHHbOTO
YyjieHa CTPYKTYpPU B 3aJIeXKHOCTi Bif HOBXuHM MmacuBy (char number[20]). Tak mpu
HasiBHOCTI 19 umndp (ocTaHHii 6ailT BiIBOAUTHCS ITiJi CMMBOJI 3aKiHUEHHS PSIKY) B
il YacTUHI CTPYKTYpH, Ky iHimianmisyBamu uudpamm 1234567890123456789, O6yB
OTpPMMaHMii pe3yabTaT, MpeACcTaBJIeHNnit Ha puUcC. 2, a caMe: MPHU BXOHi B (QYHKIIiIO-
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000JI0HKY MacuB 06pi3aeTbcs 10 12 cMMBOJIIB (puUC. 2,a), @ HA HACTYITHOMY KpOIi —
00pi3aeTbca 1mie pa3 J0 8 CHMMBOJIB i JOMOBHIOETHCS BUITAAKOBMMM CUMBOJIAMMU
(puc. 2,0).

[MomiOHi ekcriepyMMeHTM 3 iHIIMMM WieHaMM CTPYKTYpH, SIKi CTOSITb He Ha
OCTAaHHbOMY MICIIi, O TaKMX pe3y/bTaTiB He mpu3Beay. ToO6TO Taka MOBeAiHKA IIPU
nepenavi Mixk QyHKI[iSIMM CIIOCTEPIirae€ThCsI JIMIIe JIJIsSI OCTAHHBOTO WieHa CTPYKTYPH,

SIKUI € CUMBOJIBHMM MaCUBOM.

328 —lint cmp{char str[], char sub[]) 328 —lint cmp(char str[], char sub[])
® 329 { 329 {
338 return strstr{str, sub}; £ 338 return strstristr, sub};
331 } 331 }
1M00% - Q0 i 1 « = 10M0% - Q0 i 1 « =2
Bugumere Bugumere
Mowck (Ctrl+E) P~ FryBe | MNMowck (Cri+E) P CryBu
Mran 3HaYeHNE Mran 3HaYeHNE
bW str (rc008FfadD 123456780l 1"
b @ sub O D08ffbdc "050"
a) 6)

PucyHOK 2 — 3alI0BHEHHSI OCTAaHHBOTO WiIeHa CTPYKTYpU IudpamMy Ha MaKCUMaJIbHY
€MHICTD: a) 3HAaUeHHSI Ha BXO/i B (DYHKIIil0-000/JI0HKY;

0) pe3yabTarT, IKMi1 moBepTae QyHKILiS strstr

Takosk Oy MpoBefeHi AOC/iIsKeHHs IJIS Pi3HOi KiJIbKOCTi 6aifT rmam’siTi, SIKy
MPOTPaMiCT BiABOAUTH AJIs1 OCTAHHBOTO YjieHa CTPYKTYPM Mif yac orosjomieHHs. Tak,
y BUIIJKy po3mipy macuBy B 10 cumBosiB (char number[10]) npu BxoAi y GpyHKIIit0-
000JI0HKY 3a/IMIIAJIOCh JIUIle 4 CUMBOJIM, @ HA HACTYITHOMY KpOIIi TOYaTKOBUX CUM-
BOJIiB BXXe He 3aJIMIIaNoCh 30BCiM, Oy/u Jinille BUTIAJKOBI CMMBOJM. Y BUIAJIKY Ma-
cuBy B 40 cumBosiB (char number[40]) nmpu BxoAi y PyHKIIit0-000J0HKY 3a/IUIIIATIO0Ch
32 cMMBOJIM, a HA HACTYITHOMY KPOIIi iX 3a/IMIIaN0Ch auiie 28.

[TepemileHHS 1iJTOTO TOJISI CTPYKTYPH B ii KiHellb (o181 id) B 1ijioMy KapTUHY
He 3MIiHMJIO — TIpU mepefadi B IKOCTi apryMeHTY OCTaHHbOT'O CMMBOJIbHOTO MaCUBY
CIIOCTepiraeThCs BTpaTa iHopmaliii, 3SMiHIOEThCS JinIlle KiJIbKiCTb CMMBOJIIB, SIKi 3a-
JUIIAIOThCS 6e3 3MiH.

HocnigxkeHHst 6ynu mpoBeneHi B cepenoBuiili Visual Studio 2019 mig kepyBaH-
HsIM omneparniiiHoi cuctemu Windows 10, KoM B HaJIalITYBaHHSIX IIPOEKTY OYB obOpa-
Huit ctanaapT moBu C 3a ymoBuaHHIM — MSVC. Konu ctangapt 6yB 3MiHeHMit Ha
6inbi cyyacHuit cranmapt ISO C17 (2018) [7] — B ocTaHHi YaCTUHI CTPYKTYpH, sIKa
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BiAToBigasa 3a HoMep TejaedOHY, HE3MIHHMMM 3aJUIIAANUCh Jauile 4 1udpu, iHiIi
3MiHIOBA/IMCh BUIAJKOBUM UYMHOM.

TakuMm uMHOM MU 6aUMMO [ifiCHO HeBM3HAueHY IOBeLiHKYy, KOJIU pe3yabTaT
BUKINKY QYHKIIii 3a/IeXKUTh Bif 6araTb0X YUMHHMKIB: Bif JOBXMHM MacUBY, BiJl CTaH-
napty MoBu C, BiJI IOJI0K€HHSI MacUBY B CTPYKTYPi.

A ocb crpoba MpoBeCcTy aHAJIOTiUHI JOCTiIKEeHHS i KepyBaHHSIM OIlepaillii-
HOi cuctemu Linux Mint 3 BUKOpUCTaHHSIM KOMITISITOPY gcC Bepcii 5.4 He BIaach.
[Tpy koMLl KOAY TaKOX BUOABAJIOCh IMOIEPeIKeHHS PO MOBEPHEHHS aapecu
JIOKaJIbHOI 3MiHHOi. A oCb IIpy cIpobi 3MiMiICHUTHM ITOIIYK 3a JOIIOMOIOI0 BUILEHABeE-
IIEHOTO KOy 3a Oy[b SIKOI0 YAaCTMHOIO CTPYKTYpM maHuX (iM'sl, TIpi3BuIle UM Teje-
(dboH) mporpama IIPOCTO aBapiitHO 3aKiHUyBasia pOOOTY 3 MOBiTOMIEHHSIM IIPO IIOMM-
JIKy CeTMeHTyBaHHS [4]. BimgyiaromkeHHs1 BUXiIHOTO KOAY MOKa3ao, Mo Y (GyHKIIi0-
000JIOHKY Ilepea€eThCsl MYyCTUII BKa3iBHMUK, TOOTO HAIIl "TICEBIOreTep"” He MOBEPTAE
B3arasii Hiuoro.

ITosicHeHHSI TakOi MOBEIIHKM € TOCUTb IMPOCTUM, IJISl I[bOTO IIOTPiOHO JMIle
JIleTaJIbHO PO3IJISHYTM Halll rceBmporeTep (JictuHr 2). B moBi mporpamyBaHHs C
CTPYKTYypa IMepenaeThbCsl B MeTO/I 32 3HAUEHHSM, a Ile 03Hayae, 110 Mpy BXoAi B QyH-
KITil0 IIST CTPYKTYypa Oy/ie cKoITifioBaHa B JIOKAJIbHY 3MiHHY, OT)Ke BCi TOJIS 1Ii€i cTpy-
KTypu OyAyTb CKOIiii0BaHi B JIOKaJbHilt 06/1aCTi BUAMMOCTI (B MexXax meTony). [Ipu
1IbOMY B CaMiil CTPYKTypi B Hac PirypyloTh He BKa3iBHMKM, a caMe MacUBU CUMBOJIIB,
i ToMy Hali Mojs CTPYKTypu OyAyThb CKOMilioBaHi 3a HOBMMM afpecamMu. B mceBmo-
reTepi Mu IoBepTaEMO BKa3iBHUK Ha MepIInii eleMeHT MacuUBY CMMBOJIIB, SIKUA ITiC-
JIST BUXOMy 3a MeXi o6iacti BumumocTi QyHKIii Oyme moMiueHM SIK BUIATEHUIA.
To6To cucTema ITic/IsI BUXOAY 3 METOIy BBa)Kae€, 1[0 MOKE 3HOBY BMKOPUCTOBYBATU
00J1acTh maM’sITi, IKy 3a/iMaB 1Lieii MacuB CMMBOJIIB. OT)Ke Ha HACTYIIHMX iTepallisix B
110 YaCTUHY TIaM’sITi MOKYTb OyTU 3alMCcaHi iHIIi JaHi, TpuyomMy He 060B’I3KOBO Ti-
€i camoi JOBXMHU, i 30epeskeHHS] 3HaUeHHSI 3MiHHOI 3a Ii€l0 afpecoio He rapaHTy-
€TbCSl. MM MOKEMO CITOCTEpiraTul SIK IpaBUJIbHY ITOBEIiHKY, TaK i TOBHMIT ab0 YacT-
KOBUII Iepe3anyc JaHuX.

Bci 1i mocmimkeHHs 6ysy MpOBeEeHi IJiT TOro, o6 3’sSicyBaT — B YOMY CaMe
TMoJIsira€ HeBM3HAUeHa IMoBeiHKa kony? Hy a fjist Toro, 106 Bce-Taku BUPILIATY T10-
CTaBJIeHY 3a7jauy AOCTYIY JI0 eJIeMeHTiB CTPYKTypu Ha MoBi C B IceBaoretrepax Ta
iHIMX MOAiOHMX BMUIAIKaxX HEOOXiTHO TepefaBaTU CTPYKTYPY 3a agpecoio (Mocu-
JaHHSIM). AGO SIK y BUTIAIKy HaMTIpoCTimioi iHbhopMaIlliiiHo1 cucTeMy MOXKHA CKOPUC-
TaTUCh II00aTbHUM MacCUBOM CTPYKTYP i OIlepyBaTy BiATIOBiTHO TiJTbKU 3 iHIeKCaMU

1IbOT'0 MacCuBYy [6].
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BucHoBKM. Y poOOTi IIpoBeAeHO JOCTiIKeHHSI HEBYM3HAUYEeHOI OBEIiHKM KoY,
HaIMCaHOTO Ha MOBi mporpamyBaHHsS C, IIpu Iepenadi ujgeHiB CTPYKTypu B (PyHK-
1iro.

Komrminstopu Visual Studio 2019 i gcc HagaBaayu MOBiIOMJIEHHS ITPO HEBM3HA-
yeHy IOBeAiHKYy KOay. Aje 1 IMOBediHKa KapAMHAJAbHO Bifpi3HsIach OJIs1 Pi3HUX
oIepalifiHuX CUCTEeM Ta PisHUX KOMMUIATOPIB. SKimo micas gee mig OC Linux Kop,
IIPOCTO 30BCiM He IPaIIoe i Mporpama 3yIMHSIE CBOI POOOTY 3 ITOBiTOMIEHHSIM PO
MTOMMJIKY cerMeHTallii, To micis Visual Studio mig kepyBanusm Windows Kof 3armyc-
KaBCsl, ajie MpalloBaB KOPEKTHO Jiyilie Ha 00MeXXeHMX KOMIIJIeKTax JaHUX.

Byno mokasaHoO «ITiABOAHI KaMeHi» pi3HOMaHITHUX pillleHb IJISI BUITPABJI€HHS
1i€i momuaku. TakMmM UYMHOM, HEBM3HAaUeHa ITOBeIiHKa KOy YCYBa€ThCS Mepenavelo
B (DYHKIIiIO aJpecy CTPYKTYPH, 3 WIEHOM SIKOi ITOTPiOHO ITpaIfioBaTu.
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Access to struct members and undefined behavior of C code

During software development, novice developers usually receive a lot of error mes-
sages and just warnings of various kinds. And if the code simply won't run when there are
errors, then the program usually starts when there are various warnings. And here it is
important to understand what consequences the presence of warnings of various kinds
can lead to.

This work aims to study the code's undefined behavior when working with struc-
tures in the C programming language when issuing a corresponding compiler warning
about returning the address of a local or temporary variable.

In the procedural programming language C, there is an ancestor of the OOP class
— the structure struct, which encapsulates only the state of the entity. And the question
arises — is it possible to work with separate components-fields of such a structure analo-
gously to OOP languages?

For research, a simple structure was taken, which contains information about the
person's name, surname, and phone number. To access parts of the structure,
pseudogetters were used — functions that returned a pointer to the corresponding part of
the structure.
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The research was conducted in the Visual Studio 2019 environment under the con-
trol of the Windows 10 operating system when the default C language standard - MSVC
and the more modern ISO standard C17 (2018) was selected in the project settings.

As a result, a truly undefined behavior of the code was obtained, when the result of
the work of the code fragment (function call) depends on many factors: the length of the
array, the standard of the C language, the position of a certain part in the structure.

An attempt to conduct similar research under the control of the Linux Mint operat-
ing system using the gcc compiler version 5.4 was unsuccessful. When compiling the code,
a similar warning about returning the address of a local variable was also issued, as in
the case of Visual Studio. But when the program was launched, it simply crashed with a
message about a segmentation error.

Thus, both the Visual Studio 2019 compiler and the gcc compiler warned us about
undefined code behavior. But this uncertain behavior was radically different for operating
systems and compilers. If after gcc under the Linux OS, the code simply does not work at
all and the program stops its work with a segmentation error message, then after Visual
Studio under Windows, inexperienced developers with improper testing and verification
of the code can miss the code that "does not always work", which can lead to unexpected
results, not always pleasant, to say the least. And that's why software developers, espe-
cially beginners, should pay attention not only to compilation errors but also to warn-

ings, even if the code works.

T'epacumoB Bonoagumup BosogumMupoBu4 - K.T.H, moueHT Kadeapu EOM [IHim-
POBCBHKOTO HalliOHAJIbHOTO YHiBepcuTeTy iMmeHi Onecs ['oHuapa.

Kapnenko Haziss BanepiiBua - K.(p.-M.H., goueHT Kadenpu EOM [IHiIpoOBChKOIO
HalliOHAJbHOTO YHiBepcuTeTy imeHi Osecst [oHuUapa.

CkypaTtoBcbKuii Irop AHaTosmiiioBu4 - K.(.-M.H., goueHT Kadbeapu EOM [IHinpoB-

CbKOTO HallioHaJIbHOTO YHiBepcuTeTy iMmeHi Omnecst [oHuapa.
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ADAPTATION OF THE WORLD FRAMEWORK
FOR FRAME-BY-FRAME REAL-TIME SPEECH ANALYSIS

Abstract. WORLD is a vocoder based speech synthesis system developed by M. Morise et al. and
implemented in C++. It was demonstrated to have improved performance and accuracy when
compared to other algorithms. However, it turned out to not perform well in certain scenarios,
particularly, when applying the framework to very short waveforms on a frame by frame basis.
This paper reviews the issues of the (++ implementation of WORLD and proposes modified ver
sions of its constituting algorithms that attempt to mitigate those issues. The resulting frame
work is tested on both synthetic signals and on real recorded speech.

Keywords: speech analysis, speech synthesis, real time signal processing, spectral envelope, FO
estimation

Introduction. The speech analysis and synthesis were always popular subjects
of interest for many researchers. The techniques and methods of working with
speech signals developed over the last decades are now used in a variety of
applications such as text-to-speech (TTS) synthesis, speaker identification (SI), voice
conversion (VC), speech to text (STT) recognition, and others. One important
characteristic of these applications share is that they have to operate with real-time
constraints. A TTS system has to produce output from the user-provided text with
minimum lag, a SI has to identify speakers quickly, a VC system should be able to
operate on a signal and produce continuous output with minimal latency, etc.

There are systems of each type that satisfy these requirements and produce
acceptable results. One of such systems is the WORLD framework for high-quality
speech analysis and synthesis [B]. WORLD is a vocoder-based speech synthesis
system that decomposes the speech signal into a fundamental frequency (F0) using
the DIO algorithm [M], a spectral envelope using the CheapTrick method [K], and an
excitation signal using PLATINUM algorithm [M]. Each of these components is
usually estimated for every millisecond of the speech signal, forming a contour of
estimations. The original signal can then be resynthesized by convolving the
minimum phase response of the spectral envelope with the excitation signal. The
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diagram of WORLD framework is illustrated in Figure 1. Speech resynthesized in this
way was shown to be of high quality in terms of waveform similarity with the input
signal.

Literature Review. Unlike systems that perform direct sequence-to-sequence
conversion on raw audio and usually utilize neural networks and deep learning for
modeling non-linear mappings for speech-to-speech [K, K], text-to-speech [&, K], or
speech-to-text [0, H] conversions, frameworks like WORLD rely on conventional
tools, are highly customizable, and make for a great basis for developing new
systems.

Parameters extraction

FO estimation

v

Spectral envelope
estimation

v

Aperiodicity
estimation

Y

Speech signal > Vocoder » Synthesized speech

A 4

Figure 1 - WORLD framework diagram. The original signal is decomposed into three
components that are used to drive the vocoder and produce high-quality speech

Unfortunately, the C++ implementation of WORLD is ill-suited for one specific
but very popular use case — frame-by-frame real-time processing of audio signals.
This type of processing is common in digital audio systems and used ubiquitously in
music production, recording, and sound design. Such systems include, for example,
Jack audio server for Linux — a system that is intended for environments in which
low latency (up to 5ms) is critical [B]. Jack operates by connecting audio sources to
audio sinks and passing pieces of signal between them using very small buffers that
usually contain from 64 to 1024 samples depending on the configuration. WORLD
requires buffers that are at least three times longer than the period of the lowest
signal the system is expected to correctly process. So, if the speech signal is expected
to have the lowest pitch of 60Hz or have period of 16ms, then the input should be at
least 50ms long or contain at least 800 samples at the 16 kHz sampling rate. Jack
usually doesn't provide such long buffers, but this can be solved by allocating a
buffer of required size and outputting only silence while it is filling up. This
approach will not impact the overall latency but will introduce delay between the
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first non-silent input and the first non-silent output. Even with this approach
however, the WORLD framework fails at the very first stage — the FO estimation. It
either crashes or provides incorrect estimations after which all the other stages of
sound decomposition are impossible. If the buffer sizes are increased significantly
(above about 2000 samples), the algorithm succeeds at estimating the FO but the
following stage, the spectral envelope estimation, produces unstable and noisy
results that introduce heavy distortion when the sound is resynthesized.

The following sections propose alternative algorithms to those implemented in
WORLD in order to enable the framework to work in the environment described
earlier.

Research methodology and results. FO estimation. Fundamental frequency
or pitch estimation is a process that determines the minimum frequency at which
the analyzed waveform repeats itself. There are multiple and very different
approaches to estimating FO of a given signal. These approaches can be broadly
categorized into spectrum- and time domain-based methods. The spectrum-based
methods focus on detecting peaks and distances between them in the spectral
envelope or the cepstrum of the signal while the time domain-based methods
attempt to detect periods between peaks and zero crossings of the raw signal in the
time domain [B]. When selecting a FO detection method for a particular application
multiple factors must be taken into account, such as the algorithm's accuracy to
performance ratio, the expected noise level of the signal, the time constraints,
required signal frame length, etc. It was shown that spectrum-based algorithms
perform better than the time domain-based ones [H], but their drawback is that they
introduce extra computation cost by requiring the spectrum or cepstrum to be
computed for each frame of the signal. For this reason, the WORLD framework uses
the time domain-based DIO algorithm for estimating FO quickly and cheaply.
However, the C++ implementation of DIO prevents WORLD from supporting the
frame-by-frame analysis and synthesis. This section discusses the adaptation of DIO
to enable this support.

As the basis of the reimplementation, the improved version of DIO was
selected [M] and modified to make it work with short speech frames. The
implementation itself was done in Julia programming language to make it easier to
apply in data exploration scenarios. Below the detailed description of the final
algorithm is provided. Our implementation of DIO will be referred to as JDIO, the
algorithm by Daido and Hisaminato will be referred to as YDIO, and the C++
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implementation from the WORLD framework will be referred to as CDIO in the text
below.

DIO's basic idea is to narrow down the possible pitch values as much as
possible, detect the most stable FO candidates for a given frame, and then select one
candidate that preserves the smoothness of the corresponding voiced region's FO
contour the best. The first step can be thought of as preprocessing, and it includes
decimating (downsampling) the input signal so that its sample rate is just enough to
represent the highest desirable frequency accurately, removing the DC component
from the decimated signal, and applying parallel cascading lowpass filters to
attenuate harmonics and make the low pitch detection more reliable. So, the
preprocessing produces a collection of signals that have a significantly reduced
number of samples due to decimation, have mean amplitude of zero, and differ only
by the increasingly aggressive lowpass frequency cutoff. The second step involves
applying a period detector to each of these signals and assessing the stability of a
period detected in each of them. The final step simply selects one of the detected
candidates based on a number of heuristics that minimize the deviation from the FO
estimate for the previous frame. The flowchart representation of the algorithm is
given on Figure 2.

Lowpass filering M Period delection Previous estimate
Speech frame }—) Decimation }—» DC removal Lowpass fillering —» Period detection Candidate selection

Lowpass fiering 3 [Period detection

Figure 2 - Top-level representation of the DIO algorithm. Each component can be
tweaked to achieve optimal performance for a given application

In JDIO, the decimation, DC component removal, and the lowpass filtering
steps were delegated to the DSP.jl package routines [M], while the period detection
and candidate selection were implemented using custom algorithms.

Just like in YDIO, the JDIO's period detection is based on marching through the
signal and identifying time durations between pairs of events of 4 types: positive
zero crossings, positive peaks, negative zero crossings, and negative peaks. To make
identification of these events more reliable, each of them is searched for one after
the other in the provided order and in circular fashion, i.e. after detecting the
negative peak, the algorithm starts searching for positive crossing. Once an event is
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detected at time &, the new search starts at & + Tmin . If the new search fails to find
any new events until & + Tmaxi the search is considered failed. Tmin: and Tma«: are
constants that put hard lower and upper bounds on the range of frequencies the
algorithm can detect. The search process stops once 8 successful detections have
been performed, i.e. when two points of each event type have been found, and a
sequence of detected timestamps [f1.f2.--.tg]l is obtained. From these timestamps,
event periods for each event type can be calculated: P: =tirs —t.\ Vi €[L..4] The
process of the period detection is visualized on the Figure 3. The estimated
fundamental period of the frame is then given by the average of the periods of each
event type:

1 1
Pu=;z'P:'=’Fu=P_u- (1)

Each estimation (1) is assigned a “confidence” value given by how much each
event period deviates from their average value:

}:?=1|'P:' - Pul]
Py

A=1-min [1, (2)

The estimates with confidence lower than a given threshold 4mint: are rejected,
the best FO candidate is selected among the remaining estimates.

Even though the base algorithm is fairly straightforward, its real world
application presents a number of additional challenges.

First, the peak detection can suffer from a high number of false positives when
the signal is noisy or contains harmonics. To mitigate this problem to some extent,
two thresholds are introduced — noise floor and relative peak amplitude . A peak
point candidate °; is skipped during the peak detection process if its amplitude is
lower than the noise floor or does not reach at least @ fraction of the previous peak
of the opposite sign:

|.S'J.-| >7A |.S'J.-| S (X — (3)

The noise threshold also automatically filters out any unvoiced regions that
otherwise would have to be identified and removed by other means.

Second, the signal being processed is discrete and the points in time at which
it's sampled generally speaking do not align with the true peaks and zero crossings.
This issue becomes even worse when the signal is decimated and its sampling rate is
reduced significantly. An example of this is provided on the Figure 4. To somewhat
mitigate this issue, linear and quadratic interpolations can be used. Since zero

crossings are detected by searching two consecutive points (ti’sf) and (tiﬂ' SJ+1) on
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the opposite sides of the X axis, the true zero crossing can be estimated by linearly
interpolating between them and solving for zero:

t. 1- [
toero = =S, 2L + ¢, 4)

e =, J
Sj+1 755

For detecting peaks, three consecutive points (61 51—1), (& SJ), and (G+1-5+1)
that satisfy the condition -1 <5; * S+1 have to be found. The true peak has to be

greater than or equal to the middle point (ti' SJ) and to approximate it, a quadratic

interpolation can be used. In other words, a parabola can be fitted to the three points
and its extremum selected as a true peak estimate:

2
G=1 b1 Yy [5i-2
2 _ i
1 Sit1

2
tj+1 t_;+1

)

The a, b, and c coefficients for the f(x) =ax? + bx + ¢ equation are given by the
solution of the equation (5). They can be used to obtain the coordinates of the fitted
curve's extremum:

Cpeak = ;bfz a (6)
Speak = —b fpa+c

It is important to also calculate the amplitude value ek to use it in the
condition (3) check during the next peak detection.

Third, since there are multiple period detectors being applied in parallel to the
same signal filtered with different lowpass filters as pictured in Figure 2, multiple FO
candidates € =1c1.¢5, ... Cx} are obtained, and the candidate selection procedure has
to be put in place. JDIO uses the approach that minimizes the difference between the
previous estimate and the new one:

Fooy = C:-;g;léfgtlc —El (7

The confidence of the new estimates is guaranteed to be acceptable because all
candidates with confidence lower than 4= are rejected. This approach helps to
prevent frequency halving and frequency doubling errors for harmonic signals.

Four, since the DIO algorithm is usually used for estimating frequency contours
for frames with a very short hop time, it is necessary to ensure that the event
detection chain starts as close to the start of the frame as possible. To achieve this,
JDIO runs each event detector and selects the one that succeeds earlier than all
others. The example of different detectors being selected as first ones in the chain
can be seen on the Figure 3. In 3a, the first detected event is a positive zero crossing

while in 3b, the first detected event is a positive peak that satisfies the condition (3).
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Figure 3 - JDIO detects periods between different kinds
of events from a frame of signal

In both cases, the algorithm was able to detect the best chain of events that is
closest to the start of the frame and estimate the FO successfully.

0.9 r
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03 - 4+  decimated signal
e interpolated peak estimate
0.000 0.001 0.002 0.003 0.004
time, s

Figure 4 - Positive peak detection. A parabola is fitted to three points that are known
to be around the true peak, and the first coordinate of its extremum is selected as the

time value at which the true peak occurs

Spectral envelope estimation. A spectral envelope is a curve in the
frequency-amplitude plane, derived from a Fourier magnitude spectrum. The
spectral envelope should ideally be a smooth line with minimal oscillations that

wraps tightly around the magnitude spectrum, linking the peaks [H]. In most signal
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processing applications, the spectrum is derived from a short frame of the signal that
was windowed and padded for optimal frequency resolution in a procedure known as
a short-time Fourier transform (STFT). The power spectrum estimations performed
on consecutive overlapping equally sized frames of the signal comprise a
spectrogram. A spectrogram represents the change of sound quality over time but
because of its high frequency resolution it may contain redundant information and
noise. Estimating a spectral envelope for each STFT helps to smooth the spectrum
and present a clearer picture of how the large structures in the signal change over
time. Spectral envelope is also easier to represent parametrically which can be used
for efficient signal compression and reliable feature extraction [H].

WORLD uses the CheapTrick algorithm for estimating the spectral envelope for
each frame of the signal. A version of the algorithm is a part of the WORLD's C++
implementation and will be referred to as CCheapTrick in the below text.
CCheapTrick works well for pre-recorded sound files, but it is not suited for real-time
application because for short audio frames, it produces misaligned or noisy output
that results in distortion in the reconstructed signal. Comparison of CCheapTrick's
performance on real-time signal and pre-recorded audio file is shown on Figure 5.
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(a) (b)
Figure 5 - CCheapTrick is used to estimate the spectral envelope
for each frame of real-time audio stream (a) and for pre-recorded audio file (b)
of the same speech fragment

28 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 5 (148) 2023 «System technologies»

A new solution, JCheapTrick, was implemented using the Julia programming
language to enable analysis of real-time signals when used in conjunction with JDIO
for FO estimation. Below is the detailed description of the algorithm and motivation
behind the choices made during investigation and implementation.

The CheapTrick algorithm is based on adaptive signal windowing that adjusts
the window size based on the instantaneous frequency of the current frame. The
window itself is a regular Hann window which is given by a squared cosine in range
[-0.5, 0.5]. The window size is selected to be three times the period of the
fundamental frequency W, = 3/:Fs". For example, if a frame that is being analyzed
has length of 800 samples at 16 kHz sampling rate and its instantaneous frequency is
220 Hz, the window size will be 218 which means only 218 first samples from the
frame will be used for calculating its spectrum. This approach helps to ensure that
the fundamental frequency and its harmonics will be the main contributors to the
resulting spectrum since the instantaneous frequency is detected as close to the
frame's beginning as possible as illustrated in Figure 3. The truncated frame with the
Hann window applied to it is then padded with zeros to make its Fourier transform
have sufficient resolution. The resolution is selected once and used for all frames and
all window sizes to make it possible to combine all spectra into a spectrogram with
consistent dimensions.

After the spectrum of a frame has been calculated, its magnitude is adjusted by
the sum of the Hann window to accurately represent the energy of the frame. The
adjusted spectrum then goes through a series of smoothing transformations.

First transformation is a simple FIR filter with a rectangular window. The
length of the window is selected to be the index of the spectrum's energy bin which
the estimated FO falls into. So, a spectrum with lower associated instantaneous
frequency will be smoothed with a smaller window than the one with a higher FO. In
other words, the smoothing window size is selected so that it is not greater than the
distance between the fundamental frequency's harmonics. The window is applied
twice in forward and reverse directions to ensure that the result has zero phase
distortions, i.e. the original spectrum does not shift in either direction after filtering.
The added benefit of this step is that it helps to eliminate zero values from the
spectrum which ensures that the cepstrum can be calculated without running into
singularity issues.

The second transformation is application of the composite liftering function to
the cepstrum of the signal to obtain the resulting spectral envelope.
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The cepstrum is a "power spectrum of the power spectrum” that is calculated by
applying a Fourier transform to the logarithm of the power spectrum as if it was a
regular signal. Just like the spectrum helps to visualize and identify periodicities in
time domain signals, cepstrum identifies periodicities in the spectrum itself. For
example, a harmonic signal with a fundamental frequency of FO = 220 Hz will have a
power spectrum with evenly spaced peaks that indicate FO and its harmonics; a
cepstrum calculated for this power spectrum will have a peak at Fo' indicating the
strong periodicity in the power spectrum. The fa* value is referred to as quefrency,
and it reflects a period of the corresponding frequency in the spectrum. Since the
cepstrum is a regular Fourier transform, all techniques that can be applied to
spectrum are also valid for cepstrum. For example, it is possible to apply a lowpass or
highpass filters to the cepstrum to change the characteristics of the spectrum it was
calculated for. Filters applied to the cepstrum are referred to as lifters and the
process of applying them is called liftering.

The CheapTrick algorithm uses the following liftering functions:

sin(Fymt), | .
f_:{W\,\lf\r:bO (8)
"N\if\t=0
I, =qo +2q,c082NTF,) C))

Here T is the quefrency value, 90 and 91 are constants that were optimized to
have values 1.18 and -0.9 respectively. The function (8) is effectively a lowpass filter
for the spectrum that removes all components that correspond to FO and its
harmonics, but it also removes the temporal instability in the spectrum caused by
windowing the waveform and convolutions. The function (9) makes sure that the
requirements of the consistent sampling theory are met, namely, that the digital
signal must not change after being converted to analog signal and back. Since both of
these functions are computationally expensive, the JCheapTrick implementation
only computes their values up to the o' quefrency and sets all higher values to zero.
So the final liftering function is given by the equation:

L) — {fstjr)fq(jr:j\,\ T <57
0\\ if\ T = F3t
Application of this lifter yields a temporally stable spectral envelope.

(10)

Evaluation. JDIO's and JCheapTrick's implementation is meant to provide an
alternative to CDIO and CCheapTrick to enable real-time applications without
compromising quality and accuracy, but the fact that CDIO and CCheapTrick are
unable to work with short audio frames makes the direct comparison impossible.

30 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 5 (148) 2023 «System technologies»

Instead, the test audio files are processed as is by the C++ versions of the algorithms
that produce an FO contour and a spectrogram respectively while the Julia algorithms
operate on the same files frame-by-frame as if they were real-time streams and the
outputs are concatenated to enable side-by-side comparison of FO contours and
spectrograms.

For comparing the quality and accuracy of FO estimation, a number of
synthesized signals was generated. Below is the table that lists total mean square
errors of CDIO and JDIO on different kinds of signals with length of 1 second and the
sampling rate 16 kHz.

Table 1
Mean square deviations of the JDIO and CDIO estimations
from the true FO of constant and modulated signals

Signal JDIO CDIO
Constant pitch signal 0.003 242.0
Amplltude.modl}lated 0.008 949.0
constant pitch signal
Linear chirp signal from 60
Hz to 600 Hz 78 204
A.mphtuQe modulated 78 90.5
linear chirp
Amplitude modulated
linear chirp with 67.3 20.7
harmonics
Noisy modulated linear 14716.1 25517.0
chirp with harmonics

From the provided numbers it seems like the accuracy of CDIO is increasing as
the signals become more complex until noise is introduced and the opposite is
happening with JDIO. However, the actual distribution of errors throughout the
signal shows that the CDIO's accuracy is consistent in all tests and the main
contributors to high error values are the estimates at the beginning and at the end of
the FO contour. Such errors can be explained by the multistage postprocessing that
CDIO uses to select valid FO from all the candidates it estimated for each frame of
the signal — candidates at the start and at the end of the signal lack the context for
the postprocessing to work properly. Values of FO that the CDIO estimated in the
middle of the signal are highly accurate, but this accuracy slowly decreases towards
higher frequencies. JDIO, on the other hand, doesn't employ any form of
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postprocessing aside from the consecutive FO difference minimization step described
in (7) and has better consistency in its estimates. The graphical representation of
error distributions is provided on Figure 6

FO contours are easy to test because the ground truth for them is easy to obtain
and compare the estimates against. The ground truth for the spectral envelopes,
however, is very hard to obtain even for synthetic signals. So, to test the accuracy of
JCheapTrick's implementation against CCheapTrick, an indirect approach to
comparison was chosen:

The FO contours obtained by JDIO and CDIO were used to obtain the
spectrograms with JCheapTrick and CCheapTrick respectively.

The aperiodicity contours were estimated for both spectrograms.

The FO contours, the spectrograms, and aperiodicities were used to
resynthesize the analyzed waveform using WORLD's vocoder as per Figure 1.

Raw error was obtained by calculating the mean square deviations of the
synthesized waveforms from the original sound.

Spectral error was obtained by calculating the mean square deviations of the
STFT spectrograms of the synthesized waveforms from the spectrogram of the
original sound.

This method also helped to demonstrate that the JDIO and JCheapTrick
algorithms were compatible with the WORLD framework implementation.

Instead of the synthesized signals, real speech recordings from the LibriSpeech
corpus were used for the tests. The raw errors and spectral errors calculated using
the above method are provided on Figure 7.
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Figure 6 - Accuracy and errors for CDIO and JDIO when estimating the FO contour for

synthesized complex harmonic signals

The errors indicate that JDIO+JCheapTrick vyielded more accurate
resynthesized signal — the raw error was ~1.27 times better and the spectral
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characteristics of the resynthesized sound was up to ~2.51 times better than for the

signals resynthesized using CDIO+CCheapTrick.
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Figure 7 - Raw and spectral errors of resynthesized speech when compared
to the original sound. The slopes of the mean lines are 1.27 for raw loss
and 2.51 for spectral loss

Conclusions. In this paper, the implementation of the real-time DIO and
CheapTrick algorithms was detailed and various accuracy and performance
improvements were discussed. The new implementation was shown to have similar
or better than the original implementations from the WORLD framework. The new
algorithms can serve as a basis for further research and development of new real-
time systems for processing speech streams.
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Adanmauia ¢peiimeopry WORLD
05 nogpeiimoeozo aHanizy MoejieHHs 6 peaibHOMY Uaci
WORLD - ue cucmema 0151 cuHme3y MO8JIeHHSI HA 0CHO8i 8oKodepa, ika 6yna po3-
pobnera M. Mopicom ma iH. i peanizosaHa Ha C++. Byno npodemoHcmposaHo, daHa
cucmema Mae 8uUcoKy epexmueHicms ma mouHiCms y NOPIBHAHHI 3 AHAJI02TYHUMU CUC-
memamu. OOHAK B0HA BUABUNACS Henpudamuow 011 BUKOPUCMAHHA Y NEeBHUX
CueHapinx, Hanpukaao, npu Nomokosiii 06podui aydio ¢petim-3a-ppetimom. Lla cmam-
msa posansdae Hedoniku C++ imnnemenmayii cucmemu WORLD ma nponoHye
3yaemyrwuuli peiimeopk 6ys0 npomecmos8aHo HA CUHMEMUYHUX CUZHANAX ma Ha pe-

aJibHUX 3anucax MO0Oe8JieHHA.
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Komrenb €BreH - acmipaHT kadeapy KOMITIOTEPHUX TeXHOJOTiV JHilIpOBCHKOTO

HalliOHaJbHOTO YHiBepcuTeTy iMmeHi Osecst [oHUapa.
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T.O. I'ynuii, B.€. bino3bopos
BUKOPUCTAHHS METO/Y HEJIIHIMHOT'O PEKYPEHTHOI'O AHAJII3Y 10
IIOIIYKY DDOS AHOMAJIII1 YACOBUX PSAIIB MEPEJKEBOI'O TPA®IKY

AHomayia. ¥ cmammi po32ns0aemsCs NUMAHHA BUKOPUCMAHHA MemoOy HesiHIlH020 peKy
peHmHo20 aHanizy 00 npobsremu nowykKy aHOManil y mepexesomy mpagiky, wo HadaHa y
BU21A01 OaHUX Yacosux psoiB 3HIMKY mpagiky 3a nesHull nepiod 4acy. OnucaHo memooduka
BU3HAYEHHA SKICHOT Xapakmepucmuku 0715 BXiOHUX OaHUX ma ii BUKOpUCMAHHA 015 nobydosu
810n08ioHOT pekypeHmHoi Oiaepamu (recurrence plots, RP). B akocmi akux 6y/10 3anponoHoBaHo
Y3Amu cmamucmeky KiJibKocmi ompumaHux 6alimis y cekyHxy. [1a ompumaHHs YucesbHUX 3HA
YeHb NOKA3HUKi8 RP nponoHyemsca sukopucmosysamu cepedosuwje Mamnab ma po3pobreHuli
0/18 Uybo20 nakem crptools. HasedeHi o6paxosaHi nokasHuku RP 0o3sonunu 30ilicHUMU
munizayin ompumaHux 0aHUX ma suHayumu mun Akit ompumas Hasgy «DDOS RP», wo Hadae
3moay sudinumu deski sudu amak muny DoS/DDoS.

Knwo4osi cnosa: pekypeHmHuli aHani3, mepexesull mpagik, yacosul pso, pekypeHmHa diaepama,
napamemp 3ampumKu, po3mipHicms npocmopy skaadeHHs, RQA aHanis, cepedosuuje Mamnaé.

Beryn i MmeTa. BusiBsieHHST aHOMaJTiit — 11e mpo6sieMa IONIyKY MIKiJJUBUX 111a0-
JIOHIB Y JaHUX, SIKi BiApi3HSIOTHCS Bif, HOpMaabHOI MOBeHiHKM. Y KOMIT IOTEpHUX
Mepekax Taka HeHopMaJibHa ITOBe/liHKa 3a3BMYaii BUHMKAE yepe3 Taki (pakTopu, siK
BimMoBa B 06ciyroByBaHHi (D0S), HeclpaBHICTh MepekeBUX IIPUCTPOIB, HEIIpaBU-
JbHA KOHirypailis MmapiipyTu3aTopa, nepeBaHTaskeHHs TpadiKy, 36i/i KOMIIOHEHTIB
i BTOprHEHHS B MepPEeXy.

BinxuieHHs mMepeskeBoro Tpadiky Bij, HOpMasibHOI TOBeHiHKM BigOyBa€TbCs
yepe3: 3MiHM IIUISIXY Ta IeTe/ib MapuIpyTH3allii, pi3Ki 3MiHM ITOTOKY Tpadiky, Bapia-
11ii 3aTpuMoKk Tpadiky. Lli BIacTMBOCTI BM3HAUAIOTHCSA Ta KAACUDiIKYIOThCS IIJITXOM
CIIOCTEPEsKeHHST 3a MOTOKOM TpadiKy, 3aTPpMMKOIO MaKeTiB, 3ara/ibHOK KiJbKiCTIO
HaJic/JlaHMX TaKeTiB, CIiBBiIHOIIEHHSIM 0aiTiB, HaJiCJaHMX Y KOXKHOMY HAIIpSIMKY,
TPUBAJIICTIO 3’€JHAHHS, CepeHiM PO3MipOM ITaKeTiB i YaCOM MiX HaAXOIKeHHSIMMU.
[ToTouHe BUSIBIEHHSI aHOMaJIii CIIOCTepirae 3a CTaTUCTUKOIO TPAHCIIOPTHOTO PiBHS, i
pe3yabTaTy MOPIiBHIOIOTHCS 3 MOPOrOBMM 3HaueHHSsIM. IIpoTe crocTepiraeTbcs, M0

XapaKTepUCTUKM MepexkeBOro Tpadiky, xapakTepUCTUKM PO3MOAiNTY MOBipHOCTeM
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IP-makeTiB, HIiIbHICTD TpadiKy, CTATUCTUYHI XapaKTepUCTUKM Tpadiky AMHAMIUHO
3MiHIOIOTbCSI Y YaCOBiii 0671aCTi.

HeroaBHO Oy/10 3aIIpOIIOHOBAHO ITOBTOPHMIT HEJIiHiMiHMIA peKypeHTHMIi aHa-
ni3 (RQA) nyis ciocTepekeHHS Ta BUBUEHHS [IMX HeCTalliOHapHMUX BIaCTUBOCTeI [1].
3 yacom, 3’SIBUINCH iHIIi PoOOTH, SIKi BUKOHYBa/IM aHa/Ii3 HA HECTAaHIAPTU30BAHUX
JaHMX, Ta HAAABIM pi3HY OO 3HAXOOKEHHSI HOBUX IIAXOAIB OO IIOIIYKY
aHomavii [2,3]. lesiki po60TM BUKOPUCTOBYIOTh Y SIKOCTi BXiZHMX JAHHUX 3TOPTKOBOI
HelipoHHO1 Mepeski [4]. [Ipob6siema 10Ci € JOCUTDb CKIAHOIO i aKTyaIbHOIO.

MeTta maHHOI poOOTM — 3aIPONOHYBATM IMiAXiHd peasisallii MOIIyKy aHOMaTii
IJist ataku cepsicy Tunmy DDoS/DoS maHux mepexkeBoro Tpadiky 3a JOIMOMOTOI0 YK-
CeJIbHMX MTOKAa3HMKIB HeJIiHi/iHOTO PeKypeHTHOT0 aHali3y.

Ornsap nmpooGseMu Ta ii aHani3. OcHOBHA MpobjemMa aHali3y YacOBOTO PSIIY
TI0JISITa€ B TOMY, IO IJISI TTIOOYIOBM peKypeHTHOI miarpamu (RP) HeOOXiZHO UiTKOro
BM3HAUEHHS MPMXOBAHMX ITapaMeTpiB m i T. m -1le pO3MipHiCTb MPOCTOPY BKJaJI€H-
HSI 4aCOBOTO PSIAY, IJIsI IKOTO BUKOHYETHCSI aHasi3, a T - mapaMeTp Joro 3aTpUMKM.
Ilo BU3HAUeHHS JaHUX MapaMeTpiB AesKi JOCHiZHUKA [2-4] mocTaBUaMCS CyTO Gop-
MaJbHO, II0 € IIOMMWJIKOBMM 3 TOUKM 30PYy CUMHEPTEeTUKM, a TUM Oijblile HeJiHiiiHOi
IVHaMiKN.

V mociimKeHHi [6] peAacTaBuiIM XOpolile ONMUTYBAaHHS OO0 BUSIBJIEHHS aHO-
Masiii. ONMUTYBaHHS IIOA0 METO/IiB BUSIBJIEHHSI aHOMaTili y cepax MaIIMHHOTO Ha-
BUAQHHS Ta CTaTUCTUKM MO’KHA 3HANTU B [7]. [I/1s1 BUSIBJIEHHSI aHOMaJIiii Mepexi AoC-
TYIIHO [eKiJbka iHCTpyMeHTIB. [lesKki 3 LMX iHCTPYMEHTIB BUKOPUCTOBYIOTb UiTKO
BU3HAueHi mpaBuia [Jisg aHalisy mogeneii Tpadiky. Kijibka iHIMX MeTOZiB BK/OUa-
I0OTh eKCIIOHeHIliaJibHe 3IJIaJ)KyBaHHS Ta MporHo3 Xonarta BiHTepca, aganTMBHY I0-
pPOrOBY KYMYJISITUBHY CyMY, OL[iIHKY MaKCMMaJIbHOI €eHTPOTIi].

baraTo 3 1iuMx gJeTeKTOPiB Mpalilol0Th HA OCHOBI CTaTUCTUKM TPAHCIOPTHOIO Pi-
BHSI, BK/IIOUAIOUM CIiBBiHOIIIEHHS 0aiiTiB, HaJliCJJaHMX Y KOSKHOMY HaIpsIMKY, cepe-
JIHil po3Mip i cepenHili yac MixK HaAXOMKeHHSIMM MaKeTiB. Jlaii pe3yabTaT IOpiB-
HIOIOTBCS 3 TIOPOTOBMMM 3HaUeHHsIMMU. 1li 3HaUeHHS He 3aJ1exKaTh BiJl BUKOPUCTAHHS
MepexXi Ta KiJIbKOCTi KOpUCTyBadiB. MepexkeBy aHOMaJIit0 MOXKHA BUSIBUTU 3a [IOTIO-
MOTOI0 iHIIUX MOAeelt, BKIJaoun 6aiieciBCbKy, OTOPHY BEKTOPHY MalluHYy, Heli-
POHHI MepesKi Tomlo. Y jgiTepaTypi Ajs1 BUpilieHHs mpobjaeMu Kiacudikailii Mepesxke-
BOro Tpadiky 3aCTOCOBAaHO KiJibka MeTOJiB aHali3y JaHuX. [8] 3aIponoHyBaB BUSIB-
JIeHHSI aHOMaJTiii MepeskeBoro Tpadiky Ha OCHOBI 0aiiTiB makeTiB. Y maHiit po60Ti Mu

3aIMpONOHYBaHYyBa/IM iHIII BMOM Bisyasisaliii oTpuMaHoi HMMM iHdopMallii: pekype-
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HTHi giarpamu. ToMy Mae ceHC CIpPSIMyBaTM 3YCWJUIS Ha OUIbII JeTajbHe MOCIi-
J>KeHHSI mapaMeTpiB m i T, @ TAKOXK YMCeIbHUX MTOKa3HUKIB RP.

VY po6oTi BUKOPUCTOBYBAJIOCS IIporpaMHe 3abe3IedyeHHs], po3pobjieHe i peai-
30BaHe y cepenmoBuii Tumy Martnab (Okrasia) — crptool [9] mim OC Windows. s
IOCTiIKeHHSI YaCOBMX PSIiB OyJIO BUKOPUCTAHO HAOip HAHMX OI[iHKM METOHOJIOTii
nonryky anomaniit CIC-IDS2017 [5].

Ommc gaHmux mepeskeBoro tpaciky. CIC-IDS2017 Habip maHux Oyn10 3ax0Il-
neHo 3 3 yepBHs 2017 poky 1o 7 yepBHS 2017. BripomoBk 5 AHIB y 1abopaTOpHUX
yMOBax OyJI0 BiATBOpeHO psif, 6a30BMX BTPyYaHb Y BHYTPILIHIO CUCTEMY 30KpeMa:
BebO-aTaky, MPOHMKHEHHS, 60oTHeT i DDoS/DOS.

VY eKcriepuMMEHTI IIPUIIMau y9acThb 25 KOMIT' I0TepiB SIKi CMMYJTIOBaIM CTaHaaP-
THY pob60Ty odicHY (llepeciyiaHHSI TOKYMEHTIB, MOIITOBI oIepaliii, Mmomyk iHdop-
Matii y Google, Toio) i 1Ba cepBepu SIKi IpaloBaIM SIK CTaHAAPTHI (aimooOmiH-
HuKN. Ha cepBepu cepemoBuia 6ymno 3aiiicieHo ataky DoS/DDOS 3HATO CTaTUCTKY Y
HACTYITHMUX YaCOBUX IMPOMiXKKaxX:

¢05.07.2017 3 9:47 mo 10:10 6yso 3aiicHeHo aTaky DoS slowloris
3 agpecu 205.174.165.73 Ha cepBep 192.168.10.50

¢05.07.2017 3 10:14 o 10:35 6yn0 3xiiicHeHo aTaky DoS Slowhttptest
3 agpecu 205.174.165.73 Ha cepBep 192.168.10.50

¢05.07.2017 3 10:43 o 11:00 6yso 3xiicHeHo aTaky DoS Hulk
3 agpecu 205.174.165.73 Ha cepBep 192.168.10.50

¢05.07.2017 3 11:10 mo 11:23 6yso 3xiiicHeHo aTtaky DoS GoldenEye
3 agpecu 205.174.165.73 Ha cepBep 192.168.10.50

¢07.07.2017 3 15:56 110 16:16 6y710 37iiicHeHo aTaky DDoS LOIT
3 aapecc 205.174.165.69, 205.174.165.70 205.174.165.71 Ha cepBep 192.168.10.50

Oxpim maHuX, SIKi MiCTSITb aHOMaJIbHO aKTUMBHICTh, OYJIO TAKOXK 3i6paHO 5 Ipo-
MiXKiB 110 10 XBWIMH 3 JaHUX 3i0paHux y moHemisiok 03.07.2017, aKi MiCTSITh CXOXY
3a AMHAMiKOI0 aKTMBHICTh, ajie He MiCTSITh BTpydaHHS. Taka myMHaMika Moxke OyTu
BUK/IMKaHA Ha MOYaTKy poO0YOro AHS, IiJl Yac poboTH MporpaM MOHITOPUHTY aKTH-
BHOCTI a00 MacIITabHOi nmepenavi JaHUX.

Indopmatiiss Oyna 3axoIjieHa 3a OTIOMOTOI0 TPOTPAaMHOrO 3abe3rnedyeHHS
Wireshark. 3a moromororo maHoi mporpamu Takox O0ysI0 3i6paHO CTATUCTUKY 10 Ki-
JIbKOCTi MaKeTiB OTPMMaHMUX CEPBEPOM 3 iIHTEPBAJIOM Y OOHY CEKYH]Y.

ITpoGsieMu MONUIYKY MapaMeTpiB. 3a/iaya IOIIYKy aHOMaTiil Y 4aCOBUX psimax
TIOJISITA€ Y BUSIBJIEHHI HEe3BUUYAMHUX Ta HECHOLIBAaHUX 3MiH y IOBEeAiHI CUCTEMH,

SIKa OIMMCYETHCA YaCOBMM PSIAOM. AHomautii MOJXYTb BKa3yBdTMM Ha BMHMKHEHHS
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1po6sieM ab0 HaA3BUYAHUX ITOJIii, IO MOTPeOYIOTh YBaru Ta BiAIIOBigHOrO peary-
BaHHS. Y BUIIAJIKY 3 BiIXMIEHHSIMU Y TaHUX MepeskeBoro Tpadiky TeXHIUYHMI CIielli-
aJIiCT MOXKe 3YIIMHUTYU aTaKy IIITXOM (ilbTpaliii 3anuTiB 3 MeBHUX aapec, abo Ipo-
BOAUTU CUCTE€MHI BigK/IIOUEHHS Bif, CUCTEMM 3apa’keHUX KOPUCTYBAUYiB 3 IOJAb-
IIMM YCYHEeHHSIM MTpo0ieMu.

OpHMM 3 MiAXO0AiIB 10 TOIIYKY aHOMAaJIili € TIOPiBHSHHS MiXK OUiKyBaHMMM 3HA-
YyeHHSIMM Ta GAKTUUYHUMMM 3HAUEHHSIMM YaCcOBOTO PsAy. SIKILO CIIOCTepiraeThCs Bifl-
XWUJIEHHS, TO Lie MOKe BKa3yBaTy Ha HasIBHICTb aHOMatii. [HIII MiAXoau BKIIOYAOTh
BUSIBJIEHHSI 3MiH TOYOK IIepeJioMy Ta 3aCTOCYyBaHHSI Pi3HOMaHITHUX MeTOIiB Ma-
IIMHHOTO HAaBYAHHS, TaKMX SIK aHCcaMOJieBi MeTOAM, HaBYaHHS 3 y4MTe/lieM Ta Ha-
BUaHHS Oe3 yunrersi|].

Haskasnb, 3i 36ibIlIEHHSIM CUCTEM IOIIYK aHOMaJliii MOyke 3aiiMaTy Bce Oiblie
iHbopmarriitHoro pecypcy. Mojesni 3acHOBaHi Ha MPMHLMIIAX MaTeMaTUYHOI CTaTHUC-
TUKM B peaibHUX YMOBaAxX OOMeskKeHi y 4acoBMX, OOUMC/IIOBAIbHUX i MaTepiaJibHUX
pecypciB. OTke HEOOXiTHI MEeTOHOIOTii 3 BUKOPUCTAHHSIM TEXHOJIOTil iHTe/leKTya-
JILHOTO aHaJli3y JaHUX.

OTXe, Ma€EMO HACTYIHUI DS 3a4au: BUSHAUUTU 31 3HATUX peaIbHUX AAHUX
MepeskeBOro Tpadiky BigxuaeHHS y UMCIOBUX MOKA3HMKAX, SIKi BKa3yBaTUMYTh Ha
HAsIBHICTh BTPYUYaHHSI Ta aHOMAaJbHUX MPOIECIB Y CUCTeMi; MpoaHali3yBaTu [aHi
MTOKA3HMKM JIJISI TOTO, 1100 BiMOKpEeMUTHM [IJIsI ITOIIYKY aTaku Kiaacy DoS/DDoS.

VY gKOCTi MaTeMaTMYHOrO amapaTy Oyl0 oOpaHO HesiHiliHUii peKypeHTHU
aHasi3. Cy4acHi MeTOAOJIOTii MOYIIKy aHOMaTiit 6yAyI0TbCS HAa HeMpOHHUX nudepe-
HiitHux piBHSHHAX (Neural ODE)[]. 3actocyBanHs RQA aHasisy moxe OyTu BUKOPU-
CTaHMM € I[iKaBUM i TIepCeKTUBHMUM caMe IJisl TaKMX CUCTeM. 3aIllpoIlIOHOBaHa Ha-
CTyIHa MeToAMKa 00po6KM peanbHOi iHQopMallii MepeskeBUX MOTOKIB MO KOKHOMY
3 iHIIMJIEHTiB BTPy4YaHHS, sIKa CKIaganacs 3 HAaCTYITHUX KPOKiB:

1. HamauHs rpadiky CTaTUCTUKM KiJTbKOCTi OTpMMaHUX TaHUX CEpBEPOM 3a O/I-

HY CEeKyHIY (Rate) Y HOPMaJIbHUX Ta QaHOMAJIbHUX .

2. O6bpaxyBaHHS 3HaUeHb IapaMeTpa 3aTPUMKMA T.

3. BusHaueHHs1 3HaUYeHHS PO3MIPHOCTI MPOCTOPY BKJIALEHHS M (IJs min Ta
max-HOPMM) 3 ypaxyBaHHSIM BXe BM3HAUE€HMX Yy MYHKTi 2 3HAYeHb MapameTrpa 3a-
TPUMKH T.

4. TMobymoBa RP miarpammu 1jis1 BU3HAUeHUX MapaMeTpiB T Ta m. 3HAUYEHHS €
obupaeTbcs He Oinbire 20%.
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5. Po3paxyHOK /ISl BU3SHAUEHUX 3HAU€Hb T Ta M YMCebHUX MOKa3HMKIB RP mi-
arpamu - RQA aHais.

6. OTpMMaTH ycCi 3HaUeHHSI YMcebHUX MOKa3HMKIB RP miarpamu, BU3HAUUTHU
SIKICHI XapaKTepUCTUKU 3a SIKMMM MO>KHA BUSIBJISITU BTPYYaHHSI Ta aHOMaJbHi Ipo-
uecu tuiy atak DoS/DDoS.

BusHaueHHS uMceJIbHUX MOKasHMKiB RP miarpamm. I'padik pekypeHTHOCTI
- 1le KBaJipaTHa MaTpulis, sIKa € CMUMEeTPUYHOIO BiTHOCHO I'OJIOBHOI AiaroHasii Ta Mic-
TUTb YaC BUHMKHEHHS CTaHiB SIK y CTOBIIISX, TaK i B psaakax. KoxkeH ejleMeHT mMarT-
pulli BignoBigae IMeBHil IMmapi 4yaciB Ta MiCTUTh 1, SKIIO CTaH MOBTOPIOETHCS, Ta 0,
SIKIIIO Hi.

[HIIMM BU3HAUeHHSIM Ipadiky TOBTOPEHHS € N xN MaTpulis, 110 CKIaAEThCS
JIAIIIe 3 YOPHMX Ta OiIMX TOUYOK 3 IO3HAUEHHSIM, IO YOpHA TOUYKAa BimoOpaykae ITo-
BTOPEHHSI, pa30M 3 IBOMa OCSIMM 4yacy. MaTemMaTuuHO, rpadik IIOBTOPHOCTI MOKHA

BUPA3UTU HACTYIITHUM piBHSIHHHM.:
_ - - - m L
Rij=0(s— || —%) %€eR™ ij=1..N

Ile pO3IISIHaloThcs cTaHM Xi MalTh KibKicTh N; €i- IMOporoBe 3HaueHHS BiCcTaHi
(oxonmuug); I.I - Hopma; ¢ (-) — dyukuis Xesicaitmy. Koy Bimcranb Mixk mBoma cra-

Hamu, To6TO X; Ta X

i, MEHIIIA 3a IOPOTOBe 3HAUYEHHS ¢ , BU3HAUYAETHCS TOBTOPEHHSI.

JIJ1s1 TOKa3HMKIB, SIKi BUKOPUCTOBYEMO, MPeACTaBMMO 1X BM3HAUYeHHS, 1110 Ha-
JlaHO y PEKYPEeHTHOMY aHasti3i. 111 06unMc/IeHHSI XapaKTePUCTUK, SIKi BUKOPUCTOBY-
10Tbcs1 y RP, 3HaueHHsI ropora € € (pikcoBaHMMMN.

Mipa pexypenmuocmi (recurrence rate, RR)

1 N
RR = N2 Z Rf}’z
ij=1
TOKAa3ye€ MIiIJIbHICTh PeKYPEHTHMX TOYOK, ITPOCTO MiApaxoByoun ix. N - KiJIbKiCTb TO-
YOK Ha TpaekTopii y dazoBoMy MpocTopi. [JaHa Mipa MoKa3ye MOXIUBICTh 3HAXO-
II>KeHHSI peKypeHTHOI Touky B RP (1iIMOBipHiCTbh MOBTOpPEHHS CTaHY).

HacrymHa mipa po3srisgae miaroHasibHi jiHii. YacToOTHMII po3momin moBXKMH |
miaronanprux mimiit 8 RP PE(O)={;:1 =1, ....N;} ne Ni - a6comoTHa kinbkicTb mia-
TOHJIbHUX JIiHiN (KOXKHA JIiHiS Hala€ThCS TiIbKM OAMH pa3). [Ipoiiecyu 3i cToxacTu4-
HOIO MOBEiHKOI0 MOXYTb MOPOKYBaTU Iy>Ke KOPOTKi AiaroHasi uM B3araii He mo-
POJIKYBaTH 1X, TOAI SIK IeTePMiHICTChKIi ITPOIlecH al0Th MOBTI iiaroHasi i Maly Kib-
KiCTb OKpeMMX PEKYPEHTHUX TOUOK.

OT3ke, BiTHOIIIEHHS] PeKyPEeHTHMUX TOUOK
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5L 1P
DET =—3"* oz
I.j

i.j=1

’

Ha3UBaETbCI Mipow demepminiamy (determinism, DET) abo nepen6auyBaHOCTi CUCTe-
mu. Citif 3a3HaUNTH, 1O Leil 3aXiJ He Ma€ 3HaUeHHS PeaJIbHOTO AeTepMiHi3My Mpo-

l

miecy. [ToporoBe 3HaueHHs1 ™M BYK/IIOYA€E AiarOHa/IbHI JIiHii, YTBOpeHi TaHreHIlia-

JBHMM PYXOM TpaekTopii y ¢aszoBomy mpocTtopi. SIKio lmin =1 DET=RR. Binbue
3HAUeHHS JeTepMiHi3My BKa3ye Oi/bIlI AiaroHaabHYy JiHi0 B RP i, oTske, GiIbIII CUIb-
HY Iepe6avyBaHiCTh CUCTEMMU.

JiaroHa/IbHi CTPYKTYpU MOKA3YyKOTh 4YacC, MPOTITOM SIKOTO OUISTHKA TPA€KTOPii
MiIXOOUTh JOCUTh OJIM3bKO MO iHIIOI MiASTHKM TpaekTopii. Takum umMHOM, i JIiHii
IIO3BOJISTIOTh CYIUTH PO PO30isKHICTh €JIEMEHTIB TPAEKTOPIIA.

CepenHs IOBXXMHA IiarOHAJbHUX JIiHil

=N, IPEWD
— mLn
}"..‘;"_E P
=lmin ,

1Ie cepeIHiit yac, IPOTSIrOM SIKOTO ABi DIITHKM TPA€EKTOPii MpoXoasiTh 6J1M3bKO OgHA
0 OJTHOI, i MOsKe pO3IJISImaTUCS SIK CepenHiit yac repemdadyBaHOCTi. UM Oimblie
3HaUYeHHS L, TMM MeHIIIa BUIIAJIKOBICTh, TOOTO JIeriie BU3HAUYUTH ITOBEIiHKY O3HAKM
CUCTEMMU.

Mipa enmponii (entropy, ENTR) cniBBiZHOCUTbCSI 3 eHTpoIri€lo IlleHHOHa

(Shannon) 4acTOTHOTO PO3MOALTY TOBXMH IiarOHAJIbHUX JTiHili

ENTR = i Olnp(l) ) = oV
j - E=.‘rrm'np o | g - ?r:fminps(i)

)
Ta BimoOpaskae CKIaIHICTh JeTepMiHiCTChKOI CKIaI0BOi Y cucTeMi. Bennke 3HaueH-
HSI €HTpOMil Ma€ Ha yBasi MepioAMYHICTb CUCTEMM, @ HU3bKE - XaOTUUHICTb. [HaKIIIe
Kakyu, BeJIKa eHTPOIIis CJIiAy€e 3a CKIagHIIIOK CUCTEMOIO.
Mipa 3aemuparnus (laminarity, LAM)
il vPf (W)

U=Vmin
LAM = N pme
ij=11t]

’

BM3HAYAETHCS BiTHOIIEHHSIM KiJIbKOCTi pEKYPEeHTHUX TOYOK, 110 YTBOPIOIOTh BEPTU-
KaJbHi JIiHii, O 3arajJbHOi KiJIbKOCTi peKypeHTHMX TOUuOK. LAM xapakTepu3ye HasiB-
HiCTh CTaHiB 3aBMMpaHHS CUCTEMM (TOOTO KOJM PyX cucTeMyu ($a3oBOi TPaeKTOpii
3YMUHSETHCSI a00 MTPOCYBAETHCS AyKe IOBi/IbHO). JIaMiHApHICTb 0OUMCIIIOE TMOBIp-
HiCTb TOTO, 1[0 CTaH 3aJIUILIUTHCS /IS HACTYITHOTO TMMYaCOBOTO KPOKY.

CepeniHs IOBXMHA BEPTUKATbHUX CTPYKTYP
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N
T v, VPE@)
N, PE()

i.j=1

)
Ha3MBAETHCSI Mipot uacy 3ynuHku (trapping time, TT) i xapakTepusye cepeHiii
yac, IKUii CucTeMa MOXKe IPOBECTH Y IEBHOMY CTaHi ab0 TPMBAJIiCTh Yacy, MPOTITOM
SIKOTO KOXKEeH CTaH repedyBae€ y MacTIii.
[IpoBeaemo MoiaroBuii po3paxyHoK [Jisi HOpMaabHOTO Ta aHOMAJIbHOTO Yaco-
BOro psifay. SIK 6ys0 3a3HaUeHO B METOMAOJIOTii pO3paxyHKM BeUCS IJIsI Mipy OTpHU-
MaHOi KiJIbLKOCTi JaHux y 6aiitax y 1 cexyHay. Ha3zBeMo maHHi 3i6paHHi 3 JaHUX

nporeccis Rate1 1o Ratez

«10% DDoS Infected Time Series
I I |
14— | Rate1 |
12~ —
10~ =
) |
8
3 8 1
@
(-9
g 6 Il
=
)
4 | B,
21- } =
0 -
1 | | | | 1 ]
25 252 254 256 2.58 26 262
Time x10*
x108 Normal Time Series

©

Bytes per Second

w EN o ® ~
T | T | |
L | |

~
|

1 -

| | | | | | |
0

2200 2250 2300 2350 2400 2450 2500 2550 2600 2650 2700
Time

PucyHoK 1 - TpaekTopist moBefiHKY cUrHamiB y T. Rate1(cuus), Rate2(uepBoHa)
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1) PospaxyHku mjist Touku Ratel.

False Nearest Neighbours

Mutual Information
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PucyHOK 2 - BusHaueHHS nmapaMeTpa 3aTPUMKM T IJ1s1 Touku Ratel

(3HaueHHs 28, 50, 78)
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PucyHok 3 - O6paxyBaHHs m 1Jisd Touku Ratel , T =28(repiiie 3HaueHHS 11ijie
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PucyHok 4 - O6paxyBaHHst m i Touku Ratel , t =50 (31iBa), 78(crpaBa)

m =4 3/1iBa Ta m=4 crpasa (HaJaHO JJiI HOPMU min)

Pe3ynbTaTy 1040 HOPMM Max TaKi, IK Ha pyUC.3 OJI1 HOpMMY min m=5.
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JIJ1s1 po3paxyHKy PEeKypPeHTHOiI miarpaMuy OyJ0 BUKPOMCTAHO iHIIMIA iHCTPY-

meHT MatLab:

100 200

300

400

600

[Tporpama Buaasa HaCTYITHI 3Ha4€HHS MTOKa3HMKIB RQA:

PucyHOK 5 - PexkypeHTHa miarpama curtainy O1 (m=5, t =28, €=0.2)

Tabanug 1
DDoS RR DET ENTR L LAM TT
LoIC
Rate1 0.046105 | 0.24954 | 0.06717 | 2.2379 0.019056 | 2.29866

2) Ins touku RateZ 3HaueHHS IapaMeTpa 3aTPUMKM T aHAJIOTiYHO puc.2. Oy-

JI0 BU3HAYEHO Ta MaJIO HACTYITHI 3HaUeHHs: T =21, 43, 87.
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PucyHok 6 - O6paxyBaHHS m 11 TOUkM Rate2, T =21(1epiilie 3HaYEHHS

3 4 5
Dimension

Close
6

e o e
B @ 5

False Nearest Neighbours

I
1S

—

—

0

1

2 3

4 5

Dimension

6

i © AGHLD
I University of

Potsdam

Max. Dim 6
Delay 21
Falsenes: 10
Neigbourt  Inf

Norm Min -
Number of

444
Print | Store
Apply

Close

iyte Hokde 0.1) m =5 371iBa Ta m=4 cripaBa (HaJaHO /151 060X HOPM)

ISSN 1562-9945 (Print)
ISSN 2707-7977 (Online)

45



«CucrtemHi TexHosorii» 5 (148) 2023 «System technologies»
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PucyHok 7 - O6paxyBaHHS m Ajisl TOUKM Rate?, T = 43(mepiie 3HaUeHHS

isie Hskue 0.1) m =4 3;1iBa Ta m=5 crpasa (HagaHOo [JisI 000X HOPM)

PesynbraTyt momo Touky O2 mis t =87, m =5 mjist max HOpMK Ta m=4 [j1si min

HopMM. TakiM UMHOM BOHM aHaJIOTiUHi [IJIS1 yCiX 3HAUEeHb ITapaMeTpy 3aTPUMKMN.

50
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Pucynok 8 - PekypeHnTHa niarpama RP curnany Rate2 (m=5, t =21, €=0.2)

HKIJ_[O JOUBUTHUCA Ha PUC. 5Ta puc. 8, TO MOXXHa ITOMITUTH JIUIIIE OesKy He3Hau-

HY CTPYKTYPY CXOXiCTb. Ajie 3pOOUTH SIKiChb BUCHOBKM TOCUTH CKIAIHO ajike Mpoiie-

CY BiOYyBaIOThCS 3 Pi3HOIO iHTEHCUBHICTIO.

Tabmuisa 2
DDoS RR DET ENTR L LAM TT
LolC
Ratez 0.62454 | 0.87469 | 0.33398 | 4.52934 | 0.86912 | 5.64760
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ITicyig mepioro aHaxi3y oTpuMaHoi iHGopMallii MOKHa 3pOOUTY BMCHOBOK, IO
BUKOpucTaHHs RP miarpamu mjis Oyab-sIKOTO Bi3yaJbHOTO aHai3y € TOCUTDb BasKKUM
3aBJaHHSIM. HasiBHMMM € TaKOX JesiKi Tpo6ieMy 3 BUSHAUEHHST 3HaUYEeHb ITapaMeTpy
3aTPUMKM 3 TIpeJicTaBaeHoro rpadiky (Puc.2).

BUKOpPUCTOBYIOUM HaJaHy METOAUKY, PO3PAaXOBYEMO UMCEHI MOKA3HUKU IJIs
yCiX HOpMaJbHMX Ta aHOMAaJbHUX MaHMUX MepexkeBoro Tpadiky. Yci maHHi OyoyTh
3BeMIeHi Y €IMHYy TabJMII0 TPYIIOBaHy 110 MapKyBaHHIO. Pe3ynbTaTyt 06poOKM Mepe-
’KeBUX JTaHUX, IO OMMCaHi y MepIIoMy pO3fIiji, IMpeacTaB/JeHo Y ITiICYMKOBiit Ta6-
i 3.

Tabanug 3

[Toka3uuky RQA y aHOMaJIbHMX IIPOLiecax

RR DET ENTR L LAM TT

DDoS LoIC | 0.04611 0.24954 | 0.06717 | 2.23791 0.019056 | 2.29866

DoS 0.00134 0,38128 | 0.05415 | 2.12443 0.991322 | 2.10536
slowloris

DoS 0.00913 0.56233 | 0.00124 | 12.1245 0.017162 | 6.41234
Slowhttptest

DoS Hulk 0.04694 0.27281 | 0.04524 | 2.40560 0.426120 | 2.75914

DoS 0.04797 0.29281 | 0.06428 | 3.81642 0.049356 | 4.1282
GoldenEye

[TokaszHuku RQA y HopmManbHUX IpolLecax

RR DET ENTR L LAM TT

Normall 0.624542 | 0.87469 | 0.33398 | 4.52934 0.86912 | 5.64760

Normal2 0.00412 0.00831 | 1.08273 | 85.12433 | 0.12543 | 47.12932

Normal3 0.22784 0.51283 | 1.69012 | 25.09128 | 0.71293 | 10.09120

Normal4 0 0.95190 | 4.68395 | 112.10353 | 0.99153 | 215.12093

Normal5 0.00084 0.72612 | 0.91243 | 2.02089 0.02132 | 2.33333
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BesnocepenHiit MOPiBHSUIbHMIT aHAali3 3HAYEHb, SIKMI 3HAMIIOB BigoOpaskeHHS
y Tabnuiii 3, 4O3BOIMB BUSIBUTH IE€SIKi HEUITKI MEXM 100 Py 00paxoBaHUX UMcCe-
JIbHMX MOKa3HMKIB. Lli mMOKa3HMKM AO3BOJISIIOTh BUKOHATU BULIIUTU aHOMAJIbHY I10-
BeIiHKY ITi yac aTaku DDoS y nmepeBaxkHiii 6isirocti Bunaakis. Y MmogaabIiioMy JaH-
Hi YMCJIOBI XapaKTEPUCTUKM MOXKYTh BUKOPUCTOBYBATUCS [IJISI YTOUYHEHHSI METOL,0-
JIOTi1 MOIIYKY aHOMaJIiii y SIKOCTi JOJAATKOBOI ¢imbTpairii.

I[Tig yac ataku DoS/DDoS maHHI He € omHOpimHMMM. Boanoch BUOUIMTY OOVH
CTaHAAPTHMIA TUIIL, IKUIA MA€ CyTTEBY Pi3HUIIIIO Bif, HOPMaJIbHOI MOBEIHKYU CUCTEMU
3a IapaMeTpaMi: Mipa peKypeHTHOCTi, Mipa AeTepMiHi3My Ta mMipa eHTportii. 1li xa-
PaKTEPUCTUKU € HACTYITHUMMU:

ertoKa3HMKM RR MawoTh yci 3HaueHHs 6iisg Hyst [0.044-0.048]

eriokasHMky DET, ENTR 3HayeHHS pi3Hi, ajie 3 OQHOTO HEBEJIMKOro [iana30Hy
(nampukian, [0.27-0.3] a6o [0.056-0.071]);

VY pe3ynbTaTi 00UYMCITIOBAIBHOTO €KCIIeEPUMEHTY, SIKMIA TIOJISITaB y MPOBeIeHHI
MpolleAypy — PO3PaxyHKiB UMCeIbHMX ITOKA3HMKIB peKypeHTHuX aiarpam (RP)- aB-
TOpaM BAaJocs BUAUIMTM oauH Tun — «DDOS-RP», skiii Bigpi3Hsi€e aHOMaIbHUIA
MIPOILIecC Big HOpMaJIbHOTO Ta BM3HAUa€ came aTtaku Tuiry DoS/DDoS.

Y HaCTYyIMHOMY IIPOMIOHYETHCSI PO3IJISTHYTH 3a7jauy Ha/IallITyBaHHS Ta HaBUaHHS
HeJipOHOI MepexXi 3 BUKOPUCTAHHSIM UMCIOBUX XapakKTepucTUK RQA. 3 po3BUTKOM
Neural-ODE moumnHaloTh PO3BMBATUCh METOJOJOrii JOJAaTKOBOTO HajalllTyBaHHS
HeJipOHHMX MepeX 3aCHOBAaHMX Ha MeTOMaxX aHaji3y HeliHiitHuX cucTeM. Takox 3a-
MPOTNIPOHOBAHO PO3TJISTHYTM iHINI BUAM aTak 30KpeMa aTaku TUITy botnet Ta pi3Hi
BUIM BTPy4YaHHS.

BucHoBku. 1.V pob60Ti HaBegeHO METOIMKY PO3PAXYHKiB UMCEIbHUX IMOKa3-
HMKiB peKkypeHTHOi giarpamu (RP) Ta BM3HaueHHs Heipodi3iosoridyHoro 3sHauyeHHs
il mapameTrpiB — mipa pekypeHTHOCTi (RR /IMOBipHiICTb MOBTOpPEHHSI CTaHy), mMipa
netepminismy (DET 6Ginblile 3HaUeHHS AeTepMiHi3My BKasye OiJiblll CUMIbHY Tepej-
6a4yBaHiCTb CUCTEMM), CEPEIHS TOBXKMHA TiaroHaJbHUX JIiHi(4MM OisibIlle 3HAYEH-
HS L, TUM MeHIlIa BUMAIKOBiCTh, TOOTO JieTilie BU3HAUMUTY MTOBeNiHKY O3HaKM CUCTe-
Mu), mipa entpomii (ENTR Bimo6paskae CKIaIHICTh AeTePMiHICTChKOI CKIAAOBOi y
cuctemi. Besike 3HaUueHHS €HTPOITii Ma€ Ha yBa3i NepioANYHICTh CUCTEMMU, a HU3bKeE
- XaOTUYHICTb. [HaKIIIe Ka>ky4du, BeJIMKa eHTPOITiS CJIiIy€e 3a CKIQAHIIIOK CUCTEMOIO),
Mipa 3aBmupaHHs (LAM jlaMiHapHICTb 00UYMCITIOE IMOBIPHICTb TOTO, 1110 CTaH 3aju-
IIUTbCS  OJIs1  HACTYIIHOTO TMMYacoOBOTO KpOKy), Mipa uacy 3ynuHku (TT

XapaKTepusye CepelHiil uac, SIKuil cucreMa MOXKe IPOBECTH Y MEBHOMY CTaHi abo

48 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 5 (148) 2023 «System technologies»

TPUBAJIICTH Yacy, IMPOTSITOM SIKOTO KOKEH CTaH IepeOyBa€ y MacTIli) 111 aHOMaTbHUX
IaHHUX MepekeBoro Tpadiky i HopMaabHUX.

2. AHasi3 oTpuMaHoi iHGopMallii J03BOJIMB BU3HAUMTY JesKi BUAM aHOMAasb-
HOI akTUBHOCTI TUIty DoS/DDoS, siKi MalOTh HAaCTYITHI O3HAKU:

ertoKa3HMKM RR mMaroTh yci 3HaueHHs 6isis Hys [0.044-0.048]

erioka3HMKM DET, ENTR 3HaueHH$ pi3Hi, ajie 3 OIHOrO HEBEJIMKOrO Aialla3oHy
(narnipukiag, [0.27-0.3] abo [0.056-0.071]);

3. B pesynbTaTi 00UMCIIOBAJIBHOTO €KCIIEPUMEHTY, BIAJIOCS BUIUIUTU OIUH
TUII peKypeHTHuX miarpaM — «DDOS-RP», sKiii BigpisHsie aHOMaIbHMIT IIPOLIEC Bif
HOPMaJILHOT'O Ta BM3Hauae caMme ataku Tuity DoS/DDoS.
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Using the method of nonlinear recursive analysis for detecting DDOS anomalies
in time series data
This research endeavors to address this gap by determining a qualitative character-
istic for server network traffic and use it to construct the corresponding recurrence plot
(RP). The goal of this study is to develop and assess a novel technique based on nonlinear
recursive analysis to detect Distributed Denial of Service (DDoS) anomalies in network
traffic time series data. With the increasing frequency of DDoS attacks on modern digital
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infrastructures, there is a pressing need for more efficient and accurate detection meth-
ods.

There has been some attempts to apply nonlinear analysis to network traffic [2-4],
but those studies lack critical steps in determining parameters for embedding space di-

mension ™ and delay time T . More recent studies have explored machine learning and
deep learning approaches [7], which offer improved accuracy but can be computationally
intensive and require extensive training data. Despite the advancements, there remains a
need for a method that is both accurate and efficient, especially in real-time detection
scenarios.

The researchers employed nonlinear recursive analysis by estimating RQA parame-
ters and determining a qualitative characteristic of data points of DDoS attack contained
in CIC-IDS2017 dataset. A technique for determining hidden information for this series
and its use for constructing the corresponding recurrence diagram (RP) at the points of
information retrieval are described. It is shown that the use of RP has significant draw-
backs associated with the visualization of information on a computer monitor screen, so
another way of research is proposed - the calculation of numerical indicators of RP

The given calculated RP indicators made it possible to typify the received data and
determine the type, which was named "DDOS-RP", which makes it possible to distinguish
some types of DoS/DDoS type attacks. The study concludes by recommending further ex-
ploration of this method in diverse network environments and against more complex
DDoS attack patterns.

Key words: recurrent analysis, network traffic, time series, recurrent diagram, delay
parameter, dimension of the nesting space, RQA analysis, Matlab environment
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REAL-TIME DATA VISUALIZATION FOR IOT NETWORK SYSTEMS:
CHALLENGES AND STRATEGIES FOR PERFORMANCE OPTIMIZATION

Abstract. Real time data visualization has become an essential tool for decision making systems
in various industries, including finance, healthcare, IoT, and manufacturing. Real time data visu

alization enables organizations to monitor and analyze data as it is generated, providing real

time insights into critical business operations. However, real time data visualization poses sever
al challenges, including performance, data quality, and visualization complexity. This paper will
explore the importance of real time data visualization in IoT network systems, and the challeng

es associated with it. Specifically, the paper will discuss the challenges of real time data visuali

zation and ideas to increase performance. The paper will also provide a comprehensive analysis
of the impact of real time data visualization on IoT network and decision making systems, high

lighting its benefits and potential drawbacks. The paper will begin by discussing the importance
of real time data visualization in IoT network systems, highlighting its role in providing timely
insights into critical operations. It will then delve into the challenges associated with real time
data visualization, including data quality, visualization complexity, and performance. The paper
will provide a detailed analysis of each challenge, outlining the potential impact on real time
data visualization systems and decision making processes. The paper will also explore ideas to
increase performance in real time data visualization, including implementing high performance
computing infrastructure, optimizing data processing and analysis, using caching techniques,
using visualization techniques optimized for performance, implementing data compression, and
using real time analytics. The paper will provide a comprehensive analysis of each idea, outlining
its potential impact on real time data visualization systems' performance and overall effective

ness. Finally, the paper will conclude by highlighting the importance of real time data visualiza

tion in IoT network systems and the need to address the challenges associated with it. The paper
will also provide recommendations about how to implement real time data visualization systems,
outlining key considerations and best practices to ensure successful implementation and optimal
performance.

Keywords: real time data visualization, IoT, decision making, performance optimization.

Problem Statement. Data visualization has become an essential tool for IoT
network systems. With the advent of real-time data, the ability to visualize this data

in real-time has become increasingly important. Real-time data visualization pro-

© Lukianets M.O., Sulema Y.S., 2023
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vides decision-makers with the ability to quickly analyze and interpret data as it is
generated, allowing them to make timely and informed decisions. The amount of da-
ta generated by modern IoT network systems is constantly increasing, and it is be-
coming increasingly challenging to process and make sense of this data in a timely
manner [1]. Real-time data visualization provides a solution to this problem by al-
lowing decision-makers to identify trends and patterns quickly and easily in large
datasets. Visual analytics “combines automated data analysis with interactive visu-
alizations for aneffective understanding, reasoning, and decision making on the ba-
sis of very large and complex datasets” [2]. However, real-time data visualization al-
so presents several challenges, including performance issues that can slow down the
system and affect the accuracy of the visualizations.

Analysis of Recent Research and Publications. Real-time data visualization
is a process of generating and displaying data in real-time. It provides decision-
makers with the ability to view data as it is generated, allowing them to make in-
formed decisions based on current information. Real-time data visualization is par-
ticularly useful for IoT network systems that require timely responses, such as finan-
cial trading, transportation management, and emergency response systems. Real-
time data visualization can be achieved using a variety of techniques, including
dashboards, charts, graphs, and maps. Recent research in visual analytics specify dif-
ferent methods of visual representation and performance optimizations [3-8]. Vari-
ous chart types are shown on Fig. 1.

Visualization techniques may be described in three dimensions: layout, scale,
and representation. It is suitable for storytelling chart classification [5].

These visualizations are typically generated using data from real-time data
sources, such as sensors, databases, and social media feeds. Real-time data visualiza-
tion tools often provide users with the ability to filter and drill down into data sets,
allowing them to quickly identify trends and patterns.
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Figure 1 - Time series visualisations in different techniques. Line graph (a),
radial graph (b), heatmap graph (c), radial heatmap graph (d)

Real-time data visualization is particularly useful for IoT network systems that
require collaborative decision-making. Collaborative decision-making involves mul-
tiple decision-makers working together. Real-time data visualization tools allow de-
cision-makers to share data and collaborate in real-time, allowing them to make in-
formed decisions more quickly and effectively. Electromagnetic situation awareness
is an example of such decision making [8]. It utilises different visual analytics meth-
ods and charts, some of them are shown on Fig. 2.
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Figure 2 - Traditional spectrum diagrams: (a) spectrum amplitude-frequency
diagram, (b) spectrum time-frequency diagram, (c) spectrum waterfall diagram

Formulation of Research Objective. The objective of this paper is to explore
the challenges of real-time data visualization and propose strategies to optimize
performance. Specifically, the paper aims to identify the performance issues that af-
fect real-time data visualization and discuss potential solutions to these issues.

Presentation of the Main Research Material. A visualization system typical-
ly consists of several components including collection, data flow, processing, stor-
age, and delivery. The collection component is responsible for gathering information
while the data flow component facilitates the transfer of information from the col-
lection components to the processing components. The processing components ana-
lyze the data and convert it into a suitable format for storage and delivery. Typically,
the delivery is done through a visual interface such as a web or desktop program [9].
Let us formulate the challenges of real-time data visualization.

The field of visual analytics faces many challenges, especially when it comes to
real-time data visualization. These challenges arise from specific applications of vis-
ual analytics, each with its own practical requirements in its problem domain. How-
ever, some challenges are common to more than one domain and application [1].

One of the most significant challenges is scalability. It is difficult to develop
scalable visual analytics solutions that can handle both visual representations and
automatic analysis. The solution needs to be able to scale in size, dimensionality,
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data types, and levels of quality. Efficient methods are required to deal with noisy
high-resolution input data as well as continuous input data streams of high band-
width. Relevant data patterns and relationships need to be visualized on different
levels of detail and with appropriate levels of data and visual abstraction.

Another major challenge is dealing with uncertainty. This is especially difficult
in visual analytics due to the large amount of noise and missing values that originate
from heterogeneous data sources and bias introduced by automatic analysis methods
as well as human perception. To face this problem, the notion of data quality and the
confidence of the analysis algorithm need to be appropriately represented. Analysts
need to be aware of the uncertainty and be able to analyze quality properties at any
stage of the data analysis process.

Hardware is also a significant challenge for real-time data visualization. More
efficient computational methods and powerful hardware are needed to support near
real-time data processing and visualization for large data streams. In addition to
high-resolution desktop displays, advanced display devices such as large-scale power
walls and small portable personal assistants need to be supported. Visual analytics
systems should adapt to the characteristics of the available output devices, support-
ing the visual analytics workflow on all levels of operation.

Interaction is also a significant challenge in real-time data visualization. Novel
interaction techniques are needed to fully support seamless intuitive visual commu-
nication with the system. The analyst should be able to fully focus on the task at
hand and not be distracted by overly technical or complex user interfaces and inter-
actions. User feedback should be taken as intelligently as possible, requiring as little
user input as possible. Such interactions guarantee the full support of the user in
navigating and analyzing the data, memorizing insights, and making informed deci-
sions.

Evaluation is another challenge in visual analytics. Due to the interdisciplinary
nature and complex visual analytics process, it is difficult to assess the quality of
visual analytics solutions. A theoretically founded evaluation framework needs to be
developed to assess the effectiveness, efficiency, and user acceptance of new visual
analytics techniques, methods, and models. Such a framework will lead to a better
understanding of the field and more successful and efficient development of innova-
tive methods and techniques.

Finally, infrastructure is a challenge that needs to be addressed in real-time da-
ta visualization. Most current visual analytics solutions develop their infrastructures
for solving their specific problems. Although some systems can be connected
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through various communication mechanisms such as direct library linking and web
services, there is still a mismatch between the level of service provided and the real
need for visual analytics in terms of fast and precise answers with progressive re-
finement, incremental re-computation, and steering the computation towards data
regions that are of higher interest to the user. More research is needed to develop a
high-level infrastructure to bind together all the processes, functions, and services
supplied by various disciplines. There is also a need to build repositories of available
visual analytics solutions to ensure that common components are reusable.

Real-time data visualization presents several challenges, including perfor-
mance issues that can slow down the system and affect the accuracy of the visualiza-
tions. These issues can arise due to the large volume of data being processed, the
complexity of the visualizations, and the limitations of the hardware being used.

To optimize performance, several strategies can be used to reduce the amount
of data being processed. One such strategy is data aggregation, where data is sum-
marized at a higher level to reduce the volume of data being processed. For example,
instead of plotting every data point on a graph, the data can be aggregated into
smaller time intervals or geographic regions, reducing the number of data points be-
ing plotted. This not only reduces the amount of data being processed but also
makes the visualization easier to read. Such method as k-means and DBSCAN may
be used for clustering. However, traditional clustering methods experience difficul-
ties in achieving accurate and efficient signal clustering, so custom clusterization
algorithms may be required for efficient work in certain applications [8].

Another strategy is data pre-processing, where the data is cleaned and trans-
formed before being visualized. This can involve removing duplicates, filling in miss-
ing values, and transforming the data to a format that is more suitable for visualiza-
tion. By pre-processing the data, the visualization can be made more accurate and
meaningful.

Compression is another technique that can be used to reduce the amount of da-
ta being processed. Compression involves compressing the data into a smaller for-
mat, making it easier to store and process. This can involve using algorithms such as
gzip or deflate to compress the data before visualization or clustering on IoT device
side before sending.

In addition to reducing the amount of data being processed, several techniques
can be used to improve the speed and accuracy of the visualizations. Caching is one
such technique, where the results of previous visualizations are stored in memory for
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future use. This can significantly improve the speed of the visualizations, as the data
does not need to be reprocessed each time.

Indexing is another technique that can be used to improve the speed of visuali-
zations. Indexing involves creating an index of the data, allowing the system to
quickly access specific data points without having to scan the entire dataset. This
can significantly improve the speed of visualizations, especially when dealing with
large datasets. This method is suitable for visualizations that use both real-time and
stored data, for example in signal classification applications.

Incoming data grouping is also an essential way of optimizing performance.
Developing a new algorithm that can group many data chunks from numerous devic-
es in a fast and memory-efficient manner may increase performance.

Finally, parallel processing can be used to improve the speed and accuracy of
the visualizations. Parallel processing involves breaking down the data into smaller
chunks and processing them simultaneously on multiple processors. This can signif-
icantly reduce the processing time, allowing the visualizations to be generated more
quickly.

By implementing these strategies, decision-makers can make more informed
decisions in real-time, improving the overall efficiency and effectiveness of the deci-
sion-making process. However, it is important to note that these strategies may not
be suitable for all types of data and visualizations, and it is important to carefully
evaluate each strategy before implementation. Additionally, it may be necessary to
balance performance with accuracy, as overly aggressive optimization may lead to
inaccurate or misleading visualizations.

Conclusions. Real-time data visualization faces several challenges that require
further research and development to overcome. These challenges include scalability,
uncertainty, hardware, interaction, evaluation, and infrastructure. Addressing these
challenges will enable the development of effective and efficient real-time data visu-
alization solutions that can provide valuable insights for IoT network systems.

Future research could focus on exploring novel visualization techniques that
can effectively represent complex and large-scale data in a more intuitive and inter-
pretable manner (e.g., for electromagnetic situatuion awareness). Additionally, ad-
vancements in data grouping and data pre-processing, such as clusterization and
pre-drawing (visual elements grouping) may significantly optimize real-time data
visualization algorithms that may improve perfomance.
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Bi3yanizauia daHux y pexcumi peanbHozo uacy 01s cucmem mepedic IoT:
BUKJIUKU Tha cmpaimezii onmumizauii npooykmueHocmi

Bi3zyanizauyia daHux 8 peanbHOMYy Uaci cmana Hegio'eEMHUM IHCMPYMeEHMOM OJ1S1 CU-
cmem NputiHAmMms piuleHs Y Pi3HUX 2ay35X, 8KJAUAYU (IHAHCU, 0XOPOHY 300pP08 'S,
IoT ma supo6Huumeo. Bizyanizayis 0aHux 8 peaibHoMy udaci 003680/€ 0p2aHi3ayisim 8i-
dcnidkogysamu ma avanizysamu 0aui 8 MOMeHmM ixHb020 cmeoperHs. IIpome gi3yaniza-
Uis daHux 8 peanbHOMYy uaci Mmae neped co6010 KinbKa BUKIUKI8, 8KIOUAIOUU NPOJYKMUB-
Hicmb, aKicme daHux ma ckaadHicme gizyanizayii. Y uiti cmammi 6yn0 po3z/ssHymo ea-
HUBicmo 8izyanidauii daHux 6 peanvHomy uaci 6 cucmemax IoT ma noe'si3ami 3 Yyum 8u-
Kauxku. 3o0kpema, y cmammi 062080peHO SUKIUKU 8i3yanizauii 0aHUX 8 peanbHOMY Uaci
ma idei wodo nidsuuieHHs1 npodykmusHocmi. Cmamms maxkox: HAOAE KOMNIEKCHULL
aHani3z enauey eizyanizauii daHux 8 peanvHomy uaci Ha cucmemu IoT ma npouecu npu-
linammsa piweHs, sucsimauswu ii nepesazu ma nomeuuitiHi Hedoniku. Cmamms Mmic-
mums 002080peHHS 8axUBOCMI gizyanizauii danux e peaivHomy uaci 8 cucmemax IoT.
Hani y cmammi npogedeHo aHai3 8UKIUKIB, N08'A3AHUX 3 8i3yasi3ayicio 0aHUX 8 pealb-
HOMY udaci, exkaouarnyu aKicme davux, CKaadHicmo ei3yanizauii ma npooykmueHicmeo.
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Cmamms npedcmaensie demaavbHull aHaniz KoxcHoi npobyemu, 8UC8imJ0I0UU NOMeH-
YitiHuli 8nU6 Ha cucmemu 8izyanizayii daHux 8 peanbHOMY 4aci ma npouyecu NputiHam-
ms piweHs. Kpim mozo, y cmammi eucgimeri idei wjodo nidguuieHHss npooyKkmueHoCcmi
gizyanizauii daHux 8 peaibHOMy Uaci, 8KAUANUU 8NPOBAOHCEHHS BUCOKONPOOYKMUBHOL
00UUCNI08ANBHOI IHPpacmpykmypu, onmumizayiro 06podKU ma avanizy 0aHux, UKOpuU-
CMAaHHS MEeXHIK Keuly8aHHs, 8UKOPUCMAHHS MexHIK 8i3yanidayii, onmumiszo8aHux ons
npoodyKmueHoCcmi, 6npo8aodHeHHss CMUCHEHHS 0aHux. Y 8UCHOBKY Y cmammi nidkpecie-
HO 8axcugicme gizyaniauyii daHux 8 peaibHOMY Uaci 8 cucmemax Inmepuemy peueti ma
HeoOXiOHICMb BUPILUEHHS N08'A3AHUX 13 UUM BUKIUKIB. Cmamms makox< Haddae pekome-
HOauii wodo 8nposadxeHHs cucmem 8i3yanizayii 0aHUX 8 peanbHOMYy Uaci, 8UCBIMJIII0-
yu KAK408I NUMAHHIL Ma Hatikpawji npakmuku 0 3a6e3neueHHsl YyChiulH020 8Npoea-
O}#CeHHS ma ONMUMAnbHoi NpodyKMueHoCmi.
Knwuosi cnosa: sizyanizayis daHux 8 peanvHomy uaci, IoT, npuiinamms pilueHs,

onmumisauis npooyKMueHoCmi.

JIyk’stHenb Muxaiino OJieKcaHAPOBUY — acnipaHm Kagedpu npozpamuozo 3abe3ne-
UeHHs1 Komn’ romepHux cucmem, HayionansHuti mexHiuHuti yHisepcumem Ykpaivu «Kuie-
coKutl nonimexHiuHuti inHcmumym imeni Izops Cikopcvko20».
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B.1O. IlecuaHncobkuii, €.C. Cynema
IMPOEKTYBAHHS APXITEKTYPU INIPOTPAMHOI CUICTEMM J1J11 CTBOPEHHS
IINUOPOBUX JIBIMHUKIB MEJWUKO-BIOJIOTTYHUX OB'EKTIB

AHomauyis. Y cmammi 3anponoHo0BAHO yHiBePCaAbHY 06’'EKMHO OpiEHMOBAHY apximeKkmypy npo
2pamMHOi cucmemu, npu3Ha4yeHoi O CmMBOpPeHHA OBIliHUKIB MeOUKO 6i0/10214HUX 00'€KMiB Ha
npuknadi omosaapuHeono2ii. Apximekmypa rpyHmyemsCa HA BUKOPUCMAHI NOAIMOP@i3My 0/
MIHIMI3ayii pobomu po3pobHUKIB NpoepamMHO20 3ab6e3neyeHHs y pasi BUHUKHeHHS HeobxioHocmi
moouikayii cucmemu O BUKOPUCMAHHA 8 THWUX 2a/y3AX MeOuyuHu. Po3anaHymo epynu
KOMNOHeHmiB cucmemu ma HaA0aHo peKoMeHOayii, Wooo iXHb020 pO3PO6IEHHS.

Kntoyosi cnosa: apximekmypa npoz2pamHoi cucmemu, yugposi 0BIUHUKU, MeOUYHe Nnpo2pamHe
3a6e3neyeHHs.

ITocraHoBKa nmpoo6seMu. OCTaHHIM YacOM TEXHOJIOTii CTBOpeHHS LM(pPoBUX
IBITHUKIB CTalOTh Aemaji OilbIl IOMIMPEHMMM, 30KpeMa, Y raaysi MeauuyHu Ta
6iosorii. lle moB'sI3aHO 3 TUM, IO BMKOPMCTAHHSI IMEPPOBUX MoOAeneil MeauKo-
6ioyoriuHMx 00'€eKTiB [0O3BOJiSE OiNbll edeKTMBHO BUBUATM iX ¢isiosoriio,
TaTOJIOTiIO Ta B3a€EMO/iI0 3 JTikapcbKMMM 3acobamu. Hampukiaz, cTBopeHHS 1Inpo-
BUX IBilIHMKIB JIIOACHKOTO Tijia JO3BOJISIE MOAE/IOBATY MATOJIOTii Ta eKCIIepUMEHTY-
BaTM 3 Pi3HMMM METOJAMM JIIKyBaHHSI, IO MO3BOJISE OiJbII TOYHO BU3HAUYUTHU
eekTMBHICTb Ta Oe3MeKy JiKapChbKUX 3aco0iB. TakuMM UMHOM, IOCTA€E HAYKOBO-
MpaKkTMYHA 3aJlaya CTBOPEHHS YHiBepCaJIbHOI MOAY/IbHOI apXiTEeKTypy IPOrpaMHOro
3a0e31eueHHs, SIKe, 38 PaXyHOK BMKOPUCTAHHS LM(POBMUX ABiHUKIB ITONETINTD
CTeXXEeHHSI 3a BHYTPIIIHIM OpPraHOM JIIOAVHM UM iX TPYyMOI0, a TaAKOX 3HAYHO CIPO-
CTUTD TlepefOadeHHs peakiliii Ha MeauyHe BTpydaHHs. [Ipu 11boMy BaskIMBOIO 3a7a-
Yyel € MOJYJIbHICTh apXiTeKTypH, sIKa J03BOJIUTH IIBUIKO MACIITaOyBaTH CUCTEMY
IIJISI MOJIe/TIOBAaHHST Pi3HUX BHYTPIIIHiX OpraHiB ab0 CUCTeM.

AHaji3 oOCTaHHIiX [OOCTiAKeHb. AHali3 PiBHS 3aCTOCYBaHHS MeIVUUYHUX
IBITHUKIB y rajaysi MeauIMHM [0Ka3aB, 1110, He3BakalouyM Ha Te, 0 TeMa He € HO-
BO [1], ii mpakTu4He 3aCTOCYBaHHS Ije 3aJUIIAETHCS HAa JOCUTb MOYATKOBOMY
piBHi. CTaHOM Ha ChOTOAHIi, IOBOJIi 6araTo cTapTalliB HaMararTbCS PO3POOUTHU

YHiBepcaJbHy CUCTEMY [JIs1 HOTJISAY Malli€eHTiB 3 BUKOPUCTAHHSIM TEXHOJIOTii 1ud-
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pPOBMX NIBiliHMKIiB, IpOTe Hapa3i Take yHiBepcajbHe pillleHHS BiICYTHE. Y 3B’SI3KY 3
LIMM II0CTa€ aKTyaJlbHa HAayKOBO-IIPAaKTMYHa 3aJayva 31 CTBOPEHHS YHiBepCaabHOI
apXiTeKTypH, sIKa HaAACTh MOK/IMBICTb MOJIEI0OBATY OPraHu JII0CbKOTO OPraHi3mMy y
BULJISAI IM(POBUX ABiTHUKIB MeIVIKO-0i0/IOriuHMX 00’ €KTIB.

Merta npociaigskeHb. MeTO0 OOC/iIKeHHS, MpeacTaB/JeHOro y IIiii CTaTTi, €
CTBOPEHHSI YHiBepCa/JbHOI apXiTeKTypy MPOTpaMHOro 3abe3leueHHS TOYHMUX Ta
JIOCTOBipHMX MOJ€eJIeil MeIYKO-0i0/IoriYHMX 006'€KTiB, SIKi MOKYTh OYTM BUKOPUCTaHI
IIJISI IPOBEeIEeHHS eKCIIePMMEHTIB Ta JOC/IiIKeHb B MeOUIIMHI Ta 6ioJiorii.

BukinageHHsI OCHOBHOrO MarTepiaay JgOoCIigkeHb. Ilepen IodyaTKoOM
MIPOEKTYBAHHSI apXiTEKTYpH, CJIiJl 3a3HAUUTHU OAHY IyKe BasKIMBY IPOOIEMY, SIKY
HeoOXiTHO BpaxOBYBaTy Ipy poOOTi 3 MeaMKO-0ioJ0oriYHMMM 00’€KTaMM, a caMe ixX
Beqnve3Hy audepeHiiainio [2]. [a8 KOXHOTO OKpPeMOro BHYTPIIIHBOTO OpraHy
nailieHTa HeoOXiTHO BMKOPMCTOBYBATM 30BCiM Pi3Hi CHMCTeMM MOMAEIIOBAHHS, SIKi Y
Oi/IbIIOCTI BUMAAKIB OYIyTh MaJIO CYMiCHI Misk cO6010, TOMY HEOOXiTHO 3a6e31eunTi
MOZYJIbHICTh PO3P00JIEHOI apXiTeKTypu Ijis1 3a0e3IredeHHsI MOKIMBOCTI MacIITaby-
BaTy cUCTeMM 6e3 HeoOXiTHOCTI IepepobIeHHS BXKe iCHYI0UMX KOMIIOHEHTIB.

Crim 3a3HauMTH, MO OYyOb-SIKMII LM@POBUII ABIMHUK MeOMKO-0i0J0TiUHOTO
00’€KTYy € 4acOBO 3B’SI3HUM Ta SIBJISIE COO0I0 Pe3yabTaT 0OPOOKM MOTOKY TEMITOPAIb-
HUX JaHux. ToMy IO BMKOPMCTOBYBAHOTO Y PO3pO00JIIOBaHii apXiTeKTypi CXOBuUIlA
MaloTh OYTM BMUCYHEHi BMMOTM IIOA0 MaKCUMMaIbHOI eeKTMBHOCTI 36epiraHHs Ta-
KOTO TUITY JaHUX.

Takok 10 Oy[Ib-SIKOI CUCTEeMU, IO PO3POOITIOETHCS MJisT chepy OXOPOHM 3[10-
pOB’sl, Ma€ OyTM BUCYHYTO BMMOTH IIO/I0 JIOTYBAHHS Ta 30epeskeHHs e pCOHATbHUX
IaHUX, OCKIJIbKY 3TiAHO 3 MIpOBeeHUMM AOCTIIKEeHHSIMM Ta iCHYIOUMM 3aKOHO/IaB-
cTBOM [3] rapaHTyBaHHS IIiTiICHOCTI Ta 6e3MeKku IepCOHAJIbHUX HaHUX €
000B'SI3KOBUM /151 BITPOBAJIKEHHS OYIb-sKOi 1moaioHoi cuctemu. OTKe, CTiliKa cuc-
TeMa 3axXUCTy MHaHuUX TOBMHHA OyTM 3ampoBajkeHa Ha eTami po3pobseHHS
apXiTeKTypu.

Takum uMHOM, MOXHA cdOpMy/IOBaTM TaKi OCHOBHI BUMOTM [0
pPO3pO06JIIOBAHOI CUCTEMM.

1. ModyavHicms ma po3uiupr8aHicme.
- Cucrema IMOBMHHA OYTH IMOOYJIOBaHA 3 MOXKJIMBICTIO JIETKOTO TOJaBaHHS HO-
BUX (DYHKIIiOHAJTbHUX MOMY/iB a00 OHOBJIEHHS iCHYIOUMX.
— Mopyni moBuHHI 6yTH 106pe i3071b0BaHi, 106 3a6e3MeUNTI MOKINBICTh PO3-

BUTKY OKpEMMX KOMIIOHEHTIB He3aJ1e>KHO.
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- ApxiTekTypa MOBMHHA OyTM TOTOBOIO IO MAacCIITAaOyBaHHS, SIKIIO 3'SBJISTHCS
HOBi MeAM4YHi JaHi abo iHIIli BUMOIN.

VuigepcanvHicms 00pobKU 0aHux.

- Cucrtema MOBMHHA 3abe3IleuyBaTy MOXKIMBICTb 360py Ta OOpOOKM pi3HUX
TUITIB JaHUX, BKIIOUYAI0UM 300paskeHHsI, 3BYKM, OKA3HMKM ITPUJIAIiB TOIIIO.

— TloBuHHa OyTM MiATPMMKa OOpPOOKM HAaHMX B peajbHOMY dYaci Ijisi 3abe3Iie-
YeHHS aKTyaJbHOCTI i TOYHOCTi IMDPOBUX ABIMHUKIB.

AdanmueHuti aHaniz 0aHux.

- CucreMa MoBMHHA MaTU MOXJIMBICTb aHaJi3yBaTy HAKOIIMYeHi OJaHi [Jis1 BU-
SIBJICHHSI MaTTepHiB, aHOMaJIili, a TaKOX IJis1 3AiJiICHEHHSI AiarHOCTUKMU Me-
OVYHMX CTaHIB ITAlli€HTIB.

- Po3pobka anropuTMiB aHali3y Ta BM3HAUEHHS IMOBMHHA OYTU THYUYKOIO [IJISI
ajanTaillii 10 pisHUX ClieHapiiB.

Be3nexka ma KoH@pideHUiliHicMb.

- 3abesmneuveHHsT KOH(MIZEHIIMHOCTI  MeOIUWYHMX  HAHMUX  MAI[i€HTIB €
00OB'SI3KOBMM i  MOBMHHO  BKJIKYATM  MeXaHi3Mu  mudpyBaHHS,
ayTeHTH@iKallii Ta aBTOpM3aIlii.

- Bci 06po6mioBaHi JaHi MOBMHHI BigIOBiZaTy BMMOTaM CTaHIApTiB Oe3IeKu B
MeJUuHii ramxysi.

Inmyimuenuti inmepdgeiic.

- Cucrema TMOBMHHA MaTu iHTYiTMBHMI® iHTepdeiic 1A B3aemomii 3i
criejiajictaMu.

- IloBuHHA OYyTM MOKIMBICTb BigoOpaskeHHS HMGPOBUX ABIHUKIB y Pi3HUX
dbopmarax Ta miaTpUMKa iHCTPYMEHTIB AJ1s1 iX aHai3y.

BionogioHicms MeouuHUM CMavoapmam.

- Po3pob6iena cucrtemMa MOBMHHA BiITOBiIaTH BCiM BMMOraM Ta CTaHIApTaM,
SIKi perysoTb BUKOPUCTAaHHSI MeAVUHMX TEXHOJIOTii Ta 06pOoOKY MeaMUHUX
IaHUX.

Ha oCHOBi BMIII€3a3HAYEHOTO, BM3HAUMMO apXiTEKTypy MPOrpaMHOi CUCTEMU

JIJISI CTBOPEHHS IM(PPOBUX IBiITHMKIB MeIMKO-0i0/IOTiuHMX 00'€KTiB.

BcbhOro npomnoHyeThCs IT’SITh OCHOBHMX I'pyn koMmrioHeHTiB: GUI, Storage, Data

processing, Data analysis & Digital Twin constructor ta Logger. [Ipy yomy nepii

TPU € MOOYJIbHMUMM I 3a0e3IeueHHsT BiAOBigHOCTI chopMOBaHMM BUMOram, TOO-

TO BOHM HaJdIOTb II€BHY 68.30By (l)YHKL[iOHa.TIbHiCTb, 0 KOOI MOKJIMBO JOJaBaTu

MO/IyJTi BiATIOBiAHO 10 MOTPe6 MIO0A0 MOATBIIIOTO PO3BUTKY CUCTEMMA.
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PosriisiHemMo 3a3HauveHi rpyniy KOMIIOHEHTIB IeTaJbHO Ha MPUK/Ai CTBOPEHHS
1nbpoOBOro ABiMfHMKA TOpPTaHi JIOAMHU IJsS1 BUKOPUCTAHHSI Y OOCIIIKEHHSIX 3
OTOJIAPMHTOJIOTI] [4].

Cucrema y UUJIOMy TIDYHTYETbCS Ha MIKpPOCEPBICHIN apxiTeKTypi, SsKa
XapaKTepu3yeTbCSI THYUYKICTIO Ta MPUAATHICTIO O MacIITabyBaHHS [5].

ITepuia 2pyna KOMIIOHEHTIB peaJtidye y3araabHeHuit rpadiunnii intrepdeiic (Ul)
Ta BiANOBigae 3a B3a€EMOil0 MK KopucTyBadem (Jlikapem, MeOUYHUM
crieriajgictomM) Ta cucreMoro. I[IpomoOHYeETbCS MOMy/IbHA OpraHisailisi rpadgiuyHoro
inTepdeiicy, mpuYomMy KOXKEH 3 MOIYJIiB € posmupeHHIM 6asucHoro Ul ms
BiJITIOBiTHOI TPy KOMIIOHEHTIB 3 0OpOOKM MaHUX MeIUKO-0i0/JoridHux 006’€KTiB.
IlepenbavaeTncs, mo rpadiunmii iHTepdeiic KopucTyBaua po3pobseHuit 3acobamu
JavaScript Ta HTML Ta 6yme KOMyHiKyBaTy 3 OCHOBHMMM OOpOOHMKAMM 32 JOIOMO-
roto REST API Ta cokeTiB. Y3arajibHeHy cCXxeMy JaHOI I'pyIy IIpeicTaB/JeHO Ha puc. 1.

/GUI \

Mavigation
Main Ul .._I 1

Pharynx digital twin
Auth & Storage handling representation Ul
(extension)

Input / Output data

¢ 3 Main communication

AP <—ata streslms‘T

o /

PucyHok 1 - ApxiTekTypa Moay/io rpadiuHoro intepdeiicy

Zlpyea epyna KOMIIOHEHTIB BiJIIOBifa€ 3a 0OPOOKY y3araJibHEeHUX HAHUX [IJIS
1o6ynoBM 1IMGPOBOroO ABifHMKA, 8 B OKpeMMX BUIMAAKAX i yCiX MyJIbTUMEIiiHMX 1a-
HIX, OTPMMaHUX y pealbHOMY 4aci. /I iXHbOro 36epiraHHs peKOMeHIyETbCSI BUKO-
puctoByBaTu 6a3y nmaHux PostgreSQL, SK omHy 3 HaMOLIbII NPUAATHUX [IJIS
30epiraHHsl TeMIOPaJIbHUX JAaHUX [6].

Tpems zpyna KOMIIOHEHTIB BiZIIOBizae 3a 0OPOOKY Ta aHAJi3 MEAUYHUX JTaHUX
IJ7IS1 CTBOPEHHS YHi(iKOBaHOTO MOTOKY JaHMUX 3 METOIO iX MOJaIbIIIOT0 BUKOPUCTAH-
HS Yy CTBOpPeHHi Hu@pPOBMUX [BiliHMKIB. PesynbTaToM poOOTM [aHOI YaCTUHU
apXiTeKTypu € MOTiK YHiDiKOBaHUX JAaHUX, sIKi OyIyTh MPUAATHI OJI aHaJi3y Ta OT-
pPUMaHHS 3 HUX BiAMOBIIHMUX MeTpUK. [IJ1s1 MiABUIIEHHS BiICOTKY ITepeBUKOPUCTAH-
HSI KOy peKOMEeHIYEThCSI CTBOPIOBATM HOBI MOAYJ/Ii 0OpOOKM 3a IOIMOMOTrO0 11abJs10-

uy “TIporotumn”. Y3arajbHeHy cXeMy I[i€l TpyIu MpeACcTaBIeHo Ha PUC. 2.
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Data processing

Data processing

Video stream Video stream Main communication output siream
» analyzer moedule —Analysed data stream—® API
L (extension)

PucyHOK 2 - ApxiTeKTypa MOIYJII0 00pOOKM JaHUX

Yemeepma zpyna KOMIIOHEHTIB BiZIIOBiZa€ 3a aHaji3 Ta 06pPOOKYy MeIMYHUX
JaHUX AJ1s1 TI00yI0BY 1IM(GPOBOTro ABifHMKA MAllieHTa, a caMe, BUSIBJIEHHSI aHOMaUTii,
MaTOJIOTii Ta iHIIMX BaXXKIMBUX XapaKTepPUCTUK HA OCHOBI OTpMMaHMX IAHMUX, a Ta-
KOX 3a reHepariiio IudpoBOro OBiifHMKA MeIMKO-0i0/JoridyHoro 06’eKTa mallieHTa.
OcHoBHa ifgest GYHKI[IOHYBaHHS 1[bOTO MOIYJIIO MOJISITA€ Y TOMY, 110 BiH HaJla€ OCHO-
By (DYHKIIIOHAJIbHOCTI Ta KOMYHiKallii 3 iHIIMMM MOZYJISIMU, SIKi MOTIM PO3IINPIO-
I0OThCSI 3@ PaxXyHOK [OJATKOBMX (YHKI[IOHAJbHMUX MOXIMBOCTeH. ['HYUKiCTb
peasizalii mOCATa€TbCSd BUKOPMUCTAHHSAM IIAGJIOHIB MPOEKTYBAaHHSA “ApmamTep” Ta
“@acan”, axki 3abesmeyaTb 3PYYHMII Ta 3po3ymimmit 6as3oBmii iHTEpdeiic s
B3a€MO/Iii 3 Oy/Ib-SIKOI0 HOBOIO 0a3010 /ISl ABiifHMKA MeINKO-0i0/IOTriYHOrO 00’€KTY
Ta MOTOKOM JaHuX. [JoTpMMaHHS IIMX PeKOMEH/Ialliil Ta 3aCTOCYBaHHS BiAMOBiAHMX
1a6JIOHIB MPOEKTYBAHHS JOIOMOKE CTBOPUTHM MOJIY/Ib aHaji3y Ta MooymoBu 1ud-
POBOTO IBiliHMKA, SIKMI1 OyIe THYUYKUM, e(peKTUBHUM Ta 3a0e3MeUnTh BUCOKY SIKiCTh
aHa/Ii3y MeOUMYHUX JaHUX Y MPOEKTi. Y3arajbHeHy CXeMy Iii€l rpyny KOMIIOHEHTIB
[IpencTaBIeHo Ha puUC. 3.

Crniz 3a3HAUYMTH, IO YETBEpPTa Ta TPETS rpyrna TiCHO MOB’sI3aHi, OMHAK JIJIS 10-
JIeTIIeHHS PO3IIMPeHHsT CUCTeMM Ta BHeceHHd wmoaudikaliii mo cucremMu
PEKOMEHIYETHCS 1X PO3OUINTU Uepes Te, 10 HAaBiTh Pi3Hi raaysi MeauIMHU BUKOPU-
CTOBYIOTb OJJHAKOBi MPUHUMIIM OTPUMAHHS MOTOKY MYJIbTUMOJAIbHUX OaHUX; TIPU-
KJIaZIOM IIbOTO MOKe CJIYTYBaTU CXOXKICTbh MPUCTPOIB JIJisI OTPMMaHHS BifeomaHuX y
racTpOeHTePOJIOTii Ta OTOpMHOMAapUHToJorii [7]. Takum uMHOM, 3a6e3MeuyeThCs J10-

IaTKOBA THYUKiCTb MPOIIOHOBAHOI apXiTeKTYpH.
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@ta analysis & Digital Twin constructor \

Data processing

output stream

> Main communication FIEDOL SR T

< preset

PP A—— API i

(extension)
Display / St tput
isplay / Storage outpu For display
For storage L

Pharynx video stream e i

data convertor ——>
(extension) Extracted

\ parameters /

PucyHOK 3 - ApxiTeKTypa CTBOpeHHSs IM(PPOBUX ABiiHUKIB

digital twin

IT’asma ezpyna KOMIIOHEHTIB BiJTIOBi/Ia€ 3a JIOTYBAaHHS yCiX MIili CMCTeMM Ta 3aIuc
ceciit kopucTyBauiB. Takox uepe3 pO3LMIMPEHHS Iii€i YaCTUHU CUCTEMMU MOSKIMBA
MoIasbllla iHTerpaiiis 3 iHIIMMMY MeAUYHUMU CUCTEMaMMU.

Vci BulesasHaueHi I'pymy TPOIIOHYETHCS poO3pobsoBaT MOBO Python 3i
BcTaBkamu Komy C/C++ y pasi Heob6xigHOCTI poboTH 3i crieum@iuHMMM IPUCTPOSIMU
BBomy [8]. Takmit migxim [OO3BOJISIE TIOEAHATUM JIETKICTh PO3POOJIEHHST Ta
edekTMBHICTL MOBU Python 3 MOKIMBOCTSIMM ONITMMi30BaHOTO BMKOHaHHS MOBU C
JIJISI BUKOHAHHS 3a1a4 3 MOiABUINEHMMM BMMOTaMM IOAO piBHSI omnTumisailii. Lle
0CO6IMBO KOPUCHO Y CUTYaIlisiX, KO MOTPiOHA BMCOKA MIBUIKICTh OOPOOKM AAaHUX.
Bce BuimesasHayeHe poOuTb OOpaHi iHCTPYMEHTM PO3POOJEHHS MOIIbHUMM [IJIs

3aMPOIIOHOBAHOI apXiTeKTypu. Y3arajibHeHy apXiTeKTypy CUCTeMMU IIpeCTaBAeHO Ha

e

Data for visual
representation

\ . Logging
Data stream Data P : Unified data Data analysis & L
-
ata Processing Digital Twin constructor ogger

Unified data

puc. 4.

Storage —

PucyHOK 4 - Y3arajbHeHa apXiTeKTypa IIporpaMHOi CUCTeMU JIJisi CTBOPEHHS

IBiJTHUKIB MeOMKO-0i0JIOTIYHMX 00’ €KTiB
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BucHOBKM. 3aIpOIIOHOBAHO HOBY YHiBepCa/JIbHY apXiTeKTypy NpOrpamMHoOi CucC-
TeMM IIPOrPaMHOI CUCTeMU, TPMU3HAUEHO]I JJIT CTBOPEeHHS IIMPPOBUX ABIITHUKIB Me-
IVMKO-0i0/I0TiYHMX 00’€KTiB, IO JO3BOJISIE JIETKO MAacIITabyBaTy Ta IiATPUMYBATHU
CUCTEeMY, OCKIJIbKM BCi peasisaliii MOAYJ/IiB peasi30BaHi OKpPeMO Ta iHKAIlCyJbOBaHi.
[TpakTMYHA I[iHHICTh LILOT'O ITiIXOAY ITOJISITAa€ y 3a0e3MeYeHHi MOKIMBOCTI BUKOPU-
CTaHHS METO/IiB Ta aJITOPUTMIB IITYYHOTO iHTEJEKTY [IJIs1 aHaJIi3y MeAUYHUX JaHUX,
a TaKOX Y MOMKJIMBOCTI MOOYIOBM LMAPOBUX OBIMHUKIB MeIUKO-0i0JOTiUHMUX
00'eKTiB i3 3a0e31eUueHHsIM MacIITabyBaHHS IIPOrpaMHOI cucTeMu 3a moTpebu. Ile
CTBOPIOE HOBi MOKIMBOCTI IJisi OGibII TOYHOI MiarHOCTUKM Ta iHAMBIZyaabHOIO
migxonmy 1o yikyBaHHs. KpiMm Toro, cucrema 3abesnedye BUCOKMUIA piBeHb 6e3IeKu Ta
KOHTPOJIIO 3aBASIKM MOJIYJIIO JIOTYBaHHS, 110 TO3BOJISIE BiICTEKYBaTH MOZii Ta 3a0e3-
revyBaTy ayauT AOCTYITy OO0 maHuX. lle BakiuBMit acIieKT y MeAMUHil ranysi, me
KOH(pimeHIiiHiCTh Ta 3aXMCT iHGOpMallii MalOTh BUpilllaJbHe 3HAUEHHSI.
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Design of software system architecture
for medical-biological objects digital twins creating

The paper introduces an innovative and universal object-oriented architecture spe-
cifically tailored for the creation of digital twins pertaining to medico-biological entities,
with otolaryngology serving as the primary exemplar. The very essence of this architec-
ture is its profound utilization of polymorphism. By capitalizing on this technique, the
architecture offers a substantial reduction in the workload and complexity software de-
velopers might face when there's a necessity to adapt or modify the system for alternative
medical specializations.

The genesis of this architecture stems from a recognized need to establish a more
modular and adaptable framework that can cater to the rapidly evolving landscape of
medical technology and digital twinning. As the medical realm continues to burgeon,
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having such a flexible and scalable software blueprint becomes paramount, especially
when aiming to maintain relevance and efficacy in diverse medical sectors.

The paper offers a comprehensive breakdown of the various component groups that
constitute the system. Each group is dissected to provide clarity on its function, im-
portance, and integration with the broader system. This hierarchical and systematic rep-
resentation ensures that software developers, medical researchers, and other stakehold-
ers have a clear roadmap when engaging with the architecture.

In summation, this research stands as a pivotal contribution to the intersection of
medical technology and software development. By providing a robust and adaptable ar-
chitectural blueprint for digital twinning in the medico-biological domain, it paves the
way for future innovations and ensures that the medical community can harness the

power of digital replication with increased accuracy, efficiency, and versatility.
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S. Us, O. Serhieiev
AN ALGORITHM FOR SOLVING A TWO-STAGE CONTINUOUS-DISCRETE
LOCATION PROBLEM FOR MEDICAL LOGISTICS OPTIMIZATION

Abstract. The research paper focuses on logistics optimization, a critical component in supply
chain management across various sectors, including healthcare. Efficient coordination of medi
cal logistics is essential for maintaining public health and welfare, particularly during global
emergencies where quick and effective distribution of medicine is crucial. This study aims to cre
ate and analyze a model and algorithm for a two stage continuous discrete location problem
within medical logistics applications. We present a mathematical model tailored for a two stage
continuous discrete location problem in medical logistics, considering the unique aspects of this
field. The solution algorithm combines genetic methods with the optimal partition of sets theo
ry. Additionally, we demonstrate the algorithm's effectiveness through a software application,
using it to solve a representative model problem.

Keywords: continuous discrete two stage location problem, optimal set partitioning, genetic al
gorithm, medical logistics

Introduction. The optimization of logistics processes constitutes a critical
component of supply chain management across various industrial sectors, notably in
the healthcare domain. Effective medical logistics management is imperative in
safeguarding public health and well-being, a priority that becomes paramount dur-
ing global crises necessitating rapid and efficient distribution of medicinal products.
Furthermore, proficient logistics organization is vital for delivering humanitarian
aid, where the prompt provision of medical supplies and resources is often critical
for survival. Contemporary technologies and algorithmic advancements are pivotal
in enhancing medical logistics processes. A notable strategy that has garnered con-
siderable acceptance is the utilization of genetic algorithms to address two-stage lo-
cation challenges, optimizing the distribution and location of facilities. This meth-
odology enables medical institutions and suppliers to make informed decisions,
thereby augmenting the efficacy, expediency, and economic viability of medical lo-
gistics operations.

© Us S., Serhieiev O., 2023
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Literature review. Metaheuristic algorithms find extensive application in re-
search about problems similar to those in medical logistics. The authors of [1] uti-
lized a genetic algorithm to examine a two-stage transportation problem that in-
volved a fixed route fee and the transport of goods. Research [2] introduced an itera-
tive algorithm for a similar two-stage transportation challenge, incorporating a cus-
tomer shuffling mechanism and an efficient method for duplicate elimination, prov-
ing effective across diverse data sets. Publication [3] is dedicated to a multi-stage re-
verse logistics network employing a genetic algorithm with priority encoding. The
objective of enhancing spatial planning for public health services via the develop-
ment of location-allocation and accessibility models is explored in [4]. This study
aims to identify optimal locations for hospitals and other healthcare facilities, con-
sidering factors such as population demand, accessibility, and proximity to other
medical establishments. The research, exemplified by the healthcare system in Lis-
bon, Portugal, demonstrated that the application of these methods significantly im-
proved healthcare quality and cost efficiency. Article [5] discusses a two-stage trans-
portation problem to minimize logistics expenses, considering the costs associated
with establishing distribution centers and transportation charges between business-
es, distribution centers, and customers. Research [6] addresses the complex issue of
ICU bed allocation. The described problem is approached by decomposing it into two
different stages to handle multiple sources of uncertainty effectively. The study [7]
focuses on hospital capacity allocation planning for operating rooms. It presents an
integrative solution approach combining a two-stage stochastic recourse program-
ming model and a stochastic optimization model with a mean absolute deviation risk
measure. Publication [8] assesses a location-allocation model for healthcare services.
It employs a two-stage optimization strategy using a multi-period capacitated max-
imal-covering model, considering interservice referral and equity access. Research
[9] aims at optimal demand coverage in healthcare facility location problems. It is
proposed to primarily use optimization techniques with a focus on stochastic char-
acteristics important for facility location decisions. The paper [10] explores capacity
allocation and scheduling in two-stage service systems. The authors propose a sim-
ple and easy-to-implement capacity allocation and scheduling policy, establishing
its asymptotic optimality for the stochastic system. Article [11] presents a new idea
for the ambulance location problem in environments under uncertainty: it addresses
the problem with a focus on robust planning for path and average speed uncertainty.
The work [12] investigates resource allocation optimization in natural disasters with

multiple secondary hazards. A two-stage stochastic optimization model is proposed
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to simulate scenarios of random occurrence and severity of disasters. The papers [13,
14] develop a framework for supplier selection and order allocation. It introduces a
hybrid multi-step long short-term memory network for demand forecasting and a
new fuzzy SWOT model for supplier evaluation, followed by a multi-objective model
using results from earlier stages. More information about multi-stage transportation
problems for different areas, such as passenger traffic or goods transportation, can
be found in [15, 16]. A more detailed analytic review of multi-stage location prob-
lems is listed in [17]. Substantial research in the field of discrete optimization is as-
sociated with genetic and stochastic approaches. However, this approach can be
challenging due to the issue of scalability: in discrete scenarios, only small to medi-
um-sized problems can be resolved efficiently. In situations requiring the location of
many centers and considering population demand in facility location, continuum
approaches to location problems become pertinent. Study [18] focuses on multi-
stage location tasks, evaluating various facility groups and potential locations. This
paper underscores the significance of considering continuum scenarios in such tasks
and presents a model for two-stage location.

Problem statement. In times of crisis within a region, it becomes necessary to
quickly distribute essential medical resources (medicines and medical equipment) to
the people. To aid in this process, each region has a certain number of subregional
centers (SRCs) that act as primary distribution points. However, due to logistical and
resource constraints, only a certain number of these SRCs can be activated by the
government. The chosen SRCs then redistribute the resources to multiple distribu-
tion centers (DCs) throughout the region, directly supplying the required medicines
to the local population within their respective service areas. The main objective is to
find the best combination of SRCs, positions of DCs and an optimal transportation
strategy. The goal is to convey the medicines and medical supplies from the SRCs to
the DCs and ultimately to the consumers while minimizing transportation costs. To
achieve efficient distribution, careful consideration is required for factors such as
transportation expenses, distance, and capacity limitations at each stage.

Figure 1 illustrates a complex transportation network, depicting a system with
4 SRCs and 8 DCs. This diagram is designed to provide a clear visual representation
of the logistics and supply chain infrastructure. The active SRCs are highlighted with
vibrant colors, symbolizing their operational status, whereas the inactive SRCs are
differentiated by a more subdued, muted color palette, indicating their non-
operational status.
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|

Figure 1 — Transportation schema for problem statement

Mathematical model. Moving forward, let us proceed with developing a math-
ematical model. We introduce the following definitions.
-Q - the area where medical products are distributed to consumers.

-Q . —service area of the i-thDC, i =1,N .

-N - the required number of DCs.

-b, — capacity of j-th SRC, j=1,M .

-J - set of SRCs that are available for activation: J = {z",z,', ... 7/ ].

- ¢ = C(X,z‘il) — transportation costs for volume weight unit of medi-

cines and medical equipment from DC with coordinates z' to consumer x e Q

i=1,N.

- ¢, =c(r/,r,) - transportation costs for volume weight unit of medi-

cines and medical equipment from SRC with coordinates ;' to DC with coordi-

nates 7, ,i=1,N . j=1,M .
- p(x) - demand for medicines and medical equipment at the point x in

area Q .
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- A, - operating expenses associated with the activation of a subregional

centerj, j=1,M .

- 7= (rr rirz) - DC’s coordinates (=I) or SRC’s coordinates (r=II).

i i1’

- Vilj — the volume weight units number of medicines and medical equip-

ment transported from SRCjtoDCi, i=1,N, j=1,M .

(1, if DC j is activated, —_
- A= ,ji=1M .
|0 otherwise

The total expenses for activating sub-regional centers and transportation of
medicines and medical equipment can be expressed as follows:

Z} A+ jci' (x,ri')p(x)dx+ >y cijvi'j/ij .

i=1 o, i=1 j=1
Under the following constraints:
The number of volume weight units of medicines and medical equipment deliv-

ered from i-th DC is equal to its demands:

M
ZVi'jﬂj = J'p(x)dx,i =1,N .
j=1

Q;
The number of volume weight units of medicines and medical equipment

transported from j-th SRC does not exceed its capacity:

N

Zvlsibqj:LM.
1] ] ]

i=1

The maximum number of activated SRCs does not exceed L, (L > 0):

j=1
The service areas of distribution centers include the entire region Q :

N
Ua -a.

i=1

Each customer is served by only one distribution center:

Q. AQ, =0i%jij=1N.
Considering this, the mathematical model can be expressed as follows.

Problem I. Minimize
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ZM:AJ.AJ.+ZN: Jci'(x,ri')p(x)dx+ZN:ZM:cijvi'jﬂj, (1)

i=1 o i=1 j=1
1

under the following constraints

S vid, = [ p(x)dxi=1,N, (2)
j=1 Q.
N
Nvi<ab, j=1M, (3)
i=1

M

A, <L, 4)

j=1

N

Ua, -a, (5)
Q. AQ =0i#jij=1N, (6)
vi;zo,zje{o;l},izl,_N,jzl,M, (7
le(r;,T;...r,L),rleQN. (8)

Solution approach. We propose to use a combination of a genetic algorithm
and an approach from the optimal set partitioning theory. Given this, we can divide
the solution of problems (1) - (8) into two stages.

At the first stage, distribution centers are located with the determination of
their service areas by solving optimal partition of set problem in formulation
(9) - (11), where N - required number of DCs. The solution to the optimal set parti-
tioning problem begins with the algorithm initializing the optimization domain.
This domain is bounded by a parallelepiped oriented along the coordinate axes. Ini-
tial conditions such as the grid size and the algorithm's step size are established. The
parallelepiped is covered with a grid that allows for calculations at discrete points. A
preliminary approximation for the variables is then set.

The core of the optimization step involves the use of Shor's r-algorithm, which
employs the concept of subgradient descent with a significant variation in the calcu-
lation of the step multiplier. In classical subgradient methods, the step size often
decreases following a fixed rule. In contrast, the r-algorithm adaptively updates the
step size based on previous iterations, allowing the algorithm to better account for
the specifics of the problem at hand.

The main innovation of the algorithm lies in its use of regularization to en-

hance the characteristics of the optimization problem. The addition of regularization
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helps to address the non-smoothness of the function and improves the convergence
rate to the minimum. The r-algorithm is particularly effective for solving high-
dimensional problems, where traditional optimization methods may need help with
computational complexity and slow convergence.

The process of solving the optimal set partitioning problem is iterative, with
each step updating the variable values based on prior calculations and adjusting the
iterative process. The algorithm concludes its operation once a convergence criteri-
on is met, either through the variable distance or the difference in functional values.
For a more detailed version of the algorithm refer to [19].

Minimize
ZNjCiI(X,TiI)p(X)dX, 9)
i=1 g,
under the following constraints:
LNJ Q. =Q, (10)
i-1
Q. AQ =0i%jij=1N, (11)

At the second stage, we solve a discrete location problem (12) — (18):

M N M
ZAjlj+ZZc(ri',r;')ﬂjvi;—> min , (12)
j=1 i=1 j=1
under the following constraints:
S v, =b L i=1N, (13)
j=1
N
| R
dVvysAb,i=1LM, (14)
i=1
A, <L, (15)
j=1
Vi> 0,4, {0;1),i=1,N,j=1,M, (16)

where 7' = (r' ot ) ' e Q" - locations of the DCs obtained as a result of the

172" N

first stage; bi* - determined capacity of DCs:

*

b =Ip(x)dx,i=1,N, a7

1
Q i
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Additionally, there is a solvability condition:
jp(x)dxstjﬂj, (18)

An algorithm utilizing a genetic approach with priority encoding is developed
to address the issue (12) - (18). The algorithm's general description is as follows.

1. Initially, the population P(t) is set up through a priority-based encoding
method, creating the first generation of potential solutions.

2. The fitness level of each individual chromosome within this population is
then assessed.

3. For the purpose of reproduction, chromosomes are chosen based on the rou-
lette wheel selection technique.

4. The reproductive process involves the crossover of selected chromosomes to
yield new offspring.

5. The mutation process is applied to certain chromosomes to introduce new
variations.

6. The next generation P(t+1) is created by combining these offspring with
some members of the current population, effectively replacing the previous genera-
tion.

7. The algorithm checks for the termination condition. If it's not met, the pro-
cess loops back to step 2, now working with the updated population t+1.

8. Once the termination condition is met, the genetic algorithm finishes. The
most efficient chromosome is decoded to reveal the objective function's value and
the proposed transportation plan.

End of the algorithm.

A more detailed description of each step can be found in [20]. The following
modifications to the genetic algorithm procedures should be highlighted.

- Each transportation plan between SRCs and DCs is represented as a chromo-
some using a priority-based coding scheme.

- The chromosome is checked to satisfy all model constraints when calculating
the fitness function.

- A roulette selection procedure is used: a roulette wheel is created with seg-
ments proportional to these fitness scores. Selection is made by spinning the wheel
and choosing individuals based on where it lands, favoring those with higher fitness
but still allowing chances for less fit individuals.
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- The weighted crossover method is used to cross chromosomes: first, two
parent chromosomes are selected based on their fitness values, then each compo-
nent of these decisions is assigned a weight that reflects its importance or effective-
ness, which is determined by past performance, knowledge of the subject area and
other heuristic methods. During crossbreeding, these weights determine the combi-
nation of parental decisions to create offspring. Components with higher weights are
more likely to be passed on to offspring. It results in offspring that ideally inherit the
best traits from both parents.

- The use of mixed mutation is proposed: with a probability of 0.5, swap or in-
sertion mutation is used. For the first type of mutation, two unique elements are se-
lected from each part of the chromosomes and swapped with each other. For the in-
sertion mutation, a random index is chosen for each part of the chromosome, from
which the element is rearranged to another random location.

Software implementation. We implemented a software application for nu-
merical experiments designed to tackle the two-stage continuous-discrete location
problem. This application was developed in Python 3 using the Qt5 framework for
the user interface and map visualization. Qt5 provides the tools for creating interac-
tive maps, while Python3 handles mathematical calculations and the core logic. C++
language and Eigen library are used for optimal partition numerical implementation.
The development is done in PyCharm IDE. The calculations are performed using the
following hardware: CPU: AMD Ryzen 7 5800X 3.8-4 GHz and 32 gigabytes of DD4-
3200 RAM.

Model task. We use the proposed mathematical model, solving approaches and
algorithm to optimize the medical logistics of the Dnipropetrovsk region, Ukraine.
Here are the input parameters of the problem.

-Number of SRCs: M =17.

-Number of potential DCs: N = 25.

-SRCs maximum number limit: L = 6.

-Vector that limits capacities of SRCs: [40, 40, 39, 40, 41, 39, 40].

-Total demand in DCs: 230.

-Vector of SRCs activation costs: [46, 50, 41, 48, 49, 42, 50].

The coordinates of the subregional centers are shown in Figure 2 as blue mark-
ers and correspond to the locations: Verkhnodniprovsk, Bozhedarivka, Tomakivka,
Novomoskovsk, Synelnykove, Prosiana, Ternivka.

In the first stage, we solve the continuous-discrete location problem: a rectan-
gle that delimits the geographical location is defined with the following coordinates.
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-Left lower corner: (47.51611, 33.37109).
-Right upper corner: (48.95391, 36.93066).
-The map used in visualization is centered around Dnipro, Ukraine: (48.450001,
34.983334).
We use the Euclidean metric as a distance function for continuous cases for the
described model task. The defined rectangle is shown as gray borders in Figure 2. As

a result of the solution, we have the DCs locations as green markers in Figure 2.
Along with locating each Distribution Center (DC), we also obtained its service area
(optimal partition) marked as polygons with gray borders.

3 ° hd

Figure 2 — Original positions of subregional centers and located distribution centers

Let's move on to the second stage. At this stage we are applying a genetic algo-
rithm to solve discrete activation problem (12) - (18). In distance terms we use the
geographic distance between the points as now we deal with geographical coordi-
nates. The genetic algorithm will be executed with the following parameters:

-Population size: 50.

-Size of the chromosome: 32.

-Crossover probability: 0.9.

-Mutation probability: 0.15.

-Initial population generation: pseudo-randomly generated.
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-Termination criteria: terminates after exceeding the number of 100 genera-
tions.

The overall result of the solution is shown in Figure 3 with the following re-
sults:

-The objective function value for the most effective solution to the problem is
1298.65.

-6 subregional centers were activated, except for the center in Novomoskovsk.

Figure 3 — Solution for the model task of two-stage continuous location problem

The total execution time of the algorithm (with visualization) took 13 seconds.

Each activated SRC is visually represented by a blue pin, indicating its active
status and readiness to receive and process service requests. In contrast, any deac-
tivated SRC is denoted by a gray pin, signifying its current inactivity and unavailabil-
ity for handling service requests. Arrows emanate from each DC, illustrating the spe-
cific DC the particular SRC will service.

Conclusions. The research paper delves into a two-stage continuous-discrete
location problem, imposing constraints on the maximal number of centers, primarily
within the medical logistics sector. This area deals with distributing medicines and
medical equipment, necessitating compliance with stringent requirements. The pa-
per introduces a mathematical model that integrates optimal set partitioning with
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metaheuristic techniques, intending to streamline the solution process into two dis-
tinct stages. Initially, the optimal set partitioning method is employed to determine
the locations of distribution centers. Subsequently, the acquired coordinates and
their corresponding service areas are utilized to address a discrete activation prob-
lem. The chosen metaheuristic method is a genetic algorithm, enhanced with priori-
ty-based encoding and weight mapping crossover, alongside specific adaptations. A
specially designed fitness function evaluates the adherence to the model's con-
straints. Moreover, a mixed mutation approach is implemented in each iteration,
based on a predetermined probability. The algorithm's output encompasses the es-
tablished distribution centers, activated subregional centers, and a comprehensive
transportation plan. A software tool was developed in Python 3 to demonstrate the
algorithm's functionality, incorporating the Qt5 framework. The paper features a
case study focused on the medical logistics in the Dnipropetrovsk region of Ukraine.
It exemplifies the practical implementation of the proposed model and algorithm,
highlighting their potential to enhance logistics and distribution efficiency in a spe-
cific geographic context.

Future research. Future research should focus on refining the location prob-
lem by linking subregional center positions with distribution centers, optimizing al-
gorithm complexity, and applying the model to real-world logistics, using authentic
data for regional specificity. Further, the model could be expanded to include dis-
tance and time constraints, enhancing its applicability in scenarios like rapid medi-
cal supply distribution, and promoting cost-effective, sustainable logistics.
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Anzopumm po3e’a3aHHsA 0e0emanHoi HenepepeHO-JUCKPemHOoi 3adaui po3miuleHHs
Ha npukaadi onmumizauii meduuHoi n10zicmuku

Onmumizayisi 102iCMUYHUX NPOUECI8 € 00HUM i3 8aXIUBUX 3A80aHb YNPABJIIHHS
JIGHU02amu NoCmasox y pi3Hux cgpepax distnbHocmi, skaroUawyu meduyury. EpexmusHa
KoopouHayisi y cgepi MeduuHoi n102iCMuKu Mae 8axiciuee 3HaueHHs O 3abe3neueHHs
2pomadcekozo 30opos'ss ma npoysimanHs. Lle cmae 0cobaU80 akKmMyaibHUM 8 yMO8ax
2n00anvHUX Had3zeuuatiHux cumyauiti, Koau weudke ma egexmueHe po3n08COONHEHHS
MeJduKameHmie mMae supiwianvHe 3HaueHHs. Memoio pobomu € nobydosa modeni ma po3-
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pobka anzopummy O p036’s13aHHS 080emanHoi HenepepeHo-0UCKpemHoi 3adaui po3-
MiuleHHs1 y KOHmeKkcmi npobaemu meduuHoi Ji02icmuku 3 nooansumM aHanizom ix 3a-
CMOCY8AHHSI Ha MOdenbHUX npukaadax. B po6omi po3znsaHyma npobiema mpaHcnopmy-
8AHHA MeJuKameHmie ma 8upobie mMeduuHo20 Npu3HaveHHs 8 YKpaiHi ma eusHauyeHda
nocmaxoska 3adaui 8 npedmemtiii o6aiacmi. Ha nepwomy emani HeoOXiOHO akmuaeyea-
mu cybpezioHalbHi yeHmpu 3 Habopy 00CMynHux, wo € OUCKpemHoio 3adauyero onmumi-
3auii. JIpyzuti eman ckn1adaemocs 3 po3miljeHHs ueHmpie oucmpubyuyii ma eu3HaueHHs
iX 30H 00Cny208y8aHHS. Agmopamu 3anponoHO8AHO MAMeMAmuyuHy mMooens 071 d8oe-
manHoi HenepepeHO-OUCKPeMHOi 3adaui po3MilleHHs1 Y KOHmMeKcmi MeduuHoi 102icmuku
3 8paxysaHHsm ocobaueocmeli zanysi. Po3pobieHo anzopumm po3e’si3aHHs, wo 06asy-
EMbCS HA NOEOHAHHI 2eHeMUYHUX nidxodie ma meopii ONMUMANIbHO20 PO3OUMMS MHO-
HUH. Bukopucmaro npiopumemme Ko0dy8aHHsl 3 MiKco8aHow npouedyporw mymauii. Ha
nepuiomy Kpoyi po38’a3yemocs 3adaua onmumaibH020 po30umms MHOMUH i3 po3Mi-
WEeHHIM UeHMPpIi8 NiOMHOMUH Yy KibKOCmi, wlo 8i0nosidae Kinbkocmi HeoOXiOHUX
uenmpis ducmpubyuii. Ha dpyzomy Kpoui, 8UKopucmosyouu KoopouHamu po3miuieHux
ueHmpie ma 8u3HaueHi 30HU 00C1y208Y8AHHS, 3ACMOCOBYEMBCS 2eHEMUUHULI A20pumm
0/11 BU3HAYEHHS. e(heKMmuU8H020 p038°a3Ky. Aemopamu po3pobyieHO NPoZPAMHY imnieme-
HMayiio 3anponoHo8aHO20 AJ120pummy 3 UKOPUCMAHHAM M08 npozpamyeaxHs Python3
ma C++ ma 6i6aiomexk Qt5 ons inmepdeiicy kopucmysaua ma Eigen s mamemamuu-
HUX 00uUCTIeHb. 3anponoHo8aHuli nidxio sukopucmaHo 0 po3e's13aHHst ModebHol 3a-
daui meduuHoi n0zicmuku y /IHinponemposcuKiti obnacmi, Ykpaiua.

Vc CBiTmaHa Anb6epriBHa - K.(.-M.H., JOLIeHT, mpodecop Kadeapu CUCTEMHOTO
aHasi3y i ynpasiiHHs HTY «/IHinIpoBcbKa IMOJiTeXHiKa»
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O.IL. IsanoB, B.B. Ckano3y6, B.M. I'opstukiH, B.1. IllnHKapeHKO
BU3HAYEHHS 3JATHOCTI IITYYHOI'O IHTEJIEKTY 10 BCTAHOBJIEHHSI
ABTOPCTBA XYJIOXXHbBOI'O YKPATHOMOBHOTI'O TEKCTY
3A 3HAYHVMUA ®PATMEHTAMUA

AHomauis. Lmy4Huli iHmenekm cmae HeBi0'€MHOK 4acmuHo nobymoso2o xumms ma npoge
CitiHoi disnbHocmi nouHu. [pedcmasneHa poboma mae Ha memi 0ocaioumu epeKmusHiCmb
BU3HAYeHHA asmopcmsa XyO00XHIX meKcmig 3a 00NOMO20K0 Cy4ACHUX THCMpPYMeHmiB Wmy4yH020
IHmesiekmy, a came THmMeseKMyaabHa nowykosa cucmema Bing. [ina ekcnepumeHmy 6ysio 8u6
PAaHO Oecamsb YKPAiHCbKUX asmopis 3 6azamum 00pobKOM XyOO0XKHIX mBOpIB, SKI BI006Paxaoms
DI3HI acnekmu YKpaiHcbKoi Kynemypu ma icmopii. Bunadkosi ¢pazmeHmu 0osxuHow 0o 500
cnis 6ynu BubpaHi 3 pizHUX meopis yux asmopis. byno nposedeHo ekcnepumeHm 3 BU3HAYEHHS
asmopcmsa 360 ¢pazmeHmis. Bukopucmosyroyu mMosy npozpamysanHs Python ma nakem skpy,
6y/n0 cmBopeHo npozpamHe 3abe3neyeHHs, AKe HAOCUAAE 3anumMu ma ompumye 8ionogioi 8id
Bing 6oma, s6ydosa+Hozo 8 Microsoft Skype. B mekcmax sionosioeli nepesipsnacs HAsBHICMb
iMeH1 agmopa gpa3zu ma 8i0N0BiIOHOI Ha3su meopy. BcmaHosneHo, wo dosai ppazmeHmu 003
BO/IAIOMb 3 BUCOKOKO MOYHICMIO, aJle He 3a8XO0U BU3HAYUMU aBMOPA XyO0O0XKHbO2O
YKPAaiHOMOBHO20 meKcmy.

Knioyosi cnosa: Bu3Ha4eHHA aBmMopcmsa, nNpupoOOMOBHUL MeKcm, WmyYyHUl 1Hmesnexkm,
2eHepamusHi mosHi modeni, ChatGPT, 6om Bing, Skype.

Ornsap mpegMeTHOI 06/1acTi. Bu3HaueHHST aBTOPCTBA TEKCTY € OJIHI€I0 3 BaXK-
JUBUX 1 CKIAOHUX IPoO6JeM, 3 SIKMMM CTUKAIOTbCS OOCTITHMKM B Taly3i 0OpOOKM
npupoaHoi MoBMu. LI 3amayua mossirae€ B TOMY, 11006 BCTAHOBUTH, XTO € peaJlbHUM aB-
TOPOM [JIAHOTO TEKCTY, a00 K, SKIIO TEKCT Ma€ MeKiJibKa aBTOPiB, K PO3IOIIINTU
BHECOK KOXXHOTO 3 HIX. B3HauUeHHsI aBTOPCTBA MOKe MaTy pi3Hi 3aCTOCYyBaHHSI, Ta-
Ki IK TlepeBipKa Ha TuIariaT, aHaji3 CTU/II0 MUCbMa, igeHTudikalliss oco6MCcTOoCTi, aT-
puoYyIIist JgiTepaTypHMX TBOPiB Tomo. OmHAK GiMbLIICTh iCHYIOUMX METOMiB BM3HA-
YeHHS aBTOPCTBA MPAIlOI0Th e(heKTUBHO JIAIIIE 11 KOPOTKMUX TEKCTiB, TAKUX SIK ejIe-
KTPOHHI JIUCTH, TBITU ab60 6y0r-11ocTH. 119 BeIMKMUX (ParMeHTiB TEKCTY, TAaKUX SIK
KHUTY, HAYKOBi CTAaTTi ab0 poMaHH, IS 3a7jaua CTa€ 3HAYHO CKIAJHIIIO0, OCKIIbKA

rotpebye OiNbIN MIMOOKOrO aHaldi3y CEMaHTUKM, CMHTAKCUCY i JIEKCUKM TEKCTy. Y
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CTaTTi PO3T/SAAETHCS MOX/IMBICTh BUPIiIlIeHHS 3a/1aui BU3HAUEHHSI aBTOPCTBA BeJI-
KX parMeHTiB TEKCTY 3 BUKOPUCTAHHSIM 3aco0iB IMITYYHOro iHTe/neKTy. Taka 3ama-
Yya Ma€ BaK/IMBe 3HAUEHHS [J1s1 JIiTepaTypO3HaBCTBA, KyJIbTYypOJIOrii Ta mpaBa iHTe-
JIEKTyaJIbHOI1 BJIACHOCTI.

B ocraHHili yac BifOyBa€ThCsI 3HAUHMIA PO3BUTOK BEJIMKUX MOBHUX MOJEEN,
SIKi € TOTY;)KHMM IHCTPYMEHTOM LITYYHOrO IHTeJIeKTy, BOHM 3[aTHI reHepyBaTu
TeKCT, pO3yMiTM MOBY Ta BiAIIOBimaTy Ha 3anuTaHHS. OCHOBHA IPMHLMIIOBA Bif-
MiHHICTb TaKMX MOJeJIei BiJl TpaauliiiHOrO PO3IMi3HaBaHHS IIPUPOLAHOI MOBM IOJISI-
ra€ B TOMY, I1I0 BOHM 6a3yIOThCSI HA HEMIPOHHMX MepeXkax Ta IIMO0KOMY MaIlMHHOMY
HaBYaHHIi [3, 4].

OpHa 3 HaiBigomimux Beaukux MoOBHUX mopeneii — GPT (Generative Pre-
trained Transformer), po3po6seHa kKommaHiero OpenAl. 1l mMomenb Mae Bpaskaroui
MOXJIMBOCTi B reHepallii TeKCTiB, pO3yMiHHI MOBM Ta BiJIIOBi[i Ha 3anmMTaHHs]. Ic-
HYIOTb TaKOX iHIIi BeauKi MOBHiI Mogeni, Taki ik BERT (Bidirectional Encoder
Representations from Transformers), RoOBERTa (Robustly Optimized BERT), XLNet
(eXtreme-Long Transformer), T5 (Text-to-Text Transfer Transformer) Ta 6araTo iH-
mux. KoskHa 3 X Mojiesieit Ma€e CBOi 0COGIMBOCTI Ta 3aCTOCYBaHHS [5, 6].

CyyacHi BeJMKi MOBHi MO/IeJTi B’Ke 3aCTOCOBYIOThCS B 6araTbox cdepax, BKIIO-
YyalouyM MalllMHHMIA Tlepeksaj, TeHepallilo TeKCTiB, BilMOBiZi Ha 3alIMTaHHS, CeMaH-
TUUHUI aHaTi3 TEKCTiB, aBBTOMAaTUUYHY 00p06Ky MOBJIeHHs Ta 6araTo iHioro [1]. Bo-
HJ TaKOX BUKOPUCTOBYIOThCS B iHTepHET-IIOLIYKY, 0COOMCTUX aCUCTeHTaX, JJIs1 pO3-
Mi3HABaHHSI MOBM Ta iHIIMX JOJaTKaX, sIKi IMOTPeOyIOTh PO3YMIiHHSI Ta reHeparii
JIIOJICbKO1 MOBH.

Benuki MoBHI Mopesni, Taki Ik GPT, HaBYalOTbCSI Ha BEJIMKMX KOPITyCaX TEKCTIB,
0 JO3BOJISIE IM 3aCBOIOBATU IPAMAaTUKY, JEKCUKY Ta KOHTEKCTYa/IbHi 3a/IeXKHOCTI
MoBH. lle mO3BOJIsIE MOJEIM reHepyBaTy TEKCTH, SIKi MaKCMMaJIbHO HAOMVDKeHi 10
JIIOJICBKOTO MOBJIEHHSI. BenuKi MOBHI Moesi MarTh CBOi oomeskeHHs1. Hampukiag,
BOHM MOXYTb BUPOOJISITY HEIIpaBaAUBY ab0 HeeTUUHY iH(opmaliito, SIKIIo iM 6yayTh
HajaHi Taki gaHi. TakoxX BOHM MOKYTb OYTM BpasauBi 0 aTak, siki MOKYTb BUKOPU-
CTOBYBATM iX IJis TOIIMpeHHS AesiHdopmariii abo 3/JI0BXKMBaHHS. Ycymnepeu obMe-
’KeHHSIM, BeJIMKi MOBHi MOJe/i € MOTY>KHMMM iHCTPyMEeHTaMM [Jisi aBTOMaTu3allii
PO3yMiHHS Ta reHepallil TeKCTiB, a IXHi MOXXJIMBOCTI IMMPOAOBXYIOTb 3pOCTAaTU 3 KOX-
HMM HOBUM BUITYCKOM MO/eJjieii Ta MOKpallleHHSIM aJITOPUTMiB HAaBYaHHS.

Kommnanist Microsoft crBopmia uat Bing Ta Copilot, siki € iHHOBaliliHUMM MTPO-
IYKTaMM, [0 BUKOPUCTOBYIOTh IITYUYHMI iHTeNeKT Ha 6a3i ChatGPT mis HagaHHS
KOpUCHOi iHdopMaliii Ta reHepallii TBOPUYOro KOHTEHTY [7]. Bing — 1ie moirykoBa cu-
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cTeMa, sika 103BOJISI€ 3HAXOAMUTH BiATOBii Ha Oyab-sKi 3anmuTaHHs, a yaT Copilot —
Ile 4aT-00T, SIKMIT MOXKe CITIJIKYBaTMUCSI 3 KOpPUCTYyBayaMy Ha Pi3HUX MOBaX, CTBOPIO-
BaTyU Bipiri, Kox, icTopii, micHi Ta 6araTo iHmoro. O6MaBa MPOAYKTM 0a3YIOTHCS Ha
TexHousorili OpenAl, sika € ogfHUM 3 HalnepenoBilIMX MPOEKTIB y rajysi WTYYHOrO
inTenekty. OpenAl - 1le HekOMeplii/iHa OpraHisallisi, SKa Ma€ Ha MeTi CTBOPUTU
IPY>KHiii i 3araJbHOOCTYITHUIA IITYYHUI iHTENIEeKT, SKuit 6yae mpaioBaT Ha 6;1aro
moacTtBa. Microsoft Takox iHTerpye Bing y cBiit 6paysep Edge, mecenmkep Skype i
iHBeCTye Minbspn, 1106 TPUBECTH 10To B cBOi mpoaykTuBHi gonatku Office [8].

MeTa gociigkeHHsI. MeToo poO6OTH € MiaTBepIKeHHsST ab0 CIIPOCTYBAHHS Ti-
TOTe3M IO MITYYHUI iHTeeKT 3MaTHMUIA 3 TOUHICTIO Gisbiiie 95% BCTAaHOBUTM aBTOP-
CTBO BiJOMMX YKPaiHOMOBHMX aBTOPiB 3a 3HAaUHMMM (parMeHTaMM iX TBOpiB. Bing
— 1Ile iHTesleKTyaJbHa ITOIIYKOBA CUCTEMA, siKa MOsKe JOTIOMOTTY BCTAHOBUTU aBTOP-
CTBO YKPaiHCBhKOTIO JIiTepaTypHOTO TeKCTy. Bing m03BoJsI€ MIyKaTy JaHi PO YPUBOK
Ta MMCbMEHHMKA, ajie TIOIIYKOBi pe3yJbTaTy MOXYTb OYTM HEMOBHMMM ab0 HETOY-
HUMM.

MeToauka mociaigKkeHb. Byyio o6paHO AeCATb YKpaiHChbKUX IMMCbMEHHUKIB,
SIKi HaIMca/Ju 3HaYHY KiJIbKICTh TBOPiB IIPO Pi3Hi CTOPOHM YKPaiHCHKOI KyJIbTYpU Ta
icTopii. basa aBTOpiB Ta TBOPIB CIiBIIafae 3 MpecTaBeHil y poboTax [9, 10]. dpar-
MeHTU o0Mpannch BUIIAAKOBO i3 BifibpaHMX TBOPiB, 3 ypaXyBaHHSAM ITyHKTYyallii Ta
CTPYKTYPHUX €JIeMeHTiB TeKCTy. Bimbupanucst pparmeHT 10BKMHOIO Bix 50 mo 500
C1iB. 3arajibHa KiJIbKiCTh YPUBKIB mpeacTapieHa B Tabauili 1, 3 po3moaijioMm JOBXUH
npeAcTaBieHUM Ha puc. 1. BiinoBiap MOIIyKOBOi CMCTEMM MOKe 3MiHIOBATUCS B 3a-
JIEXKHOCTI Bif, JOBXXMHM MOITYKOBOTO 3aMUTY, ajie 1ie He 3aBXAM MpsiMa 3a7eKHiCTb.

BukopucraHo MOBY TporpamyBaHHs Python Ta 6i6sioTeky skpy [2], 1106 cTBO-
PUTHU IIpOrpaMy, sika B3aeMozi€ 3i SKype. 3a 1OIIOMOTOIO IIi€i IMporpaMu IepeaanTb-
csl 3aIIUTAHHS i OTPUMYIOTbCS BiAmMoOBiAi Bix 60Ta Bing, BOyIOBaHOTO B Mporpamy
Skype. Skpy € 6i6mioTekoio ais Python, sika Hamae 3pyuHmii crioci6 B3aemonii 3 API
Skype. BoHa 103BoJisie aBTOMaTU3yBaTM HaACUIaHHS TTOBiJOM/IEHDb i OTPUMMaHHS Bi-
IITTOBifieit 3 yaTiB a0 po3MOB.

V ekcrniepuMeHTi 60Ty Bing mporoHyBasocst BiiMOBiCTM Ha 3anMuTaHHSA y (op-

Marti "Jlait KOpOTKY BiZIIIOBifb, XTO aBTOP parMeHTy:%?".
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Tabmuig 1
3arasibHa KiJIbKiCcTb (DparMeHTiB BigiOpaHMX 10 eKCIIeEPpUMEHTY 110 aBTOpam
ABTOp 9
IBaH barpsuuit 40
Ocran Buiins 40
Mapxko BoBuok 28
Onexkcanap [10BKeHKO 37
Muxaitino Koiro6mHCcbKMit 40
[Tanac MupHuin 40
BceBoson HecTaiiko 39
Banep'sH [lizMornabHMIA 26
IBaH ®paHKO 38
Mwukona XBUIbOBUN 40
3arasiom 368

RiNeKiCTe dparmeHTIs

OoBxuHa dparmeHTiB, CliB

PucyHok 1 — TicTorpama goBskuH ¢parMeHTiB B eKCIIepUMEeHTi

PesynbTaTy mociaimkeHb. Yci oTpuMaHi BiAmoBiai Oysio 3i6paHo B €IMHY 3a-
raJIbHy TaOJIMITIO0 Ta MPOAHa/Ti30BaHO. Y TeKCTax BiJMOBifel mepeBipeHO HAsIBHICTh
iMeHi aBTOpa parmMeHTy i BilMOBiHO1 Ha3BM TBOPY.

HacTtymnHa Tabimilsg mpeacTaBisie€ KiJbKiCTh BifIoBigeii, me 6y/0 BipHO BM3HA-
YyeHo iM’s aBTOpa Ta Ha3Ba TBOPY, ab0 BipHO Oy/I0 BM3HAUEHO TU/IbKM iM’sl aBTOpa. 3a
OTpMMaHMMU pe3yjbTaTaMy, IBaH @paHKO Ma€ caMuii BUCOKUIA BiJCOTOK TOYHUX
Bi/ITIOBiIel, He po3IMi3zHaHo Oymo Bcboro 13% ¢parMeHTiB, BU3HAUEHO BipHO aBTOpa
Ta Ha3BY TBOPY B 71% i B 16% BipHO Oy/10 po3mi3HaHO TiJbKM iM’S aBTOpa. HaiftHMK-

Yuit pe3yabTaT oTpuMaB IBaH barpsinuii 53% HeBu3HaUeHUX HparMeHTiB.
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Tabmauig 2

PesyibTaT BU3HAUEHHS aBTOPCTBA (parMeHTiB TBOPiB B KiJIbKOCTi pparMeHTiB

ABTOp (pparmeHTy Tounuii pesynbrat | TibKM aBTOpP He Bu3HaueHo
IBaH barpsiHui 13 6 21
Mapxko BoBuok 13 2 13
Muxkomna XBUIbOBUi 23 2 15
Muxaiino Koiro6mHCbKUit 20 6 14
Ocrarn Buins 24 3 13
Basnep'sH ITligzMornnbHMIA 14 4 8
Onexkcanap [OBKEHKO 22 4 11
[Manac MupHwuit 23 5 12
BceBonog Hecraiiko 21 7 11
IBan ®paHKO 27 6 5
3araiom 200 45 123

Bu3HaueHHsI Ha3BYM TBOPY 3a parMeHTOM MOsKe OYTH YCKIaJIHEHUM, SIKIIO ic-
HYIOTb Cepii TBOPiB OIHOTO aBTOPA, 1ie MOKe OYTH CIIPUUMHEHO TakKuMM (aKTOpaMu:
- CXOXICTb TEMaTUKU — SKIIO aBTOP HAMucaB Cepito TBOPiB HA OJHY TEMY
ab0 3 OHMMMU Vi TUMU 3K TIepCOHakaMy, MOKe OyTU BaXKKO BU3HAUUTH,

IIO SIKOT'O caMe TBOPY HaJIEXXUTh KOHKPETHMI (parMeHT;

- CXOXICTb CTWIIO — SIKIIO aBTOP MA€ BUPA3HUIL CTUIIb, IKUIA BiH BUKOPU-
CTOBYE B yCiX CBOIX TBOpaX, e TaKOXX MOXe YCKJIaJIHUTU BU3HAUYEHHS
KOHKPETHOTO TBODPY;

- CIOKeTHi 3B'SI3KM — SIKIIIO TBOPU B Cepii MalOTh CIOKETHi 3B'SI3KU, dpar-
MEHTU 3 OJJHOTO TBOPY MOXYTb 3/aBaTUCS MOAIOHMMMU A0 (pparMeHTiB
3 iHIIIOrO;

- TIOBTOPEHHSI MOTUBIB — SIKII[O aBTOpP MOBTOPIOE TMeBHI MOTMBM ab0 006-
pa3u B pi3HUX TBOpPaX;

- BIiJICYyTHICTh YHiKaJbHUX BiIMiHHOCTe} — SIKIIO (parMeHT He MiCTUTh
VHIKaJbHUX BiAMIHHOCTEMH, SKi Bigpi3HSIOTh OOMH TBip Bifl iHIIOTO B
cepii.

IIi gakTOpM MOKYTh 3pOOMTM BM3HAUEHHS TBOPY 3a (parMeHTOM CKJIATHUM
TIpOLIecoM, SIKUIT BUMMArae riiMboKOro 3HaHHSI TBOPUOCTi aBTOpa Ta KOHTEKCTY 0ro

TBOPIB.
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BceBoson HecTaiiko 6yB BiZoMyuM yKpaiHChbKMM IMMChbMEHHMKOM, OCOOJIMBO Bi-
IOMMM CBOIMM OUTSYMMM TBOpamu. BiH HammcaB 6araTo KHUT, SIKi CTa/IM TIOIYJISIp-
HUMM cepeq IiTeii Ta gopociaux. “Topeamopu 3 BacCiokiBKu” — 1ie Bigoma TPUIOTis
BceBonona Hecralika, sika po3IOBia€ Mpo MPUTOAM ABOX APY3iB.

3a pesynbTaTamm eKcliepMMeHTy, caMe y HecTalika BMCOKMIT BifcoTOK (18%),
HeBipHO BM3HAUeHMX Ha3B TBOPiB, GparMeHTH 710ro TBOPiB OY/IM HEBipHO BM3HAYEHi

came I10 Ha3Bi TBOPY (OAMUB. puC 2.).

NOBMEHKO 59% 11%
maoMOrHALHKUI 54% 15%
BULIHA 60% 8%
KOUKEMHChKMI
XBUAbOBMWI 58% 5%
BATPAHMN 33% 15%
B TouHuii peaynbtat M TiNbKK aBTOP He euzaHavueHo

PucyHok 2 - TouHiCcTh BCTAHOBJIEHHSI aBTOPCTBA ()parMeHTiB TEKCTiB

[lceBAOHIMM MMUCbMEHHMKIB TAKOX MOXYTb YCKIQJHUTU BU3HAUEHHS aBTOPCT-
Ba ¢parMeHTiB TBOPiB, 0COOIMBO SIKII[O aBTOP BUKOPMUCTOBYBAB 6araTo pi3HMX TCeB-
IIOHIMiB ab0 SIKIIO TCeBAOHIM He OYB MMPOKO BimomuM. Hampuknan, IBaH barpsi-
HMIA, cripaBXHe iM’st IBaH MuKkonaitoBuu JIo30B’sra, 6yB BifoMum yKpaiHCbKUM TH-
CbMEHHMKOM i MOMITUYHUM JisiueM. IBaH BarpssHuii BUKOPMUCTOBYBaB AeKijbka Ice-
BIOHIMIB y CBoii1 TBopuocTi. OKpiM Bimomoro “IBaH Barpsiuumii”, BiH TaKOX IMCaB
i ncesmoniMamu “Tlonsipumii” Ta "[lon Kouepra'. PesynbTaTyi BUSHAUEHHS aBTOP-
cTBa parMeHTiB TBOPiB, HanMcaHuxX [BaHOM BarpsiHuM, mokasajiy HaltHUXKUMI pe-
3yabTaT: 53% HeBipHOTO BM3HAUEHHS, OT)Ke HasIBHICTh IICEBIOHIMIB MOe yCKIa-
HUTU MTpoILiecC.

B po6ori [9] npexacTaBiieHi mocaigskeHHs BinmoBigeit 6oTa Bing st Bu3HaveH-
HS aBTOPCTBAa HAAKOPOTKMUX (PparMeHTiB JOBXUHOIO B 3-7 ciB. [IOpiBHSHHSI TOUHO-

CTi BCTAHOBJIEHHSI aBTOPCTBA MpPMBeNEeHO B Tabyuili 2. BusHaueHHsT aBTOpcTBa [BaHa
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®paHKO Mae caMy BMCOKY TOUHICTb, 10 3@ KOPOTKMMMU, 1110 3a JOBTUMMM dhparMeHTa-
My (muB. Tabauis 3).

TouHicTb BM3HAUYEHHSI aBTOPCTBA 3a3BMYail MigBUIIYEThCSI 3 po3Mipom (par-
MeHTiB. binbiri parmeHTM HamaOTh Oi/ibIlle KOHTEKCTY Ta iHQoOpMaIlii, IKi MOXYTb
JOTIOMOTTY BU3HAUYUTU aBTOPCHKUIA CTWUJIb, TEMATUKY, MOBY Ta iHII XapaKTe€PUCTU-
KU, 1110 € BIIMiHHMMM IJIsI KOHKPETHOI'O aBTOpa.

Tabnmuig 3

[TigBUIIEeHHSI TOYHOCTI BU3SHAYEHHSI aBTOPCTBA MIPU MOPiBHSIHHS KOPOTKUX

Ta IOBI'UX (parMeHTiB

ABTOp Hanxoporid Hosri bparmeHTN 3MiHa TOYHOCTI
dbparmeHnTHU
Mapxko BoBuok 47% 54% 15%
[Manac MupHwuit 56% 70% 25%
IBaH barpsiani 36% 48% 30%
IBan ®paHKo 65% 87% 33%
Ocrarn BunrHs 51% 68% 34%
BceBonog Hecraiiko 40% 72% 78%
Mmuxaiino Koio6MHCbKMit 27% 65% 139%
Muxaitno XBuiaboBuit 24% 63% 156%
Banep'sH [TigMornabHMik 25% 69% 182%
Onekcanap [1OBKEHKO 23% 70% 202%

OpHak, i1 aBTOPiB 3 BUpaKeHMM CTUIEeM, TOUHICTb MOXXe IiJBUILYBaTUCS
MeHIIe 3 po3Mipom ¢parMeHTiB. Lle ToMy, 110 iX YHiKaJIbHUI CTUIb MOKE OYTU BITi-
3HaHMIT HaBiThb Yy HeBeJUKUX dparmeHTtax. Hampukiaza, aBTopH, siki BUKOPUCTOBY-
I0Th VHiKaJbHi 060p0oTH MOBM, MeTacdopy abo iHIIi CTUTICTUYHI eJIeMEeHTH, MOXKYTb
OyTu BITi3HAHI 3a JOTIOMOTOI0 LIX 0COGIMBOCTEl. BaskiMBO 3ayBaskKUTH, 1[0 TOUHICTh
BM3HAUEHHS aBTOPCTBA TaKOX MOKe 3aJIeXXaTy BiJl iHIIMX QaKTOPiB, TAKUX SIK SIKiCTh
TEeKCTYy, HASBHICTb ITOMMJIOK, KOHTEKCT Ta iHINX (haKTOpiB.

[Tomy/ISIpHiCTh TBOPiB aBTOpa TaKOXX BIUIMBAE HA TOYHICTh BM3HAUEHHS aBTOPC-
TBa. UMM OisibIlle TBOPiB aBTOpa BiIOMO i JOCTYITHO AJIs1 aHAJi3y, TUM Oijibllle JaHUX
€ IJIsS1 BU3HAUEHHSI 10r0 YHiKaJIbHOTO CTWJIIO Ta MaHepu HamucaHHS. 1li dakropu
BIUIMBAIOTh Ha TOUHICTb BM3HAUEHHS aBTOPCTBA TBOPY ab0 Ha KOpeKTHe BU3HAUeH-

HS Ha3BU TBOPY.
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HaiiHMKUil pupicT TOYHOCTI BM3HAUEHHS XapaKTepu3ye OOHAKOBO BITi3HaBa-
HUIT CTUIb Ha OyOb SIKili mOBKMHI ¢parmeHTiB. Hampuknan, IBaH ®paHKo TBOPUB
Majike B YCiX JIiTepaTypHMX KaHpax: moe3sii; moeMu (coliaabHO-IIOOYTOBI, cCAaTUpPUU-
HO-TIOJNITUYHi, TyMOpPUCTUYHI, icropuuHi, 6iorpadiuni, dinocodcpki) kasku. Horo
TBOPYMIL TOPOOOK, MMCAHNIA YKPAIHChKOIO (Oi/IBIIICTh TEKCTIB), ITOIbChKOIO, HiMeIlb-
KOIO, pPOCiiiCbKOI0, 60JIrapChKOI0, YeCHhKOI0 MOBAMM, 32 IMPUOIM3HMMM OLIiHKaMM Ha-

JIiuye KiJIbKa TUCSY TBOPiB 3arajibHUM o6csirom mmoHag, 100 Tomis.

3+ 2 A 3 O A A b o]
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M 3MiHa TouHoCTi

PucyHok 3 — TIpupicT TOUHOCTi BU3HAUEHHS aBTOPCTBA

TIpY BUKOPUCTaHHiI JOBTUX PparMeHTiB

B BigmoBigsix mo ¢parmeHTiB 3 HEBipHO BM3HAUEHMM aBTOPCTBOM OYJIO Bifio-
paHO iM’S TOMMWJIKOBO BM3HauyeHOro aBTopa. KiJbKiCTh BiAIIOBifeil 3 ITOMMUIKOBO

MpU3HAUYeHMM aBTOpaMy IPUBEIEHO Ha PUCYHKY 4.
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AsTop hparmeHTy

PucyHoK 4 — KiJIbKiCTh MOMMIKOBOTO BM3HAU€HHS aBTOPCTBA hparMeHTy

AsTopu Osekcanap osxkeHko, IBaH barpsiumnii, Mukona XBUJIbOBUIN XUJIU B
onuH yac 3 Onecem ['oHUapowm, MpalOBaJM B OOUH iCTOpUUYHMIT mepiod. BoHu Bci
Oy BUOATHUMM IpeACTaBHUMKAMM YKPaiHChKOI JIiTepaTypu, KOKeH 3i CBOIM CTHU-
nem i BHeckoM. Came 1o aBTopcTBa Osiecst l'oHuapa O6y/in BigHeceHi MOMMUIKOBO dpa-
TMEHTH 3 TBOPiB JeKiTbKoX aBTOpiB. Onech 'oHuap 6YB OMHMUM 3 TUX IMCbMEHHMUKIB,
SIKi Bilomi, 3aBASIKM CMJIbHOMY IJI00aTbHOMY MOBHOMY MMUCJIEHHIO, MaB MOTYXHMUI
HeOJIeKCUKOH. oro TBopu Bimo6pakaroTh Bary i0ro JI€KCUKOHY B PO3BUTKY Cydac-
HOI ykpaiHcbkoi moBu. Onekcangp JoBxeHKo, [BaH barpsinuit Ta Mukosa XBuibo-
BUIT TAaKOX OY/IM BUAATHMUMM IIpeICTaBHMKAMM YKpaiHChKOI iTepaTypu, iXHi TBOpU
TeX BioOpaskarTh Pi3Hi acleKTy YKpaiHCbKO1 Ky/JIbTypH, icTOpii Ta cycrisibcTBa. Bei
BOHM BUKOPUCTOBYBaIM CydyaCHY YKpaiHCbKYy MOBY SIK 3acib IJis1 CTBOpPEHHS MMOTYX-
HMX 00pasiB i BUCIOBIIOBAHHS INIMOOKMX TYMOK.

BucHOBKU. BcTaHOB/IEHO, 1110 JOBTi parMeHTH O3BOJISIIOTh 3 BMCOKOIO TOU-
HiCTIO BU3HAUUTU aBTOPA XyA0XKHbOTO YKPAaiHOMOBHOTI'O TEKCTY.

BukopucTaHHsl CUCTeM PeTMHTYBAHHSI Ta TeHepaTUMBHUX MOBHUX MOJeeii
MO3Ke TOTIOMOI'TM Y BU3HAUeHHi aBTOPCTBA TEKCTY, MMPOTe 1ieit MeTo He € abCoMIoT-
HO TOUHUM. CHCTeMM PeMTUHTYBAHHS TO3BOJISIIOTh 3/Ii/iCHIOBATH MOIIYK iHpopMalrii

PO TEKCT Ta /0ro aBTOpa, ajie pe3y/JbTaTy TAKOTO MOIIYKYy MOXKYTb OyTY HETOUHMU-
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MM ab0 HeroBHMMM. 3 iHIIOro 60Ky, reHepaTUBHI MOBHI MOJ€eJli MOXKYTb CTBOPIOBA-
TU TEKCT, SKUt iMiTy€e CTUIIb TIEBHOTO aBTOPA, aJie He € /10r0 aBTOPCbKUM TBOPOM.

BucynyTa rirnoresa o0 epeKTMBHOCTI IITYYHOTO iHTeJEeKTY 3i BCTAHOBJIEHHS
aBTOPCTBA TBOPiB He BUIIpaBaanack. lIITyuHMiT iHTEe/IEKT Ma€ Mello HIKIY epeKkTuB-
HiCTh Hi’K O4iKyBaJIOCh, III0 OIIOCEPEIKOBAHO BUKPUBAE 3aC00M iioro poboTu. A came
Te IO MPY BCTAHOBJIEHI aBTOPCTBA HE BUKOHYETHCS MOC/iTOBHE AOC/iIHE CITiIBCTaB-
JIEHHSI 3aIIpOIIOHOBAHOTO (pparmMeHTy 3 6aHKOM TBOPIB IO MOIIMPEHi B iHTEPHET Ce-
penmoBuIli. BiH 3arajiom 6a3yeThCcst Ha 3HAHHSX OTPUMAHMX ITif], Yac IIIMOMHHOTO Ha-
BuaHHs. C1i ouikyBaTy Ie HMKYY e(eKTUBHICTh BCTAHOBJIEHHSI aBTOPCTBA TEKCTIB
MEHII BiIOMMX Ta TUIOJIOBUTUX aBTOPIB.
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Determining the ability of artificial intelligence to establish authorship
of artistic ukrainian texts using significant fragments

Artificial intelligence is becoming an integral part of everyday life and professional
activity of a person. Bing, as an intelligent search system, can serve as a tool for deter-
mining the authorship of artistic text in Ukrainian. Bing helps to uncover information
about a text fragment and its author, although the search results may be inaccurate or
incomplete.

This work aims to explore the effectiveness of determining the authorship of artistic
texts using modern artificial intelligence tools based on significant fragments of works.
Ten Ukrainian authors with a rich body of artistic works, reflecting various aspects of
Ukrainian culture and history, were selected for the experiment. Random fragments up to
500 words in length were selected from various works of these authors. An experiment
was conducted to determine the authorship of 360 fragments.

Using the Python programming language and the skpy package, software was cre-
ated that sends queries and receives responses from the Bing bot embedded in Microsoft
Skype. The presence of the author’s name and the corresponding title of the work were
checked in the response texts.

This work introduces, for the first time, a method of verifying the authorship of
Ukrainian-language text fragments using the Bing bot equipped with artificial intelli-
gence. A comparative analysis was conducted and experiments were carried out to iden-
tify the authorship of significant long fragments.

It was found that long fragments allow the author of the artistic Ukrainian text to
be determined with high accuracy. Ivan Franko has the highest percentage of responses
where the author’s name and the title of the work were mentioned - 87%.
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The proposed hypothesis regarding the effectiveness of artificial intelligence in es-
tablishing authorship of works has not been confirmed. Artificial intelligence has slightly
lower efficiency than expected, which indirectly exposes its means of operation. Namely,
when establishing authorship, a sequential research comparison of the proposed frag-
ment with a bank of works that are widespread in the Internet environment is not per-
formed.
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A.O. lllep6akos, T.A. Jlixoy3oBa
ITPOTPAMHE 3ABE3IIEYEHHS PO3YMHOI'O TOOMHHUKA ]I
CAMOCTIVHUX 3AHATH CIIOPTOM TA ®ITHECOM

AHomauis. 3a HaABHOKW CMAMUCMUKOI, HALUOBINbW NONYASPHUM PO3YMHUM 200UHHUKOM cepeo
kopucmysayis € Apple Watch. Ha cb0200Hi icHye O6inbwe 100 MinbUOHIB YHIKANbHUX
Kopucmysa4is ybo20 Oesalicy, 75% 3 AKUX BUKOPUCMOBYIOMb i020 015 3aHAMb cnopmom. Maio
Yu WUPOKUL HABIp pi3HOMAHIMHUX 0amMYuKis O/ BIOCMeEXeHHA (hi3uyHUX napamempis Kopu
cmysaya, aHi komnaxis Apple, aHi cmopoHHT po3POBHUKU NOKU He po3pobusiu Npo2pamHoz0 3a
be3neyeHHs 04 cucmemamusauyii ycix 3i6paHux OaHUX 300/ NOKPALWEHHS (Di3UYHUX
napamempis cnopmcmeHa ma 00CA2HEHHA 0COBUCMUX CnopmuBHUX yined.

Memoto 00CNiOXeHHA € NOWYK MOXIUBOCMT NOKPAUWEHHA (i3uYHUX napamempis NOYUHAKY020
cnopmcmeHa 3a paxyHoK KOMNJIEKCHO20 GHAI3Y 3I6paHuX po3yMHUM 200UHHUKOM OQHUX (1020
aGKMUBHOCMI Ma CMBOPEHHT Ha OCHOBI Yux 0aHUX B1/IbLU NePCOHANI30BaHUX peKoMeHAayil.
3anponoHosaHo npozpamHe 3a6e3neyeHHs — 3ACMOCYHOK OJiA PO3YMHUX 200UHHUKIB, SAKUL
aHani3ye 3i6paHy cmamucmuky mpeHysaHb ma Ha ii 0CHOBT HAOAE pekoMeHOauyii No NpoBedeHH!o
nomoYH020 MpeHyBaHHs.

Knwo4osi cnosa: wearable devices, Xcode, watches, health and fitness, HealthKit.

CMmapT-roaMHHMKY Ta piTHec-6pacaeTu cTaayu He IMIPOCTO MOJIHMM aKCcecyapoM,
a HeBiJl’€MHOIO YaCTUHOIO ITOBCSIKAEHHOIO KUTTS 06araTbox Jogeit. binpuricts 3 HUX
MOKYTbh 3Mi/ICHIOBATY MOHITOPMHT TpeHyBaHb, 30Mpaioun iHopmariito 3 pisHUX Aa-
TUMKiB, Takux K GPS, nmynbcometp, akcenepometp [1]. OgHak He BCi Taki mpUCTpOI
MOXYTb HaZlaBaTV KOPUCTyBaueBi MOKIAAHY aHAJITUKy Ta peKoOMeHJallii 3 MmoKpa-
II[eHHST TPeHYBAaHHS, 1110 € BAXK/IMBUM JJISI AOCSITHEHHS YCITiXy B CIIOPTi.

MeTo10 AOCTiAKEeHHS € TOITYK MOKIMBOCTI MOKpalieHHs (Qi3sMuHMUX nmapame-
TPiB MOUMHAIOYOTO CIIOPTCMEHA 3a paXyHOK KOMIIJIEKCHOTO aHali3y 3i0paHux po3y-
MHMM TOOMHHMKOM [aHMUX JOr0 aKTUMBHOCTI Ta CTBOPEHHi HAa OCHOBi LIMX JaHUX
Oi/1bIII TTepCOHaTi30BaHMX peKOMeH Iallilt i/l Yac TpeHyBaHHSI.

AHaui3 ocraHHix mocaigkeHs i myouikanii. [l Apple Watch goctymiHo 6a-
raTo mporpam A1t piTHecy, KOsKHaA 3 IKMX Ma€ CBOi yHiKaabHi QyHKIIii Ta 0C06/IMBO-

cti. HaBemeMo meski monysipHi mporpamu st piTHecy Ta iX 0COOJIMBOCTI.
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Apple Fitness [2] — BracHa niporpama gjis1 giTHecy Bif Apple, po3pob6eHa crie-
miasbHO Ayist Apple Watch. 3acTOoCyHOK MpPOMOHY€E HIMPOKMUIA CIEKTP TpPeHYyBaHb,
BKJIIOUatoum Oir, iiory, i3my Ha BeJlocHIIeZi Ta TaHIli, a TAaKOX ITOKa3y€e MOKa3HUKU
(di3nyHOi aKTMBHOCTI.

MyFitnessPal [3] — nomy/isspHa mporpama Ajisl BigcTeskeHHsT Kaaopii i Pisuunmx
BrpaB. MyFitnessPal interpyetbcst 3 Apple Watch, 1106 BigcTeskyBaTu 10/IeHHi Kpo-
KU Ta TpeHyBaHHs. 3aCTOCYHOK TaKO3K ITPOIOHYE XapuoBuii OAeHHUK, e BU MOsKe-
Te 3alMUCyBaTU CBOI IPUILOMM 1Ki Ta BiZICTEXXYBATU CIIOKMBAHHS KaJIOPIiA.

Strava [4] — 3aCTOCYHOK [1Jis colliaJibHOTO (piTHeCYy, SIKu1ii 103BOJISIE BaM BiJiCcTe-
KyBaTU CBOI TpeHYBaHHSI Ta OUIMTUCS HUMM 3 OPy3sIMU. BiH TakoX MPOIIOHYE BU-
KIMKM Ta 3MaraHHS, SIKi JOTIOMOXYTb MOTMBYBATM Bac OOCSATTM Bamux ¢iTHec-
Lis1ei.

Nike Training Club [5] - ¢diTHec-3acTocyHOK Bif Nike, skuit rpormnonye pisHo-
MaHIiTHI TPeHYBaHHS, 30KpeMa CWJIOBi BIIpaBy, IMKIIiYHI Ta Jiory. BiH Hamae nepco-
HaJi30BaHi MJIaHM TPeHyBaHb i JO3BOJISIE BiACTEXYBaTH Balll Iporpec.

FitOn [6] - 3acTOCyHOK MpPOMOHYE Habip BIpaB Ta MpOrpamy TpPeHyBaHb JJIsi
3MeHIIIeHHS Baru, 3aHSTh OTOI0 Ta BUKOHAHHS MTOBCSIKAEHHMX 3aHSITh CIIOPTOM.

3arajoM BiIMiHHOCTI MiX MMM (iTHeC-3aCTOCYHKaMM 3BOASTHCS OO iXHiX
0CO6IMBOCTEN i TUTIIB TPeHYBaHb, SIKi BOHM MMPOMOHYIOTh. [lesiKi mporpamu 3ocepe-
JI>KeHi Ha coliaabHMX (YHKINSX i 3MaraHHsIX, a iHIIi MIPOMOHYIOTh MepCOHasi30BaHi
TIJIaHM TpeHyBaHb abo 30cepe/’KeHi Ha MeBHUX TUIIaX TPeHYBaHb, IK-OT i37a Ha Be-
JlocuIieii uu yora.

OpHi€lo 3 KIOUOBUX TMpo6ieM (iTHeC-3aCTOCYHKIB [IJIsi CMapT TOAUMHHUKIB €
HeJocTaTHS 00poOKa Ta aHaJi3 3i0paHUX AaHUX Oe3IocepemHbO IIiJl Yac TpeHyBaH-
HS. Y GiZbIIOCTiI BUMAIKiIB, KOPUCTYBadi CAMOCTifHO TTIOBMHHI OIIiHIOBAaTU MOKAa3HM-
KM Ta 3[i/iICHIOBATY aHaJi3 JaHMX, [0 MOKe OYTM CKJIaTHUM i1 HOBAUKiB y CITOPTi.

[cHYIOTb BUPOOHMKM PO3YMHUX TOJMHHMUKIB, SIKi Oi/libllle OpieHTOBaHi Ha me-
Bayicy [Ji 3aHSTD CIIOPTOM, Taki K Garmin [7] uu Suunto. Garmin y cBOiX feBaiicax
nporioHye ¢yHKIilo «Daily Suggested Workouts», sika 3aIpoIioHye CHOpTCMeHY
TeMII Ta AMCTAHILIIO OJIS1 I0OTO HACTYITHOTO TpeHyBaHHS. LIS DYHKIIiS € YHiKaJIbHOIO
o GarminOS, 1110 YHeMOX/IMBIIIOE 1i aHajli3 Ta BUKOPUCTAHHS Ha iHIINX 1uiaTdop-
Max.

Ha skayb, sKOJeH IIpoaHa/lli30BaHMUii 3aCTOCYHOK He HAaJa€ IOCTaTHBLOI iHdop-
Mallii o0 MPaBWIbLHOIO BMKOHAHHSI TPEHYBaHb Ta 300py IOKA3HMKIB, 110 € HEO-
JiKOM 711 KOPUCTYBaUiB, SIKi XOUyTh 3aiiMaTUCSI CIIOPTOM 6e3 pU3UKIB [Jjisi CBOTO
30pPOB’A.
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Pe3ysibTaT Ta OCHOBHUI MaTepian aociaigkeHHs. OIHI€0 3 TOJOBHUX
Ipo6JsieM pO3pOOKM IMPOTPAMHOrO 3abe3TeueHHs AJ1s1 PO3YMHUX TOAMHHMKIB € Bifl-
CYTHICTh IIMPOKMX MOXKJIMBOCTEN Ojs MoOHeTu3allii. Ile mpu3Beno A0 BiCYyTHOCTI
iHTepecy BeJIMKMX KOMIIaHili Ta KOMaH/[I 10 TaKOTO BUIY IPOrpaMHOro 3abe3reueH-
Hs1. Takok IpobaeMaMy € HeBeIMKUIT pO3Mip eKpaHy Ta obMekeHa 0OUMC/TIIOBaIbHA
MOTYKHICTb, MOPiBHSIHO 3 HACTI/IbHUMM 200 MOOITbHMMY MpUCTpossMu. Lle o3Hauae,
110 PO3POOHMKM TTOBMHHI ONITUMMi3yBaTH SIK KOPUCTYBallbKMii iHTepderic, Tak i ajaro-
PUTMM CBOTO IIPOTPAMHOTO MPOAYKTY /ISl MiJABUINEHHS MBUAKOMAII 3aCTOCYHKY. [H-
IIOI0 ITPO06JIEMOIO € Pi3HOMAHITHICTh PUMHKY PO3YMHMX T'OIMHHMKIB, e pisHi Npu-
CTpOI MPaIOTh HA Pi3HUX OMepaliiiHMX CUCTeMaxX i MalTh pi3Hi arapaTHi Xapak-
TepuUCTUKN. [TOBOAUTHCS BpaXxOByBaTM OCOOJMBOCTI Ta OOMeXeHHSI KOKHOTO MpU-
CTpOIO0 Ta maTHOpMM Ta IepeKOHATUCS, 1[0 ITPOrpaMiu ONMTMMi30BaHi I KOXXHOTO 3
HUX, ab0 30CcepeanTICh HAa CTBOPEHHI CBOIiX IPOrpaMHMX MPOIYKTIB Ti/IbKY IIJISI 00-
MeyKeHOTO PsIIy IIPUCTPOIB.

Yepes BiJICYTHICTh iHCTPYMEHTIB IJIs1 pO3POOKM 3aCTOCYHKIB OApasy Jisl IeKi-
JIbKOX Tu1aTdopm, 6yJI0 06paHO IIISIX PO3POOKM 3aCTOCYHKY TiJIbKM IJIs1 OfHi€T TI1a-
tdopmu — st WatchOS. Takoxk ofHi€l0 3 11iJieit € CTBOPEHHS ITOBHICTI0O aBTOHOMHO-
ro Big cmapTdoHa 3aCTOCYHKY. JIJIs 1IbOTr0 pO3po6IeHNii TPOCTUI Ta MiHiMaTicTUY-
HUit iHTepderic Ta MPOCTUIT AITOPUTM [IJISI aHAUTI3y TaHUX TPEeHYBaHHSI.

€myHuM goctynHuM BapianToM IDE mis po3poOkM 3acTOCYHKIB mjsi Apple
Watch € XCode. [Isis po3po6KM KOPUCTYBAIIbKOTO iHTepdeiicy € aBa MOMYISIPHUX
dpeiimBopku — SwiftUI ta UIKit. Y npoekTi Bukopuctano SwiftUI Ta moBy mporpa-
MyBaHHS Swift, 60 BOHM MPOMOHYIOTh Oi/NbII CyyacHMIt i CIIpOIIeHUi MiAXia Ao
CTBOpPEHHS KOMITOHEHTiB iHTepdelicy KopucTtyBaua, Hixk UIKit [8].

Jyist po60TH 3 JAHUMM, SIKi BiTHOCSITHCS A0 (i3MUHMX XapaKTepPUCTUK Ta 3110-
pOB’Sl KOpMCTyBaua, KOMIIaHisi Apple mpornoHye BUKOPUCTOBYBATU (GpeiiMBOPK
HealthKit [9], axuit Hamae po3pobHMKaM Habip iHCTPYMEHTIB 151 6e31euHOoro 36epi-
raHHsI, KEpyBaHHS Ta OTPMMAaHHS JAaHUX PO 340poB’st Ta hizuuHy GopMy KOPUCTY-
Baua. Ile BKItouae gaHi mpo ¢isnuHy aKTUBHICTb, XapuyBaHHS, COH, MMyJIbC Ta apTepi-
anbHUi TckK. HealthKit Takox 703B0JIsIE KOpUCTYBauaM JIiIMTHUCS CBOIMM TaHUMU 3i
CTOPOHHIMM JoAaTKaMU [i7is1 aHauli3y PisuuHoi akTuBHOCTI [10].

T'ooBHOW0 (YHKIIi€I0 3aIIPOIIOHOBAHOTO ITPOrPaMHOr0 3abe3redyeHHsT € (Gop-
MyBaHHS TIOpaj, CIOPTCMeEHY TIif] Yac TpeHyBaHHs, Oinbiiie GyHKIIi/i MOskHA o6aum-

TV Ha PUCYHKY 1.
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OonaTtok AnA aHanisy ¢ianyHoT aKTHBHOCTI

3rona KopUCTYBaYa Ha

36ip oopAaTKoM faHux 3
Wa NPUCTROR

MepernAn gaHwux
DisMuHOI aKTWBHOCTI

Y

BeTaHoBneHHA siky
————— KOpHCTYBaYa B
ANAWTYBAHHAX A00ATKY

BinkputTa meHo
HanawTysaHs

h 4

KnipHat/BeTaHOBNEHHA 3anNaHoBaHol
AWCTaHLIT TPEHYBAHHA B
HANAWTYBAHHAX AOOATKY

%

Kopwectyea4

Brnipyae
OTpUMAaHHA
_______ iHthopmauii cTocoeHO
foparky
Brniovae

BupaneHHa ycix
3ifpaHux naHux 3
Ba3n gaHux

KepyBaHHA My3UKOHD

MNepernAn nopag,
CTBOPEHWX HA DCHOBI
[LAHKX NOTOHHOTD
TPEHYBAHHA

Movatok GaxaHoro TUny
TPEHYBaHHA

CTAHOBNEHHA Nay3W H
NOTOYHE TPEHYBAHHA

3aeeplieHHA
TpeHyBaHHA

PucyHok 1 - Jliarpama BapiaHTiB BUKOPUCTaHHS

3aCTOCYHOK Opi€HTOBaHMI Ha 3aHSATTS Oirom. Jlekigbka IepIIMX TPeHYBaHb
oyme 30MpaTucs craTucTuka. ITicjis cTapTy akKTMBHOCTI 3aCTOCYHOK ITOUHE BUBOJIUTHU
yCI0 CTaHAAPTHY iHpopMallito, IK TeMI, ITyJIbC, YaC aKTUBHOCTI, MPOIiIeHy BiCTaHb.
LIi gani HagXOASITH 3 CEHCOPIB Ta MOMAYJIIB pO3yMHOro rogMHHMKa. Koau 6asoBa cra-
TUCTHUKA 110 TPeHYBaHHSM Oyze 3i6paHa, B JOOATKy MOUYHYTh BifloOpaskaTucs rmopaau
00 TIPOJOBXEHHS TpeHYBaHHS BiAIOBIIHO OO CHeLiaJIbHOTO aJrOPUTMY

(PUCYHOK 2).
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MoYaToK TPeHYBaHHA

arankHa KineKicTe TpeHyBaHs
KOpWCTyBaqa Oinblue 37

Hi Tak
OpUCTYBAY BXE Nononae 25%

3annNaHoBaHol QUTCaHLi?

Kopucwaau BX¥e Nposoaue

h 4

3poBuTI NPOrHO3YBaHHA BATPAT eHepril
Ha 3anNaHoBaHy AUCTAHUIKD Ha OCHOBI
AAHWX NOTOMHOMD TPEHYBaHHA

l

OTpuUMaTW HaABHI B 64 3HAYEHHA BUTPaT
eHepril 4nA aHanorivHol avceTaHuil, 3
ypaxysaHHAM 10% BinxuneHsA

l

BU3HAHWUTI cepedHii MyNbe NOTOYHOM

TPeHyBaHAHA | cepeuiil nynee paiwe

3aNWCAHOMD TPEHYBAHHA 3 NOTO4HOW
AWNCTaHLIED

MperHo3oeaHi BATRaTH
eHepril GiNbLUI MaKCHMaNLHOro
HEABHOMO 3HAYEHHA | cepeaHIn

Tak

TpEHYBaHHA 3 Takoio ato Ginbwown
avcTaHuien?

3pobKTI NPOrHO3YBaHHA
BATPAT exepril Ha

MaKCUManeHy panie
npoidfeHy aucTasuin Ha
OCHOBI AaHVX NOTOHHOTO

TPEHYBaHHA.

¥
BpaxyeaTu, Wo peankHa
nucTaxyiA Ginbwa 3a
NporHo30saHy i Ha nigcrasi
ULOro 3poBuTi KopeKUilo
NporHo3y BuTpar eHeprii

MporHosoeaHi BATPATH
eHepril GinbLUl MaKCUMansHoro
HaABHOrO 3HAYEHHA | cepegHIA

Tak

nynec NOTOMHOro TREHYBaHAHA
Ginblue cepensLoro nynscy
paHiLue 3anudcaHoro gna
NOTOMHOT QUCTaHLI?

Hi

MporHo3oeaHi BATpaTH
eHepril MeHwi MiHimansHoro
HERBHOIO 3HAYEHHA | cepegHIA

Tak

Y

MynkC NOTOMHOrD TPEHYBaHAHA
Ginblue cepenHLoro NynsLcy
DaHil.LIe 3anuicaHoro gna
MaKCHManEHOT BUCTaHLIT?

h 4

P
[BinoGpaxartu nopany
"You can pick up the

MyNbC NOTOMHOTD TPEHY ]
MEHILE CEPENHBLOTO MyNLCY
paHille 3anucaHoro AnA
NOTOYHOI UCTaHLi?

pace a bit!"

inoGpaxartu nopany
"To achieve the goal,
it is better to reduce
the pace!"

BinoGpaxaru nopagy

"Keep moving!"

€

PucyHoK 2 - Biiok-cxema anroputmy ¢hbopMyBaHHS ITOpaj, KOPUCTYBady
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[lepen 1oyaTKOM TpPEeHYBaHHSI KOPUCTYBauy Ma€ BCTAHOBUTU ILiJIbOBY AMUCTAH-
1Ii10 y MeTpax. [Ij1s1 aHasi3y BUTpAT eHeprii Ha JOCSITHeHHS IIijii aropuTMm Oye Ipo-
rHO3yBaTM BUTpPaueHy eHeprilo y KiJIOKaJIopis Ha OCHOBi JaHMUX IIOTOYHOIO TPEHY-
BaHHS. Uepe3s Te, 1110 JaHHI i BUTPAT eHeprii i AMCTaHIlii TOCTYIOBO 30i/IbIIYIOTHCS, a
CIIOPTCMEHM 3aBXKOM HAMaramThCsl TPUMATH PiBHUIA TeMIT ab0 IIaBHO #0ro 3MiHIO-
BaTH, JIJIsI IIPOTHO3YBAHHSI BUTPAT eHeprii Joope mifiiige aJropuTMm JiHilitHOI perpe-
cii. ITics oTpuMMaHHS IMPOrHO30BaHOIO 3HAUEHHS, Oy/1e BUKOHAHO IMOPiBHSIHHS 1bO-
ro 3HaYeHHS 3 BXXe HassBHMMM 3HAU€HHSIMM I10 paHille mMpoBeJeHUM TPeHyBaHHSIM.
Hampuknan, sSIKIo padiiie Ha 5 KM aucTaHiii cioprcmed BuTpavaB 200 Kinokasio-
pii1, a 3apa3 3a MporHo3oM BUTpaTUTh 300, 3aCTOCYHOK OMY IOPaAUTh 3MEHIIUTU
TeMII IJIS1 JOCSITHEHHS LiJi.

Takosk MOSK/IMBA CUTYyallisl, KOJIM BCTAHOBJI€HA KOPUCTYBaueM IIijib Oyme Oib-
e, HiXXK MaKcuMajbHa OMCTaHIIiS paHillle MpoOBeJeHUX TpeHyBaHb. B Takomy pasi
3aCTOCYHOK ITpOpaxye BUTpPATy KaJlopiit [Jis BXKe BiloMOi OucTaHIlii i O6ye rmokasy-
BaTU MOpPaAy, OPIEHTYIOUMCh HA 1€ YNCII0, ajle 3 KOperyBaHHSIM, 10 peajbHa 3aruvia-
HOBaHa IMCTaHIIisI Oy/e OinbIie.

3aCTOCYHOK TaKOX Oyje moliepeakaTy PO AOCSITHEeHHS MaKCMMaJbHOTO pe-
KOMEH/IOBAHOIO ITy/ibCy. MaKcuMMaabHUII peKOMEHI0BaHMIi ITyJIbC MOXJIMBO IOpa-
XyBaTu 3 pisHuLi uncaa 220 ta Biky KOpucTyBadya. Xoda KOXXeH OpraHiaM mae iHau-
BiyasbHi TTOKa3HUKM, MOCTiAKEeHHS MOKa3yIOTh JIiHIMHY 3a7eKHICTh MiXX BiKOM Ta
MaKCUMaJIbHUM ITy/IbCOM JIIoAMHMU. CIifl 3a3HaYUTH, 1[0 AOCTIAHUKYM HEe PALsITh CIIU-

paTucs Ha 1110 GopMyIly, paxyrouu MakCMMaIbHUIA ITyJibC AiTelt 7o 10 pokis [9].

(OTpUMATH aKTyanbHI
naHi 3 naTYvKie

Kopuctysau ofupae CTBOpeHHA Januny) ai‘rm:ii::\’ma:i
ekl e c'mmayHc nmﬂwnm
TpeHysaHs TPeHyBaHHA ‘ Toeypan

Movarok

Kopuctysad HaneHi Hoel axTyansHi
3HAXOAUTHCA B MEHD naHi 3 paTynKis?

BKGOpY TpeHyBaHHA

OHOBNEHHA AaHUX
npo eigpiakn

NOTOUHOTO
15¢ TpeHyBaHAH

Kopucrysay

©

Mpoananiaysatn

R NGTOMHE TPEHYBAHHA
(J Ta cchopmysaTti
16¢ nopany

Cxosuwe aaHnx
"SQLite"

PucyHok 3 — Cxema 6i3Hec-IIpoliecy BUKOHAHHS TPeHYBaHHSI KOPUCTyBauyeM

ApxiTeKTypa BChOTO 3aCTOCYHKY po3mojisieHa Ha 3 6;moku: Model, ViewModel
Ta View, 5K i B camoMy amu3aiid naTepHi MVVM. V 6s1o1i View 0OqHOCTOPOHHI CTpisio-
YK 03HAYalOTh, IO MepeXiJ MiX mpeJCcTaBAeHHSIMM MOKIMBUIA TiIbKM B OJIHY CTO-
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POHY, Uepe3 HATMCKAHHS KHOIKM. JI[BOCTOPOHHS CTpijJKa O3HAuae, IO MOSKIMBUIL

repexiJ MiX IMpeAcTaBJIeHHSIMM B 00MBa OOKM ITiJT YaC KOPUCTYBAHHS 3aCTOCYHKOM.

View
MpencTasneqHA 3
BinoOpameHHAM
3MIHK BikY
KOPUCTYBaUA MNpencraeneHHA 3
KEpYBaHHAM
MYSUKOH
MpepcTaeneqHA onAa
sinofpaxeHHA 3l | ¢
amiHow gucTanuil | m
pencTaBNeHHA 3
KOPMCTYBAYA - MpencTaBneHHA 3
Ty BinoBGpaXeHHAM MpencTaBneHHA 3 »| NAHYMIA NOTOYHOTG
MOMNMBNX = BuGopoM TpeHyBaHHA TpeHyBaHHA
MpencTaBneHHR 3 HANAWTYBaHL
BinoOpaeHHAM [« ¢
noBigxu
MpefcTaBneHHA 3i MpencTanneHHA a
TIpeAcTaBNeHHA 3 ~ 3BE0EeHOID >  napamerpamm
BIOOOPAXEHHAM iHchopmavieio npo TREHYBAHHA
BUJANEHHA NAHKX | TpeHyBaHHA
TpeHyBaHb 3 Hazu
OaHWX
ViewModel Knacw anA poBoTw Knacu anA
ANrOPUTMY | oTpwmannaTa
thopmyniosaHHA |- | oBpobki paHux 3
nopag [LATHMKIE NPUCTPORD
Y
Model i
Knacw, wo E
npeactaenAlTs | .| Knacu ana poGotu 3 ]
CTPYKTYPY AAHMX | 7| Basoio naHux Basa
TPEHYBaHHA AaHnx

PucyHOK 4 — ApxiTeKTypa 3aCTOCYHKY
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Workouts : Settings

Bike

Settings 4:53 R 4:53

Select distance (m) 0:;:05'1 e

I VYV

1400 1 KCAL

Your heart rate is too high!

1TArnn

Submit 5 M

Summary
Total Time

00:00:33

Total Distance

62,40 M

Total Energy

PucyHok 5 — IIpuknaayu ekpaHHMUX (OPM 3a CTOCYHKY

BucHoBku. He3Bakarouy Ha IMIMPOKKUI aCOPTUMEHT 3aCTOCYHKIB IJis BifiCTe-
’KeHHSI Ta 3aIliCy TpeHyBaHb KOPUCTyBaua, KO eH He aHajli3ye maHi 6e3nocepeHbo
y mpolieci TpeHyBaHHS Ta He GOpPMY€ BiATIOBiIHI Mopaayu Ta peKomeHpallii. Yci Ha-
BelleHi 3aCTOCYHKM HEpPO3PMBHO MOB’SI3aHi 3 3aCTOCYHKOM Ha cMmapTdoHi. Kitouo-
BOIO BiIMiHHICTIO 3alIpPOTIOHOBAHOTO 3aCTOCYHKA € MOK/IMBICTh aHaIi3yBaTH JIaHi Ta
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dbopMyBaTH MOpaay Ta 3aCTEPEKEeHHS IIJIT KOPUCTyBava 6e3rocepeHbO Y IpoIleci
TpeHYyBaHHS, KOJIM BOHM HaltOibIie MOTPi6Hi.
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Smart watch software for independent sports and fitness

According to available statistics, the most popular smart watch among users is the
Apple Watch. Today, there are more than 100 million unique users of this device, 75% of
whom use it for sports. With a wide array of different sensors to track a user's physical
parameters, neither Apple nor third-party developers have yet developed software to sys-
tematize all the collected data to improve an athlete's physical parameters and achieve
personal athletic goals.

The purpose of the research is to find the possibility of improving the physical pa-
rameters of a novice athlete by means of a comprehensive analysis of his activity data
collected by a smart watch and creating more personalized recommendations during
training based on this data.

There are many fitness apps available for the Apple Watch, each with its own
unique features and features. Unfortunately, none of the analyzed applications provide
sufficient information regarding the correct execution of training and the collection of in-
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dicators, which is a disadvantage for users who want to do sports without risks to their
health.

One of the main challenges of software development for smartwatches is the lack of
extensive monetization opportunities. This led to the lack of interest of large companies
and teams in this type of software. Small screen size and limited processing power com-
pared to desktop or mobile devices are also issues. This means that developers must op-
timize both the user interface and the algorithms of their software product to increase the
speed of the application. Another challenge is the diversity of the smartwatch market,
where different devices run on different operating systems and have different hardware
specifications. You have to consider the specifics and limitations of each device and plat-
form and make sure that your apps are optimized for each of them, or focus on building
your software products for only a limited number of devices.

Due to the lack of tools for developing applications for several platforms at once,
the path of developing an application for only one platform - for WatchOS - was chosen.
Also, one of the goals is to create an application that is completely autonomous from a
smartphone. For this, a simple and minimalistic interface and a simple algorithm for an-
alyzing training data have been developed.

The proposed application is focused on running. Statistics will be collected during
the first few training sessions. After starting the activity, the application will start dis-
playing all the standard information, such as pace, heart rate, activity time, distance
traveled. This data comes from the sensors and modules of the smart watch. When basic
training statistics are collected, the app will begin to display tips on how to continue
training.

Keywords: wearable devices, Xcode, watches, health and fitness, HealthKit.
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JI.O. Kipiuenko, /I.C. Xa1pko, I1.I1. 3iHueHKO
KJIACTEPU3AIIISI TPAEKTOPIV BPOVHIBCHKOI'O PYXV
3A TOITIOMOI'0OI0 MAIIIMHHOI'O HABYAHHS

AHomayia. Cmamms npucssYeHa BUABNEHHIO NACMOK, AKI 3aXoN/0Mb GPOYHIBCLKY YACMUHKY,
3a 00NOMO20K0 MAWUHHO20 HABYAHHSA. [IposedeHO MOOeNBAHHA MPAEKMOpIi 6POyHIBCbKOT
YacmuHKU 3a 00NoMo20t0 Modeni 6poyHIBCbKO20 pyxy i3 OpelichoM, WO OXONJKE [K BIiNIbHY
oudgpysito, mak 1 pyx y nacmuyi. [na knacmepu3ayii 4acosux 0aHux BUKOPUCMOBYIOMbCA MemMoo
Knacmepu3sayii Ha ocHosi winsHocmi DBSCAN. YwisepcanbHicmb yb020 mMemooa 003B0/S€
i0eHmucpikysamu knacmepu 6e3 nonepedHb020 3HAHHSA iXHbOI KibKocmi abo ¢opmu, wo po
6ume (i020 npudamHum 015 BUSBAEHHSA nacmok. [lposede AOCNIOKeHHS NOKA3YE, WO 3aCcmocy
s8aHHsA memody DBSCAN 0o3sos€ docaeHymu cepedHboi moyHocmi 95.0%.

Knto4osi cnosa: bpoyHiscbKull pyx 3 Opelihom, pyx 4aCMUHOK y nacmkKax, Kaacmepu3sayia 3a 00
nomo2or MawuHHo20 Has4aHHs, DBSCAN

Bctyn i meTa

BpoyHiBCbKUII pyX BUCTYIIA€ MaTeMaTMUHOI MOZesII0 I 6aratbox izmu-
HUX, XiIMiUHUX i 6io/moriunux saui [1-3]. Pyx Mosnekyn y KiIiTuHaX, mpouecu audysii
Ta B3a€EMO/Iii MiK 6i0/IOTIUHMMM KOMIIOHEHTaMM € PyHAaMeHTaJIbHMMU IIPOLiecaMu,
SIKi BM3HAYaIOTh OiosyoriuHi QyHKIIiI Ta peaxiiii opraHiamiB. BUBUEHHS MOJIEKYIISIp-
HOi AMHAMiKM B KJIITMHaAX 3a JOTIOMOT0I0 OPOYHiIBCbKOTO pPyXy BiIKpMBa€ HOBIi IUISI-
XU IJI PO3YMiHHS KJIITMHHMX IPOIECiB i MexXaHi3MiB, SIKi BIIMBAIOTh Ha (PYHKIIiO-
HJIbHICTb KMBUX OPraHi3MiB.

Y KOHTEKCTi TpaeKTOpii 6pOYHIiBCHKOr0 pyXy MacTKamMy Ha3UBaIOTh ITPOCTOPOBI
06sacTi, B IKMX OpOYHiBCbKAa YaCTMHKA YTPUMYETHCSI IMPOTSITOM IeBHOTO 4dacy. Lli
MAaCTKM MOXKYTb BUHUKATY IIPUPOJIHUM YUMHOM 260 MOKYTb OYTM IITYYHO CTBOPEHI B
nabopatopisix s [eTalbHOTO BUBUEHHS BIACTUBOCTEl 4yacTUHOK [4-6]. Hdocmi-
IDKeHHS IMHAMiKy GpOYHiBCBKOTO PyXY B CUCTeMaxX 3 MacTKaMM CIIPUSIE TAUOIIOMY
PO3YMiHHIO LIbOTO PYXy Ta BUSIBJI€HHIO CKJIaJHUX 3aKOHOMipHOCTEH, L0 JieXaTh B
710r0 OCHOBI. BUSIB/IEHHSI TTaCTOK € OKPEeMUM i CKJIaJJHUM 3aBIAHHSIM, sike OYyJI0 mpe-
IMeTOM Pi3HMX AOC/iKeHb i3 3aCTOCYBaHHIM SIK aHCaMOJieBUX MiJAX0iB [6,7], Tak i

aHaJsi3y TPAEeKTOPili OKpeMMuX 4aCTUHOK [8-11]. BaraTo 3 uux MeTO/iB BUKOPUCTOBY-
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I0Th KOB3aloui BiKHA I BUSB/IeHHS nacTok [10-12], xoua mesiki migxoau nepemba-
YaloTh LIiIiCHe NOC/iIKEeHHS TPAE€KTOPiil YaCTUHOK |8].

I BupiteHHs mpobeMy BUSIBJIEHHS TMacTOK Oy/0 3aCTOCOBAaHI MeTOAM Ma-
IMIMHHOTO HaBYaHHS, SIK MMOKa3aHo B [12], mpoTe Taki mOCIiIkeHHS Bce e nepeby-
BalOTh Ha CTafii po3BUTKY. Y Hallliii po6OTi MM IPOIIOHYEMO 3aCTOCYBAHHS METOIY
KJIacTepu3alil 4acoBuX DPANIB Ha OCHOBI MeTOZIB MAalMHHOIO HaByaHHA [13-17].
ToMy OCHOBHOI METOIO IL[bOTO AOCJiIKEeHHS € KjacTepu3allis 4acoBOI TpaeKTOpii
OpOYHIBCbKOI YaCTMHKM [JIs1 BUSIBJIEHHSI MMACTOK — 0OjacTeit, e pyx YaCTMHKM 3a-
3HA€ 3HAYHOTO CITOBiJIbHEHHS.

[l BUKOHAHHS 3aBIaHHS Kiactepu3sailii 6ysmo oopano meton DBSCAN [17-20].
Lleit meToHd, CIMPAETHCS HA PO3IOILI IIIIBHOCTI 00'€KTIB JaHMUX Yy IMPOCTOPI, IO 10-
3BOJIsIE imeHTUdiKyBaT 067aCTi 3 BMCOKOIO IIIIbHICTIO, SIKi MOXYTh BimIoBimaTu
KiactepaM. Kpim Toro, meTon He 3ajieXkaTb Bif, anmpiopHUX 3HaHb MPO KiJbKIiCTh i
dbopmy KiacTepis, 10 M03BOJSIE imeHTMUGIKYBaTH MMacTKU 6e3 momnepenHboi iHpop-
Mallii Ipo IXHI0 KiJIbKiCTh i YaCOBi iHTepBaIN.

MogaenoBaHHSI TPAEKTOPil YaCTMHOK

IlJ1st MofeoBaHHSI TPAEKTOPIii pyXy YacTUMHKM Oy/0 06paHO Mopeb OpOyHiB-
CbKOTO PYXY 3 ApeiidhoM. Momenb 6poyHiBCbKOTO PyXy 3 ApeiidhoM BiIpi3HIETbCS Bif
CTaHJApPTHOTO OPOYHIBCHKOIO PYXy TUM, III0 BBOOMUTDH MOHSTTS Apeiidy abo cepej-
HBOTO CIPSIMOBAHOTO 3MillleHHS YaCTMHKU. Y CTaHJapTHOMY OpOYHiBCbKOMY pyCi
YacTMHKA BUITAJKOBMM UMHOM PYXa€ThCS B Pi3HUX HAIMpsIMKax 6e3 Oy[b-sIKOTO Iie-
peBa>KHOTO HanpsAMKy. OHaK y Mojiesi Apeiidy Ha YaCTMHKY TaKOX BIIMBAIOTh 30-
BHIIlTHI ciiu 260 rpafiieHTH, SIKi HaJaloTh MIEBHOTO HAMPSMKY ii pyxy. Mojenb 6poy-
HiBCBKOTO pyXy 3 npeiihoM LMIMPOKO BUKOPUCTOBYETHCS MIJISI MOJE/IOBAaHHS pealb-
HUX MPOIIeCiB Y pisHUX Tamy3sx. Lli mpolilecu oXOIUTIOITh pi3Hi ramysi, Taki sk izu-
Ka, ximist, Giostoris, ¢piHaHCK Ta iHKeHepis. YHiBepcaabHICTh Mojesli OpOyHiBChKOTO
pyxy 3 ApeiidhoM pobuTh ii 6e31iHHUM iHCTPYMEHTOM [JIs PO3YMiHHSI CKJIaHOCTI
IVHaAMiYHUX cucteM Ta saBull [21, 22]. HaBegemo 03HaueHHS $SIK JIs1 CTAaHOAPTHOTO
OpOYHiBCbKOTO PYXY, TaK i 1Jist 6pOYHIBCHKOTO PyXy 3 peitdom.

CroxacTU4YHMIi ITpouec {W (t),t > 0} Ha3MBAETbCA CTAHJAPTHUM OPOYHiBCHKMM
PYXOM, SIKIIO BiH 3aJI0BOJIbHSIE HACTYITHMM yMOBam: W (0) = 0 ; W (t) —W (s) Biaro-
Bila€ HOPMAaJIbHOMY PO3MOAiNY i3 cepegHiM 3HaueHHsIM O Ta OUCHEPCIEl0 t-s;
W (t) —W (s) He 3aJesKUThb Big, W (v) —W (u), SIKIIIO 1Ii YaCOBi iHTepBa/iM He MepeTu-

HaIOTbCA.
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BpoyHiBcbKUIt pyX 3 Apeiidom {B(t),t > 0} PO3LIMPIOE MOHATTS CTAHJAPTHOIO

OpOYHIBCHKOTO pyXy, JOAAIOUM 10 HbOro apeiidosuit uneH. Leit npeiid n BHOCUTH
CHUCTeMaTUUHMIT 3CyB ab0 CIIPSIMOBAaHY CKJIA0BY B PyX YaCTMHKM Ha IOJATOK IO BU-
nagkoBux Guykryanii. IIpomec {B(t),t >0} 3aL0BOJbHAE HACTYIIHMM YMOBaM:
B(0) = 0 ; Ma€ He3aJexkHi Ta CTallioHApHi MPUPOCTH; MPOLeC HOPMaJIbHO PO3IOIi-
JIEHUM B (t)N (ut,t) .

I[Tpoiiec 6poyHiBCHKOTO PyxXy 3 Apeiidom, 110 BKIOUYae 06uaBa apeindu x4 i Ko-
editienT nudysii o , B 3araJIbHOMY BUIJISIAi MOXKHA BUPA3UTH TaK:

B yo)()=pt+aoW(t). (D)

JJist MoaeI0BaHHSI TPAEKTOPii OpOYHIBChKOI YACTMHKM B CEpeIOBMUII 3 IacT-
KaMM iHTepBaM PyXy YaCTMHKM B IMacCTKaxX BMOMPAIOTHCS BUITAAKOBMM UMHOM, 3
ypaxyBaHHSIM KOHKPeTHUX O0OMeXXeHb, 110 IUKTYIOTbCS KOHKPETHOIO 3ajauelo, sika
PO3TJISIIAEThCS. PyX YaCTMHKM B MACTIIi TAKOX MOZEIOBABCS 3a IOIIOMOI0OI0 6poy-
HiBCbKOTO PyXYy 3 IpeiicdoM, ajie 3 iCTOTHMM 3MeHIIeHHSIM IIBUIKOCTI YaCTUHKHA, 110

JloCSITazocs 3a paXyHOK 3MeHIlleHHs KoeditienTa qudysii B M pas:
O
B(,,,o)(t)=ut+M—w (t) . (2)

Takum 4MHOM, JJISI MOJ€/IFOBAaHHS TPAEKTOPil YACTMHKU BUKOPUCTOBYBaIM (1)
IJIS1 OIIACY PYXY YaCTUMHKM TiJi Yyac BiibHOI Au@ys3ii, a (2) — gyt onucy il pyxy B mMe-
’Kax mactku. Takuii migxig 403BOJUB OTPUMATH MTOBHE YSIBJEHHS PO MOBEiHKY Ya-
CTMHKM, BPaXOBYIOUM SIK HEOOMEsKeHMI1 6pOYHIBChbKMIT PYX, TaK i BIUIUB MTaCTKMU.

3acTrocyBaHHsI MeTony Kiaacrepusanii DBSCAN 4711 BUSIBJIEHHS ITaCTOK

BukopucTaHHS MeTOIy KjaacTepu3allii Ha OCHOBI IIiJIbHOCTi ITOKa3ajo 6araToo-
6iusirounii moTeH1ian y cdepi Kimacrtepusailii 4acoBUX psiAiB. Y HAIIOMY JTOC/iIKEHHI
My BuKopucTtanu MmoxanbocTi metrony DBSCAN (Density-Based Spatial Clustering of
Applications with Noise) a5 edekTUBHOI KiIacTepu3sallii YacOBUX TaHUX.

V Hamomy pocaifgskeHHi 3actocyBaHHSI DBSCAN g03BOMMIO BUSIBUTU CKIAMHI
YacoBi MaTepHM i CTPYKTYypH BCepeInHi TPaeKTOPiii, 110 MOrJIMOWIO Hallle po3yMiH-
HSI OCHOBHOI AMHaMiKy CUCTEMU.

Meton DBSCAN BM3Hauva€ KaacTepu SIK 00J1acTi 3 BMCOKOK IIiJIbHICTIO, Bimo-
KpeMJIeHi Bif objacTeit 3 HM3bKOM 1IibHicTI0. DBSCAN 3maTHMIT BUSBISTY KIacTe-
pu pi3HOi opmM Ta po3Mipy, 1[0 pOOUTH OTO 0COOIUBO eheKTUBHMUM, KO Kiac-
Tepy MalTh Pi3HY IIIJIbHICTb a60 cKIagHy GopMy.

DBSCAN BMKOpPUCTOBYE ABa OCHOBHI MapameTpu: pazgiyCc i MiHIMaJIbHY Kijb-
KicTh cycimiB. [TounHawouM 3 BUMAJKOBOI TOUKM 3 HAGOPYy JaHMUX, METOH, PO3IJISIA€E
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BCi TOUKM B 3aJlaHOMY paziyci Bif 1iei Touku. SIKIIO KiJIbKiCTh TOYOK V Iiii 06/1acTi
repeBUIy€e MiHIMaJIbHY KUJIbKICTb CYCifiiB, 06/1aCTh BBAXKA€THCS IIIJIBHOWO i PO3IJISi-
Ia€eTbCs SIK OAMH Kiaactep. [IoTiM 1eii mpolec NOMMPIOETHCS HA CYCiTHI TOUKM, SIKi
TaKOX 3aJ0BOJIBHSIIOTh YMOBI IIIJIBHOCTI, i Tak Aaji. ToOuku, siki He HaJieXXaThb [0 KO-
JHOrO KjacTepa 1 He BiANOBigalOTb KPUTEPilD MIJIBHOCTI, BBaXKalOTbCS
mrymom [13, 23].

Y KOHTEKCTi IpeCTaBAeHOro JOCTiIKeHHSI BCi TOUKM TPAeKTOpii Oyim Kiaacu-
(dikoBaHi SIK TaKi, 1[0 Ha/JIeXXaTh J0 OJHOTO 3 ABOX KiacTepis. [lepmmii KiacTep oxo-
IUIIOBAB TOYKM, IMHAMiKa SKMX BiIOBigasa OPOYHiBCbKOMY PYXY, TOMi SIK OPYTMiA
KJIaCTep CKJIaaBCs 3 TOUOK, [0 JEMOHCTPYBaIM PyX Yy MacCTIIi.

[ToB's13y10uM IE€BHi TOYKM TPAEKTOPii 3 KJIacTepoM IacTKM, MOKHA OYJIO pO3-
mm@pyBaTH IMHAMIKY i TPMBAJICTh YTPMMAHHS YaCTMHOK Y Pi3HUX OiJsTHKax eKcIie-
pMMEHTAaIbHOI ycTaHOBKM. LIsT yacoBa iHdopmallisi 103BOIM/Ia OTPUMATH IIOBHE YSI-
BJIEHHSI TIPO SIBUIIE MTACTKM Ta Ji0ro 3MiHM B Uaci.

ExkcriepuMMeHT i pe3yJbTaTu

HocnimkeHHsT POKYCYETbCS HA IBOBUMMipHOMY OpOYHiIBCBKOMY pPYCi, ITPOTE Kila-
cTepum3allist MPOBOAMIACS He3aIesKHO JIJISI KOKHOI KOOPAMHATHU, 11100 MigBUIIUTUA TO-
YHICTb BUSIBJIEHHS MMacTOK. YacoBa TpaeKTOPis MOAeI0Basacs 3rilHO 3 PiBHSIHHSIMU
(1) i (2). KinbKicTh MacTOK, iXHS TPUBAJIICTh Ta YaCOBE PO3TAIlyBaHHSI BU3HAUYAINCS
BUITAQJKOBUM YMHOM, 3 BUKOPUCTAHHSM PiBHOMiIpHOTO PO3IOJily, 3 JOTPUMAHHSIM
rornepegHbO BU3HAYEHMX 0OMekeHb. Hanpukiiaza, 6yau HakaageHi oOMeskeHHS, 1100
3aI1o6irTy IMepeKpPUTTIO MO3UIIil MaCTOK Y YaCOBOMY ITPOCTOPI.

Ha puc. 1 Bropi rokasaHo iJilocTpaiiito 3M0/1eJibOBAHOTO JIBOBUMMipHOT0 6poy-
HiBCbKOTO pPyXy y daszoBomy mpoctopi X Ta Y. O67acTi, 1110 BiAMOBiAAIOTh MacTKaM,
JIJIST HAOYHOCTI BU/IiJIeHO YepBOHMM KOJbOPOM. Y HIDKHINM YyacTuHiI puc. 1 mogaHo
TIPOEKIIii IbOTO pyXy Ha oci X Ta Y, 110 1a€ MOBHe 300paskeHHs TPAEKTOPii YaCTUHKM

B 000X KOOPAMHATAX.
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PucyHok 1 - JIBoBUMipHMIT OpOYHiBCbKMI pyX ¥ (ha30BOMY ITPOCTOPi (Bropi)

Ta MpoeKIiii Ha oci X i Y (BHU3Y)

BximHyMM JaHMMM OJ1sT KjacTepu3ariii 0yam MoaesIbHi TpaeKTopii 3 macTKamu,

a BUXiIHMMM — aHOTOBAaHi Bifpi3Ku 1Ii€i TpaekTopii, MOB'sA3aHi 3 macTkamu. [loxga-

JIBIINI KJIaCTepHMIA aHajIi3 MaB HAa MeTi pO36MTH 1[I0 TPAEKTOPi0 HA OKPeMi KiacTe-

pu, SIKi BiiMIOBiganm pi3Hii AMHaMII, 110 ii JeMOHCTpyBaja YaCTUHKA.
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VY mpoiieci MoAe/lOBaHHS TeBHI 3HAUeHHS MapamMeTpiB Mozesli BUKOPUCTOBY-
Ba/IMCSI SIK 6a30Ba JIiHisI: x = 0.1, o =20 Ta M =10 . Kpim Toro, 6yj10 mpoBeJieHO ce-
pil0  eKCepuMEeHTIiB, B $SKMX 3HA4Ye€HHS LMX [apaMeTpiB CUCTEeMaTUYHO
3MiHIOBAJINCS.

OCKiZTbKM MM BMKOPMCTOBYBAJIM peasi3allilo Ha OCHOBI Mopjesei, My 3MOTJIN
OIIiIHMTM TOYHICTb IIpOllecy KjaacTepu3alii. JIjas OIiHKM TOYHOCTi poOOTM METOZiB
Oy/M BUKOPUCTaHiI MaTpulli MOMMWIOK it 6iHapHOi Kimacudikarii. Ha puc. 2 npen-
CTaBJIEHO OJHY 3 TUIIOBMX MaTpHUIb MTOMWJIOK [Jis IPOBEAEHOr0 eKCliepuMeHTy. B
JaHOMY BMUIIQJIKy TOUHICTb cKiana 96%. IlopiBHIOIOUM TTepemdadeHi KaacTepHi po3-
TOJIi/IM 3 iCTMHHOIO MPUPOIOI0 TOUOK TpaeKTopii (KmacudikoBaHi SIK Taki, 10 Haje-
>KaTh [0 MACTKU YM Hi), I[i MaTpuUIli AO3BOAUIM HAM KiJIbKICHO OL[iIHUTU YCITiX ajro-
PUTMY KJacTepu3allii B IpaBU/IbHI imeHTHdiKkallii TOUOK TPaeKTOpii, 0 Ha/leXaTh
i He HajeXaTb A0 MaCTKMU.

250

200
False

150

True label

100

True

False True
Dradirtad Iahal

PucyHOK 2 - MaTpuiisd HOMUIOK OJHOTO 3 pe3yJbTaTiB KaacTepu3saliii

[yist mobymoBM Mozesti 6poyHiBCbKOTO Pyxy Ta ii kKiacTepu3saliii 6yja BUKOPUC-
TaHa MOBa IporpamyBaHHs Python, sika BimoMa CBO€I0 BeIMKOIO KOJIEKIli€r 6i6io-
TeK, MPUCTOCOBAaHUX IS MaTeMaTUUHMX 3aJlay, MallMHHOTO HAaBYaHHS Ta Bizyasi-
3aliii pesynbTatiB. YHiBepcasbHicTh Python y HayKoBUX 06UMCIeHHSIX 3pobusia iioro
imeasibHMM BMOOPOM [IJISI HAIIIOTO IOC/TiIKeHHS, JO3BOAMBIIM HaM eeKTMBHO pea-

JIi3yBaTy Ta IMpoaHaIi3yBaTy CKIAAHY IMHAMIKY OpOYHiBCbKUX TPAEKTOPIi pyXy.

114 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 5 (148) 2023 «System technologies»

Ha puc. 3 nipeacraBiaeHO UIIOCTpallil0 OAHOTO 3 OCTaTOYHMX pe3y/bTaTiB Kjac-
Tepu3aliii, oTpumMaHux 3a goromorow metoxy DBSCAN. Bupineni ob6macti 306pa-
SKYIOTbh OKpeMi KjacTepu, 110 IMPeaCTaBIsIIOTh ileHTMU(iKOBaHi MacTKM B TaHUX Tpae-

KTOpii.
X Position and X Segment with DBSCAN Clustering

25 . * No Trap
U e = Trap

Time

Y Position and Y Segment with DBSCAN Clustering

« No Trap
« Trap

Time

PucyHOK 3 - Pe3ynbTaTu Kiactepusailii Metogqom DBSCAN
IJIs1 mpoekiiii Ha ock X (Bropi) Ta Y (BHU3Y)

Bapto 3a3Haunty, mo meton DBSCAN npogemMoHCTpyBaB Heabusiky TOUHICTb Y
BY3HAUYEHHi TOYOK, SKi MOTPAIUISIIM B ITACTKM Ha TpaekTopii. TuM He MeHI, BiH OyB
CXWJIbHUI 0 BUMAAKOBOI IMTOMMJIKOBOI Kiacudikailii, 0co6J1BO B clieHapisx, e pi-
3HUIIS MiX BibHOW0 mudysiero i pyxom, MOB'I3aHMM 3 ITacTKaMM, Oyja MEHII YiT-
KOI0. 30Kpema, IIpeICcTaBIeHUII MeTOI € CXWJIbHMMMU 10 IIOMMJIKOBOI Kmacudikarii

CEerMeHTiB BUIBHOTO PYXY SK PYyXY, [OB'SI3aHOTO 3 IMaCcTKOW. LI BiAMiHHICTb € mysKe
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Ba)K/IMBOIO, OCKiJIbKM BOHA BigoOpaskae UyTAMBICTh METOIY A0 CKJIAJHUX ITPOCTOPO-
BUX [IATEPHIB i IyMy B aHUX.

Is1st o1liHKY e(peKTUBHOCTI MeToay KiacTepu3ailii Oyyia mpoBegeHa KOMILJIEKC-
Ha OIliHKa 3a Jornomoroio cepii 3 100 BumpoOyBaHb. AHajIi3 BUSIBMUB ITIOMITHI BiMiH-
HOCTi B ITokasHMKax TouHocTi. Metom DBSCAN roka3aB cepeiHIO TOUHICTh 95.0%.

MopenioBaHHSI Ta KjaacTepu3allisi TPOBOIMINCS B [ialla30Hi 3HaueHb Jpeidy
u , Koedimienra nudysii « Ta Koedimienta M . OliHKa He BUSIBMJIA IOMITHOI 3aJie-
SKHOCTi eeKTMBHOCTI MeTOHiB Bim mpeiidy . . K mokasaau eKCIiepyMMeHTH, TOY-
HIiCTh METO/IiB 3HVXYETHCS JINIIE ITPU MaIMX 3HAUEHHSX o . [Ipy MeHIIMX 3HaueH-
HSX KoedillieHTa M TOYHICTb KjacTepu3saliii 3MeHIIyeThCs. Lle siBuIlle MOSICHIOETb-
CsT TUIM, IO IJIS MaJIMX OUIbHUKIB PyX YaCTMHKM B IIACTLi HAOIVKAETHCS OO0 ii 6e3-
repemkogHoro pyxy. OTxke, BifMiHHI pUCKU YTPMMaHHSI CTalOTh MaJIOMIOMiTHUMMU,
III0 CTBOPIOE IIpo06IeMy IJIs1 MeTO/IiB KiacTepu3allii eeKTUBHO BUSIBISITY TaKi aHO-
MaJii B pyci YaCTMHOK.

BucHOBKU

V 1t cTaTTi JOC/TiIKEHO MOAeTIOBAaHHS TPAEKTOPil YaCTMHOK Ha OCHOBi Opoy-
HiBCHKOTO PYXY 3 apeiidhom i BuBUeHO e(heKTUBHICTh MeToAy Kiaactepu3ailii DBSCAN
Ha OCHOBi MaIIMHHOTO HaBUYaHHS, 3 METOIO BMUSIBJIEHHS MacTOK. Mojesb 6pOyHiBCh-
KOTO pPyXy OXOIIIOBaja K BibHY AMQYy3i0, Tak i pyx y rnmactkax. BUkopucTaHHs Me-
toxy DBSCAN mpoaeMOHCTPYBaJIO #0ro MOTeHIias Aj1sl TOYHOI imeHTudikarii obsa-
CTel MacTOK Y JaHUX TPAEKTOPII.

HocnigskeHHs mokasano, mo DBSCAN npoaeMOHCTpyBaB 3arajioM BUCOKY Ce-
penHIoO TOYHICTh, 30KpeMa, IOCSITHYB cepelHboi TouHOCTi 95.0%. KoMmmiekcHi ekc-
TepMMEeHTH, IPOBeIeHi B paMKax I[bOTO JOC/IiIKeHHS, JO3BOJWIN 3PO3yMiTH BIUIMB
rapamMeTpiB MOJeJli Ha pe3y/JbTaTy KjaacTepu3saiiii.

Mait6yTHi JOC/TiIKeHHS B IIbOMY HAIpsSIMKY MOXYTb 3arJMOUTUCS B 3aCTOCY-
BaHHS OiJIbIII TOCKOHAJIMX METOMIiB MAIIMHHOTO HaBYAaHHS IJIsS BUSIBJI€HHS MACcTOK i
JOCTiIUTH iHTerpailiro MeToiB 6araToBMMipHOi KaacTepusanii ajs dikcarii ckiang-
HOI MOBEeJiHKM YaCTUHOK.
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Clustering Brownian motion trajectories using machine learning
The article is dedicated to detecting traps encountered by a Brownian particle
based on machine learning methods. The trajectory of the Brownian particle was mod-
eled using a drift-extended Brownian motion model, encompassing both free diffusion
and particle movement within a trap. The density-based spatial clustering of applica-
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tions with noise (DBSCAN) method was employed for clustering the motion trajectory.
The versatility of this method allows the identification of clusters without prior knowledge
of their quantity or shape, making it suitable for trap detection. The conducted research
demonstrates that the application of the DBSCAN method achieves an average accuracy
of 95.0%

Kipiuenko JIromvmmaa OsieriBHa — 11.T.H., mpodecop Kadeapu IpuKIagHOI MaTeMa-
TUKM XapKiBChKOI'O HAIliOHAJIbHOTO YHiBEepPCUTETY paZlioeIeKTPOHIKN.

Xanpko Japuua CepriiBHa - maricTpaHTka Kadeapu MPUKIALHOI MaTeMaTUKU
XapKiBChbKOI'O HaIliOHAJIbHOTO YHIBEPCUTETY paZioeIeKTPOHIKN.
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IMITALIMTHA MOJIEJIb INTACKOT'O ITIOBITPSTHOI'O COHSIYHOI'O KOJIEKTOPA

AHamouis. Cucmemu onaneHHs, Wo BUKOPUCMOBYIOMb COHAYHT MenJiosi KOJleKmopu pezyiooms
memnepamypy nidiepimo2o0 B8 COHAYHOMY KOJIeKmopi NnosimpsA MIifbKU 3MIHOK WBUOKOCMI
nosimps, fike npoxooumse 4epe3 Hb020. BukopucmaHHsa iHpopmayiliHo ynpasnawyoi cucmemu
KepysaHHs (30kpema 8 cknadi IoT) 0N NOMOYHO20 KepyBAHHA MA NPO2HO3HUX 06YUC/IEHb
nompebye BUKOPUCMOBYBAMU y3a2a/bHIOKYY IMimayitiHy modesb. [TposedeHi 0oCniOKeHHS no
Kazanu wo Mooesib, KA ONUCYE 3 XHICMb meMnepamypu nosimps Ha BUX00i 3 NOBIMPAHO20
Konekmopa 8i0 wsudKocmi (020 NOmMoOKy — HeniHiliHa. [uHamika Hazpigy nosimps
BU3HAYAEMbCA OUHAMIYHOIO IAHKOK nepuio2o nopsoky. lpu po3pobui komn'tomepHoi cucmemu
KepyBaHHs HeobXiOHO BPAXOByBAMU BUKOPUCMAHHA 0amMYUKi8 meMnepamypu nosimps Ha 8x00i
1 Ha BUXOOT COHSYHO20 KOJleKmopd. Takox nompibHO BUKOpUCMOByBamu O0aHI 3 O0AMYUKA
NOMOYHOT NOMYXHOCMI COHAYHO20 BUNPOMIHIOBAHHS.

Knwo4osi cnosa: nosimpaHull COHAYHUL KoleKmop, imimayiliHa modesb, Komn'tomepHa cucmema,
KepyBaHHSA, HeNiHIHUL, OUHAaMIKA.

ITocTranoBKa 3aBAaHHA. [[OBITPSIHMIT COHSIUYHMI KOJIEKTOP BUKOPUCTOBYETHCS
B CMCTEeMax OMajieHHs MPUMillleHb (CKUTIOBUX Ta BUPOOHNUMX). BpaxoBytoun mepio-
JWYHICTb MTOTOKY COHSYHOI eHeprii, COHSIYHiI KOJIEKTOPU PO3TJSAAIThCS SIK JOMOMi-
KHI [pKepesia TerioBOl1 eHeprii, sIKi BUKOPUCTOBYIOThCS BUK/IOUHO B KOMIUIEKCI 3
OCHOBHOIO CMCTEMOIO OIajieHHs MpumiinieHsb [1]. Po6oTa ABOX cucTeM omajieHHS B
000B’SI3KOBOMY  TIOPSIIKY  OOJIAIHYEThCSI ~ KOMIT'IOTEPHOI0  iH(opMaIliiftHo-
YIIPaBJISIIOUOI0 CUCTEMOIO aBTOMAaTUYHOTO KepyBaHHS, SIKa [O3BOJISIE MAaKCUMAa/IbHO
BUKOPMCTOBYBATM COHSIUHY €HEprilo 3aBAsKM UOMY €KOHOMisl eHeproHociiB Moske
JIOCATaTU NOCUTDh 3HAUHMUX BeauMuMH. [lo OCHOBHUX (YHKIi1 BUKOPUCTOBYBAHUX CU-
CTeM KepyBaHHS BXOMASITh aJITOPUTMMU MiATPUMKM HEOOXiTHUX TeMIepaTypHUX Iia-
pamMeTpiB y OMaJ0BaHOMY MPUMIillleHHi, KOHTPOJb BUTPAT €HEeProHOCiiB, TAKOX pe-
TYJIOBAHHS TEIUIOBOI IMOTY>KHOCTI OCHOBHOI CUCTeMM OIlajieHHSI B 3aJIe’KHOCTi Bif,
TeIJIOBOiI TMOTY)XKHOCTi SIKy MOsKe 3a06e3MeyuTy COHSTUHMII KOJIeKTOp. PeryaioBaHHS
POOOTH COHSIYHOTO KOJIEKTOpPA ITOBMHHO B OOOB’SI3KOBOMY ITOPSIIKY BpPaxOBYBaTU

MOKa3HMUKU TOTYKHOCTi COHSTYHOTO BUIIPOMiHEHHSI, TeMIIEpaTypHUX YMOB 30BHillI-
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HbOT'O CepeoBUINA, OCOOIMBOCTI OMATIOBAHOIO MPUMIIIeHHS, iIHePIiiHICTh 00’€KTiB
1110 BUKOPUCTOBYIOTbCS Y cucTeMi ornaneHHs [2]. OcobamBoCTi cucTeM, 1110 BUKOPUC-
TOBYIOTb COHSIUHI TeMJIOBi KOJIEKTOPHU, € B TOMY, 1[0 peryJl0BaHHS TeMIepaTypu Mi-
JirpiTOro B COHIYHOMY KOJIEKTOPI MOBITPS MOX/IMBE TUJIBKM 3MiHOIO IIBUAKOCTI IM1O-
BiTpS, SIke MPOXOAUTh Yyepes3 KOAeKTop. sl IbOro BUKOPUCTOBYIOTHCS BEHTUJISITO-
pu. [Ipu yripaBiiHHI IIPOIIECOM IMEPEHOCY TemJia Bif, COHIYHOTO MOBITPSHOTO KOJIEeK-
TOpa 0 OTAJIOBAHOTO MPUMILIeHHSI HeOOXiqHO MaTy MaTeEMATUUYHY MOJE/b COHSIY-
HOTO KOJIEKTOpA SIK 06’€KTa yIpaBIiHHS.

AKTyaJIbHUM € TaKOX Te, III0 IPY BUMKOPUCTAHHI iHbOpMaIliiiHO-yIIpaB/Isiouoi
CUCTeMM KepyBaHHS (Hampukian B ckiazi [0T) s MOTOUHOro KepyBaHHS Ta Mpo-
THO3HMX 00YMC/IeHb IIOTPiOHA y3arajbHIOIOUYa iMiTalliiiHa MoOAesb, OO CKIamy SIKOi
000B’SI3KOBO TTIOBMHHA BXOIUTU MOJIE/Ib TTOBITPSTHOTO COHSTYHOTO KOJIEKTOPA.

AHaji3 ocTaHHIX JOCTiaKeHb i myourikanii. TernoBi mpolecu y IMOBiTPSTHUX
COHSTUHMX KOJIEKTOpAX Ha TeIepilllHil 4ac € JOCUTh INIMOOKO IOC/iIKEHOI TEMOIO.
3a3Buyali BUKOPUCTOBYIOTHCS PiBHSHHS TeIJIOBOrO O6asaHcy cuctemu [3]. Bigmosiz-
HO [0 KOHCTPYKIIii COHSTUHMX KOJIEKTOPiB pO3p0o0JeHi y3arajabHIOIOUi 3aJIeSKHOCTI,
BM3HAUeHi 3HAaUeHHS] OCHOBHMX ITapaMeTpiB KOJIEKTOpa, 10 HaJa€ MOXKJIUBICTb O0-
CUTb POCTO BU3HAUUTU MOXKIUBY e(DeKTUBHICTb CUCTEMM COHSIUYHOTO OITa/IeHHS e
Ha eTarli rornepegHbOTO eTaly MpoeKTyBaHHS [4].

Cucremu, ge BUKOPUCTOBYIOTbCS TEIJIOBI COHSIUHI KOJIEKTOPM 3a3Buuail oba-
IHYIOTbCSI JOCUTh IPOCTUMM CHUCTEeMaMu KepyBaHHS. Lli cucteMu xapakTepusymTh-
CS TUM, 1110 B HMX BUKOPUCTAHI CTaTUYHI MaTeMaTU4YHi MOZeJii i yIipaB/IiHHS TIpolie-
caMy poOOTM BUKOHYETHCSI TEPiOAMUHMMM BKIIOUEHHSIMM Ta BiJK/IIOUEHHSIMU BU-
KOHYIOUMX IPUCTPOIB. 3 TOUKM 30py BUKOPUCTAHHS Oi/IbII e(heKTUBHUX, Oe3IepepB-
HUX, JIOKAJbHMUX CUCTEM YMOPaBIiHHS COHSYHMIA KOJEKTOP € IOOCUTh CKIaJHUM
06’ektoM. ITo mepiiie, KepyBaHHSI MOXK/IMBE TiIbKY 33 PaXyHOK Pery/i0BaHHS MPOAY-
KTMBHOCTI BEHTUJISITOPA, 1110 3abe3Ieuye IIMPKYJISIiio TeruioHocis. [To apyre, 3a6e3-
TeyeHHs TeMIlepaTypy TeIUIOHOCISI Ha BXOZi B OMajioBaHe IMPUMIillleHHSI TaKoX 3a-
0e31euyeTbCsl PeryjroBaHHIM MPOAYKTUBHOCTI BEHTMJISITOpa. B peajibHUMX ymMOBax
HaJXO;)KeHHSI COHSYHOI eHeprii Jo KoJieKTopa — IIPolLiec, 10 BM3HAYAEThCS 6araThb-
Ma BuIaakoBumu pakropamu. Tomy poboTa cucTeMy KepyBaHHS TOBMHHA 3a0be31e-
YyBaTU BifIOBigHe pearyBaHHs Ha Taki 3MiHu [5]. MeToau, siki JO3BOJSIIOTh PO3PO-
OUTK BiIMOBIIHY MaTeMaTUUHY MOJie/ib 00’€KTa Ta CUCTEeMM KepyBaHHSI, BUSHAUUTHU
il mapameTpu, HJOCUTb HeTaJIbHO PO3POOJIEHI TEOPi€l0 aBTOMATUYHOIO KepyBaHHSI.

BigmoBigHO IO 1bOro mepend po3poOKOI0 MaTeMaTUYHOI MOZIeTi Ta BU3HAYEHHSIM ii
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XapaKTepUCTUK Ta MapaMeTpiB 060B’SI3KOBO MOTPIOHO BM3HAUUTUCS 3 IPUHIUITAMMU
opraHisailii aBTOMaTUYHOTO KepyBaHHSI POOOTOI0 COHSUHOTO KOoJieKTopa [6].

MeTa gocaimkeHHs. Po3poOUTH MeTOAMKY MoOyaoBM MaTeMaTuuHoi (imiTa-
Li/iHO1) Mopesli AMHAMiKM poOOTH IOBITPSIHOTO COHSIYHOIO KOJIEKTOpa. BusHaumTH
rapaMeTpy Ta OCOOJIMBOCTI MOJIEi 3 ypaxyBaHHSIM eKCILTyaTalliiHMX XapaKTepuc-
TUK COHSIYHOTO KOJIEKTOpa.

Bukiaja ocHOBHOro marepiany. OyHKIIisSI COHIUHOTO KOJIEKTOpa — HarpiB Mo-
BiTps. SIK BiOMO MepeTBOPEHHS €Heprii COHSYHOIO BUIIPOMIHIOBAHHS B TEIJIOBY
eHepril CyNnpoBOIKYETHCS TEIJIOBMMM BTpAaTaMM 4yepe3 KOPIyC COHSIYHOTO KOJIeK-
TOpa, SKi 3a7eXkaTh Bif pisHMII TemIiepaTyp abcopbepa i HaBKOJIMIIHBOTO Cepejo-
BHUIlIA. BTpaTaMyM MNOTY)XHOCTi BUIIPOMIiHIOBAaHHSI COHIISI MpPU IIPOXOKEHHiI 4depe3
Mpo30pe MOKPUTTS. BTpaTamu moB'si3aHMMM 3i 3HaUEeHHSIM KoedillieHTa MOTaMHaH-
HS abcopbepa. Brpatamu Teria yepes i30/s11i10 MOBiTpoBOAiB. Ile OCHOBHI Buay Te-
IJIOBUX BTpAT.

MakcuManabHO MOSK/IMBA TeMIepaTypa Ha BUXOi COHTUYHOTO KOJIeKTOPa (Thaxc.)
3aJIESKUTD Bifl MOTY>KHOCTi COHSTYHOTO BUIIPOMiHIOBaHHS (Peou.), CYMapHOI MOTYKHOC-
Ti TernoBuX BTPAT (Peump.), TTIOUATKOBOI TeMIlepaTypu IIOBITpPs, IO € TeIJIOHOCiEM
(Tin.), Uacy Harpisy (t).

T =f(pr, P T 1) . (1)

SIK110 TpUITYyCTUTH, 110 Peow. = Const, Ty — BU3HAUAETHCS BAACTUBOCTSIMU MPU-
MillleHHST sIKe 06irpiBa€eThcsl, yac t — MOXKEMO PEeryaioBaTy, Peump. — IJISI KOKHOTO
eJleMeHTa COHSYHOrO KOJIeKTOpa BM3HAUAETHCS Pi3HMIIEI0 TeMIlepaTyp abcopbepa i
HaBKOJIMIIIHbOTO MOBITPSI.

B 1isoMy, 3a OOIOMOTOK Cy4aCHMX AATUMKIB AOCUTh CKIAJHO BU3HAUUTHU
Peump., Peon. — MOXKHA BU3HAUUTM 3a MOKA3aHHSIMM CIIelliaji30BaHUX OATUYMKIB, aje
BOHM B TeIlepilllHii 4ac JOCUTb KOIITOBHI.

[TpMinieHHSI 10 OMA/IIOETHCSI TAKOK XapaKTepU3YETbCS BEJIMKOK KiJbKICTIO
0COOJIMBOCTEN i UMHHMKIB, SIKi BIVIMBAIOTh HA 3HAUEHHS Ty

EHeprito COHSYHOTO BUMNPOMIHIOBAHHS, SIKa MEPETBOPIOETHCS B TEIUIOBY BU-

3HA4Ya€ThCSA HACTYITHMM UMHOM:

p, =P, —-P, . ()

COoH eump
Iasi B po3paxyHKkax 6yeMo BUKOPUCTOBYBATM 3HAUEHHSI TEIJIOBOi MOTYKHOC-
Ti Pey. POGOTA CHCTEMM OTMa/JIeHHSI B peskKMMi MaKCMMabHOI e)eKTMBHOCTI BM3HaUa-

€TbCA HACTYITHUM UMHOM:
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Pet[z = Pnpu,w ’ (3)

ne Puu. - TemjaoBa TOTYXHICTb, S$IKa CIIOKMBA€ETLCS MPUMIIIIEHHSIM, SKe

0birpiBaeThCsl.
TerioBa MOTYXHICTh, sIKa BUTPAUYAETHCSI HA OOIrpiB MpUMIllleHHSI BU3HAYAETh-

cst GopMyJIoIo:

c-m- (T,warcc B T,m'u )

P npum = t b (4)

e ¢ — TeIUVIOEMHICTb moBiTps, Di/ke:K; m - maca IOBiTps, kK2; t — d4ac, C;
Twax = Twmin. — pizauig Temmepartyp (AT, K).

HarpiBaHHSI MOBIiTpSI B COHSIYHOMY KOJIEKTOPi OMMUCYETHCSI aHAJOTiYHMM pPiB-

HSHHAM [3]:
c-m-AT
P, = -, (5)

HeobxigHo 3a3HaunTH, 110 eeKTUBHA TEIIOBA MOTYKHICTh COHSYHOTO KOJIEK-
Topa P,y BU3HAUAETHCS Pi3HUIEI0 MiXX TEIIJIOBOIO MOTY)XHICTIO COHSITYHOTO BUITPO-
MiHIOBaHHS i TEIJIOBOIO TOTYXKHICTIO BTPAT, & Ppyu. TEIUIOBA MOTYXKHICTb [0 Bpaxo-
BYE YCi TEIUIOBI BTPAaTy MpUMillleHHS. 3 TTO3UIIil BUKOPUCTAHHSI COHSIUYHOTO MOBITPSI-
HOTO KOJIEKTOpA JJISI TOTO 100 3a6e3MeunTy B MPUMIillleHHi ITOTPiObHY TeMIlepaTypy
1le T03BOJISIE 3HAUHO CIIPOCTUTU MaTeMaTUUHi BUPasu.

V piBHSHHI (5) BUXOASUM 3 3HAUEHHS MOTYKHOCTiI Pey. MU TOBUHHI CTBOPUTU
YMOBM POOOTH, TIPU SIKUX BCSI €Heprisl SKa HagXOOUTb B COHSYHMIT KOJIEKTOp Iepe-
JlaBajiacs B OIajoBaHe MpuMileHHs. 1li yMOBY MOKYTb CKIAaCTUCS 3@ PAXYHOK 3Mi-
HM HIBUAKOCTI MPOXOKEHHS TOBITpsI yepe3 KaHa/iu abcopbepa KojekTopa, Ipu

1IbOMY TeMIlepaTypa Ha BUXO/Ii KOJIeKTopa:
T e =T, AT . (6)
KinpkicTp Teria (Q), sike HAAXOAUTb B IMIPUMIIIIeHHS BiJl COHIYHOT'O KOJIEKTOpa
TIIOPiBHIOE
Q=c-m-AT . (7)
B mporieci mporpiBy npuMiilieHHSI TemiiepaTtypa Tmin. Oye MigABUITYBATUCST i B
SIKMIACh TIepioJl Mmepeaava Teruia Oyme 3iiiICHIOBATHUCS 32 PaXyHOK ITOTOKY ITOBIiTpS,
110 Ma€ OOCUTh BUCOKY TeMIIepaTypy i HeBeJauKy MIBUAKICTb, Y pa3i Koau HeMa CUC-
TeMMU, SIKa peryJIlo€ MBUAKICTb MOTOKY IOBITPS i IK HAC/IiIOK Ji0TO TeMrepaTypy.
BpaxoBytoun, 110 po60Ta COHSIYHOTO KOJEKTOpa MOK/IMBA TiJIbKM BIEHb i MPU
SICHOMY COHIIi, TO BUHMKAE HEOOXiIHICTh peryyiioBaHHs IJis 3a6e3medeHHs] Halt0i/b-

mI0i MBUAKOCTI MPOTPiBY MpUMillleHHs, CcTabigisallii TeMmnepaTypu B MpUMIillleHHi,
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pexXuMy MPOBITPIOBaHHS (TIPUMIILIyBaHHS 10 HArPiTOro MOBITPS 3 MPUMIillleHHS Yac-
TUHU 30BHIITHBOTO MOBITPS) Ta iHIIIi MOKINBI BapiaHTu poboTu [7].

Maca moBiTpsI, IKa MMPOXOANTDb Yepe3 COHSIUHMI KOJIEKTOP BU3HAUUTHCS :

= Saﬁc .Va(ﬁc P 5 (8)

Iie Suoc - TUIONIA KaHaJIiB KOJIEKTOPA, M2, Vase - HIBUAKICTh ITIOTOKY MOBITPS B KOJEKTOPi

M/C; p - 06'€éMHa IIJIbHICTb MOBIiTPSI (KT).
Sai}c 'Vaﬁc 'p = Sn(m 'me 'p . (9)
[IIBuAKICTh Pyxy IOBITpsI B KaHajax abcopbepa BMUCIOBMMO Uepe3 3HAUEHHS
IIBUIKOCTI TIOTOKY ITOBITPSI B TIOBITPOIIPOBO/i (Vi) 1 TUIOIII TTIEPETUHY MOBIiTPOIIPO-
BOJ1A (Snos):

noe

vaéc = S .Vnog (10)

abc

Yac, 3a IKuit eJieMeHTapHMIT 00'eM MOBITPS MTepeMiIyeThCS Bi BXOMy 10 BU-

Xony abcopbepa:

| = s 1 - (11)

abe abe abe

Yac nepebyBaHHS ejleMeHTapHOTO 06'eMy TOBITpsI B abcopbepi COHSIUYHOTO KO-
nekTopa (t) e mapaMmeTp, 3HaUeHHSIM SIKOTO MM MOXXeMO KepyBaTH, 3aal0uu 3a J0-
MOMOTOI0 BEHTWISITOPA WIBUAKICTb PYXY MOBITPS vasc. [IPpY 1IbOMY TeMmepaTtypa, A0
SIKOI HarpieThCs MOBITPSI HA BUXO/Ii KojieKTopa Oy/e 3anexkaTu Bif t. [IJisi CTBOPeHHS
eekTMBHOI cucTeMM YIIpaBIiHHSI HEOOXigHO BU3HAUYUTU KPUTEPIii, 38 IKUM CJIi[I
opraHi3yBaTy pobOTY CUCTEMMN.

Hait6inbiia morpeba B TOJATKOBOMY [Kepesii OINajeHHS! BUHMKAE B XOJIOOHY
ropy poky. IIpu 11bomy, y 3B'SI3Ky 3i 3pOCTal0UMMM TEIUIOBMMM BTpaTaMy TeMiepa-
Typa, 10 IKOi MaKCHMMa/IbHO MOe OyTH pO3irpiTe MoBiTps He MOXe OyTU IyKe BU-
COKOI0, B TIOPiBHSIHHI 3 TeMIIepaTypor, SIKY MOXKYTbh 3a0e3IeUnT eIeKTPOKaIopu-
depu. Tomy cucTeMa aBTOMATMYHOTO YIIPaBIiHHS COHSYHMM OIaJIEHHSIM MOBUMHHA
3abe3reuyBaTy 3aJjaHy TeMIepaTypy 10 MMOJA€TbCS B IpuMillleHHS. [Ii9 BU3HaUeH-
HS 3HAUEHHsI TeMIlepaTypy Ha BMUXO/i KOJIEKTOpa, 3alIpolIOHOBAaHa CXeMa, MpefcTa-
BJieHa Ha puc.l. Ha COHSIUHOMY KOJIEKTOPi pPO3TaIIOBYIOThCS ABa JaTuMKa TeMIiepa-
TYpU. T~ TEMIEpaTypa BXiOHOTO TIOBITPS; T,a- TEMIIEpaTypa IMigirpiToro

MOBIiTPSI.
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COHSIUHI MOBITPSIHI KOJIEKTOPY, 0COOJIMBO B 3MMOBMIT Yac, KOJIM COHIEe 3HAaXO-
IUTHCS HU3bKO HAJl TOPM30HTOM BCTAaHOBJIIOIOTHCSI a00 BEPTUKAJIbHO, 00 3 HEBeJH-
KMM BigXMUJIEHHSIM BiJi BepTUKaJbHOTO IOJI0OKeHHsI. BHACIiIOK HarpiBaHHS ejieMeH-
TapHOTO 00'eMy IOBIiTpPS, B MPOILIECi 10TO PyXy Bil BXOAY 0 BUXOIY COHSYHOIO KO-
JIEKTOpA, 10ro TeMIiepaTypa MmigBUILLy€EThCS.

Y npumiwenns

e

F

—— | TTmax
—
P ——
——
e ([
- —

13 npumiweHHsa
PI/ICYHOK 1 - Cxema pO3TalllyBaHHA ,Z[aT‘-II/IKiB TeMIIepaTypu

Ha COHSTYHOMY KOJIEKTOPI

VrpaBiliHHS 3/1iJiICHIOETHCS 3a AOMOMOTOK 3MiHM IIBUAKOCTI ITOTOKY TTOBITPS B
COHSIUHOMY KOJIeKTOpi. Ajie Mpy 11bOMYy HeOOXiTHO BpaXxOByBaTH iHepIIiiiHiCTb KoJe-
KTOpa, BEHTWISITOPA 1 aepOAMHAMIYHOro ornopy cucremu [8,9]. 1yt BUSHAUEHHS BU-
Iy MaTeMaTUYHOI MOJeJi MOBITPSIHOTO COHSIYHOTO KOJIEKTOpA 3 YIIPaBJIiHHSIM IBU-
JIKiCTIO TIOTOKY ITOBIiTPsI IpUiiMEMO MPUITYIIEHHS, 0 MO/Ie/Ib TOBMHHA OyTU afamn-
TOBaHa A0 BUKOPUCTAHHS y3araJIbHEHOI CTPYKTYPHOI CXeMM CUCTEMM YIIPAB/IiHHS 3

ypaxyBaHHSIM TOJIOBHOTO Bifj'€MHOI'O 3BOPOTHOTO 3B'SI3KY [6].

h J

PucyHok 2 — CTpyKTypa CUCTeMM YIIPaBIiHHS

SIK 00'eKT yIIpaB/IiHHSI PO3T/ISTHEMO HACTYITHI €JIeMeHTH:

Uynp Vrnos AT AT

BeHTunatop HeniHiAHWA -~ IHepuifHa cknagoBa
| .

enemeHT | HarpiBaHHA nogiTpA —>

PucyHOK 3 — Y3arajbHeHa CTPYKTypa 00’€KTa yIpaBIiHHS
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BeHTWISTOpP 3 PEryJISITOPOM ITOTYKHOCTI MOXKEMO pO3IJISIAATH K 06e3 iHepIiii-
HY TiACUTIOBAJIbHY JaHKY [6]. Lle npumnyieHHs1 6a3yeThCsl Ha MonepegHbOMY TOPiB-
HSIHHI iHepIIiiiHOCTi KOJIEKTOPIiB Y ILIiJIOMY i iHepIiiiHOCTI BEHTUJISITOPIB ITOPiBHSIHO
HeBeJIMKOI MOTYKHOCTi. [lepenaBanbHMiT KoedillieHT BeHTWISTOPA Keewm BU3HAUUTD-
cs 31 CrIiBBiHOIIEHHS
mlc

- Yo 12
TP (12)

ynp

senm

[TepemaBanbHMIT KOe(illiEHT COHIYHOTO KOJIEKTOPa € BEJMYMHOIO He IOCTiii-
HOIO i HeJTiHiiiHOI0. TOMY B CTPYKTYPHIli cxeMi 06’€KTa KepyBaHHS He JIiHi/iHiCTb BU-
nijleHa okpeMum 6;710KoM. [TokakeMoO CHiBBiJHOIIIEHHS, 110 BM3HAYAIOTh HETiHIHY
3aJIeXXHICTh TemnepaTypu AT’ Bif, IIBUAKOCTI Vis:

Pe¢
AT = ——
n - (13)
t

C -

SIk 3a3Havanocs padiiie Py — 1ie TIOTYKHICTb BUITPOMiHIOBAHHSI, SIKa II€PeTBO-
PIOETHCS Oe3IocepeHbO B TEIUIOBY €Hepriio. Aje 3 MiABUILEHHSIM TeMIepaTypu ab-

copbepa 3pocTtaioTb BTpaTu. [Ipy ibomy AT~ cTabinisyeThCs.

m
= Vaﬁc ’ Saﬁc P ) (14)

t
e p - 06'eMHa Bara IoBiTps (k2/m%), m/t- macoBa HIBUIKiCTh MOBITPs B abcop-
oepi.
Topmi:

Pap
AT = (15)
c-v_-S _.p

abe abe

Tak sIK MBUIKICTb IIOTOKY IIOBITpsSI OyZe BUMMipIOBaTUCS B ITOBITPOBO/Ii, HEOO-
XiTHO BpaxoByBaTu (9):
b

AT' = 16
: V’ZO@ ’ S noe ' p ( )

Bupas (16) go3BoJisie BU3HAYMUTH 00/1aCTh 3MiHM KoedillieHTa nmepemavi COHSIY-
HOr'O KOJIEKTOpa B 3aJIeKHOCTI BiJ, 3HAUEHHSI MOTYKHOCTI Pey 1 MIBUAKOCTI MOTOKY
MOBITPS B cucTeMi (puc.4).

KoeilieHT mporopiiiiiHoCTi:

Kyp=ATN (17)
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Koe@ilieHT mpoIopIliitHOCTi MOsKe 3MiHIOBAaTUCS B IyKe IIMPOKUX Mekax Bif 1
no 140.

20
80
70

(600 ., vVv) 60 [*

(1000 . v) S

(1500 ., v) N

30

20 < —

N --\........s...-- H s

PucyHoK 4 — 3anexHicTb AT Bif IBUAKOCTI IMMOBITPSI B MOBITPOIIPOBO/ V,

IIpY 3HaYeHHi eeKTUBHOI Ter1oBoi moTy>KHOCTI Big 200 mo 2000 BaT

COHSYHMIT KOJIEKTOP € iHepliiiHMM 06'ekToM. HarpiBaHHS moBepxHi abcopbe-
pa, IOTiM IepelaBaHHS TEIIOBOI eHeprii TeIVIOHOCiI0 — MOBITPI0 MPOXOAUTh TOCUTD
NOBiIbHO. Po3riisimaroum eieMeHTapHi 3a/1eXXHOCTI (3.14) mMBUAKOCTI HAarpiBy Bijg Ma-
CM Tijla MO’KeMO BBa)kaTH, 1[0 Habi/IbIlIa MOCTiliHA Yacy COHSYHOTO KojieKTopa Oyie
BM3HAUATUCS MTPOIIECOM HarpiBaHHsS abcopbepa Ta iHIIMX KOHCTPYKIIMHUX eJleMeH-
TiB KojiekTopa. [lepefmaua Teruia Bif abcopbepa A0 MOBITPsSI B 10ro KaHajsax O6yze B
CTiZIbKM pa3iB MIBU/AIIOI0, B CKIJIbKYM pas3iB Maca IOBIiTpsl MeHIa 3a Macy abcopbepa.
3Bakarouy Ha MeTaJl i MOBiTPsI, KOHCTPYKTUBHI OCOOIMBOCTI MTOBITPSIHMUX KOJEKTOPiB
Bara IOBiTpsI 110 HarpiBaeThCs MpUOIM3HO Ha 2 TIOPSIIKM MEHIIa HiX Bara abcopoe-
pa. Tomy B mepuioMy HabGaMXeHHI MOKeMO MPUITYCTUTH, 1[0 MOJe/b iHepIiiHOCTi
KOJIeKTOpa — lie nepegaToyHa (PyHKIIisl TepiIoro nopsaxy [9].

Ane B 1Iijiomy MepexigHa xapakKTepuCTMKa MOXe OyTU allpOKCMMOBaHa K OU-

HaMiuHa JaHKa IIepumoro 1nmopsaaKy.

W(p)-= (18)

Tp +1
ITomasnpine BUKOPUCTAHHSI MaTeMaTUYHOI MOJIeNi 00’ e€KTa YIIPaB/IiHHS IJIsT CU-
HTe3Y JIOKJIbHOI CMCTeMM aBTOMATUYHOTO YIIpaB/IiHHS Ta BUOOPY TUITY peryiasTopa

Ta BM3HAUEHHS 0r0 TapaMeTpiB MOTpebye XapaKTepus3yBaTu caM 00’ €KT.

Usno

Vnes

—P>

Vnos/ Uprp

AT

1

\ J

—>

s T

PucyHok 5 - CTpyKTypa MaTeMaTUUYHOI MOJiesTi 06’€KTa yIIpaBIiHHS
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T'ooBHA 0COOMMBICTh 00’€KTa YIIPABJIiHHS B TOMY, IO 1Ie HeJIiHi/iHUI1 00’€KT.
3arasibHM KoedillieHT MPOIOPIIiAHOCTI MOXKe TTpUitMaTy 3HaueHHS B Mexkax Bif 0.2
o 30. BusHaueHHS 4MCJIOBOTO 3HAUeHHS MOCTiViHOI yacy T iHeplIiliHOiI JIaHKM Iiep-
IIOTO TTOPSIAKY MOSK/IMBO 3[iMiICHUTM TiJIbKM 32 YMOBM CTabii3allii MBUAKOCTI MOTO-
Ky MOBIiTpsI Yepe3 KOJIEKTOp i 3 ypaxyBaHHSIM 3HaueHHS AT , sike MOKHA po3paxyBa-
TH. JI7I IbOTO TaKOX HEOOXigHO BM3HAUUTHUCS 3 3HAUEHHSIM Pey, IJISI YOTO HEOOXi-
HMI1I BUMipHOBaJbHUII MIPUCTPiii MOTYKHOCTI COHSIYHOTO BUITPOMiHIOBAHHS Ta OaHi
BUPOOHMKA 3 3HAUEHHSIMM BiiMOBimHMX KoedillieHTiB BTpaT Teruia. [Ipy 3a3HaueHUX
yMOBaxX BUMKOHAHMI eKCIIepMMEHT Ta Iojasblia igeHTudikallisi mapameTpiB IuHa-
MiYHOI JIaHKM 1O3BOJIUTb BUKOPUCTOBYBATY OTPUMAaHIi HapaMeTpu IJisl IPaKTUYHOTO
BUKOPUCTAHHS.

BUCHOBKM i IepCIeKTUBYU MOAANBIINX AOCTiAKeHb. [I0BITpsSHI COHIYHI KO-
JIeKTOPY BMKOPMCTOBYIOTHCSI B KOMIUIEKCHUX CHCTeMax 00irpiBy, ogHouacHa poboTa
KiJIbKOX pi3HMX cucTeM edeKTMBHA TiJbKM IIiJi KepyBaHHSIM KOMII' IOTepHOi iH(Op-
MalliiiHO-yIIPaB/sSIouol cucreMu. MaTeMaTMuyHa MOZe/b MOBITPSIHOTO COHSIYHOTO
KOJIEKTOpa MOBMHHA BigoOpaskaTy He TiJIbKM IPOIIOPIIiiiHi 3a/e5KHOCTI a i AMHAMIKy
HarpiBaHHS MOBIiTpsi. B po60Ti moOymoBaHO iMiTaIliliiHy MO/IeIb COHSITYHOTO KOJIEKTO-
pa 3 ypaxyBaHHSIM Ji0T0 BUKOPMUCTAHHS y CKJIaJli Cy4aCHMUX KOMII'I0TepHUX iHpopMa-
LiiHMX Ta Kepyruux cucteM. IIpoBefieHi AOCiI>KeHHS MMOKa3alIu, 10 MOAe/b, SKa
OIMCYE 3aJIEXXHICTh TeMIlepaTypy MOBITps Ha BUXOZi 3 MOBITPSIHOTO KOJIEKTOpA Bif
IIBUAKOCTI 10TO MOTOKY — HeJiHiliHa. [JMHaMiKy HarpiBy MoBiTPsI MOXKHA ONIUCYBaTU
JVHAMIUYHOIO JIAHKOIO TePIIOro MopsaKy. [Iyist po60TH KOMIT' IOTEPHOI CUCTEMU Kepy-
BaHHS HEOOXiTHO BMKOPUCTOBYBATHM JATUMKM TeMIIepaTypy IOBITPsI HA BXOMi i Ha
BUXOJIi COHSTYHOTO KoJieKTopa. Takoxk IMOTpiOHO BMKOPUCTOBYBATH JaHi 3 JaTUMKa
IMOTOYHOI MOTY>XHOCTi COHSIUHOTO BUITPOMiHIOBaHHSI.
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Simulation model of a flat plate air solar collector

Analysis of recent research and publications. According to the design of solar col-
lectors, generalizing dependencies are known, the values of the main parameters of the
collector are determined, which makes it possible to determine the possible efficiency of
the solar heating system quite simply at the stage of the preliminary design stage. Sys-
tems where thermal solar collectors are used are usually equipped with fairly simple con-
trol systems. These systems are characterized by the fact that they use static mathemati-
cal models and the management of work processes is performed by periodic switching on
and off of the executing devices. Thus using more effective, continuous, local control sys-
tems, the solar collector is a rather complex object. Firstly, the control is possible only by
adjusting the efficiency of the fan, which provides the circulation of the coolant. Secondly,
the temperature of the coolant at the entrance to the heated room is also adjusted by the
regulation of the fan. Considering that in real conditions, the arriving of the solar energy
to the collector is a process determined by many random factors, the operation of the
control system must provide an appropriate response to such changes.

Problem formulation. The operation of two heating systems is necessarily equipped
with a computer information-control system of automatic control, which allows the max-
imum usage of solar energy. As a result of that the energy savings can reach quite signifi-
cant values. The main functions of the used control systems include: the algorithms for
maintaining the necessary temperature parameters in the heated room, the energy con-
sumption control, the regulation of the thermal power of the main heating system de-
pending on the thermal power that the solar collector can provide. Regulation of the solar
collector work must necessarily takes into account the indicators of solar radiation pow-
er, the temperature conditions of the external environment, the features of the heated
room, the inertia of the objects used in the heating system.

Main material. To build a simulation model of a solar collector for heating a room
where air is used as a heat carrier, known dependencies which describe thermal processes
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were considered. It is shown that the effective thermal power of the solar collector is de-
termined by the difference between the thermal power of solar radiation and the thermal
power of losses. Taking into account that the operation of the solar collector is possible
only during the day and when the sun is clear, there regulation is necessary to provide the
highest rate of the room heating, stabilization of the room temperature, ventilation mode
(mixing of the heated air from the room with the part of the outside air) and other possi-
ble work options.

As a control object, we will consider the following elements: a circulation fan, the
dependence of the air temperature at the outlet of the collector (on the power of the solar
radiation, the heat losses, the flow rate of the heat carrier), the inertial component of the
heat transfer process to the heat carrier.

We can consider a fan with a power regulator as a non-inertial element. This as-
sumption is based on a preliminary comparison of the collectors inertia in common and
the inertia of fans of relatively low power. The transmission coefficient of the solar collec-
tor is a non-constant and non-linear value. Therefore, in the structure of the collector as
a control object, non-linearity is highlighted by a separate block. The heat transfer from
the absorber to the air in its channels will be as faster as the mass of the air is smaller
than the mass of the absorber. Considering the mass of metal and air, design features of
air collectors, the weight of heated air is approximately 10? times less than the weight of
the absorber. Therefore, in the first approximation, we can assume that the inertia model
of the collector is a transfer function of the first order. Further use of the mathematical
model of the control object for the local automatic control system synthesis and selection
of the regulator type and its parameters determination requires of the object characteriz-
ing. The main feature of the control object is that it is a non-linear object. The general
proportionality coefficient can take values in the range from 0.2 to 30.

Conclusions and further research. The mathematical model of an air solar collector
should display not only proportional relationships but also the dynamics of air heating. It
is shown that the model that describes the dependence of the air temperature at the out-
let of the air collector on the speed of its flow is non-linear. The dynamics of air heating
can be described by a dynamic element of the first order. For the computer control system
operation, it is necessary to use air temperature sensors at the inlet and outlet of the so-
lar collector. It is also necessary to use data from the sensor of the current power of solar
radiation.

ISSN 1562-9945 (Print) 131
ISSN 2707-7977 (Online)



«CucreMHi Tex”onorii» 5 (148) 2023 «System technologies»

IllegymoBcbkuii Irop AHaTosmiiioBU4 - K.T.H., IOIEHT, NOLeHT Kadenapu iHbopma-
LiiHMX TE€XHOJIOTiN Ta KOMIT I0T€pHOI iH)KeHepil HalliOHAJIbHOTO TEXHIYHOTO YHiBep-
cuteTy «JIHITIpOBChKa IoJiTexHika» (M. JIHIIpO).

I'narymeHko Bomogumup BosmogummupoBuyu - 11.T.H., mpodecop, 3aBigyBau Kade-
Ipu iHbopMalliiiHMX TeXHOJIOTi} Ta KOMIT'I0OTEPHOI iH)XKeHepii HalliOHAJTbHOTO TeXHi-
YHOTO yHiBepcuTeTy «JIHirpoBchbka noiitexHika» (M. JHIIpo).

IllegymoBchka SIHa IropiBHA - K.T.H., JoLleHT Kadenpyu iHhopMalliifHUX TEeXHOJIOTi
Ta KOMII'FOTePHOI iH)KeHepil HallioHaJbHOTO TEXHIYHOIO yHiBepcuTeTy «JIHITTPOBCh-
Ka IoJiiTexHika» (M. JIHIIpo).

T'opeB BsiuecsiaB MukosarioBuy - 3aBigyBau kadenpy ¢Qisukyu Hal[iOHATbHOTO TeX-

HIYHOTO YHiBepcuTeTy «JIHIIpOBChbKa IMoJIiTexHika» (M. [IHIIpo).

Shedlovsky Igor - candidate of technical sciences, associate professor of depart-
ment of information technologies and computer engineering, Dnipro University of
Technology, Dnipro, Ukraine.

Hnatushenko Volodymyr - doctor of technical science, professor, head of depart-
ment of information technologies and computer engineering, Dnipro University of
Technology, Dnipro, Ukraine.

Shedlovska Yana - candidate of technical sciences, associate professor of depart-
ment of information technologies and computer engineering, Dnipro University of
Technology, Dnipro, Ukraine.

Gorev Vyacheslav - candidate of technical sciences, head of department of Physics,
Dnipro University of Technology, Dnipro, Ukraine.

132 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 5 (148) 2023 «System technologies»
DOI 10.34185/1562-9945-5-148-2023-12
UDC 004.42

V.A. Antonyuk, M.G. Sydorova
THE CONCEPT OF ASSOCIATIVE GRAPHICAL INTERFACE IN THE
WORKFLOW AUTOMATION SYSTEM

Abstract. The article is devoted to the topical problem of developing an associative graphical in
terface for workflow automation systems. Based on the analysis of modern technologies and re
search methods, the authors set a goal to develop a new interface concept that provides optimal
efficiency and ease of use. The result is the creation of Draw & GO, a new tool for automating
workflows. As part of the study, a plug in architecture was used, which makes it easy to integrate
new functions and optimize the operation of the automation system. Key findings highlight the
potential of the associative GUI in improving productivity and streamlining workflows.

Keywords: Draw & GO, automation, macros, performance, optimization, plugin architecture.

Statement of the problem. Information technology and computerized devices
have become an integral part of the daily life of mankind and the organization of
business processes. To save time and minimize monotonous work, an urgent task is
to automate often repeated, identical, or similar actions. Automation software can
help reduce human error, improve the efficiency of operations, increase speed, and
free up time for more important tasks.

Currently, almost all users of computerized devices conduct a dialogue with the
operating system using a graphical interface. The graphical interface has made file
and device management easier by increasing the number of users and the number of
applications for personal computers.

However, in our fast-paced present, the GUI is becoming more and more cum-
bersome and difficult to understand - it has many nested menu items and hidden
settings. Therefore, a relevant area of research is the search for new ways of human-
machine interaction.

Since modern devices are capable of perceiving a stylus, touch, and mouse
movements, it becomes relevant to derive useful value from more than just clicks.
One such method is the use of gesture or shape recognition, namely: the user draws
a continuous shape, and the computer determines what has been done by matching
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it with a predefined library of shapes. After the computer defines the form, any ac-
tion can be specified for it.

Analysis of the latest research and publications. The workflow engine software
market is highly competitive. The largest and most developed players in this market
are Microsoft Flow [1] and WorkflowCore [2]. These two products are the de facto in-
dustry standards for workflow automation. Microsoft Flow is a product that allows
users to automate workflows across multiple apps and services. While the service of-
fers a wide range of features, it can be expensive and difficult to use for many users.
As a result, there is a growing number of competitors offering similar services at a
lower cost. WorkflowCore is an open-source workflow engine written in .NET Core,
providing an easy way to implement complex workflows in any .NET application.
While WorkflowCore is gaining popularity in the industry, other options offer differ-
ent benefits: Make [3], Zapier [4], MacroMaker [5], JetBit MacroRecorder [6], etc.
These programs allow users to set macros to make it easier to call programs.

The disadvantage of existing solutions is the lack of gesture-graphic control.
Graphical control is currently used mainly only in applications and security shells.
Well-known tools are Mazelock [7] and Windows Picture Password [8]. In addition to
their advantages, these programs have a significant drawback - the limited gestures
that are tied to certain shapes, that is, the user can guess the password after a while.

Objective. The research of this work is aimed at creating cross-platform soft-
ware for automating workflows Draw & GO, which implements gesture-graphic in-
teraction to achieve a minimum interface and maximum intuitiveness in control.

Presentation of the main material of the research. Draw & GO is an innovative
cross-platform workflow system that is built on the microkernel architecture of
plugins written on .NET MAUI and Blazor technologies, implements interaction
based on graphic gesture recognition, allows users to create powerful and secure
workflows customized according to the needs and preferences of each client based
on specific conditions, actions and triggers in a secure environment of industry
standards, Assists users in automating processes and numerous tasks. The software
consists of a multi-step workflow that consists of user-defined plugins and connect-
ors for connecting systems. The app combines workflow automation, visual design,
and web-based APIs to provide a powerful and flexible solution for all users.

Draw & GO has several features that set it apart from other workflow mecha-

nisms:
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 Graphic Gesture Recognition: Draw & GO is one of the first workflow engines
to use gesture recognition as an input method, users can draw any shapes on their
screens to create workflows without typing or making mouse clicks;

« Visual Designer: Users can drag and drop plugins and connectors to define
conditions, actions, triggers, loops, forks, and more;

 Real-time synchronization: users can see their changes instantly on all devic-
es;

 Customization: Users can create their plugins or use existing ones from the
library, including connectors that connect to a range of applications, including Mi-
crosoft, Google, and Dropbox.

The idea of using graphic gestures (Fig. 1) is based on a person's tendency to
associative thinking [9]. The main role of associations in memorization is that we tie
new knowledge to information we already know. The research of the German scien-
tist G. Ebbinghaus shows that a person remembers objects and images better than
sequences of symbols. In this way, personalized graphic code provides convenient
and quick access to macros and Helps to optimize the workflow.

Draw macro gesture

[0 Enable multi lines

Figure 1 — Example of a user-drawn gesture to run a macro

To create and recognize graphic code, the DrawGo.GestureLibrary was created,
which consists of the following 3 classes:

 PointPatternAnalyzer.cs — Performs an actual comparison of the gesture with
a list of trained gestures.

» PointPatternMatchResult.cs — Represents the result of comparing a single
gesture, including the macro ID and match probabilities.

 PointPatternMath.cs — contains helper functions for performing point distri-
bution, angle calculation, and distance calculation (for point distribution, not com-
parison).

Before dividing, the gesture contains an array of unevenly spaced points and
may contain more or less of the desired precision.

Let's take a look at the graphic gesture recognition algorithm, which is imple-
mented in the PointPatternAnalyzer.GetPointPatternMatchResult (Macro

compareTo, Point[] points method:
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Let's break the graphic gesture into segments and find the desired length
of each of them:

n-1 ;. T o 7
Yz Vi1 x ) HYie1 Vi) (

L w ; ’
N 1 )

where n is the actual number of points, and N is the desired number of points.
N has been chosen to be 100, but the more points we distribute for the ges-
ture, the more accurate the comparison should be. However, the more points
we check for each gesture, the slower the overall comparison will be. The dis-
tribution of a gesture implies the ability to significantly increase or decrease
the number of points in a gesture to a certain fixed value. So, for example, a
simple gesture like a straight line can be only 2 points, but a more complex
gesture like M will take a minimum of 5 points. Most gestures will have many
more points because they are made with a mouse or finger.
Let's set the initial values: the current length of the segment, the aux-
iliary point equals the first input point, which is also the first point
we are looking for.L, = 0
Let's set the boundaries of the indices 1 =i < nand1 <j =N
Let's set the current point as Pi
Let's find the increment of the current length of the segment as the

distance between the auxiliary point and the current one:

increment = \.f'f(xiﬂ —X;)? + (Vis1 — V1)? 2;

Let's find the test length of the segment:
| =L, + increment (
3)

If1 < L,, then L, =1, replace the auxiliary point with the current one,
and go to step 4.
Let's calculate the proportionality factor to find a new point:

L, — L. (
koef= ——

increment 4)
Let's find the coordinates of the desired point (Fig. 2)
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X; = (1 — koef;) * x;_; + koef; * x;

Y, = (1 — koef;) *y;_; + koef; x y;

Figure 2 — Search for an interpolated point

If j <~ N, set the auxiliary point to the desired one, L. = 0, reduce the
index "i" by 1 and return to step 4.
The distribution is complete.
Once distributed, the movement shapes are preserved, and all points are
evenly distributed and contain the desired number of points to compare.
When the distribution is complete, we convert the array of points into
an array of angles. We do this because we are comparing the angu-
lar difference between the two gestures. We get an array of angles

for each gesture.
(
7

Now that we have angles for each gesture, we can iterate over each cor-

angle; = tan " (Yi+; — Y. %41 — Xj)

ner in the gesture and calculate the angular difference between the two cor-
ners. Let's place them in the created array.

angleDifferences; = ‘anglejﬂ - anglej‘ 8;

If angleDifferences; > m

angleDifferences; = m — (angleDifferencesj - TE) 9(
)

Use an array to calculate the mean angular difference between the two
gestures, and convert it to a match accuracy (from 0% to 100%).
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> angleDifferences; 100 (
n s 10)

That's all it takes to accurately recognize the difference between the two ges-

probability = 100 —

tures. Once we have our probability, let's put everything in a
PointPatternMatchResult, which contains the gesture and probability ID.

The above is a comparison of an array of points with a single pattern for a list of
saved gestures. The next step is a calculation of the probability for each gesture in
the sample set, which will help to evaluate them for the best match based on the
highest probability.

Draw & GO is designed to be powerful and intuitive, providing a drag-and-
drop-based graphical user interface for developing complex workflow systems (Fig-

ure 3).

Daily bing activity

s §

Figure 3 — Macro Configurator

Developers can create and customize flowcharts using drag-and-drop compo-
nents, and the platform allows them to create customized applications that meet
their specific business needs.

The software product "Draw & GO" consists of two modules, one of which is
used to create and organize macros, and associate them with graphic code, and the
second is used to open any exported macro and conduct online consultations. The
created program allows users to increase the speed of working with a computer, re-
producing several identical actions to facilitate the user's work and to protect private
data. The "Give-a-Hand" subroutine allows users to organize online consultations,
control another computer, and share files remotely.

Conclusions. Draw & GO is an innovative cross-platform workflow engine
with microkernel plugin architecture and graphic gesture recognition. The mi-
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crokernel architecture provides scalability, and plugin support allows users to cus-
tomize the platform to suit their needs. With an easy-to-use visual workflow design-
er, users can quickly create and override complex workflows for many purposes. Re-
gardless of what needs to be automated, whether user processes are simple or com-
pany workflows are complex, Draw & GO can help everyone achieve their goals. Due
to the flexibility of its plugin architecture, it can be integrated with any existing
third-party services such as Slack, Google Calendar, Dropbox, and many more. Draw
& GO is designed to run on all major operating systems, including Windows, MacOS,
iOS, Android, and Tizen. It works effectively on desktop and mobile devices, as well
as web browsers, providing an intuitive user experience.

Users can get acquainted with the functionality of the Draw & GO software
product and find out about available licenses on the official page
https://drawgo.azurewebsites.net [10].
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Konuenuina acouiamueHnozo e2pagiunozo inmepdgeiicy
y cucmemi agmomamu3sauii po6ouux npouecis

Cmamms axkyeHmye ygsazy HA 8axciusiii npobiemamuyi CmeopeHHsl iHmyimueHo
3p0O3yMINnuUX ma epekmusHUX iHCmMpymeHmie 0ns onmumizayii ma asmomamusayii po-
oouux npoyedyp. Y KoHmekcmi weudkozo po38UmKy Cy4acHux mexHoJlo2ili asmopu
cmammi 8U3HaYUIU K C80H0 Memy po3pobKy iHHosauiliHozo iHmepdelicy, sakuli 6u 3a-
Oe3neuysas 8UCOKY NPOOYKMUBHICMb 3 MIHIMANbHUMU 3YCUNISIMU 3 OOKY KOopucmysauis.

Asmopu cmammi demaibHO NPONPAU8aIU KOHYEnuio acouiamusHozo 2pagiuo-
20 iHmepdelicy, po3enaHy8wWU 2MUOUHY ACOYIAMUBHO20 MUCTEHHS K (PyHOameHmMansHo-
20 acnekmy n00CbKoi KozHiuii. Lle 0o380a1un0 asmopam chopmyniosamu KOHUENyir
acoyiamueHozo epagiuHozo iHmepdeticy, ka sesa 8 0CHO8Y po3poOKuU iHCmMpymeHmy
“Draw & GO”.

“Draw & GO” aea5€ co6010 HOBAMOPCLKE PillleHHs, AKe 00360JI51€ KOPUCMY8aUaM
WeudKo ma 3py4Ho cmeoprosamu asmomamu3sayii 0711 N08MOpPHBAHUX PoOOUUX nNpoye-
cie. Buxopucmosywuu memod drag-and-drop, xopucmysaui Moxcyms nepemszysamu
MAkpocu ma cmeopweamu cueHapii asmomamu3ayii 6e3 HeoOXioHOCMi HANUCAHHS
CK1a0H020 K0Jy a60 pO3yMIHHS NPUHYUNIE NPO2PAMYBAHHSL.

OdHiero 3 knouosux xapakmepucmux “Draw & GO” € 11020 naaziH-opieHmMosaHa
apximekmypa. Apximekmypa niazimie Hadde 8enuUKy zHYUKicme cucmemi, 003605104l
Jiezko dodasamu HO8i (PYHKYIOHANbHI MOXIUBOCMI MA 800CKOHAIIOIOUU 8Xce ICHYIOUi 6e3
nepewkod 015 3azanvHoi epekmusHocmi cucmemu. Takuii nidxio makox 3abe3neuye
3HUMEHHS uacy, HeobxioH020 0711 8NPo8adxceHHs HO8088edeHb ma onmumisayii poboUux
npoyecie 3a805Ku WeUOKoMY po320pmaHHio Ho8uxX (yHkuiti. Draw & GO" ehekmusHo
Npayioe Ha HacCMinbHUX Ma MoOLILHUX NPUCMPOSX, A MAKOX Y 8e0-0pay3epax, Hadaruu
IHMyimugHo 3po3yminuti KopucmysaywvKuti docsio.

Kopucmysaui moxcyme o3Hatiomumucs 3 GyHKYIOHANbHICMI0 NPO2PAMHO20 NPOOy-
kmy "Draw & GO" Ha ogiuitiHiti cmopiHyi https://drawgo.azurewebsites.net. BucHoeku
docnioxwernns nodarome "Draw & GO" sk 3pa3kosuti npukiad cuHepzii acouiamugHozo
2pagiuHozo iHmepdelicy ma naaziH-opieHMOBAHOI apximekmypu, wio 8 pe3yavmami
NponoHye macuimabosaxe, 2HyuKe ma KOpUcmyeau-opieHmosaHe piuleHHs 01 agmo-
mamusayii pobouux npoyecie y piaHoMaHimHux cekmopax 0i3Hecy..

Knwuosi cnosa: Draw & GO, aemomamu3auis, Makpocu, npooykmueHicms, on-
mumisayisi, naaziH-apximekmypa

AHTOHIOK BnaguciaB AHApiioBMY - acripaHT [JHIMPOBCHKOTO HAI[iOHAJIbHOTO
yHiBepcuteTy imeHi Osnecs 'oHuapa.

CupopoBa Mapuna I'eHHaziiBHa - Jo1leHT [JJHITPOBCHKOTrO HalliOHAJBHOTO YHiBep-
cutety iMeHi Onecs 'oHuapa.
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B.B. Ckano3y6, B.M. I'opsiukiH, I.A. Tepnenpkuii, LIT. JIygHMUK
@®OPMYBAHHS MOJEJIEN KJTACU®IKAIIII HEBUSHAYEHUX JAHUX
MPOLIEAYPAMMU PEJVKIIII I KAIIIIA CTATUCTUKU

AHomauyis. Cmamms npucssyeHa po3sumKky mamemamuy4Hux modenel Kaacugikayii HesusHaye
HUx 0aHux, npedcmasieHux HeYyImKuUMu BeauyuHamu ma Koegiyiechmamu ynesHeHocmi CF(A).
lpouedypu copmysarHa wabioHiB 01a2HOCMYBAHHSA BUKOPUCMOBYIOMb MOOUMIKOBAHT Mepexi
Xemminea (MXH), a makox memodu pedykyii ma cmamucmuku kanna Koexa. llpu ybomy 8u3Ha
4aomeCa 2paHuyHi po3MipHocmi ma ckaad napamempis Modeni Kaacugikauii, ki 3abe3neyy
fomb BCMAHOBAEHT LIMOBIPHICHT BUMO2U 00CMOBIPHOCMI pe3yibmamis po3paxyHkis. [Ipedcmas
JleHa npoyedypa pedykuyii npocmopy moodeni 01a2HOCMYBAHHA HeBU3Ha4YeHux daHux. Y cmammi
HageoeHo nNOCMAHOBKU, MamemamuyHi MoOeni ma peanizayii 3as80aHb Kaacugikayii 3a
HedemepmiHoBaHumu OaHumu. [lpuknadom modeni Kaacugikayii 3a HeYyimkumu OaHuUMU
ABNAEMbCA 30BOAHHA 13 BCMAHOBJEGHHA ABMOPIB YKPATHOMOBHUX mMeKcmis. 3aBOAHHSA
Knacugikayii npu daHux y gopmami CF(A) sionosioae 8io6opy kaHoudama. Pesynemamu qu
C/108020 MOOe/I0BAHHA 003B0/IUAU BCMAHOBUMU pe3y/ibmamusHicme, 00CMOBIpHICMb mMa
epekmusHicmb 3anponoHoBaHux npoyedyp opmysaHHs 0ocmosipHUx modenel Kaacugikayii
npu HesU3HAYeHUx OaHUX.

Knto4osi cnosa: knacughikayis, 00cmosipHi Mooesi, po3MIpHICMb NPOCMOpY, He4imKI BeAUYUHU,
KoegpiyieHmu CF(A), moougikosaHa mepexa XemmiHea, npoyedypa pedyKuyii, cmamucmuka Kan
na KoeHa, yKpaiHoMOBHT meKCmu, BU3HAYEHHS aBmopa, Komn'tomepHe MOOeI0BAHHS.

BcTyn Ta mocraHOBKa mpoo6siemMn. 3aBAaHHS Ta Mporeaypu kiaacudikaii ta
IiaTHOCTYBaHHS 3a YMOB HEIOBHOI BM3HAUEHOCTI BUXIOTHMX HOaHuX (30ypeHi,
HEeIIOBHI iH.) SIBJISIIOTHCS JOCUTD MOLIMPEHUMM Ha MpakTuli [1, 2, 4, 6]. 3a ix pe3yib-
TaTaM (QOpPMYIOTbCSA MoAesi ONTUMAJIbHOTO KepyBaHHS Pi3HOMAaHITHUMMU
TEeXHOJIOTIUHMMM TIpollecamu, BUOOPY pallioHaJIbHMUX 3aXO[iB/BMKOHABIIIB TOIIO [1,
6, 9]. BigzHauaeTbcs omHA 3 TOJIOBHUX MTpo6JeM 3aBAaHb Kiacudikaliii, sika rossrae
Yy BCTAQHOBJIEHHiI BJIACTMBOCTE} IOCTOBIpPHOCTiI Ta MOBHOTU Mojeneii (popmartiu,
CTPYKTYypa Ta KiJbKiCTb 3pa3KiB TOIIO, sIKi 320e31euyi0Th JOCTOBipHMIT pe3yIbTaTH).
OmHuM i3 aKkTyaJbHMX HOBMX acCMeKTiB Mofesjeit AiarHOCTYBaHHSI SIBJISIEThCS
Y3TO[PKEHICTh MMOBIPHICHMX BMMOT [0 [OCTOBipHOCTI pe3y/ibTaTiB, PO3MipHOCTI

rapaMeTpiB IIa0JIOHIB, & TAKOX KiJIBKOCTi JaHMX (KJIAciB) 3a SIKUMU BUKOHYETHCS

© Ckanosy6 B.B., T'opstukin B.M., Tepnenskuii I.A., Jygauk LIT., 2023
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JiarHoCTyBaHHs. [IJisi MigBMILEHHSI OOCTOBIpPHOCTI pe3yybTaTiB Ta eheKTMBHOCTI
kiacudikaiii Ha ocHOBi MomaudikoBanux Mepexk Xemminra (MXH) akTyajJbHUMMU
SIBJISIIOTBCSI AOC/TIAKEHHSI MOSKJIMBOCTEN i 3aCTOCYBaHHS BMMOT CTaTUCTMKM Karlra
Koena Ta wmetomy penykuii posmipHocTi [1, 3]. BaxinBe 3HaueHHS MalOTb
IIOCTAaHOBKM 3aBAaHb KepyBaHHS cepBicHuMM cuctemamyu (C&C) 3 HeNMOBHMMM Ta
HETOYHO BM3HAYEHMMM [AaHMMM i HAHMMM B TIPUPOIHLOMOBHIN ¢opMi, SKi
IIO3BOJISIIOTh MIPEeJICTaBUTY PillleHHSI Ha OCHOBI Mopeielt Kinacudikailii.

AHaJti3 ocTaHHIX JOCTIIKEeHbD i MyOmikarii. Y cydacHUX CKIagHUX CUCTeMaX
JlesiKi IapaMeTpy CTaHiB ab0 KOHTPOJbOBAHI XapaKTEPUCTUKM IPOIIECIiB MOXYTh
MaTu 3HAuyHYy CTYIiHb HeBM3HaueHOCTi [1, 5, 6, 9]. CTBOpeHHs iHTeNIeKTyaTbHUX
nporenyp tTa inbopmariiiHoi TexHosorii (IIT) mas onTumisaliii MOTOKIB 3aMOBJIEHb
y C&C 3amnporioHoBaHo y [1]. B Hiii BU6ip kKepyBaHb BUKOHYETBCS IIJIIXOM peaJti3allii
3aBJIaHb JiarHOCTYBaHHS 3 ypaXyBaHHSIM YMOB HeBM3HA4eHOCTi Ha ocHOBi MXH.

3aBIaHHS PO3BUTKY MOJe/ieii Ta iHTeNeKTyaJbHUX OaraTornapamMeTpUUYHUX
TpolieAyp AiarHOCTYBaHHS 32 HEMIOBHUMM i 30ypeHMMM OaHUMM SIBJISIIOTHCSI HaTe-
nep akTyaabHuMM [1, 2, 6]. Y cTaTTi [6] 6y/10 3amponoHOBaHO Miaxif no dopMyBaHHS
mab6yioHiB mMopeneit kiaacudikaiii Ha ocHoBi MXH [1]. TIpu TOoMy BiA3HaueHO
HeoOXiIHiCTh 3aCTOCYBaHHS MeTOAYy penykilii [3] Ta ctaTucTuky kanna Koena [4]. Li
MeToAM pa3oM 3abe3mneuyiTbh OTPUMAaHHSI pe3y/abTaTiB i3 BCTAaHOBJIEHUMU
rapaHTisIMM IIOJO0 TOCTOBipHOCTI pe3ynbTatTiB. [Ipy Tomy B mabmoHax MHX Bukopu-
CTOBYIOTbCS IaHi BUAY KoedillieHTiB yneBHeHOCTi, CF(A) [5].

YnockoHaneHi mogeni MHX mMaroTh CYyTTEBY BiAMIHHICTh Bill KJIaCMIHUX MOJe-
JIeit acoliaTMBHOI mam’sITi XeMMiHra B 3aBHaHHSIX Kiaacudikailii 3a HeIOBHUMM Ta
30ypenumu gaHumu. B MHX BMKOPUCTOBYIOTHCSI B SIKOCTi MOfeseil JaHUX HeuiTKi
MHOXMHM (UX: X = [0; 1]), a Takok KoediiieHT BrieBHeHOCTi CF(A) i3 3HaUeHHSAMMU
B MHOXMHI [- 1; + 1]. [Ipy Tomy kmacuuHi mogesni Xemminra [10] npencTaBiasioTh
JlaHi 3a AOIOMOrO OMCKpeTHOI MHOXuHM {- 1; + 1}. V [1, 6] ymockoHa/sieHO
MaTeMaTU4Hi MojiesTi Ta rpoieaypu kinacudikaiii MXH 3 ypaxyBaHHSIM MOKa3HMKIB,
SIKi Bilo6paskaloTh HETOUHICTh @00 MPUPOTHOMOBHY CTPYKTYpPY MEPBUHHUX TaHUX.
Takosk mpeacTaBAeHO IIpOrpaMHi 3acobu i pesyabTaTy eKCIIepUMMEHTATbHUX
IOCTimKeHb. 3a HUMM BCTaHOBJIEHA HAAMipHiCTh ITapaMeTpiB-03HAaK 11a0JI0HIB, SIKi
BUKOPUCTOBYBAINUCh [IJISI 3aBAaHb BMU3HAUEHHS aBTOPCTBA YKPaiHOMOBHMX
TEKCTiB [7].

11 OLIiIHKM I'paHMUYHOI PO3MIipHOCTiI MapameTpiB Mopesi kaacudikaiii «ng»,
MIPOCTOPY SIKMI CUHTE3YEThCSI, BUKOPUCTOBYIOTbCSI pe3yabTaTu TeopemMu BamHuka-

YepBOHeHKica i mpouenypu MeTony rpaHnuuHmux cripoiteHdsb (MCIT) [3]. Bennunua
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no = (¢ *L+In(h))/In(m) (1)
BM3HAUYA€ PO3MIPHICTb IMPOCTOPY, MEPEBMUILEHHS SKOI MPU3BOAUTH OO BTpaTU

rapaHTii JOCSTHEHHSI 3aJaHMX TapaMeTpiB mocToBipHocTi «g, h»; (1 — h) oiinka
MMOBIpHOCTi yMOBM 0€3IIOMMJIKOBOTO PpO3MAiJeHHSI BUMAAKOBOI i He3anexHOi
BUOIpKM JOBKMHM «L» IpU 3a[aHiil rpaHNYHil BeJIMUYMHI ITOMMIKOBOI Kaacudikaii
«EM,

B 1iii cTaTTi po3pobieHa HOBa Ipoleaypa, sika 3abesmneuye GopMyBaHHS MTPO-
cropy (1) o6GararomapameTrpuyHoi Kiaacu@ikaiii 3 yKa3aHMMM BMMOraM
IIOCTOBipHOCT!I.

MeTa mOCTiIKeHHS — ITiABUIIEeHHSI JOCTOBIPpHOCTI Mofesiei kinacudikailii mpu
HeBM3HAUEHUX JaHUX, MpeACcTaBIeHUX HeUiTKMMM BeauuuMHaMy Ta KoedilieHTamu
yrieBHeHOCTi CF(A), LIIIXOM 3aCTOCYBaHHS INPOLEAYyp peAyKIiii i CTaTUCTUKM Kallmna
Koena. OTrpuMmaTy IIOCTAaHOBKM, MOJeJNi Ta peasmizalii 3aBmaHb Kiaacudikailii 3a
HEUITKMMM OAaHMMM, SKi 3a0e3MeuyiTh BCTAHOBJIEHHSI aBTOPIiB YKpPaiHOMOBHMX
TEeKCTiB, peajiisyBaTu 3aBIaHHS BMOOpY KaHauaaTa 3a ganumu y popmarti CF(A).

Pe3yabTaTit Ta OCHOBHMII MaTepiaa JoCaimKeHHs. [0JIOBHUMM 3aBIaHHS, 1110
BuUpillleHe Yy poboti, O6yyso (dopMyBaHHSI OOCTOBIpHMX MaTeMaTUUHUX MOeJei
Kiacudikailii Ta mpoleaypu aHamidy MpM HeBU3HAUEHUX AAHUX IeBHUX TUIIIB Ha
OoCHOBi MeTomiB penykiiii Ta Kamma ctatuctuku (IIKP). ITIKP cknamaeTbcs i3 TaKUx
eTamniB:

1) BMKOHATM OI[iIHKY ITOKa3HMKA «Kallla» CTYIMeHI0 MOAiOHOCTi pe3y/abTaTiB
Kiacudikaiii Ha OCHOBI Mopeseii IIAOJOHIB 3 pi3HMM uMCJIOM abo CKIagoM
rapaMeTpiB,

2) npu 3abe3reveHHi «MOAIOHOCTI» pe3yabTaTiB Kiacudikallii [as pisHUX MO-
Ieeii-11abI0HiB BUKOHATY CKOPOUEHHSI MOJIeJIi, 3aJUIINTY OJHMH i3 I1a6I0HIB,

3) BU3HAUUTH i BUTAJIUTY HaVMeHIIIe 3HauMMi abo Haiibisblie «IMOmiOHi» Mix
cobo1o rapaMeTpu Mojesti kinacudikaliii, BpaxoByoun 3HaUeHHST «n0».

V3aragbHeHMiI BapiaHT LMKIY CKOPOYEHHS PO3MipHOCTI «IIIabjoHiB» Momesti
TIpU BXiTHOMY «eTaJIoH»/»BuMoru». Hexait N(t) > no uMcso rnmapameTpiB 1maba0Hy Ha
erai (t) po3mipHocTi N(t =0) = «m». YTBOPIOETHCS MHOKMHA KOHKYPYIOUMX MOiesen
111a6JI0HIB MeHII0i po3MipHoCTi. [Ij1s1 11bOTO 3 HA60OPYy 3MiHHMX 1a60HIB N(t) i «eTa-
JIOHY» BUMOT BUJTyYa€TbCS, HAIPUKIIA, mapaMeTp X;; HOBi BEKTOPU IJISI LIUX CITPO-
meHUX MozeJeii maboHiB mosHaunMo (X/X;)). Taki criporeHi Momeni GopMylOThCS
I711 KOXKHOI 3MiHHOI i3 uMcaa N(t), a 3a HUMM BUKOHYETBCS Kiaacuikallisi Ha OCHOBI
MHX.
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[TepeBipuTH <«IIOHiOHICTB» OLIHOK 3a Kalllla CTaTUCTUKOIO pe3yJbTaTiB
kinacudikaiii mss ycix nap smiHHuX ma6soHiB {(X/X;)}. Iis pisHuX Ha60PiB 3MiHHUX
(X/X;) mab/oHiB 3a Karlmna-oliHKaMM AJIsI KOSKHOTO IIa6JIOHY MPU3HAYAIOThCS 3Ha-
yeHHS «+» abo «-» B 3aJIEXKHOCTI Bim pe3ynbTaTiB kiacudikaiii. Ha ocHOBi
MOPiBHSUIBHOI'O aHAaJIi3y IJIs1 BCiX 3MiHHMX YTBOPIOIOTh TaOIMIIO PO30isKHOCTEN, 3a

SIKOI0 PO3PaxOBYIOTb CTaTUCTUYHI OLiHKM «Karmna KoeHa» [4]:

K= (PO - Pe) / (]- - PE)7 (2)

B (4) Py — /iMOBipHiCHa OIliHKa 10 MOKa3y€ HACKIJIbKM CIIOCTEpeXyBaHa y3ro-
IKEeHICTh Kpallla 3a BUMagKOBY, a P. — pe3yabTaTr nigpaxyHKy MakKCMMaabHO MOSKIN-
BOi y3TOMKEHOCTi 32 BMHSITKOM BUITIaIKOBOI Y3TO/I)KEHOCTi KOHKYPYIOUMX I1a6I0HIB
[4].

Ins BMbopy mapameTtpa cripoiieHHss mogesi N(t) BM3HAYa€eThCs Mmapa HabopiB
3sMiHHMX Bumy (X/X;) i3 Hait6inpmmm 3HaueHHSIM «K» (2) Ta ekcliepTHa OIliHKa
«I0Ji6HOCTI» CcKOpoueHUX HabopiB (X/Xj). SIKO BenuMuMHa OLIHKM mapu (2)
BiATioBimae BMMoOram, TO MeBHa 3MiHHa (iX MHOXMHA) MOXe OyTM BuIajeHa 3
«IIAa0JIOHIB» Ta «eTaJioHy». Ilicas BupaseHHS TaKuX I1apaMeTpiB 3 MoJeti
Kiacudikailii yBech LIMKJI pPO3paxyHKiB ITOBTOPIOETHCSI 1O BUKOHAHHSI YMOBU
(«m»<= ny).

3 MeTOw yOOoCKOHajleHHS mMepexi XemMmiHra (MX) rpu BCTaHOBJIEHHS OIIiHOK
BEJIMUMH BiJICTaHI MiXX HeuiTKuMM esieMeHTamMu (UX) 3paskiB (Wik) i BXiZHMM BEKTO-

poMm X = {xi: i=0...n-1} yBefeHe HeuiTKe BiJHOIIEHHS HACTYITHOTO BUIY

R(W, X) = {uR(wi, xi)/{wi, xi}=(1 — abs(wi-xi))/{wi, xi}, i=0, 1, ..., n-1. (3)

SIK10 3HaUeHHS CTYIEHIB NMPUHAIEXKHOCTI BenMuMH {wi, X;} OOHAKOBi, TOMi
3HaueHHS PR(wi, xi) =1. Konu omHa 3 BenmumH {wi, X;} gopiBHioe 0, a iHma 1, Toxi
3HaueHHs PR(wj, X;) = 0, iHakue pR(wi, xi) - [0; 1]. BigHowmeHHs (3) € OGHOI0 i3 MOX-
nuBocTeit peanizaiii MXH nyst dopMyBaHHSI HEUITKMX Mojesielt knacudikaiiii, a Ta-

KOX Mogesieil mpencTaBiaeHux KoedinieHtamu ynesHeHocTi CF(A) [5].
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Tabmuig 1
PesynbTatyt LMKy IpoLienypy penyKiii
nipu dopmyBaHHiI Mogeni Knacudikairii
Ki L; X XAX} | XAXq} | XAXs) | XA4Xe) | XAXs) | XA Xe)

L + +

K Li2 + + +

K,

Los + +

L31 + +
Ks

Lay + +
Lu

L + + +

K4 Las

Las + + +

Lss +

Ks Ls» +

Ke

K7 Lz, +

Ks

i TOsICHeHHS MpolLedypu peaykiiii TMpuBeaeMO YMOBHUI NpUKIAL,
peastisallii HaBeIeHUX BUILle 3aBJaHb HAa OCHOBi TaOi. 1 pesynbTariB Kaacudikamii

IJ1s 1a6JI0HiB 3 mapaMmeTpiB (Xi, Xz, ..., X¢). B Tabs1. 1 mo3naueHo : K; — kimacu/3pas3ku
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MOJIeJIi, sIKi MOKyTb MiCTUTM KiJibKa eK3eMILIsIpiB Li; X — Habip mapaMmeTpiB Momei
kinacudikallii Ha MOTOYHOMY eTami mpoiiecy penykiii; X/{X;} — ckopoueHi Habopu
Mojeeit knacudikallii Ta BXiZHMX BEKTOPiB Ha IOTOYHOMY eTalli 6e3 MHOXUHU
napameTpiB {X;}, ki BUIa/eHi 3 MoJesneii; 3HaKu «+» — BU3HaAUeHHSI MOAU(iIiKOBaHUX
11a6I0HIB MepeMOXKII[iB (K/JaciB) Mpy 3acTtocyBaHHi Momeni MXH. V croBnii X mo-
3HAYaIOThCS 11a00HM, SIKi Oy/IM BM3HAUeHi Ha ocHOBi X HabopiB mapamerpiB. Came
cepen, CKOpoueHuX mogesei mabsaoHiB X/{X;} Bu3HauaeThcst Habip mapamerpiB {Xj},
SIKi HeOOXiTHO BUAAIMUTY HA HACTYITHOMY eTarli IIpolleIypy PeayKIlii.

Tabmauig 2

Po3paxyHKM ITOKa3HMKIB KaIlla CTaTMCTUKM 32 TAOJUIIMM pO30iKHOCTEI

PospaxyHok 3a kinacamu ( KM;, Cz) Po3paxyHok 3a knacamu (KM, C)

RiXXs) 0,143 Tax | =i KX/ 0.143 Tak | Hi
Tak | 4 1 TaK 4 2
Hi 2 1 Hi 1 1
RiX/Xa) -0.067 Tax =i KX/ -0,333 Taxk Hi
TaKk 3 2 TaK 4 2
Hi 2 1 Hi 2 0
BiXuXy 0467 Tax =i RixX/Xy) 0,333 Taxk Hi
TAK 4 1 TAK 5 1
Hi 1 2 Hi 1 1
(X1 Xs) 0.25 Tak Hi (X1 Xs) 0.143 Tak =i
TaKk 3 2 TaK 4 1
Hi 1 2 Hi 2 1
XXy 0467 Tax =i KiXa/Xy) 0.333 Taxk Hi
Taxk 4 1 TaK 5 1
Hi 1 2 Hi 1 1
R Xe) 0.750 Tak Hi K335 0.714 Tak =i
TAK 4 1 TAK 5 1
Hi 0 3 Hi ] 2
Ki(X4/Xs) 0.250 Tak Hi KXy Xs) 0.143 Tak =i
Tak 0 5 TaK 4 2
Hi 3 ] Hi 1 1
146
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MHokMHM {X;} MOKXYTb MiCTUTHU He OJIHY, a JII00Y KiJbKiCTb 3MiHHUX, BCTAHOB-
JeHy y 3aBaaHHi. [IpuitHsite B Ta6:. 1 uncio mapameTpiB Mofesti kiacuikaliii n=6 —
YyMOBHE, a TIpaHMYHEe 3HaueHHS No = 4. [aHi Tabn. 1 ¢ikcyoTs pesynbTaTu
Kinacudikamin 3a mepeskero MXH, sKi oTpuMaHi IIpy OJHAKOBUX BUXiTHMUX ITOCTa-
HOBKAaX 3aBJIaHb IJIs BCiX KOHKYPYIOUMX BapiaHTiB, CYTHICTb SIKMX 3apa3 He CyTT€EBa.

MHoskMHa BapiaHTiB momesneit kiacudikaiii (KM) mictuTh Bci kKoMbOiHaliii mmap
ckopoueHux wmogeneit X/{Xj}. BUKOHYIOTbCS HACTYIIHI [epegyMOBM aHamli3y
pesynbTaTiB. KM; — oliH0€ThCs Kaacudikallisi Xxoua 6 ogHuM i3 1m1a6yIoHiB Lj Kiacy
Ki, KM; — oniHi€eThCs Kinacudikailisi KOsKHMUM i3 Li. Takoxk JTOC/TiIKyIOThCS PisHi CIlo-
cobu ¢opMyBaHHS TabIUIL PO3OIKHOCTEN MJISI PO3paxyHKy IMOKAa3HMKIB Kamra (2).
BigmoBimHo mepmoro crioco6y, C;, BpaXOBYIOTbCSI BigoMi IoIepemHi pe3yabTaTy
kinacudikarii 3a Habopom X, BignosigHo crmocoby C; Taki gJaHi He BUKOPUCTOBYIOTh-
Cs1, KOHTPOJIIOIOThCSI JIMIIe OTPUMaHi pe3yabTaTty (1absonm/knacu) 3a MXH. Pe3yiib-
TaTu (popmMyBaHHS TabGIMIL PO30Oi’KHOCTEN i po3paxyHKiB ITOKa3HMKIB Kamra (2) 3a
maHuMyu Tabn. 1 mas mopeni knacudikaiii KM;, Koiu B SKOCTi KOHKYPYIOUMX
BapiaHTIB po3I/siganucs Bci KoMmbiHalii map ckopoueHux mopenei X/{X;}, nokasani
TabJI. 2.

V Tabs. 2 npuBeneHa YacTMHA pPe3y/abTaTiB PO3PaXyHKIiB OILIIHOK «Kara», siKa
II03BOJISIE BM3HAUMUTY TIepIlly 3MiHHY JJIsS1 CKOpOUeHHSI Mojesi kiacudikarii — X,
K(X3/X6) = 0,75 (3HaUHMI1 piBeHb Y3roKeHOCTi). JIIs1 iHIMX He TIpUBeIeHuX Y TabJl.
2 Tap OILiHKM BeJIMUYMH «KaIlla» OyaM HeCyTTEBMMM, IOMAiOHICTh BiICYTHSI, SIK OJISI
K(X1/X5)=-0,067. MoskHa cKa3aTu, 110 «BIIMUB» (hakTopy Xe Ha MoAesb Kiacudikailii
ypaxoBYIOTb Ta OMOCEpeaKOBaHO TMpeAcTaBisiioTh dakropu Xi, Xz i Xa.
Bim3HauaeTbcs, IO OIIHKM IIOMIOHOCTI 3a Kallma CTaTUCTUKOIO [JIS TaOJMIlh
po36ixkHOCTel 6e3 ypaxyBaHHS Kiaacudikarii 3a HabopoMm X, (croci6 C;) mepeBuIIy-
I0Th Ul JIOPiBHIOIOTb pe3yJibTaTy 3a criocobom C;. YV Tabs. 3 npuBeeHO OCHOBHI pe-
3yJAbTAaTU PO3PAXyHKIB OI[IHOK TMOKAa3HMKIB «Kamma» MAjisi CKOPOYEHOTO CKIamy
napaMeTpiB knacudikarii, (Xi, Xz, ..., Xs), IpeJCTaB/IeHi 32 CXeMOI0 TabJI. 2.

HaiiBuiie 3HaueHHs «karma» KoenHa K(Xi/Xs) = 0,53 (momipHuit piBeHb
Y3TOIKEHOCTi), TOMY BUAAISIETbCS X5 (TMOAioHicTh M0 Xi, X4, Xs). BimsHauaeTncst Ta-
KOX BiIMiHHICTb pe3y/bTaTiB CTOCOBHO eTamiB Taba. 2 Ta Tabia. 3 3a crocobamu
dbopmyBaHHS Tabmib po3biskHocTel C; i Cy. A caMe — 100 BpaxXyBaHHS ITONEpe/I-
HbO Bimommux pesyabTaTu Kiaacudikaiii 3a Habopom X. YV Tabis. 3 OiIbII BUCOKI
OIIiHKM MMOKa3HMKIB Oy OTpuMaHi 3a criocobom Ci, a He y Tabs1. 2. To6TO HEOOXiJHO
posrasimatu obuaBa crmocobm C; Ta C; 1pM BUKOHAHHI CKOPOYEHHST YMC/IA
rapamMeTpiB MOJieJli, 06Mparouy pillleHHS 3a GibIIMMM 3HAYEHHSIMM «Karima». Takoxk
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HeoOXimHA IepeBipKa TOTOKHOCTI Ta MOXKJIMBOCTI KOperyBaHHSI HAa60py 1a6I0HiB
Mogeni kinacudikaiiii micas BumaneHHs napametpiB {Xj}. V pa3i yTBOpeHHS KiJTbKOX
OJIHAKOBUX I1a6/I0HIB cKopoueHoi mozeni X/{X;} y omHOMy a60 y KiabKox Kiacax K,
3aJIMIIAETHCS JIMIIe OAMH. SIKIIO TaKi MabJIOHM BUHUK/IM B OJHOMY KJjaci, 3aiuiina-
I0Th TUIbKM OAVH, @ B pa3i HaJe>XXHOCTi 3a3HaUeHMX 3pa3KiB [0 pi3HMX KiaciB K; Bu-
IaJISIIOThCS IIA0JIOHM i3 KiIacy 3 GibIIMM YMCIOM eK3eMIUIsipiB. HaBemeMo pesyiib-
TaTu npoueaypu penykuii aast KM,, Kosu oliHIOeThCs Kinacudikailist Ta6s1. 1 KOKHUM
i3 26 3pa3kiB Li.

Tabmmuig 3
EXuXzy  -0.600 Tax | =i E(XuX:z) 0,529 Tak | =i
TaK | 2 3 TaK 3 2
Hi 3 0 Hi ] 3
Ry -0412 Tax Hi KXy 0467 Tax =i
Tak 1 4 TaK 2 1
Hi 2 1 Hi 1 4
K(X=/X:) 0.143 Taxk Hi K(X4X:) -0429 Tak =i
Tak 1 2 TaK 0 3
Hi 1 4 Hi 2 3

[Tapamerp X: Tabi. 4 Mae HaBUIIMIA TMOKasHUK «kamma» K(Xi/X;)= 0,494
(momipHMii piBeHb Y3ro/;KEHOCTi) i pa3oM 3 TMM BMCOKi OIIiHKM IOMiOHOCTi mjist
K(X1/X5) = 0,299 ta K(X1/X5) =0,325 , sIKi mepeBUIIYIOTh 3HAYEHHS iHIINX. X; TIpe-
CTaBJIeHMI yepes 3a3HaUeHi 3MiHHi, TOMY X; BUIAISIETbCS 3 Mofemi. Y Tabj. 4 TaKoxXK
Oi/IbII BMCOKI OI[iHKM ITOKA3HMKIB «KaIllla» OTpMMaHi 3a crioco6om Cj.

B sikocTi Mogeni knacudikailii 3a HEUITKMMU JaHUMU PO3IJISIA€ThCS 3aBIaHHS
i3 BU3HAUeHHSI aBTOPCTBA TBOpPiB ykpaiHOMOBHUX aBTOpPiB (3AT) [1, 7]. V 3AT Ha
TiJICTaBi CYKYITHOCTi O3HAK, SIKi XapaKTepM3yITb HAO0PHM TEKCTIB i yTBOPIOIOTH KJa-
cu abo 3pasKy MOzesTi, He0OXiJHO BU3HAUNTHU KJIac, A0 SIKOTO HAJIeKUTb HOBUI TEKCT
(3aKomoBaHMIT BEKTOP 03HaK). CMcTeMa 03HAK y aBTOPiB OJJHAKOBA, a YMCJI0 HabOPiB
(TBOpiB) MoXke 6yTU pi3sHMM. TaKosK MeBHi AaHi KOIiB 03HAK MPodiaio MOXYTbh OYTU
«30ypeHMMM» ab0 HaBiTh BimCcyTHiMM. BcTaHOBIEHO, IO (POpMYBAaHHS OJHOTO OKpe-
MOTO I11a6JIOHY J151 KOXKHOTO aBTOpPY IpeJicTaB/sIe TIeBHY ITpobsieMy. ToMy KOSKHOMY
aBTOPY BiJITIOBiJla€ KiJibKa 3pa3KiB/mabI0HiB Y (GOpMi BEKTOPiB HEUITKMX BEJIMUMH.
BigmnoBinHo [7] HaTenep iCHYIOTh CUCTEMMU «BUMipIOBAHHSI» BJIAaCTUBOCTEN TEKCTIB i3

rnoHas 60 rmapameTpiB/o3HaK (po3MipHicTh Kiaacudikailii m>60). Bumoru mo mome-
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neii knacuikamii 3AT BMKOHAHHI IpM mHpeacTaBieHHi gaHux y dopmi Tabmmii

tabn. 1.
Tabnuug 4
Po3paxyHky m=6 3a 3paskamu (KM, C;) PospaxyHku m=6 3a 3pazkamu (KM, C,)
K(XyXz) 0425 Tak | =i KiXy3xz) 0454 Tak | =i
TaK | 3 2 Tak | 14 4
H |3 18 H |2 6
Ki(XuX:)  -0.035 Tax =i KiXyX:) 0299 Tax Hi
Tak 1 4 Tak 10 3
H 5 16 H 4 7
KiXuXs)  -0.169 Tax =i KiXy/Xs) 0325 Tak Hi
Tark 0 5 Tak 13 5
H 3 18 H 3 5
Ki(Xz/Xs) -0.182 Tax =i KiXz/X:s) 0308 Tax Hi
Tark 0 4] TaKk 11 i
H 3 17 H 7 6
K(X=2e)  -0.169 Taxk Hi K(X=/3g) 0278 Tax Hi
Tark 0 3 Taxk 14 4
H 5 18 H 4 4

VY [1, 7] KO>kHOMY aBTOPY YKpPaiHOMOBHOTO TEKCTY BiJIlIOBiAaB OAMH y3arajabHe-
HUIt 11a6/10H, BUOIp TBOpPiB 10 (GOpMyBaHHSI IpobseMaTUUHMIA. BXimHMIT BEKTOP
(TBip HeBigOMOro aBTOpa) KOAYETHCSI BCTAHOBJIEHMM HAOOPOM HEUITKMX BeTUUMH,
BCi 3pa3Ku TBOPiB Mopeni MalTb €auHy GOpMY BigoOpaskeHHSI BJIACTUBOCTEN
TeKCTiB. IJis IpuKIagy AOCTiIKeHHSI aBTOPCTBA YKPAaiHOMOBHUX TEKCTiB BUKOPU-
ctaHo pmaHi [1]. O3Hakamu TekcTiB ykpaiHOMoBHMX aBTOpiB (K; — I. BarpsHwuii,
K, - O. Hosxkenko, Ks — M. Xaman, Ky — M. Komtobuncskuii, Ks —- JI. YkpaiHka,
Ke¢ — II. Mupnuwmii, K; — I. ®pauko. (Ks - iHmi)) 6yau Taki: X; — MaTemMaTUUHe
OuiKyBaHHS; X; — CepelHE KBaApaTuUuHe BigxuiaeHHs; X3 — PEKypPeHTHICTb;
X4 — JmeTepMiHi3M; Xs — cepedHsI JOBXMHA iaroHaJbHMX JIiHil; X¢ — AUBEPTeHIlii;
X7 — eHTporisi; Xs — 3aBMUpPaHHS; X9 — 3aTPUMKU; Xi9 — CepefHsl KiJbKiCThb CJiB,
Xi1 — cepedHs KiIbKiCTb CKIAMiB, Xi2 — CepeiHs KiJIbKICTb JIiTep y peueHHi; X3 — ce-
penHs KiJbKiCTh CKIaAiB Ta Xi4 — JiTep y caoBax. s aBTopiB (K, ..., K7) Ha ocHOBI
IecsITU TBOPiB hopmyBasMcs mabI0HM Ha OCHOBI pO3paxyHKy 00JacTeii MOKIUBUX
JiamasoHiB Ta cepedHiX 3HaueHb. 3a TBOpiB iHmMX aBToOpiB (T. IlleBueHko,
M. CrenpMax iH.) popmyBaBcs mabaoH Ks - inmmi. Beamunam X; — X4 HOpMYyBaIUCS
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o intepBany [0; 1]. ns1 «BM3HAUeHHSI aBTOPCTBa» Ha Mepexy MXH mnomaBanucs
HOPMOBAaHi 3HaUE€HHSI XapaKTepUCTUK TBOPY HeBigoMoro aBTopa; Mepexxa MXH, gk
MPaBUJI0, BIpHO BCTAHOBJIIOBAJIA KJIaCc aBTOpa TBOPY.

Pazom 3 TuM OyJI0 BCTAHOBJIEHO, IO MJISI TEBHUX BXiTHUX TBOPIB OyIn
BM3HAUeHi CHpOIIeHi ImabjoHu i3 4-X mnapameTpiB, $Ki 3a pe3yabTaTaMu
kinacudikalii BiamoBiganu cyKymHOCTi mapamMeTpiB-o3Hak X; — X TOX MokasaHa
HeoOXimHicTh opMyBaHHS 11a6/IOHIB Moneneii 3AT 3 ypaxyBaHHSIM BMMOI METOIY
CIIpOLIEHb [4].

Mogens knacudikaiii npu gaunx y ¢popmarti CF(A) 3MicTOBHO BifiTIOBizae 3aB-
JaHHIO MeHeIKMEHTY — Bimbopy KaHaumaTa i3 3a3HaueHoi MHOKuHM (3K). 3aBmaH-
Hg npusHaueHHs1 3K [8] Bimome, mae GaraTo Mojesieit i Ipolenyp peasisailii, B
3aJIeKHOCTI Bi TUITY Ta O3HAK ITapaMeTpPiB, CIIOCO0IB iX OTPUMYBAHHSI i OIliHIOBAHHS
iH. OcobnuBicTh 3K 1i€i po60oTM HacTymHA. BBa)kaeThCs, 10 peali3yeThCs MPoIemy-
pa Bigbopy «KaHaumaTa» 3a OAaHUX Oro IOpTQoio (reperiky pobiT y IMeBHUX
MpoeKTax) abo pesiome. Koxkauit 3 KauauaaTtiB K; mae Habip 3aBgaHb 3ix MOPTGOIio
Pi, ki ommcaHi 6e3 momepenHiX BUMOT A0 CTPYKTypM omucy 3i. IlapameTpu Ta
OIIiHKM 3a 3ix MOXYTb OyTM IIpeICcTaB/ieHi i TeKCToM/MOBHa-(popMa, Bigpi3HSITHCS
Ui pisHMX KaHaupgaTriB Pi. Y Tomy umciai MawTh OIiHKM y (GOpMi HETOUHUX
MOKa3HMKiB iH. OCTaTOYHY CTPYKTYpPY i 3HAUE€HHS OI[iHOK II0A0 MpeAcTaBaeHHs 3iK
BM3HAUa€ MeHeIKMEHT, sIKMI1 BCTAHOBJIIOE OI[iHKM BCiX 03HAK y ¢hopmi KoedillieHTiB
yrieBHeHOCTi CF(A) V mimcyMKy ma6sonu pisanx KanaumatiB K; y mogesi 3K cyTTeBo
HEOJTHOPiAHI, MOXKYTh MaTU «ITPOITyCKM» B O3HAKaX, YMCJIO IIa0JIOHIB KaHauaaTiB K;
pi3He. BXimHuit «eTaJOH» MiCTUTb BCi XapaKTepUCTUKM, YpaxOBaHi Ta O3HAUeHi «Me-
HeIXMeHTOM» Tpu ¢hopmyBaHHiI mogesti 3K 3a nmopTdoitio Pi. MeTolo SIBASIETbCS BU-
3HavyeHHs 1ma6soHa Ta K, SKuii B HaioOiIble BiAIIOBigae «eTaJIOHy», KUM BUKOHYBa-
JIOCSI TIOZiOHe 3aBIaHHS.

[ToctanoBka 3K cTpykTypu Ta6i. 1 (mas Ky, ..., Ku,..., Kyj) 3 gaHuMu, 3akomoBa-
HuMu koediuientammu CF(A), Big3HauaeTbcs Takum. KaHaugaTM MaioTh pi3HY
KiJIbKiCTh 3pa3KiB, MEBHi 3pa3Ku He MaloThb JesSKuX O3Hak (Hampuknian, Ki; i Ki; He
MawTb OaHuUX s Xs i Xi1, a Ky He micTutb Xs, X6, Xo Ta Xi1). Y «eTaJIOH» BKIIOYEHI
HacTymnHi o3Haku: 1) [IpioputeT 3amaui 1m0 BUKOHyBasack. 2) CKIagHICTh 3amadi. 3)
Ouinky HaBMUuOK Kateropii Hi. 4) O1uiHku HaBMuoK Kateropii Hy. 5) OuiHka piBHIO
neBHoro daxy 6) OliHKka JOCBiAy BUKOHABIS TakMx 3aBAaHb. 7) OIliHKa piBHS BU-
3HaueHux 3HaHb 31. 8) 3aBaHTaXXeHiCThb y MpoekTi. 9) HaBuuka Ho, .... 11) Owinka
HaBMYOK KOHTpos0. 3acobamu MXH [1, 8], a TakoxX MpoliegypaMy peaykKiiii Ta Kar-

na KoeHa, HeOOXigHO BCTAHOBUTYM MIAGIOH iHAMBiMYyaJbHMX O3HAK 3ix «BMKOHABIIS,
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kinac Ki» y popmati CF(A) mis (X, ...,X11), IO HaliKpallle BiAIIOBila€ «eTaJOHy», Ha-
npuknan, (X;=0.9, X,=0.75, X5= - 0.5, ..., Xe= 1, ... , Xi1= - 0.3). CTpyKTypa mpocTopy
Mogei Kinacudikailii GopMyeTbCSI OKpeMO AJIs1 KOJKHOI'O «eTaJIOHy BMMOT», 1100 3a-

Oe31meunTy BCTAaHOBJIEHY JOCTOBIPHICTh pe3y/abTaTy Kiacudikariii.
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Kopekuia mogeni

PucyHoK 1 - Bok-cxema aJiropuTMy IpoLieaypy peayKilii po3MipHOCTI Moei

3a cxemoro puc. 1 y3araabHeHO aJITOPUTM PeayKIilii Ha OCHOBi Karma CTaTUC-
TUKU BUKOHYETHCSI TAKUM UMHOM: OTPUMYETHCSI Mofenb 3aBAaHHs Kiaacudikaiiii 3a
YMOB HEBM3HAUEHOCTi TaHUX; BU3HAUAIOTbCS BuMory 1momo 3abe3neueHHs] TOYHOCTI

Ta JOCTOBIPHOCTI OUiKyBaHMX pe3y/abTaTiB Kiaacu@ikaliii; 3a OTpMMaHUMU OAaHUMU
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pPO3paxoOBYETHCSI TPaHMUHA PO3MIipHICTb MOJeNi Np; MepeBipseTbCS BiAMOBiAHICTD
IIOTOYHOI MofeJti Kiacudikallii BMMoram A0 MOZeJIi 3a 3HaUeHHSIM No; B pa3i BUKO-
HAaHHS BUMOT — Ma€MO AOCTOBipHMIA Pe3ysbTaT; y pa3i HeBUKOHAHHS BUMOT ITOYM-
HA€EThCS aHaTi3 TPoCcTOpPY i popMyBaHHS KOHKYPYIOUMX BapiaHTiB CIIpOIIeHUX MO-
nmeneit knacudikailii; mis Bcix chopmMoBaHMX BapiaHTIB peastisallii KOHKYPYIOUMX
Moesieit GopMyIOThCST TabuIli po36iKHOCTEI; 32 TAOAUIISIMU PO3PAXOBYIOTHCS I10-
Ka3sHMUKM CTAaTUCTMUKM Karna KoeHa Ta BM3HAYa€ThCS 3arajbHa OIlliHKA BCiX BapiaH-
TiB; SKIO TaKa OLIiHKAa CXOXKOCTi KOHKYPYIOUMX MOJeJieil He BiAIoBigae BMMOram
IIOCTOBIPHOCTi, HEOOXiTHO 3MIiHUTM BMMOIM; iHaKIIe BMKOHYETHCS IIpolemypa
CIIPOILleHHS (BUAAJNIEHHS TIeBHOI CTPYKTYpU mapaMeTpiB Mozeni kKiaacudikaiiii); mpu
TOMY IIepeBipsIeTbCSI HEOOXIIHICTh i BUKOHYETHCS KOPETryBaHHS CUMCTEM IIAa0JIOHIB i
Mopesti kinacudikarii.

Po3po61eHO IMporpaMHMii KOMIUIEKC, TPU3HAYEHMII [IJIsI TOOYI0BM MaTeMaTu-
YHOI MOJeJIi Ipo1ieciB HeuiTKoi Kiacudikailii — mab/oHiB 6a3 3HaHb [JIS peastisallii
KiIacuikailii, po3paxyHKiB IporieciB Kinacudikaiii Ha ocHoBi mepesxki MXH. Kom-
TJIeKkc 3abe3mneuye aBTOMaTK3allil0 00poOKM 3aBmaHb HeuiTkoi Ta CF(A) kmacudika-
1Iii, 00 BM3HAUeHHS KJIacCiB BXiZHMX eJIeMeHTiB Ha OCHOBI iX HETOUHO BM3HAUEHUX
O3Hak, IMIPOTHO3YBAHHS KaTeropii «BUKOHABIISI» Ta aBTOPY YKPAaiHOMOBHOTO TBOPY.

BucHOBKM. Y CTaTTi OTpMMaHi yOOCKOHa/IEHI MaTeMaTU4HI MOZesli, aJiTOPUT-
MM Ta MPOrpaMHi 3aC00M, MPU3HAYEHI [JIS1 TMiABUIIEHHS JOCTOBIPHOCTI pe3yabTaTiB
Kiacuikallii mpy HeBU3HAUEHUX JaHUX, MPEeACTaBIeHNX HEUiTKMMM BeIudYMHaAMU
Ta KoedimieHTamu yreBHeHOCTi CF(A). YmockoHasieHHs1 Mojeneil kinacudikaiiii 3
HaBeIeHMMM BJIACTUBOCTSIMM [aHMX 3a0e3MeuyeTbcsl HUIIXOM Moaudikaiii Heii-
POHHUX Mepek XeMMiHra, a TaKOX 3aCTOCYBaHHS MPOIeayp PenyKilii i CTaTUCTUKNA
karina KoeHa, siKi 703BOJIsII0Th cOOpMYyBaTH MaTeMaTUUHi MoJesli 3i BCTAaHOBJIEHUMU
MMOBIpHICHUMM BUMMOTaMM 10 pe3yabTaTiB. B poOOTI 3ampomoHOBaHi Ta
peasi3oBaHi HOBi MOCTAaHOBKM, MaTeMaTUUHi MOJIe/Ti, 8 TAKOK BUKOHAHO peasti3allito
Mojeneil knacudikaliiii 3a HeUITKMMM JaHUMM, IO BUPIIIYIOTh 3aBOaHHS i3 BCTa-
HOBJIEHHSI aBTOpiB YKpaiHOMOBHMX TeKCTiB, @ TaKOX 3aBHaHHS BMOOpY KaHIuaaTa
3a Mogjesutio gauux y dopmari koedinienTtie CF(A). Po3pobseHo mmporpaMHi 3acobmu
s ¢hopMyBaHHSI Mozeneii kinacudikallii mpy HeBM3HAUEHUX NAaHUX IMpoleaypaMu
penykiiii i Karma CTaTUCTUKU.

Yucnosi eKCIIepUMEeHTU MiATBEpAMAM  AOCTOBIpHICTb  pe3y/ibTaTiB
Kilacudikailii, a TakoX eQeKTUBHICTb 3alpOIIOHOBAHOI Mpoleaypu penyKiiii

PO3MIipHOCTI MOJiesieli Ha OCHOBI CTaTUCTMKM Karra KoeHa.
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Formation classification models of undetermined data

by means of procedures reduction and kappa statistic
The article is devoted to the development of mathematical models for the classifica-
tion of uncertain data represented by fuzzy values and certainty factors CF(A). Diagnos-
tic pattern formation procedures use modified Hamming networks (MHN), as well as re-
duction methods and Cohen's kappa statistics. At the same time, the limiting dimensions
and composition of the parameters of the classification model are determined, which en-
sure the established probabilistic requirements for the reliability of the calculation re-
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sults. The model space reduction procedure and the structure of the software complex for
diagnosing uncertain data are presented. An example of a classification model based on
fuzzy data is the task of identifying the authors of Ukrainian-language texts. The classifi-
cation task for data in CF(A) format corresponds to candidate selection. The results of
the numerical modeling made it possible to establish the effectiveness, reliability and effi-
ciency of the proposed procedures for the formation of reliable classification models with
uncertain data.

Keywords: classification, reliable models, dimensionality of space, fuzzy values,
CF(A) certainty factors, modified Hamming network, reduction procedure, Cohen's kappa
statistic, Ukrainian-language texts, author's definition, computer simulation.
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PE®EPATHU

YIK 004.4'6

Xynbkocbkuit 0.0., Xynbkocbka 1.1, Koctenko B.B., bynrakosa 0.0. locnigeHHA npo
6nem cMHXpOHi3auii Ta 3axMCTy AaHUX Npu peanisauii 6aratonotoyHux nporpam // CucrtemHi
TEXHONOrii. PerioHanbHUn MiXBY3iBCbKMIA 30IpHUK HayKoBWX mpaub. Bunyck 5(148). — [Hinpo,
2023. -C.3 -11.

MpobnemaTtrka CRifIbHOrO BUKOPUCTAHHA [AHMX NOTOKaMM 0COBNMBO aKTyasbHA B Cy4aCHUX
baraTosgepHux Ta 6aratonpouecopHux cuctemax. OcHoBHMMM npobnemamu peanisalii 6aratono
TOYHUX Mporpam € cTaH roHku (race conditions), B3aemue 6nokyBaHHs (deadlocks), ronogyBaHHs
notokis (resource starvation). Metoto po60oTu € BUpileHHA Npo6aemMu rOHKW NOTOKiB Npu 6arato
NOTOYHMX 0OUUCNEHHAX PECYPCHOMICTKUX 3afay i3 napanesbHUM AOCTYNOM A0 CHiIbHUX JaHMX 3a
AOMOMOTOI0 BUKOPUCTAHHS BiNOBiLHMUX MEXaHi3MiB CMHXPOHi3aLii, Takux sk M'loTekcu. Po3pobne
HO Ta JOCHIAXeHo 6araTonoTOYHUI anropuTMy peanisallii TMNOBOT 3a4adi 06POOKM HaaBeNMKMX
MaCMBiB AaHWX i3 3aXUCTOM KPUTUYHOT 00611aCTi Y KOHKYPEHTHWUX MPOrpamax, Wo BUKOHYIOTbCS Ha
baraTonpoLecopHux Ta 6araTosLepHNUX CUCTEMAX.

bi6n. 10, in. 2.

YK 004.052

l'epacumos B.B., Kapnenko H.B., Ckypatosckuin .A. locTyn K 3nemeHTaM CTPYKTypbl U He
onpepeneHHoe nosepeHuMe kKopaa Ha Asbike C // CuctemHi TexHonorii. PerioHanbHwik
MiXBY3iBCbKMIA 36IpHMK HayKoBMX NpaLb. Bunyck 5(148). — OHinpo, 2023. - C.12 - 20.

WccnenoBaH focTyn K nepeMeHHbIM TUNA AaHHbIX CTPYKTYpPa Ha A3bike nporpammuposaHus C.
MpoaHanu3npoBaHbl 0COOEHHOCTN HEONpeaeNeHHOro NoBeAeHUs Koaa nocne komnunatopa Visual
Studio 2019 nop ynpasneHnem Windows 10 n komnunstopa gcc nog ynpasneHuem OC Linux. Moka
3aHO pe3ynbTaThl NpeHeOpeXxeHns COOOLWEHUAMN NPU KOMAUAALMM NPOrpamMMm, NpKU KOTOPLIX MO
cnepHue paboTaloT HeKoppekTHO. [laHbl pekoMeHaaLum No u3bexaHuto 3Toit Npobnembl.

bubn. 7, un. 2.

YIK 519.85:004.42

Kowens €. B. Apantauis ¢penmBopky WORLD ana nocpeiimoBOro aHanisy MoBJieHHA B
peanbHomy yaci // CuctemHi TexHonorii. PerioHanbHUiA MiXBY3iBCbKUI 30i1PHUK HAyKOBUX Mpalib.

Bunyck 5(148). — [IHinpo, 2023. — C.21 - 36.

WORLD - ue cuctema ans cUHTE3y MOBNEHHS Ha OCHOBI BOKOAEPa, Aka byna po3pobneHa M.
Mopicom Ta iH. i peanizoBaHa Ha C++. Byno npoAeMOHCTPOBaHO, faHa CUCTEMA MAE BUCOKY
eheKTUBHICTb Ta TOYHICTb Y NOPIBHAHHI 3 aHanoriyHumm cuctemamu. OpHaK BOHA BUABMIACA He
NPUAATHOK [/ BUKOPUCTAHHA Y NMEBHUX CLEHApisfx, HaNpuKNag, npu noTOKOBil 06pobui ayaio
tpeim 3a dpeitmom. Ua ctatra posrnsgae Heponikm C++ imnnementauii cuctemm WORLD Ta
nponoHye moaudikoBaHi Bepcii i ckNafoBUX anropuTMiB A1 BUPILIEHHA BUABAEHWUX Npobnem.
Pe3ynbTyiounit ppeiMBOpK 6YI0 NPOTECTOBAHO HAa CUHTETUYHUX CUTHANAX Ta HA peasibHUX 3anucax
MOBJEHHS.

bi6n. 17,1in. 7, Tabn. 1.
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YK 519.2:004.9
Fynuin T.0., bino3bopos B.€. BUKOpUCTaHHA MeTOAY HEeNiHINHOrO PeKYPeHTHOro aHanisy

Ao nowyky DDOS aHomanin yacoBux papiB mepexeBoro Tpadiky // CuctemHi TexHonorii.
PerioHanbHuWit MixBY3iBCbKMI 3GIpHUK HayKoBMX mpaub. Bunyck 5(148). — [Owinpo, 2023. -
(.37 -51.

Y cTatTi po3rnAAaETbCa NUTAHHS BUKOPUCTAHHS METOAY HENiHINHOIO PeKYpPEeHTHOro aHanily
[0 NpobaemMu MowyKy aHoManin y mepexeBomy Tpadiky, WO HafaHa y BUMIALI AAHWX YACOBMUX
pAniB 3HIMKY Tpadiky 3a neBHUIM nepiog yacy. OnucaHo MeToaMKa BUSHAYEHHSA AKICHOT XxapaKTepy
CTUKM OISl BXIAHWUX JAHKUX Ta i1 BUKOPUCTAHHA Ans NobOyAOBM BignoBiaHOT pekypeHTHOT Aiarpamu
(recurrence plots, RP). B sikocTi sikux 6yn10 3anponoHOBaHO Y3ATU CTAaTUCTKY KiSIbKOCTi OTPUMAHUX
6aiiTiB y CeKyHXy. [Inf OTPUMAHHS YMCENbHUX 3HAYeHb NOKA3HUKIB RP nponoHyeTbcs BUKOPUCTO
ByBaTW cepefoBuile Matnab Ta po3pobneHuit ans uboro naket crptools. HaBegeHi obpaxoBaHi no
KasHuku RP po3Bonunu 34iNCHATM TUNi3aLit0 OTPUMAHMX AAHWUX Ta BU3HAYMUTM TUN KIA OTPUMaAB
Ha3By «DDOS RP», wo Hapae 3amory BUAinuTK aeski suam atak Tuny DoS/DDoS.

bi6n. 9,in.8, Tabn. 3.

YK 004.51

Jlyk'sneup M.0., Cynema €.C. Bisyanizauia paHux y pexxumi peanbHoOro Yacy Ana cucrem
mepex IoT: Buknuku Ta crparterii onTumisauii npoaykTuBHocTi // CuctemHi TexHonorii.
PerioHanbHuWit MixBY3iBCbKMI 3GIpHUK HayKOBMX npaub. Bunyck 5(148). — [winpo, 2023. -
C.52 - 61.

Y Uit cTaTTi fOCHiAKYIOTbCA aKTyanbHi Npobnemu Biyanizauii faHUX Y PeXUMi peanbHoro
Yacy Ta MPOMOHYKTLCA CTpaTerii oNTUMi3auii NPOAYKTMBHOCTI. ABTOPM aHaNi3ylTb HEL0AaBHI
AOCNimKeHHs Ta ny6nikauii, wob igeHTudikyBaTn npobnemMu NPoAyKTMBHOCTI, fKi BNAWBAOTL HA
Bi3yanizauilo [aHUX Yy PeXuMi peanbHOro yacy, Ta 06roBOpITL MOTEHUiNHI pilleHHA Lux npo
6nem. Y cTaTTi NPONOHYIOTLCA TaKi Nigxoau, K arperawis AaHux, nonepeaHe 06pobieHHs Ta CTUC
HEHHS, WO 3MEeHWUTH KiNbKicTb 06p06NIOBAHNX AAHMX, @ TAKOX KellyBaHHS, iHAEKcalilo Ta napa
nenbHe 00pOO/EHHS, W06 NOKpaWWTM WBKUAKICTb Ta TOYHICTb Bi3yanizauiid. 3acTocoBytoun Ui
cTpaTerii, KopMCTyBayi MOXyYTb NPUIAMATL GiNbll 0OIPYHTOBAHI PillEHHSA B PEXUMi peaNbHOro yacy,
NONINLY0YM ePEeKTUBHICTb NPOLECY NPUAHATTA pilleHb.

bi6n. 9,in. 2.

YOK 004.4 : 004.94

MecuaHcbkuit B.HD., Cynema €.C. POEKTYBaHHA apxiTeKTypu NPOrpamHoOi CUCTeMU ANA
CTBOpEHHA Uu(pPoBUX ABINHUKIB MepauKo GionoriyHux 06'ektie // CuctemHi TexHonorii.
PerioHanbHuWit MixBY3iBCbKMI 3GIpHUK HAayKOBMX npaub. Bunyck 5(148). — [Owinpo, 2023. -
C.62 -70.

Y cTatTi 3aNponoHoOBaHO yHiBepcanbHy 00’'€EKTHO OPiEHTOBAHY apXiTEKTypy MPOrpamMHoi cuc
TEMW, NPU3HAYEHOT [/ CTBOPEHHS [BiIMHUKIB MeAMKO 6ionoriyHMx o00'€KTiB Ha npuknapi
oTonapuHronorii. ApXiTeKTypa rpyHTYETbCA HAa BUKOPUCTaHi nofiMopdismy ans miHimizauii po6otu
PO3POOHMKIB NPOrpamMHOro 3abe3neyeHHs y pasi BUHMKHEHHA HeobxigHOCTI Moaudikauii cuctemm
AN BUKOPUCTAHHSA B HWUX rany3sx MeauuMHu. Po3rnsiHyTo rpynu KOMMNOHEHTIB CUCTEMM Ta Haaa
HO peKoMeHAaL;i, o0 IXHbOro PO3pPo6EHHS.
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bi6n. 8.
YK 519.85:004.42+004.02
Yc C.A., Ceprees 0.C. Anroputm po3B’si3aHHA ABOETANHOT HeNepepBHO AUCKPETHOT 3apayi

po3MmilleHHA Ha nNpuKNaai onTumizauii mepuuyHoi norictuku // CuctemHi  TexHosnorii.
PerioHanbHMit MixBY3iBCbKMIA 3GIpHUK HayKOBMX npaub. Bunyck 5(148). — [Owinpo, 2023. -
C.71 - 85.

Y po6oTi po3rnsagaeTbcs ONTUMi3aLis OFiCTUKM 3 aKLEHTOM Ha MeguyHy cdepy Y KpUTUYHUX
BUMAAKaxX. 3anponoHOBAHO MAaTeMATUYHY MOAENb Ta aNrOPUTM Po3B’ A3aHHA [BOETANHOT Henepe
PBHO [MCKPETHOT 3afa4i po3MmilieHHs, cneundiyHoi ans 3a3HadyeHoi ranysi. Po3pobneHuit migxig,
NOEAHYE 3aCTOCYBAHHA TEHETUYHUX ANFOPUTMIB 3 TEOPiED ONTUMANLHOIO PO3OUTTA MHOXMH Ta
peanizoBaHWM 3 BMKOPUCTAHHAM MOB mnporpamyBaHHs Python3 Ta C++. PobGoty anroputmy
NPOiNOCTPOBAHO HA penpe3eHTaTUBHIN MOLENbHi 3aaayi.

bi6n. 20, in. 3, 1abn. 0.

YOK 004.8: 821

IBanos 0.M., Ckano3y6 B.B., TopsukiH B.M., WuHkapenko B.I. Bu3HaueHHA 3AaTHOCTI
WITYYHOrO iHTENIeKTY A0 BCTAHOBJIEHHA ABTOPCTBA XYAOXKHbLOrO YKPAiHOMOBHOIO TEKCTY 3a
3HayHuMK pparmeHTamm // CuctemHi TexHonorii. PerioHanbHUI MiXBY3iBCbKUI 36IPHUK HayKO
BMX npaub. Bunyck 5(148). — Oxinpo, 2023. - C.86 - 98.

IHTenekTyanbHa nowykosa cuctema Bing, moxe CNyKuUTU iHCTPYMEHTOM ANSl BU3HAYEHHS aB
TOPCTBA XYAOXKHbOr0 TEKCTY YKPaiHCbKOWO MOBOI. Lisi po6oTa Mae Ha MeTi focnignTh edheKTUBHICTb
BM3HAYEHHs aBTOPCTBA XY[AOXHiX TEKCTIB 33 [AOMNOMOrol CYy4YaCHWUX THCTPYMEHTIB LITYYHOro
1HTENEeKTy Ha OCHOBI (hparMeHTiB TBOPiB 3HAYHOT [OBXMWHMW. BcTaHoBNEHO, Wo AOBri parMeHTu
[03BONIAOTb 3 BMCOKOK TOYHICTIO BM3HAYMTU aBTOPA XY[AOXHbOrO YKPaiHOMOBHOro TeKcTy. IBaH
®paHKO Ma€E HaBULLWII BIACOTOK BifnoBifei, ae byno 3rafaHo iM's aBTopa Ta Ha3Ba TBopY 87%.

bi6n. 11, 1in. 4, 7abn. 3.

YK 004.89

Wep6akos A.0., Nixoy3osa T.A. MporpamHe 3a6e3ne4yeHHA pO3yMHOro roAMHHUKA ANA
CaMOCTiMHMX 3aHATbL cnopToMm Ta (pitHecom // CuctemHi TexHonorii. PerioHanbHwWi
MiXKBY3iBCbKMI1 30ipHMK HayKoBMX npalb. Bunyck 5(148). — AHinpo, 2023. — C.99 - 108.

3a HasBHOW CTAaTUCTMKOW, HaWOiINbW NONYNAPHUM PO3YMHUM TOAMHHUKOM Cepef
kopuctyBayie € Apple Watch. Ha cborogHi icHye 6inbwe 100 MinbHOHIB YHiKanbHUX
KOPWCTYBaYiB LbOro Aesaiicy, 75% 3 AKMX BUKOPUCTOBYIOTb MOr0 ANA 3aHATL cnopTom. Mawuu
WMPOKUI HAOIp pi3HOMAHITHMX AATYMKIB A1 BigCTeXEHHA Di3NYHMX MapamMeTpiB KOPUCTYBAYa,
aHi komnaHia Apple, aHi CTOPOHHi PO3POOHUKM MOKM He po3pobUnM NporpamHoro 3abesneyeH
HA ANA CUCTEMaTM3alii ycix 3ibpaHux JaHWX 3aans NokpalleHHs (i3nyHUX napameTpis cnopT
CMeHa Ta LOCATHeHHS 0COBUCTUX CMOPTUBHUX Liinei.

MeTot [OCNIIKEHHA € NOWYK MOXAMBOCTI NOKPAWEHHA Qi3NYHKUX NapaMeTpiB NOYMHAIO
4Oro CMOPTCMEHA 33 PaxyHOK KOMMNEKCHOro aHanisy 3i6paHux po3yMHUM FOAMHHUKOM AaHUX
Oro aKTUBHOCTi Ta CTBOPEHHI HAa OCHOBI LMX JaHUX GiNblW NepCcOHaNi30BaHUX peKoMeH[aLliN.
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3anponoHoBaHO MporpamHe 3abe3neyeHHs — 3aCTOCYHOK AN PO3YMHUX TOAWMHHUKIB,
AKWIA aHani3ye 3i6paHy CTaTUCTMKY TpeHyBaHb Ta Ha ii OCHOBI HAafiae peKoMeHAaLii no npose
AEHHIO MOTOYHOTO TPEHYBAHHS.

bi6n. 10.

YK 519.2:004.9

Kipiuenko J1.0., Xaubko [.C., 3inuenko M.11. Knactepusauyia Tpaekropin 6poyHiBCbKOro
pyXxy 3a AONOMOrol MAlWMHHOrO HaBYaHHA // CuctemHi TexHonorii. PerioHanbHMiA
MiXBY3iBCbKMI1 30IpHUK HayKoBux npaupb. Bunyck 5(148). — OHinpo, 2023. - C.109 — 119.

CTaTTs npuUcBAYEHA BUABJIEHHIO NMACTOK, AKi 3aXOMNi00Tb OPOYHIBCbKY YAaCTUHKY, 33 A0
NOMOroto MAlWWHHOIO HaBYaHHA. [poBeAeHO MOLEeNtoBaHHSA TPAEKTOPii 6POYHIBCbKOT YaCTUHKM
3a ,ONOMOrot Moaeni 6pPOoyHiBCbKOro pyxy i3 apeidom, Wo oxontoe sk BinbHy andysito, TaK i
pyx y nactyi. [lns knactepm3auii TpaekTopii pyxy BUKOPUCTOBYETbCA METOJ Knactepu3auii Ha
ocHoBi winbHocTi DBSCAN. YHiBepcanbHiCTb LbOro MeToaa [03BONSE ieHTUdiKYBaTM KnacTepu
6e3 nonepefHbOro 3HaHHA iIXHbOT KiNbKoCTi 260 hopMy, o podUTL WOro NPUAATHUM NS BUAB
NeHHs nacTok. [poBeae pocnigKeHHs nNokasye, wWwo 3actocyBaHHA metoay DBSCAN po3Bonse
AOCATHYTW cepefHboT TOYHOCTI 95.0%..

bi6n. 23, puc.3, 1a6n.0.

YIIK 004.9

Wepnoscbkuii I.A., THaTyweHko B.B., Wepanosceka f.1., Topes B.M. ImitayintHa mopenb
NJAcKoro nNOBIiTPAHOr0 COHAYHOro KoJsiekTopa // CuctemHi TexHonorii. PerioHanbHMik
MiXBY3iBCbKMi1 36ipHMUK HayKoBMX npalb. Bunyck 5(148). — [Hinpo, 2023. — C.120 - 132.

MpoBefeHO aHaNi3 BUKOPUCTAHHA MOBITPAHMX COHAYHUX KONEKTOPIB Yy CMCTEMaxX onaneH
HA. Ha ocHOBi aHani3y icHytouux focnigxeHb 3po6AeHO BUCHOBOK L0A0 HEOOXiAHOCTI CTBO
PeHHs iMiTauinHOi MoAeni COHAYHOrO KONEKTOPA 3 YPaxyBaHHAM HOro BUKOPUCTAHHA Y CKNagi
Cy4aCHMUX KOMN'OTEPHMX THPOPMALIAHMUX TA KEPYOUMX CUCTEM. 3 BUKOPUCTAHHAM BiAOMUX 3a
NEXHOCTel, WO ONWUCYlTb NMpoLecH Tensonepefayi y COHAYHUX KONEKTOpPax, MOKa3aHo, wWo
iMiTaliiHa Moaenb CKNAAaETbCA 3 MOCNIAOBHO 3'€AHAHNX KOMMOHEHTIB. OUH i3 AKUX BU3HAYAE
HEeNiHiHicTb 06'ekTa. MoXnMBiCTb Oyna BUKOpUCTaHA A1 0OrPYHTYBaHHSA NOCNiIAOBHOIO BKIIO
YEHHA HEeNiHiIMHOT YacTUHM Mofeni Ta i1 iHepuiiHOT cKknapoBoi. Lle f03BONSE eKcnepuMeHTanb
HO BM3HAYWUTU MapaMeTpu AWHAMiKKM HarpiBy noBiTps. NpakTUYHE BUKOPUCTAHHSA pPo3pobieHoi
mopieni B iHdopMmauiiiHO Kepyloyiit cucTemi noTpebye NOCTIiHOrO KOHTPOMD TemnepaTypw
NoBiTPs Ha BXOAi Ta BUXOAT KONEKTOPA, @ TAKOX KOHTPOIO 3a NOTYXKHICTIO COHAYHOT paaiauii.

bi6n. 9, puc. 5.

YK 004.42

AHToHiok B.A., CupopoBa M.I. KoHuenuis acouiatuBHoro rpaciyHoro iHtepcency y
cuctemi  aBTomatusauii po6oumx npouecie // CuctemHi TexHonorii. PerioHanbHuit
MiXBY3iBCbKMI1 30IpHUK HayKoBux npaupb. Bunyck 5(148). — [Hinpo, 2023. - C.133 — 140.

CratTs po3rnsagae npobnemy po3pobKuM acouiaTUBHOro rpadiyHoro iHTepdeicy ans cuc
TeM aBTOMaTM3auii pobouymx npoueci. ABTOpPM BMUKNANM HOBY KOHLeNuUilo iHTepdeiicy, wWo
3abe3neyye onTuManbHy eeKTUBHICTb Ta 3pYYHiCTb BUKOPUCTAHHSA, HA OCHOBI aHani3y cyyac

HUX TEXHONOriA Ta METOAiB AOCHigKeHHA. Bbyno BMKOPUCTAHO nnariHHy apxiTekTypy, fKa
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[03BONIAE NIErKo iHTerpyBaTn HOBi (hyHKLii Ta onTuMizyBaTh poboTy cuctemu. Takox 6yno po3
pobneHo Draw & GO HOBWi1 IHCTPYMEHT /s aBTOMATM3aLii poboynx npoLecis.

bi6n. 10,in. 3

YK 004.6: 007.5: 004.94

Ckanosy6 B.B., Topsukin B.M., Tepneubkuit I.A., Oyauuk L.1. ®opmyBaHHA Mmopenein
Knacugikauii HeBM3HAYeHUX AaHUX npoueaypamu pepykuii i Kanna cratuctukm //
CucTtemHi TexHonorii. PerioHanbHuit MixBY3iBCbKUIA 30IpHUK HayKoBKX npaub. Bunyck 5(148). —
[Hinpo, 2023. — C.141 - 155.

CraTTa npucBAYEHA PO3BMTKY MaTeMaTUMUYHWUX Mojened Knacudikauii HEBU3HAYEHUX Aa
HUX, NPeACTaBNEHNUX HEYITKUMK BeNnYmMHamu Ta KoediuieHTamm ynesHeHocTi CF(A). Mpoueaypu
chopMyBaHHsA WAGNOHIB AiarHOCTYBaHHA BMKOPUCTOBYIOTb MofudikoBaHi Mepexi XemMiHra
(MXH), a Takox MeTtonu pepykuii Ta ctatuctukm kanna KoeHa. lpu LbOMy BU3HA4alTHCHA
rpaHW4YHi pO3MipHOCTI Ta cKnag napameTpiB Mopeni knacudikauii, aki 3abe3neuvyloTb
BCTAHOBJIEHi MMOBIPHiCHI BMMOrM [AOCTOBIPHOCTI pe3ynbTaTiB po3paxyHkKiB. [lpepcTaBneHa
npoueaypa peayKuii npocTopy mogeni fiarHOCTYBaHHA HEBU3HAYEHUX AaHMX. Y CTATTi HaBege
HO NOCTAaHOBKM, MaTemMaTMyHi Mopeni Ta peanizauyii 3aBaaHb  knacudikauii  3a
HepeTepMiHOBaHUMK paHuMu. [puknagom Mopeni knacudikauii 3a HeyiTKUMM paHUMMK
SBNAETLCA 3aB[aHHS 13 BCTAHOBNEHHA aBTOPiB YKPATHOMOBHMX TEKCTiB. 3aBAaHHSA Knacudikauii
npu paHux y dopmati CF(A) Bignosigae Binbopy kaHaupata. Pesynbtat YMCNOBOrO MOAEN IO
BaHHA [O3BONMAM BCTAHOBUTW Pe3yNbTaTUBHICTb, AOCTOBIPHiICTb Ta €(DEeKTUBHICTb 3aNPONOHO
BaHMX npoueayp popMyBaHHA LOCTOBIpHUX Mofeneit KnacudikaLii npu HeBU3HAYEHUX [AHUX.

bi6n. 10.
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UDC 004.4'6
Zhulkovskyi 0., Zhulkovska I., Kostenko V., Bulhakova 0. Research on synchronization

and data protection problems in implementing multithreaded programs // System tech
nologies. N 5(148) Dnipro, 2023. P.3 - 11.

The issue of shared data usage by threads is especially relevant in modern multi core
and multiprocessor systems. The main problems of implementing multithreaded programs are
race conditions, deadlocks, and thread starvation. The aim of the work is to solve the problem
of thread racing in multithreaded calculations of resource intensive tasks with parallel access
to shared data using appropriate synchronization mechanisms, such as mutexes. A multi
threaded algorithm for implementing a typical task of processing large data arrays with pro
tection of the critical area in concurrent programs running on multiprocessor and multi core
systems has been developed and researched.

Ref. 10, im. 2.

UDC 004.052

Gerasimov V.V., Karpenko N.V., Skuratovskyi I.A. Access to struct members and unde
fined behavior of C code // System technologies. N 5(148) Dnipro, 2023. P.12 - 20.

During software development, novice developers usually receive a lot of error messages
and just warnings of various kinds. And if the code simply won't run when there are errors,
then the program usually starts when there are various warnings. And here it is important to
understand what consequences the presence of warnings of various kinds can lead to.

This work aims to study the code's undefined behavior when working with structures in
the C programming language when issuing a corresponding compiler warning about returning
the address of a local or temporary variable.

In the procedural programming language C, there is an ancestor of the O0P class the
structure struct, which encapsulates only the state of the entity. And the question arises is
it possible to work with separate components fields of such a structure analogously to O0P
languages?

For research, a simple structure was taken, which contains information about the per
son's name, surname, and phone number. To access parts of the structure, pseudogetters were
used functions that returned a pointer to the corresponding part of the structure.

The research was conducted in the Visual Studio 2019 environment under the control of
the Windows 10 operating system when the default C language standard MSVC and the more
modern ISO standard C17 (2018) was selected in the project settings.

As a result, a truly undefined behavior of the code was obtained, when the result of the
work of the code fragment (function call) depends on many factors: the length of the array,
the standard of the C language, the position of a certain part in the structure.

An attempt to conduct similar research under the control of the Linux Mint operating
system using the gcc compiler version 5.4 was unsuccessful. When compiling the code, a simi
lar warning about returning the address of a local variable was also issued, as in the case of
Visual Studio. But when the program was launched, it simply crashed with a message about a
segmentation error.
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Thus, both the Visual Studio 2019 compiler and the gcc compiler warned us about unde
fined code behavior. But this uncertain behavior was radically different for operating systems
and compilers. If after gcc under the Linux OS, the code simply does not work at all and the
program stops its work with a segmentation error message, then after Visual Studio under
Windows, inexperienced developers with improper testing and verification of the code can
miss the code that "does not always work", which can lead to unexpected results, not always
pleasant, to say the least. And that's why software developers, especially beginners, should
pay attention not only to compilation errors but also to warnings, even if the code works.

Bibl. 7,ill. 2.

UDC 519.85:004.42

Koshel E. Adaptation of the WORLD framework for frame by frame real time speech
analysis // System technologies. N 5(148) Dnipro, 2023. P.21 - 36.

WORLD is a vocoder based speech synthesis system developed by M. Morise et al. and
implemented in C++. It was demonstrated to have improved performance and accuracy when
compared to other algorithms. However, it turned out to not perform well in certain scenarios,
particularly, when applying the framework to very short waveforms on a frame by frame basis.
This paper reviews the issues of the C++ implementation of WORLD and proposes modified ver
sions of its constituting algorithms that attempt to mitigate those issues. The resulting
framework is tested on both synthetic signals and on real recorded speech.

Bible 17, ill. 7, tab. 1.

UDC 519.2:004.9

Hulyi T.A., Belozyorov V.Ye. Using the method of nonlinear recursive analysis for de
tecting DDOS anomalies in time series data // System technologies. N 5(148) Dnipro,
2023. P.37 -51.

The paper considers the issue of using the method of nonlinear recurrent analysis to the
problem of finding anomalies in network traffic, which is provided in the form of time series
data of a traffic snapshot for a certain period of time. The method of determining a qualita

tive characteristic for input data and its use for constructing the corresponding recurrence
plot (RP) is described. As such, it was suggested to take statistics of the number of received
bytes per second. To obtain numerical values of RP indicators, it is suggested to use the
Matlab environment and the crptools package developed for this purpose. The given calculat
ed RP indicators made it possible to typify the received data and determine the type, which
was named "DDOS RP", which makes it possible to distinguish some types of DoS/DDoS type
attacks.

Bible 9, ill.8, tab. 2.

UDC 004.51

Lukianets M.0., Sulema Y.S. Real time data visualization for IoT network systems:
challenges and strategies for performance optimization // System technologies. N 5(148)

Dnipro, 2023. P.52 - 61.
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This paper explores the challenges of real time data visualization and proposes strate
gies to optimize performance. The authors analyze recent research and publications to identi
fy performance issues that affect real time data visualization and discuss potential solutions
to these issues. The paper suggests techniques such as data aggregation, pre processing, and
compression to reduce the amount of data being processed, and caching, indexing, and paral
lel processing to improve the speed and accuracy of visualizations. By implementing these
strategies, decision makers can make more informed decisions in real time, improving the
overall efficiency and effectiveness of the decision making process.

Lib. 9, fig. 2.

UDC 004.4 : 004.94

Peschanskii V., Sulema Y. Design of software system architecture for medical
biological objects digital twins creating // System technologies. N 5(148) Dnipro, 2023.
P.62 - 70.

The paper presents a universal object oriented architecture of a software system de
signed to create digital twins of medical biological objects using the example of otolaryngol
ogy. The architecture is based on the used polymorphism to minimize the work of software
developers in the case of the need to modify systems for use in other fields of medicine. The
groups of system components are considered and recommendations for their development are
provided.

Bible 8.

UDC 519.85:004.42+004.02

Us S.A., Serhieiev 0.S. An algorithm for solving a two stage continuous discrete lo
cation problem for medical logistics optimization // System technologies. N 5(148)
Dnipro, 2023. P.71 - 85.

The research paper examines optimizing logistics in the healthcare sector, focusing on
medical logistics for public health, especially during emergencies. It introduces a mathemati
cal model and algorithm for a two stage continuous discrete location problem specific to

medical logistics. The algorithm integrates genetic methods with optimal partition of sets
theory and is validated through a software application on a representative model problem.

Bible 20, ill. 3, tab. 0.

UDC 004.8: 821

Ivanov 0.P., Skalozub V.V., Horiachkin V.M., Shynkarenko V.I. Determining the ability
of artificial intelligence to establish authorship of artistic ukrainian texts using signifi
cant fragments // System technologies. N 5(148) Dnipro, 2023. P.86 - 98.

The Bing intellectual search system can serve as a tool for determining the authorship
of artistic texts in Ukrainian. This work aims to explore the effectiveness of determining the
authorship of artistic texts using modern artificial intelligence tools based on fragments of
significant length. It has been established that long fragments allow for high precision iden
tification of the author of an artistic Ukrainian text. Ivan Franko has the highest percentage
of responses where the author's name and title of the work were mentioned, at 87%.
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Bible 11, ill. 4, tab. 3.

UDC 004.89

Shcherbakov A., Likhouzova T. Smart watch software for independent sports and fit
ness // System technologies. N 5(148) Dnipro, 2023. P.99 - 108.

The purpose of the research is to find the possibility of improving the physical parame
ters of a novice athlete by means of a comprehensive analysis of his activity data collected by
a smart watch and creating more personalized recommendations during training based on this
data.

According to available statistics, the most popular smart watch among users is the Ap
ple Watch. With a wide array of different sensors to track a user's physical parameters, neither
Apple nor third party developers have yet developed software to systematize all the collected
data to improve an athlete's physical parameters and achieve personal athletic goals.There
are many fitness apps available for the Apple Watch, each with its own unique features and
features. Unfortunately, none of the analyzed applications provide sufficient information re
garding the correct execution of training and the collection of indicators, which is a disad
vantage for users who want to do sports without risks to their health.

Bible 10.

UDC 519.2:004.9

Kirichenko L., Khatsko D., Zinchenko P. Clustering Brownian motion trajectories using
machine learning // System technologies. N 5(148) Dnipro, 2023. P.109 - 119.

The article is dedicated to detecting traps encountered by a Brownian particle based on
machine learning methods. The trajectory of the Brownian particle was modeled using a drift
extended Brownian motion model, encompassing both free diffusion and particle movement
within a trap. The density based spatial clustering of applications with noise (DBSCAN) meth
od was employed for clustering the motion trajectory. The versatility of this method allows
the identification of clusters without prior knowledge of their quantity or shape, making it
suitable for trap detection. The conducted research demonstrates that the application of the
DBSCAN method achieves an average accuracy of 95.0%

Ref.23, fig.3, tab.0.

uDC 004.9

Shedlovsky I.A., Hnatushenko V.V., Shedlovska Y.I., Gorev V.M. Simulation model of a
flat air solar collector // System technologies. N 5(148) Dnipro, 2023. P.120 - 132.

An analysis of the use of air solar collectors in heating systems was carried out. Based
on the analysis of existing research, a conclusion was made about the need for a simulation
model of the solar collector, taking into account its use as part of modern computer infor
mation and control systems. With the use of known dependencies describing heat transfer
processes in solar collectors, it is shown that the simulation model consists of sequentially
connected components. One of which determines the non linearity of the object. The oppor
tunity was used to justify the sequential inclusion of the nonlinear part of the model and its
inertial component. This provides an opportunity to experimentally determine the parameters
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of air heating dynamics. The practical use of the developed model in the information and con
trol system requires continuous monitoring of the air temperature at the inlet and outlet of
the collector, as well as monitoring of the power of solar radiation.

Bibl. 9, Fig. 5.

UDK 004.42

Antonyuk V.A., Sydorova M.G. Concept of associative graphic interface in work pro
cess automation system // System technologies. N 5(148) Dnipro, 2023. P.133 - 140.

The article deals with the problem of developing an associative graphical interface for
work process automation systems. The authors presented a new interface concept that en
sures optimal efficiency and ease of use, based on the analysis of modern technologies and
research methods. A plugin architecture was used, which allows for easy integration of new
features and optimization of system operation. Also, Draw & GO was developed a new tool for
work process automation.

Ref. 10, IIL. 3.

UDK 004.6: 007.5: 004.94

Skalozub V.V., Horiachkin V.M., Terlitskyi I.A., Dudny I.P. Formation classification
models of undetermined data by means of procedures reduction and kappa statis
tic // System technologies. N 5(148) Dnipro, 2023. P.141 - 155.

The article is devoted to the development of mathematical models for the classification
of uncertain data represented by fuzzy values and certainty factors CF(A). Diagnostic pattern
formation procedures use modified Hamming networks (MHN), as well as reduction methods
and Cohen's kappa statistics. At the same time, the limiting dimensions and composition of
the parameters of the classification model are determined, which ensure the established

probabilistic requirements for the reliability of the calculation results. The model space re

duction procedure and the structure of the software complex for diagnosing uncertain data
are presented. An example of a classification model based on fuzzy data is the task of identi

fying the authors of Ukrainian language texts. The classification task for data in CF(A) format
corresponds to candidate selection. The results of the numerical modeling made it possible to
establish the effectiveness, reliability and efficiency of the proposed procedures for the for

mation of reliable classification models with uncertain data.

Ref. 10.

ISSN 1562-9945 (Print) 167
ISSN 2707-7977 (Online)



CucremMmHi TexXHOJIOrii
3BIPHUK HAVKOBUX ITPAIIb
Burryck 5 (148)

['osioBHMIT pegakTop: K.T.H., goi,. T.B. CeniBbopcTOBa

TexHiuHMi1 pemakTop Ta cekpeTtap 306ipku: K.T.H., goil. K.}0. OcTpoBchKa

3maHo no Habopy 27.11.2023. [Tignmucano mo apyky 30.11.2023.
®opmart 60x84 1/16. [Ipyk - pizorpad. ITamip Tumnorpad.
YMOB. apyK apk. — 11,93. O6;1.-BuaaBH. apk. — 10,438.
Tupasxk 300 npum. 3amoBsi. — 05/23

YKpaiHCbKUI AepskaBHUI YHIBEPCUTET HAYKM i TEXHOJIOTIA,
HHI «[HCTUTYT TPOMUCIOBUX Ta 6i3HEC TEXHOJIOTii»,
Kadenpa IndhopMmaLiitHux TexHoorii ta cuctem: IBK «CucTeMHi TeXHOJIOTii»
49600, Iuinpo, a/c 493
http://journals.nmetau.edu.ua/index.php/st
Csidoymeo npo depiasHy peecmpayito dpyKosaHozo 3acoby macosoi inopmauyii:
Cepia KB N? 8684 gid 23 keimusa 2004 pix




PepakiiifiHa KoJierist
CeniBbopcroBa TerssHa BitaniiBHa
(2on06HuUll pedakmop)

IOLIEeHT, KAaHAUAAT TeXHIYHUX HayK
AnnartoB Auartoutiii ITerpoBuu
Unen-kopecnongeHt HAH Vkpainu,
npodecop, JOKTOP TEXHIYHUX HAYK
Apxumnos Onekcanap €BreHinioBu4
npodecop, JOKTOP TEXHIYHMX HAYK

Bba6iueB Cepriit AHaToJilioBUY
JIOLIEHT, JOKTOP TeXHIUYHMUX HAYK

Bino3spopoB Bacuib EBreHoBUY
npodecop,

IOKTOp i3MKO-MaTeMaTUUHMUX HAYK
lF'eue ®enip Enemuposnu
npodecop, AOKTOP TeXHIUHMUX HAYK
I'ypa AHTOH IropoBuu

(3acm. 20/106H020 pedakmopa)
rpodecop, JOKTOP TEXHIUHMUX HAYK

I'HaTtymenko BikTopist BosioguMmupiBHa

(8uenuil cekpemap)
npodecop, AOKTOP TeXHIUHMUX HAYK

I'narymenko Bomoagumup Bonogumuposuu

npodecop, JOKTOP TeXHIYHUX HAYK
T'oxxuit Onexcanap IlerpoBuyu
npodecop, JOKTOP TeXHIYHUX HAYK
€pbomin Onekcanap OneroBuu
npodecop, JOKTOP TeXHIYHUX HAYK

Kipiuenko Jlrozmuia OseriBHa
npodecop, JOKTOP TeXHIYHUX HAYK
CBiTnnunmii Imutpo CBATO3apOoBUY
npodecop, JOKTOP TeXHIYHUX HAYK

Ckayio3y6 Biragucias BacuiboBuu
rpodecop, JOKTOP TeXHIUYHMX HAYK

Xanpgeubkuii Bomogumup CepriioBuu

npocdecop, JOKTOP TEXHIUHMUX HAYK

VKpaiHCbKUI1 Iep>KaBHUI YHIBEepCUTET HAyKU i
TexHoJori, HHI «IHCTUTYT TpOMUCIOBUX Ta
6i3Hec TeXHOJIOTii», YKpaiHa

[HCTUTYT TEXHIYHOI MeXaHiK1
HAHYV i IKAY, Vkpaina

HariioHanbHuiit TeXHIUHMIT YHiBEpCUTET
Vkpaiuu «KniBCbKMi OMITEXHIYHMUI IHCTUTYT»
imeni Irops Cikopcbkoro”, YKpaiHa

Jan Evangelista Purkyné University

in Usti nad Labem

VHiBepcuTeT iMmeHi lHa €BaHresicra I1ypkiHe,
VYeri Hag Jlabem, Yecbka Pecrry6itika
IIHIpOBCbKMIi HAlliOHAbHMI YHIBEPCUTET
imeni Onecs 'onuapa, YKpaiHa

V3KropoAcbKuii HalliOHAJIbHUI YHIBEPCUTET,
VxpaiHa

VKpaiHChbKUIi AepskaBHUI YHIBEPCUTET HAYKM i
tTexHoJori, HHI «IHCTUTYT IpoMMCI0OBUX Ta
6i3Hec TeXHOJIOoTii», YKpaiHa

VKpalHCbKUI fep>kaBHUI YHIBEPCUTET HAyKM i
TexHoJorii, HHI «IHCTUTYT TpOMUCIOBUX Ta
6i3Hec TeXHoJoril», YKpaiHa

HanioHanbHMIT TeXHIUHWMIA YHIBEPCUTET
«/IHITIpOBCHKa MOIiTexHiKa», YKpaiHa

YOpHOMOPCHKMIT HalliOHAJIbHMI YHiBEPCUTET
imeni [1.Morunu, YKkpaina

VKpaiHCbKUIi AepskaBHUI YHIBEPCUTET HAYKM i
TexHosorii, HHI «JHCTUTYT mpoMUCIOBUX Ta
6i3Hec TeXHOJIOTii», YKpaiHa

XapKiBCbKMII HALliOHAJIbHUI YHIBEPCUTET
paziioeneKTpoHiKM, YKpaiHa

Akademia Gorniczo-Hutnicza

KpakiBcbKka ripHMuo-mMeTanypriiiHa akageMist
im. C. Cramrina, ITonpina

VKpaiHCbKUI1 Iep>KaBHUI YHIBepCUTET HAyKU i
texHoorii, HHI « IHimpoBCbKMIt iHCTUTYT
iHbpacTpyKTypH i TpaHCIIOPTY»YKpaiHa
[HINMpoBCbKMUIi HalliOHAIbHMI YHIBEPCUTET
imeni Onecs T'onuapa, Ykpaina


https://kpi.ua/contact
https://kpi.ua/contact
https://kpi.ua/contact
http://www.dnu.dp.ua/
http://www.dnu.dp.ua/
http://www.dnu.dp.ua/
http://www.dnu.dp.ua/

