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Cwminsnenp @.A. Metonu Ta mnporpamHi 3acoOM MPHUIIBUJIICHHS JIOHABUYAHHS
kinacudikaropa g JIarHOCTUKHA 3aXBOPIOBaHb 3a 300paxkeHHsMU. — KBamidikaiiitHa
HayKOBa Iparls Ha MpaBax PYKOIHCY.

Huceprartiist Ha 3100yTTsI HAYKOBOTO CTYIEHs JOKTOpa (piocodii 3a creriaabHICTIO
121 — Imxenepis mporpamHOTO 3abe3rnedeHHs 3 raidy3l 3HaHb 12 — Indopmariiini
texHosorii. — Hamionaneuuii Texuiunuid  YHiBepcuteT VYkpainum «KuiBchkuii
[Tomitexuiunuii [HctutyT iIMeHi Iropst Cikopceekoroy, Kuig, 20235.

Hucepraiiiina po0OoTa mpuCBSIYEHA pO3pOOIl MeToay Kiacu@ikamii MeTUIHUX
300pakeHb, IO CHPSMOBAHUN HA YHUKHEHHS 3MIHM TOTOJIOTii 3rOPTKOBOiI HEMPOHHOI
Mepexi MpH A0AaBaHHI HOBUX KJIACiB, JO3BOJISIOUM 3HU3UTH HAKJIAIHI BUTPATH Yacy Ha ix
HIATPUMKY, Ta METOJIy OpraHizailii o0unciieHb 3a JOMOMOTOIO TTOTOKIB POOIT, AKUU OyIye
rpad MOTOKY i 4ac HOro BUKOHAHHS, YUM J03BOJISI€ MIHIMI3Y€ Yac Ha BIPOBAPKEHHS 3M1H
y CHCTEMY.

BuachHa po3po0Oka Ta 10CTYIHICTh 3aC001B TeCTyBaHHS Ha 1H(EKITIHHI 3aXBOPIOBAHHS
€ (yHIaMEHTATHPHUM KOMIIOHEHTOM KOHTPOJIIO HaJ eMieMISMH Ta TaHAEeMISIMH Ha
KO)KHOMY eTalll omupeHHs XBopoobu. JlocTymHa Ta MIBUIKA JIarHOCTHUKA € KITFOYOBOO TSI
CBO€YACHOCTI BUSIBJICHHS CIajiaxiB 1H(QEKIii, 1, SK HACIiJOK, BU3HAUYCHHS IEpeiiky Ta
130J151111 KOHTAKTHHUX OCI0 YW 3alpoBa/KEHHS KapaHTUHHUX OOMEKEHb Ha TEBHIH
TepuTOopli. YnepemKyBaibHa po3poOKa IHCTPYMEHTIB BHUSBIICHHSI 3aXBOPIOBAHb, a TAKOXK
MOIIYK MIAXOAIB JUIsl MPUCKOPEHHS iX OTPUMAHHS Ta BIPOBAHKEHHS € BAXJIUBUM IS
KOHTPOJIIO HaJl €MiIEMIsSIMU B Maii0yTHbOMY .

Opnum 31 croco0iB BUKOHAHHS JIIaTHOCTHKW € aHaji3 MEIUYHUX 300pakeHb 3a
JIOTIOMOTOI0 3TOPTKOBUX HEHpOHHUX Mepex. OpHak, Taka kiacudikailis Mpu3BOIUTH 10
HEOOXITHOCTI Y 3MiHI TOMOJIOTIi MOJIeNl MPU BUHUKHEHHI MOTpEeOM y /O0AaBaHHI HOBUX
kinaciB. lle oOMexxeHHs MOXKHa MOAOJATH Yepe3 BUKOPUCTAHHS MPOMDKHHUX JaHUX —
BKJIQJICHUX TPEJCTABJICHb, [0 TEHEPYBATUMYThCS HEHPOHHOIO MEPEKEI0, Ta BUKOHAHHS
kinacudikamii 32 HUMU. TakuM YMHOM, HEHPOHHA Mepeka Moke OyTH JTOTpPEHOBaHA s

MIATPUMKHA HOBOTO Kiiacy 0e3 3MIHH 1i TOMOJOrii. AJTOPUTMU MAIIMHHOTO HaBYaHHS, LIO



BUKOHYIOTH KJIacH(]iKallito MOXKXYTh OyTH epeTpeHOBaH1 JyIsl MATPUMKHU OLTBIIOT KUTBKOCTI
KJ1aciB 0e3 BTpy4YaHHs y KOJI Ta 32 BIIHOCHO KOPOTKHI Yac.

Y TOM dYac SK MPOEKTYBAHHSA Ta TPECHYBAaHHS HEUPOHHUX MEPEXK MIHPOKO
BHUCBITJIIOETHCS. B HAYKOBIM JliTepaTypi 1100 BUKOHAHHS JIarHOCTUKU 3a JOMOMOTOIO
aHai3y 300pakeHb, TUTAHHS MTPAKTUYHOI IHTETpaIlli MOJeNIeH y TporpaMHe 3a0e3MeUeHHS
MPAKTUYHO HE PO3TIISAAETHCA.

BaxuBuM acriekToMm 3aco0y i J1arHOCTUKHU € IMIBUAKICTh aJlanTarlii CHCTeMH 10
MOSIBU HOBUX 3aXBOPIOBaHb. Binrak, € morpeda y 3MEHIIEHH! 3yCHJIb, HEOOXIIHUX IS
J01aBaHHS Y¥ MOAU(DIKAIIF0 METOIy J1arHOCTUKH, IKUH BUKOHYETHCS Y 3ac001. OCKUIbKU
MOTOKUA POOIT JO3BOJSIIOTH 1HKAIICYJIOBAaTH OKpeMi eTamu OOpOOKH NaHUX Ta THYYKO
3MIHIOBAaTH iX MOCHIAOBHICTh 0€3 BTpy4YaHHsS B KOJ CHCTEMH, IX BUKOPUCTAHHS 3HAUHO
3MEHIIYE Yac Ta CKJIaJHICTh BIIPOBAKEHHSI 3MIH.

[Totoku pobIT € BOOPSIAKOBAHUMU CTPYKTYpPOBAaHHUMH  IPEICTaBICHHIMHU
0araTOKpOKOBUX OOYMCIIIOBAJIBHUX 3aJad. THUIOBOIO MOJEIUIIO Ul HUX € CIpPsIMOBaHI
anuKIYHl Tpadu, BEepIIMHM SKUX € TEeBHUMHU ONepalisMd Haj JdaHUMH, a pedpa —
NEepeTiKaHHs BUXOJIB OJHHUX OMNEpaliid y BXOAM 1HIMHMX. Takui rpad, Mo CKIagaeThes 3
BX1/IHUX JIaHUX, Ta iX MOCIIJOBHUX NEPETBOPEHD 3a TOIOMOI0OI0 OKPEMHUX BEPIIMH (TAKOX
— KpOKiB 200 1THCTPYMEHTIB), TAKOK YacTO Ha3WBAEThCS MairaitHoM (aHri. pipeline).

[cHytoul crucTeMu KepyBaHHS MOTOKaMU pOOIT BUMAraroTh CTATUYHOTO BU3HAYCHHS
rpady MoToKy poOIT po3pOOHHMKOM CHCTEMHU. ICHYBaHHS JaHUX CTAaTUYHUX BU3HAYEHb
YHOBUIBbHIOE BHECEHHS 3MiH. OTHUM 31 CITOCOO1B BUPIIICHHS AaHOT IPOOJIEMHU € TUHAMIYHE
CTBOPEHHSI Ta 00YMCIICHHS TTOTOKIB pOOIT BUXOASYH 3 HAJIAHUX JIAHUX Ta IHCTPYMEHTIB /IS
iX 0OpOOKM 1 MEepeTBOPEHHS, L0 AO03BOJIUTH PO3LIMPATH ICHYIOUl 3aco0M Kiacudikarii
3aXBOPIOBaHb 0€3 BTpy4YaHHs a00 MIHIMAJIbHUM BTPYYaHHSAM JIOAUHU (PaxiBis).

Metow aucepramiiiHol podOTH € 3MEHIIECHHS Yacy ajanTaiii MporpamMHOro
3a0€3MEeUCHHS aHalI3y MEIUYHUX 300pakeHb JJisl IIarHOCTUKKW Ha OCHOBI aJrOpPUTMIB
MAaIIMHHOTO HaBYaHHS.

Y nepmomy po3aiai gucepTaiiiiHoi poOOTH MPOBEACHO aHalli3 3ac00iB Ta METO/IB
JIarHOCTUKM 3aXBOPIOBaHb 32 JOMOMOIOK Kjacu@iKalii 3HIMKIB KOMIT I0T€PHOI

tomorpadii, Ta PO3TIASHYTO ICHYIOYI CHCTEMH KEpyBaHHS IMOTOKaMu pobiT. 3a
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pe3yJibTaTaMu aHaji3y JITepaTypHUX JDKEepesl BUAUICHO HaWOUIbII pe3ysibTaTUBHI
apXITEeKTYpu HEUPOHHUX MEPEX Ta OKPECICHO MNpoOJieMH, IO IOB’s3aHl 3 aHaIi30M
pesynbTaTiB. Po3risHyTO cmocoOu  iHTerpaiii HEMpOHHUX MeEpeX Y MpOrpaMHe
3a0e3nedeHHs Ta OOIPYHTOBAHO BUKOPHUCTAaHHS MOTOKIB poOiT. [IpoBeneHo nopiBHAIbHUN
aHaJli3 Cy4acHHUX CHCTEM KepyBaHHsI IOTOKaMH poOOIT.

Y apyromy po3aijii  3anpornoHOBAHO MOXJIUBICTh BHUKOPHUCTAHHS BKJIAJICHUX
MpeCTaBlIeHb IS BUpIIEeHHS 3anadl kiacudikaiii 300paxkens KT. 3amnponoHoBaHo
MoaudiKario ICHYr0490i HEHPOHHOT Mepexi i moOyI0BH BKIIAJEHUX TMPEACTABICHb Ta
JIOBEJICHO MOXKJIMBICTh JIOJJaBaHHS HOBHMX KJaciB 0e3 ICTOTHOI BTpaTH TOYHOCTI.
Po3pobiieno maTemMaTH4Hy MOENb NIl 0OpaxyHKY 4acy Ha MmoOyaoBy kiacudikaTopa Ta
HABEJCHO YMOBH, 1110 BU3HAYAIOTh HOTO €()eKTUBHICTD.

Y Tperbomy po3aiji 3anmpornoHOBAHO METOJ JUIsl JAUHAMIYHOI MOOyI0oBU Tpady
MOTOKY POOIT miJ Yyac WOro BUKOHAHHS, SIKUU JO3BOJIIE YHUKHYTH HEOOX1THOCTI y MOro
CTaTUYHOMY BHM3HA4Y€HH1 Bpy4HY. /[ 3amporoHOBAaHOTO METOJYy BHU3HAYE€HO OCHOBHI
cyTHOCTI. Po3po0ieHno mojenb oO0paxyHKy 4acy BUKOHAHHS IMOTOKY poOiT. IMiTariiHum
MOJIETIIOBAHHSM TMOKAa3aHO, 1[0 YaCOM POOOTH alropuTMy MOXKHA 3HEXTYBATH BiTHOCHO
yacy Ha KOpHCHI obOuucieHHs. Po3poOieHo cucrteMmy KepyBaHHS IMOTOKaMH POOIT, IO
peayli3ye 3amporoHOBaHWM METOJ 3 BHUKOpuUcTaHHSM cuctemud Kubernetes mis
PO3MOIIICHUX KIIACTEPHUX 0OUMCIICHb Ta MOXKIIMBICTIO TOPH30HTAILHOTO MACIITa0yBaHHS.
[IpoBeneHo aHami3 IIBUAKOJII CHCTEMHU Ta JIOBEICHO ii MPAKTUYHY 3aCTOCOBHICTD.
Po3po6neno mareMaTH4Hy MOJENb OLIHKKM dYacy Ha moOyJoBYy IOTOKIB pOOIT 3a
3aMpONOHOBAHUM METOJIOM Ta HaBEIEHO YMOBH, III0 BU3HAYAIOTh MEX1 €()eKTUBHOCTI MOTO
BUKOPUCTAHHS.

Y d4erBepromMy PpoO374iJii BUKOHAHO MPOEKTYBaHHS Ta peaii3aliid MpOrpaMHOrO
3a0e3nedeHHs aHami3zy 300paxxenb KT mms miarHoctuku 3axBopioBanb. llpencraBieHo
apXiTEeKTypy MporpaMHOro 3abesneueHHs. Po3po0sieHO HHU3KY OOYHMCIIOYHMX 3ac001B
CUCTEMHU KEpyBaHHS TIOTOKaMU poOIT Uil BHUKOHAHHS Kiacudikaiii 300paxeHb
KOMIT FOTepHO1 Tomorpadii, y TOMy YHCI 3a JOMOMOTOI BKJIAJCHUX IIPEIACTaBJICHbD.
PeanizoBano cepBep Ta iHTepdelic KopucTyBada cuctemMu. HaBeneHo —omuc

(YHKIIIOHAJTBHOCT1 CUCTEMH.



Pe3ynbraTu, OTpuMaHi y IucepTaiiHoMy JTOCHIIKEHHI, MICTATh HAyKOBY HOBU3HY

— BIleplIe 3aMpoNOHOBAHO METO] IMHAMIYHOIO KOHCTPYIOBAHHS IMOTOKIB POOIT
i 4Yac I1X BHUKOHAHHS, SKHH BIIPI3HAETHCS BiJ HAsSBHUX aBTOMATHYHOIO
noOy/10Bor0 rpady BUKOHAHHS, IO JO3BOJISE BUKJIIOUUTH €Tall BU3HAUYCHHS
CTATUYHOT'O TIOTOKY POOIT Ta 3MEHIIINTH Yac Ha BIPOBAKEHHS 3MiH y IPOTpaMHE
3a0€e3ICUCHHS;

— YAOCKOHAJIeHO MeToJ Kiacudikamii 300paxeHb NUIIXOM BUKOPUCTaHHS
BKJIAJICHUX TPEJCTaBICHb, M0 JO3BOJISIE JO/IaBaHHS HOBHMX KiaciB 0e3 3MiHU
TOIOJIOTT HEUPOHHOT MEPEKI;

— YAOCKOHAJIEHO MaTeMaTHYHy MOJENb JUJIs OLIHKU Yacy aJamnTarllii MporpaMHOro
3a0e3neyeHHs Kiaacudikamii 300paxeHb NUIIXOM BpaxyBaHHS CKJIaJI0BUX 4acy
Moaudikamii kimacudikaTopa Ta MoOyAoBH rpady MOTOKY poOIT, IO Jae
MOKJIUBICTh TIOPIBHIOBATH IIIBUAKOCTI BIPOBAKCHHS 3MIH Yy MPOTPaMHE
3a0e3IeueHHs Ta 3/IIMCHIOBATH OOTPYHTOBAHUM BHOIpP METOIIB Ta apXiTEKTYpPHHUX
pIIICHb.

Po3pobneno xmapHe mporpamHe 3a0e3nedeHHs Uisi aBTOMaTH30BaHOT J1arHOCTUKH
3aXBOPIOBaHb 3a J0MOMOroro aHamizy 3HiMKIB KT. 3ampomnonoBaHi MeTOI1, 3aCTOCOBaHI y
porpaMHOMY 3ac001, JO3BOJSIOTH MIBUIKE JOTPEHYBAHHSA Ta PO3MIMPEHHS IS M ATPUMKH
HOBUX METOJIB, pO3Mi3HABaHHSI HOBUX 3aXBOpIOBaHb TowIo. [lpencraBnenuii Meron
JTMHAMIYHOTO KOHCTPYIOBaHHS MOTOKIB POOIT Ta CHCTEMa Ha MOTr0 OCHOBI MOXYTh OyTH
BHUKOPHCTAHI SIK 3aMiHa TOTOYHUX CHCTEM OpraHizailii oounciaeHs y cdepi 010iHPOpMaTHKH,
y TOMY YHCJII JJIsl IPOBEJICHHS TEHOMHHUX PO3PaXyHKIB.

Po3po0OsieHi B nucepTanii nporpaMHi 3aco0M MOKYTh BAKOPHUCTOBYBATHUCH SIK OKPEMO
(CKIIP, II3 ananizy 3uiMkiB KT mis AlarHOCTMKM) TaKk 1 B CKJIaJl IHIIUX CHUCTEM
(HampuKIIa, K CKJIaJI0BI CUCTEM MIATPUMKU MPUNHSATTS PIIICHbD).

Pe3ynbTaTy mpoBeeHUX AOCTIIKEHb OyJI0 OMmyOIiKOBaHO Y 9 HayKOBHX Iparsix, 3
akux 4 y paxoBux HayKoBHX >KypHanax kareropii «by, 1 y &ypHami, 1m0 1HIEKCY€EThCA
HAayKOMETPUYHOI0 0a3010 maHux Scopus, 4 y Marepiajax MDKHapOAHUX HAYKOBO-

MPaKTUYHUX KOH(PEPEHIIIH.
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ABSTRACT

Smilianets F.A. Methods and software Tools for accelerating classifier additional
training for image-based disease diagnosis. — Qualifying scientific work on the rights of the
manuscript.

Thesis for the degree of Doctor of Philosophy in specialty 121 — Software Engineering
of knowledge field 12 — Information Technologies. — National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2025.

The dissertation focuses on developing a medical image classification method aimed
at avoiding changes in convolutional neural network topology when adding new classes,
thus reducing the time overhead for their support, and a workflow-based computation
organization method that constructs the pipeline graph during execution, thereby
minimizing the time required for system modifications.

The timely development and availability of infectious disease testing tools is a
fundamental component of epidemic and pandemic control at every stage of disease spread.
Accessible and rapid diagnostics are crucial for timely detection of infection outbreaks and,
consequently, for identifying and isolating contacts or implementing quarantine restrictions
in specific areas. Proactive development of disease detection tools, as well as finding
approaches to accelerate their acquisition and implementation, is essential for control of
future epidemics.

One approach to diagnosis involves analyzing medical images using convolutional
neural networks. However, such classification necessitates changes in model topology when
new classes need to be added. This limitation can be overcome through the use of
intermediate data — embeddings generated by the neural network — and performing
classification based on them. Thus, the neural network can be fine-tuned to support new
classes without introducing changes to its topology. Machine learning algorithms
performing the classification on embeddings can be retrained to support more classes
without code intervention and in a relatively short time.

While the design and training of neural networks for image-based diagnostics is
extensively covered in scientific literature, the practical aspects of integrating these models

into software systems remain largely unexplored.



An important aspect of diagnostic tools is the speed at which the system can adapt to
emerging diseases. Therefore, there is a need to reduce the effort required for adding or
modifying diagnostic methods implemented in the tool. Since workflows allow
encapsulation of individual data processing stages and flexible alteration of their execution
sequence without system code intervention, their use significantly reduces the time and
complexity of implementing changes.

Workflows are ordered, structured representations of multi-step computational tasks.
They are typically modeled as directed acyclic graphs, where vertices represent data
operations and edges represent the flow of outputs from one operation to inputs of others.
Such a graph, consisting of input data and their sequential transformations through
individual vertices (also known as steps or tools), is often referred to as a pipeline.

Existing workflow management systems require static workflow graph definitions by
system developers. The existence of these static definitions slows down the implementation
of changes. One solution to this problem is dynamic creation and computation of workflows
based on provided data and tools for their processing and transformation, which enables
expansion of existing disease classification tools with minimal or no human (specialist)
intervention.

The aim of the thesis is to reduce the adaptation time of machine learning based
software for medical image analysis for diagnostics.

The first section analyzes tools and methods for disease diagnosis through
classification of computed tomography images and examines existing workflow
management systems. Based on the literature review, the most effective neural network
architectures are identified and problems related to results analysis are outlined. Methods of
integrating neural networks into software are considered and the use of workflows is
justified. A comparative analysis of modern workflow management systems is conducted.

The second section proposes the use of embeddings for solving CT image
classification tasks. A modification of an existing neural network for generating embeddings
1s proposed and the possibility of adding new classes without significant accuracy loss is
demonstrated. A mathematical model for calculating classifier construction time 1is

developed and conditions determining its efficiency are presented.
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In the third section, a method for the dynamic construction of a workflow graph
during its execution is proposed, which allows avoiding the need for its static manual
definition. The main entities for the proposed algorithm are defined. A model for calculating
the execution time of the workflow is developed. Through simulation modeling, it is
demonstrated that the algorithm's runtime overhead is negligible compared to useful
computation time. A workflow management system that implements the proposed algorithm
using the Kubernetes system for distributed cluster computing with the ability to scale
horizontally has been developed. The performance of the system is analyzed, and its
practical applicability is proven. A mathematical model for estimating workflow
construction time using the proposed method is developed, and conditions determining its
effectiveness boundaries are presented.

In the fourth section, the design and implementation of a CT image analysis software
for disease diagnosis. The architecture of the software is presented. A number of computing
tools have been developed in the workflow management system for performing
classification of computed tomography images, including using embedded representations.
The server and user interface of the software have been implemented. The functionality of
the software is described.

The results obtained in the dissertation research contain scientific novelty:

— for the first time, a method for the dynamic construction of workflows during
their execution has been proposed, which is characterized by the automatic
construction of the execution graph and allows to avoid the stage of manually
defining a static workflow, and thus reduces the time for implementing changes in
software;

— an image analysis method was improved by using embeddings, which enables the
addition of new classes without modifying neural network topology;

— mathematical model for estimating image classification software adaptation time
was improved by incorporating classifier modification and workflow graph
construction time components, enabling comparison of software modification
implementation speeds and facilitating informed selection of methods and

architectural solutions.
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A cloud-based software tool has been developed for automated disease diagnosis
through the analysis of CT scans. The proposed methods, applied in the software tool, allow
rapid fine-tuning and expansion to support new methods, recognition of new diseases, etc.
The presented method of dynamic workflow formation and the system based on it can be
used as a replacement for the current systems of organizing computations in the field of
bioinformatics, including for performing genomic calculations.

The software tools developed in the dissertation can be used both independently
(Workflow Management System, CT scan analysis software for diagnostics) and as
components of other systems (for example, as elements of decision support systems).

The results of the research conducted were published in 9 scientific papers, of which
4 were in professional scientific journals, 1 was in a journal indexed by Scopus, and 4 were
in the materials of international scientific and practical conferences.

Keywords: software engineering, medical data analysis, computed tomography scans,
embeddings, classifiers, machine learning, neural networks, convolutional neural networks,
workflows, workflow management systems, cloud computing, distributed computing,

containers.
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[Tl ®IOT, 2024. c. 124-127.

Cminsineub, ®. A., OinorenoB O.J[. TlopiBHsHHS anropuTmiB kiacudikaii 3
BUKOPHCTAaHHSAM BKJIQJICHHX TMpeacTaBineHb 3HIMKIB KT. ImkeHepis mporpamHoro
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BCTYII

AKTyasbHiCTh TeMHM. [HQekuiifiHi XBOpoOU CYHIpPOBOKYIOTh JIIOACTBO 3
noictopuyHux dYaciB. [losiBa CITBCHKOTO TOCHOMApPCTBA 3 OJOMAIIHEHHSM TBapWH Ta
BUpPOIILYBaHHIM pociauH 6sm3bk0o 10,000 pokiB ToMy A03BoJIMIIA OUIBINI Ta KOMIAKTHIIII
MOCEJICHHSI JIIOJICH, a TaKOX J1ajo OUIbIle MOMXJIMBOCTEH JJIA Tepeadl MaToreHiB Mix
BUJIaMU (300HO3HICTH). LI Ta iHII (akTOpu CTanM KIIOYOBUMH y TMOSBI emiieMiil sk
sumia [1].

['moGanizarisi Ta TOProBO-€KOHOMIYHA 1HTETPaLlisl CIIPHUSIIA MOTIMOJICHHIO KOHTAKTIB
MDK reorpadiyHO BiIJAJICHUMH pErioHaMH Ta CIUIBHOTAMH, a BIATaK — IHTCHCUBHOMY
0OMIHy aTOreHaMH MK HUMU. Tak, y KJIaCHYHY €rmoXy OOMiH MaToreHaMu Ta iX HOCISIMH
BiOyBaBCSI MK BEIUKHMH €BPA3iMChKUMH TIHUBUTI3AIISIMA — CEPEI3eMHOMOPCHKAMHU
nepxaBamu, bauzbkum Cxozom, IHaiero Ta Kutaem, a ernoxa peHecancy MICTUTh OaraTo
BUMAJKIB Tepefadl MaTOTeHIB KOPIHHUM JKUTENSIM AMEpUKH Ta OcCTpoBiB Tuxoro
okeany [1].

[Toganeina inTeHcudikallis riaodaizalii, Ta MosiBa aplalifHOTO CIIOJYyY€HHS 3HaYHO
MIIBUIIMAIN TIBUIKICTh TOMUPEHHS 1H(PEKIIMHNX 3aXBOPIOBaHb. Tak, 3 12 HaWBax4ux
erniieMiil B icTopii MoaAcTBa, 5 BiAOynauch y 20-My cTomTTi, Ta 2 — y 21-My, npudoMy
octanHi 4 BinOynuck 3 iHTepBaIoM y 15 pokis [2].

BuacHa po3poOka Ta JOCTYNHICTH MIarHOCTUYHUX TECTiB € (yHIaMEHTAITBHUM
KOMITOHEHTOM KOHTPOJIIO HaJl eMiIeMisIMU Ta MaHAEMIsIMU Ha KO)KHOMY €Talll MOIIUPEHHS
xBopoOu [3]. JlocTymHa Ta mBHIKA A1arHOCTHUKA € KIIFOUOBUM KOMIIOHEHTOM CBOEYACHOCTI
BHUSBJICHHs CIajiaxiB 1HQEKIii, 1, SK HACIII0K, BHU3HAUYCHHS IIEPEIiKy Ta 130JIAIil
KOHTaKTHHUX OC10 4M 3apOBaKEHHS] KAPAaHTUHHUX 0OMEXEHb Ha MEBHINA TEPUTOPII.

HenoctatHst rOTOBHICTh AIarHOCTUYHUX IHCTPYMEHTIB 3irpaja ICTOTHY pPOJb Yy
3aTpUMIIl peakKiii Ha psiji enifeMii, BKII0Uaour XBOpoOu, cipruurHeHi Bipycamu EGona [4]
ta 3ika [5], TomIo.

Amnainoriyno, Ha oyatky nangaemMii COVID-19 tecTyBaHHS 3a JOIOMOTOI0 METOIY
[IJIP Oyno moporum, 3aiimaino Oararo 4acy (JeKuUIbKa JHIB) Ta KUIBKICTh TECTIB Oyia

obmexeHoro. TectyBanns Ha COVID-19 crtano nqoctynmHuM jwuiie 31 3aemeBieHdsM [1J1P
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Ta MOLIMPEHHSAM 1HIIMX METOJIB TECTyBaHHS (TaKuX, SIK aHTUT€H-TecTyBaHHs). o 11poro,
HaWIMBUAIMM criocoOoM miarBeppkeHHs aiarHody COVID-19 06yB anami3z 3HIMKa
KOMIT FOTEPHOT TOMOTpPAaMH JIIKapeM-paJioioroM Ha TPEIMET XapaKTepHHUX IJIS BIpyCy
YPaKEHb JICTCHb.

[Tin yac mosiBM Ta MOMMPEHHS HACTYMHOI 1H(eEKIi He Oyae JOCTaTHRO Yacy Ha
PO3pOOKY IIarHOCTUYHUX 3aCO01B 3 MOBHUM JOTPUMAHHSAM YCIX PETYJISTOPHUX MPABUI HA
Crieliali3oBaHuX JI0 TaroreHy Iuiatdopmax. JlocTynm [0 J1arHOCTUYHUX 3acCO0IB €
MpOoOJIEMOT0 HABITH JIJIsl HASBHUX 1HGEKIIHN — Tak, i 20 maToreHis, M0 MAarOTh MOTSHITIAT
710 CTIIPUYMHEHHS CMaylaxiB, eMieMii, Ta MaHaeMill, TOTOBHICTh CUCTEM JIJIsl TECTYBaHHS €
KPUTUYHO HEJIOCTATHHOIO [6].

Binrak, ynepemkyBajibHa po3poOKa JIarHOCTUYHUX 1HCTPYMEHTIB, @ TaKOX MOUIYK
MIIXO01B JJISl MIBHJIIOTO OTPUMAaHHS 3aC001B JIIarHOCTUKHU € BAKJIMBUMHU JJIsI KOHTPOJIIO
HaJ emigeMisiMu B MaiiOyTHROMY [3], [4].

Bnacnigox mangemii COVID-19, icHyrOTh BeNMKI 3arajlbHOJOCTYIHI aHOTOBaHI
Habopu aaHux 31 3HIMKaMu KT, 110 € i7eanbHUMH U151 3aCTOCYBaHHS 3aC001B MAIIMHHOTO
HAaBUYaHHA 3 METOI0 TMPOBEJACHHS aHaji3y 3HIMKIB KOMII'FOTEpHOiI Tomorpadii mis
JIIarHOCTHKH.

Komm’rotepua tomorpadiss (KT) € mMeTomoM peHTreHIBCHKOTO CKaHyBaHHSA, IO
BUKOPHCTOBYETHCS y PAIIOJIOTIT 1711 HEIHBA3UBHOTO OTPUMAHHS BUCOKOSKICHUX 300payKeHb
TUJIa JIFOAWHY JUIS J1aTHOCTUYHUX I[1JIEH.

3HIMKA METOJIOM KOMIT I0TepHOi Tomorpadii OTPUMYIOTBCS 3a JOIIOMOTOIO
KOMIT FOTEPHUX aJTOPUTMIB (POPMYBaHHS 300payKeHHS 3 1HPOpMallii OTPUMAHO1 JaTYMKAMU
M1]] Yac MOCTYMOBOI0 Ta MOIIAPOBOr0 MPOXO/AY ITyYKa PEHTI€HIBCbKUX IIPOMEHIB YEPE3 T1I0
JIIOJIMHU M1 PI3HUMHU KYTaMHU.

Pe3ynbTaTom € TpuBUMIpHE MOIAPOBE 300paKEHHS BHYTPIIIHIX OPraHiB JIOANHH, 1€
TOBIIMHA APy MOXke BapitoBaTucs Bij 1.5 MM 10 10 MM, a 1eTanbHICTh IAPY 3AJICKUTH Bij
MOTY>KHOCTI TydyKa PEHTTEeHIBCHKUX MPOMEHIB IIiJl 4yaCc BUKOHAHHS 3HIMKaA. [li 3MiHHI
3asiexaTh BiJl 00’ €KTa IarHOCTUKYU Ta XapaKTePUCTHUK maiieHTa. Hampukiaz, 3a HasBHOCTI
Takoli MOXJMBOCTI, a OCOOJMBO JJIsI BariTHUX >KIHOK 1 JiTeW, MepeBary HaJaroTh

HU3bK01030BUM KT-3HIMKaM.
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3uiMku KT € ogHMM 3 OCHOBHUX METOJIIB J1arHOCTUKH 3aXBOPIOBAaHb JIETCHb,
OCKIJIbKM JTa€ TPUBUMIPHE Ta JI€TajlbHE 300pa)K€HHs, MPOLEC 3HATTS SKOro MOxe OyTu
MJTAIITOBAHUNA I TIPOLIECY JIarHOCTUKMA KOHKPETHOTO 3aXBOPIOBAHHS, a TaKOXK Ja€
JIETKY MOKJIMBICTB JUIsl TOOYI0BU JOBUIBHUX 3Pi31B MPOCTOPY, BiA3HATOr0 3HiMKOoM KT.

Binrak, 3HiMku KT € ieanbarM mpocTopoMm 1j1st po3poOKH HOBHX TT1IXO/I1B, METO/IIB
Ta 3ac001B KOMIT FOTEPHOI J1arHOCTUKHU. Po3po0toBaHi MiaAXoAu Ta METOAN MYCATh OyTH
CIIPSIMOBaH1 HAa YMOMJIMBJICHHS 1X SIKHAMIIIBUIIIOTO OHOBJICHHS Ta ajanTtarlii Jjisl IpoTH il
criajiaxam sIK BIZJJOMHUX, TaK 1 HEBIJOMHX XBOPOO Yy JOKaJIbHUX Ta T00aIbHUX MacIITadax.

3B’5130Kk po0OTH 3 HAYKOBMMH NpOrpamMaMu, IJjiaHamu, TemMmaMu. Juceprairiitna
po0oTa 4acTKOBO TOB’s3aHa 3 HAyKOBUMH pO3pOOKaMu, IO 3A1MCHIOIOTHCS Ha Kadenpi
iHbpOpMaTUKA Ta TMpOrpaMHOi iHkeHepii HallloHambHOTO TEXHIYHOTO YHIBEPCUTETY
VYkpainn «KuiBcbkuii moymTexHiYHUN 1HCTUTYT iMeHi Irops CikopchbKOTo» 3a HayKOBUM
HampsiMOM  “MeToaM Ta TEXHOJOrIT BHCOKOMPOAYKTHBHHX OOYHMCIEHb Ta OOpOOKH
HaJBEIMKUX MacuBiB laHux’’. JlepkaBHuit peectpauiitnuii Homep 0117U000924.

Mera i 3aBaaHHsl AoCHiIKeHHsl. 3MEHIIEHHS 4Yacy aJanTaiii MOporpaMHOro
3a0e3MeyeHHs] aHaji3y MEIUYHHUX 300pakeHb AJsl 1arHOCTUKM HAa OCHOBI aNTOPHUTMIB
MaIIMHHOTO HAaBYaHHSI.

J5is nocsrHeHHs BKa3aHOi MeTH 0yJio0 cOPMOBAHO HACTYITHI 3aBJaHHS:

1. mocmimutu Metoau aHamizy 3HiMKIB KT;

2. po3pobutu meton kiacudikamii 3HIMKIB KT, 1mo m03BoJisie 3MEHIIMTH dYac
JOHAaBYaHHS KiacudikaTopa nMpyu A0JaBaHHI HOBUX KJAciB;

3. po3poOHUTH METOJI OpraHi3allli po3noIlIEeHUX 00YUCIICHb, 1110 JI03BOJISIE 3MEHIITUTH
yac Ha aJlafTauiio IporpaMHOro 3a0e3ne4eHHs Py BIPOBAHKEHH1 3MiH;

4. po3pobutu mnporpamHe 3aOe3nedeHHs aHamizy 3HIMKIB KT mis miarHocTHkU
3aXBOPIOBaHb 3 MOXKJIMBICTIO BUKOPUCTAHHS JEKUTBKOMA OPraHi3allisiMH.

O0'ekT H0CaiTAKEHHS: TIPOIEC aHAII3Y 300paKEeHb JJI JIIarHOCTUKHU 3aXBOPIOBAHb.

IIpeamer nociigskeHHsi: METOIM opraHizaiii kiacudikaiii 300pakeHb Ha OCHOBI
HEUPOHHUX MEPEK.

MeToau aociaigeHHsl. METOIY MAIIMHHOTO HaBYaHHS, METOAM Kiacudikairi,

3rOpTKOBI HEUPOHHI MEPEX1, TPOrpaMHi 3aCO0H KJIACTEPHUX O0UUCIICHB, METOJIU 00’ EKTHO-



19

OPIEHTOBAHOTO Ta MPOIEAYPHOT0 MPOrpaMyBaHHs, METOJU Ta MIAXOAU J0 PO3MOIIIEHUX
00YHUCIIEHb.

HaykoBa HOBH3HA OTPMMAHUX Pe3yJIbTATIB:

— @nepuie 3anponoHO8aHO METOJ TUHAMIYHOTO KOHCTPYIOBAHHS MOTOKIB POOIT il
yac iX BUKOHAHHS, SKUW BIAPI3HAETHCS Bl HASBHUX aBTOMATHYHOIO TOOYI0BOIO
rpady BHKOHAHHS, IO O3BOJIIE BUKIIOYUTH €Tall BU3HAYCHHS CTaTHYHOTO
NOTOKY pOOIT Ta 3MEHIIMTH Yac Ha BIPOBAHKEHHS 3MIH Yy MpOrpaMHe
3a0€e3IeUeHHS;

— YOOcKOHaleHo METOJ Kiacudikaiii 300pakeHb IIJISXOM BHKOPUCTAHHS
BKJIAJICHUX TPEJCTaBICHb, MO JO3BOJISE JO/MaBaHHS HOBHMX KiaciB 0€3 3MiHU
TOTOJIOT1T HEMPOHHOT MEPEXKI;

— YOOCKOHAeHO MaTeMaTU4YHy MOJEJb JJis OLIHKU 4acy ajanTallii mporpaMHOro
3a0e3neyeHHs Kiacudikamii 300paxeHb NUIIXOM BpaxyBaHHS CKJIaJIOBUX 4acy
Momudikamii kimacudikaTopa Ta MmoOyAoBH rpady MOTOKY poOIT, IO Jae
MO>KJIMBICTh TOPIBHIOBATH IIBUAKOCTI BIPOBAXKEHHSI 3MIH Yy MpPOrpaMHe
3a0e3MeyeH sl Ta 3/11iCHIOBAaTH OOTPYHTOBaHH BHOIP METOIB Ta apXiTEKTypHUX
pIIICHb.

IIpakTuyHe 3HA4YeHHS OTPUMAHMX pe3yabTaTiB. Po3pobieno xmapHuit
nporpamMHuil 3aci6 anamizy 3HIMKIB KT mist miarHOCTHKM 3aXBOpPIOBaHb. 3ampONOHOBaHI
METOJIM, 3aCTOCOBaHI y MpOrpaMHOMY 3aco0i, JO3BOJSIOTH IIBHUJKE JOTPEHYBaHHS Ta
PO3IIMPEHHS 711 MATPUMKHA HOBUX METOJIIB, PO3IMI3HABAHHS HOBHX 3aXBOPIOBAHb TOIIO.
3anponoHOBaHUN METOJ JWHAMIYHOTO KOHCTPYIOBAHHS TMOTOKIB pOOIT MOXe OyTH
BUKOPHUCTAHUM B CUCTEMax opraHizailii o0uucieHs y cgepi 610iHpOpMaTUKH, Y TOMY YKCITI
I TIPOBEICHHS] TECHOMHHX PO3PaxXyHKIB.

Ocobucrtuii BHecok 3100yBava. [lucepraiiis Ta ycl pe3yiabTaT NMPEACTaBICH] y Hii
OTPUMaH1 aBTOPOM OCOOMCTO y MPOILIECI CAMOCTIMHUX HAyKOBUX JIOCHIIKEHb. Y poOoTax,
HaIMCaHUX Y CIIBaBTOPCTBI, TMCEPTAHTOBI HAJIEKATh HACTYMHI pe3yJIbTaTH:

— 'y [7], [8] peamnizaiiisi MyJIbTUKIIACOBOTO KiIacudikaropa, MOro eKCriepuMEeHTAIbHE

JIOCHIJDKCHHS,
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— y [9] cTtBOpeHHs TeHepaTopa BKIANEHUX MPEACTABICHb Ta MYJBTHUKIACOBUX
KJ1acu(ikaTopiB, TOCHIIKEHHS BTPATH TOYHOCTI MPU JJ0JaBaHH1 HOBOTO KJIAcy;

— y [10], [11] cTBOopeHHs reHepaTopa BKJIAJCHUX MpejacTaBieHb 300paxenb KT,
MYJIBTUKIIACOBOTO Kiacu(ikaTopa, Horo eKCrepuMeHTaIbHE TOCIIIKCHHS;

— y [12] npoBenenHst 00UMCTIOBAILHUX €KCIIEPUMEHTIB Ta MOPIBHSAHHS aJITOPUTMIB
Kkiacudikaili 3 BAKOPUCTAHHSM BKJIQJIEHUX TIPEACTABIICHb;

— y [13], [11] po3pobka, oOOrpyHTyBaHHs, peanmi3alis Ta EKCIepUMEHTAJIbHE
JOCTIPKEHHS aIrOPUTMY TUHAMIYHOTO KOHCTPYIOBaHHS TpadiB MOTOKIB poOIT;

— y [14], [15] 361p Ta anani3 iHdopMaIlii mpo iCHY0U1 JOCTIIHKEHHS.

AmpoOarrisi pe3ynbTariB auceprainii. Pesynbraté pobotu Oyno omyOnikoBaHO Ta
OOrOBOpPEHO Ha BCEYKpaiHChKMX Ta MbKHaponHux KoHgepenuisx: XII Mixuapogna
HAyKOBO-TIpakTHuHa KOoHGepeHIs «KoMmmekcHe 3a0e3nedeHHs SKOCTI TEXHOJIOTTYHHMX
nporeciB Ta cuctem», 2022; IV MixkHapo/iHa HayKOBO-TIPAKTUYHA KOH(EPEHIIisT MOJIOANX
BUCHUX Ta CTYACHTIB «IHXKEHEpis MporpaMHOro 3abe3neueHHs 1 mepeaoBi iHpopmMaliiHi
texHosorii (SoftTech-2023)» npucssiuena 125-i piunuii KIII im. Irops Cikopcekoro; VI
MixHaponHa HayKOBO-TIPAaKTUYHA KOH(EpEeHI[is MOJIOAWX BYCHHX Ta CTYICHTIB
«IHKeHepis mporpaMHOro 3abe3neyueHHs 1 nepeosi iHpopMaiiai TexHosorii» (Soft Tech-
2024), VII MixxnapoHa HayKOBO-TIPaKTUYHA KOH(EPEHIIis] MOJIOUX BUCHUX Ta CTYACHTIB
«Imxenepis mporpamHoro 3abe3nedeHHs 1 nepeaosi iHbopMmartiitHi TexHomorii» (Soft Tech-
2024).

Iy6aikanii. Pe3ynpraTi mpoBeaeHNX J0CITiKEeHb 010 OMmy0IiIKOBaHO y 9 HAyKOBHUX
mpaisix, 3 akux 4 y (axoBUX HAyKOBHX KypHajax kareropii «b», 1 y xypHami, mo
1HJIEKCY€EThCSI HAYKOMETPUUHOK 0a3010 JaHuX Scopus, 4 y Marepiajiax MIKHapOJIHUX
HayKOBO-IPAKTUYHUX KOH(EPEHLIIi.

Ctpykrypa i o0car podorm. Jluceprariiiina po0OoTa CKIIaJa€TbCcsi 31 BCTYILY,
YOTUPHOX PO3JAUIIB, 3arajlbHUX BHCHOBKIB, CIUCKY BHUKOpPHCTaHMX Jmkepen 13 113
HallMEHYBaHb Ta JOJATKIB. 3araJbHUM 00CIT qucepTallii CTaHOBUTh 157 CTOPIHOK, 3 SIKUX
147 cTopiHOK OCHOBHOT'O TEKCTY, 3 pojatku Ha 10 cropinkax, Ta MicTUTh 31 pucyHOK, 43

dhopmynu, 15 Tabnuilpb.
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1 METO/JU TA 3ACOBU BUKOHAHHS AHAJII3Y 30BPAKEHD IS
JIATHOCTHUKH 3A JOITOMOI'OIO I'NIMBOKOI'O HABYAHHSA

1.1 I'nnboxke HABYAHHSA TAa aHAJI3 300pakeHb JJIA TiaTHOCTUKH

['muboke HaBYaHHSA € MIIMHOKHHOIO METO/1iB MAIIIMHHOTO HaBUAHHSI, IKE CTOCYETHCS
HaBYaHHS MTYy4YHHX HepoHHUX Mepex (IIIHM) — maremMaTH4HUX CHCTEM, BUKOHAHUX 32
1mo000I0 HEUPOHHUX CTPYKTYp MO3Ky TBapuH Ta mmonuau. IIIHM cknanaroTees 3
OB’ sI3aHUX MK 00010 HeMpoHiB. OcHOBHUM mnpuHIUNoM pobotu IIITHM € mocnioBHe
MEepPEeTBOPCHHS 1HGOpMaIii TnapaJeTbHUMU JIAHIIOTAMA HEWPOHIB, IO TMEpPeaaroTh
iH(popMallito Mk cO00I0 Ta 0 HACTYIMHUX HEHPOHIB y Mepexi. Sk mpaBuiio, HEHPOHH
MEpeX OpraHi3oBaHi y MapH — MOCIII0BHO MOETHAHUX HAOOPIB HEMPOHIB, Bil BXIAHOTO 0
BUXIJTHOTO II1apy.

[ITHM 3acTOoCOBYIOTHCSI 3 METOIO BUAUICHHSI O3HAK Y JIaHUX Ta 3aCTOCYBAHHS IIUX
O3HaK JJI1 BUKOHAHHS MEBHOI 3a/1ayi, yacTo — Kiacuikarii, pisHUX (opM KOAyBaHHS Ta
KJIacTepu3allii TOMIO.

Y chepi mMemumunux pochimkens IIIHM 3actocoByroTbes ais TOIIYKY HOBHX
npemnapariB, aHalli3y MEIUYHUX 300paKeHb, aBTOMATUYHOI M1arHOCTUKH Tomo. OgHuM 3
HaWOIIBIIT YacTHX 3aCTOCYBaHb IJIMOOKOrO HAaBUAHHS B MEIHMYHIN cdepl € aHai3 JaHUX
OTPUMAHHX 3 MEAUYHUX JAOCTIKEHB Y MPOLECi JIaTHOCTUKU — Kapiorpam (CTaHIapTHUX
Ta 1000BUX), eHIIearorpam, TeHETUYHUX JaHUX OTPUMaHUX 3a JTOMOMOT0I0 MIKPOMAaCHBIB
[16], anamizi MerabomiTiB y OlojoriyHux pinguHax [16], peHTreHorpadiyHUX 3HIMKIB,
3HIMKIB MarHiTHO-P€30HAaHCHOI TOMOTrpadii Ta pEHTIeHIBChKOI KOMIT FOTEPHOI ToMOrpadii.

OCHOBHUM KJIacOM ITMOOKUX HEHPOHHUX MEPEX, 110 3aCTOCOBYIOTHCS ISl aHANI3Y
3HIMKIB KOMII ' IOT€pHOI ToMOrpadii € 3ropTKoBi ITy4YH1 HeHpoHHI Mepexi (3LLIHM).

3ropTkoBl IITY4YHI HEHPOHHI Mepexi, BOepile mnpeacraBieHi y [17] € kimacom
MIUOOKUX MITYYHUX HEHPOHHHMX MEpEeX, BUHAMICHUM 3 METOI MiHIMi3allli monepeaHboi
00poOKM BXIAHMX JAHUX Ta PO3B’SI3aHHS MPOOJIEMH E€KCIMOHEHI[IHHOTO POCTY KUIBKOCTI
napameTpiB HEMPOHHOT Mepex1 Mpu 30UTBIIIEHHI PO3MIPHOCTI BX1HUX JaHuX. Ha mpuknani

aHai3y 300pakeHb, B HEUPOHHIN Mepexi MoOy/I0BaHii Ha OCHOBI MEPIIENTPOHIB, KOXKEH
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HEWPOH y BX1IHOMY IlIapl HEHPOHHOT MEPEK] MyCUTh MATH TUCSY1 MapaMeTpPiB JUIsl aHAITI3Y
300paxeHHs po3mipom 100 Ha 100 mikceniB. Hatomicts, 3IIIHM 3aiiicHIOIOTH MOIIYK Ta
BHUBYCHHS 03HAK 3aCTOCOBYIOUH MOCIIOBHI 3TOPTKOBI oriepaliii Haj BXITHUMHU JaHUMH, 110
J03BOJISIE 3HU3UTH KIJIbKICTh HEOOX1IHUX HEUPOHIB, 1, BIAMOBIAHO, 00’€M HEOOXITHUX
oOYHClIeHb Ha TOPSAAKUA. 3rOpTKa, Y BHUNAAKY HEHPOHHUX MEpEX, BHUKOHYETHCS
MOCJIIIOBHUM OOYMCIIEHHSAM CKAJISPHOrO JTOOYTKY MK MEBHUM BIKHOM Y BXIJHUX JaHHUX
mapy Ta «1Ipom» HEHPOHY, SIKUH € MacKOO ((P1IbTPOM) AJI MOIIYKY TUX Y 1HIIMX O3HAK.
Ha xoxHOMY Kpolli 0OYMCICHHS, BIKHO Y BXITHUX JAaHUX 3MIIIYETHCS Ta OOUHUCITIOETHCS
HACTYIIHUH CKaJsIpHUM 100YyTOK. B pe3ynbrari, HEHpPOH NMPOIYyKy€e€ MATPUIIO0 OTPUMAaHUX
ckamsipHuX n00yTKiB. Li ckamsipHi MOOYTKH 1 € BiJHAHACHUMH IIAPOM O3HAKAMU. Takum
YUHOM, MOCIIJOBHOIO OOpOOKOIO AaHMX JEKIIbKOMa IIapaMd HEHpOHHA Mepeka Mae

3IaTHICTh BU3HAYATH Ta 1ICHTU(IKYBATH OIBII aOCTPAKTHI O3HAKH.

1.2 Meroau kiaacugikanii 3Himkis KT

Uepe3z oOMEXeHHs, TMOB’A3aHI 3 HAsIBHUMHU TEXHOJIOTISIMH Ta JOCTYIHUMU
00UYHCITIOBAILHUMH pecypcaMu, paHHi pobotu 3 aHamizy 3HiIMKIB KT s miarHOCTHKU
BUMarajau IHTEHCHUBHOI MOIepeaHhoi OoOpoOKM AaHMX Ta TOMAEKyau (poKycyBaauch Ha
BU3HAYCHHI CIeU(PIYHUX, aHIXK 3arajJbHUX O3HAK.

Tak, y [18] Oyno moOymoBaHO mdekijgbka OaraTocTyneHEeBUX Kiacu(pikaTopis,
OpPIEHTOBAHUX Ha TMOLIYK HMIMPOKOTo (iOpo3y JiereHb — pyOILIOBaHHS TKaHWH JIETEHb, 110
OPU3BOAUTH 10 MPOOJIEM 3 JUXAHHSAM Ta JOCTYIIOM KHCHIO y KpoB. JlJisi BU3HAYeHHS
niarnozy, DICOM-300pakeHHSI CErMEHTYBaJUCh Ta A000pOOJSIUCh IS BIIICHHS
TKaHWH JIETeHb BiJl POCTOPY, AKUH BigoOpakae 3armoBHEHI MOBITpsAM JiereHi. OTpuMani
CEerMEHTH aHaJ13yBaJIMCh HA HAsIBHICTh O3HAK 3@ TEKCTYPHUMH Ta IHIIMMH aTpuOyTtamu. Ha
OCHOBI OTPUMaHUX O3HAK MPOBOJMJIACH KiacH(ikalis 3a JOMOMOIOK pALy IpaBui,
BHU3HAUEHUX 32 JIONOMOIOI0 MAIIMHHOTO HaByaHHSA. CXO0XXMM 4YMHOM, 3a JONOMOTOIO
MOIIYKY O3HAK CTATUCTUYHMMH METOJIaMH Ta 1X aHaji3y 3a JOMOMOror KiacudikaTtopa Ha
OCHOBI METOJIy OIOPHUX BEKTOPiB, y [19] Oyno moOymoBaHO cHCTEMY JJii BU3HAUYCHHS

XapaKkTepy YpakKeHHs TMEUYIHKH — BIJICYTHICTh YpaKEHHS, F€éMaHTioMa, TemaToleIoIsIpHa
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kapuuHoMma. OJHak, Ha BIAMIHY BIJ MOMEPEIHBOrO JIOCTKeHHs, ¥ [19] posrmsnanack
kiacudikailiss okpemux perioHiB KT-3HiMKa, BUIUICHUX JJIS1 IOTO BPYYHY JAOCBITYCHUM
JKapeM-paaiooroM.

Hartomicts, [20] po3risgae OyKBalbHUN MIAX1A 10 TOLIYKY Ta iAeHTU(IKALIT pi3HUX
BUJIIB TpaBM TojoBU. B 1pomy pocmimkerdi KT-300pakeHHS TOJIOBH JIFOJWHH
CErMEHTYBAJIMCh 3 METOI MOILIYKY MOTEHIIMHUX 00JiacTeld BHYTPIIIHBOI KPOBOTEYl 3a
JOTIOMOT 00 0a30BHX MAaTEMAaTUYHUX TEXHIK. XapaKTepUCTUKH BIAHANACHUX PET10HIB, TaKi
SIK TUTOIIA, TOBXKWHA, PO3MIIIEHHS PETIOHY YpaKeHHsST 00pOOJISITUCH 3a IOTTOMOTOI0 JepeBa
OPUNHSTTS PIllICHb.

3 pO3BUTKOM METO[IB IMNIMOOKOTO HABYAHHS Ta PI3KUM CTPHUOKOM y JOCTYIHOCTI
BHCOKOIIPOJIYKTUBHUX KOMIT IOTEPIB, aKIEHT Yy pO3po0Ill CHCTeM OOpOOKH 300pakeHb
3arajoM Ta MEAUYHHUX 300paKeHb 30KpeMa 3MICTUBCS 3 PO3POOKHU CEIU(pIYHUX CUCTEM 0
3aCTOCYBAaHHS OJIHOMAHITHMX Y3arajJbHEHHMX METOJiB, SK TNPaBWJIO 3aCHOBAaHUX Ha
3rOpPTKOBUX HEMPOHHUX Mepexkax. 3a pe3ysibTaTaMu JociixkeHHs [14] maiixke yci cTaTTi,
crpsiMoBaHi Ha aHami3 KT-3HIMKIB jereHr Oyju 3acCHOBaHI Ha PI3HHX apXiTEKTypax
3TOPTKOBUX HEUPOHHUX MEPEK.

3 BIAKpUTHUX JKepen Oyno BiaiOpaHo 39 HayKOBUX pOOIT HA TEMY JIIarHOCTHKU Ha
ocHOBI MammHHOTO aHamizy 3HIMKIB KT, omyOmikoBanux mix ciunem 2017 poky Ta
BepecHeM 2023 poky. [ns koxHoi 3 HHX Oyno 310paHO LiTbOBE 3aXBOPIOBAHHS,
BUKOPUCTAHUN METOJl, pO3MIp HabOpy JaHUX, METOJIU OILIHIOBAHHS JOCATHEHOTO
pe3ynbTaTy Ta KIacH, 10 HasBHI y BXIAHOMY HaOOpl JaHWX. AHaNi3yBaJlUCh HACTYIIHI

napameTpH:

3aXBOPIOBAaHHs, BUABJICHHS IKOI'O € MCTOIO;

apXITEKTypa HEHPOHHOT MEPEXI;

— PO3MIpH J1aTacery;

— BUKOPHUCTaHI METPUKHU Ta OTPUMAaHI 3HAYECHHS;

— KJIacH 300pa’KeHb, K1 MOXKE PO3PI3HATH HATPEHOBAHA MEPEXKA.
Omny06mnikoBaHi po60TH OYJI0 BiZICOPTOBAHO Y JB1 KaTETOPIi:

— 1o nouatky nangemii COVID-19;

— micas noyatky nangemii COVID-19.
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[ToBHMIT criMcOK 3HaWIeHUX MyOJTikalii HaBeaeHo y Taonuipix 1.1 ta 1.2, HaBeeHux

y nomarky X.

Ta6nuus 1.1 — ocmikenns, omy0aikoBani 10 manaemii COVID-19

Pix IinboBe . Po3wmip Bukopucrani

ApXxiTekTypa Kiacu naracery
[ut. | 3axB. JlaTaceTy | METPHUKHU
2017 AlexNet _ TyGepkynbo3 JiereHsb, 310pOBi
[21] PT. Googl.eNet 1007 AUC=99 % JereHi
2017 ACC=64.6 %
[22] L.C. Unknown 48 AUC=64.6 % He Bkazano
[25)31]7 Sg. CNN 240 ACC=88 % | 3uimiu KT

Modified . . .
2018 ACC=91.6% JLoOpOSIKICHI/3/TOSIKICH] JIeTeHEeB1
[24] L.N. ResNet50 Unknown AUC=957 % | Bysmu
2018 L.N. MethOd. 43 292 AUC=92-99 % | HasBHICTb Ta BiACYTHICTb By3Ja
[25] comparison
2018 DetectNet . . .
[26] L.N. YOLO 1018 ACC=93 % HasiBHICTB Ta BIACYTHICTB By3J1a
2019 Sensit.=100 % . .
[27] Ppt. CNN 80 Specif =83 % [TueBMoOTOpaKc, 310pOBI JieTeH1
[25)81]9 L.C. Unknown 1139 ACC=94.4 % | Pak nereHs, 37J0pOBI JIET¢HI
2019 CNN .
[29] Pt. YOLO 1596 ACC=86-87 % | Pi3Hi cTajli MHEBMOTOpaKCy
2019 . Sensit.=94 % J1oOposIKiCHI/3104KICHI JIereHeBl
Boj | M CMixNet 888 Specif.=91 % | Bysmn
2019 CNN o .
[31] Em. LSTM 7143 Unknown Pi3ni Tunm emdizemu
2019 LC. 3DDCNN 55 ACC=98.51 % Z[06pO}IKICH1/3.J'IO$IKICIjII JIETE€HEB1
[32] BY3JIY, 3JI0POBI JIET€H1

Tabmus 1.2 — JlocmipkeHHs, omyOaikoBaHi micis nmoyatky magaemii COVID-19

Pix [lie0BE Merox Po3mip Buxkopucrani Kyiacu natacery
Llut. | 3axs. JIATaceTy | METPHUKH
2020 ACC=90 % HasiBHiCTh Ta BiZICyTHICTh
[33] CVD UNet, WeakLabel 499 AUC=95.9 % COVID-19
2020 ResNet-50,  Xcep- Sensit.=99 % | COVID-19, inmri
[34] CVD tion, Inception-v3, 3993 Specif.=100 % | nHeBMOHII, iHmI
VGG16 ACC=99.8 % 3aXBOPIOBaHHS
2020 F1=90 %, HasiBHiCTh Ta BiICYTHICTh
CVD DenseNet, ResNet 812 AUC=98 %,
[35] COVID-19
ACC=89 %
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Pix [{inmeoBe Meroxn Po3mip Buxkopucrani Krmacu naracery
[lut. | 3axs. JIaTaceTy | METPUKH
2020 VGG-16, ResNet, F1=85 % COVID-19, ixmri '
136] CVD DenseNet, 349 AUC =94 9 3aXBOPIOBaHHS, 3JI0POBI
EfficientNet, CRNet. - Jerexi
2020 : HasiBHICTB Ta BiICYTHICTh
[37] CVD 2D ROI, GradCam 110 AUC=94.8 % COVID-19
2020 | -y, | Unknown 14,435 | F1=97 % COVID-19, trumi
[38] [THEBMOHII
%3092]0 L.C. AlexNet ?eBIHOM ACC=97.2% | He BKa3aHO
COVID-19, inmi
2020 CVD ImageNet 610. . | ACC=98.5 % MTHEBMOHI1, TYOepKYIh03
[40] MALi€HTIB
JIETEHb
6868 300
2020 | -y | ResNets0 POKCHE | ) g5 | COVID-19, 3n0posi
[41] 400 marxie JIereui
HTIB
DenseNet3D, ACC=87.1 %, .
[2222]0 CVD MNas3DNet 3,993 F1=87.25 %, g}igz}lf ’;H;“;Bi oreni
ResNet3D AUC=95.7 % » 310P
2020 _ HasiBHiCTB Ta BiZICYTHICTb
[43] CVD ResNet50 720 ACC=92.2 % COVID-19
2020 Precis.=94 % Ty0epkynbo3, 310poBi
[44] P.T. CNN 1002 Recall=98 % JIereHi
2020 ACC=89.7 %,
[45] CVD EfficientNet 544 F1=89.6 %, COVID-19 Ta ixmri
AUC=89.5 %
2021 COVID-19, iamn
[46] CVD COVID-Net 13,975 ACC=94.3 % MTHEBMOHI1, TYOepKYIHh03
JIETeHb
2021 COVID-19, ixmi
CVD EfficientNetB3 7184 AUC=95 % ITHEBMOHI1, TyOepKYJTh03
[47]
JIET€Hb
2021 HasBHi Habopu naHmXx
48] CVD CNN 3228 ACC=99 % SARS-CoV-2 CT-scan Ta
COVID19-CT
2021 Sensit.=93 % .
[49] CVD ResNet50 2592 Specif.=92 % COVID-19 Ta igmri
2021 CVD CNN 465 He Bkazano COVID-19
[50]
2021 | oy | VGG-16, ResNets0. g’g\lfs ACC=98.79 % | Habip namux SARS-CoV-
[51] Xception 2 CT F1 =0.99 2CT
2021 Differential ACC?88_96 % HeyTouHeHi «HasBHI
CVD ) 3,993 JUISL P13HUX
[42] architecture search ) HabOpH TAHUX»
apXiTEeKTyp
2022 ACC=99.35 %, | HasBHicTb Ta BiICyTHICTb
[521 | CVD | VOO ResNet 757 ACC=96.77% | COVID-19
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Pix [{inmeoBe Merox Po3mip Buxkopucrani Krmacu naracery
[lut. | 3axs. JIaTaceTy | METPHUKH
2022 . B HasiBHICTB Ta BiJICYyTHICTb
(53] CVD Inception, ResNetV2 | 2,471 ACC=96 % COVID-19
2022 -y SeNet154 31590 | ACC=98 % COVID-19, iz .
[54] ITHEBMOHI1, 3/I0pOBI JieTeHi
2022 1 ~yp P-DenseCOVNet. 2,698 ACC=875¢ | COVID-19, immi .
[55] ITHEBMOHI1, 3/I0pOBI JieTeHi
2022 B HasiBHicTh Ta BiICYTHICTh
(56] CVD CVD19-Net 13216 ACC=98 % COVID-19
2023 DarkNet19, B HasiBHiCTh Ta BiACYTHICTh
571 | VP | MobileNetv2 2482 ACC=98 % COVID-19
2023 _ HasiBHICTB Ta BiACYTHICTb
(58] CVD RADIC 2482 ACC=99 % COVID-19

* ne:

— L.N. — nerenesi By3.u;

— P.T. — TyGepkynbo3 JIereHsb;

— Pt. — mHEeBMOTOpAKC;

— L.C. —pak nerens;

— Sg. — cerMeHTaiisi 300pa’keHb;
—  Em. — empizema;

— CVD-COVID-19;

— ACC — TOYHICTb;

— AUC — Area Under Curve, mioma mijg ROC-kpusoto [59];
— Sensit. — YyTIHUBICTB;

—  Specif. — cienniuHICTB;

— Precis. — BIy4HIiCTB;

— Recall — noBHoTA.

3 39 3naiigenux poOit, 12 Oynu omyOmikoBaHi g0 noyatky nanaemii COVID-19: 3
HUX 7 HajexaThb 10 iAeHTrudikamii Ta knacudikalii JereHeBUX HOBOYTBOPEHb — BY3JIIB Ta
MyXJIMH, 2 MalOTh Ha METI MOLIYK MTHEBMOTOpakKcy, 1 Tybepkynbo3y jereHs Ta 1 empizemu
JereHb, Ta 1 Mae 3a MeTy cerMeHTailito 3HiMKa. 27 3 39 poliT Oynm omyOaiKoBaH1 MiCIs
nouatky mnapaemii COVID-19, 25 3 wux crocyrotees igentudikamii COVID-19, 1
TyOepKysb0o3y Ta | paky nerenb. Taka pi3dka 3MiHa (hOKyca AOCHIIKEHb TEMOHCTPYE,
IIBUJIKY PEAKIil0 HAyKOBOI CIUJIBHOTH Ha HarajibHy NOTpe0y B aBTOMATHU30BaHUX 3ac00ax
margoctuku COVID-19.

OuikyBano, mo 2020 pixk OyB MIKOBUM Yy MyOJiKaiisiX IIOJ0 aBTOMAaTH30BaHOTO
po3mi3HaBaHHs 3axBoproBaHb 3a 3HIMKOM KT rpynnoi kimitunu. Ha (puc. 1.1) BuaHO, 110 3
2020 nmaHa Tema CTIMKO BTpadae IHTEpEC, L0 MOKHA MOSICHUTH SIK MOSBOIO OUIbII
noctynHux MetoiB TectyBaHHs Ha COVID-19, Tak 1 3arajbHUM 3HWKEHHSM aKTyaJIbHOCTI

JaHOo1 TpoOJIeMH B KOHTEKCTI TaHIeMil.
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2017
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Pucynoxk 1.1 — KinbkicTh 3HaliIeHUX poOIT HA TEMY pO3Mi3HABaHHS 3aXBOPIOBAaHb 32
saiMkoM KT, po3nozinena mo pokax.

J1o 2020 poxy OiIBIIICTh TOCTIKEeHD, cripsiMoBaHuX Ha aHai3 KT-3HIMKIB nereHpb
(boKkycyBalKCh Ha MOUTYKY Ta 1IeHTU(DIKAIT IETEHEBUX BY3JIIB, BKJIFOUHO 3 1IEHTU(DIKAII €0
3MOSIKICHUX BY3JIIB Ta ITYyXJIHH.

Tak, y [26] Oyn0 BHUKOPHUCTAHO TOLIUPEHY apXITEKTypy 3TOPTKOBUX HEHPOHHUX
Mepex mig Ha3zBoro DetectNet, modynoBany 3a npuniunom You Only Look Once (YOLO)
[60], mo JacTo 3aCTOCOBY€EThCA ISl BUPILIEHHS 3aralibHUX 3aad 3 MOIIyKy 00’€KTiB Ha
300paxenHl. YOLO posrnsnae 3agauy BUSIBICHHS SIK €IMHY perpeciiHy mnpoOniemy,
PO3AUISIIOYN 300pa’KeHHS Ha CITKY Ta nependadaroun oOMeXyBajibHI paMKH 1 IMOBIPHOCTI
KJIACiB JUIS KOXKHOI KOMIpKH CiTkH ogHouacHO. CyTreBoro mepeBaroro YOLO y Bumanaky
JIETEHEBUX BY3JIB € 3JaTHICTh HE TUIbKM KIACH(DIKyBaTH 3HIMOK K TMO3UTHBHHUM YH
HETraTMBHUH, a i BKa3aTH po3TalllyBaHH, HA 300pakKeHHI.

Takox y pocmimpxeHHsx 10 2020 poky posrisnanach AlarHOCTUKA TyOepKyJbo3y,
empizeMu Ta nmHeBMOTOpakcy. Tak, y [27] Oyno BUKOPHUCTaHO KOMOIHOBAaHUN METOH, y
skoMy KT-3HIMOK po30uMBaBcsi Ha OKpeMi JUISHKA po3MipoM 36*36 mikceniB, Kl

KJ1acu(1KyBaJIUCh OKPEMO 3a JOTIOMOTOI0 3rOPTKOBOI HEHPOHHOT MEpPEXKi 3 METOIO MOIIYKY



28

PEriOHIB JIET€Hb, IMOBIPHO Ypa)X€HUX ITHEBMOTOPAKCOM. 3 PE3yJbTaTiB CKJIAAAINChH
TPUBUMIPHI TETUIOKAPTH, K1 KIaCU(PIKYBAIKUCh 32 JOMOMOT0I0 METOy OMIOPHUX BEKTOPIB
(SVM).

B 2020-my pori Buiili0 HalO1IbIIEe CTaTEH HA TEMY A1arHOCTUKH 3aXBOPIOBaHb 3a
noromoroto aHainizy 3HIMKIB KT nerenp — mpakTH4HO yci 3 SIKUX 3 SKUX (DOKYCYBaJIUCh Ha
niarnoctuill COVID-19. binbmricTts 3 HUX ki1acudikyBajia MK JBOMa KJIacaMU — HasiBHICTh
a6o BiacyTtHicTh COVID-19.

PosrnsHemo nmesiki 3 Hux. Tak, [35] € nmpukiagom ofHI€T 3 paHHIX CTaTeld HA TeMY
aBToMatn30BaHoi JiarHoctuku COVID-19. V miit crarti Oyno mpeAcTaBieHO aaTaceT
COVID-CT, 3i6panuii 3a gornomororo 3i0panus 760 nmonepenHix myOikaiii (penpuHTIB)
Ha medRxiv Ta bioRxiv. 3i cTareii Oyno Bug0o0yTO HasBHI B HUX 300paKeHHSI, BAOKPEMJICHO
3HIMKH KT, Ta mo3HIMKOBO BU3HAYEHO (3a JIOTIOMOTOFO TIIMKUCY PUCYHKA Ta TEKCTY CTATTI)
YH 3HIMOK SIBJII€ COO0I0 3pi3 300pakeHHs jereHb xBoporo Ha COVID-19, a Takox 310paHo
iHI11 MetanaHi. Jlo 1ux 300pakeHb 0YyJI0 10JjaHO 3HIMKHU 3JJ0POBUX JIFOJICH Ta MAIli€HTIB 3
IHITMMHA XBOpOOaMHU JIET€Hb, BUJIOOYTI 3 BIAKPUTHX JATaCeTIB, JJIi YTBOPEHHS HAOOpy
HEraTUBHOTO Kjacy. Ha ocHOBI oTpumaHnoro maracery Oyio HatpeHoBaHo DenseNet-169,
Ta MOPIBHSHO 3 aHAJOTIYHOI MEPEKEI0, HATPEHOBAHOIO HA MEHIIOMY JATaceTi 3 YUCTHUX
JaHUX, OTPUMAHMX 3 apXiBiB rocmitamiB. [llnsaxom OinbIIoi pi3HOMAaHITHOCTI 300pa’KEHb,
Mepeka Ha OCHOBI 310paHOro B JOCHIDKEHI JaTaceTy TMepeBeplInia aHalOTIdHY,
TOCSATHYBIIH TOYHOCTI Y (.89, 4Ooro 10CcTaTHRO AJIs KIIIHIYHOT KOPUCHOCTI.

VY [61] 6yno mopiBasiHO apxiTekTypu VGG-16, ResNet-18, ResNet-50 Ta iami. bymno
BU3HA4YeHo, mo rmodin mepexi (ResNet-50 3amicte ResNet-18) 3aramom maroth Kparii
pesyabtatn  Kiacudikamii. OpHak, Mepexi 3 OUIBIIOK KIJIBKICTIO BariB 3arajiom
(mampuksan, VGG-16) BumararoTh BUKOPUCTAHHS MEPEIaBajIbHOTO HABYAHHS IS
VHUKHEHHS TICPEBUBUYCHHS JaTaceTy, HE 3aBXIM JaloTh Kpalll pe3ynbTaTH. Tak,
3amporoHoBaHa B JociimkeHH1 apxitektypa CRNet nocsirae F1y 0.76, Tak camo sik 1 VGG-
16, moripu Te, 1110 Ma€ Ha TPU MOPSAKKA MEHIITY KIIbKICTh BariB. Halikparii pe3ynbratu 0yso
nocsirayTo 3a gornomoroio ResNet-50, DenseNet-169 (F1-mipay 0.81).

VY [45] 6yno nocsrayto F1 y 0.90 3a nonomoror HEHPOHHOI MepexXi apXITEKTypHU

EfficientNet, nHaTpeHoBaHoi Ha 3arajgbHOmOCTYnmHOMY HaOopi manux COVID-CT-Dataset.
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Jns mporo HaOip AaHWX OyJl0 ayrMEHTOBAaHO TOPU3OHTAIFHUM Ta BEPTUKATHLHUM
BIIJI3EPKAJICHHSIM 300pa)keHb, Ta JOCIIPKCHO TPU METOAM KepyBaHHS Koe]illeHTOM
IIBUIKOCTI HABUAHHS: MOCTIHHUN KOC(DIIIEHT, MUKIIYHE PEryJTIOBaHHS Ta METOJ IIJIaTo
(moctynoBe 3HWKEHHS 3 HAaOMMOKEHHSM [0 MeBHOI rpanuui). Haiikpammii 3aranbHui
pesyabTat (F1) 6ymo qocsrHyTo 3a JOMOMOTOI0 METOAY IIIaTo.

B [51] pesyabratu nmns ResNet-50 ta VGG-16 Oyno 3HauHo mokpaieHo. i
apXiTEKTypH OyJI0 MOETHAHO Pa30M 3 MEpEeXer0 apXiTeKTypu Xception y €IMHY CKJIaJeHYy
MEpeXy Ta YTBOpPeHO aHcambib Mozenei. Koxkna 3 miagMozeneil oTpumMye Ha BXif
300pakeHHsT Ta (OpMye BEKTOp pe3yibrary kiacudikariii. OO4YHCICHI BEKTOpHU
KOHKAaTEHYIOThCSI B €IMHUN Ta TMEpenaloTbci MeTakIacu(ikaTopoBi, KU MpuUiiMae
¢binanbpHE pilIeHHS. YTBOPEHHMH TaKUM YHHOM KiacudikaTop, 3 MEBHOI TOYKU 30Dy,
IpeACTaBIs€ CKJIaJAHY MOJIeNb 10 MICTHTh B c001 0a3oBi. B mporeci HaBuaHHs 0a30Bi
Mozeli OyJio HaBUEHO OKPEMO OfHa BiJ oAaHOi Ta MeTakiacudikatopy. Cyo-monens VGG-
16 orpumana Tounicth y 0.984, ResNet50 y 0.945, Xception y 0.962. CykynHuii ancam0J1b
oTpumaB TOYHICTh y 0.987.

Byno Bu3HaueHo HalO1IbII MOMYIAPHI apXITEKTYPH HEHPOHHUX MEPEXK, 3aCTOCOBAHI
1o a"ami3y 3HiMKIB KT. JlocarayTi HUMH TOYHOCTI, 3T1JTHO 3 1H(GOPMAIIIEIO Y JITepaTypHHUX

JDKepenax, BKa3aHo y tabmuri 1.3.

Tabnuus 1.3 — NopiBHSAHHS TOUHOCTEH IJIsl PI3HUX apXITEKTYp HEUPOHHUX MEpPEeK

Merton DenseNet ResNet VGG Xception | EfficientNet

Hocsarayti | 88%, 83% 93%, 97% | 81%, 98%,|97%, 90%,| 89%, 17%,

TOYHOCTI 92.2%, 86%, | 76%, 99% 96% 79%
87%, 99%

PosrisitHeMo naHi apXiTeKTypu JeTalabHIIIE:
DenseNet [62] € apXiTeKTypOrO 3ropTKOBHX HEHPOHHHUX MEPEX, III0 BUKOPUCTOBYE
DenseBlock (miinpH1 6510KHM), 10 (A0JaTKOBO 10 CTAaHIAPTHUX IOCHIJOBHUX 3B’SA3KIB)

PSIMO TIOETHYIOTh MIDK COOOI0 YC1 3TOPTKOBI MEpeXi 3 X PO3MIPHOCTSIMH, IO JTO3BOJISIE
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MOIIMPIOBATH BUBYEHI O3HAKM MK PI3HUMHU IIapaMU MEPEXi, Ta JO3BOJISIE 3MEHILUTU
PO3MIp HEHPOHHOT MEPEXI.

ResNet [63] € apxiTektyporo 3IIIHM, 1110 3acTOCOBY€E MEpEeMUYKH MiXK IIapaMH, 110
nepecTpuOyOTh OJMH YW JCKUIbKA IIapiB, 10 JoMoMarae nepeaadi iHpopmaiiii B rauomri
mapu, 10 J03BOJSE YHUKATH NESIKUX MpoOJeM, IO BUHUKAIOTH MPU MOTITHOJIEHHI
(301IBbIIEHH] KIJTBKOCTI IIapiB) HEMPOHHOT MEPEXKI.

VGG [64] € apxitekTypoto 3ILITHM, 1110 BUKOpHCTOBYE MOCIII0BHE 3BYKEHHS 11aPiB,
10 J03BOJISIE OTPUMATH TNHUOII Mepeki MpU 3MEHIICHHI 4u 30epe’kKeHH1 KUTbKOCTI
napaMeTpiB CUCTEMH, Ta MOKPAIIUTH PO3PIZHAIOUY 3aTHICTh MEPEKI.

Xception [65] € apxitektyporo 3IIHM, mo O6a3yeTbcsi Ha BUKOPUCTaHHI
IIMOMHHOPO3AJIEHOTO 3TOpTaHHA, SKe, Ha BIAMIHY BiJ THUIOBOi 3rOPTKOBOI oOmeparii,
PO3LTI0E OOYUCIICHHS Ha JIB1 CTajli — 3aCTOCYBaHHS TJTMOMHHOTO 3rOPTAHHS Ha KOXKHUM
BXIJJHMI KaHald Ta TOYKOBE 3TOPTAHHS JJIi CTBOPEHHS JIHIWHOTO CHOJMYYEHHS BHXOIY
INIMOMHHOTO 3TOPTaHHS.

EfficientNet [66] € apxitektypoto 3IIIHM Ta meTomom ix MacmitaOyBaHHS, SIKAN
piBHOMIpHO MacmITabye rIMOUHY, IMUPHUHY Ta PO3AUIEHY 3AaTHICTh MEPEXKI 3a JOTIOMOTOI0
CKJIaZieHoro KoedirieHTa. Y Takiii apXiTeKTypi, Ha BIAMIHY BiJl 3BUYAHHUX, Il TApaMeTpu
MacIITa0yIOThCS HE JOBUIBHUM IUIIXOM, @ HAOOpPOM KOHKPETU30BAHUX KOCPIIIE€HTIB [5].

3 pO3rISIHYTUX POOIT, 8 BUKOPUCTOBYBAIN BUKIIOYHO a00 B TOMY YHCII HEHPOHHI
mepexi apxitektypu ResNet, 3 cepeanim AUC B 95% Ta cepenuboro TouHICTIO B 93%, 1110

BUJIUTSIE 110 apXITEKTYpPy SK BapTy 0COOJIMBO1 yBary.
1.2.1 [Ipo6sa1eMu, 1m0 NOB’sA3aHi 3 aHAJI30M pe3yJIbTATIB

3aranom, npsMe MOPIBHSHHS MIX 3HAWJIEHUMU poOOTaMHU € YCKJIaJHEHHM JBOMAa
(dakTopamu:
— mpobiemu 3 aHai30M iHpOopMallii BU3HAYEHHS KIJTLKOCTI 3HIMKIB (TOOTO po3Mipy
JaTaceT) Ha SIKOMY MPOBOIMIIOCH HABYAHHS/TECTyBaHHS;
— Ccrnoco0u OIHKY pe3yJIbTaTiB Kiacudikarii.
[ITomgo mpobiieMu BU3HAYEHHS KITBKOCTI 3HIMKIB: pOOOTH MOXKYTh OyTH CIpsIMOBaH1

K Ha JABOBUMIPHUHM, TaKk 1 TPUBUMIPHUN aHali3 — OOpOOKY OKpeMHUX 3pi3iB 4M 3HIMKa
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3arajioM. BiaTak, po3Mip HaOOpy JaHUX MOXKe OYTH SIK KUIbKICTIO TPUBUMIPHUX 3HIMKIB,
TaK 1 KUIBKICTIO OKPEMHUX 3pi31B UM KIJIBKICTIO MAIIEHTIB Y JOCIII>KCHHI.

Takox npu mpeICTaBICHHI Pe3yIbTaTIB TOCIIKEHb aBTOPU BUKOPUCTOBYIOTh Pi3HI
METPHUKHU OLIIHKU JOCATHYTUX XapaKTEPUCTUK KiIacuPikallii, 0 poOUTh NpsMe MOPIBHIHHS
MDK Mepexamu yckiaagHeHuMm. 3 39 po6Oit, 20 BukopucrtoBye TouHicTh (1.1), 11
BukopuctoBye AUC ([59]), 4 BuKOpUCTOBY€e YYTIUBICTh (sensitivity) (1.2) Ta
cnenudiunicty (specificity) (1.3), 5 BukopuctoBye Fl-mipy (1.4) Ta TiibKkH ojaHa

BUKOPHCTOBYE BIYUHICTH (precision) (1.5) Ta moBHoTy (recall) (1.6).

TP+TN
accuracy = + (L.1)
TP+TN+FP+FN
e TP
sensitivity = P (1.2)
P TN
specificity = prevpes (1.3)
_ precisionXrecall
Fl=2x precision+recall (1-4)
. . TP
precision = —— (1.5)
TP
recall = : (1.6)
TP+FN

— e TP — ictuuHo no3utuBHui, FP — xubno no3utuBHui, TN — icTUHHO HeraTuBHUM, FN
— XHOHO HETaTUBHUM.

3 BpaxyBaHHSM HEMOBHOTH JaHUX. IO HAaBEACHI Yy CTaTTAX, HEMOXJIUBO
nepepaxyBaTu Pe3yJIbTaTh y €IMHY KTy BUMIPY JJIsi TOPIBHSHHS.

Cepen crateit, mo BudnLIM micist novyarky nanjaemii COVID, OutbiicTh 3HalAEHUX
poOiT Oynu crpsiMoBaHI Ha OiHAapHY Kiacu]ikailiio 3 METOI BHU3HAYEHHS HAsSBHOCTI
nHeBMOHIi, cripuunHeHoi COVID-19, ta MicTaTh HaOlp TaHUX KU BKJIIOYAE JTUIIE 3HIMKH
3I0POBUX JIET€Hb Ta JIETEHb YPaXKEHUX MHEBMOHI€0 cipruunHeHoo COVID-19.

PesynbraTu ananizy JiTepaTypHUX JHKEPEN BUSBUIU HACTYIIHI OCOOJIMBOCTI:

— BIJICYTHICTh Y TUCKYCIi METOAIB, III0 HE € HEUPOHHUMHU MEpEKaMHU;
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— BIJICYTHICTh €IMHOI METPUKHU PE3yJbTATIB KJIacu(iKalii AJis MOPIBHAHHS,

— BaplaTUBHICTH CKJIAly, PO3MIPY Ta METO/IIB ONTUCY HAOOPIB JAHUX.

TakuM 4YMHOM, Ha OCHOBI TIPOBEICHOTO aHAI3y, [JIs TOKpAIICHHS SKOCTI
Kkiacudikaiii Ta 3HAYYNIIOCTI Pe3yJIbTaTiB MOXKEMO BHU3HAYUTH HACTYMHI BUMOTH Ta
napameTpH JJIsl CUCTEM KJlacu(ikarlii 3aXBOPIOBaHb:

— MIHIMQJIBHUNA po3Mip HaOOpy JaHUX MYCHUThb CTaHOBUTU IoHaWMeHme 200
namieHTiB (y TpuBuMipHux 300pakeHHssx DICOM, abo ekBiBaJIeHTHIN KUJIBKOCTI
MIOCJTIIOBHUX JIBOBUMIpPHUX 3pi3iB HEe MeHIe 30 Ha TaIli€HTa);

— JUIs MyJIbTHUKIJIACOBOI Kiacudikarlii BCl KJlach TOBUHHI pIBHOMIPHO TPEJICTaBIICHI
B HAOOpI JaHUX;

— CTaHJApTHI METPUKH HE T[IOBUHHI ITHOpyBaTucs, albu pe3yiabTatu Oynu
MOPIBHIOBAHI 3 ICHYIOUMMHU JOCIIIPKSHHIMU.

Takox ciig 3a3HAYWTH, 10 OCOOJIMBY yBary BapTO NPHAUIATA BiITBOPEHHIO Ta
BJIOCKOHAJICHHIO TakuX pooiT, stk Hoon Ko et al. [34], Xuehai He et al. [67], Qiangian Ni et
al. [38], Min Fu et al. [40], Xin He et al. [42], Matthias Fontanellaz et al. [46], Mehdi
Yousefzadeh et al. [47]. Lli poOOTH BHUKOPHCTOBYIOTH [aHi, SKi BKJIIOYAIOTh 1HIII
3aXBOPIOBAHHS JIET€Hb, OKPIM I[1JILOBOTO 3aXBOPIOBAHHS, — HAaWYaCTIIIE TPETIM KJIACOM y
JOCTIKEHHI1 € M03arocmiTagbHa MHEBMOHIA. Mepexi, HaBueHI Ha TaKuX Ha0opax JaHUX, €
OLTBII CTaOITPHUMU Ta OUTBII MPUAATHUMHE JJIsSI PEaIbHOTO 3aCTOCYBaHHS 1 ajamnTariii J10

1HIIIMX 3aXBOPIOBaHb, BKJIIOYHO 3 HOBUMH Yepe3 iX PI3HOMAHITHICTD.

1.3 BukopucTaHHs OTOKIB Po0IT y aHaJi31 300pakeHb I JIAaTHOCTUKHU

[Tpouec po3poOku MporpaMHOro 3abe3neueHHs HA OCHOBI HEMPOHHUX MEPEX MOXKe
OyTH pO3A1IEHUI HAa HACTYIHI KPOKHU:

1. mpoekTyBaHHA Ta TPEHYBaHHS HEHPOHHOI MEPEXI;

2. i"Terpais HepoHHoi mepexi y I13.

k1o nepmuii KPoK € MUPOKO 0OrOBOPIOBAHUM IO/I0 BUKOHAHHSI JIIAarHOCTHKY 32

JIOTIOMOTOI0  aHAI3y 300paKeHb HEHUPOHHUMHU MEpeKaMu, JIPYTUd KPOK y JiTeparypi
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MPAKTUYHO HE 3yCcTpidaeThes. BinTak, po3rasHeMo nuTaHHs BOyxyBanHs HM y mporpamue
3a0€e3MeYeHHS.

Crioci0® iHTerpaiiii MOBMHEH aJaNnTyBaTUCS JO PAaNTOBUX 3MiH Yy HaBaHTa)KEHHI Ha
CUCTEMY y pa3si crmajaxy MEeBHOTO 3axBopioBaHHA. OJHHUM 3 BUXOMIB 3 JAaHOI CHUTYaIlil €
MIITPUMKA PO3MOIUIEHUX O0YHMCICHD Ta MacIITAOOBAHOCTI MPOTPAMHOTO 3a0€3MEUCHHS.

JlonaTkoBO, BaXKJIMBUM aCIEKTOM 3ac00y ISl IIarHOCTUKHU € IIBUJIKICTH ajanTariii
CUCTEMHU [0 TOSBH HOBHUX 3axBOpIoBaHb. Binrak, € morpeda y 3MEHILEHHI 3yCHIIb,
HEOOX1THUX JIJIsl TOJIaBaHHA YM MOAU(DIKAII0 METOAY A1arHOCTUKH, KU BUKOHYETHCS Y
3aco0l.

HaitnpocTimuM MacmTaboBaHUM CHOCOOOM PO3TOpTaHHS HEHPOHHHX MEPEX s
BUKOPWCTAHHS y MPOTPAMHUX 3ac00ax € CTBOPEHHS BIAMOBITHUX MIKPOCEPBICIB, 10 SKUX

3BEPTAIOThCS 1HII KOMIOHEHTH cucTemu, nuiaxoM HTTP, gRPC uu inmumx 3anuTiB (puc.

1.2).

Mikpocepsic

3anuT
|HWa YacTuHa > >

3acoby HelpoHHa Mepexa

Bianosigb

Pucynok 1.2 — TunoBuii crocid BUKOPUCTaHHSI HEHPOHHUX Mepex y xmapHux 113

["0710BHOO MTEpeBaror0 TAaKOTO CIIOCO0Y € HOTO BiTHOCHA MPOCTOTA, sIKa BUPAKAETHCS
y MBHAKOCTI MIEPBUHHOT po3p0o0Ku cucTteMu. OHaK, TaKHH IUISIX JOBOJI )KOPCTKO (IKCY€
CKJIQZIOBl YAaCTWHM, IO BHKOHYIOTh aHali3 JaHuWX. lle mposBiIseTbes y TOMYy, IO
Kkiacudikarop:

— YKOPCTKO MPUB’SI3YETHCS JO MEXaHI3MiB, IO IHTETPYIOTh HOTO Yy PEIITY CUCTEMH;

— 30UpaEThCs, TMOCTAYAETHCS Ta PO3TOPTAETHCA BHKIIOYHO pPa3oM 3 IIUMH

MeXaHi3MaMH.
Bigrak, nns moaudikariii, 3aMiHA 4d JIOMOBHEHHS Kiacudikaropa HEOOXITHUM €

BTPYUYaHHSI Y KOJI MIKPOCEPBICY Ta HOT0 MEePEPO3rOPTAHHS, 1110 YCKIAJHIOE Ta CIOBIIBHIOE
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Moau(ikaiiro 3aco0y aHamizy 300paxeHb, a TakoX OOMEXY€E KOJIO JIIOJICH 10 MOXKe
3MIMCHUTH TaKy MOJU]IKaIliIO.

ANbTepHATUBHUM T1AX0J0M € BUHECEHHSI HEHPOHHOT MEpPEXki B OKPEMY CYTHICTb, 1110
KOMYHIKYBaTHM€ 3 PEUITOI0 CUCTEMHU Ha MPUMITUBHOMY piBHI. Hanmpukian, e moxe OyTH
BUKOHAHO y SKOCTI KOHTEHHEPU30BaHOTO CKPHUIITY, IO 3aITyCKAETHCS 3 IEBHUMHU BX1IHUMU
JaHUMU y BUTIISAL (aiimy(-1B), 3A1MCHIOE iX 00poOKy, Ta 30epirae pe3yiabTaT y BUXITHUM (-

1) daiin(-u) (puc. 1.3).

OaHOpPaz0BUM KOHTEUHEP
BxigHi dbaiinu
CtBOpHoE 3 ¢
BXiQHUMW AaHUMK
|HWa YacTuHa MincucTema >
3acoby KepyBaHHSA HelpoHHa mepexa 1
oB4McneHHaMu
Bionoeiab 3unTye pesynerar ¢
nicnsa 3aBepLUeHHSs —T—
KOHTElHepy BuxigHi dpannu

Pucynok 1.3 — [30ms111is1 HEMPOHHUX MEpPEX B OJHOPA30BUX KOHTEHHEpax

Takuit miaxig g03BoJisse Moau(iKaliio (JIOTPEHYBaHHS) HAasBHUX Ta JIOJaBaHHS
HOBHUX METOAIB Kiacu@ikaiii Ta HOBOrO aHAIITUYHOTO (PyHKIIOHATY (MATPUMKA 1HIIHAX
XBOPOO UM MPHUHIMIIOBO IHIIMX BXIJIHUX JaHUX) O€3 BTPY4YaHHS y MEXaHI3MH, IO
3a0e3neuyoTh (PYHKI[IOHYBaHHS CUCTEMH Ta KOMYHIKAIIIIO MK 11 KOMIOHEHTaMH.

TakuM YHMHOM JOCSTAETHCA CHPOIIEHHS Ta TPHUIIBUAINICHHS afanTarlii 3acoly
3arajoMm, y TOMY 4YHCIl pOOUTHh MOXJIMBUM MOJu(iKaIiio 3aco0y cuUiaMu TpalliBHUKIB
nabopartopii, o AOCTIKYE JKepeao iHGEeKIi 3 MIHIMaIbHUM a00 BIJICYTHIM 3a71y4YEeHHIM
1HXEHEPIB 3 PO3POOKU MPOTrPaMHOTO 3a0€3MEeUEHHS.

OpHuMm 3 crocoO1B peanizallii TaKoro MiAXOAY € BUKOPUCTAHHS CUCTEM KEepyBaHHS
notokamu poOit (CKIIP).

[Totoku po6iT (IIP) € BHOpsIAKOBAaHUMH CTPYKTYPOBAaHUMH TIPE/ICTABICHHIMHU
0araToKpokoBUX OOYMCIIOBaIbHUX 3a1ad. TumoBuii [IP Moxe OyTu mpeacraBieHuil 3a

JIOTIOMOT'OI0 CTIPSIMOBAHOTO allUKIIIYHOTO Tpada. B rpadoBomy mpecTaBieHH1, BEPUITUHU €
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MEBHUMHU OMEpaIlisiMi HaJ[ JaHWMH, 10 MalTh OJWH YW JeKiJIbKa BXOAiB. PebOpa x
BIIMIYAIOTh «IE€PETIKAaHHS» BUXOJIB OJIHUX OIepalliil y Bxoau iHmuUX. Takui rpad, 1o
CKJIQZIAEThCS 3 BXIJHUX JIAHUX, Ta iX MOCIIJOBHUX MEPETBOPEHB 3a JOIMIOMOTOI0 OKPEMUX
BEpUIMH (TaKOXK — KPOKIB a00 1HCTPYMEHTIB), YacTO HA3WBAETHCS MaWIJIalHOM (AHII.
pipeline).

[HCTpyMEHTH 00pOOKHM aHUX, SIK1 € BEPIIMHAMHU rpady MOTOKY pOOIT, 3aJIeXKHO BIJT
CUCTEMH, MOKYTh OYTH peanizoBaH1 K MOJYJII B IEBHIA MOBI TpOrpamMyBaHHs, HAPUKIIa]l
R uu Python, Tak i Oyt okpemumu nporpamamu 3 iHTepdeiicoM KOMaHIHOTO PsiIKa.

3 mommpenHsm Docker [68] Ta IHIIMX CUCTEM KOHTEMHEpH3allli MPOrpamMHOTO
3a0e3neueHHs, Bce Oiunpmie CKIIP cnupaeTscss came Ha 3aropHyTi B KOHTEHHEpHU
THCTPYMEHTH JJIsl BUKOHAHHS OOYMCIICHBb. 3aBISIKM KOHTEHHEpHU3allii OO0YHMCIIOBATHHUX
IHCTPYMEHTIB JOCSTAEThCS 130JISII1iI KOHTEKCTIB BUKOHaHHSA. OKpiM IHIIOrO, 1€ Mae
0CcO0JIMBE 3HAUCHHS JIJIS 3aJIEKHOCTEH 1HCTPYMEHTIB, OCKIJIbKU B Oaratbox cdepax aHais
JaHUX BUMAarae BEJMKOI KUIHKOCTI PI3HOMAHITHMX KOMMOHEHT. L{i KOMIMOHEHTH MOXYTb
OyTH peasizoBaHl 3a JOMOMOTOK PI3HMX MOB MpOTrpaMyBaHHS Ta O10JIOTEK, Ta MOXYTh
PO3pOOIATUCH K BCEPEIUHI KOMAaHAM IO MPOBOIUTH AOCTIIKEHHS abo po3pobisie
IHCTPYMEHT, TaK 1 TpeTIMH CTOPOHAMH.

Tax, BUKOpUCTaHHS BUKIIOYHO IHCTPYMEHTIB 3 iHTEp(eiicoM KOMaHIHOTO psiIKa:

— BHMAarae CTaHJapTU3aIlil CIUCKY 3aJIeKHOCTEH BChOTO IMIOTOKY POOIT;

— BHMAarae BCTaHOBJICHHS 3aJ€KHOCTEH y OTOYEHHS, y SIKOMY BHKOHYIOTHCA

00YNCIECHHS,;

— YCKJIQJIHIO€ BUKOPUCTAHHS THCTPYMEHTIB 3 HECYMICHUMU 3QJICKHOCTSIMHU.

HartomicTh BUKOpUCTaHHSI KOHTEWHEPU30BAHUX 1HCTPYMEHTIB J03BOJISE:

— 130JIFOBATH 1HCTPYMEHTH Ta iX 3aJIeKHOCTI OJHE BiJl OHOTO;

— TIOCTAayaTH 3aJIEKHOCT1 IHCTPYMEHTIB Pa30OM 3 IHCTPyMEHTaMU;

— TapaHTyBaTH BHKOPUCTAHHS 3aJICKHOCTEH TOYHHMX BEPCiH, 3 IKUMH 1HCTPYMEHT

MPOTECTOBAHO.

3aranom, yrmakyBaHHSI IHCTPYMEHTIB Yy CHeIliali30BaHl KOHTEHHEPH, 110 MICTATH BCE

JUIsl BAKOHAHHS 3374l 1HCTPYMEHTY, CIOPOUIYIOTh PO3POOKY, PO3TOPTAHHS Ta MIATPUMKY

CHUCTEM, 1110 BUKOPUCTOBYIOTH I1i IHCTPYMEHTH.
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CKITIP 103BOJISIFOTH BU3HAUNUTH BUKOPHUCTOBYBAHI IHCTPYMEHTH, IX BXOJU Ta BUXOIH,
Ta noeAHyBaTH iX y motokud poOit. Ili IIP moxyTe OyTu 3amyiieHi Sk Ha OJMHUYHUX
MallMHAX — HANpUKJIaJd, MEePCOHAJIBbHOMY KOMII'IOTEpl IHXKEHEepa YW HAYKOBLS SIKUH
3aiiMa€eTbCsl Po3poOKOI0 MOTOKY poOiT, ado OOYHMCIIOBAIBHOMY CepBepl, Tak 1 Ha
KJIACTEPHUX YH IPIJI-CUCTEMAaX, B TOMY YHUCII1 HA XMapHUX OOUMCITIOBATIBHUX MOTY>KHOCTSIX.

TakuM 9MHOM KepyBaHHS pecypcaMu, pO3MIIIEHHS Ta Tiepeaava JaHuX, TIaHyBaHHS
poOOTH IHCTPYMEHTIB TOLIO a0CTParyeThesl y MPOCTIIUN Ta JOCTYIHIMIMKN iHTepdeic I
MPOBEJCHHS PO3MOAITICHUX 00YHCIICHb.

B HaykoBux, a 0co0nuBO 0101HGOPMATHYHUX, TOCIIKEHHSIX IMOTOKH POOIT Ta
CHUCTEeMH KEPYBAaHHS HUMH HIMPOKO 3aCTOCOBYIOTHCS JJISI MPOBEACHHA OOYHCIIOBABHUX
EKCIIEPUMEHTIB HaJl 3100yTUMH TaHUMH, JAOBEJCHHS TilMOTe3 TOIO. BuKopucTanHsa came
TaKuX 3aco0iB /JI03BOJISIE BUCHUM YHUKHYTH BHUPIIIECHHS BIIHOCHO HU3bKOPIBHEBUX 3aJa4
MJIaHYBaHHS PECYpCiB Ta KEpyBaHHS HHUMH, Tapaieiizamii OOYHCIIeHb, KEepyBaHHS
PO3MIIIEHHSIM Ta Mepefavyero AaHUX TOIIO0, JEJEeTryIoud Il 3a/adl CUCTEeMl KepyBaHHS
notokamu po0Oit. Takox, CKIIP HamaioTh MOMIMBICTH 1HTEPAKTUBHO CIOCTEpIraTH 3a
BUKOHAHHSM 33/1a4 y MOTOIll, BIICTEXKYBAaTHU ICTOPIIO MEPETBOPEHD €JIEMEHTIB JaHHX, Ta
NEPEBUKOPUCTOBYBATH K OKPEMI1 IHCTPYMEHTH, TakK 1 M1l TOTOKH POOIT.

Taxkum unHOM, BukopuctanHss CKIIP st BUKOHaHHS JIarHOCTUKH 3aXBOPIOBaHb 3a
J0TIOMOTor0  Kiacudikailii 300pakeHb € IOIUIbHUM. BapTo 3BepHyTH yBary, mo ix
BUKOPUCTAaHHSI HE € OOOB’A3KOBUM /I JIOCATHEHHS HEOOXIHOI METH, aje J03BOJISIE

CHPOCTHUTH Ta MPULIBUAIMINTH MOIU(IKAIIIO CHCTEMHU.

1.4 3aco0u a7l KepyBaHHSI MOTOKAMM POOIT

3rigHo 31 cnuckoM [69], mo miaTpumyeTbea cnuibHOTOr0 Common Workflow
Language, Hapasi HaliuyeThcsl IOHaiMeHIe 348 pI3HUX CUCTEM KEepyBaHHS MOTOKAMHU
poOit. Ili cucremMu MaroTh pi3HI MPU3HAYECHHS Ta OOMEXKEHHS, CIIPUYMHEH] crienudikoro
nependadeHux chepu Ta yMOB 3aCTOCYBaHHS, OHAK JESKi 3 IIUX CUCTEM HA0YIHU ITUPOKOTO
MOILMPEHHS.

[Tpu BuGopi CKIIP, kit0ou0BUMH MUTAHHSIMU JIJIS HAC €:
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— Sxi cmocobu 3amycKy I1HCTPYMEHTIB MIATPUMYIOTBCS CHUCTEMOIO (MOAYJI
cnenugiuHOT MOBH MporpaMmyBanHs, bash-komanau, docker-koHrtelinepn);

— Yu € miaTpUMKa pO3MOIIICHUX/KIACTEPHUX 00UUCIICHB;

— SIKuM YMHOM BH3HAYAIOTHCA OTOKH POOIT, HACKUIBKY MPOCTUM € MPOTrpaMyBaHHs
MOTOKY pOOIT;

— Yu € MOXIMBICTH peani3allli yMOBHUX MEpeXOJiB (3alyCcKy THX YW I1HIIMX

1HCTPYMEHTIB 3aJI€KHO BiJl IEBHUX YMOB).
1.4.1 Apache Airflow

Apache Airflow € cuctemoro KkepyBaHHS IMOTOKaMH POOIT 3 BIIKPUTHUM MOYATKOBUM
kogoM. Oneparopu (iHcTpymerTrn) Apache Airflow MoxyTh OyTH sik 1 bash-komanmamMu uu
python-niporpamamu, Tak i 3amycKaTuCh y KOHTEHHEpHU30BaHOMY BHUIJIsiAl Sk Kubernetes-
noau. Takoxk, Apache Airflow m103BoJissle HamucaHHS BJIACHUX BHUJIB OIEPATOPIB IS
1HTerpaii 10BUIbHUX MOB MPOTpaMyBaHHs, CIOCOOIB BUKOHAHHS KOy YW PO3MOALICHUX
CUCTEM.

[ToTik pobiT B Airflow € cipsiMoBanuM anukiiyHUM rpadgom. Oneparopu, 3aaadi Ta
iX 3a71e)KHOCTI BU3HAYAIOTHCSA PO3POOHIKOM OTOKY poOiT y Burisiai Python-kony. Tak, Bun
onepatopiB (python, bash, Kubernetes) € kmacom. [[ns 3amycky ornepatopy po3poOHHK
MYCHTbH 1HCTAHI[IIOBaTH MOTO, CTBOPHUBIIA TaKUM YMHOM 3aaauy. [lpu cTBOpeHHi 3amaui
pPO3pOOHUK 3a7a€ YMOBM BUKOHAHHS 3a7advi Ta ii 3micT. J[Ji1 CTBOpPEHHS CIIPSMOBAHOTO
AIMKJIIYHOTO Tpada BU3HAYAKOTHCS 3JIEKHOCTI Ta IMOCIIJOBHOCTI Mepenadl JaHuX MiK
3a/1a4aMH.

CtBOpeHi crpsiMOBaH1 alMKIIIYHI Tpadu peecTPyIOThCS B CUCTEMI Ta MOXKYTh OyTH
3amylIeHl SK y BIJANOBIb HAa NEBHY MO0 — BiJ 3allyCKy KOPUCTYBadeéM BPYUYHY Yy
rpadiuHoMy 1HTepdelcl 10 MOsSBU HOBOTO (ailily y cXOBMILI JaHUX (TakoMy sik Apache
Hive), Tak 1 peryyisipHO — MIOTOJIMHHO, IIOICHHO, IMOTHXKHEBO To10. Apache Airflow moxe
OyTH pO3rOpHYTHH SK Ha JIOKAJbHIM MalIUHI pO3pOOHMKA, TaK 1 y KOHTEHWHEPU30BAHHUX,
KJIACTEPHUX Ta IPiJI-CUCTEMAX.

Apache airflow mUpOKO 3aCTOCOBYEThCS SK JUIsi BUKOHAHHS BHYTPIIIHIX

aHATITUYHUX OOYHCIIEHb Y KOMEPLIHHOMY CEPEIOBHILIL, TAK 1 AJI1 IPOBEICHHS HAYKOBUX Ta
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1HIIMX 00YKclieHb. ['HYUKICTh y pO3rOpTaHHI Ta IHTErpalii 3 JKepelaaMHu Ta CXOBUIIAMU
JAHUX 3HAYHO MOJIETUIY€ Ta IPUILBULIYE PO3POOKY MacIITAOOBAHUX Ta AaTa-IHTEHCUBHUX

CHUCTEM.
1.4.2 Nextflow

Nextflow [70] € cucreMoro KepyBaHHSI MOTOKaMU POOIT 3 BIAKPUTUM MMOYATKOBUM
kogoMm. IIpouecu (iHCTpymeHTH), KaHanu Ta noToku poOiT Nextflow Bu3HauaroThbes 3a
JOTIOMOT'OI0 TTPEIMETHO-OPIEHTOBAHOT MOBH MPOTpaMyBaHHS, sIKa € PO3UIMPEHHSIM MOBU
nporpamyBanHs Groovy s BipTyanbHOi MammHu Java. [[ns mpoiiecy BHU3HAYarOThCS
BX1JIHI Ta BUXIJIHI JIaH1, CKpUIIT-Miporpama Ha bash, groovy uu moBUIbHIN CKPUNITOBIN MOBI
nporpaMmyBaHHS (BUKJIUKAETHCA 3a JOIMIOMOTOI0 IHTEPIPETATOPHOT TUPEKTUBH -- II€0aHTy),
HeoOX1/1HI yMOBH BUKOHaHHS, cepeoBuile (Hanpukiaa, Docker-3o0paxkenHs), Too.

Kananu y Nextflow € moTokamu naHmx, 3a JA0MOMOTOIO SIKMX MOTIK POOIT OTpUMYE
BX1JIH1 J1aH1, a MPOIIECH BCEPEANHI MMOTOKY POOIT MOXKYTh HUMU 0OMiHIOBaTHCh. Kananu ta
JaHl BCEPEAMHI HUX MOXYTh OyTH OOpOOJIeHI PI3HOMaHITHUMHU OIlepaTopamMu — Bij
¢binpTparii exeMenTiB AaHux Ta yntaHHs CSV ta JSON, 10 po3nijieHHs TOTOKY A0 PI3HUX
MPOLIECiB, Ta MOETHAHHS PI3HUX MOTOKIB B OJHMH JUISI MOAABIIOI 0OPOOKH MPOIIECOM.

[Totik poOit y Nextflow € KOMIIO3UIlI€0 MPOLECIB Ta KaHaiB. Y CHeliaJIbHIN
KOHCTpyKLIi ckpunToBoi Mo Nextflow po3poOHuK ommcye HEOOX1qHI MOTOKH JaHUX Ta
BUKIIMKA€ MOTPIOHI MpoIlecH, 3a/1al0uu iM BX1/JHI JaHl Ta MepeAaroyu ix BUXIIHI JaHl 110
BXOJIIB 1HIIMX IpoIeciB a00 70 pe3ysbTaTy BUKOHAHHS MOTOKY poOit. Ilix yac 3amycky
noToky poOit, Nextflow BUKOHyBaTMME NpoLEcH SIK TUIbKU OYAyTh 3a10BUIBHEHI iX YMOBH
3aIlyCKY, 3@ MOXJIMBOCTI BUKOHYIOUH iX MapaJieabHO.

[ToToku poOit Nextflow M0xxyTh OyTH BUKOHAH1 Y pI3HOMAaHITHUX CEPEIOBUILAX — SIK
Ha JIOK&IbHIA MalllMHI, 3 BHUKOPHUCTaHHAM JokaidpbHOro docker s 3amycky
KOHTEWHEPU30BAHUX MPOIIECIB, TAK 1 B XMAPHUX, KIIACTEPHUX Ta IPiI-CEpEOBUIIAX, Y TOMY
yucii 3 BUKopuctanusm Kubernetes Ta MEHEIKEPIB TP1JI-CUCTEM.

Nextflow MmHUpPOKO 3aCTOCOBYETHCS Yy HAYKOBUX OOYHMCIEHHSX Yy  cdepi
OloiHQOpMAaTUKK Il TIPOBEJCHHS TEHOMHHX, INPOTCOMHHMX OOYHCICHb, in silico

JOCIDKEHHI METMYHUX TTpenapartiB, TOIIO.
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1.4.3 Cucremu Ha ocuoBi Common Workflow Language

Common Workflow Language (CWL) [31] € BIAKpUTUM CTaHIAPTOM JUIsl OMUCY
moTokiB pobiT. CWL 0yB po3pobiieHuii 1yisi yMOXKIUBICHHS CTBOPEHHSI TIOTOKIB POOIT /IS
aHaii3y JaHMX, 3 aKIEHTOM Ha MOPTAaTUBHICTH (3aMyCK y PI3HOMAHITHUX CHCTEMax
KepyBaHHS TOTOKaMH poOIT) Ta MOXKIMBICTH MOBTOpPHOTO BUKOpucTaHHs [IP Ta ix
€JIEMEHTIB, Ta HIMPOKO 3aCTOCOBYETHCS B Ol0oiH(OpMATHIl, acTpOHOMIi, Ximii, aHami31
MEJIUYHUX 300paKeHb.

Y CWL iHcTpyMeHTH Ta MOTOKU poOIT BU3HA4YaIOThCs y BUTIIAAI Y AML un JSON-
(haiiniB, K1 MICTSTh OMKUC HEOOXIAHUX IHCTPYMEHTIB, Ta Habip KPOKIB, KOXKEH 3 SKHX €
BUKJIMKOM TEBHOTO 1HCTPYMEHTY 3 MEBHUMH BXIAHMUMH JAaHUMH Ta TMEperadyer0 BHUXO/IB
[[BOTO 1HCTPYMEHTY SIK BXIJHUX JAHUX I IHIIMX KPOKIB. TakMM YHMHOM, KPOKH —
BUKOHAHHSI IHCTPYMEHTIB 3 NIEBHUMHU MapaMeTpamMH Ta BXIIHUMH JaHUMU — MOE€IHYIOTHCS
y TOBHOLIHHUN crapsMoBaHuil auukiaiyHuil rpad. CWL-iHCTpyMeHTH MOXYyTh OyTH
Javascript-Bupazamu abo nporpamaMyd KOMaHIHOTO PsJKa, 10 3allyCKalOThCS Ha XOCT-
MaIyHi uu B cepenoBuil docker-konteitnepy. Takoxk, MOTiK poOIT MOXKE MICTUTH BUKIIMK
HITIOTO TIOTOKY POOIT SIK IHCTPYMEHTY.

Ha Binminy Bix Airflow ta Nextflow, y Common Workflow Language notoku po06it
€ BIJIHOCHO CTaTHYHHMMH, OCKUIbBKHM €auHa omiig Hagana CWL 1j1g BKiIageHHS JOTIKHU IS
NPUMHATTSA PIIIEHb TOTOKOM POOIT 1M03a HOro IHCTPYMEHTaMHU TOJISITae y ICHyBaHHI KPOKIB
3 YMOBOIO 3aITyCKY.

Ockinmbkn Common Workflow Language € numie craHmapTOM OINMCaHHS IMOTOKIB
poOit, 171 ix 3amycky HeoOxiaHo BukopucTtat neBHuit CKIIP uu mnardopmy. IcHye 6araro
croco0iB 3alyCTUTU MOTIK poOiT, peanizoBanuii Ha CWL, cepen HMX BapTO BUAUIUTH
HACTYIIHI:

— cwltool — eramonna peamzamisi crangapry CWL.  PeamizoBana MoBoOIO
nporpamyBaHHsi Python, Ta nae MOXIMBICTH BHUKOHYBaTM MOTOKH pPOOIT Ha
OQMHUYHIA MaIIKMHI 3a JOIMOMOIroro JokaipbHoro Docker. Takox, cwltool Hamae
Python-inTepdetiic, skuit no3Bossie o0pobmsitu CWL-nokymeHTH, 3aIycKatu

MOTOKH POOIT JIOKAJIbHO, a TAKOXK — 3aIlycKaTh MoToKu pooiT CWL Ha n0BUIBHUX
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OOYHUCTIOBAILHUX MOTY>KHOCTAX 32 YMOBHM PYYHOI 1HTErpallii [UX MOTYXHOCTEH
3a JomnoMorow mnepenavi cwltool psay ¢dyHkiiM, sKi BIANOBIIAIOTH MEBHOMY
iHTepdeicy;

Toil [71] — macmraboBana peam3amisis CWL ta WDL (Workflow Description
Language), 1o Mosxe OyTH 3aITyllieHa sIK Ha JIOKaJIbHIM MalllKiHI, TaK 1 BUKOHYBAaTH
obuncnenns Ha AWS ta Google Cloud npsimoro po6oToro 3 ix API uu nonomororo
Kubernetes. Ognak, miarpumka Kubernetes Hapaszi € 0OMEXEHOIO, OCKIJIBKU
Bumarae AWS Job Store nns 36epiranus nmanux. Takoxk, Toil migrpumye
IPOBEJICHHS O0YHCIICHD Y TPiA-cUCTEMAaX;

REANA [72] e macmraboBaHoro peanizamie;ro CWL, Serial, Snakemake Ta
Yadage, pospobnenoro y CERN. IlinTpumye posropTtaHHs Ta OOYMCIEHHS 3a
nonomororo Kubernetes ta rpia-cucrem Slurm ta HTCondor.

Arvados [73] € peamizarieto CWL, mepniodeproBo opi€HTOBaHOIO Ha 0OpOOKY
BeNUKUX JaHuX. Arvados Mae BOyJ10BaHy CUCTeMy 30epiraHHs MaCUBHHUX 00’ €MiB
JTAaHUX, Ta MOXke OyTH pO3ropHyTUH siK Ha ocHOBI AWS Ta Microsoft Azure, Tax 1

Ha BJIACHUX MOTY>KHOCTSX 3a gornomoroo Slurm ta IBM Spectrum LSF.

1.4.4 TlopiBHSAAHHSI cCMCTEM KePYBAHHS MOTOKAMM POOIT

Ha mouatky migpo3ainy 1.4 6yi0 BU3HAUEHO Psifl KPUTEPIiB AJIs OL[IHIOBAHUX CUCTEM.

VY tabaumi N HaBeeHO MOPIBHSIHHS MIXK PO3TJISIHYTUMHU CHCTEMaMU 3a IIUMHU KPUTEPISIMHU.

Tabmuusg 1.4 — ITopiBHSAHHS CUCTEM KepyBaHHS MOTOKaMHU POOIT

Cuctrema | IlinTpumyBaHi [TiaTpumka Bu3HadyeHHs1 HOTOKIB YMOBHI

IHCTPYMEHTH KJIACTEPHUX po0iT nepexonu
004HCIIeHb

Apache | Bash-komanau, Kubernetes V moBi nporpamyBanns | Tax

Airflow | Python-nporpamu I'pin-cucremu Python
Docker-koHTeliHepH

Nextflow | Bash-komanau Kubernetes [IpenmeTrHo-opienTOBaHa | Hi
Groovy-nporpamu I'pin-cucremu MOBa IPOTrpaMyBaHHs Ha
CkpurntoBi nporpamu ocHoB1 Groovy
Docker-koHTeliHepu

Cwltool | Bash-komanmau Bincytas CWL (JSON/YAML) Hi
JS-ckpuntu
Docker-koHTeliHepH
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Toil Bash-komanau Kubernetes CWL (JSON/YAML) Hi
JS-ckpuntu ['pin-cucremu
Docker-koHTteliHepu

REANA | Bash-komanau Kubernetes CWL (JSON/YAML) Hi
JS-ckpuntu ['pin-cucremu
Docker-koHTteliHepu

Arvados | Bash-komanau Kubernetes CWL (JSON/YAML) Hi
JS-cxkpuntu I'pin-cucremu
Docker-koHTeliHepH

AHani3 mopiBHAIBHOT Tabmuii aemoHctpye, 1o icHytodi CKIIP 3a6esneuytors
MIUPOKUA  CHEKTp  MOXIMBOCTEH. Yci  pO3MISHYTI  CUCTEMH  MIATPUMYIOTH
KOHTEHHEepH3allilo, 110 3a0e31euye BIATBOPIOBAHICTh OOYUCIICHb Ta CIPOILY€E PO3TOPTAHHS.
binbmiicte cucteM HamarOTh 3aco0u AT POOOTH y KIIACTEPHUX Ta TPiI-CEPENOBUINAX,
BKJIIOUHO 3 Kubernetes Ta crerianizoBaHUMH CUCTEMaMU KEpyBaHHSI OOYMCIIOBAILHUMU
pecypcami.

OpHak, COiIBHUM OOMEXEHHSIM YCIX PO3IJISIHYTUX CHUCTEM € CTaTU4YHa MpHUpOja
BU3HAYEHHs TOTOKIB po0iT. HezanexkHo Big 06paHoro MeTomy, rpad moToky poOitT mae 0yTH
SBHO BHM3HAYECHUN pPO3POOHMKOM 3a3fanerifb. llpu BHECEHHI 3MIH 1O OKpPEMOTO
IHCTpYMEHTY 0OpOOKHU JaHUX y TIOTOIl HEOOX1THUM €:

— BusHaunTtHu yci [P, 1o BUKOPUCTOBYIOTH II€H Omeparop;

— OHOBUTH BH3HAYEHHS KOXXHOT'O TaKOTO MOTOKY;

— Tepepo3ropHyTu oHoBjeHi [1P.

Takuit miaxi7 CTBOPIOE HAKJIAaAHI BUTPATH Yacy MpH BIPOBAKEHHI 3MIH Ta BUMAarae
JOJATKOBUX 3YCHJIb JUIS TIATPUMKH Y3TOJDKEHOCTI MIDK PI3HUMH IOTOKaMmHu. Binrak,
MIEPCIIEKTUBHOIO € PO3pOOKa MiX0Iy Ta CACTEMH, K1 JO3BOJUIN O TMHAMIYHO CTBOPIOBATH
[IP Ha OCHOBI HasBHMX BXIJHUX JAAHUX Ta HAsIBHUX IHCTPYMEHTIB iX oOpoOku. Y Takii
CUCTEMI1, OHOBJICHHSI IHCTPYMEHTY aBTOMAaTUYHO BiJI00pakanocs O y BCIX MOTOKAaX, 110 HOTO

BUKOPUCTOBYIOTh, 0€3 HEOOXITHOCTI iX SBHOTO OHOBJIEHHS UM I€PEBU3HAUCHHS.

1.5 BucHoBKH 10 po3aiay

CyvacHuil ctan a”amizy 300paxenb KT s miarHOCTHKM JIEMOHCTPY€E HAsSIBHICTH

3aco0iB Ta MeTOAIB Kiacudikallli HalOUIbII PO3MOBCIOKEHUX 3aXBOPIOBaHb. OCHOBHI
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3YyCHJUTSI HAayKOBOi CHIJIBHOTH CHPSMOBaHI Ha TIOKpAIIEHHS pe3yJIbTaTy BU3HAYCHHS
XBOpOOM 3a JOMOMOIOI0 I1HCTPYMEHTapil0 HEUpOHHUX Mepex. IcHyroul pe3ynbratu
po3po0KkH Kiacu(ikaTopiB, 37A€OUIBIIOTO OlHAPHUX, MOKA3YIOTh BHKIIOYHO MOKIIUBICTH
pO3MI3HaBaHHSI IMEBHUX XapaKTEPHUX O3HAK XBOpOOM,  SIK 3BUYANHUX E€JIEMEHTIB
300paKeHHs.

Onnak, y BUIMAJIKy emijeMii abo MmaHaeMii, KpUTUYHUM € SKHAUIIBUIIEC OXOTUICHHS
JIarHOCTUKOK BEJIMKOI KUIBKOCTI TAILIEHTIB Ta 4Yac peakilli CUCTEM OXOPOHHU 3JI0POB’S.
HasBHi pe3ynpTaTi aHaizy JITEpaTypHUX JHKEPET MOKa3yIOTh, IO B JOCITIIKECHHIX TaHUM
acreKkTaM Maike He PUALISIETbCS YBaru.

[IBuakicTh peakiii CHUCTEMH OXOPOHHM 3J0POB’S 3aleKHUTh BiJ JEKUIBKOX
KOMITOHEHTIB (TIepCOHAJ, MaTepialIbHO-TEXHIYHE 3a0€e3MEeUeHHS], JIOTICTHKA TOIO0), B TOMY
YUCHI1 1 MBUJAKICTH aJIanTarlii ICHyr0YMX 3ac001B JiilarHoCcTUKH Ta [13 10 HOBUX BUKIIMKIB Ta
3a/1ay.

IcHyroui 1HCTPYMEHTHM XMapHUX OOYHCICHb Ta MOXKJIHUBICTh JUCTAHIINHOTO
oHoByieHHA [I3 7ar0Th MOXIIMBICTH PO3POOKM Ta BIPOBAIKEHHSI HOBHUX MIIXOJIB LI0/0
apXiTEKTypu CHCTEM JIIarHOCTHKU Ta MmoOyaoBu kiacudikaropiB. OkpiM HEOOX1THOCTI
nepea0aYnTH JOHABYAHHS ICHYIOUHMX a00 BUKOPHUCTAHHS JOJATKOBHX KiacH(pIKaToOpiB,
KPUTUYHOIO MOKE CTaTH HEOOXITHICTh CYTTEBHUX 3MiH y CHCTEMI, IO MOXE MOTPeOyBaTH
BTpYYaHHS CHemiagi3oBaHuX (axiBIiB (HAMPUKIAA, MPOrPaMICTIB), IO 3HAYHO 30LIBIIyE
4ac TOTOBHOCTI JI0 BUKOPUCTAHHSI.

IcHyrO4Ui cucTeMu KepyBaHHS MOTOKaMU pOOIT BUMAararoTh CTATUHYHOTO BU3HAYCHHS
rpady TOTOKY pPOOIT po3pOOHUKOM cuUCTeMU. [CHYBaHHS JaHUX CTaTMYHUX BU3HAYCHb
YIIOBUIbHIOE BHECEHHS 3MiH. BifTak, epCreKTUBHUM € pO3p0o0OKa apXiTEKTYpH, METOIB Ta
MPOTPaMHUX 3aCO01B, 1110 AUMHAMIYHO CTBOPIOIOTH Ta OOUYUCIIOIOTH TOTOKU POOIT BUXO YN
3 HaJIJaHUX JIaHUX Ta IHCTPYMEHTIB JIJIs iX 0OpOOKHM Ta MEPETBOPEHHS, & TAKOXK J1I03BOJISIOTh
PO3ILIMPATU ICHYIOU1 3ac00u Kiacudikallii 3aXBOprOBaHb 0€3 BTpy4YaHHs a00 MiHIMAJIbHUM

BTPYYaHHSIM JIFOAUHHU ((DaxiBIis).
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2 KIIACHU®IKALIA 306PAKEHD /Ul JIATHOCTHUKH 3AXBOPIOBAHb

IcHye Garato TUIIB MEIMYHUX BI3yalIbHUX JAaHUX, BiA (oTorpadiil ypaxxeHb IIKIPH
no pamiorpam Ta MPT-3HiMKkiB. [lpore o0Ocsr BUIBHO AOCTYyNHUX JaHUX 3HAYHO
BIJIPI3HIETHCS 3aJI€XKHO BiJ] TUILY 300paxeHb. [ po3poOKku epeKTUBHUX A1arHOCTUYHUX
IHCTPYMEHTIB Ha OCHOBI METO/IIB MAIlTMHHOTO HABUYAHHS BaXJIMBO 3a0€3MEUNTH HASIBHICTD
JOCTaTHBOI KITBKOCTI IKICHUX JaHUX Y TpeHyBaJIbHOMY Habopi. Lle € kirogoBum gakropom
IUTS TOCSATHEHHS BUCOKOI TOYHOCTI MOJIETIEH.

36ip meawuHoi iH(MOpMAIi AT JOCTITHUIBKUX IIJIEH y OLIBIIOCTI KpaiH €
0araToKpoKOBHUM IIpoiiecoM. 30KpeMa, 310paHi JaHl MOBUHHI MPOWUTH s MPOLEAYp s
3a0e3MeyeHHs 3aXUCTy MPaB MAalli€HTIB K Y caMOMy Ha0opl JaHMX, TaK 1y JTOCIHIIKCHHSIX,
o Ha HboMy Oa3ytoThes. [1ig gac mangemii COVID-19 mmpokoMy Koy HayKOBIIB Oyii0
HaJaHO JIOCTYM 10 JAaHUX 3 METOI MO€JHAHHS 3yCHJIb CTCLIAICTIB PI3HUX Tally3eu st
60poTeON 3 XBopo0o10. JlOCHIAHUIIBKUMHU KOJEKTUBaMU OyJI0 CPOPMOBAHO HH3KY
JaTaceTiB, B TOMY YMCII 1 Taki, M0 ckiaagaiuch 31 3HIMKIB KT. 3aranbHOIOCTYmHI JaH1
Jal0Th 3MOTY 30CEPEeIUTHCh HAa HAYKOBIM CKJIaJ0BIM 3a7a4, 1[0 BUPINIYIOTHCS, Ta
36KOHOMUTH 4Yac Ha BUPIIICHHS IOPUANYHUX Ta OpraHi3al[iiHIX TUTaHb.

Biarak, 3Baxkaroun Ha pooOsiemMu 31 300poM BUPIIICHO BUKOPUCTATH HasIBHI BIAKPHUTI
HAO0OpH JaHMX, [0 (OKYCYIOThCA Ha 300paXEHHAX, OTPUMAHUX 32 JOIMOMOTOI0

KOMIT FOTepHO1 ToMorpadii.

2.1 ®opmyBaHHsI HA00PY JaHHUX

3a ocHoBHUH OyJsi0 B3siTO BiakpuTuii HaOip ganux COVID-CTset (mabip A) [74].
Habip A OyB 3i0panuii B Mmenuunomy nentpi Herin (Capi, Ipan) 3a nonomoroto ckanepa
SOMATOM Tta nporpamuum 3a0e3nedeHHsM syngo CT VC30-easylQ. 3o0OpaxeHHs
MOCTAYar0ThCS Y BUTIIAII OKpeMUX noueproBux 3pi3is 3HiMKIB KT, y popmarti TIFF, yopho-
o111, 3 16-6iTHOIO TTMOMHOIO KOJIbOPY. JlaTaceT ckilamaeThes 3 300pa’keHb, 110 HAJIEKATh
95 mamienTam 3 piarnocroBanuM COVID-19 ta 282 310poBUM JHOSIM.

®opwmar TIFF (Tagged Image File Format) € onaum 31 cranaapTHUX 17151 30€peKeHHS

300pakeHb, po3po0sIeHH 715 3a1a4 nodirpadii. Ockinbku GopMaTt € THYYKUM, MIATPUMYE
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P13HI1 KOJIIPHI MOJIEN Ta PO3PSAHOCTI, @ TAKOXK JO3BOJISIE CTUCHEHHS 0€3 BTpaT, MOro TaK0oXk
BUKOPUCTOBYIOTh JUIsl 30€piraHHs Ta aHajiizy 300pa)keHb JUIsi MAIIMHHOTO HaBYaHHS Ta
iHmMX e, OgHak, A MICTUTh TUTBKU JIBa KJIaCH, BHACTIIOK 4OTO OYyJi0 J07aHO HAOIp
nanux COVID-CT-MD [75] (ma6ip b).

Ha6ip b 6yno 3i16pano y meauanomy nientpi babak (Terepan, Ipan) 3a qomomororo
ckanepa SOMATOM. 300paxkeHHsI PEICTaBIICH] y BUTJISAI MMOYEProBUX 3pi3iB 3HIMKIB
KT, y crapomy Bapianti popmaty DICOM 3 16-0iTHOIO TTIMOMHOIO KOJILOPY. BiH MicTUTB
300pakeHHsI, 110 Hajexath 169 moasam 3 giaraocroBanuM COVID-19, 76 3mopoBuM Jitoasim
Ta 60 JI0JSM 3 J11arHOCTOBAHOIO M03aroCiiTaIbHOK THEBMOHIEIO.

DICOM (Digital Imaging and Communications in Medicine) € craHgapToMm s
30epiranHs Ta mepeaadl MEIUYHUX 300pa’KeHb Ta MOB’SA3aHOT 3 HUMH 1H(pOpMaLii, SIKUN
BKIItOYae (opmar s komyBaHHS 300paxkeHb. DICOM miupoko BUKOPHCTOBYETHCS
MEAMYHUM OOJaTHAHHSAM Ta MPOTPAMHUM 3a0€3TEeUEHHSIM.

Hns yHidikarii HabopiB gaHUX 300paxeHHs 3 HaOopy b Oyno meperBopeHo y 16-
oitauii popmar TIFF 3a nonomororo monudikoBanoro koay 6i6mioreku dem2hdr 1 togano
10 Habopy A. Bukopucranus 16-6itHux yopno-0inux TIFF-300pakeHp moeaHye nepeBaru
dbopmaty DICOM 1 cranpaptHux (opmariB 300pa)keHb, 103BOJISIOUM 30€pErTH MOBHY
IMMOMHY KONbOpY Ta Bcl Aetani opuriHambHux KT-3HIMKIB, BogHOUac 3a0e3medyrouu
3py4HICTh OOPOOKH, BIACTUBY CTaHJAPTHUM TpadiyHuUM PopmaTam.

Biarak, Oyno copmoBaHo HaOlp AaHUX, IO CKIAMAEThCA 31 264 3HIMKIB JIIOJIEH 3
COVID-19, 358 3 3nopoBumu jereHsmu 1a 60 3 Mo3arocmiTaaIbHOK THEBMOHIEIO.

3uimku KT nerenp HaityacTiiie BUKOHYIOTHCSI TTOUYMHAIOYU TPOIIKU BUIIE BEPXIBKU
nereHb (OIS SPEeMHOI SIMKH) Ta OXOIUIIOIOTH OJIM3bKO 25 CaHTUMETPIB BHU3 J0 MICLS
3’€JTHAHHS MK AlapparMoro Ta 3aJHbOI0 YACTUHOIO IPYHOI KIITUHU [76]. OKpiM JiereHs,
Ha 3HIMKaX TaKOXX BUIHO 3pi3U 1HIIMX YACTUH Tijia, PO3TAIIOBAHUX TMOPYY 13 JICTCHAMH.
Takum urHOM, He yci 3pi3u 3HIMKa KT € kopucHUMU /1711 BUKOHaHHS JiarHocTuku. Ha puc.
2.1 mpencTaBieHO BIJIMIHHICTh MIXK 300pa)KEHHSMH 3 PI3HUX YaCTUH TPUBUMIPHOTO
KT-3niMKa: moyaTKOBH 3pi3 3HIMKA, SIKHA HE MICTUTH JiereHl (1) Ta 3pi3 10 MICTHUTH

OCHOBHY YaCTHHY JIETEHH (2).



Pucynok 2.1 — IlopiBusnHs 3HIMKIB KT rpynHOi KINITHHE Ha Pi3HUX 3pi3ax
IPOCKaHOBAHOTO MIPOCTOPY

JlaTtacer, 10 BHUKOPHUCTOBYETbCS y JaHId poOOTI CKIQJAa€ThCsl 3 3HIMKIB,
BiI()IIBTPOBAHUX 32 HASIBHICTIO JIET€HIB MO aHAJIOTII 3 alTOPUTMOM, HaBeJeHUM y [74] Ta
BUKOPHUCTaHUM Y HaOopi nanux A. OuibTpariito 300pakeHb BUKOHAHO HUIIXOM MEepPEBIPKU
3MICTY PETiOHY B IIEHTP1 300pakKeHHS — SKIIO PETiOH MEePEeBaAXHO TEMHUN — 300paKeHHS
MICTUTH JIET€HI, B IHIIOMY BHUMAAKy — BigoOpaskae 30HY Tija, IO Tmepeaye abo crimaye

JICTCHAM.

2.2 MyabTHuKjIacoBa Kiaacudikamisi 3nimkis KT

[lin yac cmaysiaxy HOBOro a00 MajOJOCHIIKEHOTO 3aXBOPIOBaHHS J1arHOCTHUYHI
CHUCTEMH CTHUKAIOTHCS 3 TIPOOIEMOIO, OCKIJIBKH HEMOXKIIMBO 3a3/1ajIeriab MiAr0OTYBaTH iX 10
pO3MI3HaBaHHs HOBHUX MATOJIOTIH, MPOSBH SIKMX MOXYTh OyTu HeBinoMi. lle Bumarae
TEPMIHOBOTO PO3IIMPEHHSI CUCTeMM Kiacu@ikailii 300pakeHb JJii BKJIIOYEHHSI HOBHX
KJIaCiB 3aXBOPIOBaHb. Takuii mpoiiec 3a3Buyail BUMarae 3MiHU TOIMOJIOT1T HEHPOHHOT MEPEK1
Ta il MOBTOPHOIO HABYaHHS HA HOBUX JaHUX, 110 MOTpeOye 3HAYHOIO BTPYYaHHS
pPO3pOOHUKA 1 MOXKE 3alHATH 4YMMajo 4acy. B ymMoBax KpW30BHX CHUTyallll, TaKUX SK

panToOBUH CHalax 3aXBOPIOBAHHS, KPUTHYHO BAXJIMBO MIHIMI3ZYBAaTH L€ 4ac, OCKUIbKU
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IIBUJIKA ajanTallisi J1arHOCTUYHUX 3ac00iB € OJIHUM 13 KJIIFOYOBUX (haKTOPIB, HEOOXITHUX
1151 €DEKTUBHOTO KOHTPOJTIO CIajiaxy.

Posrisnemo momudikariiro 3ropTKoOBOi HEUPOHHOI Mepexi OiHapHOi Kiacudikairi
JUISL MATPUMKA TPHOX KJIaciB. 3a 0a3oBy peanizaiito 0ynemo BBaxkatu 3HM, po3pobiieny
ISt poO60TH 3 MBOBUMIpHUME 3pizamu 3HIMKIB KT B [74], ne po3risganoch po3pi3HEHHS
TUIBKM MDXK JBOMa Kiacamu — «310poBuity abo «COVID-19», mo cyrreBo oOMexye
MPAKTUYHE 3aCTOCYBAHHHI.

B ocnHoBi 6azoBoi 3HM nexuts apxitekrypa ResNet50V2. Ockinbku mposiBU K
TUIOBOI THEBMOHI1, Tak 1 mMHeBMOHIi, cripuunHenoi COVID-19, MaroTh CyTTERBI BIIMIHHOCTI
B XapaKTepucCTHKax 1 MacmTabax, y [74] Oyno 3ampornoHoBaHO Bukopuctatu Feature
Pyramid Network (FPN) [77].

FPN no3Bossie mOKpaluTy 3JaTHICTh MEPEX BUSBISTH, BUBYATH Ta PO3Mi3HABATH
O3HaKH, TEKCTYpH Ta 00'€KTH, TOB'SI3aH1 3 ypaXCHHSIM JIeTeHb. Takuil MiaXiJ A03BOJISE
JOCSITTH Kpallloi TOYHOCTI Kiacudikaiii 3a JIOMOMOTOK BBEACHHS 1€papxii O3HAK —
MOYMHAIOYM, B I[bOMY BHIAJIKy, 3 TpeThoro mapy (puc. 2.2) mepexi ResNet pesynbrar
poOOTH KOXKHOTO 3rOPTKOBOTO MIAPy MEPEXi MEPeNaeThCcsl 0 M0JATKOBUX 3TOPTKOBHUX
mapiB 10 oOpoOIIOITh 1H(GOPMAIlII0 3 OCHOBHHX IIAPiB Y 3BOPOTHOMY MOPSIKY. Takum
YMHOM KIHIIEBl HIUIbHI IIApH, [0 MPUHAMAIOTh PIMIEHHS MalOTh IIHUPIIMNA JOCTYH A0
iHGOopMaIlii 3 MepBUHHOI 3TOPTKOBOT MEpEXi, 10 JA€ MOXKIMUBICTh PO3MI3HABATH 00’ €KTH
pi3HOrO MacmTaldy Ta a0cTpakTHOCTI. JlaHa BIIaCTHBICTH € OCOOJMBO KPUTUYHO IS
MEIUYHUX 300pakeHb, J€ MIarHOCTHUYHI O3HAKA MOXYTh CYTTE€BO BIIPI3HATHCS 3a
PO3MIPOM.

MoxxuBicTh po3mpeHHs gaHoi 3HM HOBUM KilacoM MEpeBIpMMO Ha MPHUKIaAi
MoaudiKalii ii TONOJOr1i Al MIATPUMKU pO3pI3HEHHS M TpboMa kiacamu: COVID-19,

M03arocCMmiTalIbHOO MTHEBMOHIEIO Ta 3JJOPOBUMU JIETeHSIMHU (puc 2.2).
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Pucynox 2.2 — Heiponna mepesxa Jj1si MyJIbTUKIIACOBO1 Kitacupikarrii

Jlns TpeHyBaHHA HEHPOHHOI Mepexkl BUKOPHCTAHO CTApTOBI Baru aHajOTi4HOT
HEWPOHHOT Mepexi, HaTpeHoBaHoi Ha jgataceTi ImageNet [78]. JlaHi, mo € BigiOpaHuMu 3
JaTaceTiB 300paKCHHSMHM, SKI MICTATh BIIKPHUTI JIET€HI, OyJ0 PO3I1JIEHO Ha HACTYIIHI
TpyIu:

— 20701 TpenyBalbHUX;

— 6900 BamimamiiiHUX;

— 6900 omiHOYHHX.

TpenyBanns Oyno mpoBeneHo npotarom 20 enox. B KiHII KOKHOI €MOXH TOYHICTh
HEHWPOHHOI Mepeki OyJI0 OIIHEHO 3a TOMOMOTO00 BajifariiiHoro Habopy nanux. Barm HM,
TOYHICTb SIKUX OyJia BUIIIOIO 32 MOIepe a1, 30epiraanch.

3a pe3ynbpTaToOM TpeHYBaHHS OyJI0 BUSBIICHO, IO HaWKpamry TOYHICTE (94.96%) Ha
BaJTiJaIiftHoMy Ha0opi JaHuX OyJI0 JOCSITHYTO HA KiHelb 13 emoxu HaB4aHHSA. OTpuMaHUit
pe3yabTaT OyJ0 MepeBipeHo 3a JOMOMOIOI0 TECTYBaJIbHOTO HAOOPY NTaHUX, Ta OTPUMAHO
TOYHICTh y 95.086%. bau3bKicTh 3HaY€Hb TOYHOCTI HA BAJIIJALIMHOMY Ta TECTYBAJIbHOMY
Habopax (pizauI y ~0.13%) Bka3ye Ha 37aTHICTh MOJIEII JIO y3araJibHEHHS O3HaK.

Jlnst mpencTaBlieHHS pe3yJbTaTiB, 3a3BUYai, TaKOX BHKOPHUCTOBYETHCS MATPHUIIS
HEBIJIMOBIJIHOCTI, SIKa MPEJCTaBIIsi€ MOPIBHIHHSA (PAKTUYHUX PE3yibTaTIB Kiacu(ikamii 3
ICTHHHUMHU KJIaCaMHM JIaHMX. 3a JIOMOMOrO0 HEi MOXHa OIIHUTH SK YacTO MOJEb
MOMUJISIETHCS, Ta MOOAYUTH, J1aHl SAKUX KJIACIB MOJENb KIacHu(PiKye XHOHO YacTile HIX

1H111. MaTpuIio HEBIAMOBIAHOCTI JIJIs JAHOTO €KCIIEPUMEHTY HaBelIeHO Ha puc. 2.3.
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Pucynok 2.3 — MaTpuiis HeBiAMOBIHOCTI MyJIbTHKIacoBoi HM

Y 1mpoMy BHMaAKy HEHpPOHHA Mepeka JIEeMOHCTPY€E 3HAYHO Oiibine XuOHO
MO3UTHBHUX PE3YJIbTATIB MOPIBHIHO 3 XUOHO HETATUBHUMU. Taka CUTYyallis € MPUHHATHOO
IUI MEAMYHOTO 3aCTOCYBAaHHSA, OCKUIBKH MPIOPITETHUM € BUSBIICHHS XBOPUX MAllI€HTIB,
HaBITh SKIIO 1€ TIPU3BEIE O MOMIIKOBHX ITi103p MO0 3J0POBHX.

HaBenenuii excnepuMeHT TMOKa3ye, IO THIOBI Mojendi OiHapHOi Kiacugikarii
MOXYThb OyTH po3mmpeHi 6e3 cyTTeBoi (~3%) BTpaTu sikocti kinacudikarii. Hemomikom
JTAHOTO IMAXOAY € HEOOX1HICTh 3MIHM TomoJiorii HM 1, BiAOBITHO, BTpYyYaHHS B BX1IHUI
KO, a TaKOX i1 mepeHaB4aHHsA. ToMmy A MiHIMI3alil yacy, HeOOX1AHOTO Ha 1HTETpaIio
MIATPUMKH HOBHMX 3aXBOPIOBaHb y J1arHOCTHYHI 3aCO0M JIOIUJIBHHM € TIOIIYK METO/IIB
knacudikarii, ki JO3BOJSATUMYTh €(EKTHUBHO Ta IIBUIKO JIOJAABAaTH HOB1 KJIACH 4epe3

OHOBJICHHSI HA0OPY JIAHUX 1 JOHABYAHHS MEPEXKI.

2.3 BuxkopuctaHHs BKJIaJeHUX NMPeACTaBJIeHb 1A Kiacu@pikauii 300paxkeHb

Jlnst poOOTH 3 TeKCTaMH Ta 300paKEHHSAMHU YaCTO BUKOPUCTOBYETHCS TaKUW MIAXI,
AK KOAYBaHHS 1H(OpMAILl Yy CKOPOYEHOMY BEKTOPHOMY BHUIJIAIl LUISAXOM MOOYJOBHU
BKianenux npeactasieHs (BII) (anrn. «embeddingy»). Bxiameni mnpencraBieHHS €

BIIOOpaKEHHSAMHU CKJIAJHUX JaHUX (HAMPHUKIAA TEKCTy YU 300paKEHHS) y TEBHOMY
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BEKTOPHOMY IpocTopi [79] 1o 30epiratoTh KIOYOBY CEMAHTHYHY 1HPOPMAILIIO JaHUX. Y
BUIAJIKY 300pa’keHb, TAKOI0 CEMAaHTUYHOIO 1HPOPMALIIEIO €:

—  KOJIip;

— TEKCTYpH;

— (opmu Toro.

Takum unnom, BII MicTuTh BUI0OYTY 3 300paskeHHsI 1HPOPMAIIit0, Ta PO3MIILYETHCS
y MIEBHOMY BEKTOPHOMY MPOCTOPI, /i€ MPEACTABICHHS CX0KUX 300paKeHb € OJIMKUYUMU 32
NpEJCTaBICHHS BIIMIHHUX 300paxeHb. BapTo Takok 3a3HauuTH, IO PO3MIPHICTH
BEKTOPHOTO NPEJCTaBICHHA SK NPaBUJIO € CYTTEBO MEHIIOK 3a PO3MIPHICTb
pPENpe3eHTOBAaHUX JaHUX, BIATAaK, BKJIQJCHI MPEICTaBICHHS Yy TOMY YHCIl € METOI0M
3HIKEHHS PO3MIPHOCTI.

B npomy BuUManky, IiKaBUM € BHKOPHUCTATH JaHui miaxia a0 3HiMkiB KT, mo
JI03BOJIUTH, MICJSI TOYATKOBOTO HAaBYaHHS HEHPOHHOI MEpEeXi, 3a MOSIBU HEOOXIAHOCTI y
MIATPUMII HOBUX KiaciB goHaBuuTH HM 06e3 3minu Tomosorii. ¥ TakoMy BUNAIKY, JJIs
BUKOHAHHSA Kjacudikariii Ha ocHoBl BII 3HIMKa BUKOPHUCTOBYBATUMYThCS 1HIIN aITOPUTMU
MAIIMHHOTO HaBYaHHS, SIK1 MOKYTh OyTH MepeTPEeHOBaH] I MIATPUMKH O11bIIIOT KITBKOCTI
KJaciB 0€3 BTpy4aHHs y KOJ Ta 3a BIIHOCHO KOPOTKHH Yac.

s toro, mo6 nepeBipuTH MOXIUBICTh Bukopuctanus BII mns 306paxens KT,
MPOIMOHYETHCSI BUKOPUCTATH HasiBHY kiacudikamiiiny 3HM ans moOynoBu BKIAJACHHUX

MpCaAcCTaBJICHDb.

2.3.1 [lo6ynoBa BKJIAJEHUX MPeEICTABIEHb 300pPaKeHb TAa BHUKOHAHHS

kiaacudikanii 3a HUMU

3anponoHoBaHUM Tporiec MOOYyI0BU Kiacu(iKaliiiHOI CUCTEMH Ha OCHOBI
BKJIQJICHUX MPEJCTABICHb CKIAAA€ThCS 3 HACTYITHUX KPOKIB:
1. TpeHyBaHHA KJIacu]iKaliiHOI 3rOPTKOBOT HEUPOHHOT MEPEXKI;
2. BUKOpHUCTaHHs Bar 3ropTtkoBoi yactuau HM (m.1) nnst TpeHyBaHHSI reHeparopa
BKJIAJICHUX TIPE/ICTABIICHb;
3. HaBYaHHS AJITOPUTMIB JJIsl Kiacudikailii Ha OCHOBI 3reHEPOBAHMX BKJIAJCHUX

IIPEJICTaBJICHb;
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Kpok 1. PeanizyeTbcsi 3ropTkoBa Mepeka i Kiacugikaiii 300pakeHb, 3a
MPUKIIAIOM MEpexi, MOAu(IKallilo SKOI HaBEACHO y po3aull 2.2 1js MYJIbTHUKIACOBOI
knacudikarii 300paxens KT nerens (puc. 2.4, A).

Mepexa ckIagaeTbCs 3 TPbOX OCHOBHHMX CeKIid. BxigHi maHi oOpoOJISIIOTHCS
ctanaaptHoio Mozaemtto ResNet50V2. Inentuuno no mepexi y 2.2, iHdopmariis sk 3
BHUXIJTHOTO, TaK 1 3 BHYTpilIHIX 1mapiB ResNet moBTOpHO 0O0pOOIISIOTECS 32 JAOMOMOTOIO
Feature Pyramid Network [77] 3 MeTo0 noJieTiieHHs! BUSBJICHHS] O3HAK PI3HOrO po3Mipy i
a0CTpaKTHOCTI, BiI JeTaJed TEKCTypu a0 3araidbHux Qopm. O3Haku, BUAOOyTI 3a
nornoMororo  FPN, BUKOPUCTOBYIOThCS TMOBHO3B'A3HUMHU IlIapaMU ISl TPUNAHATTA

OCTaTOYHOTO PIIIEHHS II0J0 KiIacu(ikarii.
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Pucynok 2.4 — JleMoHcTpallisi BIIMIHHOCTI HEHPOHHUX MEpPEx Uil Kinacudikarii (A) ta
reHepyBanns BII (B)

Kpok 2. 3roprtkoBi mapu kiacudikamifHoi Mepeki BHUKOPUCTOBYIOTHCS IS
noOy/I0BY TeHepaTopa BKIAJCHUX MPEACTABICHD IIJITXOM 3aMiHU KiHIIEBUX TOBHO3B'I3HUX
mapiB Ha Ti, o 3a6e3neuyBaTumMyTh renepaitito BII (puc. 2.4, B).

Jo Buxonie FPN Oyno 3actocoBano aktuBauiro ReLU [80] nmns migkpecneHHs

3HAMJIEHUX O3HaK.
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Opnak, BUXIJIHI 1aH1 3rOPTKOBOI YaCTUHU MEPEKI € BUCOKOPO3MIPHUMHU, IO MPH iX
nepenavyi Ha IIap TeHepallii BKJIAJEHUX TMPEACTaBICHb MPHU3BOAUTH [0 CTBOPEHHS
HaJMIpHOI KUIBKOCTI BariB Ta CyTT€BO 30UIblIye yac TpeHyBaHHs Mmepexi. JlomaTkoBo,
ICTOTHA YacTUHA 1H(OPMAIlli HE € 3HAYYIIOIO Ta MICTUTh «IIIyM.

OpmauM 31 croco01B BUPIMIEHHS JAaHOT MPOOJIEMH € ormepallisi BHOOPY MaKCUMyMYy 3
rpynu (max pooling), sika 103BoJisie CyTTeBO (B 16x16 10 4x4) 3MEHIIUTH PO3MIPHICTh
BUXIJTHUX JIaHUX MIPU LIbOMY 30€epirarouu KIo4oBy 1HGOpMAIIilo 3 aKkTUBal1A HeHpoHiB. Lle
BUKOHY€ETHCA MUISIXOM TPOXOAY BiKHA («PUIbTpoM») (HIKCOBAHOTO PO3MIPY 3 TMEBHUM
KpokoM. Po3Mip BIKHA Ta KPOK € rineprnapaMeTpamMu, 110 BIUIMBAIOTh HA CTYIIIHb CTUCHEHHS
JaHuX Ta 30epekeHHs iHopmarlii. 3 Trpynu €JIEeMEHTIB y KOXKHOMY IOJOXEHHI BiKHA
00MpaETHCSI MAaKCUMAJIbHE 3HAYCHHS.

Hanpuxknan, npu BikHI 2X2 MiKCeNl Ta KpoIl Y 2, MaTPHIl 3MEHIITYEThCS BJIBOE T10

00UIBOX OCAX 31 30€peKEHHSIM HaWOITBIINX eIeMEHTIB (puc. 2.5).

Makcumym 3 rpynu 2x2
KpOK 2

9
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DI O] W
> &~
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Makcumym 3 4, 2, 3,1 -4

Pucynok 2.5 — Onepatist rpynyBaHHs B MAKCUMyM

3acTocyBaHHS J1aHOi omeparii 10 300paxeHb 3 1JCHTUYHUMU MapameTpamMu JIae
HacTynHUI pe3ynbTaT. [Ipu 3acTocyBaHHI 0 300pakeHb, ornepailis max pooling 30epirae
HaOUTbII BUPaXXEHI Bi3yaJbHI €JIEMEHTH, OJIHOYACHO 3MEHIIYIOUYH IPOCTOPOBY

po3MipHICTh. KiTt0uoBI Bi3yalibHI XapaKTEPUCTHKH, TaKl K KOHTYPH, FpaHUL O00'€KTIB Ta
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00J1aCTi BHMCOKOi I1HTEHCHUBHOCTI, 30€piratroThCsi, TOHAl SIK JpiOHI AeTalli Ta TEKCTypHu

3TIaKYIOThCS (puc. 2.6).

Pucynok 2.6 — [Ipukian 3acTocyBaHHS BUOOPY MAaKCUMYMY 3 TPYIH

OTpuMaHi B pe3yJibTaTi 3MEHIICHHA pO3MIPHOCTI JaHl OyiaM pO3TrOpHYTI 1
KOHKaTeHOBaH1 y BXIJ JJIsl MIOBHO3B'SI3HOTO IIapy M0 (OpMye BKIIAJIEHE MPE/ICTABICHHS
BX1JTHOTO 300paKE€HHSI.

Opnnum 31 crioco01B TpeHYBaHHS HEUPOHHOT MepexkK1 i OTpuMaHHs 3Hauymux Bl €
BUBYEHHS METPUKHU (aHIJ. «metric learning») — HaBYaHHS 3 METOIO MOOYI0BU BEKTOPHOTO
MIPOCTOPY, YV AKOMY CXOKI BX1JIHI JIaHI 3HAXOIATHCS OJMKYE OJUH JI0 OJHOTO, & HECXOXKI —
nani. Takum unaoMm, HM BuBYae QpyHKIIIO AUCTAHIIIT MIXK BXITHUMH JTaHUMHU.

JI1s1 METpUYHOTO HaBYaHHSI BUKOPUCTAHO miaxia [81], B SIKOMy Ha KOXKHIM 1Teparii
(dhopMy€eThCs MapTist 3 TPIHOK, 10 CKIAJAI0THCS 3 BUMIAJKOBO 00OpaHUX 300paKeHb:

— SIKIPHOTO — 300pa)XeHHS, 3 AKUM BIIOYBAETHCS MOPIBHIHHS (HaAAI: «IKIP»);

— TIO3UTUBHOIO — 300paXKEHHS TOTO X KJacy, 0 1 SKip (Haaasl: «IIO3UTUBY);

— HEraTMBHOTO — 300paKeHHsI KJIacy, 1HIIIOTO BiJl KJIacy sIKOps (HaJami: «HEraTHBY).

[Tin yac HaBuaHHs, PYHKIIIS BTpAT CTUMYJIIOE HAOIMKEHHS] Y BEKTOPHOMY MPOCTOP1

BKJIQJICHUX NIPEJICTABIIECHb SKIPY 10 MO3UTHUBY Ta BiJJIaJICHHS BiJl HETaTUBY.
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VY cdopmMoBaHiif mapTii KOKEH Kjac MPEACTABICHUM OJIHIEI0 TPIMKOIO, Yy SIKI 1ei
KJIac € gkopeM. TakuM YMHOM, KOXHa 1Tepallis TPEHYBaHHS MICTUTh CTUIbKH TPIHOK,
CKUIbKH KJIaciB y Ha0opi ganux. OHaK, mpy 3aCTOCYBaHH1 /10 HASBHUX JaHUX TAKHUH M1IX11
MpU3BIB J0 CIA0KUX pe3yJbTaTiB y MPOBEICHHUX EKCIEPUMEHTAaX 4Yepe3 3aHaJTo Malll
po3Mipu mapTiii. Takum 9uHOM, OyJI0 peai30BaHO MOKJIUBICTH 301IBIICHHS KUIBKOCTI
JaHUX, 110 BUKOPUCTOBYIOTHCA B OKpeMid TpeHyBaibHIM iTepawii. /[ns wmporo
HaJlalTyBaHHs OyJio BBeJieHO rinepnapaMeTtp batch class repeats sikuii BU3Ha4a€e CKUIbKU
pa3iB y mapTii KO>KEH KJIaC BUKOPUCTOBYETHCS SIK SAKIpP y TPIHII.

Ha koxHiit iTeparii HaBuaHHs 3a gonomoror0 HM oOYHCITIOIOTBCS BEKTOPHI
MPEJICTABICHHS JUISI KOXHOTO 300pa)K€HHs SIKOpsS, MO3UTUBHOTO Ta HETaTMBHOTO, 1 3a
JIOTIOMOTOX0 HUX OOYHMCITIOE KOCUHYCHI MOoAi0HOCTI (d,g) Y TTapax SKip-TIO3UTHUB Ta SIKIp-

Heratus (2.1):

A-B

_— 2.1
AT @1

deos =
— e A 1 B — 1e BeKTOpHI NpecTaBlIeHHs MOpPiBHIOBAaHUX 300paxeHb. OOuucieHi

noni0HoCTI (d () MAaCIITAOYIOThCS BHU3 (A soqi0q) 3 KOCDimieHTOM MacTadyBanus y k=0.2

(2.2):

Ascatea = deos * k. (2.2)

BigmacmtaboBaHi MOAIOHOCTI BUKOPUCTOBYIOThCA (yHKIi€0 BTpaT (loss) s
30JMKEHHS BEKTOPIB Map AKIP-MO3UTUB Ta BiJIaJIeHHs BCIX 1HIIUX. Y [81] B AkocTi BhyHKIIIT
BTpaT BUKOPHUCTOBYETHCA PO3PIIKEHA KaTeropiajibHa TNepexpecHa eHTpormis (sparse
categorical cross-entropy) [82]. B pe3ynbrati ekcniepuMentiB, Ha BIl oTpumaHux Takum
YMHOM HE BJIaJIOCh OTPUMATH MPUUHATHY TOYHICTD Kilacuikailii, ToMy OyJI0 BUKOPUCTAHO

HACTynHy TpiiyacTy (yHkiito BTpaT [83] (2.3):

loss = max(P — N +m,0), (2.3)
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— ne P 1 N npencrapnsitorh noai0HOCTI (2.2) SKOps A0 MO3UTUBHOTO Ta HEraTUBHOIO, a M —
BIJICTaHb, Ha Ky BEKTOPH MOBWHHI OyTH BiJIOKpEeMJIEHI (JIOBLIbHE YUCIO OUIbIIE HYJIS).
Bubip Tpiftuactoi pyHKIIIi BTpaT 3yMOBJIEHO SIBHOIO OPIEHTAIIEI0 HA BIAAUICHHS BKJIQJIEHUX
MIPEICTABJICHD PI3HUX KJIACIB OJTHE BiJl OJTHOTO.

Kpok 3. Jlns BukoHaHHs kiacudikaiii Ha ocHoBi BII Oyno HarpeHoBaHO iHIII
aNTOPUTMH MAIIMHHOTO HaBYaHHS. J[71s1 11bOT0, BKJIAICHI TPEACTABICHHS T€HEPYIOTHCS JIIS
yCIX EK3eMIUIApPIB TPEHYBAJIbHOI Ta TECTYBaJIbHOI YaCTWH maracery. Ha ocHOBI 1ux
BEKTOPIB Ta MOB’SI3aHUX 3 HUMU KJIACIB MOXKYTb OyTH HaBYEHI JIOBUIbHI KJIacuQiKaIlliHi
QITOPUTMHU MAIIMHHOTO HABYaHHS, HANPHUKJIAA, Ha OCHOBI K-HaWOMMXK4YMX CYCIIIB YU
BHITaIKOBOTO JIICY.

Takum ynHOM, Kiacudikarris Ha ocHoB1 BII MicTuTh eramnu:

— CTBOPEHHS BKJIQJICHOTO MPEICTaBICHHS 300paKeHHS 3a JTOMOMOTOI0 HEHPOHHOI

MEpexi;

— xiacudikamig orpumadoro BII anroputMoM MammHHOTO HaBYaHHS.

Bukonanns kmacudikarii 3a JOTOMOTOI0 JAHOTO MPOIECY I03BOJSE YHUKHYTH
HEOOX1THOCTI 3MIHM TOTOJIOTIl Ta TNepeTpeHyBaHHS HEHMPOHHOI Mepexi NpH J0JaBaHHI

HOBHX KJIACiB.

2.3.2 Ananiz  edexTuBHOCTI KjIacu(ikaTopiB Ha OCHOBI  BKJaJEHUX

npeacraBjJcHb

EdeKkTuBHICTh BUKOPUCTAaHHS BKJIAJEHUX MPEACTaBICHb IJs 3ajad Kiacu@ikaiii
3aJIEKUTH BiJl IBOX YMOB:
1. moxnuBicTh Kiacudikaiii Ha ocHOBI BII gocsrati TOYHOCTI, CHIBCTaBHOI 3
KJ1acu(IKaIIHHO HEHPOHHOIO MEPEKEL0;
2. posmupeHHs HeWpoHHOI Mepexi renepatili BII Ta anropurmiB kinacudikariii 3a
BII nnst migTpUMKY HOBOT'O KJIaCy HE MPU3BOJIUTH O ICTOTHOI BTPATH TOYHOCTI.
Jl71s1 iepeBIpKH 1IUX YMOB BUKOPHUCTAHO MiAMHOXKMHU ABOX AataceTiB: MNIST [84]
ta Fashion-MNIST (mam — FMNIST) [85] (ta6. 2.1). L1i Habopu nanux O0ysao obpaHo uepes

iX CTaHJapTU30BAHICTh Ta IIMPOKE BU3HAHHS B HAYKOBIM coiibHOTIL.. /omaTtkoBo, naHi
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Ha0OpU MalTh YITKO BU3HAYEHY CTPYKTYpPY KJIACIB Ta KOHTPOJIbOBAHY CKJIAIHICTH, 110
J03BOJISIE  130JIIOBATH Ta OLIHUTH €(QEKTUBHICTh 3alpolOHOBAHOTO METOAY, a He

0COOJIMBOCTI JIaHUX.

Tabmuns 2.1 — Bukopucrani Habopy JaHUX

MNIST FMNIST
Po3mip 300pakeHHs 28x28 28x28
Komnipna rama ['papariii ciporo ['paparii ciporo
Bwmict 300paxeHb Pykonuchi undpu Opar
Posmip nabopy Aarix .| 60000/10000 60000/10000
(TpeHyBaJIbHUI/TECTYBAJILHHIN )
3-KIACOBA MAMHOKNIA | yg673/3147 18000/3000
(TpeHyBaJILHUI/TECTYBAJILHHN )
AKIACOR MAMHOKMIL | 5754/4157 24000/4000
(TpeHyBaJIbHUI/TECTYBAIBHHIA)
Buxopucrani kinacu «0», «1», «2», Ta «3» PyTOOIKa, NITAHH, ITyIOBEP,

TIATTS

YMmoBa moxuBocTi kinacudikaiii 3a BII nepesipsiiack 3a 10moMoror TphoxX KJaciB
3 KOXKHOTO JaTacery. YMOBa pO3IIUPIOBAHOCTI MEPEBIPsIach JOJaBaHHAM YETBEPTOTO
KJIacy 3 BIJNOBITHUX JaTaCETIB.

Haracer-1 (MNIST). Ilepmmm paracetrom € craHgapTHuUM Hablp OaHUX 3
knacudikamii  300paxenb, MNIST, sxuii € NOIAMHOXKHUHOIWO — OUIBIIOTO  HAOOpPY
Hamionansnoro Incruryty CranpaptiB ta Texunomorii (CIIA). MNIST cknagaerscs 3
300pakeHb pykomucHuX 1udp Big «0» 1o «9» 3 naBox cnemianbhux 0a3 ganux HICT:
Homepy 1 (Special Dataset 1, SD-1) ta nHomepy 3 (Special Dataset 3, SD-3). [ToyaTtkoBo,
HICT npononyBaB BukopucTants Habopy SD-3 ninst tpenyBanHs Ta SD-1 115 o1liHIOBaHHS.
Opnak, nataceTd MalOTh TPUHIIMIIOBO Pi3HE MOXO/KEHHS Ta, BIATAK, 300paKeHHS MalOTh
CYTTEBO pI3HMM CTymiHb po30ipauBOCTi Hamucanux wudp. [dns  dopmyBanHs
O0OrpyHTOBaHUX BHUCHOBKIB 3 HaBUaJbHUX €KCIIEPUMEHTIB HEOOXI1AHO, 00 pe3yabTaT He
3aJie’aB BiJl BUOOPY TPEHYBAJIBHOTO Ta TECTOBOrO0 HaOopiB. ToMy, TpeHyBallbHY YaCTUHY
MNIST ctBopeno 3 30000 300paxenb 3 SD-1 ta 30000 300paxkens 3 SD-3. Tak camo,
TecTyBaJbHYy yacTuHy Oyio HaOpano 3 5000 300paxens SD-1 ta 5000 300paxens SD-3.

TpenyBanbHa 4YacTMHA CKJIQJa€Thecsl 3 uucel, Hanucanux 250 aBTopamu. TecTtyBasibHa



56

YacTHHA HE BKJIIOYA€E 300pakeHb, HAITMCAHUX aBTOPaMHM 3 TECTYBaJIbHO1 YacTUHU. [Ipukian

BUKOPHUCTAaHUX 300pakeHb 3 IAaHOT'O JIaTaceTy HaBeJeHO Ha puc. 2.7.
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Pucynok 2.7 — ®parment Habopy nanux MNIST (kxomip iHBEpTOBaHO)

[Tepen Bximrouennsim B MNIST aBropamu natacety nepen ¢opMyBaHHSIM OPUTiHATIBHI
4OpHO-OUTl (JIBOKOJILOPOBI1, 0€3 BIATIHKIB ciporo) 300paxenHst 3 6a3 nmanux HICT Oyno
nonepeHL0 00pOOJICHO NMIISAXOM HOpMaizamii 70 BMimeHHs B O0okc 20*20 mikcenmiB 3
30epeKeHHSIM BIJHOIIEHHS CTOpIH, IO J0Jaj0 BIATIHKA Ciporo depe3 BOyIOBaHE
3TJIaJKyBaHHs alropuTMy Hopmamisamii. i oTpuMaHux 300pakeHb Oyiao oO4YHCIIeHO
«UEHTP TSOKIHHSDY MIKCEeNiB, Ta MO3UII0HOBAHO y 300paxeHH] 28*28 mikceniB, yKIaJaodu
«LEHTP TAKIHHD» TUPPHU Y UEHTP 300paKEHHA-PE3YIbTATY.

Xouya MNIST yacTo BUKOPUCTOBYEThCS SIK 0a30BUIl 1aTaceT i MEePEBIPKH HOBUX
KOHLIETIA, JIJI1 Cy4aCHUX METOMAIB BIH € 3aHaATo npocTuM. HaBiTh 0a30B1 aJiroput™Mu
MAaIIMHHOTO HaBYaHHS JIETKO JOCATal0Th BUCOKUX PE3yJIbTaTiB Ha [IbOMY HA0Op1 JaHUX.

Haracer-2 (FMNIST). [Ipyrum maraceTom, oOpaHuM IS TIEPEBIPKH TIMOTE3H MO0
po3mmproBanocti € FMNIST, 3anponoHoBaHuil fociiHMKamMu 3 KomaHau Zalando,

HIMEIbKO1 KOMITaHi1 3 OHJIaH-TOPTIBII1 OJIATOM.
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[Ilomo dopmaty, BUTIISIAY Ta KUTbKOCTEH JaHUX, @ TAKOXK KUTbKOCTI KiiaciB, FMNIST
€ aocoiotHo 1aeHTHYHUM 10 MNIST 1 € Horo exBIBaJIEHTHOIO 3aMIHOIO, Ta HE BHMarae
’KOJIHUX 3MiH Y KOl OKpIM 3MIHHU JiKepesia TaHUX.

[Ipukinaau BUKOPUCTAHUX 300paKe€Hb 3 JAHOTO JaTaceTy HaBEJICHO Ha puc. 2.8.

Pucynok 2.8 — ®parment Habopy nanux Fashion-MNIST (xomip iHBepTOBaHO)

FMNIST cknanaetscsi 3 300pa’keHb €IEMEHTIB OJiry 3 Katamory Zalando, siki
aBTOpaMM JlaTaceTy 0yJio BigMacmTaboBaHo A0 po3mipy 28*28 mms cymicHocTi 3 MNIST y
PO3MIPHOCTI 300paKeHHsI, IMJABUIIEHO YITKICTh 3a JIONMOMOIOK TPOXOAY OINepaTopoM
["ayca, Ta nepeBeneHo y cymicHuii 3 MNIST yopHo-O1nuii popmar 3 ruOUHOKO BIATIHKIB Y
8 oiT [85].

Jlnst o3HaueHHs KJAcy KOXHOTO 300paxeHHsT OyJ0 BHUKOPUCTAaHO KAaTETOpiro
MPOJYKTY, Bike HasiBHY B 0a31 nanux. [1o 6000 300paxkeHb koxkHOTo 3 10 KaciB CKiIagatoTh
TPEeHYBAJIbHY YacTUHY Jartacery, 1oaarkoBi 1000 300pakeHbh KOXHOTO KJIACy CKIIaJIar0Th
TECTyBaJIbHY YaCTHHY.

FMNIST Bxitouae B cebe HaCcTynmHUN HAOIp KJIACiB:

1) T-shirt/Top (pyrdonka, Tom) (MiTKa Kiacy «0»);
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2) Trouser (mTanu) (MiTKa Kiacy «1»);

3) Pullover (cBeTp) (MiTKa KJ1acy «2»);

4) Dress (natTs) (MiTKa Kjacy «3»);

5) Coat (kypTka) (MiTKa KJ1acy «4»);

6) Sandals (6oconikKkH) (MiTKa K1acy «5»);

7) Shirt (copouka) (MiTKa Ki1acy «6»);

8) Sneaker (kpociBoK) (MiTKa Kacy «7»);

9) Bag (cymka) (MiTKa K1acy «8»);

10)  Ankle boots (uepeBukm) (MiTKa Kjacy «9»);

3 AKUX U1 IepeBipkH KinacudikaTopa Oyio BUKOPUCTAHO MEPIi YOTUPH.

[TocnigoBHI 3rOpTKOBI OMeparllii CyTTeBO 3MIHIOIOTh PO3MIPHICTH JaHuX (Tak, ResNet-
YacTHHA HEMPOHHOI MEPEeXkKi, CTBOPEHOI B po3/iJi 2.2 mepeTBoproe 300pakeHHs 512x512x1
Ha 16x16x256 mpotsirom 5 mapiB). TakuM YuWHOM, IMOAaya 3aHAATO MaJHX 300paK€Hb
OPU3BOAUTH O TOTO, IIO Y HEHPOHHOI MEpexi MOXKYTh «3aKIHUYUTHCHY» BUMIPH IS
IIPOBENICHHSI 3TOPTKOBUX OMEpalliii, M0 MPU3BOAUTH 10 HEMOXKJIMBOCTI OOYMCIECHHS
OCTaHHIX IIapiB HEHPOHHOI Mepexi. [ yHUKHEHHS JaHo1 mpoOieMu BX1JHI 300pakeHHS
OyJo BimMaciTaboBaHo 3 po3Mmipy 28x28 mo 128x128.

Jlns mepeBipKH TINOTE3W MPO PO3IIUPIOBAHICTH 0€3 1CTOTHOI BTPAaTH TOYHOCTI
PO3pO0ICHO HACTYTHUI aJITOPUTM:

1. HaBUMMO KiIacu(iKallliHy HEUPOHHY MEPEXY;

2. BUKOpHCTaeMO 1i Baru i TpeHyBaHHd HM, 1m0 reHepye BKIaJeHI

IpEeJICTaBICHHS;

3. 3reHepyemo BII 1151 KOKHOTO €JIEMEHTY J1aTaceTy;

4. 3a nonomoroto gatacety BII HaTpeHyeMo i1HILI aITOpUTMU MAIlIMHHOTO HAaBYaHHSI.

Knacudikamiiiny Heiiponny mepexy i natacetry MNIST Oymno naBueno nHa 3
KJIacax 10 MOMEHTY, KOJIM MEpeka nepectane HabyBaTH TOYHICTH (IO 3ailHSI0 4 enoxu),
Ta OTPUMAHO TOYHICTH Y 99.8%, BuKopuctoBytoun ontumizarop Nadam [86] 3 Temmom
HaBuaHH# Ir=1e-4 (BU3HaYa€, HACKUIBKU CUIILHO OHOBJIIOIOTHCS Bark MEPEKI MICIs KOKHOT
iTepallii) Ta KaTeropiaabHOIO KPOC-EHTPOMIEO K (QYHKIIEIO BTPAT. [IEHTUUHY Mepexy JJis

FMNIST 6ysi0o HaBYEHO MPOTATOM 8 €M0X, 3 OTPUMAHHAM TOYHOCT1 y 99.8%.
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Jns crBopenHst BkiageHux npenacrasienb MNIST ta FMNIST 6yno noOyaoBaHo
HM Ha ocHOBI Bar 3ropTKOBUX YaCTHH KiIacu(pikaliiiHux Mmepexx. Mepexi renepyBanus Bl
OyJI0 HATPEHOBAHO 3a MIAXO0A0M, ONTMcCaHuM y 2.3.1 3 HACTYTHUMU TimeprapaMmeTpamu:

— batch_class_repeats=15 KUIbKICTIO TOBTOPEHD KJIACy y MapPTIi;

— k=0.2 koediuienTomM MacmradyBaHHs MOAIOHOCTEHH;

— Ir=1e-3 TeMnom HaB4YaHHS.
3a gomnomororo ontumizaropa Nadam, Toukoro mpUNUHEHHS HaBYAHHS OYyJIO €MITIPUYHO
o0OpaHo JocsarHeHHs 3HaueHHs pyHkuii BTpat Menme Hix y 5000. Leit mopir OyB BuGpanui,
OCKIJIbKM B MOMNEPEIHIX eKCIepruMeHTax OyJio MOMIY€HO, 0 AOCATHEHHS 1IbOTO 3HAYEHHS
GbyHKIT BTpaT [a€ rapHi pe3yibTaTh 3a NpudHATHUN yac. [lim yac HaBuaHHS Baru
3aMO3MYECHUX 3TOPTKOBUX IapiB OyJI0 BUKOPUCTAHO K cTaii (frozen) mjiss BUKOPUCTAHHS
3HaHb, HAOYTHUX 1]l Yac X HaBUYaHHS HA MONEPEIHHOMY €Talll.

3a TOmOMOTroI0 HaBUEHUX MEPEX Oysio moOyA0BaHO BKJIAJICHI MPEICTABICHHS yCiX
300paxenb naraceTiB MNIST ta FMNIST. Ha ocHOBI oTpuMaHuX BEKTOpIB OyJI0 HABUYEHO
Ta OIIHEHO CEPII0 MPOCTIIIMX aJITOPUTMIB Ki1acudikallli MAaITMHHOTO HaBYaHHS.

Jl5is mepeBipKy TINOTE3H MPO PO3UIMPIOBAHICTH J0 HABYAIBHUX JAHUX MEPEXK, II0
TeHEPYIOTh BKJIQJICHI MPEACTABICHHS OyJIO J0JaHO YETBEpPTHH kiac. Mepexi oTpumaiu
J0JTATKOBE HABUAHHS Ha PO3MHMPEHOMY HaOopi maHwX. OCKUIBKM MOTOYHHUN MIiAXIT HE
rapaHTye€ CyMICHOCTI BKJIQJIEHMX MPEACTaBICHb MK TMOYaTKOBOIO Ta PO3MIMPEHOIO
Mepexero, s 300paxeHb 4doTuphox kiaciB MNIST Ta FMNIST Oyno moBTOopHO
srenepoBano BII. 3a nomomoroto HoBux BII Oyno HaTpeHOBaHO Kiacu(}ikaTopu HA OCHOBI:

— METOoJy OTIOpHUX BEKTOpiB [87];

— k-nan6mmkunx cyciais [88];

— BHUMIAAKOBOIrO Jiicy [89].

[Ipuknan orpumanHux O64-BUMIPDHUX BEKTOPIB MJIsi 300pa’K€Hb YOTHPHOX KIIACIB

0o0KuIBOX HAOOPIB JaHUX HaBeAEeHO Ha puc. 2.9 ta 2.10.
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Pucynox 2.10 — [Ipuknaau BkiIageHux npeacraBieHb 300paxkenb FMNIST

Ha puc. 2.10:

— xyac 0 mo3nauae T-shirt/Top (byrOonka, Tom);
— xyac 1 mo3naugae Trouser (Oprokm);

— xJyac 2 no3nayae Pullover (cBetp);

— Kiac 3 no3Hauvae Dress (1iaTTs).
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KoxeH psaok pUCYHKa MICTHTh BKJIQJeHE TMPEACTABICHHS OJHOTO 300paKEeHHS.
Yor1upu nociaigoBHUX psiaku MicTaTh BIl onHoro knacy (mo3Hauka MITKH KJacy 3I1iBa).
Bwmict BekTopiB Oyso HopmaizoBano Bij 0 g0 1.

3 HaBelleHUWX 300pakeHb MOXKHa 3poOuTH crnoctepexeHHs, mwo BII 300paxensb
OJIHAKOBUX KJAaCiB [IACHO BIIPI3HSIOTHCS OJIMH BiJ OJIHOTO TOMITHO MEHINE HIXK
300pakeHHsI pi3HUX KiaciB. lle CBITUUTH Mpo yCHilIHE HABYAHHS HEUPOHHOI Mepexi
BUJILJISATY XapaKTepHi1 03HAKU KOKHOTO Kiacy. Tak, nomitHumu Ha puc. 2.9 (MNIST), okpim
THITIMX BIJIMIHHOCTEH, € HACTYIIHI:

— kiacy «0» okrerom 0-8;

— Kiacy «1» okretom 24-32;

— KkJjacy «2» okrerom 40-48;

— Kkyacy «3» okreroM 48-56.

Jaui FMNIST (oasr) MicTaTh Oibilie pi3HOMAITTS, AeTajei Ta HroanciB Hixk MNIST
(pyKomuCHI YKCIIa), 0 B1IOOpaKaeThCs 1 B YTBOPEHUX BKJIAJACHUX MPECTABICHHAX (pUC
N). Binrak, momyk ocobnuBocteit BII kmaciB jgaHoro jgaraceTy BpYYHY € 3HAYHO
CKJIQHITITIM.

Jlns mepeBipkd TiNOTE3 MPO TOYHICTh, KiacudikaliiiHi HEHpPOHHI Mepexi O0yIio
OILIIHEHO 3a TOBEIIHKOI Ha TphOX Kiacax TectoBux HabopiB MNIST ta FMNIST.
Knacudikaropu Ha OCHOBI BKJIaICHUX TpeIcTaBlIeHb Oyu omiHneHi Ha BII, srenepoBanux 3
BIIMOBIAHUX TecTOBUX HaOopiB (3- Ta 4-knacosi yactuau MNIST ta FMNIST).

OCKIJIbKY PO3TIISAAETHCS JIMIIE TTOPIBHAHHS JBOX METOIIB Kiacu(ikarii Mixk cob60ro
Ha TCOPETHMYHMX JIaHMX, JOCTATHIM € TOPIBHSHHS Juine TodHocTed. Knacudikariiini
HEUPOHHI MEPEXKi 3 TpboMa KjacaMmu aocsiriu To4HocTi 0.998 sk mns MNIST, tak 1 qis
FMNIST. Lle nemoHcTpy€e BUCOKY €(EKTHUBHICTh 000X MIAXOIB [Uisi 0230BOI0 BUIAJIKY 3
TphoMa KJlacaMu. To4YHOCTI 3- Ta 4-KacoBux KiacudikaTopiB HaBueHuX Ha BII y peanizarii
o16morexku Scikit-Learn [90] 31 crangapTHUMM 71 HUX TiOeprapaMeTpaMy HaBeNIEHI y

Tabmum 2.2.

Ta6muis 2.2 — TodHocTi A1 Kitacu(iKaTOpiB Ha OCHOBI BKJIQJIEHUX MPECTABIICHb
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Knacudikarop 3-KJ1acoBa TOYHICTb, 4-knacoBa TOYHICTbD,
MNIST/EMNIST MNIST/EMNIST
MeTo1 OIOPHUX BEKTOPIB 0.997/0.977 0.987/0.943
K-HalOIMXKYIMX CYCiIiB 0.999/0.978 0.988/0.932
BumnaakoBoro Jiicy 0.997/0.979 0.988/0.944
Knacudikauiina HM (6e3 BII) 0.998/0.998 He nepesipsinock

TakuM YMHOM, XO04Ya IIi pPE3yJIbTATH MOKHA IOKPAIIWTH, 3MIHUBIIN aJITOPUTM
HAaBYAaHHA [UJII MEpeXi BEKTOPHUX TMpEACTaBieHb 1 MiAIOpaBIIM TineprnapamMeTpu
kinacudikaropiB Ha ocHOBI BII, pe3ynbratu, HaBeaeHi B Ta0bmuii 2.2, 1iiCHO TOBOASTH, IO
TaKkuWd MIAX1A 3AaTHUN 3a0e3MeYuTH CTBOPEHHS CHCTeM Kiacudikarlii, sSKi MOXHa
po3iMpioBaTy 06€3 ICTOTHOI BTPaTH TOYHOCTI, 110 3pOOHIIO O CHCTeMY HENPHUAATHOIO NS
BUKOPHUCTAHHS.

HaBezneHi pe3yiabTaT MOKa3ylOTh, IO PO3POOJEHUIN METOJ TeHepalii BKIaJACHUX
npeJcTaBIeHb Ta Kiacugikailii 32 HUIMH € 3aCTOCOBHHM JI0 33/1a4 Ki1acu(ikarlii Ta 103BOJIsI€

PO3IIMPEHHS] HOBUMH KJIacaMu 0€3 3MIHM TOIIOJIOT1i HEMPOHHOT MEepexi.

2.3.3 AHaji3  4YacoBMX  XapaKTePUCTHK  BHKOPUCTAHHSI  BKJIAJEeHHUX

npeacTaBjieHb LIS kKiaacudikanii

Jns ouiHkd e(EKTUBHOCTI BHKOPUCTAaHHS BKJIaJeHUX TmpesacrasieHs (BII) y
knacudikamii HeoOX1THO MOPIBHATH HAKJIAAHI BUTPATH Yacy Ha PO3poOKy Ta JOHABYAHHS
Kiacu(ikaTopiB Ha OCHOBI HEHPOHHUX MEPEX 1 THX, 10 mpaiooTh 13 BII. Y Bunanky 3 BI1
IeH ITpolIec BKIIFOYAE HE JINIIE HABUAHHS Ta OHOBJICHHS KJIacU(iKaTopiB, ajie i TpeHyBaHHS
HelpoHHOT Mepexi i reHepartii BII.

PosrisiHeMo BUTpaTH yacy Ha MOYATKOBE TPEHYBAHHS TPAIUIIIMHOI KiIacupiKaiiHo1

Mepexi (2.4):

tTpa,E[.l'IOBH. = tq).,q. + tpean. + tTpeH.' (2.4)

Ac:

trpasnoss € HOBHUM YaCOM Ha OTPUMAHHS TPAJUIIHHOI Kack(iKaliiHOT Mepexi;

— lgn € 9aCOM Ha (hOPMYBAHHSA Ta MONEPEHIO OOPOOKY HAOOPY NAHUX;
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tpean. € YACOM Ha peAI3ali0 KOy HEHPOHHOT MEPEXKI;
trpen. € YACOM HA TPEHYBAHHSI HEWPOHHOT MEPEXKI.

VY TnopiBHSHHI, TPU BHUKOPHUCTAHHI MIAXOAY 3 BKIAJCHUMU MPEACTABICHHIMU

3’ SIBJISIFOTHCS JIOJIATKOB1 BUTpATH 4yacy (2.5):

tewnnon. = tcl).,q. + tpeaﬂ. + tTpeH. + tpean.K. + tTpEH.K.I (25)
ne:
— taxinosn € TIOBHUM YacoOM Ha OTpUMAaHHS KjacH(]ikamiiHOro MeToay Ha OCHOBI
BKJIQJICHUX MPEJCTABIICHb;
— tpeanx € YACOM HA peanizaiio Koay Kinacudikaropy (-iB) Ha OCHOBI BKJIAJEHUX
IpeICTaBJICHbD;
— lrpenx. € YaCOM HA TPEHyBaHHs Kiacudikatopy (-iB) Ha OCHOBI BKJIAJEHHX
MPEICTaBIICHD (€ 3HAYHO MEHIINM 3a TPEHYBaHHS HEHPOHHOT MEPEXKI, Ta € TAKUM,
SKUM MO>KHA 3HEXTYBATH).
Po3rnssHeMo BUTpaTu yacy Ha JIOJIaBaHHA KJacy A0 TpaauLidHOI KiIacu(ikamiiHOI
Mepexi (2.6):
tTpaA.p.HOBH. = t,[(.,u. + tMo,[L. + tTpEH.’ (26)
ne:

trpanp.nosn € IOBHAM 9aCOM HA OTPUMAHHS TPAAULIHHOT Ki1ackiKaiiHOT Mepexi
PO3IIMPEHOT MATPUMKOIO HOBOTO KJIacy;

t

a.n. € 4aCOM Ha J0JIaBaHHs JaHUX HOBOI'O KJacCy N0 HAABHOI'O AATacCTy,

tyoy, € 9aCOM Ha MOAU(IKALIIO KOLY HEMPOHHOI MEPEKI;
trpen. € YACOM HA TPEHYBAHHS HEWPOHHOT MEPEKI.

HartowmicTp y BUNaIKy BUKOPUCTAHHS BKJIAJIEHUX MPECTaBICHb MOIUDIKAIlIA KOy

HE € HeOOX1IHO0, 1110 MPU3BOAUTH A0 TAKUX BUTpAT yacy (2.7):
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tBKJ'[.p.l'IOBH. = t}l.ﬂ. + tﬂOﬂ.TpeH. + tTpeH.K.)'[.' (27)

ne:
—  tgknpnops. € TOBHUM YaCOM Ha OTPUMAHHS KJIaCU(IKALIHHOTO METOY Ha OCHOBI
BKJIQJICHUX MPEACTABIICHb, PO3IIUPEHOTO HOBUM KJIaCOM;

-t

nontpen. € 94COM Ha JIOJIATKOBE TPEHYBAHHsI HEMPOHHOI MEPEKI.

—  trpenxn. € YACOM Ha MEPETPEHYBAHHS KJIACH(DIKATOPIB HA OTPUMAHUX BKJIAJEHUX
MpeCTaBJICHHSIX.
3a yMOBH, IO ISl MPAKTUYHUX 3a7a4 yac AoTpeHyBaHHs HM € MeHiuMm 3a yac Ha

MOBHE NIepeTpeHyBaHHs (2.8):

t < (2.8)

JlO/I. TPEH. tTpEH.

Ta Yac Ha mepeTpeHyBaHHsA kiacugpikatopiB 3a BIl € 3nayHO MeHmmM 3a dac,

HeOoOX1THUM 111 Mordikarlii TomoJorii HelpoHHOT Mepexi (2.9):

tTpeH.KJI. < tMOA. (29)

3arajbHUM 4ac A0JaBaHHA HOBOT'O KJIACy a0 KJIaCI/I(i)iKaTOpa Ha OCHOBI BKJIIaJICHHUX

NpeAcTaBieHb Oyae icToTHO MeHmmit (2.10-2.11):

At = tTpaL[.p.l'IOBH. - tBKﬂ.p.l‘IOBH. -

= (t,q.,q. + tMO,Z[. + tTpEH.) - (t,q.a. + t,ELO,EL.TpEH. + tTpeH.KJ'I.) = (2.10)
= (tTpEH. - t,E[O,Z[.TpeH.) + (tMO,EL. - tTp6H.KJ'I.) =0

t <t

noA.TpeH. — U‘TpeH.

AtZOHpI/I{t P <<tp (2.11)
TPEH.KJI. MOJ,.

TakuM 4YMHOM, OCKIJIBKMA OTPUMAaHHS HOBOTO Kjacu(ikaTopa Ha OCHOBI BKJIAJAEHUX

MpeCTaBIICHh BUMAara€e BTPyYaHHs JIFOJMHU TUTbKU Ha €Talll J0aBaHHS JaHUX, 1HII eTaIu

JIETKO MOKYTh OyTH aBTOMATH30BaHi, 10 JI03BOJISIE€ 3HAYHO MPHUIIBUAIINTY JOTPCHYBaHHS

JUTS TIATPUMKH HOBHUX KJIaciB 32 BUKOHaHHS YMOB (2.8) Ta (2.9).
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Jlnst npoctux nanux, Takux sk MNIST, ButTpaTu yacy Ha peaizallito Ta TpeHyBaHHS
PO3IIISTHYTOTO METOJTy HE BUNIPABAOBYIOTh O3HAaUeHUX nepenar (2.8- 2.10 He BUKOHYIOTHCS),
TOMY TPEHYBAaHHS 3BUMAHNX KJIacH(iKaIITHUX HEHPOHHUX MEPEXK € TTOPIBHSIHO MIBUIIIIAM
s Takux 3anad. OjHak, Ui CKJIAJHUX 3a7ad, 110 BKJIIOYAOTh OUIbIII 300pa’keHHS 3
OUTBIIMM PI3HOMAHITTSIM (OpPM Ta TEKCTYp, kKiacudikaiiis Ha ocHoBl BII € edexTtuBHOIO,
OCKUIbKH J03BOJISIE€ TIOTPEHYBAHHS HEHPOHHOT Mepeski 0€3 3MiHH TOIOJIOT1i, 110 MOXKE OyTH
BOXKJIMBUM Y BUMAJKax ¢ SKHAWUIIBUJIIE TOJaBaHHS HOBUX KJIACIB € MPIOPUTETHUM.
Jlo1aTKOBO, 3aMPOTIOHOBAHHUM METO/I 1a€ JOAATKOBI MOYKJIMBOCTI y BUTJISAI BUKOPUCTAaHHS
OTPMMAHUX BKJIAJICHUX MPEACTABICHb Y BEKTOPHUX 0a3zax JaHUX JJIA TMOUIYKY CXOXKHX

300paKeHb.

2.4 MyabTHkaacoBa kiacugpikanis 3HiMKiB KT 3 BUKOpPHCTAHHAM BKJIaICHUX

npeacraBjJCcHb

[Tpu myneTuKIacoBit knacudikanii 3HIMKIB KT BigMiHHOCTI y MOpIBHSHHI 3
BUKOPHUCTAHHAM KJacu(]ikaiiitHoi HeHPOHHOT Mepek1 MOIATaTUMYTh Y HACTYITHOMY:
— Tiepel BUKOHAaHHAM Kiacu@ikaiii HeoOXigHoro Oyje TeHepallis BKJIaJeHOTO
npencraienns 3pizy KT;
— iacudikallisi BUKOHYBaTUMEThCS 3a JOIMOMOIOI0 1HIIMX aJTOPUTMIB HaBYaHHS,
BUOIp SKMX Mae OyTH OOTPYHTOBAaHUM EKCIEPUMEHTAIBHUM JOCIIIKEHHSIM

epexkTuBHOCTI ix poboTu 3 BII.
2.4.1 IloOynoBa BKJaJeHUX NpeacTaB/ieHb 3HiMKIB KT

Jlnst yTBOpeHHsI reHepaTopa BKJIAQJIEHHMX IMPEACTAaBICHb 3a OCHOBY OyJI0 B34TO
3rOPTKOBI IIapH Ta iX Baru 3 KiacuikaiiifHoi HEWPOHHOI MepEXi, HATPEHOBAHOT Y PO3/LII
2.2. 3a 3anmponoHOBaHUM MeTo/10M, 110 BuxoaiB FPN Oyino 3actocoBano aktusaiiito RelLU,
3MEHILIEHO IX PO3MIPHICTh 32 JIONOMOrOK BUOOPY MAaKCUMyMy 3 Ipymnu (max pooling), Ta
MO/IaHO Ha BX1Jl 10 TOBHO3B sI3HOTO 1apy aiis ctBopeHHs BII nosxkunoro y 128 Bumipis.
Biarak, 3aranpHa TOMOJIOTiSI HEMPOHHOI Mepexi s reHepyBanHs BII 3pi3iB 3HiMka KT

BUIJISA/Ia€ HACTYITHUM YMHOM (puc. 2.11).
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3roprkoBa yactuHa HM _ _ _ _Tenepauia BknapeHux npeactaBneHs
ResNet50V2 Feature Pyramid Network

> ReLU |->MaxPaoling2D|—>{fiatten |—>

5 N
4%::—4 ReLU |—{MaxPooling2D |—{flatten |—>
4@—4 ReLU —{MaxPooling2D |—|flatten |—»

% f —>| RelLU HMaxPoolingZD }—>|f|atten }—»

2 S 5—'

AN t | > r»| ReLU |-—>MaxPooling2D|—>{flatten|—»|
1\

‘ BxiaHi aaHi |

Concatenate
Dense(128)

Pucynok 2.11 — Heliponna mepesa JJisi TeHepyBaHHS BKJIaJIEHUX NPEICTABIEHb

3ropTKOBI mapu yrBopeHoro reneparopa BII Oyiio iHimiiioBaHO Baramu 3ropTKOBHX
mapiB 3 KiacudikaiiHoi HEMPOHHOI Mepeki Ta BUKOpHUCTAHO K ctani (frozen). Takum
YUHOM, BUBUCHI IUMH IIapaMHU y KJIacUpIKalIiHINA Mepeki 03HAKH BUKOPUCTOBYIOTHCS JIJIsI
CTBOpEHHS BKJIAJICHUX MPEACTaBIICHb, asie Bard 3HM He 3MIHIOIOThCS.

3rigHO 3 3ampoONOHOBAHMM METOJIOM, HEHpPOHHY Mepey OyJio HaTpeHOBaHO 3a
JIOTIOMOTOI0 TIOPIBHSIHHS BKJIQJICHUX TMPEICTaBICHb 300paKeHb y TPIHKaxX SKIP-TIO3UTHB-
HeratuB. B maprtii Oyno BkmoueHo mo 6 Tpiiiok Ha kinac (COVID-19, noszarocmitansHa
THEBMOHIs, 37I0POBI JIeTeHl). 300paXkeHHs y Tpiiikax 0OMpaIuCch BUMAJIKOBUM YMHOM. JlJis
SKICHOTO y3arajJbHEHHS BHBUEHUX O3HAK 10 OOpaHMX 300pa’keHb 3aCTOCOBYETHCSA DSl

BUIQIKOBUX TpaHCchOpMaIiii:

MOBOPOT 300paKEeHHS;

— 3MIIICHHS 110 BEPTUKAJIl Ta TOPU30HTAII;

— wMacmTabyBaHHS;

— JI3epKajbHI BiIOOpaXKEHHS;

— 3CyB (IIepeTBOPEHHSI MPSMOKYTHHUKA Ha Mapajiesorpam);

— 3MIHY SICKPaBOCTI.

BuxopuctanHs naHux TpaHcpopmalliii BXOAUTh B TEXHIKY ayrMEHTalli AaHUX, Ta
JT03BOJISIE€, OKPIM y3arajbHEHHS, 3alo0IrTH IEepEeHAaBUYaHHIO MOJIEIi, a TaK0X 1CTOTHO

po31IMpsie HaOlp HAsIBHUX ISl HABYAHHS AKICHUX JAHUX, OCKIJIBKHM HaBITh cyciHi 3pi3u KT
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a00 OJIMH 1 TOM caMuii 3pi3 Oy Iy Th MOJAAaH1 MEPEXK1 y ICTOTHO BUJIO3MIHEHOMY BUTJISI/II UEpe3
3aCTOCOBaH1 TpaHchopMallii.

Jlist oGumcIieHHst BTpat OyJio BUKOPUCTAHO TpiddacTy dyHkiro (2.3).

s TectyBaHHA OyJlO TIOCTaBICHO OOYHMCIIOBALHUN EKCIEPUMEHT, y SKOMY
HEWpOHHY Mepexy Oyno HaTpeHoBaHo mpoTsaroMm 4300 nabopi (18 Tpiitok y Habopi, 6
Tpiiok Ha kiac). Iliciga TpeHyBaHHS BEKTOpPH3aTOpa, MOBHUM JaraceT (BKIIOYAIOYM 1
TPEHYBaJIbHI, 1 TECTyBajbHI JiaHi) OyJ0 TEPETBOPEHO HA BKJAJEHI MPEICTABICHHS
(mpuKIaau y HOpMali30BaHOMY BHUTIISAAI HaBeleHO B «/lomatox by»), 3a skumm Oyio
HABUYCHO HMU3KY KJIacU(IKAIIMHUX aJITOPUTMIB MAIlIMHHOTO HaBYaHHS.

Takum ynHOM, OYyJI0 OTPUMAHO TeHEepaTOp BKIAJAeHUX npeactaBieHb 3HIMKIB KT ta
psa kiacugikatopiB Ha ix ocHOBI. Kitacugikariito 3axBoproBaHHS 3a 3HIMKOM BUKOHY€ETHCS
HACTYITHUM YUHOM:

1. cTBoproerses BII 3a momoMororo HEMPOHHOT MEpexKi;

2. BimOyBaeThes kinacudikairis BIT oOpanum alropuTMoM MalliiHHOTO HaBYaHHS.

s oTpumanux KiacugikaTopiB OYyJI0 OIiHEHO e(PEKTUBHICTD 3a JOTIOMOTO0 HU3KH
METpPUK Ha TecToBii uacTuHi naracety. Cepen HaTpeHOBaHMX KiacU(IKAIMHUX
aNnropuTMiB Haiikpanry TouHicTh (98.7%) BHasoch AOCATTH 3a JOMOMOTOI MeToay K-
HaWOMMKYUX CycimiB. TakuM YWHOM JOBENCHO, IO 3alPOIIOHOBAHWUN METOJ MOOYIOBH
BKJIAJICHUX TIPE/ICTABICHb JI03BOJISIE BUKOPUCTAHHS y 3amavax aHamilzy 3HiMkiB KT mms

IliaFHOCTI/IKI/I 3aXBOPIOBAHD JICTCHD.

2.4.2 3acTocyBaHHsl AJITOPUTMIB MANIMHHOTO HABYAHHA [0 KJacudikamii

BKJIAJIeHUX NpeacTaBjieHb 3HiMKIB KT

PosrisitHeMo neTtanbHille METPUKH SIKOCTI Kiacu(ikauii, JOCATHYTI y pe3yibTaTi
00UYHCIIIOBAILHOTO €KCIIEPUMEHTY 3 Kiacudikallli BKJIAJEHUX MpPEACTaBIEeHb 300paKeHb
KT. 3 meroro nopiBHsHHS edekTUBHOCTI pizHux anroputmiB Ha BII 3uiMkiB KT Oyno
HaTPEHOBAHO HACTYIHI KJIaCU(]PIKaTOPH:

— wmeton onopHux BekTopiB (Support Vector Classifier) [87];

— wmeton k-naitbmmxunx cycimiB (KNeighbors Classifier) [88];

— Metoj BunaakoBoro Jicy (Random Forest Classifier) [89];
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— aHcaMOyeBull Kiacu(pikaTop Ha OCHOBI rojiocyBaHHs [91], 1110 BUKOPHCTOBYE

nonepeaHi MeToIu;

— AdaBoost [92];

— Taycisebkuii npornec (I'TI) (Gaussian Process Classifier) [93];

— Amnaniz kBaapatnynux auckpuminant (AKJI) (Quadratic Discriminant Analysis)

[94].

JocnipkeHi anroput™Mu OyJio BUKOPUCTAHO y peanii3alii, HasBHIN y O0i0mioTer
anropuTMiB MamuHHOTO HaBuaHHs Scikit-learn [90]. Koxaum 3 anroputmiB Oyiio
HpoBeieHO KiIacu(iKallito BKIAJICHUX IPEACTaBICHb TeCTYBaJIbHOI YACTUHU HAOOpy AaHUX.
Ha ocHOBI MOpiBHSAHHS OTPUMaHMUX Ta BKa3aHUX B JaTaceTi kiaciB 3acobamu Scikit-learn
OyJ10 00YHCIIEHO P METPHK:

— ToyHicTs (2.12);

KopekTHo k1acudikoBani

TOYHICTb = Yci knacudikosai (2.12)
— Fl-mipa (2.13);
_ B.)'Iy‘-IHiCTle'[OBHOTa
Fl=2Xx BJIYYHICTb+I10BHOTA (2'13)
— BIYy4YHICTb (2.14);
BJIYYHICTb = g (2.14)
— mnoBHOTA (2.15).
INOBHOTA = , (2.15)
IM+XH

— ne II1 — ictuano mo3uTuBHI pe3yabratu, IH — ictuano HeratupHi, XI1 — XuOHO MO3UTHBHI,
XH — xubno HeraTuBHI.

Habip metpuk oOrpyHTOBaHUN HEOOXIAHICTIO Yy JETalbHIIIOMY JJOCIIIKEHHI
MOBE/IIHKA OKpeMHuX anroputmiB. Tak, BaydHicTh (2.13) 103BOJIIE OLIHUTH SIKICTh

Kkiacudikalii 3 orJisaIy Ha KUIbKICTh XMOHO MO3UTUBHUX Kiacu(ikalliii, a moBHoTa (2.14) —
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XMOHO HeraTuBHUX. Y cBOIO uepry, F1-mipa (2.12), sik rapMOHIliHE CEPETHE MIXK BIYUYHICTIO
Ta MOBHOTOI0, € 0OCOOJIMBO BaXXJIMBOIO, OCKUIBKU 3a0e3neuye 30a1aHCOBaHy OLIIHKY SKOCTI
kinacudikamii 3 ypaxXyBaHHSIM PHU3HKIB SK XHOHO TMO3UTHUBHHX, TaK 1 XMOHO HETATUBHHX

pe3ynbTaTiB. OTprMaHi 3HaYeHHsI HaBeJIeHO Y Tadnui 2.3.

Tabnuusg 2.3 — MeTpuku sikocTi kiacudikaiii Ha ocHoBi BI1

Hasga TouHiCTh Fl-mipa BnyuHicTh [ToBHOTA
MeTo1 OIOPHUX BEKTOPIB 0.920 0.920 0.921 0.920
Metona K-HaitGmmxuux cyciniB 0.987 0.987 0.987 0.987
MeTo BUIIAIKOBOTO JIiCY 0.960 0.960 0.961 0.960
Ancamb6ieBuii kiacudikaTop 0.978 0.978 0.978 0.978
AdaBoost 0.830 0.830 0.843 0.830
["ayciBChKHil mpoliec 0.515 0.383 0.653 0.515
AHaJi3 KBaJipaTHIHUX JUCKpuMiHAHT | (0.766 0.753 0.816 0.766

Fl-mipa, BiIy4HICTh Ta TOBHOTa € OpPIEHTOBAaHMMM Ha OiHapHY Kiacudikailito,
OCKUJIbKH OOYHCIIIOIOTHCS 3 MATPHIll HEBIAMOBIAHOCTI (110 MICTUTh KUIBKICTh 1CTHHHO
MO3UTHUBHUX, ICTAHHO HETAaTHBHUX, XHOHO MO3UTHUBHUX, XUOHO HETATUBHUX PE3yJIbTATIB).
Biarak, y Bunagxy Tpbox KjaciB HE0OX1JIHO OOYKMCIIFOBATH OKpPEeMi 3HaUCHHS ISl KOYKHOTO
3 KJIaciB, Ta MPUBEACHHS X 10 OJJHOTO MOKAa3HWKA MUIIXOM ycepeaHeHHs. [Ipu o0uncienHi
METPHK BiTHOCHO PE3YJIbTATIB TAHOTO €KCIIEPUMEHTY OyJI0 BUKOPUCTAHO 3BAXKCHE CEPETHE

% (2.16).
X = Lz (2.16)

— JIe X — 3BaKEHE CepeHE, N — KIJBKICTh €JIEMEHTIB Y Ha0Opi, X; — €JIEMEHT HaOopy Ta W;
— Bara eneMeHTy x;. [l o0uuciieHHs 3araqbHUX METPUK €IEMEHTAaMHU € OKpEeMi METPUKHU
JUTSI KOSKHOTO KJIaCcy Baroro € KUTbKICTh ICTUHHHX €JI€MEHTIB I[bOTO KJ1acy y Habopl JaHUX.
Pe3ynbTaT e€KcnepuMEHTIB MpW BUpIlIEHHI 3amavi kiacugikanili 3HIMKIB KT 3
BuKopHucTaHHAM BII, moka3yioTs 1o cepesl po3rsHYTUX aJITOPUTMIB Kpalll pe3yJbTaTH
MOKa3aJ METOM:
— k-naiOmmxk4yux;

— BHIAJKOBOIO JICY;
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— aHcaMOJIEBUI METO/I.
Jani Meroau € yHiBepcalbHUMU. OJIHAK, TIpHIl pe3yJIbTaTh IHIIUX METO/IB
BUMAaramTh OUTBIN JeTanbHOTO aHami3y (Tabn. 2.4). MaTpuii ajig KOXKHOTO alTOPUTMY

OKpeMO HaBe/IeHO Y «JlomaTok Ay.

Ta6nuis 2.4 — [opiBHSHHS MaTPHUIlh HEBIIMOBIAHOCTI

[lepenbauenuit kiac / icTHHHUM Kiac *
Hazpa /I | KA1 | 311 |I/K | K/K |3/K [II/3 [K/3 |33
MeTo/1 OTIOpHUX BEKTOPIB 529 19 25 7 2000 | 246 11 125 | 2469
Mertoa K-naitOmmwkuux cyciniB | 567 |5 1 5 2209 | 39 4 15 2586
MeToa BUTIAKOBOTO JIiCY 517 31 25 0 2127 | 126 0 31 2574
Ancamb6ieBuii kiacudikaTop 553 9 11 0 2167 | 86 3 10 2592
AdaBoost 525 |26 22 22 2045 | 186 16 649 | 1940
["ayciBChKHIT mpoIiec 0 0 573 |0 192 2061 |0 0 2605
AHai3 KBaJIpaTHYHAX 414 |9 150 | 207 1192 | 854 |32 18 2555
JTUCKPUMIHAHT
* ne:
— K-COVID-19;

— II — mo3arocmiTajibHa MHEBMOHIS;
— 3 —370pOBI JIeTEeHI.

Haiiripuni pesyneratu O0yno orpumano 3 AdaBoost, I'ayciBcbkuM mpoiiecom Ta
aHaII30M KBaJpaTUUYHUX AUCKkpuMiHaHT. AdaBoost € yyTnuBuM 70 IIyMy Ta BIAXUJIEHb Y
JaHMX, Ta BUMAra€ TOHKOTO HAJIAITYBAHHS /ISl BUBUCHHS 3aKOHOMIPHOCTEN Y CKJIaIHIIINX
JaHUX, 1110 MOSICHIOE OTPUMAaHI MPHU JOCHIIKEHHI pe3yibTatu [92]. ['ayciBebkuil mpoiiec
[95] Ta anami3 KBagpaTHYHUX AUCKPUMIHAHT [94] MarOTh HU3KY 0OMEXKEHb, IO BILTUBAIOThH
Ha IXHIO YHIBEpPCANbHICTh JUIs PI3HHUX 3a[a4 Kiacudikamii Ta 4acTo BUMAararoTb py4HOTO
HaJAIITYBaHHS JUIsl JTOCSITHEHHSI NPUWHATHUX pe3yJibTariB. Y JaHOMY EKCHEpUMEHTI
npouec nodyaosu reHepye BIl y 128-BuMipHOMY HpoCTOpi Ta HE MOXE rapaHTyBaTH

BUKOHAHHS JAHUX MPUIYIIEHb, OTPUMAaHA MOBE/IHKA JIAHUX AJITOPUTMIB € OYIKYBaHOIO.

2.5 BucHOBKH 10 po3ainy

VY nma"noMmy po3auni HaBEAEHO PE3YJbTAaTH Py EKCIEPUMEHTIB, SIKI JO3BOJUIU

BCTAHOBUTH HACTYIIHC:
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— JIOBEIEHO MOXJIMBICTh PO3MIMpPEHHs OiHapHOro kiacugikatopa 3HIMKIB KT
HOBUM KJIacOM 0€3 1CTOTHOI BTpaT TOYHOCTI (710 5%);

— po3pobiieHo Moaudikaiio ICHY04Y0oi HEWpPOHHOI Mepexi Kiacuikarii s
noOyI0BU BKJIAJICHUX MPEJCTABIICHb 3 KilacudiKaIli€ro Ha OCHOBI oTpumaHux BII
3a JOIOMOIOI0 1HIIMX METOJIIB MalllMHHOIro HaBuyaHHs (Ha matacerax MNIST ta
Fashion-MNIST);

— JIOBEJICHO MO>KJIMBICTh JI0JIaBaHHSI HOBUX KJIaciB y kiacudikatop Ha ocHOB1 BII
6e3 3minu TonoJorii HM Tta ictoTHOi BTpatu TounocTi (Ha paracetax MNIST rta
Fashion-MNIST);

— JIOBEJCHO MOKJIMBICTh BUKOpUCTaHHS KiacudikaTtopy Ha ocHoBi BII mist anamizy
3piziB 3HIMKIB KT (mocsarueno tounicts y 98.7%);

[IpoBeneHO MOPIBHSHHS AJITOPUTMIB MAIIMHHOTO HaB4YaHHA 3 010mioTexku Scikit-
Learn aiis knacudikariii 3a BKJIQJCHUMU MPECTABICHHSIMHA Ta 3pO0JICHO BUCHOBKH IIOJIO iX
3aCTOCOBHOCTI.

Po3pobneno mMaTeMaTuyHy MOJIENb JUIsl OLIIHKK 4Yacy Ha MOoOYJI0BY Ta JOHABUAHHS
kimacudikaTopa Ta HaBEICHO YMOBH, M0 BHU3HAYAIOTh €(PEKTUBHICTh BUKOPUCTAHHS
BKJIQJICHUX MPEJCTABIEHb IIUIIXOM BpaxXyBaHHS CKJIAJIOBUX Yacy Moaudikaiii.

Ha BinMiHy Bix icHyrouux miaxoniB Ao knacudikarii 3HiMKiB KT, 1110 B OCHOBHOMY
30CEpeKYIOThCS Ha MIABHINEHHI SKOCTI Kiacuikaiii Ta He 3BEpPTAlOTh yBary Ha d4ac
BIIPOBA/KCHHS JaHUX PIIIeHb, 3alpONOHOBAHUM MeToa Kiacudikaiii 300pakeHb 3
BukopuctanuaM Bl no3Bossie monaBuaHHs HEHPOHHOT MEPEXI 3 METOIO MIATPUMKH HOBUX
KJ1aciB 03 3MIHHM TOMOJIOTIT, III0 3MEHIITY€ Yac Ha aJIalTallil0 MPOTPaMHOTO 3a0e3MeUeHHs
aHajizy MEIWYHUX 300pakeHb g JlarHOCTUKH. JlaHa BIACTUBICTH JO3BOJISIE
NPUIIBUIIIATA JOHAaBYAHHS Kiacudikaropa sSK CHCTEMH 3 TeHepaTopa BKIAICHHUX
MIPEICTABICHD Ta KIACU(PIKATOPIB, 110 € BAXKIMBUM JJIA 33/1a41 JIaTHOCTUKHU 3aXBOPIOBAHb,
OCKUJIBKH MiJ] Yac crajlaxy HOBOT'O 3aXBOPIOBAHHSI ICHY€ HEOOXIAHICTh y SIKHAMIIBHUALIIN
MOSIB1 IHCTPYMEHTIB IS HOTO BUSIBJICHHS.

Henonikom BUKOpUCTaHHS BKJIAJCHUX MPEICTABIICHDb s Kiacudikailii 300pakeHb,
3okpema KT, € yckitagHeHuit mporiec peasizallii Ta TOYaTKOBOTO TPEHYBaHHS, 110 CTBOPIOE

JI0JTATKOB1 HAKJIa/IH1 BUTPATU Yacy MPHU PO3POOIIl MPOrpaMHOTo 3a0e3MeUCHHS.
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Ha cdopmoBanomy npartaceti 3HIMKIB KT BH3HAU€HO OCHOBHI XapaKTEPUCTHUKHU

3aIlIpOIIOHOBAHOI'O METOY.
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3 HNPOI'PAMHA CUCTEMA KEPYBAHHS ITOTOKAMM POBIT

Po3mpenHst cucteMu aHaiizy 300pakeHb JUIsl 11arHOCTUKA HOBUMHM JTAaHUMHU Ta/a0o
METOJIaMU BHMAara€ BTpPy4YaHHS B TIOCIIJIOBHICTh BHUKOHYBaHUX omnepauiid. OCKUIbKU
ICHYI0Y1 CUCTEMH KEpYBaHHS MOTOKaMH POOIT BUMArarTh KOPCTKOTO BU3HAYEHHS rpady
MOTOKY POOIT, TOLLIBEHOIO € pO3p00Ka METOJIIB Ta CHCTEM, III0 KOHCTPYIOIOTh MTOTOKU POOIT
JTMHAMIYHO 3 HaJaHUX OMEepaTopiB Ta TaHUX.
Jlo mepeBar Takoro miJIX01y BiTHOCHUTHCS 3MEHIIIEHHS BUTPAT Yacy Ha:
— MoaudiKalio TOTOKIB poOiT, 0 BUKOHYIOTHCS CUCTEMOIO (y BUIMAAKY aHAII3y
300pakeHb JOCTATHBO 3aPEECTPYBATH HOBUM METOJT JIO ICHYIOUMX BX1IHUX JAHHUX
1 cCUCTeMa aBTOMAaTHYHO JIOJIaCTh OTO B MOTOKH POOIT);

— MOXJIMBICTh 1HTerpamii iHmUX (QopmariB 30epexeHHs Ta mepenayl
00po0IIFOBaHMX TaHUX O0€3 BTPYUYaHHs B KO/ cucTemMu. Hanpukinan, Hexal icCHyro41
METOJM TEBHOI CHUCTEMH aHaji3y 300paKeHb OpPIEHTOBAaHI Ha aHaJl3 OKPEeMHX
3pi3iB 3HIMKa KT. Toxai, mpu mosiBi MeToay, IO TMpalioe 3 3HIMKAMHU y TPbOX
BUMIpax, Ta BUMOTH MIATPUMYBaTH 3aBaHTakeHHs TpuBUMipHUX DICOM-(daiinis,
JUTSI ITIATPUMKH HOBOTO MeTOy A0cTaTHbo oroyiocutd B CKIIP nHoBuii Bua manmx
Ta HOBHWM omepartop (AuB. Hmkue). JIJIsi 3BOPOTHOI CYMICHOCTI 31 CTapuMHU
METOJIJaMU JIOCTaTHbO JOAATH OMEpPaTop, M0 PO3MAKOBYBAaTHME TPUBUMIPHHIA
DICOM 'y nBoBumipHi 3pi3u. Bapro 3ayBaxkuTH, mo 1mi 3MIHA He
noTpeOyBaTUMYTh 3MIH y KOJOBIA 0a3l camMoi CHUCTeMH, a JIMIIE JIOJaBaHHS
OKpeMHX eJIeMEeHTIB. TakuM 4WHOM, IIi 3MiHM HE TPHU3BOAATH 10 Momudikaii
BX1JTHOTO KOJY, 1110 BIJIMIOBIJA€ 32 KOMYHIKAIIII0 YACTUH CUCTEMH.

Jns peanizauii Ta mnepeBipku AuHaMiuHOiI noOyaoBu rpady IIP mig uac #oro
BUKOHAHHSI HEOOX1JIHO:

— BU3HAYMUTU CYTHOCTI, 3 SIKUX CKJIQJAETHCS MOTIK POOIT;

— BU3HAYUTH OOMEKEHHSI, 1110 HAKJIAJAI0THCS Ha aJlTOPUTM Ta JaHi;

— pealizyBaTH aJICOPUTM MOOYI0BU MOTOKIB POOIT;

— peanizyBatu CKIIP Ha ocHOBI anroputmy;
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BUKOHATH E€KCIIEPUMEHTH 3 BUMIPY IIBUAKOMAII JIrOPUTMY 3 MOTOKAMH Pi3HOT
CKJIAJIHOCTI;
BUKOHATH €KCIIEPUMEHTH 3 BUMipy mBu ko111 BukoHanHs CKIIP okpemMux kpokiB

MOTOKY pOOIT.

B mipuB’si311i 10 3amaui ananizy 3HiMKIB KT, 3 ypaxyBaHHSIM 00CSTiB TaHUX Ta BUMOT

110J10 Yacy BIPOBAKEHHS CUCTEMHU, OKPEMY yBary CJijJ IpUAUIUTA MUTAHHIM NapayenizMy

Ta MacIuTadoOBaHOCTI.

3.1 lunamivna nodyaosa rpadgy noToKy pooir mix yac ioro BUKOHAHHA

Jlns BTIJIEHHSI TUHAMIYHOI MOOYAOBH IMOTOKY POOIT 3 HWOro CKJIaJAHUKIB Mij 4ac

BUKOHAHHS O0YHCIIEHB, AITOPUTM MYCHUTh BIATMOBIIATH HU3L YMOB:

1)

2)

3)

QITOPUTM Ma€ BPaxOBYBAaTH HeMepea0adyBaHICTh TOBEAIHKA BHU3HAYCHHUX
KOPHCTYBaue€M 1HCTPYMEHTIB, TOOTO Ma€e OYTH JIOCTYyITHA MOXJIUBICTh TOBEPHYTH
yCl OTOJIONICH] BUXOIW OIEpaTopy, B Oyab-sIKii KUIBKOCTi, 200 HE TOBEPHYTH
Hiyoro. Taka moBeliHKa JO3BOJISIE KOPUCTYBauy peaaizoByBaTU YMOBHI NEPEX0IU
Ta 00POOJIATH MMOMUIIKM 06€3 3YIMHKU YChOT'O IMMOTOKY POOIT;

QITOPUTM Ma€ BHUYEPITHO 3HAWTH Ta BHUKOHATH YCI MOXUIMBI OOYHCICHHS
(koMOiHaIii) HaJ JaHUMH Ta oniepaTopamu. I1i TaHuMu CIIijy PO3yMITH HE JIUIIE
NEPBUHHI JaHl, a ¥ Ti, 10 MOBEPHEHI OMEpaTopaMy Ha MOMEPETHIX ITepaiisx
MIOTOKY pPOOIT.

JIOIaTKOBO, AJITOPUTM TOBUHEH MependauyuTu 3alMKICHHS OOYHUCIIeHb Ta
MEXaHI3MH peakilii Ha HUX Ta/abo iX yHUKHEHHs. BinTak, npy BUKOHaAHHI IOTOKY
poOIT HEOOXIMHUM € BIJACTEKCHHS TOXO/KCHHS JaHUX-pe3yJIbTaTiB Ta
BpaxyBaHHS IOTO TPH 3aIyCKy HACTYIHUX ONEpaTopiB. YHUKHEHHS IUKIIB €
KPUTUYHUM JUTsI CTAaOUTBHOCTI CHCTEMH Ta YHUKHEHHS PECYpCHUX Ta YacOBHX

BUTPAT, OB’ A3aHUX 3 PO3B’sI3aHHAM HACHIIKIB iX yTBOopeHHs B CKIIP.
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3.1.1 CxiagoBi YacTMHM MOTOKY POOIT

s peamizaiii 3amporOHOBAHOTO METOAY HEOOXIJHOK € HHU3Ka CYTHOCTEH,
KOMIIO3HIIISl SIKUX JIO3BOJISIE TTOBHICTIO OMMCATH TEBHE OOYMCIICHHS 3 HaOOPOM BXIJIHHX,
MPOMDKHMX Ta BUXIJIHMX JIaHUX Ta IO CYTI SBJsiE COO0I0 HETPUBIAIBHUM CHOCIO 3amucy
CIPSIMOBAHOTO AIUKIIYHOTO Tpady.

TakuMu CyTHOCTSIMU €:

— Buag pganux (BJA) (Data Kind) — € CceMaHTMYHOIO TMO3HAYKOK, Ta
BUKOPUCTOBYETHCS JUIsl aHOTAIlli OyAb-SKUX MaHWX M0 ICHYIOTh B IIEBHOMY
oOuucieHHi. BapTo 3ayBakuTH, 1110 3alIPONIOHOBAHUN aJITOPUTM MICTUTH METOJIU
BaiaIii maHux 3a ix tumoM, Tomy B/l € mpocTto cTpokoBoio mo3Haukor. B/l
MO’Ke OyTH KOHIENTYa i30BaHUM SIK TUII y PO3PI3HEHHI THITy Ta TOKeHY Yapib3a
Cannepca Ilipca [96], [97];

— omnepatop (Operator) — € aToOMapHOIO ONEpPAIEI0 HAJl MHOXXHWHOI CTpPOTO
BU3HAYCHUX BXOJI1B PI3HUX BUJIIB IAHUX, TA MOKE MIOBEPHYTH JOBIIbHY KIJIBKICTh
JTOBUIbHUX BHUIIB JaHUX (OJIHAK, MOXJIMBI BUCIIJIHI BUJIW JaHUX MalTh OyTH
OTOJIONICHI pa3oM 3 omnieparopoM). OTHAK Hi KiIBKICTh, Hi BUJ IOBEPHEHUX JTAHUX
HE € nepeadadyBaHUMH JIJIs1 3aPOTIOHOBAHOTO aJITOPUTMY;

— omununs ganux (Ol) (Data Unit) — € aToMapHUM €JIE€MEHTOM JaHUX. K10 BUAU
e tunamu 1o Ilipcy, To onuuumi € ToxkeHamu. Okpema OJ] ckinagaeTbcs 3
no3Hauku BJI, mocunanHa Ha ¢aiiy, M0 MICTUTh OMHMCYBaHI JaHI Ta CITUCKY
POJIOBOY — MOCIIIIOBHOCTI OTIEPATOPiB, OOUUCICHHS SIKUX 11 MTPU3BEIIO 70 MOSBU
B MHOHUHI1 JJaHUX OOYMCIICHHS.

— KPOK — € BUKOHAHHIM KOHKPETHOTO OTIepaTopa 3 KOHKPETHHM Ha0OpOM OJTMHUIIb
JTaHUX, BIJIMOBIJIHUX BXOJaM orepaTopa. Kpok € yHiKaabHUM B OOYMCIICHHI, TA HE

MO3K€E TTOBTOPIOBATHCH.
3.1.2 Onuc peani3zanii meToay

[Topsinok poGOTH aNrOpUTMY, 110 peaizye 3aIpOOHOBAHUI METO/, MOJISITAE Y TOMY,

100 Ha KOXKHIHM 1Teparlii BiTHAWTH HACTYIHI MOKJIUBI JIsl BUKOHAHHS KPOKH, BPaXOBYIOUH
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Ha01p HASIBHUX OJMHUIb JAHUX 1 HASIBHI OMIEPAaTOPH Ta BUKOHATH iX JJIsl OTPUMAHHS HOBUX
On.

JI1st bOTO, Ha KOXKHIN iTEparlii allrOpuTMy BU3HAYAIOTHCSI OTIEPATOPH, YC1 3 BXOJIB
SAKUX MOXYTh OyTH 3aJ0BUTbHEHI HASBHUMH OJWHUISIMU JaHUX. 3 I[HOTO CIIHCKY
nifactaBieHHsIM O/ GopMyIOThCS MOXKIIUBI MOAAJBIN KPOKH 3 YpaXyBaHHSM YHUKHEHHS
HUKIIYHUX OOYMCIEeHb. [[1s YHHKHEHHS UMKIIB BUKOHYETHCS TMEPEBIPKA HASIBHOCTI
oreparopa, 3 sIKUM (GOPMYETHCS KPOK, Y POJOBOAI BXITHUX OAUHUILL TaHUX Kpoky. ITicis
BiJICIBY B)K€ BUKOHAHUX KOMOIHAIlI! «OTIepaTop-/1aHi», BUKOHYIOThCS BiIHAN/ICHI HACTYIIHI
KpokH, BuxigHi O/l 101at0ThCs 10 MHOKWHU HAsIBHUX, MICJIS YOTO LIUKJI PO3MOYNHAETHCS
3HOBY. Y MOBOIO 3yMIUHKY ITUKJTY € BiJICYTHICTh HOBUX MOTEHUIWHUX KPOKIB /JI1 BAKOHAHHS.

HacTynHuii mceBAOKOJ NETalbHO OMHCYE TMOBEIIHKY aJITrOPUTMY. Y TICEBIOKOI
BUKOPHUCTOBYIOTHCS] HACTYITHI IO3HAYEHHS:

— O € MHOXXMHOIO HasiIBHUX OMEPaTOPIB;

— K € MHOXMHOIO HasiBHUX BU/IIB JJAHUX;

— S € MHOXKHUHOIO 00YHCTIEHUX Y IOTOYHIHN 1Tepallii KPOKiB;

— U € MHOXMHOIO yCiX OJWHHUIb JAaHHUX, BXIIHUX 1 BUXITHUX JI0 OMEPATOpiB, Y

MIOTOYHOMY OOYMCIICHHI.

Algorithm 1: Main loop
Data: O, K, U mo 3agoBuibHsic Vu € U, u.dataKind € K Ta MICTUTH BXIIHI JaHl
HaJaHi KOPUCTyBayeM
Result: U 110 MicTUTB pe3ynbTaTH BUYEPITHUX OOYUCIICHB 3a JOMOMOTOI0 O € O.
start:
S « @;
repeat
N « SolveTurn(0O,K,S,U);
if N# 0@ then
U « U UExecuteSteps(N,U);

S «< S UN;
end
until N#0

end

Function SolveTurn(O, K, S, U):
/* OBupaeMmo omnepaTopy, umMi BXOOM 3aOOBlJIbHeH1 xXoua © OIHOIW
OIMHUIICID 3 MHOXVHM HASBHMX IaHUX */
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0, « GetAvailableOperators(0, U);
opsWithInputOptions « BimoOpaxeHHsa 0 €O 3
SelectOperatorInputs(o, U);
if opsWithInputOptions =@ then
return Q;

end
/* IO KOXHOTO oIleparopa, obuuciauru JekapTiB moOyTok ycix

OOCTYINHMX OIOMHMIL Ha KOXEH BX1J IJiId YTBOPEHHS HaAOOpP1lB BX1-
IOHUX IOAaHUX IOJIS CTBOPEHHS KPOKiB */
opsWithInputCombinations « BlnmoOpaxeHHS
opsWithSatisfiedInputs 3 f(o) =
(operator:o.operator, inputCombinations:
{i,..i, €Eo.unitsPerInput|i; X i, X..X i,});
newSteps « 0;
foreach o € opsWithInputCombinations do
foreach i € o.inputCombinations do
if
1 HEMICTUTHb NOBTOP1B OOMHUILL
then
append (operator:o, input:i) to
availableNewSteps;
end
end
end
N« {n € newSteps | n & S};
return N
Function GetAvailableOperators(0,U):
kindsPresent « BupmobyTu u.dataKindszu € U;
return
{o € 0| o.inputDataKinds € kindsPresent};
Function SelectOperatorInputs(o,U):
matchingDataUnits « dineTpyBaTM u € U,adu
u.dataKind € o.inputDataKinds;
unitsPerInput ¢« nyctum Map;
foreach input € o.inputs do
unitsPerInput[input.name] «
nycrum List;
foreach unit EmatchingDatalUnits do
if unit.dataKind = input.dataKind
and mo0.name € unit.ancestors then
append unit.id to

unitsPerInput[input.name];
end
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end
end

return (operator, unitsPerInput);

Posrisitnemo po0oTy anroputmy Ha npukiagax (npuxiaau 1-4) Ta BUKOPUCTAEMO
HACTYITHI TO3HAYEHHS:
— BEJIMKI JIATUHCBKI JiiTepu Oe3 miapsakoBoi mo3Hauku (A, B, ...) € Bumamu
JAHUX
— BEJUKI JJATUHCHKI JIITEPH 3 MIAPSAKOBUMHU MMO3HAYKAMH € OJUHUIISIMH JTAHUX
BiAmoBigHOTO BUy (Aj, By, ...)
— MaJll JATUHCBKI JIITEPHU € ONepaTopamu;
— 3amuc £ (A, B) => C BIANOBIJIA€ ONEPATOPY, IO NMPUNMAE OAUHUIIIO BUILY
A B mepiiif BXiAHIM MO3UIT Ta OMMHUINO BUAY B B 1pyriil BXiaHi# mo3uilii, Ta
noBeprae oguHMII0 BUay C.
[Tpukmnan 1. ITpocTuit moTik pooIT

Posrisaemo 6a3o0Buit moTik pooiT (puc. 3.1).

l

RO
f 4@: 2

Pucynok 3.1 — Ilpukian noToky poOit, moOyJ0BaHOTO Ta MPOMIEHOTO aJrOPUTMOM

i

VY nanomy motoili poOIT BUKOpUCTaH1 HacTynHi Tunu aanux: A, B, C, D, E. [llnaxom
MpoBeJIeHHs psiy oouucieHs (puc. 3.1) nani BuaiB A ta B 3a nonomororo npomixuux BJ]
C ta D paroth MOxuBicTh 00uncinTu E.

J{1s1 BUKOHAHHS TaHUX 00YKMCIIEHb BU3HAYEHI HACTYIIHI ONEPaTOPH:
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Jlanuii npukiag JeMOHCTPYE TPUHIUI (HOpMYyBaHHS MOTOKY poOiT. OHaK, Takui
MOTIK pOOIT € MPOCTUM Ta YITKO BH3HAYEHUM, OCKUIBKHM BCl ONEPATOPU B HBOMY
rapaHTOBaHO TOBEPTalOTh 3HAUCHHS (ikcoBaHoro Buay. Taki [IP € mpumiTuBHUMHU Ta
MOXYTh OyTH pealizoBaHi 3a gornomororo qoBuibHuX CKIIP.

[Tpuknan 2. «HenependadyBaHUin» OMEPaTop

Cxnagnimmmu (a B geskux CKIIP — HEeMOXIMBUMH) € MOTOKH POOIT, B SIKUX
orepaTopu MaroTh HerlepeAdauyBaHy JUIsl aIropuTMy noBeAiHKy. Llst moBeinka Mmoxxe OyTu
CIOPUYMHEHA SIK yYacTIO BHUIIAJKOBUX 3HAYEHb Y POOOTI KOy ONEPATOpy, TaK 1 BUCOKOIO
3aJIEKHICTIO pe3yJbTaTy BiJ BMICTY BXIJIHMX JaHUX omnepaTtopy. s 3amponoHOBaHOIro
aJITOPUTMY, OOHMIBI MPUUYMHM HemepeadadyBaHOi MOBEIIHKH ONepaTopa € piBHOIIHHUMH,
OCKLUIBKH aJITOPUTM HE TIEPEBips€ BMICT JaHUX, K1 EPEAAtOTHCS 10 BXOAIB ONEpaTopiB.

Jnst  nmeMoHcTparii  pO3rJsSTHEMO  MPUKIAA, B SKOMY  MICTUTHMEThCS
HenependauyBaHuil oneparop. st 1boro BUA03MIHUMO CIIUCOK OTIEPATOpPiB 3 MpUKIady 1
HACTYTTHUM YUHOM:

- f£(A, B) => C;

- g(A, C) => (D, E);

- h(C, D) => F;

- k(B, E) => TI.

VY 11poMy BUIIAJIKY, OTIEpaTOp g MOKE BUJATH K PE3yJIbTaT CBOIX OOUYUCIIECHD:

— opauHuio Buay D (oaHy abo eKiabKa);

— opaunuio Buny E (ogHy abo nekinbka);

— JIOBUIbHY KUTBKICTh OJIMHHUIIb OOMIBOX BHU/IIB;

— HE HaJaTH pe3yJIbTaTy OOYMCIICHHS.

[ToTik poOiT, 10 YTBOPIOETHCS 3 TAKUM HaOOpoM omeparopiB npu BxinHux OJ] A; Ta

B npencraBnenuit Ha puc. 3.2.
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Pucynox 3.2 — Ilpuxiag moToky poOiT 3 OMIIOHATFHUME PE3yJIbTaTaMU ONIEPATOPY

Ha pucynky mnyHkTtupHOIO JiHi€ro 300paxkeHo O/I, mosiBa sxux y rpadi HE €
rapaHTOBAHOIO Ta 3AJEKHUTh BIJ] BUIMAJIKY YU BXITHUX JaHUX (HAMIYE€HI MYHKTUPHHUM
orepaTopy MOXKYyTh OyTH 3alyIIeHi 3a HasBHOCTI BIAMOBIAHMX BXIOTHUX JaHHUX, abo
IIPOMYIIIEHI 3a iX BIJICYTHOCTI).

BianoBigHo, pe3yJbTaTOM BUKOHAHHS TIOTOKY POOIT MOXKe OyTH SIK JIMIIE OJMMHUIIS
nanux C; (y BUMAJIKY, SKIIO OTIEPAaTOp g HE MMOBEPHYB KOAHOTO PE3ybTaTy), TaK 1 BC1 I ATh
MOXIHMBUX BuxigHux oguuuib — Cy, Dy, Ey, Fy, I}, Tak 1 Tpu — Cy, Dy, Fy un Cy, Ey, 1.

[Tpuknaz 3. [ToBepHEHHS OMEpaTOPOM JAOBUTBHOI KITBKOCTI OJUHUITH JaHUX

[HIIMM acneKTOM TMHAMIYHOCTI TOOYAOBH MOTOKY POOIT € MOXKJIUBICTh NOBEPHEHHS
OTIepaTOpOM JOBLIBHOI KITBKOCTI OJMHUILID IAHUX.

Po3rnssHeMo mpukian, B SKOMY MICTUTUMETHCS OINEpaTop, IO MOBEPTa€ ACKLIbKa
OJIMHUIb OJJHOTO BUY TaHUX. CKOPUCTAEMOCH OIlepaTopaMu npukiary 1:

- f£(A, B) => C;

- g(A, C) => D;

- h(C, D) => E.
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[Ipunyctumo, 1mo omnepatop g nosepratume He oaHy O/ Buay D, a moBuibHY iX
kiibkicTh. Jiarpamy I1P, mo Oyzae oGuuciieno y takomy pasi npu BximHux O] A; ta B

MPEJCTaBICHO Ha puc. 3.3.

%6

O

® ©

®

Pucynok 3.3 — IloTtik poOiT 3 JOBIJILHOIO KIJIBKICTIO pe3yJIbTaTiB PpOOOTH OnepaTopy

I

Taxkum 4rHOM, Oy Ab-SIKUI OTIEpaTOP TAKOK MOKE IIOBEPHYTH JOBUIbHY KITBKICTH O]]
MEBHOTO BUIY, 1, Y pa3l HasBHOCTI onepaTopiB sikuil mpuitmae nei BJI, koxHa 3 mux
OoIMHULIb Oyzae oOpoOsieHa BIAMOBIAHMMM ornepaTopaMu. OCKUIBKM sl KOMOIHYBaHHS
Ha0OpIB BXIJTHUX JAHUX JUIsI ONIEPATOPIB BUKOPUCTOBYETHCS ACKAPTIB 100YTOK — Y BUMIAAKY
noBepHeHHs oneparopoM f enemenTiB Buay C y KiIbKOCTI m, oneparop h Oyne 3amynieHui
Uig KOkHOT mapu oauHuups BuaiB C Tta D, mpoaykyroun m*n onunuues Buny E.

3anponoOHOBAaHUM QJIITOPUTMOM TaKOX MIATPUMYETHCS JOBUIbHA KUIBKICTH BXOJIIB
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oriepaTopy, BIATAK — Y MOTOIl pOOIT MOXe OYTH JOBIJIbHA KUTBKICTh OJIMHUITL YCIX BX1THUX
BHUJIIB TIEBHOTO oOIleparopa, 1 I1ed omeparop Oyle 3amymieHo JjIs KOXXHOI MOMIJIMBO1
KOMOI1HAI] BXIJHUX JaHUX.

[Tpuknan 4. YHUKHEHHS HUKITYHUX O0UMCICHb

OpHi€ro 3 Mpo0IeM OMKUCAHOTO AITOPUTMY € METO/I YHUKAHHS LIUKJITYHUX OOUHCTICHb.
VY 3ampornoHoOBaHOMY BapiaHTi, YHUKHEHHS BUHUKHEHHS ITUKJIiB TapaHTYETHCS JIUIIE THM,
110 OTEePaTOPOBI HE MOXKYTh OYTH MMOJIaH1 Ha BX1JI AaH1, IKi MatOTh HOT0 Y pojoBOAl. Takum
YUHOM, HaBITh SAKIIO JaHI MPOXOAMIA Yepe3 OnepaTop HaBiTh JEKIJIbKAa KPOKIB 00pOOKH
Ha3aJ, HaBITh SAKIIO BHUJ JIaHUX 301ra€ThCs 3 BXIJIHUMH JaHUMHU OmepaTopy, Il JaHl HE
OyIyTh MOJIaH1 Ha BXIiJ] IO OmepaTopa.

[Tpuxnagom npoOiaemMu B YHUKHEHH] IIUKJIIB € TIMOTETUYHHM ONepaTop X:

x (A, B) => A.

PosrisitHeMo moTik poOiT, 10 CKIaAAa€Thes JUIIE 3 OlepaTropa X Ta 3alyCKAaeThCs 3

onunuisiMu (A, By), Ta moBeprae ogunuito A, (puc. 3.4).

=0
=0

Pucynox 3.4 — [1oTik poOiT 3 TMOTETUYHUM ONEepaTopoM X, MOOyA0BaHUM 3 TOTOYHUM
METOJIOM YHUKHEHHS IIUKIIiB

? .95

[Ipu mosiBi (HanmpuKiIaa, TOPOIKEHHI 1HITUM ONEPaTOPOM) Y TOTOIll POOIT OAUHUIL
B,, onepaTop X mOBTOPIOETHCSA JUIIIE 3 MApOI0 BXOIB (A, B).

OpxHak, MOXKEMO MPUITYCTUTH ICHYBaHHSI CUTYaIlii, y sIKUX 0ysio 0 TakoX MOTPiOHO
3ammycTUTH omneparop X Takox 3 maporo (A,, By), mornpu Toii dakT, mo A, 6yia0 o6uncieHo
3a gomomororo omneparopa X. Jliarpama moToky poOiT y TakOMy BUIAJKy 300pa’keHa Ha

Puc. 3.5.
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Pucynox 3.5 — IloTik poOiT 3 TINOTETUYHUM OMEPaTOpoM X, TOOYAOBAHHM 3 TEOPETUIHO
MOJIUBUM 1HIIIM METOJIOM YHUKHEHHS ITUKITIB

OpaHuM 3 BapiaHTIB BUPIIICHHS JaHOI MPOOIeMH € BUKOpHUCTaHHs y poaoBoi O/l He
TiBKK omepaTopiB, a i O/, mo mogaBainch 10 HUX Ha BXid. JloAaTKOBOIO TEpeBaroro
BUKOPHCTAaHHSI POJIOBOMY 3 ypaxyBaHHsAM OJ] € MOXIWBICTh BiICTEXKYBAaTH IMOXiTHUMHU
akux gaHux € nesHa O/, mo 103Bosisi€ BUKOPUCTAHHA ACKIIBKOX OJUHUIL OJHOTO BHLY
JAHUX SIK BXIJHUX IS TIOTOKY poOIT 0e3 yrpatu 3B’s3Ky Mk BxigHumu O]l Ta
pesynbTratamMu obuncieHb. [laHuil mpukiaa 1IOCTpye OOMEXKEHHS AHOTO alIrOpUTMY,
CIPUYMHEHI METOI0M YHUKAHHSI [IUKJIITYHUX OOYNCIICHb.

B nanomy migpo3aim OyJio Ha MPaKTHUIl IMOKa3aHO TEOPETHYHI MOKIMBOCTI
3aMpONOHOBAHOTO AJITOPUTMY BUKOHAHHS MOTOKIB poOit. IIpm moOymoBi mOTOKIB poOirT,
aNrOpuUTM 3a0e3nedyye YHHKHEHHS HECKIHUCHHHX IUKIIYHUX OOMEXKEHb, MIATPUMYE
MMOBEPHEHHSI OIEpPaTOpOM JOBIIBHOT KUIBKOCTI MOBUTBHUX JaHUX. TakuM YHHOM,
3aMpONOHOBAHUN aNTOPUTM € TIE€BUM i 30€pEKEHHS 4acy Ta 3yCUJib Ha CTBOPEHHS Ta

MOAM(DIKaII0 MTOTOKIB pOOIT y OOYMCITIOBAIBHUX CUCTEMAX.

3.2 [IporpamHua cucteMa KepyBaHHsI MOTOKAMM POOIT 3 JUHAMIYHOIO

no0ya0BoI0 rpady

BaxxnuBuM eTamom € BTIJICHHS 3allpOMIOHOBAHOTO METOMY Y CHCTEMI KepyBaHHS
notokamu poOiT. s miei CKIIP ommcano BuMorum m0 Hei, 11 3aJIe)KHOCTI, IPOIEC

pPO3rOopTaHHs, apXITEKTypa, TEXHOJIOTI4HI PIIIEHHS Ta po3po0eHni (PyHKIIOHAT.
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Jns 3abe3neueHHs 3AaTHOCTI 10 mnpakTuuyHoro BukopuctanHs CKIIP Ta ii
aKTyaJdbHOCTI JUIsl BUPIIICHHS peaJbHUX 3aB/IaHb HEOOXITHUMHU € Takl (yHKUIOHAIbHI
MO>KJIUBOCTI:

— BH3HaueHHs BUJiB AaHux (B]l), mo goCTyIHI cucTeMi;

— BH3HAYCHHS OTIEPATOPIB, SIKi 3AIHCHIOIOTH O0OYUCICHHS HaT HassBHUMHU B/

— CTBOPEHHS TMOTOKY poOIT (run), SKUN TNpPEACTaBiIs€ OJHE BUKOHAHHS
OOYMCIIEHHS] HA KOHKPETHOMY HAa0Op1 BXITHUX JIaHUX;

— 3aBaHTaXCHHS JAaHMX, 1X MapKyBaHHSA BUJOM JaHHX Ta MPHUKPIMICHHS 0
MOTOKY POOIT;

— BHUAO0OYBAaHHSA CIHCKY OIEpPaTOpiB IO MOXYTh OyTH BHUKOHAHI B MEBHOMY
MOTOII pPOOIT Ta IX MapameTpiB.;

— 3amycCK MOTOKY poOIT 3 IEBHUM HAOOPOM IMapaMeTpiB ONEPaTOpiB;

— BIACTEXEHHS CTaTyCy MOTOKY pOOiT;

— BUI0OYBaHHS JIaHUX, OOUYMCIIEHUX B PE3yJIbTaTi BAKOHAHHS OOYUCIICHb.

Takox, nana CKIIP mae migrpumyBaTH HACTYITHI BUMOTH:

— mnoptaruBHictb — CKIIP mae Oyt mnoOymoBaHa TakuM YHHOM, alu
MIHIMI3yBaTH 3aJICKHICTh B1Jl KOHKPETHUX XMapHUX ITPOBaNIepiB, Ta Ma€ OyTH
TOTOBUM JI0 PO3TOpPTaHHS Ha OyIb-IKOMY 3 HHX, a TaKOX Ha BIIACHUX
amapaTHUX TOTYXKHOCTSIX, IO € HeOOXIAHMM i MiHIMi3alii dJacy
PO3rOpPTaHHS CUCTEMU;

— wmacmraboBanicte — CKIIP wmae Oytn moOyaoBana 3 oOmsaay Ha
Herepen0ayyBaHICTh ~ HABAHTAKEGHHS  Ta  BIATNOBIIHE  aBTOMAaTHYHE
rOpU30HTaJIbHE MaclITa0yBaHHs, 110 € HEOOXIAHMM Il MIHIMIi3alli yacy
JOCTYTY A0 CUCTEMH;

— wHagiiHicTh — CKIIP Mae xopekTHO 00poOJIATH TOMWIKHM BUKOHYBaHUX

OOYHNCIICHb.
3.2.1 KoMImoHeHTH CHCTEMH

Jlana cucrema peanizoBaHa 3 BUKOPUCTaHHSM HACTYNMHUX (pedMBOpKIB Ta

TEXHOJIOT1H:
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— cepenosuiile Bukonanus Node.js;

— ¢peiimBopk NestJS;

— cucrema 30epiranms ¢annoux aanux MinlO;

— cucTeMa opramizanii knactepuux ooduucnens Kubernetes;

— JOKyMEeHTHO-OpieHTOBaHa 0aza nanux CouchDB.

3 ypaxyBaHHsAM aanux 3aco0iB miarpama kommoneHT CKIIP Burmsamae nactynmaum

quHoM (puc. 3.6).

<<cluster>> £]
Kubernetes
<<cluster>> £
CouchDB
<<component>> <<component>> <<component>>
CouchDB CouchDB CouchDB
IHdbopmauis npo 2} BUKOHAHHS
noToku poGit \]/ [10KepU30BaHNX
oneparopis
BWKOHaHHA parop
noToKiB po6iT <<component>> <<component>>
: Cepsep CKIMP % Kubernetes API
O6po6ntoBaHi
AaHi
<<component>>
MinlO
O6po6ntoBaHi

\7/ AaHi

<<component>>

XMapHi 3acobu
36epexeHHn

AaHux (onujiHo)

Pucynox 3.6 — Jliarpama kommonenT CKIIP

Po3rnsneMo KOMIOHEHTH CUCTEMH ACTabHIILIE.

Cucremy kepyBaHHi TOTOKamMu poOIT peamizoBano y Burisiai HTTP-cepsepa na
ocaoBi Node.js Ta ¢peiimBopky Nest]S. Take pinrenHs Oyn0o TPUMHATO 3BaKAIOYHM HA
acuaxpoHHy OynoBy Node.js, sika € BaKIUBOIO B TAHOMY KOHTEKCTI, OCKUTBKH OLTBIIICTh
qacy mig yac BukoHanus [1P 3a nonomoroto nanoi CKIIP cuctema 3HaxoauThes abo B cTaHi

OYIKyBaHHs MEpeMilLeH s JaHuX, a00 B CTaHl O4iKyBaHHS 3aBepiieHis oouucnens. Bubip
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(bpeiiMBOPKY OOIPYHTOBAHO a0CTPAKTHICTIO Ta MPOCTOTOK BUKOPUCTAHHS, 110 (OKYCYe
peanizallilo Ha pO3B’sI3aHHI 3a7ad peani3alii aJlropuTMy Ta Oprasizauii JaHux Ta
O0YHCIICHb.

30epexkeHHsT 00pOOIIOBAaHUX JaHUX OPraHi30BaHO 3a JOMOMOTOK 00’ €KTHOTO
cxouma MinlO, sike Hagae iHTepdeiic 10 30epiranns Ta BUI0O0YBaHHS JOBUIBHHX (DAIITIB.
Bukopucranus BiacHOro 00’€kTHOro cxoBuia € kiodoBuM st 13omsiii CKITP Bix
KOHKPETHOI CHCTeMH 30€piraHHs JaHWX, 10 BUKOPHCTOBYETHCS €KCIUTyaTaHTOM. Takoix,
MinlO Hamae MOXIHMBICTH PO3MOIICHHS NaHUX IO PiBHAX (storage tiering) 3a 4acom
BUKOPUCTAaHHSI — BUBAHTAXKECHHS JAHUX B JICILIEBIII, ajié MOBUIBHINI 3acO0M 30epiraHHs,
BHUBAHTAXYIOUM HEBUKOPUCTOBYBAHI AaHi JAJI BUBLIbHEHHS MIBUAIIOTO Ta OJIMKYOTO MiCIs
JUTST HOBUX JIaHWX a00 JMaHWUX IO YacTO BUKOPHUCTOBYIOThCS. Cepes albTepHATUBHHUX
pimenb MinlO Oyno oGpaHo Yepe3 MOBHY CYMICHICTh 3 CTaHAAPTHUM Juisl 1HIyCTpii API
Amazon S3 Ta Biakpury minensito — GNU AGPL v3.

36epexxeHHs 1HpopmaIlii Mmpo oOUYMUCICHHS Y CUCTEMI OpraHi30BaHO 3a JOIMOMOTOIO
JIOKyMEHTHO-Op1EHTOBaHOI cucteMu kepyBaHHs 0azamu manux (CKBJl). [ane pimenHs
obrpynToBano npuctocoBaHicTio Takux CKB/] mo 30epiranus ckiagHUX CTPYKTYp JAAHHUX,
iX [MBHAKOrO 3amucy Ta BUAOOyBaHHS. BigMoBa BiJi BUKOPHUCTAHHS TpaaMIIIHUX
pensmiiaux 6a3 JaHUX HE 3aBJa€ BTpAT Ta yckiaagHeHb y Bumnanaky nanoi CKIIP, ockinbku
BC1 HasIBHI CyTHOCTI MalOTh CEHC JIUIIE y 3B 53Ky 3 TOJIOBHOIO CYTHICTIO 3aC00Y — MOTOKOM
po06iT. TakuM UMHOM, 30€piraHHs IMOTOKY pOOIT Ta yciei iHMI01 iHpopMarlii (KpOKH, OUHUII
JAHMX TOIIIO) 110 3 HUM IOB’s13aHa y BUTJISI OTHOTO JOKYMEHTY HaJIa€ TIepeBaru y mpoCcTOTI
BUKOPUCTAHHS, IIBUAKOCTI 3aMUCy, MPOYUTAHHS Ta PEIUTIKAIlll TaHUX MK KJIIOHaAMU 0asH.
BpaxoBytoun BUMOTH J0 TOPU30HTAIBLHOTO MaciiTabyBaHHA, O0yJi0 0OpaHO JOKYMEHTHO-
opientoBany CKBJI Apache CouchDB, cripoekToBaHy BiA MOYaTKy AJii BUKOPUCTAHHS Y
KJIACTEPHOMY BUTJISIII — cTaHAapTHE po3roptanns CouchDB micTuth Tpu ex3emiuisipu 06a3u
JAHUX, 10 CHUHXPOHI3YIOThCA MDK co0or0. Takoxk, MIATpUMKAa aBTOMATUYHOTO
ropusoHTanbHOoro maciradyBanus B CouchDB no3Bossie OyTv BIEBHEHHMM B TOMY, IO
TOPU30HTAJIbHE MacITa0yBaHHS MPOTrpaMHOro 3aco0y Tiji HABAHTAKEHHAM HE Oyle

oOMeKeHe BIJICYTHICTIO TOPU30HTAIBLHOTO MacIITa0yBaHHs 0a3u TaHUX.
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Cepen cucteM KIACTEpHHX Ta TpiI-00uMCIIeHb 3 miATpuMKow Docker moxkHa
BUJIUIUTH HACTYTIHI:

— Kubernetes;

— HTCondor;

—  Slurm.

JInst mpakTUYHOI peani3alli 3 HasBHUX cucTeM Oysio oopano Kubernetes, ockiinbKu
BiH € Je-(QakTo CTaHIapTOM IS BUKOHAHHS KJIACTEPHUX OOYHUCIEHb Ta Ma€ IIUPOKY
HATUBHY MIATPUMKY cepe]l 6araTb0X XMapHHUX I1aTdopm.

Kubernetes APl no3Bossie 3anuimmatv 3anviTA Ha BUAUIEHHS IIOCTIMHOI maM’ ATl Ta
MJIaHYBaHHS 1 BUKOHAHHS 3aBEPITYBAHUX OJHOPA30BUX KOHTCHHEPU30BAHUX OOYHCIICHD.
Taxkum umHOM, 32 momomororo BukopuctanHs Kubernetes API, a oco6mmBo Batch API,
BHU3HAYEHI AJITOPUTMOM KPOKH 3 BHU3HAUYEHHMH ONEpPaTOpaMH, iX BXIAHUMHU JaHUMHU Ta
rnapamMeTpamMu MOXKYTh OyTH OOYHCIICHI NMIISXOM 3aIyCKy KOHTEHHEPH30BAHOTO KOy Yy
Kubernetes-3aiauax mo 3aBaHTaXylOTh BXIJHI JlaHl 3 MPOrPAMHOIO 3ac00y, BUKOHYIOTh
KOHTEHHEpPU30BaHEe OOYKCIICHHS OMEepaTopa, Ta BUBAHTAXKYIOTh PE3YJIbTaTH OOYUCIICHb 10
nporpamMHoro 3acoOy. Takum uymaoMm, CKIIP Ha OCHOBI 3ampONOHOBAHOTO METOAY
130JTI0€TBCS  BIJl PO3B'sI3aHHSI MPOOJEM, IOB’SA3aHUX 3 ITUIAHYBaHHSIM Ta BUJIJICHHSIM
pecypciB, Ta GOKYCY€EThCSI BUKIIFOYHO HAa KEPYBaHHI JAHUMU Ta BU3HAYCHH1 HEOOX1THUX TSI
MIPOBEICHHS O0YHUCIIEHbD.

BignoBigHo, cuctemMa KepyBaHHS TIOTOKaMH POOIT pPO3ropraeTbcss Ha 0asi
Kubernetes-knactepy, SKHil MICTUTh OBUIbHY, 3aJIKHY BiJl HaBAHTAXKEHHS, KUIBKICThH
eK3EeMIUIIPIB  CepBepa IPOTrpaMHOIO 3aco0y, SKI MATPUMYIOThCS BOYJIOBaHUM B
Kubernetes-kinactep API-cepBepom, Ta TOpHU30HTAILHO MAcCIITa0OBaHI CHUCTEMY

00’exTHOTO ((haiiI0BOr0) CXOBUIIA Ta TOKYMEHTHO-OPIEHTOBaHY 0a3y JaHUX.
3.2.2 Ilporpamua peaJiizauisi cucteMu

CKIIP peamizoBano y Burisai HTTP-cepBepa na 6a3i dpeiimBopky Nest]S s
mwiatdopmu Node.js. BinmoBigHo, apXiTeKTypa CIiAy€e TUMIOBIA TPUILIAPOBINA apXITEKTYPI:

«Kontponep» => «Cepsicy => «Jloctym 10 manux» (puc. 3.7).
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Eksemnnsap DataService Cnucok onepaTopis

RunController . —1 Eksemnnap DataService
BunobyTu cnucok oneparopi

Ex3emnnap RunService

Bukonatu MNP Mepesipka icHyBaHHA B[,

Eksemnnap K8sservice

MepesipUT HasBHICTL B IHiLianisauis

Exsemnnsip MinioService
3anyck Kpoky

Ex3emnnsp DataService — . X
¢ OuiKyBaHHS KiHLA KPOKY

DataService

CtBopeHHaA MNP BuaaneHHs TMMYacoBUX AaHWX

KnieHt CouchDB

Buaanenns MNP BuaaneHHs 3aBepLUeHOro Kpoky

BukoHaHHA MNP Eksemnnsp MinioService

Y
MinioService

3ynuxka MNP IHiianizauis

BuoobyeanHs gaHux npo MNP CreopetHs MP Knient Minlo

3aBaHTaxeHHs BXiAHWUX AaHWX [lonaeaHHs kpoky no MP
36epexeHHs danny
3aBaHTaXeHHs BUXOAY onepaTtopy BcraHosnenHs cratycy [P

BupobyBaHHA noToky chaiiny

BuBaHTaKeHHs faHnx KopucTyBady Mepegipka icHyBaHHs P

BupaneHHa danny

MepeBipka icHyBaHHA KPOKY
BHeceHHs O[] oo MNP
BunobyeaHHs ganux npo MNP
3ynuHka NP

Bupanenus MNP
BcraHoBneHHs napameTtpis NP

CTBOpEHHs MOTOKY Ans
3aBaHTaXeHHs JaHuX

Pucynoxk 3.7 — [liarpama xiaciB CKIIP Ha 0cHOBI 3amponoHOBaHOTO METOLY

KoHTposnep BIAMOBIIAE 32 NPUUHSTTS 3aMUTIB, 1X MApIIPYyTU3ALIIO0 A0 BIAMOBIIHOTO
00poOHuKa. OOpOOHUKM 3amuTy NpeAcTaBieHl y Bumsiai metoniB Kourtpoisepa, Ta
BUJI00YBarOTh HEOOX1IHI1 JjIs1 0OpOOKH 3aIUTY JIaH1, OPTaHi30BYIOTh 013HEC-JIOTIKY IUIIXOM
BUKJIUKY MeToAiB CepBiciB Ta POpMYIOTh BIAMOBIIb Ha 3aMUT 3a JIOTIOMOIOI0 PE3yJIbTATiB
pob6otu meroniB CepgiciB. CepBicu peani3yloTh 013HEC-JOTIKYy, Ta BHU3HA4YalOTh SIK JaH1
CTBOPIOIOTBCSI Ta 3MiHIOWOTHCS. [llap moctymy no maHuX (4acTo Tak0X BUKOHYETHCS Y

BUIJISIAI CepBICY) peaiidye 0a3oBl omepailii: CTBOPEHHS, BUAOOYBaHHS, BUIO3MIHECHHS,
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BUJQJICHHS. TakuM YMHOM JOCSTAEThCS 1301111 Ta 1HKAMCYJIAIIsS poOOoTH 3 0a3010 TaHUX
YU 1HIIUM CXOBUILEeM 1HpopMarllii abcTpakTHUM iHTEpPEiic.

Bignosigno, CKIIP ckmamaerscs 3 omHOro KOHTpoJepa (a), ABOX OpraHizariiHux
cepaiciB (b, ¢) Ta 1BOX CepBICIB AOCTYIy A0 naHux (d, e):

a) RunController € o0cHOBHMM KOHTPOJIEPOM, IO HAJAE AOCTYII 10 YCIX oreparliil Haj

[TP — cTBOpEHHS, HAIIOBHEHHS TaHWMHU, 3aI1yCK TOIIIO;

b) RunService MiCTUTh peaitizaliito BUILIEONTUCAHOTO AJITOPUTMY, Ta TIOBHICTIO KEpye
BUKOHAHHSAM oOuncinens y [1P;

c) KubernetesService peanizye omepariii, HeoOXiHI JJIs TUIaHYBaHHsS 3ajad Ta
BUKOHaHHS o0uncneHs B Kubernetes, Ta ouikyBaHHS Ha iX 3aBEpILICHHS;

d) MinioService € 4YacTMHOI IMapy MAOCTYMy 10 JAaHUX Ta HATa€ JOCTYyH M0
00’ekTHOTO (hailyloBOoro cxoBuia Minio aisi 30€peXeHHsT JaHWUX, HAA SIKUMH
3MIHCHIOIOTHECS OOUHCIICHHS,

e) DataService € 4yacTMHOI0O Iapy AOCTyNy [0 JaHUX Ta HAJA€ JOCTYN IO
30epiranHs, peaaryBaHHs Ta BUJajdeHHs 1H(opMaIlii po MOTiK poOiT, €JIEeMEHTIB
nanux BcepenuHi [1P, kpokis Torno.

Jlns 3a0e3neueHHs] BUKOHAHHST KPOKIiB, 3HalaeHuX ainroputmom, KubernetesService
iHKancymoe psin BUKiHKiB 10 Kubernetes API. Po6oTa po3nounHaeThCs 3 BUKIHKY METOY
runStep, sSKui mpuiiMae iHPOpPMAIlIO, HEOOXIAHY [JIi CTBOPEHHS KPOKY, CTBOPIOE
HeoOx1aH1 Kubernetes-cyTHOCTI Ta O4iKye 3aBepIIeHHsS] O0YUCIICHb.

BiamoBimHO, 1u1s1 yMOKIUBIICHHS TUVIAHYBAaHHS Ta BUKOHAHHS KPOKIB 32 JOTIOMOT OO
Kubernetes, Onepatopu € Docker-konTelinepaMu, 110 MiCTATh HEOOX1THUM JJ1s1 BAKOHAHHS
oOuuciens koa. OnepaTopu NpuiMarOTh AaHl y BUMIISAL (ailiiiB, po3MIIIEHUX HA JUCKY
KOHTeitHepa 3 onepaTopoM. Illnsixu 10 ¢haiiniB, a TakoXk 3aUTyBaH1 TapaMeTpu ornepaTopa
3amaoThcsi CKIIP B 3MIHHMX OTOYEHHSI KOHTeWHepa omeparopa. Ha3u 3miHHUX
BKa3yIOThCS MPU PEECTpallii oneparopa.

Jns BUKOHAHHA 3alpONOHOBAHOTO KpPOKY 3 TmeBHUM onepaTtopom, CKIIP
PersistentVolumeClaim — 3a0poHboBaHe MicIie Ha abCTparoBaHOMY JIMCKY JJIs 30€pEKEeHHS
¢dailmie B Mexax kiacTtepy — Ta cTBoptoe Kubernetes-zamauy 3 TphOX KpOKIB —

3aBaHTaXeHHs BXimHUX [ Omeparopy nanux 3 MinlO, mnpoBegeHHS 004YHCIECHBb
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OmnepaTtopom, Ta BUBaHTaXKEHHS BUX1IHUX JaHUX Y MinlO kpi3b cucteMy 3 NPUKPIIIIICHHAM
ux nmaHux 1o [IP, 1o SKOoro HaIe)KUTh KPOK Ta MAapKyBaHHSIM JaHUX BHUJIOM JdaHUX,
BKkazaHuM OmepaTopoM. 3aBaHTAKCHHS Ta BUBAHTAXKECHHSI JTAHUX 31HMCHIOETHCS OKPEMUM
JOKEPU30BAaHUM 1HCTpyMEHTOM. Take pilieHHs OyJj0 NPUMHITO OCKUIBKM B HAaWOUIBIIMX
mpoBaiiiepax XMapHOi 1HGPACTPYKTypH, HAWIIMpIII TMpaBa HA  BUKOPUCTAHHS
PersistentVolumeClaim o6mexeni ReadWriteOnce/ReadOnlyMany — nuiie oguH mnof
(anri. pod) (rpymna KOHTEMHEPIB, sIKI JUISATH MiXK COOOI0 MEpPEXKEB1 Ta CXOBHUIIHI PECYPCH)
MOKE MaTH MPaBo 3aMuCy Ha BipTyanpHUl nuck. Takox, PersistentVolumeClaim MoxyTh
OyTH mija’€aHaHI JO TPYNH KOHTEHHEPIB JUINE MPH CTBOPEHHI MOy, IO BHUKIIOYAE
THMYacOBE€ MOHTYBaHHS JHMCKY /0 KOHTeHHepa, B sikomy 3anymeHo CKIIP mqns 3anucy
JAaHUX Ha IUCK Tepes] 00UMCIeHHSIM Ta BUI0OYBaHHS TAHUX ITICIIS 3aBEPIICHHS O0YUCIICHb.

Ins poboTH 3 HOKYMEHTHO-OpieHTOBaHOIO 0a3oto jnaHux CouchDB 6yno o6pano
Bukopuctatu kimieHT PouchDB, omHak 06e3 BHKOPHCTaHHS JIOKATI30BAaHOTO KIIOHY 0Oasu
nanux, ockuibk CKIIP € opieHTOBaHOIO Ha pOoOOTY BCEpEIMHI OAHOTO KiIacTepy.

VYci gani mpo nmoTiK poOIT 30epiratoThes K Mo 00’ €KTa MOTOKY pOOIT:

— TMPOpPaxoOBaHi KPOKH;

— CTaTyc iX BUKOHAHHS;

— HasSBHI OJUHUII JaHUX;

— wmicte 36epiranns O/] Tomio.

Takum gyuHOM, poOoTa 3 623010 MoOyA0BaHa HaBKoJ0 ofHIel CouchDB-Tabnuii, 1mo
3HAYHO CIpONLy€e poOOTy 3 0a3010, JOTJIAM 3a i CTAHOM, TOIIO. BaXKJIMBO 3ayBa)KUTH, 1110
nokymeHTH B CouchDB € BepcioHOBaHMMH — 1 PpU KOKHIM 3MiHI JOKYMEHTa HEOOXI1THO
HaJlaTU BEPCito, BiJ AKOI I 3MiHA BHECEHA, 1110 JOMOoMarae rnoMivyatv Ta MOoIepeKaTu
napaJiesibHl 3MiHU Ta KOH(JIIKTH 3a0UCy (BI CyTHOCTI HAMararoThCsl BHECTU Pi3HI 3MIHU
BOJIHOYAC, BIAIITOBXYIOUMCH BIiJl OJHI€I Bepcii OaHWUX, IO TMPU3BOJAUTH JO BTpPATH
Y3ro/KEHOCTI JaHux abo BTpatu manux 3arajgom). Ockinbku B CKIIP Ha ocHOBI
3aMpONOHOBAHOTO METOJy BiOYBAETHCS BEIUKA KIJIBKICTh MapajieIbHUX OOYUCICHD (M1
yac OOYMCIICHHS MIOTOKY pOOIT), pe3yabTaTH 1 MPOIEC SKUX MPOAYKYIOTh 3MIHU B OJIUH 1
TOM caMuii TOKYMEHT, IMOBIPHICTb MOsIBH KOH(JIIKTIB, Ta, BIANOBIIHO, BIAMOB 0a3u y 3aIuci

Yyepe3 HEBIAMOBIIHICTh BEPCii B/l AKO1 CTBOPEHO 3MiHY JI0 OCTAaHHBOI BEpCii HasBHOI B 0a3i
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€ MPAKTUYHO CTOBIJACOTKOBOIO. JIJisl YHUKHEHHsI MPOOJIeM TakoTro pojay, Ha 0asi cepicy
AKUH 130J110€ poOOTY 3 0a3010, OYyJI0 peani3oBaHO MPUMITUBHUI TpaH3aKIIHUN MeXaHI13M,
KU nepeBuo0yBae OHOBIIEHY BEPCiIO JJOKYMEHTa 3 0a3u Ta MOBTOPIOE BHECEHHS 3MIHU B

1IeH JOKYMEHT, IOMTOKH He Oy/1e TOCSITHEHO YCHIITHOTO 30epekeHHs B 6a3y 0e3 KOH(IIKTIB.
3.2.3 IIporpamnuuii inTepdeiic B3aemonii 3 CKIIP

Jnst Bukopuctanusa CKIIP Ha ocHOBI 3a1IpOIIOHOBAHOTO METOAY MicCJsl 1i pO3ropTaHHs
Ha Kubernetes-kiactepi He0OXiHO:

— PpO3pOOUTH ONEPATOPH, SIKI BUKOPUCTOBYBATUMYTHCS J1JI1 BUKOHAHHS OOYHCIICHD;

— 3aBaHTaXuTH iX B Docker-peectp (AKI10 peecTp NMpUBATHUN — HEOOXITHO TAKOXK

nepekoHatuck 1o Kubernetes-kiactep € aBTeHTH(HIKOBAHUM JIJIs1 3aBaHTaKEHHS
3 LIOTO PEECTPY);

— OTOJIOCUTH iX B KJIACTEP1 pa30oM 3 BUJIaMU JaHUX, SIK1 0OpOOJISIOTHCS.

Omneparopu Ta BUIU JAHUX BU3HAUYAIOTHCA 32 JTOMOMOTOI0 BU3HAUCHHSI CIIECLIAbHUX
Kubernetes-pecypcie (CRD — custom resource definitions), siki CTarOTh JOCTYITHUMHU Y
Kubernetes-kiactepi miciast po3ropTaHHs mporpamMHoro 3aco0y. Tak, BuJ JaHUX
BU3HAUYAETHCS SIK CTPOKOBA MITKa, KA TI0AaTKOBO Ma€ CTPOKOBY Ha3BY IS BUKOPUCTAHHS

y iHTepdeiicax:

apiVersion: mlynar.dev/vlalphal
kind: DataKind
metadata:
name: number-array-json
spec:

displayName: 'Number Array JSON'

Jls Oneparopa sk BU3BHaYaeThes mocuiiaHHs Ha Docker-300pakeHHs, apryMEeHTH 1110
MEepPEeAAThCA 10 TOYKH BXOJYy 300pa’K€HHSA, CIHCOK BU[IB JaHHUX, SKI MOXYTb OyTH

pe3yJibTaraMu 00UYHCIIEHb OlepaTopa., a TAKOX 3MIHHI OTOUCHHS:
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[TocTiiiHi  3MIHHI OTOYEHHS — 3a0e3Me4Yyl0Th MOXJIMBICTH  CTAaTHYHOTO
KOH(}ITypyBaHHSI KOHKPETHOTO 300pakeHHs. Tak, HanpuKiajd, OJHE 1 T€ caMe 300pa’KeHHS
3 PI3HUMH CTATUYHHMH 3MIHHUMHU OTOYCHHS MOXE BUMAratv Pi3HUX BXIJHUX JAHUX Ta
BIJINOBIJIHO BUKOPHUCTOBYBATHCh y Pi3HUX omnepaTtopax. sl TakuxX 3MIHHUX OTOYEHHS
3a/1a€ThCS Ha3Ba 3MIHHOI Ta ii CTPOKOBE 3HAYEHHS;

KoHpirypoBani 3MiHHI OTOYEHHSI — CHYTyIOTh JJIS MOXIJIMBOCTI JUHAMIYHOTO
HaJalITyBaHHS OMNEpaTopy, HANpUKIad uyepe3 iHTepdeic KopHucTyBaya, 3a JOMOMOTrOI0
SIKOTO 3aITyCKAIOThCs 00unciaeHHs. J[J1s Taknux 3MIHHUX OTOYCHHS 33/1a€ThCSI Ha3Ba 3MIHHOT
Ta 3HAYEHHS 32 3aMOBUYYBaHHSIM;

BximgH1 maHi — 17151 KOKHOTO BXOJY OTIepaTopy BU3HAYAETHCS BUT TAHUX, ITI0 Ma€ OyTH
HAJaHWN 10 BOTO BXOMAY, @ TaKOX 3MIHHA OTOYEHHS, B fAKii OyJe 3a3HAaYeHO LUISIX 10
(haitity, 1110 MpeacTaBIIse BX1AHI JaH1 3a3HaYE€HOTO BU/TY.

Jlst mpukItamy, BU3HAYMMO OTIEPaTop, M0 OOYHCIIOE CepeaHe apuPpMETHIHE s
MacHBY 4HCeJl, MOCIYTrOBYIOYUCH JOBKHUHOIO MAacCHUBY Ta CYMOIO €JIEMEHTIB MAacCUBY, IO
HAJINIUIKA BiJl THIIMX OMepaTopiB. Y aOCTpaKTHOMY 3aluCl JaHUN OMEPaTOp BUTIISIAE SIK
average (number-array-sum-json, number-array-length-json) =>
number-array-average-json.

V¥ Burnsaai Kubernetes-pecypcy onuc onepaTopa BUTIISAA€ HACTYITHUM YUHOM:

apiVersion: mlynar.dev/vlalphal

kind: Operator

metadata:

name: average
namespace: default
spec:
image:"example/example-average:latest"
possibleOutputKinds:
"number-array-average-json"
inputs:
- fileLocationEnv: "INPUT SUM"

dataKind: "number-array-sum-json"
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- fileLocationEnv: "INPUT LENGTH"
dataKind: "number-array-length-json"
constantkEnv:
- name: "EXAMPLE ENV_ VAR"
defaultValue: "example"
configurableEnv:
- name: "MULTIPLY BY"
defaultValue: "1"

Jlnst kopekTHOT poOOTH, TOUKa BXOJAY 300pakeHHs (entrypoint) MyCUTb 3aIlyCKaTu
3aropHyTe MporpamMHe 3a0e3reueHHs. 3aropHyTe MporpaMHe 3a0e3meueHHs BU100yBa€e CBOi
CTaTUYHY Ta JWHAMIYHY KOH(QIrypaiii, a TakoXX po3MilieHHs (aiiaiB BXIAHUX JaHUX 31
3MIHHHMX OTOYCHHS, OTOJIOIICHMX 111 Yac peecTpallli onepatopy y Kubernetes-pecypci.

[Ticns BUKOHAHHS OOYMCIICHb, KOHTCWHEPU30BAHUM oriepaTop 30epirae pe3yabTaTh
Ha JIMCKy KOHTEWHepa. Po3MimieHHs, B sSk€ MalTh OyTH 3amucaHl BIAMOBIIHI (aiau
BKazaHO B okpemiil 3miHHIA oToueHHs — MLYNAR OUTPUT DIR. Ha pomauy o
BUXITHUX (aliiIiB 3 pe3ysbTaTaMi OOYHCIICHb, POTPaMHE 3a0€3MeUeHHS OTIepaTopy Mae
3anucatu ¢aiin-ManidecTt, KU nepeidyye BUJlaHl pe3yabTaTh oOUYHCIIeHb Ta MapKye ix
BIMOBIMHMMH BHUAaMH JaHuX. Hampukian, omeparop, SKui OOYMCITIOE CEpeaHE

apu(meTryHe BUIEOMICAHOTO BUAY «MacuB uucen», BUaae Takui ¢ain-manidecr:

{

"outputs": [
{
"dataKind": "number-array-average-json",
"file": "/data/output/average.json"

}
Mamnidect CTpyKTypOBaHO y BUTJISAIAI 00’€KTa 3 OAHOTO IMOJIS 3ajIs 3a0e3MeueHHs
3BOPOTHOI CYMICHOCTI y BHIQJIKy HEOOXIIHOCTI PO3LIMPEHHS KIIBKOCTI a00 BUIY MOJIIB-

pe3yibTaTiB poOoTH omneparopy. TakuM YMHOM, y BUIIAJKY PO3IIMPEHHS CTPYKTYPH IIHOTO
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0o0’exTa /ISl MATPUMKH IHAKIIMX BUJIIB Mepefadl pe3yiabTaTiB oOYMCIIeHHs, a00 1HIIMX
dbopM pesynpTaTy poOOTH OmepaTopy TOIIO, OMEPaTOpH, IO BUKOPHUCTOBYIOTH CTapy
BEpCI0, BCE MIE MIATPUMYBATUMYTHCS HOBIITUMHU BEPCISIMU MPOTPAMHOTO 3a0€3TEUCHHSI.
Tak caMo0, 00’ €KT, 1110 ONTUCY€ KOHKPETHUH (Daili-pe3ysibTaT J03BOJISE 10JaBaHHS YTOUYHEHD
1 pO3IMHMpPEeHh B MalOyTHHOMY 31 30€peXKEHHSM 3BOPOTHOI cyMmicHOCTI. Takoxk, BapTo
JOTIOBHUTH, IO PE3YyJIbTATOM pPOOOTHU ONEPATOPY MOXKE OyTH NOBIIbHA KUIBKICThH (ailiiB
JOBUIBHUX BUIB JaHUX (3 3apEECTPOBAHMX), BC1 3 IKMX MalOTh OyTH BKa3aHl B MaHi(decTi
pe3yabTaTiB OOYHCIICHHS, OJTHAK JJIsI KOPEKTHOTO MepeI0aYeHHs OTIEPaTOPiB, M0 MOXKYTh
OyTH 3aryIieH1 IiJl Yac MPOBEACHHS OOYMCIICHb HaJl HaJaHUM HaOOpOM OJIMHMIIL JaHUX,
HEOOX1THO BKa3aTH BC1 MOXKJIMBI BUU TAHUX, SIKI MOKYTh OyTH MPEACTABICHI OIIepaToOpoOM
AK pe3ynbTaT 00YHCIICHb.

JI1s1 BUKOHAHHS MIOTOKY POOIT 3/1HCHIOETHCS HACTYITHA TTOCIIIOBHICTD OTepalii:

1) crBopenns: I1P;

2) OPUKPITIIICHHS TaHUX;

3) mapametpu3aris [1P;

4) zamyck I1P;

5) BiacTexkeHHs BUKoHaHHS [1P;

6) BumOoOyBaHHS pe3yIbTaTiB OOUYNUCICHD.

Jlaui omeparii BUKOHYIOTBCS 3a gomoMoror HTTP-zamuriB. Po3srmsaemo mani
3amuTH  JieTanbpHime. [[ns BUKOHAaHHS OOYMCIIEHb 3apEeeECTPOBAHMMH  OINEpPATOPAMHU
HEOOX1THO CTBOPUTH TOTIK PoOiIT (3ar. 1):

ZBanuT 1: POST /api/run

Tino: nycrTe

Bimnnorinmb: {

Y id”: “26d3d028-91c9-4£f2f-8098-c2092a026a58”,
“steps”: [],

“status”: “created”,

“dataPool”: [],

“paramPool”: {}
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[{s1 omeparriss CTBOpIOE HEOOXIIHY CYTHICTh B 0a3il manux. Ilicis 3aBepiieHHS Ii€l
oreparlii MoTpiOHO 3aBaHTAXKUTHU HEOOX1IHI BX1HI JIaH1 111 OOYUCIIEHb 3apEECTPOBAHUMHU
oTepaTopamH, MPUKPIMUTH iX 0 HOBocTBOpeHoro 1P Ta oxapakTepu3yBaTu BUIOM JaHUX
(3am. 2):

SBamuT 2: POST /api/run/{id}/upload/{dataKind}

Tijno: FormData, mo MicTuTh ¢any y OOBLJIBHOMY IIOJI1

Bignorigb: {

“id”: “d3bl38aa-9661-4a08-a9db-831b7bf36e08”,
“dataKind”: “{dataKind}"”,

“ancestors”: []

OCKUJIbKM OTOJIOIIEHI OINepaTopd MalOTh NapaMmeTpu, iX MOXKHA BUAOOYTH
CKOPUCTABIIUCh HACTYMHHUM 3anmuToM (3am. 3). OTpuMaHi AaHi Mpo HapaMeTpu MOXYTh
OyTH BHUKOpUCTaHI Tak 1 A KOHQIryparii KiHIEBUM KOPHUCTyBadueM Yy TrpapidyHOMY
iHTepdeiici, Tak 1 11 aBTOMAaTUYHOT KOHDIryparii IHIIUM IpOrpaMHUM 3a0€3ICUCHHSIM.

Z3anuT 3: GET /api/run/{id}/params

Bignorigb:

“operatorA”: {
“paramAA”: “defaultValueAA”,
“paramAB”: “defaultValueAB”,
by
“operatorB”: {
“paramBA”: “defaultValueBA”,
“paramBB”: “defaultValueBB”,
by
}
[Ticnst BUOOpY 3Ha4YeHb MapaMeTpiB ONEpaTopiB, BOHU MOXYTh OyTH mepenaHi y

HACTYIHUM 3anuT (3a1l. 4) 1Jid 1HIL1I0BaHHS TPOBeeHHS 00unciieHb. [Ipyu BUKOHaHHI IILOTO
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3amuTy TepefaHl mapaMeTpu oreparopiB OyJie 3amucaHo 0 0OpaHOro MOTOKY pooOiT, Ta
Oyne posnouato ioro BukoHaHHs. Craryc 1P 3minuThes 3 “created” Ha “running”.

BanuT 4: POST /api/run/{id}/run

Tijio: BlAONOB1Ob NONEPEIHBOTO 3ANUTY 3 OOpPaHUMU
KOPUCTyBaUeM 3HAUYEHHSIMU

Bimnoringb: {

“ id”: “26d3d028-91c9-4£2£-8098-c2092a026a58",
“steps”: [],
“status”: “running”,
“dataPool”: [{
“id”: “d3bl138aa-9661-4a08-a9db-831b7bf36e08”,
“dataKind”: “{dataKind}"”,
“ancestors”: []
by
vl
“paramPool”: {Timo 3anmuTy}

}

Jlns mepeBipku cratycy BukoHaHHs [IP, a Takox cmmcKy KpoOKiB, iX cTaTycy —
«CTBOPEHO», «OOUUCIIOETHCS», «YCIIIIHO OOYHUCICHUI», «OOYUCICHUH 3 TOMMIKOIOY,
cniucky HassBHUX y [P O muanib qanux — sk BX1IHUX, TaK 1 JOJIaHUX B TPOIEC] OOUHCIICHHS,
3aCTOCOBYETHCS HaCTyNHUM 3anuT. [lepeadavaeTnes, 1m0 cucTeMa, 110 BUKOPUCTOBYBATUME
CKIIP mepeBipatume cratyc obuncieHHs [IP muisxoM BHUKOHAHHS OKpEMHUX 3alHTiB,
BHACJIIJIOK 11 KOPUCTyBaya ado 3a YaCOBUM 1HTEPBAJIOM.

ZBanur 5: GET /api/run/{id}/run

Bimnorigb: {

“oid”: “26d3d028-91c9-4£f2f-8098-c2092a026a58"”,
“steps”: [{
“id”: “c8387a43-b1f8-4128-a0cl-26488621ff5e”,
“inputDataUnits”: {
“inputl”: “d3bl38aa-9661-4a08-a9db-831b7bf36e08”
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by
“outputDataUnits”: [
“49e7261c-771e-4£f12-a456-e95f1da9%c884"
1,
“operator”: “operatorA”,
“status”: “running”
w1y
“status”: “running”,

“dataPool”: [{

“id”: Y d3bl38aa-9661-4a08-a9db-831b7bf36e08”,
“dataKind”: “{dataKind}”,
“ancestors”: []

by

i

“paramPool”: {Tijyo zanuty}

}

s nepenuacHoi 3ynunku [1P y pa3i 3HUKHEHHS OTpeOu y MPOBEICHH] 00YUCIIEHb,
pIIIeHHI 3MIHM TIapaMeTPiB UM BXIJHUX AAaHUX a00 TOCSTHEHHS HEOOX1THOTO pe3yibTary
00YHUCIIeHb, MOKE OyTH BUKOHAHWI HACTYMHUH 3anuT (3arl. 6):

BanuT 6: POST /api/run/{id}/terminate

Tijo: nycre

Bimnorigb: {

“message”: “Run terminated”,

}

o, mix yac Ta micis 3aBepiineHHs: BukoHaHHs [IP, Oyjb-sika OMHUIIS TaHUX MOXKE
OyTu BU100yTa 3 cUCTEMH 3a 11eHTU(IKaTopoM (3arl. 7):
BanuT 7: GET /api/run/data-unit/{dataUnitId}

Bignorinob: danmy OOMHMIIL IOaHMUX
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J{7151 TOBHOT'O OYMIIICHHSI CUCTEMHU BiJl AJaHUX (SIK 1 JaHUX mpo cam [1P, Tak 1 BXigHUX,
MPOMDKHUX Ta BUXIIHUX JdaHux oOuuciens [IP), mow’s3anux 3 mnepHum IIP,
BUKOPUCTOBYETHCS HACTYITHHUM 3anuT (3a1l. 8):

Z3anuT 8: DELETE /api/run/{id}

Bimnoringb: {

“message”: “Run deleted”,

}

Takum ywmHOM, 3amponoHoBana CKIIP mpomonye moBHMI HaOip omeparii s
3alyCKy TIOTOKIB pOOIT, BIJCTEKYBaHHS I1X BHUKOHAHHS, BUI0OYBaHHS pe3YJbTaTiB

O0OYHMCIICHUX OTIEPATOPIB Ta BUJAICHHS TaHUX.

3.3 Aunagiz mBuakoaii CKIIP

Orrinka MBHUIKOIII CHCTEMH BIUIMBAE HA 3arajbHy OIIHKY CaMOTO MiIXOTy.

Posrnsitnemo  4acoBi  xapaktepucTukud  BukopuctanHs CKIIP  Ha  ocHOBI
3aIIPONOHOBAHOT0 METOLY JUIS INIPOBEICHHS OOYMCIEHb. MOro MOXKHA PO3IIINTH Ha
HACTyIHI KOMITIOHEHTH:

— bac, 110 BUTPAYAEThCS HA KOPUCHI OOYMCIICHHS;

— HaAKJIAJHI BUTPATH HA pOOOTY aTOPUTMY BHUSBIICHHS HACTYITHUX KPOKIB;

— HaAKJIaJHI BUTpPATH Ha MIATOTOBKY OTOUYEHHS BHKOHAHHS KPOKY Ta Tepemady

BUXITHHUX JTaHUX;
OCHOBHUM KOMIIOHEHTOM 3arajJibHOTO0 4acy BUKOHAHHS TOTOKY pOOIT € bac, Mo

BUTPAYAETHCS HA MPOBEJICHHS KOPUCHUX oOunciens (3.1):

n
xop. = Z Lxpoxky ir 3.1
i=0

Ac:

tyop. € 3araIbLHUM YACOM KOPUCHUX OOUYHCIIEHD;
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— N € KUIbKICTIO OKpeMux KpokiB [1P;
tepoxy € 4ACOM OOUHMCIIEHHS OKpeMOTo Kpoky TTP.
Yac, uio Butpayaetrhes anroputMmoM CKIIP Ha BUSIBIEHHS HACTYITHUX KPOKIB MOXHA

MPEACTABUTH HACTYITHUM YMHOM (3.2):

n
Lanr. = E Lirepauii is (3.2)
i=0
Ie:
t.r. € 3aTAUTBHAM YacOM POOOTH alTOPUTMY;
— T € KUIbKICTIO OKPEMHUX 1Tepalliif aropuTmy;
tirepanii € 44COM OOYUCIIEHHS OKPEMOI ITEpALLii arOpUT™Y.
AHQJIOTIYHO BUTJISJAIOTh 1 HAKJIAIHI BUTPATH HA IMIJTOTOBKY OTOYEHHS KPOKIB 1

nepenauy nanux (3.3):

n
tni,q. = Z tOTO‘{eHHH i (33)
i=0

ae:
tsan, € 3aTaJIBHUM YacoOM Ha POOOTY 3 OTOUEHHSIM;
— 7 € KUTBKICTIO OKpeMuXx KpokiB I1P;
torouenns € 9ACOM Ha MIATOTOBKY OTOYEHHS OKpeMoro Kpoky I1P.
TakuMm 4yMHOM, 3arajlbHUM Yac BUKOHAHHS MOTOKY POOIT € CyMOIO 4acy KOPHCHHUX

00YHUCIIeHb, Yacy poOOTH aIrOPUTMY Ta Yacy Ha poOOTYy 3 OTOUEHHSIM:

tsar. = tiop. T tanr. T tain, (3.4)

Yac t, ;. Ta ty;; 3anexurth Bia cnocoOy peanizauii CKIIP (ouinroerses B i305141ii abo

y CKJIa/ll KOMIUIEKCHOI CUCTEMH).
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3.3.1 AHaJji3 WBUAKOLII AJITOPUTMY B i30/15111il

3a yMoOBM, IO HaKJaJHI BUTPATH dYacy, IO HEOOXiJHI Uil JAWMHAMIYHOIO
KOHCTPYIOBAHHS aJITOPUTMOM Tpady MOTOKY poOIT MiJl 4ac MOro BUKOHAHHS € 1CTOTHO

MEHIIIMMHU 32 Yac, 1110 BUTPAYAETHCS HA KOPUCH1 OOUYKCIIEHHSI Ta poO0TY 3 0TOUeHH:M (3.4):

tKOp. + tnia. >> tanr.r (35)

4acoM poOOTH aJIrOPUTMy MOXHA 3HEXTyBaTH (3.5):

t3ar. ~ tKOp. + tni,q.' (36)

[Ipy BUKOHAHHI JaHOi YMOBH TaKOX 30€pIiraTUMYThCSl IMEpeBaru airoputrMmy y
€KOHOMI1 Yacy Ha po3poOKy Ta Moaudikarlito [13 mo BUKOPUCTOBYE MOTOKH POOIT MIISTXOM
3MEHIIEHHS KUJIBKOCTI BTpyYaHb y KOJ, HEOOXITHUX Il MOAu(iKallii BUKOHYBAaHOTO Yy
MOTOIII POOIT KOTY.

[lepeBiprMo BukoHaHH: (3.5) MUIAXOM 3aMipy yacy Horo poOOTH Ha MOTOKax poOIT
pi3HOrO po3Mipy. OCKUIBKH CyTh JITOPUTMY MOJISTAE Y TUHAMIYHOMY CTBOPEHHI MOTOKIB
poOIT miag yac iX BHUKOHAHHS, TECTyBaHHS OyJ0 BHKOHAHO HUISIXOM PaHIAOMI30BaHOTO
CTBOPEHHS HaOOPIB 3 ONepaTopiB, BUIIB JAHUX Ta BXITHUX OJUHUIIb TAHUX.

OxkpiM 3aMipiB Yacy y NOTOKaxX poOiT pi3HOI CKIAHOCTI, TECTYBAHHS TAKUM IILJISTXOM
JI03BOJISIE TIEPECBIMYUTUCA y 3HATHOCTI alrOPUTMY BHUTPUMYBAaTH 3aCTOCYBAHHSA Y
JOBUTHHOMY OTOYEHHI JJIS BUPIIIEHHS JOBUIHHUX OOYUCITIOBAIBHUX 3a/1a4.

J171s1 CTBOpPEHHS pealiCTUHYHUX IITYYHUX OTOYEHB Ta MOTOKIB POOIT OYyJI0 peani3oBaHoO
HaOlp (QyHKUIA, 10 BUKOHYIOTh NOBHY MIATOTOBKY TECTOBUX AaHUX. [l KOXHOrO
tectyBaigbHOrO [IP renepyerscs 10 BumagxkoBUX BHUIIB JaHUX Ta 15 BHUIAIKOBHUX
omepaTopiB. [Jis KO)KHOTO ONepaTopy BUITAJKOBUM YNHOM OOMPAETHCS OJUH YH JBa BXOIH,
K1 MOXKYTbh OyTH 00paHi:

— 3 TIepIIOi TPETUHU BUIIB JaHUX;

— 3 Ipyroi TPETUHH BUJIIB JIAHUX;
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3 IMOBIPHICTIO BUOOPY SIK MIXK KIJIbKICTIO BXO/IIB, TaK 1 Mixk TpeTuHamu y 50%. Bubip
BUJly JTaHUX BCEpPEIMHI TPETUHU € piBHOMIpHUM. OnuH (3 imMoBipHicTiO 80%) un nBa (3
iMoBipHIcTIO Y 20%) BUXIIHUX BUIU JIaHUX OMNEPATOPy OOMPAIOTHCS 3 OCTAHHIX JIBOX
TpETUH BUMIB AaHuX. Takui miaxix Oyiao oOpaHo i iMiTalii OB peaTiCTUYHUX
CIleHapiiB BUKOPUCTAHHS 3 JCKiJIbKOMA 3B’SI3aHMMH IOTOKAMHU POOIT, III0 MAOTh BXI1IHI,
MIPOMIXKHI Ta BUXI1/IHI JaHi.

Jns iHImiamii moToKy poOIT CTBOPHOETHCS 3 OJMHMUIN JTaHUX JOBLIBHUX BHUIIB 3
sreHepoBanux 10, micis yoro HacTymH1 Kpoku [1P 06uncaio0Thes anropuTMOoM, 11€HTUYHO
710 IPOBEACHHS peaTbHUX O0YHUCIICHbD.

OCKiTbKM BUKOHAHHA B1ZOYBA€ThCS B IUTYYHOMY CEPEIOBUII, MICIS OTPUMAHHS
HACTYIHUX KPOKIB B KIHIIl KOXKHOTO IUKJIY alropuTMy, obupaerbcs 95% obOuucieHux
KPOKIB JJIsl YTBOPEHHS IITYYHHUX «PE3YIbTATIB» X 00UnCIeHb. [ KO)KHOIO 3 IUX KPOKIB,
KOXKEH 3 iX MOMJIMBUX BUIIB JaHUX MOKe OyTH MOBEPHYTHH 3 iMOBIpHICTIO Y 60%, 3amms
IMITaIlli TPUHUHSTTS JIOTIYHUX PIIIEHb BCEPEIUHI oneparopy. s KOKHOro moBEpHYTOTrO
BUJTY JIaHUX CTBOPIOETHCS OJIHA OJUHUIIS TAHUX, sIKa MOBepTaeThes B HaOip naHux [1P.

[Tim gac BUKOHAHHS EKCIIEPUMEHTIB 3a OMHCAHOIO CXEMOI0 icToTHa 4actwHa [IP,
yepe3 BUNAJAKOBE TeHEpyBaHHS HAOOPIB OMEPATOPIB Ta BUIB JIaHUX, Malla TEHACHIIIO 10
EKCIIOHEHITIMHOTO PO3IIMPEHHS — 30UTBIIEHHS KUTBKOCTI HOBHX €JIEMEHTIB JTAHWX, HOBHX
OTIepaTOPiB, YUM CYTTEBO YCKIIATHIOE TTPOBEACHHS IUIaHyBaJbHUX 00UnCcieHb. BinTak, Taki
MOTOKK pOOIT OyJIM BIJICISTHI — SIKIIO KIJIBKICTB iTepalliii anroputmy mnepebuipirye 30 uu
KUTBKICTh eJieMeHTiB fanux nepedunsirye 1000 — [P BigkumaeTses.

[Tonpu Te MO0 OCHOBHOIO TMPUYMHOIO TAKOi MOBEIIHKH € BUIIQJKOBE Ta INTYYHE
CTBOPEHHSI OIEpPaTOPiB Ta iX B3a€MO3B’SI3KIB, HEHAaBMHUCHE CTBOPEHHS €KCIIOHEHIIIIHO
3poctarouux [1P y cutyarrisix peaJibHOro 3aCTOCYBaHHS € TEOPETUUHO MOKIUBUM.

B nepury uepry, 1ie Bkazye Ha HEOOX1JIHICTh B YBaXKHOMY CTaBJICHHI JI0 3arajJibHOTO
Ha0oOpy omneparopiB, 110 3AIMCHIOIOTH OOYUCIEHHSI B CUCTEMI, iX BXIJIHMX Ta BUXITHUX
JIaHUX, Ta y MPOAYMYBaHHI MOXJIMBUX CUTYaIlli €KCIIOHEHIIIHOTO 3POCTY.

B npyry yepry, 11e Bka3zye Ha MPOCTIp M7l MOTEHIIHHOTO MOKPAIICHHS MIIX0Ty —
BBCJICHHS TIOMEPEAHBOTO CTATHYHOTO aHaI3y BXIAHUX JAaHUX Ta HasSBHUX ONEpaTopiB Ha

PHU3HK PANTOBOTO €KCIIOHEHIIIMHOTO 3POCTY.
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byno oOuucneno 523 mTy4yHi MOTOKHU poOIT Ta 310paHo AaHi rpo HUX (puc. 3.8).
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Pucynok 3.8 — IToToku po0Oit, oTpuMaHi B pe3ysibTaTi 00UHCIIOBAILHOTO €KCIIEPUMEHTY

OTpuMaHi B pe3yJIbTaTi EKCIIEPUMEHTY MOTOKU pOOIT Maiv ICTOTHO Pi3HI MapaMeTpu:

— KUIBKICTB iTepaliiid anroputmy Big 1 1o 31;

— KUIBKICTB KpoKiB Bijg 0 g0 110;

— oauHuNb ga"ux Big 0 mo 1143;

— yac, 1[0 BUTpPa4YeHO Ha o0umcieHHs Bia <Imc go 238.47mc.

Binrak, abu aHani3 HaJy OTPUMAHUMH BUMIpaMu OyB 3MICTOBHUM, OTPUMAaHI TOTOKH
poOIT OyJ0 po3/lJIeHO Ha 4 KJIacTepH 3a JIOMOMOTOK arOpUTMY K-HalWOMMXKUYUX CYCIIiB.
Kinbkicte kmactepiB Oyio oOpaHo eMmipuyHO, 0a3ylOuuCh Ha BI3yaJlbHOMY PO3IMOJALII
JAaHUX Ta MOKJIMBOCTI 3ICTaBJIEHHS OTPUMAHUX TPYN 3 pPEATbHUMH CLEHapisiMu

Bukopuctanus [1P. Takum unHOM, OyJI0 OTPUMAHO IPYIIU 10 MPEACTABISIIOTH IIOTOKU POOIT

CYTT€EBO PI3HUX PO3MIpIB.



103

[TopiBHSIHHA MIX OTPUMaHUMHU KJacTepaMH MO KpPOKaX, KIIbKOCTI OJUHHUIL Ta

KUTBKOCTI 1TE€palliii aiIrOpuTMy HaBEJIEHO Ha puc. 3.9.
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Pucynok 3.9 — Ilotoku po0it, oTpriMaHi B pe3yJIbTaTi 00UHCIIOBAILHOTO €KCIIEPUMEHTY,
po3mineHi Ha 4 kinactepu (K-HaHOIMKINX)

VY3aranpHeHy CTAaTUCTUYHY 1H(GOpPMAIII0 MPO BUSBIEHI IPYNU CHUMYJIbOBAHUX Y

BUIIAJIKOBO 3reHepoBanomy cepenosuiii [IP naBeneno y tadm. 3.1.

Tabnuusg 3.1 — J[ani mpo MOBENIHKY aJITOPUTMY Y TECTOBOMY CEPEIOBHIIII

Knacrep 1 | Kmacrep 2 | Knactep 3 | Knactep 4
KinbKicTh MOTOKIB pobiT 479 28 12 4
Itepariii anroputmy (MiH) 1 6 16 27
ITepauiii anroputMmy (Makxc) 9 17 27 31
ITepartiii anroputmy (cep) 2.77 10.14 20.83 29.00
Itepamiii anroputMy (Men) 2 10 21 29
OO6uncieHnx KpokiB (MiH) 0 13 28 87
O06uncieHuX KPOKiB (MAaKC) 20 47 70 110
OO6uucneHnx Kpokis (cep) 5.09 22.57 51.00 96.25
OO6uucieHux KpokiB (Men) 4 21 49 94
Onunuie naHux (MiH) 0 43 283 793
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OpunuLb JaHuX (Makc) 42 153 612 1143
Opunuib naHux (cep) 5.83 82.21 391.08 916.00
OnuuuIe nanux (Men) 3 75 369 864
Yac obuucienpb, Mc (MiH) 0.0089 1.78 10.95 61.86
Yac o6umciieHb, Mc (Makc) 6.34 133.89 91.55 238.47
UYac o6umnciienp, Mc (cep) 0.58 27.56 30.82 182.25
Yac obuucienp, Mc (Men) 0.37 4.55 16.44 214.33

3a nanumu, HaBeneHUMHU y Tabn. 3.1 Ta puc. 3.8-3.10 BugHO, 110 32 pe3yJbTaTOM

KJIacTepHu3allii 3a JIOMOMOTOI0 aNTrOpUTMy K-HalOmmkuux Oynio BuaUIeHO 4 KIacTepH

MOTOKIB POOIT Pi3HOI OOUYMCIIOBAIBLHOI CKIJIQJHOCTI, K1 BIAMOBIAAIOTH PeaiCTUUYHUM

3aJa49aM, o MOXKYTb 6YTI/I MOCTaBJICHI nepea airoOpuTMOM:

— xyjactep 1, HaWOLIBIIMIA 3 TPEACTABICHUX, MOXXEMO BBAXKaTH BIATIOBIIHHKOM

HaWOLIbII 3BUYAHUM Ta IMOIIMPEHUM ITOTOKaM pOOIT, TAKUM sIK O101H(POpMaTHIH1
nocmimkeHHs [98] [99] Ta inmt — 10 20 okpemMux 004YHCIIeHb, Ta 0 7MC BUTPATH
Ha TUTAaHYBAaHHS KPOKIB, 3 5 KpoKaMu Ta 0 1 McC 4acy B c€peIHbOMY;

KJ1acTep 2 — NpeJICTaBIIsIe€ CePeIHBO-BEINKI O0UHCIIIOBAIbHI HABAHTAXKEHHSI TaKl,
K, Hampukiaa, obpoOka actpoHoMiynux ganux [100] um netanpHuil aHaumi3
cekBeHoBaHoro PHK (RNA-Seq) [101], no 47 kpokiB Ta 134mc Ta 22 Kpoku 1 28Mmc
y CepeaHbOMY;

kiacTepu 3 Ta 4, siKi BiANOBIAAIOTH BETUKUM Ta HaJIBEIHKUM ITOTOKaM poOIT 3 ycix
chep HayKd, BKJIHOYAOYM O101HPOPMATHUYHI  JOCHIKCHHS 3 PEKOHCTPYKIIIT
TpaHCKpunToM 0e3 pedeperncHoro reaomy [102], mo (y cumysisii, Ha TPaKTHUITL

HeoOMmexeHo) 110 kpokiB Ta 238mc.

OO6uucnenns audepeHiritHoi excrpecii TeHiB (1[0 € TUMOBUM PaHHIM KPOKOM B

T€HOMHHMX JOCTII)KEHHIX) MOKE 3aliMaTH BIJl OJHI€T XBUJIMHU (4aCTO JEKIIBKOX XBUJIHH)

MIPOIIECOPHOr0 Yacy HaBiTh Ha BUCOKOMPOIYKTUBHUX OOUYMCIIIOBAIIbHUX cucTtemax [103].

OOGuucneHHs BKJIaJEeHUX NpeacTaBiieHb 3HIMKIB KT Ha HasiBHOMY 00s1aiHaHH1 3aiiMae 011

300Mc 17151 KOYKHOTO 3pi3y.

Biarak, HaBesieH1 y TaOIuIll 1aH1 PO 00’ €M Ta MBUIAKICTH O0YMCICHB MOKA3YIOTh 110

Yy KO>)KHOMY 3 BHSIBJIEHUX KJIacTepiB yMOBa (3.5) BUKOHY€EThHCS.
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OOuuncroBaIbHI €KCIEPUMEHTH MTPOBOAMIUCH HA €K3EMILTISPi IPOrpaMHOTO 3aco0y,
posropuyroMy Ha Kubernetes-knactepi Google Cloud, mo ckiamaerbcss 3 OJHIET
BIpTyaJIbHOI MaIuHu TUIy shared-core (ofHe siIpo Tmpoiecopa MITUTHCS MK JEKUTbKOMa
BipTyanbHUMH siapamu) e2-medium, 3 940 mCPU Ta 3 I'b oneparuBHOi mam’sTi
MaKCHMaJIbHOTO 3aIluTYy.

ExcnepuMeHTH TpPOBOAWINCHL Ha OOMEXEHIM B OOYMCIIOBAIbHIN MOTYKHOCTI
BIpTyaJIbHIM MalllMHI MPU HASBHOCTI Yy KJIAcTepl IHIIMX KOHTEHHEPIB SIKI € YaCTUHOIO
nporpamMHoro 3aco0y (0a3a manux, 00’ekTHe cxoBuile). Kpim Toro, oOuuciroBambHI
MOTYHOCTI OOCIYTrOBYBaJIM TaKOXX KOHTpoOJIowuuii map camoro Kubernetes-kmacrepy.
Binrak, oOuucineHHs [Uisi BUPIMIEHHS 3a7adyl KOHKYpPYBaJIM 3a PECypcH 3 IHIIUMHU
npouecamu. Ilpu BuUKOpUCTaHHI KiacTepa, MO 3a0e3medye PO3MOAUICHHS KEePYHUHUX
(GbyHKIH, e(eKTUBHHUIM Yac BUKOPHUCTAHHS O0OYMCITIOBAIBHUX MOTY>XHOCTEH HAa BUPIIICHHS
KOPHCHO1 3amayl Oyae 3pocTaTh, a BiATaK MPH OJHAKOBUX TEXHIYHUX IMapaMeTpax
O0OYHUCITIOBAJILHOT CUCTEMHU 4ac, 110 HEOOX1IHUM alrOpUTMY I OOYMCIICHHSI HACTYITHHUX

KpPOKiB OyJi€ MEHIIIHM.
3.3.2 Ananiz mBuakonii CKIIP y komiuiekci

[Buakoniro CKIIP y kommiekci OyJio MPOTECTOBAHO MIJISXOM 3aMyCKYy IOTOKIB
pOOIT 3 MIIaHyBaHHSIM peaTbHUX 00YHCIICHbB, TOCIITOBHO Ta MapanenbHo. Take TecTyBaHHS
JI03BOJISIE 3aMIPSITH HAKJIAH1 BUTPATH Yacy, Taki sK:

— BHJIUICHHS PECYpCIB KJIacTepa;

— IIATOTOBKA JaHUX JUIST OOYMCIICHB;

— 3aIlyCK KOHTEHHEPIB,

— 3aBaHTA)XCHHS JaHUX Ha3aJ y CEpBep;

— BUBUIBHEHHS PECYPCIB.

Jl71st mpoBeieHHsT TeCTyBaHHs 0yJI0 0OpaHO HaO1p MPOCTUX BUAIB JAHUX:

— MAacuB YHCET,

— JIOBKMHA MAaCHBY YHCE;

— CyMa MaCHBY YUCCII;

cepeliHe apu(pMETUYHE MAaCUBY YHCEIT;
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Ta ONEPATOPIB:
— 00yucIIOBaY JOBXKHHA MACUBY (MacUB => JJOBXHHA);
— o0uMcIIoBaY CyMU MacuBy (MacuB => CyMma);
— 004YMCITIOBAaY CEPETHBOI0 apUPMETUUHOTO (JOBKHHA, CyMa => CEPEIHE).

Cdopmosanuii 3 nanux B Ta onepatopiB MoTik poOIT BUTIISAIAE HACTYITHUM YHHOM

(puc. 3.10).

JOBXWHa

—>» [OBXWHA
MacuBy

MacuB
Hcen

cepelHe

cepefHe
peA MacwuBy

Yy v

cyma
MacuBy

—>»( cyma

Pucynox 3.10 — [ToTik poOiT 00UnCIEHHS CEPETHBOTO apU(HMETHIHOTO MACHUBY YHCEIT

Onmnepariii, BukoHyBaHi y mboMy [IP € enemenTapaumu Ta mBuakumu. KoxHa 3 1ux
orieparlii 130JJp0BaHa B OKPEMOMY OIlepaTopi, 1, BIJITaK, BUMAra€ OKpeMoi IMiJArOTOBKH
JaHMX Ta 3aBaHTAXKEHHS 1X A0 cepBepa. Bxinuuii Mmacus yucen 6yja0 oOpaHO KOPOTKUM IS
3MEHIIIEHHS y4acTi yacy oOurciieHb Yy 3arajibHoMy yaci BukoHanss [1P. Bigrak, 3 o6panumMu
BXITHUMHM JaHHMH, yCl BHKOHYBaH1 omepalii CymMapHO 3aiiMalOTh MEHIIE OJHIET
MUTICEKYHIIM, TOMY MOXEMO BB@XKaTH IO Yac, OTPUMAHHWMA IIiJ] 4Yac TECTYBaHHS €
HaKJIaTHUM YaCOM.

Haxnagnuit yac 0ysn0 BUMIPSIHO y ABOX CIIEHAPIsAX:

1. mocmigoBHe BukoHaHHs [P y kinacTepi B oAuH BY307;

2. mapanenbHe BukoHaHHs [IP y kimactepi B 1 sITh By3JIiB.

Taki cueHapii 0yyno o06pano st hiKCyBaHHS MIBUIKO/II CUCTEMU SIK Y MPOBEJICHHI
1HIMBIAYaJIbHUX OOYHMCIICHB, TaK 1 Y IPOBEJAEHHI JICKIIbKOX 00UHCIICeHh BOJIHOYAC, 1, TAKUM
YUHOM, (PIKCYBaHHS PI3HMLI Yy LIBUIAKOCTI ajloKalli pecypciB MpH MOsIBI JEKUIBKOX

OJIHOYACHUX 3alMTIB Ha 11 PECYPCH.



107

Jlnst mpoBezieHHsT BUMIpIB OyJio po3po0JieHo ckpuMlT, 1o ctBoptoe [P, 3aBanTaxye
no Hboro pgaui, iHimiroe IIP Ta 3 iHTepBasom y 500 MijgiceKyHJ ONMUTYE CepBep M0
3aBEPIICHHS BUKOHAHHSI TOTOKY poOiT. [lyist crieHapito 1, miciist 3aBepiiieHHs OJTHOTO MMOTOKY
poOIT, BiApa3y 3alyCKaeThCSd HACTYIHHUM JI0 JOCSITHEHHS TOTPIOHOI KIIBKOCTI
excriepuMeHTiB. st crienapito 2 nekinbka [P 3amyckaeThcst BogHOYAC, Ta IO 3aBEPIISHHIO
OyIb-SIKOTO 3 HHUX 3allyCKa€TbCS HACTYNMHUW A MIATPUMKM TMOCTIMHOI KIIBKOCTI
BUKOHYBaHHMX OOYMCIICHbB, 10 JOCATHEHHS KIHIIEBO1 KUIBKOCTI 3aBepiieHux [1P.

Jlist mepioro crieHapito 0yJi0 MociiIoBHUM 4yuHOM oOunciieHo 100 moTokiB pooirT,
Ta 3aMIpsSHO Yac Bij 3aITyCKY KPOKY JI0 HOT0 3aKpUTTS (BKJIIOUHO 3 JCaTOKAIlIE€I0 PECypCiB).

[Hdopmartito npo oTpuMaHi BUMipU HaBEACHO y Tabmuii 3.2.
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Ta6nuis 3.2 — Bumipu mBUIKOCTI 00YKCIIEHb, MTOCTIIOBHO, Y KiacTepi B 1 By307

IToTik po0iT 3arajiom Kpoxku okpemo
UYac o6uncienss (MiH) () 32.10 15.11
Yac obuucienns (makc) (c) 57.00 35.32
UYac o6uncienss (cep) (¢) 40.99 19.58
Yac obuucnenns (men) (c) 42.09 20.17

s npyroro cieHapito 0yio o6uuciaeno 200 nmoTokiB poOit, 3 mapanenizMom y 10 B
Oy/Ib-SIKMI1 MOMEHT 4acy 0O4YUCIIeHb. AHAJIOTIYHO, JIJIs1 KOKHOTO KPOKY OyJI0 BUMIPSHO Yac
B1JI 3aITyCKYy KPOKY 110 Horo 3aBepiieHHs. OHaK, Ha BIAMIHY BiJ] ITONEPEIHBOIO BapiaHTy,
KJ1acTep Oys0 pO3UIMPEHO 70 5 BY3JiB, pO3rOPHYTUX HAa BIPTYIbHUX MAIlIMHAX THUILY €2-
medium.

Pe3ynbpTaTi BUMIipiB mapajenizoBaHUX 00YMCIICHb BKa3aHo y Ta0mui 3.3.

Tabnuig 3.3 — BuMipu mBUAKOCTI 004MCIIeHB, TapajiensHo no 10, y kiactepi B 5

BY3JIIB
[Totik pobiT 3araigom (c) Kpoku okpemo (c)
Yac o6uucieHHs (MiH) 32.80 15.09
Yac obuucieHHs (Makc) 63.20 36.17
UYac ob6uncienss (cep) 47.51 21.87
Yac obuucnenns (men) 47.90 20.57

OO0uuncIIOBaIbHI €KCIIEPUMEHTH TTPOBOAMIUCH Ha €K3EMILISAPi IPOrpaMHOTO 3aco0y,
posropaytoMmy Ha Kubernetes-kmactepi Google Cloud, mo ckmagaeTscsi 3 OmHIET
BipTyaabHO1 MamuHu TNy shared-core (ogHe sSApo mpoliecopa AUTMTHCSA MIXK JEKIJTbKoMa
BipryanbHuMHu siapamu) e2-medium, 3 940 mCPU Tta 3 I'b omepatuBHOI mam’sTi
MaKCHUMaJIbHOTO 3aIuTYy.

Po3risitHeMo CHiBBIIHOIIEHHS MK HAKJIQJHUMU BUTpAaTaMU 4Yacy Ha OpraHi3alliio
OTOYCHHS BHKOHAHHS OIEpaTOpy Ta Tepenady MaHuX 1 3aralbHUM YacoM BHKOHAHHS

oToKy poOit (3.7):

mig. tnia.

3.7
tsar. tnia.. + tKOp. ( )
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OO0uKCcIMMO 1I€ CIIBBIJHOIICHHS Ha MPUKIAAl BUKOHAHHS KPOKY, IIO MICTHUTh
oriepaTop KU 00UMCIIOE BKIIaJICH] MpeacTaBiaeHHs 3pi3iB 3HiMKa KT. st naHoi cuctemu
Oyno BU3HA4YeHO, 1110 Ha obuncnenHs BIT onnoro 3pi3y Butpavaerses 6itst 0.3¢. 3nimku KT
3 BUKOPUCTaHUX JaHUX MatoTh Ot 80-100 3pi3iB, 110 MICTATH JieTeHl. TakuM YUHOM, yac
Ha moOyaoBy BII ycix 3pi3iB 3HiMKa KommBaeThest Mk 80 * 0.3 = 24c ta 100 * 0.3 = 30c.

Takum uuMHOM, cepeaHiil yac Ha obOuucneHHs BII ycix 3pi3iB 3HIMKa BU3HAYA€THCS SIK

24+30

CepeHE MK MaKCUMaJIbHUM Ta MiHIMaJbHUM = 27c. 3a yac Ha 3alyCK KpOKY

BI3bMEMO CEPEIHE 3HAUCHHS y 22 ceKyHau 3 Taoum. 3.3.
TakuM YUHOM, CITIBBIJHOIIEHHS MK KOPHUCHHUM OOYHCJIEHHSAM Ta OOYHCICHHSIM

omnepatopy, 1o reaepye BII cranoButs (3.8):

g _ 22 _ 22 044 3.8
tor,  224+27 49 (3-8)

Opnak, [ 3a7ad 3 OUIbII  TPUBAJUMHU  OOYMCIICHHSMM JlaHa 4YacTKa
3MCHIITYBAaTUMETHCS, 10 y EKCTPEMaJbHUX BHUIAIKaX POOMTHME Yac Ha IMiJTOTOBKY

OTOYECHHS He3HAUyIIuM (3.9):

tr[ia.
i L 0
lim —%= lim —2*—= lim —>—= lim ——=0 (3.9)
teop.® Laar.  teop ™ Lnjg, T Liop.  Lrop™® “midk 4 g trop.7® 0+1
tKOp.

HenonikoMm aaHoi cucTemu, 3a pe3ysbTaTaMu BUMIPIB, € ICTOTHI BUTPATH 4Yacy Ha
aJIOKaIlil0 pecypciB Ta MIiATOTOBKY JaHuX. OCHOBHOI MPUYMHOK BEIMYMHHM JaHUX
HakaaHux BUTpat € Te, o CKIIP 130i0€ onepatopu BijJ CKITHOCTI POOOTH 3 PEIITOIO
CHUCTEMH IIIIXOM IIJATOTOBKM BXIJHMX (DaililiB HAa AWCKY Ta BHUBAHTAXXEHHS BUXITHUX
(daitniB 3 AUCKY, IO CHPOIIy€E peani3ailito omnepaTopiB. JlaHi Mii BUKOHYIOThCS JBOMA
docker-koHTeliHepaMy, Yac Ha BUAUICHHS PECYpPCIB Ta 3alMyCK SKHX 1 CTBOPIOE 3HAUYHY

YaCTHHY HAKJIQJHUX PO3TPaT 4yacy.
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Bigrak, He pexomeHayeThes BukopucTanHs gaHoi CKIIP B motounomy crani s
00YHCIICHD, 1110 € TPUHAWMHI Ha TIOPSIIOK MIBUIITUMU 32 4ac, HEOOXITHUM JIJIs MiATOTOBKH
OTO4YEHHS 00unciaeHb. OQHAK, 11T O0YKUCIIEHB 10 € CHIBCTaBHUMHU 200 OLIBIINMHU 3a 4aCOM
BuKOHaHHS (3.7) (3.8), THy4YKICTh MiX0/ly, BAKOPUCTAHOT'O Y JAHOMY ITPOTPaMHOMY 3ac001

€ ICTOTHUM apryMEHTOM Ha nepeBary Bukopucrtanus nanoi CKIIP.

3.4 AHati3 4acOBMX XapaKTePUCTUK BUKOPHCTAHHS CUCTEM KepPyBAHHS

NMOTOKAMH POOIT 3 IMHAMIYHOI0 MO0YA0BOI0 rpady mix 4yac BUKOHAHHS

Jns ouinku edexkTuBHOCTI BukopuctanHs peanizoBanoi CKIIP 3 Touku 30py
PO3pOOKH Ta BOPOBAKEHHS MPOTpaMHHMX 3ac00iB Ha ii OCHOBI HEOOXIJHO MOPIBHSATU
BUTpaTH 4Yacy Ha PO3pOOKY CTATUYHOTO MOTOKY pOOIT 3 BH3HAUEHHSM OMNEPATOPIB IS
nuHAMI9HOT MO0y moBH rpady.

Po3rissHeMo 4acoBi KOMIIOHEHTH MPOIIeCy MOOYI0BH MMOTOKY POOIT:

tiyr. € YACOM HA BU3HAYCHHS IHTEPPEICY OKPEMUX OIEepaTopiB;
tpos. € 44COM Ha PO3POOKY OKPEMHX OIEPATOPIB;
txomn. € YACOM Ha KOMIIOHYBaHHS IOTOKY POOIT.

Biarak, yac Ha moOy/I0By CTaTUYHOTO MOTOKY POOIT BUTJISAAE HACTYITHUM YMHOM

(3.10):

tCTaT.p03. = tigr. T tpos. + txommn. (3-10)

— J1€ Lerarpos. € NOBHUM YacOM Ha PO3POOKY CTATHYHOTO OTOKY POOIT.

VY nopiBHSHHI, IPU BUKOPUCTAHHI JUHAMIYHOI MOOY10BU rpady miJ 4ac BUKOHAHHS

I1P, enemeHT t, . 3HUKae (3.11):

t;u/IH.po3. = tiHT. + tp03.r (311)

— J1€ tyyy.pos. € MIOBHUM YacOM Ha PO3POOKY TMHAMIYHOTO MOTOKY POOIT.
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[Ipy BUHUKHEHHI MOTPEOU Yy HOBOMY (PYHKI[IOHAJI MPU BUKOPUCTAHHI 3BUYANHOI
CKIIP, HeoOX1aHO MOBHE OTOJIOLIEHHS 10JaTKOBOT0 rpady (HaBiTh P MEPEBUKOPUCTAHHI
OKpEMHX OTepaTopiB, OKpiM mepeBukopuctanus miarpadis) (3.10). Onpnak, 11 cucteMu
Ha OCHOBI 3alpPONOHOBAHOIO0 METOAY HEOOXITHUM € JIMIIE JOJaBaHHS HOBHX OIEpPaTOpPiB
(3.11). Ilomepenni oneparopu OyayTh MEPEBUKOPUCTAHI aBTOMATHUIHO.

PosrisitHemMo 4acoBi KOMMIOHEHTH Moaudikaiii iHTepdeicy 1CHYH4Ooro(-ux)
onepatopy(-1B) (Hampukiaa, peanizaiii QyHKIIOHATY, 10 TOPOKYE JOJAATKOBI BXOAU YU
BUXO/IU OTIEPaToOpy) , 10 BUKOPUCTOBYETHCA Y IEKIJIBKOX MMOTOKaX poOiT:

—  tyopon €9aCOM Ha MOAM(DIKaLiIO peaizamii oneparopy(-is);

—  tyopinr. € 9ACOM Ha MoAU(diKaLiro iHTEPdENCY onepaTopy(-iB);

— lysr, € YaCOM HA Y3TOJDKEHHS MOTOKIB POOIT, y AKHUX MICTUTLCA Oneparop(-u) 3

npoBesieHo0 Moudikariero (3.12).

n
tysr. = Z tysr. i (312)
i=1

e:

tysr. | € 94COM Ha y3TO[DKEHHS IOTOKY POOIT 3 IPOBENEHO0 MOAMPIKAILIETO;
— 1N € KITBKICTIO TTOTOKIB POOIT 0 BUKOPUCTOBYIOTH AaHUH(-1) onepatop(-n).
Binrak, nporec moaudikaiii omepaTopy(-iB) CTATUYHOTO MOTOKY POOIT BUIIISIAE

HAaCTYITHUM YHMHOM:

tCTaT.MO,EL. = tMO,E[.iHT. + tMO,Z[.Ol'I. + ty3r..' (313)

— 1€ terarmon, € TIOBHUM YacOM Ha IPOBEIEHHS Moaudikauii oneparopy (-1B) CTaTUYHOIO
MOTOKY pOOIT.
Opnak, npu BukopuctanHi CKIIP Ha 0CHOBI 3aIpONOHOBAHOTIO METOY, Y3TOIKEHHSI

MOTOKIB pOOIT HE € HEOOX1AHUM, OCKUIBKHU Ti Oy AyIOThCA aBTOMAaTU4HO (3.13):
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(3.14)

t}:[I/IH.MOA. = tMoa.iHT. + tMo;L.on.r

— 1€ trunmon, € MOBHMM YacOM Ha NMPOBEAEHHS Moaudikaiii oneparopy (-iB) AMHAMIYHOIO
MOTOKY pOOIT.
PosrisitHeMo pi3HUIIO0 MK YaCOBUMH BUTPAaTaMH Ha pO3pOOKY Ta MOIU(DIKAIII0 MIXK

TUIIOBOIO Ta PO3polOIieHor0 cuctemami (3.15-3.16):

At poz = tCTaT.pOB. - t,an.pos. =
= (tiHT. + Lpos. + tKOMl‘I.) - (tp03. + tiHT.) = (3.15)
t

At Mog — tCTaT.MOLL. - t,an.Mo,q. -

= (tMOLL.OH. + tMO,Z[.iHT. + tysr..) - (tMoA.on. + tMoA.iHT.) = (316)
= ty3r.. =0

Takum 4MHOM, MOXEMO CTBEpKyBaTH, 110 (3.17-3.18):

(3.17)
(3.18)

tCTaT.pO3. > t,ELI/IH.pOB.'

tCTaT.Mo,q. > t,ELI/IH.MO,EL.'

110 IOBOJUTH TOITBHICTh BAKOPUCTAHHS 3aIIPOITIOHOBAHOTO METOIY JUHAMIYHOT OOy T0BH
rpadiB MOTOKIB PoOOIT MiJ Yac iX BUKOHAHHS Ta aJITOPUTMY, 1110 HOTO peanizye. PesynbTaTn
TaKoX MiaTBepKyI0Th edekTuBHicTh CKIIP Ha ocHOBI 3ampomoHoBaHoro metomny. JlaHi
pIIIEHHST MOXKYTh OyTH 3aCTOCOBaHI Y CUCTEMAX, SIKl MICTATh PECYpPCOEMHI OOYHCIICHHS Ta

MaroTh NOTPEOY y MPUIIBUIIIEHH] Ta CIPOILIEHHI MPOLECY BOPOBAKEHHS 3MiH.
3.5 BucHOBKH 10 po3aiiay

VY nmanomy po3aiiai po3poOiieHO MeToa Ui AuHaMidyHOi moOymoBu rpady MOTOKY
poOIT miJ yac Moro BUKOHAHHS, SKUM J103BOJISIE YHUKHYTH HEOOXIJHOCTI Y CTaTUYHOMY
BU3HAYCHHI TOTOKY POOIT Ta 3MEHIIIY€E Yac Ha aJanTallilo MpOrpaMHOTo 3a0e3MeUeHHs pU

BIPOBA/)KEHH1 3MiH.
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JInst  3ampomOHOBAHOTO METOAY BHM3HAYEHO OCHOBHI CYTHOCTI (BUAM JaHHX,
oriepaTopy, OJAMHUII JaHUX, KPOKH), 1110 3a0€3IMeUyI0Th MOKPUTTS YCiX 3a7a4 IMOB’sI3aHUX 3
dbopMyBaHHSM TOTOKY poOiT. Ha KkOXHIM iTepallii BUKOHYEThCS MOIIYK KOMOIHAIIii
«orepaTop-AaHi», 110 e He OyJIr BUKOHAHI, 3 YPaXyBaHHM K BXITHUX y JaHUX, TaK 1 THX,
o € pe3yJbTaramMu OOYMCICHb. Ha BiAMIHY BiJ ICHYIOUHX, JAHUN METOJ JO3BOJISIE
3MEHIINUTH 33 PaXyHOK HAJUTMIIKOBOCTI OOYHMCIIEHb Yac, 1110 HEOOXITHUN PO3POOHUKY Ha
Mo U (iKaIlit0o BAKOHYBAHOTO KOY.

Po3po6iieno MmaTemaTuuHy MOJENb 00paxyHKy yacy BUKoHaHHA. [Ipu imiTatmiitHoMy
MO/JICIIOBAHHI MTOKA3aHO, 110 YaC Ha BUKOHAHHS HAJUIMIIKOBUX OOYMUCIEHb JAMHAMIYHOI
moOy10BU Tpady 3HAYHO MEHINNI 32 Yac Ha BUKOHAHHS KOPUCHUX O0YHCIICHb. ToMy, ipu
MPAKTUYHOMY BUKOPUCTAHHI, 4aCOM, 1[0 BUTPAYAETHCS HA HAIIMILIKOBI OOUMCIICHHS MOKHA
3HEXTYBATH.

Po3po6iieno MareMaTH4Hy MOJENb OIIHKA 4Yacy Ha MOOyJOBY IMOTOKIB poOiT 3a
3aIpONIOHOBAHUM METOJIOM Ta HAaBEJEHO YMOBH, 1110 BU3HAYAIOTh MEXK1 €()EKTUBHOCTI HOTO
BUKOPHUCTAHHS.

Henonikom CKIIP, 3acHOBaHOi Ha 3ampOlOHOBAHOMY METO[i, MOXHa BBa)KaTH
JOJJaTKOBI HAKJIa/JHI BUTPATH 4acy Ha MIATOTOBKY OTOYEHHS BUKOHAHHS JUIsl olleparopa,
OCKIJTbKH CHUCTEMa KOMYHIKYE 3 OlepaToOpaMy BUKIIFOYHO 3a JOTOMOTor (aitmi. Takwmii
MIX11 TO3BOJISIE CIIPOCTUTH pealizallito, aje CIIOBUIBHIOE Yac OOMIHY JaHUMU.

Po3pobneno cucreMy KepyBaHHS ~MOTOKaMH  poOIT, IO BHUKOPUCTOBYE
3alpoONOHOBAHMI METOJd, 3 BHKOpUCTaHHsIM cuctemu Kubernetes mns posmonineHHx
KJIACTEPHUX  OOYMCIEHb Ta  MOMJIMBICTIO  TOPU30HTAJBHOTO  MaciITaOyBaHHS.
3anpornoHOBaHUI METOJ, Ta CHUCTEMa KEpyBaHHsS IOTOKaMU poOOIT COpSAMOBaHI Ha
MIPUCKOPEHHS aJanTallli ICHyIOUUX CUCTEM aHalli3y 300pakeHb JJIsl 11arHOCTUKHU.

Po3pobiiena cucremMa pEKOMEHAYETbCS [0 BHUKOPUCTaHHS JJIs, HANpPHUKIAL,
0101HpOPMATUYHUX OOYMCIIEHb Yy JOCHIJIHULIBKUX OpraHi3amisix, [Js SKUX BJIACTHUBI

MOCTIIHI 3M1HU Ta MOAMdIKAIllT KOAOBOI 0a3u MPHU MPOBEICHHI TOCIIIKEHb.
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4 TIPOTPAMHUM 3ACIB AHAJII3Y 3HIMKIB KT JJISI JIATHOCTUKH
3AXBOPIOBAHDb

JIist TpakTUYHOTO BUKOpPUCTaHHSA MeTofiB aHamizy 3HIMKIB KT mna miarHoctuku
3aXBOPIOBaHb OyJi0 poO3po0JICHO TmporpamMHui 3acid 3 rpadiuyHuM 1HTEpdercoM
KOPHUCTYyBaya, SKUH J03BOJISE 3aCTOCYBATH PO3POOJICHI METOM /10 HATAHUX KOPUCTYBA4YEeM
3HIMKIB.

[Iporpamuuii 3aci0, 1m0 peanidye 3amporoOHOBaHI MIAXOIM Ta METOAM, 3abe3reuye

HACTYMHUHN (YHKI[IOHAT:

aBTOpH3aIlisl Ta ayTeHTU(]IKALIS 3 3aKPUTOI0 PEECTPAITIEIO;

— PO3IUIEHHA JOCTYyMy A0 iH(pOopMallii;

— 3aBaHTaxxeHHs 3HIMKa KT;

— TIpoBeqeHHs aHamizy 3HiMKa KT;

— OTpHUMAaHHS PE3yJIbTATIB aHAMI3Y;

— TIOIIYK CXOKHUX BUIIAJIKIB 32 OJIM3BKICTIO BEKTOPIB BKJIAJCHHUX MPEICTABICHbD.

Takox, mporpaMHuii 3acid 3a10BOJIBHSIE HACTYHI BUMOTH:

— MYJBTUTCHAHTHICTh — MOXJIMBICTH CTBOPEHHS OpTraHi3alliii, BCepenuHl SKUX
KOPHUCTYBaul MalOTh CHUIBHHUM JOCTYI JIO JaHUX Ta MPOBEJIEHUX aHaJi31B, OJIHAK
HE MalOTh IOCTYITY J0 JAHUX Ta aHAJI31B 1HIITMX OpraHi3aIlii;

— OOMEeXeHMH JOCTyNm — JOCTyHn [0 CHCTEeMH KOPHUCTyBadi BHUKIIOYHO 3a
MONEePeTHBOI0 peecTpalliero aamidictparopom [13;

— TMOPTATHUBHICTH — MiHIMI3aIlis 3aJIEKHOCTI B1I KOHKPETHUX XMapHUX MPOBaiIepiB,
Ta Ma€ OyTH TOTOBUM JI0 PO3TOPTaHHS Ha Oy/Ib-IKOMY 3 HHX, a TAKOK Ha BIIACHUX
arapaTHUX MOTYXHOCTSX;

— MacmTabOBaHICTh — 3/IaTHICTh JI0 3aJIy4Y€HHs JOJaTKOBHX PECYPCIB MPHU 3MiH1

HaBaHTa)XCHHS HA CHCTEMY;

— HaAINHICTh — KOPEKTHA 0OpPOOKA MOMUJIOK BUKOHYBAaHUX OOUYHUCIICHbD.

Jy1st mporpaMHOTro 3ac00y BU3HAUEHO:

— 3araJibHU# nopsiaok B3aemoii 3 [13;
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— TOJIOBHI 3aJI)KHOCTI Ta apXITEKTYpPy pO3rOpTaHHS;
— omnepatopu CKIIP Ha ocHOBI 3anTpoNOHOBaHUX METOAIB Kiacu(ikallii 300pakeHb
KT;
— cepBep MPOrpaMHOro 3aco0y, 10 HaJa€e TOCTYI J0 BUKOHAHHS Kjiacudikarii Ta
Kepye€ JOCTYIIOM JI0 IaHUX;
— Trpadiunuii iHTepderic KOpUCTyBaya.
Jlns 3a0e3nedeHHsT KOHTPOJIIO JIOCTYIy M0 JIaHMX Ta PO3MEKYBaHHS BiAMOBIIATBLHOCTI
BBEJICHO TMOHATTS OpraHizamii /Ui BHUKOPUCTAaHHS CHUCTEMH OaraThbMa KOPHUCTYyBadaMH.
Opranizaiiisi € Tpynor KOpUCTYBayiB Ta JaHUX, 110 IM HAJIEKATh.
KopuctyBaui MaroTh IOCTYI JMIIEe A0 JaHUX CBOEI Opradizailii, [0 J03BOJISE
0e3MmeyHO0 BUKOPUCTOBYBATH OJIHY IHCTAJISIIIO MPOTPAMHOTO 3a0€3MEeUeHHs IEKITbKOMa
HE3aJIeKHUMHU YCTAaHOBAMM, IO JOCITAETHCA IUISIXOM PO3JAUICHHS MpaB KOPHUCTYBayiB.

OcHOBHI BapiaHTH BUKOPUCTaHHS CUCTEMH IIPECTaBICHO Ha puc. 4.1.

KepysaHHA OprasizaliiaMa

KepyeaHHT KOPHCTYBaIaAMH

/N

AnMiHiCTpaTop
CHCTEMH

=
e

3aBaHTAKeHHA 3HIMKIB

3amycK aHamisy

AaMiHICTpaTop
oprasisanii

%

Tlepernan pesy/bTaTis

i

KoprcTyBau

Pucynok 4.1 — /liarpama BapiaHTiB BUKOPUCTAHHS
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Cucrema mnepenbOayae TpU pIBHI JOCTYNy 3 BIJNOBIAHOIO 1€papXi€l0 IpaB
KOPHUCTYBayiB:

— «AIMIHICTpaTOp CHCTEMH» — Ma€ TIOBHOBAXEHHS IOJAO KEpyBaHHS
OprasizauisiMi Ta rjao0ajibHOr0 aJMIHICTPYBaHHS KOPUCTYBAaYiB;

— «AnaMiHICTpaTOp Oprasizailii» — Ma€ MpaBa Ha KEPyBaHHS KOPUCTyBauyaMu B
MEKax CBO€i opraHizallii Ta JOCTYH JI0 BCIX ()YHKI[IOHAJIBHUX MOXKJIUBOCTEH
CUCTEMU;

— «KopucryBau» — Mae moctynm Juie 10 OCHOBHUX OIEpalliil: 3aBaHTa)KEHHS
3HIMKIB, 3aIlyCKy aHaJi3y Ta Meperjsay pe3yJbTaTiB y MeXax CBOET opraHi3aliii.

Taka iepapxiuHa CTpyKTypa mpaB JOCTYITy 3a0e3medye HaJe)KHUN PIBEHb OC3IMEKH

JaHUX Ta €QEeKTUBHE PO3MEXKYBAHHS aIMIHICTPATUBHUX MOBHOBAXEHb NMPH 30epeKeHHI

IMPOCTOTHU KCPYBAHHA CUCTCMOIO.

4.1 KoMnioHeHTH POIrPaMHOro 3aco0y

Jns 3abe3neueHHst GyHKIIIOHATBHOCTI Ta MaciITabOBaHOCTI MPOrPaMHOTO 3aco0y
He0OX1IHa B3a€MO/IS JEKUILKOX CHEIL1aII30BaHUX KOMIIOHEHTIB, KOJKEH 3 SKUX BIAMNOB1AAE
3a OKpEeMUH acreKT poOOTH CUCTEMH — Bif] 30epiranHs JaHUX 0 B3a€EMOJII] 3 KOPUCTYBAUEM.
Po3pobiieHa cucreMa CKIaJa€eThCs 3 HACTYITHUX KOMIIOHEHT

— pensmiiHa 0a3a manmx (30epirae iHGOpPMAIIO PO KOPUCTYBAYiB Ta METajaHi

aHaTI30BaHUX 3HIMKIB);

— BEKTOpHa 0a3za AaHuX (BUKOHYE MOIIYK HaWOIMKYMX 3HIMKIB 32 BKJIQJICHUMU

MPEICTABICHHIMHU);

— CHCTeMa KepyBaHHs MOTOKaMu poOiT ;

— cepsep 113;

— xumiedT [13.

ApPXITEKTypHE PIIICHHS 11010 PO3TOPTAHHS MPOTPAMHOTO 3a0e3MeUeHHsT 0a3y€eThCs
Ha BUKOPUCTaHHI miatdopmu opkectpaiii koHTelHepiB Kubernetes, 1mo oOyMoBiIeHO sk
texHiyHuMU BuMmoramu CKIIP Ha ocHOBI 3amponoHOBaHOTO METOIY, TaK 1 MepeBaramu

naHoi raTGopMu st CKIIATHUX PO3IMOAUICHUX CUCTEM.
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PosropranHs yciX KOMIIOHEHTIB CHCTEMHU 3JIHMCHIOETBCS 3a  JIONIOMOIOKO
nexnapatuBHux MadigectiB Kubernetes, mo omnucytore Oaxanuii cran cucremu. Lle
3a0e3mnedye HaAIHY BIATBOPIOBAHICTh PO3TOPTAHHS Ta CIHPOIIYE BHECEHHS 3MIH Y
KOH(QITypallito CHUCTEMH, a TaKOX JO3BOJISIE THYYKO KEpyBaTh OOYMCITIOBAIBHUMU
pecypcaMu BiIMIOBIIHO 10 TOTOYHUX MOoTped. JliarpaMmy KOMIIOHEHT HaBeIeHO Ha puc. 4.2.

s 30epexenHs iHdopmallii mpo KOpUCTyBaviB, OpraHizallii Ta 3aBaHTa)KeH1 3HIMKHU
OyJi0 00paHO cucTeMy KepyBaHHS pessiiiHumMu 0azamu ganux PostgreSQL. Takuii BuGip
oOrpyHToBaHo 31aTHICTIO PostgreSQL no macmraOyBaHHs Ta HaAliiHOT pOOOTH 3 BEIMKOIO
KUIBKICTIO JaHUX.

Jlst peanizariii MONIyKy CXO>KMX BHUIAJKIB 3a JOTIOMOTOI0 BKJIAJCHUX MPEICTABICHb
OyJi0 BUKOPUCTAHO BEKTOpHY 0a3y mAaHuX. BekTopHi 0a3u maHWX MO3BOJSIOTH 30epiratu
BEKTOPH TMOPS 3 IHIMUMH JTaHUMU. JJIsI TONTyKy Ta BUI00yBaHHs 1HPOpMAIlii, SIK MPaBUIIo,
BUKOPUCTOBYIOTBCSI OJWH YW JICKIJIbKa alNTOPUTMIB  ampOKCHMMOBAHOTO  TOIIYKY
HaOMmKYMX BeKTOpiB. [lonyk y BeKTOpHUX 0a3ax JaHUX 3/1ACHIOETHCS MIITXOM HaJaHHS
BEKTOPY 3anuTy. Pe3ynpTaToM MOUIyKy € n HalOJMKYMX BEKTOPIB Ta MPHUB’S3aH1 10 HUX
naHi

Taka OynoBa BeKTOpHHUX 0a3 JaHUX 3HAYHO CHpPOIIyEe MaciTaOyBaHHS Ta
rapaJiesizariio Mpyu BUKOHAHHI 3aMuTiB y 0a3y MaHMUX, a TAKOXK HAJA€ MOKIIUBICTh pOOOTH
3 0araTOBUMIPHUMH Ta HECTPYKTYPOBAHUMH YW HEPENALIMHUMU JaHUMU TIpH 30epeKeHH]
edexTuBHOrO BU00yBaHHA 1HGopmarrii [104].

PoGoTty BekTopHOi 0a3u AaHMX MOXKHA PO3OMTH Ha JBa MPUHIUIOBHUX CTAIlH:
1HJICKCYBaHHSI Ta MOIMIYK.

VY nmporeci 1HIEKCYBaHHS, JaHl, IO HEOOXITHO 30€perTH, BEKTOPU3YIOTHCS Y
BKJIaJICHE MPEJICTABICHHS IUX JaHUX (y 3alpONOHOBaHIM CHUCTEMI, IO PO3IISAAETHCA,
JaHUM eTan BUKOHYETHhCS 1MO3a 0a300 JaHMX), 1 OTPUMAaHI BKJIAJEHI MPEICTABICHHS
«ctuckarTbes». [1i1 yac ctuckanHs (KOMIpecyBaHHs) HassBHUX AaHuX, b/l Bu3Hadae rpynu
CXOXHUX BEKTOPIB («KJIacw»), M1 SIKUX OOUYMCIIOIOTHCS ycepeaHeHl pempe3eHTaiii. Yum

OJIM>KYMMU € JIBa BKJIAJICHUX MPECTABICHHS, TUM OUTBIIOI0 € IMOBIPHICTH 1X IOTPAIUISTHHS

B OJHY TpyIy.
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Tak camo, eTan NOIIyKy MOYMHAETHCS 3 BEKTOpHU3allii 3anuty. OTpuMaHuil BEKTOP
MOPIBHIOETHCA 3 PENPE3CHTATUBHUMHU BEKTOPAMU TPYI-KJIACIB 3 METO 1JeHTU]IKaLii
KJIacy 10 Ma€ HaWOUIbIIy CXOXICTh 70 BekTopy 3amuty. Cepen UjeHIB 3HAMACHOI
HaWOIMKYOT TPYITH MTPOBOIATHCS TIOUEPTOBI MOPIBHIHHS IITYKOMOTO BEKTOPY 3 BEKTOpPaMH
HasBHUX y 0a3i nanux. [laHi, moB’s13aHi 3 HAHOIMKYUMU 3 BEKTOPIB € pe3yJIbTATOM 3aIUTY.

Od4eBUHO, IO MPSAMUN TONIYK ITOCTIOBHUM IOPIBHSAHHSIM IITYKAHOTO BEKTOPY 3
BEKTOpaMH 30€peKCHUX JaHUX € HEeEKTUBHUM 1 TOMY HE3aCTOCOBHHM JJIsi BUKOHAHHS
peanpbHUX 3a7ad. BigTak, sl CTUCKAaHHS BEKTOPIB y TPyNU Ta TMOIIYKY MOXKYTh
BUKOPUCTOBYBATHUCH Pi3H1 aJITOPUTMHU:

— k-HalOIMKINX CyCiiB;

— JIOKaJbHICTHO-uyT/IMBE XemryBaHHs (aHri. «Locality-Sensitive Hashing») [105]

— 1epapxiuHi npoxia-npuaatHi TicHl cBiTH (aHri. «Hierarchical navigable small

world») [106] Tomro.

IepapxiuHi TpOXiA-TIPUATHI TICHI CBITH € IIMPOKO 3aCTOCOBYBAaHWMHM B Cy4acCHUX
BEKTOPHHMX 0a3ax JIaHWX 3aBASKH THYYKOCTI, IPUIATHOCTI 10 pOOOTH 3 OaraTOBUMIPHUMH
BeKTOpaMu Ta mBUAKOCTI [107].

3a3HayeH1 aIrOpUTMHU MPAIIOIOTh 3 y3araJlIbHEHUM MOHSTTSM MOIOHOCTI BEKTOPIB.
Binrak, misi BUKOHaHHS TOPIBHSHHS MOXYTh OyTH 3aCTOCOBaHI pi3HI COCOOM BUMIpY
noaiObHocTi, HanpukiIaxg (4.1-4.3):

— KOCHHYCHa noaioHIcTh (4.1)

d,, = —F 4.1)
s lAllBle '
— €BKJII0BA BiJCTaHb (4.2)
deuc = ”A - B”, (42)

— CcKalsipHu# 100yTOK (4.3)

dscal =A'B= Z?:l aibi' (43)
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— e A ta B € BekTOpamu, IIOA0 SIKUX OOUHMCIIOETHCS MOAIOHICTh, a; Ta b; € eleMEeHTaMu
JTAHUX BEKTOPIB.

Pi3Hi Mipu momiOHOCTI MalOTh Pi3HY 3aCTOCOBHICTH JI0 PI3HUX BEKTOPHU30BAHUX
nanux. Tak, eBKJIIJIOBa BIACTaHb JO3BOJIAE aKIEHTYBaTH Ha JMCTAHII M) BEKTOPaMH,
KOCHHYCHA TIO/1I0HICTh BUPAXKa€ KyT M1’ BEKTOpPaMH, a CKaJIIpHUI T00yTOK OamaHCy€e MiX
o0uIBOMAa BUIAMH CXOKOCTI.

Bigrak, eBkiijoBa BiJCTaHb HaWOUIbINE MIAXOAUTH JJII BEKTOPIB HEMEPEPBHUX
JaHUX, KOCUHYCHA MOAIOHICTh — /ISl TEKCTOBHX Ta 0araTOBUMIPHUX, CKAJISIPHUIN TOOYTOK —
JUIS 3arajibHOI MOAI0HOCTI Y BeKTOpHOMY TipocTopi [104].

binpiricth BEKTOpHUX 0a3 JaHMX OpIEHTOBaHI Ha pPOOOTYy 3 TEKCTOM Ta
TEKCT-OpIEHTOBAaHUN TMOIIYyK HanOmmxuux. Taki BJ] wyacTto BUKOPHCTOBYIOThCS MJis
pPEeKOMEHJAIIMHUX PYIIIiiB, CEMAaHTUYHUX TOITYKOBUX CHUCTEM, 1IeHTH(IKAIlll aHOMaTIH y
0aHKIBCHKHMX TpaH3aKIIAX, IepcoHaIi3alii pekiaMu Tomo. Taki 6a3u JaHUX BUKOHYIOTh
BEKTOPU3AIIII0 TEKCTY MPUXOBAHO BiJ KOpUCTyBaya. [HTerpallisi KOpUCTYBaIlbKUX 3aC001B
noOyZ0BM BKJIAJCHUX MPEACTaBICHb TEKCTY y TakuX bJ] BUKOHyeThCs Hampsmy y 0azy
TaHUX.

OcCKUJIbKY BKJIAJIEH1 MPECTaBIEHHS IO € KirouamMu BeKTopHOi B/, o0uuciroroThes
3a JIOMOMOTOIO0 BIAHOCHO BaXXKKUX HEHMPOHHMX MEPEX Y MOTOLI poOIT, A MPOTPAMHOTO
3aco0y Taki 6a3u gaHux (sik, Harpukiag Qdrant, Chroma ToI110) HE € 3aCTOCOBHUMM.

Cepen BekTOpHHMX 0a3 JaHMX, 10 J03BOJISIIOTH 3aMMCYyBaTH CTBOPEHI IM03a 0a30lo
JTaHUX BKJIAJCHI MPECTABICHHS, HAHOIBII MOMYJIIPHUMHU €:

— Pinecone [108];

— Milvus [109];

— Weaviate [110].

JI1st taHOTO MPOTPAMHOTO 3ac00y MPIOPITETHUMHU KPUTEPIIMH BUOOPY PIIIEHHS €
BIJIKPUTICTh MOYATKOBOT'O KOy, ciocid BukopuctanHs (DBaaS uu nokanbHe po3ropTaHHs)
Ta 3JAaTHICTh J0 JWHAMIYHOTO Ta IIBHJAKOTO MacmTaOyBaHHs. Po3risHeMo iCHYyroui
pIIIIEHHS] BPaXOBYIOUH JaH1 KPUTEPIi.

Pinecone € nponpieHTapHOI0 BEKTOPHOIO 0a3010 JaHUX, IO MOCTAYAETHCS K XMapHa

nociyra (DBaaS — 6e3 MOXIMBOCTI 3allyCKy Ha BIIACHOMY XMapHOMY 4M (Di3UdHOMY
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oOsiasHaHH1). 3aBIsIKA 1IbOMY, 11 BEKTOpHa 0a3a JaHUX € J00pe MacimrTaOoBaHO Ta
MPUCTOCOBAHOK /IO PO3MOJUIEHUX OOYMCIICHb, OCKUIBKM  BIAMOBIJANIBHICTE 3a
MaciiTabyBaHHs, PO3MOJIJICHHS Ta KepyBaHHS pecypcamu Pinecone Gepe Ha cebe sk
HaZaBad xMapHUX mociayr. OnHaK, BUKOPUCTaHHA 0a3d JaHWX 3a TaKOK MOACIUIIO €
JIOPOTHUM Ta HECE PU3UKH Yepe3 MPUB’SA3KY /10 MOCTavyaJIbHUKA.

Milvus € BekTOpHOIO 023010 JaHWUX 3 BIAKPUTHM MTOYATKOBUM KOJO0M. Takoxk, maHui
MporpamMHuil 3aci0 € OpIEHTOBAaHMM Ha MaclTaboBaHy poOOTYy B KJIACTEPHOMY PEKUMI Y
JeKiJIbKa BY31TiB, Ta MIATPUMY€E TpocTe po3ropranHa Ha Kubernetes 3a g0momororo
MEHeKepy I1a0noHiB posroptanHs Helm. Milvus Takox gomyckae BUOIp Pi3HHUX
aJIITOPUTMIB 1HJIEKCallii, 110 T03BOJISIE ONTUMI3YBAaTH OaNaHC MK TOYHICTIO Ta MIBUJKICTIO
Ha HasBHMX JaHuX. Ha mpoTuBary, MOXJIHMBOCTI 3 aHaNi3y JaHHUX Ta 1HTErparii 3 1HITUMH
0azamu ganHux € oomexenumu [104]. ¥V kmactepHomy posropranHi, Milvus miarpumye
TUHAMIYHE MacmTaOyBaHHS KITHKOCTI By3J1iB Ta aJOKAIliI0 PECYPCIB HA Ti UM 1HIII 3a/1a4i.

Ax 1 Milvus, Weaviate € BekTOopHOIO 0a3010 JaHMX 3 BIJKPUTUM KOJOM Ta
MIATPUMKOIO BJIACHOTO PO3rOPTaHHS Ta BUKOPUCTAHHS 1032 XMApHUM CEPEIOBUILIEM
po3poOHuka. OpHieto 3 mepeBar Weaviate € MoOayibHa apXiTEKTypa, IO T03BOJISE
po3mmpenHs ¢yHkuioHany b/l koHekTopamMu A0 1HIIUX JKEpEN JaHWUX Ta IMiJIKIIOYECHHS
pI3HOMaHITHHX Mojelie wmamwHHOoro Hauanas [111]. Ha Bigminy Bim Milvus,
po3mmpeHHs knactepy Weaviate BUMarae pyyHoro J10JIaBaHHS BY3J1iB Ta EPEepPO3MIIICHHS
JaHUX MK BY3JIaMH, IO CTIOBUIbHIOE MacIITa0yBaHHS.

Jlnst 30epiraHHs BKJIQJICHUX TPEICTABICHb Ta TOIIYKY HAHOMMKYUX 32 HUMHU Y
JAaHOMY MPOTPaMHOMY 3ac001 MOKe OyTH 3aCTOCOBaHE OyAb-sIKE 3 PO3TISHYTHX PIllICHb.
Milvus 0yn0 00paHO 3 OISy HA MOXJIMBICTh JIOKAJIBHOTO PO3TOPTAHHS Ta 3/1aTHICTH 10
IIBUIKOTO MacITaOyBaHHS, BIIKPUTHH TTOYATKOBHH KOJI.

BukonanHst pecypcoeMHHX 00UMCIIEHB 3/IIHCHIOETHCS 32 JOTIOMOT'OI0 TIOTOKIB POOIT.
KepyBanHs HUMH peanizoBaHo 3a gornoMororo po3poodieHoi CKIIP (nus. mm. 3.2).

CepBepHuil KOMIIOHEHT MPOTPAMHOTO 3ac00y peanizoBano y Burisaai HTTP-cepsepa
Ha 0a3i matdopmu Node.js Ta PperimBopky Nest]S. I'padiunuii inTepdeiic kopuctyBaya
peali3oBaHo 3a JonoMoror Angular.

JliarpaMy KOMITOHEHT MPOTrPaMHOT0 3aco0y HaBeAeHO Ha (puc 4.2).
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<<cluster>> £
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<<c|gster>> ]
Milvus
<<component>> <<component>> <<component>>
Milvus Milvus Milvus
IHTepdeiic ans l'IOLuyK CXOXMUX 3a
BUKOHAHHS BK/1aA€HUMU
onepauiﬁ n3 npe,qCTaBneHHﬂMM
O <<component>> <<component>>
KnieHt Cepsep <<component>>
i NporpamHoro nporpamHoro PostgreSQL
3acoby 3a006y
[aHi npo
Kopuctysay BuKoHaHHS KopUcTyBauiB
NnoToKiB pobiT ? TOWWO
<<subsystem>> £]
Cuctema KepyBaHHsA NOTOKaMu po6iT
<<cluster>> ]
CouchDB
<<component>> <<component>> <<component>>
CouchDB CouchDB CouchDB
IHdbopmauis npo 2) BUKOHaHHS
noToku poGiT \I/ [OKEepU30BaHUX
oneparopis
<<component>> Va Cb <<component>>
Cepsep CKMP @ Kubernetes API
O6pob6ntoBaHi
AaHi
<<component>>
MinlO
O6po6ntoBaHi
faHi
<<component>>
XmapHi 3acobu
36epexeHHn
AaHux (onuiiHo)

Pucynok 4.2 — Jliarpama KOMIOHEHT MPOTpamMHoro 3acody o0poOku 3niMKiB KT

Po3pobrmena cTpykTypa MICTUTh ONHCAaHI KOMIIOHEHTH Ta CHOpSIMOBaHa Ha

MIHIMI3aIlII0 Yacy aJanTaiii mpu 3MiHl BUMOT 10 YHKITIOHATY CHCTEMH.
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4.2 Peajizanis

[Iporpamuuii 3acid MICTUTh peani3alliio HACTYITHUX €JIEMEHTIB:

1. omepaTtopu ISl CHCTEMH KEPYBAHHS TTOTOKaMH POOIT;

2. cepBep MpOrpaMHOTO 3aco0y;

3. KJIEHT MPOTPaMHOTO 3ac00y.

Takuit momin 3abe3neyye 4YITKE PO3MEKYBaHHS  BIJMOBIJAIBHOCTI  MIX
KOMIIOHEHTaMHU: OTNEepaTOpPy BUKOHYIOTh OOYMCIIIOBANIbHI 3a/1aul B paMKax MOTOKIB POOIT,
CEepBEpHA YaCTHHA peallizye OI3HEC-JIOTIKY MPOIIeCy, a KIIEHTChKA YaCTHHA BIAMOBIIA€E 32
B3a€EMO/IIIO 3 KOPUCTYBAUEM.

Komynikariisi B cUCTeMi OpraHizoBaHa HACTYITHUM YHHOM:

— Bzaemomist MK KITIEHTOM Ta cepBepoM 31iicHIOEThCS uepe3 REST API;

— BayTpimnbokinactepna B3aemojiss cepepa 3 CKIIP Ta omeparopamwu, 110

3aImyCKaroThCA B Hil peanizoBana nuisixom HTTP-3anuTis;

— Omnepartopu 130J1b0BaHI BiJ IPSMO1 B3a€MO/II1 3 IHIIMMH KOMIIOHEHTaMH CUCTEMHU,

OoOMIH JaHUMU B110yBa€eThCs yepe3 dainoBy cucremy mia kepyBanasm CKIIP.

Taka cTpykTypa KOMyHIKaIlii 3a0e3neuye HaJiliHy Ta MacIITaboBaHy B3a€MO/III0 MK

yciMa KOMIIOHEHTaMU CUCTEMH.
4.2.1 OnepaTopu I MiACHCTEMHU KePyBaHHS OTOKAMH POOiT

Po3pobnenuii mporpamauii 3acié npuitmMae Ta 00pooisie sk TpuBuMipHi KT-3HIMKH
Tak 1 okpemi 3pi3u. [Ipu oOpoOIIl 3HIMKA KOKEH 3pi3 BEKTOPU3YETHCS Ta KIaCH(]PIKyeThCS
okpemo. OnHak 1HpopMmallis Tpo ycl 3pi3u 3HIMKA MPOXOAMUTH MO ONEPATOPY «Pa3omy.
Biarak, mjis KOXXHOTO 3aBaHTAKEHOTO 3HIMKA 3aIyCKA€ThCs JIMIE OJUH EK3EMIUISP
KOXKHOTO OIlepaTopy, IO J03BOJSE CKOHOMHUTH dYac Ta pPECypCcH Ha BHIUICHHS
00YHMCITIOBAILHOTO TIPOCTOPY JJISI BAKOHAHHS aHAI3y.

Jns BukoHaHHs Kiacudikaiii TpuBuMipHoro 3HiMka KT HeoOXigHO 3miMCHUTH
HACTYIIHI Jii:

— BUOpaTH 3pi3u, IO MICTATH JIETEHI;
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— TIepeKoIyBaTH 300pakeHHs y opmart, 10 € 3pYUYHUM JJIsi OOpOOKH HEHPOHHOIO

MEPEKEIO;

— moOyayBaTH BKJIAJCHI PEICTaBICHHS 3pi3iB;

— BHKOHATHU Kjiacu(iKalliio 3a BKJIQJCHUMH MPEACTaBICHHIMH.

Jis 3a0e3neueHHs JaHOTO MpoIiecy BUBHAYEHO HACTYIIHI BUIU JaHuX (Tadu. 4.1).

Tabmuus 4.1 — Bunu ganux notoky pooit kinacudikaiii 3HiMkiB KT

HazBa

YMOBHE TTO3HAYECHHS

Omnuc

dicom-chest-ct

DC

Tpusumipuuii 3HiMmok KT y DICOM

dicom-chest-ct-single DCS JBoBuMipuuii 3pi3 KT y DICOM
tiff-chest-ct-filtered TCF 3pi3(-u) KT, rotosi g0 06podku, y TIFF
chest-ct-embeddings CE Bxnageni npencrasnens 3pi3y(-iB) KT
chest-ct-classification-result CCR PesynbraT kinacudikarii 3pizy(-iB) KT

Jlst 06poOKH onrcaHuX BUAIB JaHUX OYyJI0 po3po0IieHO psi oniepatopis (Tadi. 4.2).

Tabmurs 4.2 — OnepaTtopu, 110 CKJIaJal0Th MOTIK poOIT kaacudikaii 3HiMKiB KT

Hassa YMmoBHE

ITO3HAYCHHA

3armuc

Bukonye

dicom-split- | dsf
filter

dsf (DC) => TCF

nonepeHIo 00poOKy TPUBUMIPHHUX
3HIMKIB — BU3HAYCHHS 3pi3iB, [0 MiCTATh
JIeTeH] Ta X epeKoayBaHHs y Gpopmar, mo
CIPHIMAETHCS PEIITOI0 ONIEPATOPIB

single-dicom- | sdsp sdsp (DCS) => TCF | monepeaHto 0OpOOKY JBOBUMIPHHX 3pi3iB

slice-packer — KOJIyBaHHs y (hopMarT, 0 CIPHHMAETHCS
PELITOO OIEepaTOpiB

resnet-fdn- rfe rfe (TCF) => CE no0y/I0BY BKJIaJICHHUX MPEICTABICHb JUIS

embed

KO’KHOTO 3pi3y 3HiMKa KT 3a momomororo
HEHPOHHOT Mepexi

neigh-embed- | nec
classify

nec (CE) => CCR

KJacuikairiro 3aXBOPIOBaHHS HA OCHOBI
BII 3pi3iB 3a gomomoror kiracudikaTopy
Ha OCHOBI MeTOy K-HalONMMKYNX CycCiliB

randfor- rec rec(CE) => CCR knacudikalliro 3aXBOPIOBaHHS HA OCHOBI
embed- BII 3pi3iB 3a gomomoror kiracudikaTopy
classify Ha OCHOBI METOJTy BHUIIAJIKOBOT'O JIiCY

svc-embed- sec sec (CE) => CCR Kkacudikairo 3aXBOpIOBaHHS Ha OCHOBI
classify BII 3pi3iB 3a gomnomororo kinacudikatopy

Ha OCHOBI METO/Y OMTOPHHUX BEKTOPIB

3 laHUX OTEepaTOPIB CKIAAAETHCS HACTYITHUI NOTIK PoOIT (puc. 4.3).
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[ToTik poOIT MOXKE MPUUHITH Ha BX1J SK TPUBUMIPHUHN 3HIMOK, TakK 1 JBOBUMIpPHUMN

3pi3. Y BHUMNAAKy 3aBAaHTAKCHHS MOBHOTO 3HIMKA, BIH PO3MIISETHCS HAa OKpeMi 3pi3u. 3

HAJAHUX 3pi3iB OOMPAIOTHCA Takl, IO MICTATh 300pa)KeHHs jereHb (auB. mm. 2.1), Ta

nepeaaroThes JUIS TOMANBIINX KPOKIB y BUIJISAL zip-apXiBy. Haromicth skmio Oyne

3aBaHTAKEHO OKPEMMIA 3pi3, BIH MEPEIAETHCS IS MOAATBIINX KPOKIB Y BUTIIAL Zip-apXiBY

3 oHOTO (haitmy.

[Ticns oTpuMaHHS TOTOBUX A0 00poOku aimiB Han 3pizamu KT 3pificHIOETBCS

noOy/0Ba BKJIAJEHUX MPEACTABICHb 3a JOMOMOTro0 HelpoHHHX Mepex. Otpumani BII

3pi31B BUKOPUCTOBYIOTHCS JJIs Ki1acu(ikallli 3a JOOMOT 00 TPhOX aJIrOPUTMIB MAIITMHHOTO

HAaBYAHHA:
—  k-HaWOMMX4MX CYCIIIB;
— BHNAJKOBOIO JICY;

— METOJly OTIOPHUX BEKTOPIB.

VYci oneparopu kinacudikaiiii 3a BKJIQJSHUMU IPEICTaBICHHIMH BUIAIOTh Pe3yJIbTaT

y Burisial JSON oHakoBOi CTpyKTypu. Y pesynbTaTax kiacudikaiii (Bua nanux chest-ct-

classification-result) MICTUTbCSI MACUB, y IKOMY JUIsl KO)KHOTO BKJIQJ€HOTO MPEICTABIECHHS

HABEJICHO Pe3yJIbTAT y BUTIIAI PAAKY:
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prediction strings: [.., “covid”,”normal”, ..]

Taxkum ynHOM, po3pobienuit Habip onepatopiB miast CKIIP mo3Bosnse po3mmpeHHs
MpOrpamMHOro 3acoly:

— HoBUMH dopMaTaMu 30epiraHHs JaHUX;

— HOBHUMHU MeTonamu aHanizy 3HIMKiB KT s giarHocTukwy;

— IHIIUMHU MEIUYHUMHU JJAHUMH Ta BIJAMOBIIHUMH IM METOJIaMH aHaTi3Yy.

[Ipu mpomy, ISt 3MIMCHEHHS TaKUX MOAMQIKAIIN JOCTATHIM € JIUIIE JO0JaBaHHS
HOBUX 4M 3MiHa HasBHUX omepaTopiB CKIIP 6e3 BHeceHHs 3MiH B OyAb-sKi 1HIII
KOMIIOHEHTH TiporpamMHoro 3aco0y. Takox, BukopuctanHs CKIIP Ha ocHOBI auHAMiuHOI
moOy10BU rpady MOTOKY PoOIT JO3BOJISIE ICTOTHO 3HU3UTU Yac Ha 3aMpOBAHKCHHS TaKUX

3MiH y nopiBHsHHI 3 Tpaauiiiaumu CKIIP uu peanizaiiiero y BUTIISAII MIKpOCEPBICIB.
4.2.2 CepBepHa 4aCTHHA MPOTPAMHOIO0 32C00y

CepBep nporpamMHOTo 3ac00y CKIATAETHCS 3 HACTYITHUX MOJTYJIIB:
1. Analysis — MOJIyJIb, 1110 BIATIOBIAE 3a:

a. 3aBaHTAKEHHS JAHUX;

b. inimiamiro motokiB pooiT y CKIIP;

c. o0poOKy pe3ynbTaTiB aHATI3Y;
2. User — MOAyJib, 1110 BIAMOBIIAE 32 KEPYBAHHS KOPUCTYBaYaMH;

3. Authentication — MOJTyJb, 1110 BIAMOBiAA€ 32 aBTEHTU(DIKAIIIF0 KOPUCTYBAviB.

Amnaimi3 3HIMKIB KT BUKOHY€TBCS NMIJISAXOM 3aBaHTakKeHHs BXigHUX aanux g0 CKIIP
Ta 3aIyCKy MOTOKY pOOIT.

Jns orpumanHs pe3ynbTar pobotu IIP mpoBoAMTBCS ONMUTYBaHHSA CepBepa
MpPOrpamMHOro 3aco0y MpO TOTOBHICTH PE3yJIbTATy OOYMCIEHb. Y TMEpIIUd 3amuT Mpo
TOTOBHICTh PE3yJIbTaTy KOJIM OyJle BUSBIICHO IO MOTIK pOOIT SIKWM BUKOHYE aHai3 JaHOTO

3HIMKa 3aBEpIIEHO BUKOHYEThCA OOpoOKka pe3ynbrariB [IP — mis KOKHOTO anroputMy
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OKpPEMO MPOBOJUTHCS arperaiis pe3yyabTaTiB Kiacudikallii 1mo 3pizax [Jisg BU3HAYCHHS
OCTATOYHOTO PIIIEHHS.

Pimennsam wmeTtomy oOWpaeThCcsi pe3ysbTar Kiacudikarii, SKUi 30ITacThCs MIXK
HalOUIBIIOO KUIBKICTIO 3p131B. TOOTO, sSIKIIO MeTOA 3 (Y AKOCTI pUKIaAy) 15 3pi3iB 3HIMKa
Ha 10 3pizax mokasye pe3ynbTaT «mHeBMOHis, cnpuunHeHa COVID-19», ta Ha 5 3pizax
MOKa3ye «3J0pOB1 JIETEHI», pIlIeHHIM Kiacudikaiii 3HIMKAa METOJOM BBaXKAEThCS
«mHeBMOHis, cnpuunHeHa COVID-19». AnanoriyHo A0 pilieHb OKpeMHX METOIB 0yJio
BTIJICHO 3arajibHE pIIICHHSA aHajii3y — pe3yJbTaT HaWOUIbLIOI KITBKOCTI METOJIB CTa€
3arajibHUM PIIICHHSM aHaTi3y.

[Tpu orpumanHi pesynstaty [1P o6uncneni BkiaaeHi npeacTaBaeHHs 30epiraroTbes
y BEKTOpHY 0a3y JaHUX 13 3a3HAYEHHSIM JBOX 11eHTU(IKATOPIB:

— oOprasisaiiii, sska BAKOHY€ aHaJi3;
— BUKOHAHOTO aHaJi3y.

JIns BUKOHAHHS TIOIIYKY HalOamxk4ux Buao0yBaroThcsi BII  3pi3iB 0OpobiieHoro
3HIMKAa Ta BUKOHY€ETHCS MOLITYKOBUM 3aMUT Y BEKTOPHY 0a3y aHUX 32 JaHWUMU BEKTOPAMH.
3anmut KOHQDIrypyeTbcs YMOBOIO, IO PE3yJNbTAaTH MOIIYKY MAalOTh MICTHTH BHKJIIOYHO
pe3yibTaTH 3 OpraHizailii, sika € BJIIACHUKOM JaHOTO 3HIMKA, Ta HE MaloTh MICTUTH
pe3ybTaTIB, IO BiMOBIIAIOTh BEKTOPAM JIAHOTO 3HIMKA.

OckiJIbKH BEKTOpHA 0a3a JaHWUX MICTHUThH 0araTto MOKa3HWKIB HAa OAWH 1 TOW CaMHiA
aHaji3, 1, BIAMOBIAHO, ogHe 1 Te came KT-300pakeHHs — pe3yJabTaTH IMOIIyKYy, IO
BIJIMOBIAAIOTh OJHOMY 1 TOMY CaMOMy 3HIMKY, 30MpalOThCi B OKpPEMi MAacHUBH. 3 IIHX
MacHBIB 00MPaAIOTHCS BKIIAJICH] MPEACTABICHHS 3Pi31B 3 HAUOIIBIIIO OLIIHKOK OJIM3bKOCTI
710 IITyKaHUX BEKTOpIB. Pe3ynbratamu nouyky € aHamizu (ta ix 3HiMku KT), BimcopToBaHi
3a BU3HAYEHUM HaMOJIMKYUM 3 3HANUICHUX 3HIMKIB.

Buxoasuu 3 BUMOTH O MyJIBTUTEHAHTHOCTI Ta KOHTPOJIIO JOCTYIY J0 AaHUX OYJI0
BTUICHO CHCTEMY OpraHizalliii Ta KepyBaHHS JOCTYIIOM Ha OCHOBI poJieid. Peectparis
KOPUCTYBa4iB CUCTEMHU € 3aKPUTOIO: JJII OTPUMAHHS JIOCTYIy KOPUCTYyBad MYCHUTh OyTH

BHECEHHM «aJIMIHICTPATOPOM OpraHi3alii» 4u «aJIMIHICTPATOPOM MIPOTrPAMHOTO 3aCO0Y».
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KoxeH kopucTyBad Mae HajexXaTH 10 OAHIET opraHizailii. ¥ BUNaaKy IPUHAJIEAKHOCTI
MIEPCOHU JI0 ACKUJIBKOX OpraHi3alliil, y KOXH1i BOHA OTPUMY€E OKpEMHUM 00JIIKOBHI 3amuc Ta
OJHY 3 TPbOX POJIEH:

— KOpHUCTYBay;

— aAMIHICTpaTOp Opraxi3aiiii,

— aaminictparop 113.

«KopucrtyBau» Ta «aIMiHICTpaTOp OpTraHi3ailii» MarwTh JOCTYI 0 3aBaHTAKEHUX
OpraHi3aii€ro JaHuX Ta MPOBEICHUX aHaIIi31B Ha OCHOBI IUX JaHUX.

«AAMiHICTpaTOp oOprasizaiii» Mae JOCTyH JI0 JO0JAaTKOBOI CTOPIHKM YIIPaBIIIHHS
KOpPHCTyBa4aMH, 3a JOMOMOIOI0 SIKOT MOKE€ BHOCHUTH Ta BHUIAIATH KOPHUCTYBadiB y
oprasizaitii, 10 SIKOi HaJICKHUTh.

«Anminictparop II3» Mae qocTymn 70 OKpEMOro KIIIEHTCHKOTO 3aco0y, KU Haaae
MOKJIUBICTh ~ CTBOPIOBAaTH, TMEperjsfaTd, penaryBaTd Ta BHUIAJIATH Oprasizaii,
neperisgaTH, CTBOPIOBATH, pearyBaTu, BUAAISATH KOPUCTYBaUiB, @ TAKOXK MEPEMIIyBaTH
iX MIJK OpraHizarfisMH.

KopuctyBau Mmoxe OyTH 3apeecTpOBaHMM BHKIIOUHO TIICIs BHECEHHS HOTO
€JICKTPOHHO1 MOIITH 0 0a3u JaHUX 3 MPHB’SA3KO0I0 10 opraxizaiii. [Taposi 306epiratoTbes y
XEIIOBAaHOMY BUTJISIAI (3 BUKOPUCTAHHIM anroputmy berypt [112] 3 dakTopom ckiagHOCTI,
o opiBHIOE 12).

[lix gac BXOay y CHCTEMY IapoJib MOPIBHIOETHCS 3 XelIeM, 1 MPU PIBHOCTI XEIIiB
KopuctyBauy Buaaetscsi JWT-TokeH 3 imenTudikatopom kopuctyBaua y sikocti HTTP-only
cookie (30epiratoTbcsi Opay3epoM, HaJAOThCS CEpBEPY MPU 3aMHUTaX, HE JOCTYIHI 3
JavaScript-xony ¢ppoHTeHAy Ta MiariHiB Opay3epa) JIHUCHUN TPOTITroM OAHIET JOOHU.

[lin 4yac Oynp-akoi [li KOpUCTyBauya BCEpPEAWHI MPOrPaMHOIO 3a0e3MeYeHHs
MePEBIPSAETHCS HAABHICTh y KopucTyBaya ailicHoro JWT-TokeHy Ta mpaBo KopucTyBaya Ha
JOCTYT JI0 3alTUTYBAHOT'O PECYPCY: KOPUCTYBay MOKE 3UMTYBAaTH Ta MOJIU(PIKYBaTH aHATI3U
BUKJIFOYHO B MEXKax oprasizailii, 10 SKOi MPUB’I3aHUM, TOCTYI IO CIIHCKY KOPUCTYBayiB

opranizaiiii 0OMexXeHU! POILIIO.
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Hoctyn no ctopinku aaminictpyBanHs [13 qis kopuctyBauiB-aamiHicTparopis 113
MepeBIPSAEThCSA 3a 301roM 3 HassBHUMH y 0a3l MOILITOBOI CKPUHBKMU Ta MapoI0, a TaKOX

HAsIBHOCTI BIIMOBITHOT POJIi y KOPUCTyBaya.
4.2.3 KilieHTChbKa YacTHHA MPOTPAMHOI0 32c00y

KitieHTCchKa YacTHHA IPOTrpaMHOTO 3aC00Y CKIIAAETHCS 3 TBOX BEO-3aCTOCYHKIB:

— 1HTepdeicy aaMIHICTpaTopa CHCTEMH, peaji30BaHOTO 3a  JIONOMOTOO
bperiMBopky AdminJS;

— 1HTep¢eiicy KOpUCTYBauiB Ta aaMIHICTPATOPIB OpraHi3alliif, peani30BaHOrO Ha
0a3i ¢ppeiiMBopky Angular 3 BUKOpUCTaHHAM KOMIIOHEHTHO1 010ioTekn Angular
Material.

CTpyKTypa 3aCTOCYHKY BKJIIOYA€ CTOPIHKM aBTOpH3AIlil, KEPYBaHHS KOPHCTyBadyaMH

Ta aHasi3y.
CropiHka aHaii3y HaJa€ HACTYMHUI HAO1p IHCTPYMEHTIB:

3aBaHTAXCHHI BXiI[HHX JaHUX,

— 3aIlyCK MpOIIECy aHaJI3Y;

— TEepeTys pe3yIbTaTiB Kiacudikarii;

— TIOIIYK Ta MEPEerisij] CX0KMX BUMAIKIB 3a IOIOMOIOI0 BEKTOPHOI 0a3u JIaHUX.

B3aemomist 3 cepBepHOIO yacTrHOIO peanizoBana yepe3 REST API 3 Bukopuctanasm
BOynoBanoro B Angular HTTP-xmienta. KimieHTchbka dYacTMHA MpPOTPaMHOTO 3aco0y
BukopuctoBye CRUD-omeparii myisi KepyBaHHs aHalli3aMU Ta KOpUCTyBauaMu (JJis
aJMIHICTPATOPIB OpraHizaili), a TakoX CIelliaai3oBaHl omneparli ajs poOdOTH 3 JaHUMHU
aHai3y, 3aMycKy OOpOOKH JaHUX Ta MOIIYKY CXOKHUX BUIIAJIKIB.

Jlnst  3a0e3neyeHHsT KOHCHUCTEHTHOTO KOPHUCTYBAllbKOTO JOCBIAY 3aCTOCOBAHO
010;0TeuHi komnoHeHTu Angular Material, o HagarTh yHI()IKOBaHUN 30BHILIHINA BUTJIS
Ta TIOBEAIHKY €JIEMEHTIB iHTep(elicy BIAMOBIIHO IO CyYaCHUX CTAHAAPTIB MPOEKTYBAHHS

BeO-1HTEp(EHCIB.
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4.3 Iomyk HAWOJMKYUX 32 JONOMOT0I0 BEKTOPHOI 023 TaHUX

Opniero 3 mepeBar BUKOPUCTAHHS BKJIAJIEHUX TPEACTABICHb € MOXKJIHUBICTh
3aCTOCYBAaHHS BEKTOPHUX 0a3 JaHUX JJIs MOIIYKY CXOXKUX 3pi3iB 3a Onu3bkicTio BII. Jlanuii
(yHKIIIOHAT MOXE€ CIYryBaTh JOMOMDKHUM 1HCTPYMEHTOM JIKaps, peali3yruu
MO>KJIUBICTB TOLIYKY MAIE€HTIB 31 CXOXKHUM YPaKEHHSM JIETEHb.

PosrnsiHeMo mpuWKIam TMONIYKY BEKTOPHOIO 0a3010 JaHUX 3a BKJIAJEHUMHU
MpEeCTAaBIICHHIMU, 3T€HEPOBAHUMHU HEUPOHHOIO MEPEKEIO (AUB. PO3iT 2).

JIsi  eKCIepuMEeHTIB BUKOPUCTOBYBaJach 0a3a JaHWX, IO MICTUTh BKJIAJEHHI
npencrasieHHs 1501 3pizy 3 27 3niMkiB KT (9 COVID-19, 9 no3arocnitaibHa MHEBMOHIS,
9 3moposi nereni) natacety COVID-CT-MD. [l nouryky BUKOPUCTOBYBajiach BOy10BaHa
nopiBHsTbHA Mipa Milvus — eBkiioBa BiacTaHb (4.2) 3a BKIQJACHUM IPEACTABICHHIM

HACTyIHOro 3pi3y (puc. 4.4).

Pucynok 4.4 — 3pi3 IM0046 3uimMKy covidl 14

Pe3ynbpTatom nouryky S5 HalOmmKYux Oy HacTyMHI 3pi3u (puc. 4.5).
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Pucynok 4.5 — Pe3ynbprati momyky HaiOauK9IMX (3a €BKJI1OBOIO BIJICTAHHIO)

EBKi10Ba BiJICTaHb JJIsI 3HAWICHUX 3pi31B HaBeIeHa y Ta0. 4.3.

Ta6muis 4.3 — Pe3ynbrat nomryky HaMOIMKIKX (32 €BKJI1IOBOIO BiJICTAHHIO)

Howmep pesynpraTy | Ha3Ba 3HIMKY HasBa 3pi3y | EBkiioBa BijicTaHb
1 covidl10 IM0038 2 148 603,5

2 covidl15 IM0046 2 163 308,75

3 covidl10 IM0037 2177 687,5

4 covidl10 IM0036 2 210 008,75

5 covidl10 IM0032 2 373 189,75

OCKUIBKHM €KCIIepUMEHTalbHa 0a3a JaHWX HE MICTUTh 3HAYHOI KUIBKOCTI 3HIMKIB,
no/1aTkoBo Oysio oOuucieHo Bijctani mix BII 3anuty ta BII ycix iHImuMx 3pi3iB IPUCYTHIX

y 06a3i (3arasibHOIO KUTbKICTIO 1501), Ta BiniOpano 5 3pi3iB 3 HaiOLIbm qanexkumu BII (puc.

4.6).
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Pucynok 4.6 — Pe3ynbTaTi NONIyKY HaiIadbIIuX (32 €BKJI1IOBOIO BiJICTAHHIO)

EBK1i10Ba BiJICTaHb JJIsI 3HANWICHUX 3Pi31B HaBeIeHa y Ta0. 4.4.

Ta6nuis 4.4 — Pe3ynbraTi NONIYKY HaAaIbIIKMX (32 €BKJIIIOBOIO BiJICTAHHIO)

Howmep pesynpraTy | Ha3Ba 3HIMKY HasBa 3pi3y | EBkiioBa BijicTaHb
5 covidl15 IM0038 10 587 443
4 covidl11 IM0092 10 840 212
3 covidl 15 IM0094 11268 558
2 covidl15 IM0036 11430 684
1 covidl15 IM0037 13 252 108

Sk MoxxHa moOauutu 3 Ta0iI. 4.3-4.4 BIAHOIIEHHS EBKJIIIOBUX BIJCTAaHEH MIX
HaOMMKYUMU Ta HaAWJAIbIIMMU 300paKEHHSAMH CTAaHOBUTh Maibke 5 pasiB, 10 €
JOCTATHIM JIJIS 1X PO3/ITICHHS.

HopwmamnizoBani BII ycix BifgiOpanux 3pi3iB HaBeJeHO HA puc. 4.7.
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Ax MoxHa moGaunte 3 puc. 4.7, BKIAACHI NPEICTaBICHHS ISl OJHOTO THITY
300paxensb (3pi3iB KT) maroTh momiTHiI BigMiHHOCTI. Tak, B okTeTax 40-48 ta 80-88 MokHa
MOOAYUTH PIZHUIIO MK HaWOIMKYMMHU Ta HaWJAIBIIAMH 3a C€BKJIIJOBOIO BIJICTAHHIO
300paKEHHSIMHU.

[Tomryk 3a CXOXICTIO BKJIaJACHUX MpeacTaBieHb 3HIMKIB KT moxke OyTn KoprcHUM

MIPH OLIHII YPa)KeHHsI JIET€Hb, IPUUHSTTI PILLIEHb Ta TPOrHO3yBaHHI CTaHy Malll€HTA.

4.4 BUCHOBKH 10 po3aiiny

VY po3aini po3rISIHYTO peatizalliro MporpaMHOTo 3abe3nedeHHs anamizy 3HiMKiB KT
TUTSL TIaTHOCTHKH.

Po3po6iieHo apXiTeKTypy CUCTEMHU, 10 CKIIAJAEThCS 3:

— MIJCUCTEMU KEepPyBaHHS MOTOKaMHU POOIT;

— CHCTeM KepyBaHHs 0a3aMu JaHWX;

— CepBepy CUCTEMU;

— omepaTopiB, IO peasi3yrTh N0OYI0BY BKIaAEHUX MpecTaBieHb 3HIMKIB KT (y

ckaaai CKIIP);

— OTepaTopiB, 10 BUKOHYIOTH KiIacuQiKalliio 3a BKIAACHUMU TPEICTaBICHHIMH (Y

ckaaai CKIIP);

— 1HTep(eiciB KOPUCTYBAUIB 32 POISIMH.

Omnucano ocoOaMBOCTI peanizallii CUCTEMH 3 ypaXyBaHHSIM MOHSTTS OpraHizaiiii Ta
PO3MIUICHHSM TpaB M0cTyny. HaBeaeHo MpuKiIaay MONIyKYy BKJIQJCHUX MPEICTaBICHD 32
JIOTIOMOT OO0 BEKTOPHO1 0a3M JTaHUX.

Po3pobiene mporpamMHe 3a0e3nedeHHs IMOKPHUBA€E HarajbHI 3aj1adi, IMOB’s3aHi 3
J1arHOCTUKOIO JIEFEHEBUX 3axBOproBaHb _uisIXoM aHamizy 3HIMKIB KT. Iloganbmmii
PO3BUTOK CHCTEMH MOXe OyTH TOB’S3aHMI SIK 3 PO3MIMPEHHSM HAOOPY JeTeHEeBUX
3aXBOPIOBaHb, 1110 MIATPUMYIOTHCSI CUCTEMOIO (TyOEepKYJb03, HOBOYTBOPEHHS TOIIO), TaK 1
3 BBEACHHSAM MiATPUMKHU TPHUHIIMIIOBO 1HIIMX JAHUX JJIS IarHOCTYBaHHS 3aXBOPIOBaHb

iHmmx yactud Tuta (KT inmux opranis, MPT To110).
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BUCHOBKHA

VY nuceprariiiHiii poOOTI BUPIIIEHO HAYKOBE 3aBAaHHS 3MEHIIEHHS 4Yacy ajarTaiii

MpOrpamMHOro 3a0e3MedYeHHs] aHali3y MEIUYHUX 300pakeHb IS IIarHOCTUKHA HA OCHOBI

aJ'IFOpI/ITMiB MAallIMHHOT'O HaBYaHHs

OCHOBHI pe3yJIbTaTH BUKOHAHOI pOOOTH:

1.

[IpoBeneHo anani3 JiTepaTypHUX JKEPEI, IOA0 MeTO11B aHami3y 3HIMKIB KT mis
JI1arHOCTUKH 3aXBOPIOBAHb.

[TpoBeneHo aHami3 MOKIMBOCTEN ICHYIOUHMX CUCTEM KEPYBaHHS TOTOKaMH POOIT.
3anpornoHoBaHO ~ MoAMQIKAIKO  TOMOJOrii  iCHYyKUOi Mepexki  OiHapHOI
kiacudikarii 300pakeHb IS MYJBTHKIACOBOI Kjacudikalii Ta JOBEICHO
MO>KJIMBICTH PO3LIMPEHHSI HOBUMH KJIacaMu 0€3 1ICTOTHOI BTpaTH TOYHOCTI.
3anmpornoHoBaHO Ta Ppo3po0ieHO MeToxa Kiacudikarlii 300pakeHb Ha OCHOBI
BKJIQJICHUX IMIPEACTaBICHb, SIKUW 3a0e3leuye MOXKIMBICTh MPUIIBHILICHOTO
JIOHABUYAHHS HEUPOHHOI MEpexi Ui MIATPUMKHA HOBHUX KJaciB 0e3 3MIHM Ti
TOTIOJIOTI{, III0 3MEHIIIYE Yac Ha aJanTalilo MPorpaMHoro 3a0e3ne4YeHHs aHali3y
MEANYHUX 300pakeHb AJIA JIarHOCTHUKU. METOoJ BUKOPUCTAHO y 3ajadi aHajizy
3HIMKIB KT 3 mocsraeHHsM TouHoCcTi Kiaacudikamii y 98.7%.

Po3po6iieno MeTon AMHAMIYHOTO KOHCTPYIOBAHHS MOTOKIB poOIT, 110 BUKOHYE
noOynoBy Tpady Mig Yac BHUKOHAHHS, Ta JO3BOJISIE YHHKHYTH MOOYAOBU
CTaTUYHUX TMOTOKIB poOOIT BPYydYHY, IO 3MEHIIyE dYac Ha pPO3pOOKy Ta
MOM(DIKAIIIIO0 CUCTEM, SIKI BAKOPUCTOBYIOTH MTOTOKH POOIT.

Po3pobrneno nporpamMuy cucteMy KepyBaHHS IIOTOKaMU POOIT, sika BUKOPUCTOBYE
KJIacTepHl oOuncineHHs Ha ocHOBI Kubernetes Ta miaTpuUMye TOpHU30HTAJIbHE
MmacitadyBaHHs. Po3po6ieHo MaTreMaTH4Hy MOIENIb OOpaxXyHKY 4acy BUKOHAHHS
NOTOKY poOIT. JIoCHi/PKEHO MIBUAKOAII0 aIrOPUTMY B 130JIAIi1 Ta CHUCTEMH
KEepyBaHHA NOTOKaMH pOOIT, Ta JOBEAECHO IX 3aCTOCOBHICTH JJ0 MPAKTUYHHX 3a7a4.
Po3pobneno maTeMaTtnyHi MOJIEN IS OLIHKY Yacy Moaudikarii kiaacudikaTopa
Ta 1oOyz0BH rpady MOTOKY pOOIT, IO BPaxOBYIOTh CKJIAJOBI 4Yacy JaHHUX

omepar(ii. 3a JOMOMOIOK PO3POOJICHHMX MOJEIECH JTOBEICHO MNPAKTUUHY
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3aCTOCOBHICTb PO3p0O0IeHUX METOAIB . [Ipy BUKOpUCTaHH] pealbHUX MapaMeTpiB
npu po3poOlIili Ta 3ampoBaKeHl 3MIH Yy MporpamMHe 3a0e3MeUeHHS JTOBEICHO
3MEHIIEHHS Yyacy Ha HOro ajanTarlito.

8. Po3pobneHo mporpamue 3abesnedeHHs aHamnizy 3HIMKIB KT nis mgiarHocTuku

3aXBOPIOBaHb HA OCHOBI PO3TJISTHYTOTO0 METOTy Kiacu(ikalli Ta 3ampornoHOBaHOT
CUCTEMU KEpPYBaHHS MOTOKaMU POOIT 3 MOXKIIMBICTIO BUKOPUCTAHHS JIEKIIbKOMA
OpraHi3allisiMu.

Po3po6ieni B nucepraiii mporpaMHi 3aco0M MOXKYTh BUKOPHUCTOBYBATHCH SIK OKPEMO
(CKIIP, II3 anamizy 3nHiMkiB KT mi1s glarHOCTMKM) TaKk 1 B CKJIaJl IHIIUX CHUCTEM
(HampuKIaa, SIK CKJIAAO0B1 CUCTEM MIATPUMKU MPUUHATTS PIILICHB).

TakuM YMHOM, TOCTaBlEHI y JaHiid AWcepTaliiiHiii poOOTI 3aBIaHHS BHUKOHAHO
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JOIJATOK b. BBAEMOIISA KOPUCTYBAYA 3 TIPOT'PAMHUM 3ACOBOM

Po3srnssHemMo mporiec BUKOHAHHS aHai3y 3HIMKIB 3a JIONOMOTO0 po3pobiieHoro I13.
JI1s1 11b0T0 HEeOOX1AHUMU € TaKi oreparii:

— CTBOPEHHS aJIMIHICTPAaTOPOM OpraHizaiii BiJ IMEH1 KO 311MCHIOBATUMEThCS

aHaJji3 (SKIIO IIe HE CTBOPEHO);

— BHECEHHS KOPHUCTyBaya y opradizailito aaMminicrpaTopom [13 uu opranizariii;

— peecTpaiiisg kopuctypaua y I13;

— CTBOPEHHS aHaJI3y;

— JI0JJaBaHHS BX1JIHUX JIaHUX;

— PO3TIIsi pe3yJIbTaTiB.

CTtBOpeHHs opraHizallii BiIOyBaeThcs 3a JTOMOMOTOIO MaHeNl aaMiHicTpaTopa (pHc.

b.1).

A adminJS anin (@)

NAVIGATION Dashboard / Organization
Lab App .

LISt 1 + Create new Y Filter

Organization e

User

g
Analysis [ id

orgog f97fa5ad-b38b-4634-a51b-3b41573b45ba

Pucynok b.1 — Ilanens agminictpatopa I13

[Ipu mepioMy Bxojl Ha IIaTGOpPMy KOPUCTYBau BKA3ye peecTpariiHui Kox (Iuist
YHEMOXJIMBIICHHS. ~ «BTaJyBaHHS»  IIOLITOBOI ~ CKPUHBKM  HEIIOJABHO  BHECEHUX

KOPHCTYBauiB) Ta BCTAHOBJIIOE TIapoJib (puc. b.2).
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Laboratoriia

Name*

Email*

Code given by administrator*

Password*

Confirm password*

Pucynok b.2 — [lepmmuii BXi1 KOpUCTyBaya y CUCTEMY

[Ticist BXOMy B CUCTEMY KOPUCTYyBay Ma€ JOCTYII O aHalli3iB, 110 OyJIM CTBOPEHI B
oprasizariii 10 K01 BiH HaeXuTh. KoxkeH aHami3 mpeIcTaBIeHU y CIUCKY 13 3a3HAYEHHSIM
Ha3BMU, JaTU CTBOPEHHS Ta OCTAHHBOT'O OHOBJICHHSI, a TAKOXK PE3YJIbTaTy aHali3y, SKII0 HOTo
OyJo 3aBepiieHO. 3a JOMOMOTOI0 JAaHOTO €KpaHy KOPUCTYBau MOXKE 3HAMTHU 1CHYIOUHM
aHaJi3 a00 CTBOPUTH HOBMM, BKa3aBIIM Ha3BYy Ta, 3a NOTPEOU, MPUMITKHU ISl JOJATKOBUX
nanux (puc. b.3).

CTBOpUBILIM YM BIJKPUBIIHN ICHYIOUHH aHAaNi3, KOPUCTYBAa4 MOXKE OJAaTH J0 HHOTO
JaHl Ta 3allyCTUTU MpoBedeHHs aHamizy. Ilig yac BUKOHAHHS aHaji3y KOPUCTYBallbKUUN
1HTEeppEeiCc BUKOHY€E 3alUTH KOXHI 5 CEKyH[J Uil MEPEBIPKM TOTOBHOCTI PE3yibTaTy.

Pesynbrar Bi100pakaeThCsi y MOMEHT rOTOBHOCTI (puc. b.4).
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normal037 Nov 8, 2024 Nov 8, 2024
normal015 Nov 8, 2024 Nov 8, 2(%4
normal009 Nov 8, 2024 Nov 8, 2024
covid133 Nov 8,2024 Nov 8, 2024
covid122 Nov 8, 2024 Nov 8, 2024
covid067 Nov 8, 2024 Nov 8, 2024
cap034 Nov 8, 2024 Nov 8, 2024
cap029 Nov 8, 2024 Nov 8, 2024
cap028-real Nov 8, 2024 Nov 8, 2024
cap028 Nov 8, 2024 Nov 8, 2024

Items per page: 1-100f35 4 >

Pucynok b.3 — Cnircok cTBOpeHUX aHaNi31B
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cap025

Data: Steps taken: Results:
cap025.zip dicom-zip-filter-to-tiff Status: complete
Kind: dicom-chest-ct- success in 20.20 seconds Gt

image-zip

Download

tiff-out.zip

Kind: tiff-chest-ct-
image-filtered-zip

Produced by: dicom-zip-

Total analyzed images: 32

resnet-fdn-embed
Per method:

success in 25.27 seconds resnet-fdn-classify: cap ( 30 images classified as cap, 2

images classified as covid )

) neigh-embed-classify: cap ( 32 images classified as cap )
resnet-fdn-classify ada-embed-classify: cap ( 32 images classified as cap ) _
randfor-embed-classify: cap ( 32 images classified as cap )

success in 25.18 seconds
svc-embed-classify: cap ( 32 images classified as cap )

Similar:

covid133 - covid

Kind: chest-ct-slice-
embeddings

filter-to-tiff => resnet-
fdn-embed

Produced by: dicom-zip-

filter-to-tiff B
Download neigh-embed-classify
L success in 10.09 seconds
= \
result.json i

3 cap034 - cap
randfor-embed-classify

028-real -
successin 15.12 seconds Syl

nermal015 - normal

ada-embed-classify

Pucynoxk b.4 — Expan ananizy
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[Ticnst 3aBepieHHA MOTOKY poOIT, CTOpIHKA aHami3dy BigoOpaxkae yci BXIijAHi,
MPOMIXKHI Ta BUX1IH1 JIaH1, 00UMCIIeHI 111 Yyac 0OpoOKH 3HIMKa, HEOOX1IH1 JJIsl IIOTO KPOKHU
Ta JeTali30BaHy 1H(QOpPMAIII0 MPO pe3ydbTaTh Kiacudikarli 3pi3iB 3HIMKa. J[ogaTKoBO,
€KpaH BigoOpa)kae aHaJ13H, 1110 MICTSITh CX0K1 3HIMKH, 3HAICH1 3a JOTOMOT 00 BEKTOPHOT
0a3u JaHUX Ta JO3BOJISIE IEPEUTH HA CTOPIHKH ITMX aHaJIi31B.

Po3pobnenuii nporpamuuii 3aci6 ananizy 3HiMKIB KT nis nmiarHocTuku peanizye

HaOlIp omeparliii Jyisi KepyBaHHS JaHUMHU, IEPCOHATIOM Ta BUKOHAHHS J11arHO31B.
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koH(pepeHItis «KoMriekcHe 3a0e3MedeHHs] SKOCTI TEXHOJOTIYHHMX IPOIIECIB Ta
cuctem», 2022, ISBN 978-617-7932-34-4. 3006ysauy nanexcumov 30ip ma auaniz
iHghopmayii npo icHyroUui 00CTIOHCEHHS.

2. Cminsinenp, ®. A., ®inorenoB O./[. MynsTukiacoBa kiacudikailis JETEHEBUX
3aXBOPIOBaHb 3a JIOMOMOrOI0 3HIMKIB KOMII'IOTEpHOI Tomorpadii. [HxeHepis
nmporpaMHoro 3abesrneueHHs 1 nepeaoni iHGopmarriiiai Texuosorii (SoftTech-2023):
Mmarepianu [V MixHapoaHoi HayKOBO-TIPaKTUYHOI KOH(EpeHIIii MOJIOAMX BUCHUX Ta
ctyaeHTiB, npucBsiueHux 125-i piunuii KIII im. Irops Cikopcekoro (9-11 TpaBHs
2023 p., KuiB). — Kuip : KIII iM. Irops Cikopcekoro, ITII ®IOT, 2023. c. 28-30.
3006y8auy Hanedxcums peanizayia MYIbMUKIACO8020 Kldcugikamopa, U020
eKCnepumMeHmainbHe 00CIIONHCEeHHS.

3. Cminsnensp, @. A., ®inorenos O./]. Metonu Ta mporpamue 3abe3nedeHHs 00poOKu
3HIMKIB KOMIT IOTE€pHOT ToMorpadii 1jis aBTOMaTH3aIll JIarHOCTUKH 3aXBOPIOBAHb.
[mxenepist mporpamHoro 3a0e3mneueHHs 1 nepeaosi iHGopMariiitHi Texnonorii (Soft
Tech-2024): wmarepiamu VI MixHaponHoi HayKOBO-TIPAKTUYHOI KOH(EpEeHIii
MOJIOJIUX BYEHUX Ta CTyAeHTIB, 21-23 TpaBus 2024 poky — Kuis : KIII im. Irops
Cikopebkoro, IIII ®IOT, 2024. c. 124. 3006ysauy Hanexcums po3podra ma
0OTPYHMYBAHHS 3aNPONOHOBAHUX MEMOOI8.

4. Cminsgnenb, ®. A., ®inoreHoB O.[. IlopiBHsAHHS anroputTMmiB Kiacudikamii 3
BUKOPHCTAHHSAM BKJIQJICHUX TpeacTaBieHb 3HIMKIB KT. [HkeHepis mporpamMHOTO
3a0be3nedeHHs 1 nepeaosi iHpopMmaiiitai TexHosorii (Soft Tech-2024): matepianu VII
MixHapoIHOT HAYKOBO-TIPAKTUYHOI KOH(PEPEHIIIT MOJIOJMX BYCHUX Ta CTYACHTIB, 20-
22 nmucronaaa 2024 poky — Kuis : KIII im. Irops Cikopcskoro, IIIT ®IOT, 2024. c.
96-100. 3006y8auy Hanexcumv nNposedeHHs O0OYUCTIOBANLHUX eKCNepUMEHmMIe ma

NOPIGHAHHS A20PUMMIE KIACUDIKAYIL 3 BUKOPUCMAHHAM BKIAOEHUX NPEOCaBIeHb.



