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PE®EPAT

Maricrepcbka quceptaritis: 100 c., 15 puc., 14 Tab6in., 1 nogarok, 83 mkepena.
3apa3 0JIHUM 3 OCHOBHHUX €TalliB MPH TOCIIKEHHI 00’ €KTIB, SIBUII] 1 MPOIIECIB

PI3HOT MPUPOIN € MaTEMaTHUYHE MOJICITIOBAHHS 1 TIOB’I3aHUI HUM KOMII IOTEpHUI
eKCIepuMEHT. YncenbH1 eKCIIEpUMEHTH JAI0Th MOXKJIMBICTb, SIK IJIaHYBaTH HATYPHUHN
eKCIIEPUMEHT, TaK 1 OTPUMYBATH HOB1 3HAHHSI PO T1 MPOLECH 1 ABUINA I IKUX
yTpyAHEHUH, a0 B3arajai HEMOXKJIMBUIM HATYpPHUI eKCIiepuMeHT. Bennka KuUbKiCcTh
MaTeMaTUYHUX MOJIEeH Miciisi BAKOHAHHS BIJIMOBITHUX MEPETBOPEHb MOXKYTh OyTH
ONMCAaHHI CHCTEeMaMHU JIIHIIHUX anreOpaiuynux piBHsIHb (CJIAP) 3 po3pikeHuMu
MaTPUISIMHU.

OCHOBHOIO OCOOIMBICTIO TAKUX CHCTEM € iXH1 BEJIUKI MOPSIIKU 1 HEBEIUKA
KUIBKICTh HEHYJIbOBUX eJeMeHTiB. Benuki nopsaku CJIAP BUHHKAIOTH 32 paxyHOK
TOT0, IO JOCTIAHUKHN XOUyTh OTPUMATHU SIKOMOTa JOCTOBIPHIIII pe3yibTaTh, Yepes3
e OyayroThCs OLIbII JAeTalizoBaHi Mojei. Maia KiJbKICTh HEHYJIbOBUX €JIEMECHTIB
HOSICHIOETBCSI OCOOIMBOCTSAMU AUCKPETU3ALIll MO/IEN. 30KpeMa, CUCTEMH PIBHSHbD 3
PO3PIIKEHUMH MATPULIIMA BUHUKAIOTh Y 3a/ladax aHaJli3y MIIIHOCTI KOHCTPYKIIN y
IMBUILHOMY Ta MPOMUCIOBOMY OYA1BHUIITBI, PiIbTpallii, TEMJI0- Ta Maco MEPEHOCY,
tomro. O6sacTh 3acTocyBaHHsS MeTOiB po3B’sizyBaHHs CJIAP 3 po3pimkennmu
MaTPULISIMU TTOCTIMHO PO3MIMPIOEThCA. Uepes 11e BUHUKAE IHTepec 10 MpodieMu
noOy0BU €(pEKTUBHUX METOIB PO3B’SI3aHHS TAKUX CUCTEM, MOPSIAKU SKHX
MIEPEBHIIYIO COTHI TUCSY.

Kiacuuni pe3ynbTaTu, 0 CTOCYIOTHCSI pO3p0OKH METOIiB po3B’sizanHst CJIAP
3 PO3PIIKEHUMH MATPUIISIMHA BUCBITIIOIOTHCS Y Pl MOHOTpadiii aMepUKaHCHKUX 1
BITUM3HAHUX aBTOPiB: A. Jxopaxa, JIx. JTro, C. ITucanenwku, [Jx. 'ony0a, P.
Troapcona, I.A. bnatoBa, M.E. EkcapeBcbkoi Ta iHIITHX.

Takox 3pocTaroTh BUMOTH JI0 OOYHCIIIOBAIBHOI TEXHIKH, 1110
BUKOPHUCTOBYETHCS JUISI POBEICHHS KOMIT FOTEPHOTO eKCIiepuMeHTy. BoHa moBuHHA
3a0e3medyBaTu JOCTATHIO IMIBUAKO/IIO 1 MATH HEOOX1AHY KUIBKICTh PECYPCiB, 1100
pE3yNbTaT eKCIEPUMEHTY MOXKHA OyJI0 OTPUMATH 33 JOCUTH HEBEJIUKHUHA MPOMI>KOK

yacy. 3apa3 Ha pUHKY IIPEICTaBIICHI 0araTo pi3HUX apXITEKTYp KOMIT I0TEpIB 3



napasebHOI0 OpraHizailiero 0ouncieHb. Halo1abI NpolyKTUBHUMH € TUIAT(GOPMHU
TaK 3BaHOI «T10pUIHO» apXITeKTypH. [laHi cucteMu noeaHyTh y co6i MIMD-
(multiple instructions — multiple data) Ta SIMD-apxitektypwu (single instruction —
multiple data), a came y cucremi 3 6araTosiICpHUMU MTPOIIECOPAMH OOUYHCIICHHS
MPUCKOPIOIOTHCA 32 paXyHOK rpadiqHoro npuckoproBada. OTKe OJHUM 3
e(peKTUBHUX MiIX0iB A0 po3B’sa3aHHs CJIAP 3 po3pimkeHUMU MaTPUISIMU €
mo0y/10Ba MapajeIbHUX aJITOPUTMIB, III0 BPaXOBYIOTh OCOOJHUBOCTI apXITEKTypH
KOMIT F0TEpa.

OcHoBHUMHU TTpoOIEMaMu PO3POOKU e(HEKTUBHUX MapaieIbHUX aJTOPUTMIB €:
aHaji3 CTPYKTYpH MaTpuili, a00 MPUBEJICHHS 1i 10 BIMOBITHOTO BUTJISIY,
3aCTOCOBYIOYM BIJNOBIIHI aITOPUTMH ITEPETBOPEHHS; BUOIP €(PEKTHUBHOL
JIEKOMITO3HIIIT IaHUX; BU3HAYCHHS €()eKTUBHOI K1JIbKOCTI TIPOLIECOPHUX SED 1
rpaiYHUX MIPUCKOPIOBAYIB, 1110 BUKOPUCTOBYIOTHCS JIJI1 O0OYUCIICHB; BU3HAUCHHS
TOTIOJIOT1i MIKITPOIIECHUX 3B’SI3KIB, KA 3MEHINY€E KUIbKICTh KOMYHIKAITIH 1
CHHXPOHI3aIIii.

Came 151 aHaNI3y CTPYKTYPH PO3PLAKEHOI MAaTPUIl BUKOPUCTOBYETHCA
HEHWpOHA Mepexa, sika JJO3BOJIUTh BUAUIUTU IPYIH HEHYJIbOBUX €JIEMEHTIB, SIKi
MOXYTh OOPOOJISITUCH HE3AJIEKHO. 3a pe3ybTaTaMU aHai3y Oyjie OyayBaTUCh
JIEKOMIIO3HIIIsl TaHUX Ta OOUPATUCH KITBKICTh 00UHUCIIOBAILHUX SJIEP, 1110
3a0e3MeunTh HAMKOPOTIIMM Yac PO3PaXyHKIB JIJIi KOHKPETHOT CTPYKTYPH MATPHIII.

Meta Ta 3aBJAaHHs 0CaiIxkeHHsA. MeToro poOOTH € po3podKa Ta
JTOCITIJIKEHHS TTapaJIeIbHUX METO/IIB Ta KOMIT FOTEPHUX aJITOPUTMIB IS
nocIiKeHHs Ta po3B’si3yBanHg CJIAP 3 po3piykeHuMU MaTpUIIMUA HEPETYISIPHOT
CTpyKTypH Ha koM totepax MIMD-apxitektypu Ta kom6inaiii MIMD- 1 SIMD-
apXxITEKTYpH, anmpooaIrisi aIrOpUTMIB IPU MATEMATUYHOMY MOJICITIOBaHHI Y
NPUKIIATHUX 3a/1a9ax.

Jlo 3aBHaHb HOCTIKCHHS HAJIEKATh:

. po3po0Ka Ta JOCTIHKSHHS 1TEpAIIHIX MapaieIbHUX alrOPUTMIB IS
CJIAP 3 po3pipKeHUMHU MaTPULISIMU HEPETYJIAPHOT CTPYKTYPH 3 HAOJIMKEHUMU

JIaHUMU;



. pO3po0OKa aNropruTMIB Ta MPOTPaM JTOCTIHKEHHS JOCTOBIPHOCTI
PO3B’A3KIB, OTPUMAHUX MPSMUMHU Ta IT€paIliiHUMU METOIAMH;

. anpoOartis aaropuTMIB JJISI MATEMAaTHYHOTO MOJICITIOBAHHS B
MPUKIATHUX 3a/1a4ax.

O0’eKT AOCTiIzKEeHHs — MaTeMaTH4HI MoJiei, 1o onucytoTbes CJIAP 3
PO3PIHKEHUMH MaTPHUISIMU HEPETYIIAPHOI CTPYKTYPH.

IIpeamer moctizKeHHs — NTapayielibHI METOAM Ta KOMIT IOTEPHI aJTOPUTMHU
3HaxoKeHHs po3B’s13Ky CJIAP 3 po3pimkeHuMU MaTpULIIMUA HEPETYISPHOT
CTPYKTYpH.

Metoau aociikeHHs. Y poOOTI 3aCTOCOBYIOTHCS METOAM TEOP1i MaTPHUIIb,
JiHIMHOT anredpu, Teopii rpadis, GYHKIIIOHAIBHOTO aHaJi3y, TeOPii MOXHUOOK, Teopis

HEUPOHHUX MEPEK.

CJIAP, ITAPAJIEJIBHI OBUNCJIEHHA, POCITII3BHABAHHSA 305PAKEHD,
HEMPOHHA MEPEXA, KJIACU®IKALIT JAHMNX, HEHYJILOBI EJJEMEHTH



ABSTRACT

Now one of the main stages in the study of objects, phenomena and processes
of different nature is mathematical modeling and related computer experiment.
Numerous experiments give an opportunity to plan a full-scale experiment, as well as
to get new knowledge about those processes and phenomena for which it is difficult,
or in general, impossible to carry out a full-scale experiment. A large number of
mathematical models can be described by systems of linear algebraic equations
(SLRs) with soldered matrices after performing the corresponding transformations.

The main feature of such systems is their large orders and a small number of
non-zero elements. Large orders of SLAR arise due to the fact that researchers want
to get the most reliable results, which is why more detailed models are being built.
The small number of non-zero elements is due to the discretization of the model. In
particular, systems of equations with sparse matrices arise in problems of analysis of
the strength of structures in civil and industrial construction, filtration, heat and mass
transfer, and others like that. Scope of the methods of solving SLR with sparse
matrices is constantly expanding. Because of this, there is an interest in the problem
of constructing effective methods for solving such systems, whose orders exceed
hundreds of thousands.

Classical results concerning the development of methods for solving SLRR
with rarefied matrices are covered in a series of monographs of American and
domestic authors: A. George, J. Liu, S. Pisanetski, J. Golub, R. Tjurson, I. A.
Blatova, ME Ekseryrovskaya and others.

Also, the requirements for the computer technology used to conduct a
computer experiment are growing. It must provide sufficient speed and have the
required amount of resources so that the result of the experiment can be obtained over
a relatively short period of time. Now in the market there are many different
architectures of computers with parallel computing organization. The most
productive are the platforms of the so-called "hybrid" architecture. These systems
combine MIMD (multiple instructions - multiple data) and SIMD architecture (single

instruction - multiple data), in particular, in a multi-core processor system,



computations are accelerated by means of a graphical accelerator. Hence, one of the
effective approaches to solving SLR with sparse matrices is the construction of
parallel algorithms that take into account the peculiarities of computer architecture.

The main problems of developing effective parallel algorithms are: analysis of
the structure of the matrix, or bringing it to the corresponding form, using appropriate
conversion algorithms; choice of effective data decomposition; determining the
effective number of processor cores and graphic accelerators used for calculations;
definition of the interprocess communication topology, which reduces the number of
communications and synchronizations.

It is precisely for analyzing the structure of a sparse matrix that a neural
network is used which allows the selection of groups of non-zero elements that can
be processed independently. The results of the analysis will be based on the
decomposition of data and the number of computing cores to be selected, which will
provide the shortest settlement time for a particular matrix structure.

The purpose and objectives of the study. The purpose of the work is to develop
and research parallel methods and computer algorithms for research and solving SLR
with sparse matrices of irregular structure on computers of MIMD architecture and
MIMD and SIMD architecture combinations, testing of algorithms in mathematical
modeling in applied problems.

The research tasks include:

* development and research of iterative parallel algorithms for SLR with sparse
matrices of irregular structure with approximate data;

* development of algorithms and programs for investigating the validity of
solutions obtained by direct and iterative methods;

* Approbation of algorithms for mathematical modeling in applied problems.

The object of the study is the mathematical models described by SLAR with
sparse matrices of the irregular structure.

The subject of the study is parallel methods and computer algorithms for

locating the SLR solution with sparse matrices of the irregular structure.



Research methods. The paper uses methods of matrix theory, linear algebra,

graph theory, functional analysis, error theory, and the theory of neural networks.

SLAR, PARALLEL CALCULATION, IMAGE RISK, NEURAL
NETWORK, DATA CLASSIFICATION, NONZERO ELEMENTS
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HEPEJIIK YMOBHUX ITOCUJIAHb TA TEPMIHIB

YMOBHIi CKOpOYeHHS

MCE — MeTo/ CKIHYEHUX €JIEMEHTIB.

CJIAP — cuctema JNiHIMHUX anreOpaiyHUX PiBHSHbD.

Tepminun

Po3mipHicTh MaTpHLli — KUTBKICTh HEBIJOMUX B MATPHIII.

Po3spimskena marpuusi — marpuis, B SIKId OUIBLIICTh €JIEMEHTIB JOPIBHIOE
HYJIIO.

OnepaTnBHa mMaM'siTb — €HEPro3aJICKHUN BUJI TaM'ATi KOMI'IOTEpa, B SIKIN

30epiraroThes J1aHi, HeOOX1aH1 TPOIIECOPY B JaHUI yac.
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BCTYII

AKTYAJILHICTD JOCTiIKEHHS

3apa3 0JIHUM 3 OCHOBHHUX €TaIliB MPH JOCIIHPKEHHI 00’ €KTIB, SBUII] 1 MPOLIECIB
PI3HOT MPUPOIN € MaTEMaTHUYHE MOJICITIOBAHHS 1 TIOB’I3aHUI HUM KOMII IOTEpHUI
eKCIepuMEHT. YncenbH1 eKCIIEpUMEHTH JAI0Th MOXKJIMBICTb, SIK IJIaHYBaTH HATYPHUHN
eKCIIEPUMEHT, TaK 1 OTPUMYBATH HOB1 3HAHHSI PO Ti MPOLECH 1 SIBUILA IJI IKHX
yTpyAHEHUH, a0 B3arajai HEMOXKJIMBUM HATYPHUI eKcriepuMeHT. Bennka KibKiCcTh
MaTeMaTUYHUX MOJEJEH Micig BUKOHAHHS BIAIOBIIHUX MEPETBOPEHb MOXKYTh OyTH
ONMCAaHHI CHCTeMaMH JIIHIMHUX anreOpaiunux piBHsIHb (CJIAP) 3 po3pixeHumMu
MaTpPULISIMH.

OCHOBHOIO OCOOJIMBICTIO TAKMX CHCTEM € iXH1 BEJIUKI MOPSIIKY 1 HEBEIUKA
KUIBKICTh HEHYJIbOBUX eJeMeHTiB. Benuki nopsaku CJIAP BUHHKAIOTH 32 paxyHOK
TOT0, O JOCTIAHUKHN XOUyTh OTPUMATHU SIKOMOTa JIOCTOBIPHILII pe3yJbTaTH, Yepes
e OyayroThCs OLIbII AeTanizoBaHl Mojeni. Mala KiJIbKiCTh HEHYJILOBUX €JIEMEHTIB
MOSICHIOETHCS OCOOJIMBOCTSIMU JTUCKPETU3AIIIl MOJIENi. 30KpeMa, CUCTEMU PIBHSHb 3
PO3PIIKEHUMH MATPULIAIMHM BUHUKAIOTh Y 3a/1a4ax aHalli3y MIIIHOCTI KOHCTPYKIINA y
LMBUILHOMY Ta MPOMUCIOBOMY OYIBHHUIITBI, (P1IbTpallii, TEMJIO- Ta MAaco MEPEHOCY,
toro. O6nacTh 3acTocyBaHHS MEeTOiB po3B’sizyBaHHs CJIAP 3 po3pimkennmu
MaTPULISIMU TTOCTIMHO PO3MIMPIOEThCA. Uepes 11e BUHUKAE IHTepec 10 MpodieMu
noOy0BY €PEKTUBHUX METOIB PO3B’SI3aHHS TAKUX CUCTEM, MOPSIAKU STKHX
MIEPEBHIIYIO COTHI THCSY.

Kitacuuni pe3ynbTaTi, 0 CTOCYIOThCSI PO3pOOKH MeTOiB po3B’si3anHs CJIAP
3 PO3PIKEHUMH MATPUIISIMHA BUCBITIIOIOTHCS Y Pl MOHOTpadiii aMepUKaHCHKUX 1
BiTUM3HAHUX aBTOPiB: A. Jxopaxa [1], k. JIro [2], C. [Tucanenpku [18], JIx.
['omy6a [3], P. Troapcona [4], [.A. bnarosa [5], M.E. EkcapeBcbKoi Ta 1HIIIUX.
Tako 3p0CTa0OTh BUMOTH 10 OOUMCITIOBAIBHOI TEXHIKH, IO BUKOPUCTOBYETHCS JIsI
MIPOBEJICHHS KOMIT FOTEPHOTO eKCTIEpUMEHTY. BoHa moBrHHA 3a0e3neuyBaTi
JOCTATHIO MIBUAKO/I1I0 1 MATH HEOOXIHY KUIBKICTh pECypcCiB, 1100 pe3ynbTar

EKCIIEPUMEHTY MO>KHa OYyJI0 OTpUMATH 32 JOCUTh HEBEIMKUI TPOMIKOK 4yacy. 3apa3
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Ha PUHKY MPEJICTaBICH] 6arato pi3HUX apXiTEKTyp KOMIT IOTEPIB 3 NapajeabHOI0
oprasizaiiiero oourciaeHb. HalouibI npoyKTHBHUMH € TIaTGOPMHU TaK 3BaHOT
«ribpumHOi» apxitektypu. JlaHi cuctemu moegHyoTh y co6i MIMD- (multiple
instructions — multiple data) Ta SIMD-apxitektypu (single instruction — multiple
data), a came y cuctemi 3 6araTosIepHUMHU MTPOLIECOPAMU OOUUCTICHHS
PUCKOPIOIOTHCA 32 paXyHOK rpadiqHoro npuckoproBada. OTKe OJHUM 3
e(heKTUBHUX MiAX0iB /10 po3B’s3anHs CJIAP 3 po3piskeHUMU MaTPULISIMU €
noOy10Ba NapaselbHUX alTOPUTMIB, IO BPAXOBYIOTh OCOOIMBOCTI apXiTEKTYpH
KOMIIT I0TEpa.

OcHoBHUMHU TTpoOIEMaMu PO3pOOKH €(PEKTUBHUX NapajieIbHUX aJTOPUTMIB €:
aHai3 CTPYKTYPH MaTpHili, a00 MPUBEIEHHS il 10 BIAMOBIIHOTO BUTIINY,
3aCTOCOBYIOYH BIJMOBIAHI aJITOPUTMHU MTEPETBOPEHHS; BUOIP €PEKTUBHOI
JIEKOMITO3HIIIT IaHUX; BU3HAYEHHS €(PeKTUBHOI KIJIbKOCTI IPOLIECOPHUX SIED 1
rpadiYHUX TPUCKOPIOBAYIB, III0 BUKOPUCTOBYIOTHCA ISl OOYUCIICHb; BUSHAUYCHHS
TOTIOJIOT1i MIKITPOIIECHUX 3B SI3KIB, KA 3MEHIIY€E KUTbKICTh KOMYHIKAIH 1
CUHXPOHI3aIlii.

Came st aHANMI3y CTPYKTYPH PO3PIIKEHOT MaTPHUIl BUKOPUCTOBYETHCS
HEHpOHA Mepexa, sika JO3BOJIUTh BUAUIUTU FPYIU HEHYJILOBUX €JIEMEHTIB, SKI
MOXYTh OOPOOJISITUCH HE3aJIEXKHO. 3a pe3yibTaTaMU aHai3y Oyne OyayBaTUCh
JIEKOMIIO3HIIIS TAaHUX Ta O0OMPATUCh KIIBKICTh 0OYHUCIIIOBAILHUX sJIEP, 1110
3a0€3MeYNTh HAUKOPOTIIHNI Yac pO3paxyHKiB I KOHKPETHOI CTPYKTYpU MaTpPHIII.
[{e 3a0e3meunTh aBTOMATH3AIlIIO TIATOTOBKH JaHUX (a came MaTpHuIli) J0
6e3nocepeHboro oounciaeHHs Ta po3paxynky CJIAP, 110 y cBoto uepry 3MeHIIUTh

3arajibHii 4ac HEOOX1THUM [ 00paxyBaHHS 00OpaHOi MPOOIEMH.

MeTta Ta 3aBAaHHA J0CTiIKEeHHS

Mertoro poOoTH € po3poOKa Ta JOCTIIKEHHS MapajeIbHUX METOIIB Ta
KOMIT FOTEPHUX JITOPUTMIB JIJIs1 JOCTIKEHHS Ta po3B’si3yBanHs CJIAP 3
PO3PIIKEHUMH MATPULISIMHU HEPETYIISIPHOI CTPYKTYpH Ha KoMt 1oTepax MIMD-

apxiTekTypu Ta komOiHaiii MIMD- 1 SIMD-apxiTektypu, arpo0Oaiiisi aiIrOpUTMIB
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IpU MaTeMaTHIHOMY MOJICTIOBaHHI y IPUKJIAIHUX 3a/1a4aX, po3poOKka Ta
JOCTiPKeHHST HEHPOHHOI Mepeski /IS aBTOMaTH3AaIlil JeKOMITO3HUITii JaHUX.
Jlo 3aBaHb AOCHIIKEHHS HAJICKATh:

— pO3poOKa Ta AOCTIIKEHHS 1TepaliifHuX napanenbHux anroputmis ais CJIAP 3
PO3PIHKEHUMH MaTPUIISIMH HEPETYIIPHOL CTPYKTYPH 3 HAOIM>KEHUMU
JAHUMU;

— po3poOKa aJropuTMIB Ta IporpaM JOCHTIKEHHS JOCTOBIPHOCTI pO3B’S3KIB,
OTPUMAaHHX NPSIMHUMHU Ta 1TepalliiHUMU METOJaMH;

— ampo0arris anropuTMiB JUIsl MAaTEMaTUYHOTO MOJICIIOBAHHS B MPUKIIATHUX
3a1avax;

— po3po0OKa Ta AOCTIIKEHHS] HEMPOHHOI MEPEXK1 JUIsl aHAIII3y HEHYJIbOBUX

€JIEMEHTIB po3pikeHux maTpuilb CJIAP.

O0’eKT DocaiTKeHH

O0’€eKT I0CTiIZKEHHsT — MaTeMaTUYH1 Mojiedl, 1110 onucyroThest CJIAP 3

PO3PIIKEHUMH MATPUIIIMUA HEPETYIISIPHOL CTPYKTYPH.

IIpeamer nocaigkeHHs

IIpeamer mocrizKeHHs — TTapayiesibHI METOAM Ta KOMIT FOTEPHI aJTOPUTMHU

3HaxoKkeHHs po3B’a3Ky CJIAP 3 po3pipkeHUMU MaTPULISIMU HEPETYJIAPHOT

CTPYKTYpPH.

MeToau a0CTiTKeHHSA

Metoau aociaimkeHHs. Y poOOTI 3aCTOCOBYIOTHCS METOAM TEOPii MaTPHUIIb,
JHIAHOT anredpu, Teopii rpadiB, PyHKIIIOHATEHOTO aHaTI3y, TeOpii MOXUOOK, Teopis

HEUPOHHUX MEPEK.



15

1 AHAJII3 ITPOBJEM BUPIHIEHHSA CJIAP B 3ATAYAX
MATEMATHYHOI'O MOAEJIIOBAHHA

1.1 Bupimenns CJIAP B 3a1auax MaTeMaTHYHOT0 MO/IeTFOBAHHS

Ha choroanimHiii 1eHb € 6araTo 3aj1ad Ta npo0seM sKi TOTpeOyIoTh
KOMII I0TepHOT0 MojemoBanHs. Lle y cBoto yepry nmotpedye no0y1oBu
MaTeMaTHuHuX Mozeneil. [Ipu 01Uk TOYHOMY OMHMCAaHHI MOAETLOBAHOTO 00'€KTa 200
SIBUIIA YCKIIATHIOCA TAaKOK MaTeMaTUYH1 MOJIEN1 iK1 0a3yI0ThCSl HA HUX.

Komm'toTepHe MOJENI0OBaHHs, 0 BUHUKJIO SIK OJIMH 13 HANPAMIB
MaTEeMaTUYHOTO MOJEIIIOBAHHS, 3 PO3BUTKOM KOMIT'FOTEPHUX TEXHOJIOTIH cTajo
CaMOCTIIHOIO 1 BAXJIMBOIO 00JIaCTIO 3aCTOCYyBaHHs KoMIT'toTepiB [6]. Komn'torepHi
MO/IeJIl BUKOPUCTOBYIOTHCS JIJISl BUPILIEHHS 3aB/IaHb PO 00'€KTH, 110 MOAEITIOIOTHCS.
[Tpu po6oTI 3 MOJIEITIO 3aBJJaHHS ITPO MOJIEIIOETHCS 00'€KTI MOXKE OyTH
chopMysibOBaHa y BUIJISA1 METH, T. €. SIK 3aBJIaHHS HAOYTTs Ta BUBUCHHS OaKaHOTO
crany mojeni. [loctanoBka MeTu nepeadayae BU3HAUEHHS CKJIQAy Ta CyTHOCTI
KOHKPETHOTO 00'€KTa, HOTO CTPYKTYPH, OCHOBHHUX BJIACTUBOCTEH 1 B3aEMOJII1 3
HABKOJIMIIHIM CBITOM - PO3YMIHHS MOJIEJNI, & TAKOX I[IJIECTIPSIMOBAHE BTPYUYaHHS B
GbyHKIIOHYBaHHS MOJIEII - YIPaBIIIHHS MOJEILTIO [7].

VY Ham yac KOMIT IOTEpHE MOJICTIIOBaHHSI 3aCTOCOBYETHCS y 0aratbox
obnactsax. Komn'totepHi Moieni ctaiy 3BU4ailHUM 1HCTPYMEHTOM MaTEMaTUYHOTO
MOJICTIOBaHHS 1 3aCTOCOBYIOThCS Y (pi3uili, acTpodisuili, MmexaHilli, Ximii, 010J10T11,
€KOHOMIII1, COLII0JIOT1i, METEOPOJIOTi, IHIINX HAayKax 1 NPUKIaJHUX 3aJa4axX B PI3HUX
00JacTsAX pagioeNIeKTPOHIKH, MAITMHOOYIyBaHHS, aBTOMOO1Ie0y TyBaHH Ta 1H [8].
Kowmm'toTepHi Mojieni BUKOPUCTOBYIOTHCS JJISI OTPUMaHHSI HOBUX 3HaHb TIPO
MOJCIIOETLCS 00'€KT1 a00 11T HAOJIM>KEHOT OI[IHKM ITOBEIIHKHA CUCTEM, 3aHAITO
CKIIQJHUX ISl aHATITUYHOTO AochipkeHHs. Pi3Hi cepu 3acTocyBaHHS
KOMIT'FOTEPHUX MOJIeNIEH BUCYBAIOTh P13HI BUMOTH J10 HAJAIMHOCTI OEPKYBAHUX 3 1X
JIOTIOMOT010 pe3ybTaTiB. [ljist MoaentoBaHHs OyAiBenb 1 AeTanel JiTakiB NoTpiOHa

BHUCOKA TOYHICTH 1 CTYIIHb IOCTOBIPHOCTI, TOJII SIK MOJIEJI1 €BOJIFOIIIT MICT 1
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COIlIaJIbHO-€KOHOMIYHHUX CUCTEM BUKOPUCTOBYIOTHCSA MOJIEII JJIsl OTPUMAaHHS
HaOIMKEHUX a00 SKICHUX Pe3YJIbTaTIB ISl aHATITUIHOTO JOCIIIIKSHHS.

Benuka KiIbKICTh HaBEJIEHNUX BUILE MATEMATHYHUX MOJIEIIEH, ITiCIIs
HEOOX1THUX MEePETBOPEHB, MOXKYTh OyTH onucanHi y BUurisiai nesaxoi CJIAP. Ipu
yomy Haituactime Matpuii CJIAP npencrasienHi y po3pimkenomy Burisial. [pu
BUPIIIEHH] TOYHUX 3a7a4 3 6ararbma 3miHHUMU CJIAP HaOyBarOTh Takoi CKIaHOCTI
IIpH SIK1H Jo1UTbHO BUKOprcTOoBYBaT EOM Ta crieniaibpHe IporpaMHe
3a0e3MeyeHHs 171 IX BUPIIICHHS.

Tomy po3poOka epeKTUBHUX ITIIX0/11B 3HAXOKEHHS PO3B’SI3KIB CHCTEM
PIBHSHb € HAaJ[3BUYAIHO aKTyaJIbHOIO IPOOIEMOI0, BUPILICHHIO SIKOT TPUAUIAIOTH

YUMAaJIO yBar.

1.2  Orasa gitepatypu

3HayHa KUIbKICTh JOCIIKEHb IPOBOAUTHCS ISl CUCTEM 3 PO3P1IHKEHUMHU
MaTpUIIMU, 3 SKUMU TIOB’sI3aHO HEMAJIO MPaKTUYHUX 3aCTOCyBaHb. Ha nanmii
MOMEHT HaiOJIbIIl TOBHO MUTAHHS, MOB’s13aH1 3 po3B’sizyBanHsM CJIAP 3
PO3PIIKEHUMH MaTPUISIMH, BUCBITJICHO Y BITUM3HsAHUX [9, 10, 11, 12, 13, 14, 15] ta
3apyOiKHUX Tpaix [16, 3,17, 18, 4, 19].

Momnorpadis Trroapcona [4] € 0JIHI€IO 3 EPIINUX Y CBITOBIH JiTEpaTypl Ta
BUCBITIIIOE pAZl QyHAAMEHTAIBHUX MOJIOKEHb POOOTH 3 PO3PIIHKEHUMU MATPUILISIMU.
Y monorpadii C. [Tucanenxu [18] posrisHyTo sik MeToau po3B’s3yBanus CJIAP, Tak
1 hopmatu 30epiraHHs JaHUX Ta aJrOPUTMH MOMEPEIHBOT ONTUMI3ALl]
BIOPSAKYBaHHA. ¥Y poboTtax [14, 3] mpoBeneHo IpyHTOBHI JOCIIHKEHHS TUTaHb
OB’ sI3aHKX 3 (popMaTaMu Ta MOMEPETHLOI0 0OPOOKOIO PO3PITKEHUX JTAHUX.
Momnorpadis [20] BBaxkaeTbes 0JiHIEIO 3 PyHIaMEHTATBHUX 11010 METOIIB
po3B’sizyBanHs CJIAP 3 nogaTHO BU3HAYCHUMU PO3PIHKEHUMHU MATPHUIISIMU BEITUKHIX
nopsikiB. Monorpadis [19] npucssiuena po3po0iii MpssMUX METOIB. Y poOoTi [21]
MO/IaHO HAA3BUYAWHO IMHUPOKUN OTIUC 3 TEOPETUIHUM OOTPYHTYBAHHSIM PI13HUX
KJIaciB iTepaniiaux MeToiB po3B’s3yBanHs CJIAP. Monorpadis [9] onucye

ITepaLiiiHli METOIU 3 epe0OYMOBICHHSIM 3 JOIIOMOI0OI0 HEMOBHOI (paKkTopH3allii.
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PoGotu [1, 22] naroTh 3MOTr'y MpOBECTH MOPIBHIIBHUI aHai3 METOJIIB JJIS IIUIBHUX
Ta PO3PIHKEHUX MaTpullb. Y [23] 3anponoHOBaHO €(peKTUBHI OOUUCITIOBATIBLHI CXEMU
s CJIAP 3 A-matpursimu. OTxe, Ha JaHW MOMEHT 1CHY€E MOTYXHA METOAMYHA
0a3a 3araibHUX MeToiB. [IpoTe, sik MpaBwMII0, HA MIPAKTHII HEPIAKO 3a/71a4l MatOTh
0COOJMBOCT1, BUKOPUCTAHHS 1H(pOpMaIlii mpo sKi 103BoJIsIE Oy IyBaTH 1€ OLTBII
e(eKTHBHI CXEMHU.

KitouoBUM NUTaHHSM, SIK€ BUHUKAE 111 4aC pO3POOKH METO/IIB JJIsi
PO3PIKEHUX CUCTEM, € BHOIp hopmaTy 30epiraHHs JaHUX. Y 3aJeKHOCTI Bij
cneru@iky 3a7a4i Ta 0COOIUBOCTI OpraHi3ailii JaHUX MOKHA CKOPUCTATHUCS BIKE
po3pobsiennmu cxemamu [16, 9, 12, 24, 19].

Cepen BaxxJIMBUX 3a71a4 TOOY/10BU €PEKTUBHUX METOIB JIJIs 3a/1a4 3
PO3PLIKEHUMH MATPUILISIMU CJT1JT OKPEMO BUAUIMATH 3aJ1ayy ONTHUMI3allli 3alIOBHEHHSI.
VY cBITI pOo3p0O0IEHO HU3KY METO/IIB, K1 JO3BOJISIOTh 3MIHUTH MPOQLIb PO3PIIKEHOT
MaTpuIl 3a BuOpaHum kputepiem [16, 12, 17, 18].

[Tpu BupimenHi 3agaui po3s’s3yBanHs CJIAP 3 po3piykeHuMU MaTpUISIMU
MO>KHA CKOPUCTATUCA OJHUM 3 ABOX MiAXo/iB. [lepmmii nonsirae y BUKOPUCTaHHI
npsaMuX MeToiB. Llelt HanmpsMOK MPeICTaBIIeHO JOCUTDh MTUPOKO K Y HOBITHIX, TaK 1
y byHIaMEeHTAIBHUX pO3poOKax, 30Kkpema, y npausx [25, 17, 26, 27, 28, 29, 30, 19].
Jpyruil miaxix npornoHyOTh ITepaliiiHi METOIH, PO3POOIIl IKUX MPUCBIYEHO PsiJT
po6iT [31, 32, 16, 9, 33, 34, 35, 36, 24].

CknazmHiCTh po3B’A3yBaHUX HA KOMIT IOTEpI 3a/1a4 Ta 00’eM iHpopMmallii, sIKy
HEOOX1THO 0OpOOIISITH MPU PO3B’SI3yBaHHI PI3HUX KJIACIB HAYKOBO- TEXHIYHUX 3a/1a4,
y Tomy uncii i y Bunaaky CJIAP, mocriitHo 3pocTarors. [lonpu mBuake 301IbIICHHS
MPOJYKTUBHOCTI KOMIT FOTEPIB 32 PAXYHOK PO3BUTKY €JIEMEHTHOI 0a3u, KOMIT I0TepU
3 OHUM MOTOKOM KoMaH[I 1 ganux (tumy SISD 3a knacudikariero @mina [37]) He
3aBX/IU 3/1aTHI 3a0€3MeYUTH HEOOX1/THI O0UMCITIOBAIBLHI PECYPCH.

OpmHuM 3 pe3epBiB MIABUIICHHS MPOAYKTUBHOCTI OOYMCITIOBATLHOT TEXHIKH €
BUKOPHWCTAHHS MapajebHUX KOMIT I0TepiB rOpHUIHO1 apXiTekTypu. Ha choromni Taxi
KOMIT FOT€pH BUCTYNAIOTh OCHOBHUM 3aCO00M JIJIsl IPHPOJHUYUX HAYKOBUX

JOCIIKEHb. AHAI3 MBUIAKOAIT KOMIT IOTEPIB, KI BUKOPUCTOBYIOTHCS B
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PI3HOMAHITHUX 00JaCTAX AISIILHOCTI, TOKA3ye, 110 MEPII MICUS B CIIUCKY
BUCOKOMNPOIYKTUBHUX KoM toTepiB top500 [38] 3aitMaroTh caMe KOMIIT'IOTEpH
riOpuAHOI apXiTeKTypu. BOHH MIUPOKO BUKOPHUCTOBYIOTHCS MPU MOJICTIOBAHH1
CKJIQJIHUX IIPOIIECIB Ta SBUII y Te0JI0rii, XiMii, hapMakoJiorii, 610J10r1i, MeIUIIMHI,
METEOPOJIOTii Ta THIIHMX TATy3sIX CY9aCHUX MPUPOTHUIHNX HAyK. JIOCUTh MUpoKe
3aCTOCYBaHHS KOMIT IOT€pH T1OpUIHOT apXiTEKTYpH 3HAXOATh Y MAIIMHOOY TyBaHHI,
OyIIBHUIITBI, €KOJIOTIi, SIEpHIM eHepreTulli. JIuiie BpaxyBaHHs apXiTEKTypHU
KOMIIT FOTEPIB, iX (YHKIIIOHATHbHUX MOKJIMBOCTEN Ta TEXHIYHUX XapaKTEPUCTUK
KOMYHIKaIlli{HOT Mepex1 Jat0Th 3MOTY OTPUMATH BUCOKY €KCIUTyaTallliHy
IPOIYKTUBHICTh MYJBTUIIPOLIECOPHUX KOMIT I0TEPIB. TOMy po3poOKka HOBUX
aJropuTMIB 200 po3MapasneIioBaHHs ICHYIOUUX JIJIs peajizallii Ha rnapajaeabHux
KOMIT I0T€pax MEeBHOTO KJIaCy BUCTYIAIOTh AKTyaJIbHUMHU 3aJa4aMH.

Oruan aiTeparypu no napajieabHUM OOUMCIEHHSM Y JIIHIMHIN anreopi
nposeneHo y [39, 40]. OkpiM BeIUKOI KUTBKOCTI CTaTel mapajieabHUM Mpolecam
MIPUCBSIYCHO psast MoHOTpadiii [41, 42, 43, 44], ne HaBOAUTHCS 0OIIMpHA O10Mi0rpadis
11010 LIbOTO MUTaHHS. Tak, Hanpukia, 610aiorpadis monorpadii [45] mictuts 1030
HallIMECHYBaHb.

Momnorpadis [46] npucBsiueHa mOOYI0B1 Ta TOCTIIKEHHIO MapajieTbHUX
aJITOPUTMIB PO3B’sI3yBaHHS 3aj1a4 JIIHINHHO1 anreOpy Ha mapaneabHUX
OOYHUCITIOBAILHUX CHUCTEMaX BU3HAaYeHO1 apxiTekTypu. Y [47] momano
CHUCTEMATHU30BaHE BUKJIQJICHHS YUCEILHUX AITOPUTMIB Ta OPTaHi3allito mapaieIbHIX
o04uCTIOBANILHUX cUCcTeM. PoOoTa [48] MiCTUTh MaTeMaTH4HI OCHOBU PO3POOKHU
ACHHXPOHHUX O0YMCITIOBAIPHUX METO/IB, IPU3HAUYCHUX JIJIS peaizamii Ha
BHUCOKOIPOIYKTUBHUX IMapaielibHuX O0YUCITIOBAILHUX cucTeMax. MoHorpadis [49]
MpUCBsYEHA TOOYIO0BI Ta TOCIIHKEHHIO MapaIeIbHUX aJTOPUTMIB IS
PO3B’s3yBaHHS 33a/1a4 O0YMCITIOBAILHOT MATEMaTHKN Ha KOMIT I0Tepax 3 MHOKHHHHIM
MOTOKOM KoMaH[ Ta nanux (MIMD- komm’rorepax). ¥ [50] BUKkiaaeHO NpUHITUIN
oprasizaiiii mapanenpbHuX 00unciaeHs A po3s’s3yBaHHs CJIAP Ha BekTopHUX Ta
napajenbHUX KOMIT toTepax. ¥ poborax [41, 51] onucano oneparliiiii CHCTEMU Ta

MOBH, SIK1 MATPUMYIOTh TTapayiesibHI 00UMCIEHHS, 0OTOBOPIOIOTHCS MU TAHHS
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noOyI0BM MapajieIbHUX aJITOPUTMIB JJIS 3a]1a4 YUCEIBLHOTO aHamizy. Y [43]
BUKJIAJICHO TapaJieibH1 aITOpUTMH PO3B’A3yBaHHS 3aj]a4 JIHIHHOI anreOpu. Y
MoHorpadii [29] po3pobiieHo Ta JOCTKEHO MapaieabHl aAITOPUTMH PO3B’I3yBaHHS
OCHOBHHMX KJIACIB 3a]a4 00UMCITIOBAIbHOI MAaTEMAaTHUKH Ha MapaieIbHIX

koMIT totepax. Monorpadist [30] onucye iX mpakTHYHY peati3allito Ha
IHTEJIEKTyaJIbHOMY TapalieIbHOMY KoMil toTepi [Hmapkom. ABropu MoHOTrpadii [42]
PO3MIISIIa0Th MPOrPaMHE CEPEAOBHINE Ta HOTo (GYHKIIOHATBHI MOKIIUBOCTI JJIs
Oprasizailii mapajieabHUX 00YUCIICHb Ha Mepexi KoM toTepiB. [Hpopmariito mpo
pi3H1 01010TEKH CTaHAAPTHUX MapalieIbHUX MPOrpaM MojiaHo B [52].

Oxkpemo 3HauHy TPyNy AOCTIIKEHb CTAHOBJISITH PO3POOKH aITOPUTMIB J1JIs
iTepaniitHux MetoAiB po3B’si3yBanHs CJIAP. HaliGinbiu GpyHagaMeHTanbHu Orisig
MUTaHb, OB’ SI3aHUX 3 ITepaIliiHuMU MeTogamu po3B’s3yBanHs CJIAP 3
PO3PIIKEHUMH MAaTPULIAMH, 1TOAaHO B MoHOrpadii [21]. V Hiil HaBeAeHO
PO3TOPHYTHM OIS 6a30BUX MOHATH JIIHIMHOT anreOpu, METOAN TUCKPETH3AIlli,
TEOPII0 PO3PIHKEHUX MATPHULIb, TOBHUN MIEPEITIK PI3HUX KJIACIB ITEpaIlifiHUX METO/IIB,
criocobu nepe100yMOBIIEHHS Ta MUTAHHS TapajelbHol peanizalii. Y TOMOBHEHHS
MoHorpadii aBTOpH OIyOJIIKYBaJIM PsiJ] CTaTei: mepe100yMOBIEHHS Ha OCHOBI
HenoBHO1 ¢aktopu3auii [31], pi3Hi cnocoOM MOKpalleHHs] HEMOBHOI (pakTopu3ariii
[32], noOyaoBa BIAMOBIAHOTO MPOrpaMHOTOo 3a0e3nedeHHs [53] Ta iHii (BChoro
O0ym3bK0 15 6a30BUX NMHUTAaHb, HABEJCHUX Y MOHOTpadi).

Momnorpadis [9] npucBgaueHa po3pooO1ll iTepaliitHuX METOAIB 3
nepea00yMOBIIIOBaYeM Ha OCHOBI HETIOBHO1 (haKTOpHU3allii 3 TCOPETUIHUM
OOTpYHTYBaHHSIM BUOOPY METOiB. Takok MUTaHHS, MPUCBSIYCHI HETIOBHIN
dbaxTopu3ailii, BUCBITIIOIOTHCS B po0O0TI [33], AKa MiKpiNIeHa YUCETbHUMHU
eKCIIepUMEHTaTLHUMU JaHuMU. MoHorpadis [36] mpucBsiaena po3po0iti
ITepaliiiHuX METOAIB ISl pO3B’A3yBaHHS 3a/1ay MIKpOeJleKTpoHIKU. PoboTa [54]
MIPOTIOHYE peai3allifo MeTo Ty iTepaiiii Uebuiiea 3 BUKOPUCTAHHSAM TpadiaHIX
IIPOIICCOPIB.

VY npartgsax [23, 55] npoBOAUTHCS MOPIBHSAHHS NPSMUX Ta 1TEpallIiHUX METO/IIB

po3B’sizyBaHHs CJIAP 3 po3pikeHIMEU MaTPUISIMU Ha TIPUKIIAJIL 3a/1a4, 1110
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BUHUKAIOTh [PU MOJIETIOBaHH1 OyiBeIbHUX KOHCTPYKIIii. MeToau po3B’si3yBaHHs
CJIAP 31 cTpiuKOBOIO MATPHUILICIO PO3MIISIAIOTHCS B poOoTi [13].

Hocaimkenns [35] npucBsiueHe TUTaHHIM MOOYA0BH Mepe100yMOBIIOBaYa Ha
0araTonpoecopHUX CUCTEMaxX. ¥ HbOMY PO3TIISAAETHCS MUTaHHS €(hEeKTUBHOI
noOy1I0BM METOy Ha OCHOBI PO3BHHEHHS X0JIeLbKOr0. Y poboTax [56, 34]
OMMHCYETHCS TTapaselibHa peati3allis iTepalifHoro MeToIy 3 mepeao0yMOBIIOBadYEM
Ha OCHOBI HEMOBHOI (pakTopu3allii. biiouHo-AlaroHaIbHUI BapiaHT IIOTO METOIY
po3risaeTses y mpaii [57]. V crarti [24] onmuCcy€eThCs BUKOPUCTaHHS TapaieIbHOTO
1TepalifHoOro MeToAy 3 mepea00yMOBIIIOBaYEM Ha OCHOBI METO/11B BKJIQICHUX
nepepiziB y 3ajayax riipoanHaMiku. Y podotax [58, 54, 22] po3risiaatoTbest
NUTaHHs peani3alli Ha rpadiyHUX TPUCKOPIOBaYax 1TepalliHuX METOIIB 3
nepea00yMOBIIIOBaYaMHu.

['oroBi pimenHs moao po3s’s3yBaHHs CJIAP 3 po3pikeHUMU MaTpULISIMU
MIPOTIOHYIOTH IIpOTpaMHi nmakeTH [59, 60], ne mporpamu moOy10BaH1 Ha OCHOBI
iTepatiiitnux MmetoiB. [Iporpamuuii komriuieke [61] mpornoHye Mupokuil BUOIp
METO/I1B PO3B’SI3yBaHHS CUCTEM 13 CAMETPUYHUMHU MAaTpuLsAMU. bibiioTeka mporpam
[59] moOynoBaHa Ha OCHOBI METO/IB, ONMMMCAHUX Y MOHOTpadii [16].

[Ipote, He 3Bakar0UM HAa 3HAYHY KUIBKICTh JOCIIKEHb, IPUCBSIYEHUX
noOyZ0B1 MapajeIbHUX AJITOPUTMIB IIBUIKO301)KHUX 1TEpAIIHTHUX METOIIB
po3B’sizyBanHs CJIAP, mpobnema nuiaetscst aktyaabHO0. J[oci He po3po0sieHo
METOJY, SKUM OU ePEeKTUBHO pO3B’sA3yBaB 3a7auy 3 MaTPUIIEIO Oyb-IKO1 CTPYKTYPH.
Kpim Toro, y psijil BunajkiB €epeKTUBHICTh pO3MapasIeiOBaHHS BIA€ThCS TOCATTH
JIUIIIE Ha HeBEJIMKIA KIJIbKOCTI mporieciB [34].

Sk mokasye J0CBi, HEOOX1THOIO YMOBOIO CTBOPEHHS €()eKTUBHUX
napajiebHUX aJITOPUTMIB 1 porpaM Jytst po3B’s3yBaHHs CJIAP 3 pospimkeHnmu
MaTPHIIMHU € BpaXyBaHHS apXiTEKTYpH MMapajeIbHUX KOMIT IOTE€PiB Ta 0COOIMBOCTEH
CTPYKTYPH PO3PIHKEHOI MaTPHIll 3 METOIO 3a0€3MeYeHHsT BUCOKO1 €(heKTHBHOCTI

QITOPUTMIB Ta 30TAHCOBAHOCTI 0OYUCITIOBAILHUX TIPOIIECIB.
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1.3  Orasa HasiBHUX peaJiizamii

[IpoGnemMu pO3BUTKY MIPUKIAAHOTO IPOTPAMHOTO 3a0€3MeUeHHS JIJIs
po3B’sizyBarHsa CJIAP Ta cymyTHIX 3a1a4 JiHIHHOT aareOpu 3HaXOIAThCs Y IIEHTPI
yBaru 0araTb0X CHEIaIICTIB 13 4aciB pO3pOOKH MEPIINX KOMII toTepiB. TyT MOXKHa
3a3HAYUTH pobOTH [62, 63, 64, 49, 65, 66]. [1losBY B KiHII 60-X anTOI-TIPOIIEYD,
po3pobieHnx Binkinconom ta Paitaiem [67], MOKHA BiTHECTH 70 TTOYATKY
CTBOPEHHSI MAaTeMaTUYHOT0 3a0€3MeUYeHHs JIIHIMHOI anreOpu. AJIroy-npoienypu
BBiIIUIN 710 ckitaxy 6i0mioTek mpukiaaaux mporpam WR [68]. Li mponenypu B
MOJAJIBIIOMY JISITJIA B OCHOBY OaraThox 010J110TEK Ta MaKeTiB MPUKJIAAHUX TPorpam 3
JHIAHO1 anreopu.

Cepen HaiiBlgoMIIIMX 010/110TEK, K1 BUTPUMAIN BUIPOOOBYBaHHS 4YacOM —
616moteka SSP dipmu IBM [69], Boeing Library [60], Bell Laboratories [70],
oi0mioreka IMSL (International Mathematical and Statistical Libraries) [67],
616mi0Teka NAG (Numerical Algorithms Group) [71]. Benukoro KiIbKiCTIO
HiJIpOrpaM y HUX peaizoBaHO KJlac 3aj1ad 3 JHIIHOI aireOpHu.

Tako>x BapTO 3a3HAYUTHU, [0 OCTAHHIM YaCOM 3aBASKHU MOCTIHHOMY
BJIOCKOHAJICHHIO OOYMCITIOBAIEHUX XapaKTEPUCTUK 0araToNpoIeCOPHUX KOMIIJIEKCIB
Ha0yBalOTh aKTYaJIbHOCTI MUTAHHS, OB’ A3aH1 3 PO3POOKOIO MapaiebHUX METOAIB
PO3B’sI3yBaHHS CUCTEM PIBHSAHB [68]. Y IbOMYy HanpsMKy po3po0JIEHO YMMAaJIO HOBHX
napajielbHUX MPOrpaMHUX 3ac001B /it po3B’si3yBaHHs BiacHe CJIAP [72, 73, 31, 74,
75,76,77,47,32, 16,21, 53, 78]. binbmricTe 3 HUX OpIEHTOBAHI HA PO3B’I3YBaHHS
MeBHUX KJIACiB 3aj1a4, 110 BIUTMBA€E Ha HAO1p METO/IB, SIKi BOHU IIPOTIOHYIOTh.
Hampuknaz, y makerax BlockSolver95 [73] 1 SuperLU [21] peanizoBaHo mipsimi
Metoau po3B’sa3yBaHHsl CJIAP. Psn iHIMx nporpaMHUX KOMILIEKCIB, HAIPUKIIA,
pARMS [32], mpononyroTh iTepariiiHuil maxia 10 BupimeHHs npoodiaeMu. OCKUTbKU
O1TBIIICTB 33/1a4 MAIOTh MPUKJIAJAHUN XapaKTep, 3HauHa YaCTUHA MPOorpam
opientoBana Ha CJIAP neBHoro Burmsny. Tak, y 3anadax y Oy1iBenbHiH,
MaIIMHOOYI1BEIbHIN ranmy3i MaTpHIll KOe(ilieHTIB CUCTEM 3a3BHUYall MAlOTh
pO3piKeHy CTPYKTYpy. Came IJIsl MaTpuIlh PO3PiIKEHOT CTPYKTYPH PO3pOOIICHO

HU3KY sIK ipsMux (Hanpukian, y naketax MUMPS [61], PSPASES [77]), Tak i
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iTepaniinux (Hanpukian, maketu PSparslib [59], SPARSKIT [79], Paralution [78])
METO/IIB.

Metoau po3B’si3yBanHsa CJIAP 3Haxon4Th CBOE 3aCTOCYBAaHHS B €JIEKTPOHIIII,
OyIBHUIITB1, MAIITMHOOY/TyBaHH1 Ta 6ararboX 1HIIMX MPUKIATHUX o0nacTsx [25, 23,
24,80, 37, 81]. A, OCKUJIbKH KO’KHA OKpeMa TaTy3b 3aCTOCYBaHHS BUCYBa€ CBOT
BUMOTH JIO 33]1a4, TO, HE IUBJITYMCH HA JJOCUTH MIUPOKUH BUOIP TOTOBUX PIIICHB,
BUHHKAE MMOTpeda B po3poOili CeIiagi3oBaHOTO MPOTPaMHOro 3a0e3neYeHH,
OpIEHTOBAHOTO HA MMEBHUU KJIac 3a/1a4.

OT1xe ocHOBHOIO TTpoOaemoto BupiteHHs: CJIAP 3 po3pimkeHUMU MaTpUIISIMU
€ BpaxyBaHHS OCOOJUBOCTEH X CTPYKTYpH Ta apXiTEKTypH MapasieTbHUX
KOMIT FOTEpIB 331151 3a0€31e4eHHs 30a1aHCOBAHOCTI OOUMCIIOBAIBHUX IIPOLIECIB T
e(EeKTUBHOCT1 aJITOPUTMIB.

Tomy MeTor0 poOOTH € po3pOOKa Ta JOCIIHKEHHS apaJieIbHUX METO/IIB Ta
KOMIT FOTEPHUX aJITOPUTMIB JIJIsl AOCTIHKeHHS Ta po3B’s3yBanHsa CJIAP 3
PO3PLIKEHUMH MaTPULISIMU HEPETYJISIPHOT CTPYKTYpH Ha Komit t1oTepax MIMD-
apxiTekTypu Ta komOiHaiii MIMD- 1 SIMD-apxiTektypu, arpo0Oaiiisi aiIrOpUTMIB
IpY MaTeMaTUYHOMY MOJICTIOBaHH1 y MIPUKIAAHUX 3a/1a4ax, po3poOKa Ta
JOCITIKCHHSI HEUPOHHOT Mepex1 JIsl aBTOMAaTH3allli IEKOMITO3UIIIT JaHUX.

3agadamMu po3poOKH €:

— Ppo3poOKa Ta AOCIIKEHHS 1TepalliiHUX MapaeTbHUX aITOPUTMIB JIJIS
CJIAP 3 po3pipKeHUMU MaTPUILISIMU HEPETYIIAPHO1T CTPYKTYPH 3
HAOMMKEHUMU JaHUMU,

— PpO3poOKa aNropuTMIB Ta MPOTrPaM JOCIHIKEHHS JOCTOBIPHOCTI
PO3B’A3KIB, OTPUMAHUX MPSMUMHU Ta IT€paI[iIiHUMU METOAAMH;

— ampoOarlis anropyuTMIB JUISI MATEMAaTHIHOTO MOJICITFOBAHHS B
NPUKJIATHUX 33/1a4ax;

— po3po0OKa Ta TOCIHIHKEHHS HEHPOHHOI MepexXi JIJIsl aHaJ13y HEHYJIbOBHX

eJeMeHTIB po3pikennx matpuilb CJIAP.
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2 AHAJII3 ICHYIOUUX METOAIB PO3B’SI3AHHSA CJIAP 3
PO3PIIVKEHHUMHU MATPULIAMU

2.1  Orasig npobJjeMu

ITepen dopmymmroBaHHs MpoOIeMH HEOOXITHO OTJISHYTH 3arajibHI METOIN
BupimenHs CJIAP 3 po3pimkeHnMyu MaTpUIISIMK Ta aHANTI3yBaTH CIIOCOOH

BIIPOBAKEHHSI MOKPAIIEHb Ha 06a31 HelpoMepexi.

2.2  Touni metoau po3B’si3ky CJIAP

Posristnemo psn Tounux metoiB po3B’sizky CJIAP [4,5].

2.2.1 Meton I'ayca

Hexaii nana cuctema AX = b, ne A — Matpuils po3MipHOCTI m Xm (KBaapaTHa).

VY mpunyieHHi, o a17#0, nepiie piBHSIHHA CUCTEMHU

. (1.1)
A% = Oimey L = 1,.,m
j=1
JUIMMO Ha KOCe(IIIEHT 11, Y pe3yAbTATI OJIEPKYEMO PIBHSIHHS:
m
] 1m+1
i1 i1

[TOTIM 3 KOYKHOTO 3 IHIIUX PIBHSIHB BITHIMAETHCA MEPIIE PIBHSIHHS,
MOMHO>KEHE Ha BIJIMOBIIHUN KOSDILIEHT @i1. Y pe3ynbTaTi 1 piBHIHHS

MEPETBOPATHCS 1O BUY:
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m
1. _ 1 . _
Za”xj =0l =2,...,m (1.3)

[lepire HEBiAOME BUSBUIIOCS BUKJIIOUEHUM 13 yCiX PIBHSHB, KPIM MEPILIOTO.

Jlani B mpumymienHi, mo az, # 0, ginuMo apyre piBHAHHS Ha KoedilicHr a3, i

BUKJIFOYAEMO HEB1JIOME 3 YCIX PIBHSIHB, IOYMHAIOUHU 3 TPETHOTO 1 T.11. Y pe3yibTaTi
MOCJIJOBHOTO BUKJIIOUCHHS HEB1JIOMUX, MAaTPULISI CACTEMHU PiBHSIHB CTaHE

TPUKYTHOIO:

m

X, + Z X = al g, i=1,.,m (L.4)

j=i+1

CyKynHICTb MPOBEACHUX 00UMCIIEHb HA3UBAETHCS MIPSIMUM XOJIOM METOTY
l"ayca.
3 M-T0 PIBHSAHHS CUCTEMH BU3HAYAEMO Xm, 3 (M-1)-T0 piBHAHHS BU3HAYAEMO

Xm-1 1 T.A. 10 X1. CYKyIHICTh TaKMX 00YMCIIEHb HA3UBAIOTh 3BOPOTHIM XOJIOM METOTY

l"ayca.
Peanizanis npsmoro merony I'ayca Bumarac N~2m?%/3 apumeTnunmx

oIepaniii, a 3B0pOTHLOTO — N~M? apr()METUIHUX OIEPALIiii.

2.2.2 Metoa Kpamepa

Hexail nana cucrema niHIMHUX PIBHSHB, B IKIH YKCIIO PIBHSIHB JOPIBHIOE

YHCITy HEBIIOMUX:

(1.5)
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|
=
=

n
E a;;x; = by, 1

j=1

[Mpumyctumo, 1o Bu3HAUYHUK crcteMu 0#£0. SIkimo tenep 3aMiHUTH
MOCIIZIOBHO Y BUBHAYHUKY CTOBIIII KOE(IIIE€HTIB IPU HEBIJOMUX Xj CTOBIILIEM
BIIbHUX WIEHIB Dj, TO BUIAYTh BIAMOBIAHO N BU3BHAYHUKIB (1,...,d.

Teopema Kpamepa. Cructema N JTHIMHUX PiBHSIHB 3 N HEBIJOMUMH, BU3HAYHUK
SKO1 BIIMIHHUM B1J HYJISI, 3aBXKIM CYMICHA 1 Ma€ €IMHUHN PO3B’SA30K, IKUH

OOYHUCITIOETHCS IO PopMyIIax:

_dl_ _dz_ . _d . —
Xl— d :xz - d .r"'tx']‘l—l_ d "xﬂ_ d ) (16)

P03B’s130K TOBUIHHUX CUCTEM JIIHIMHUX PiBHSHb. Hexal

n
Zauxj =b,i=1,..,m (1.7)
j=1
JOBUJIbHA CHCTEMA JIIHIMHUX PIBHSAHB, JI€ YUCJIO M PIBHSIHb CUCTEMU MEHIIIC
yucina N HeBigomux. Toai B maTpuiil CJIAP 3HaligyThCst #<m J1HIMHO HE3aJEHKHUX
PAIKIB, a 1HII M-I PSJIKIB BUSBIISITHCS iIXHIMH JIHIHHUMH KOMOIHAIIISIMHU.
[TepecTaHOBKOIO PIBHSHDb MOYKHA JIOOUTHUCS TOTO, IO 11l I JIIHIMHO HE3aJICKHUX
PAIKIB 3aiiMyTh TIEPIIIi ' MICIIb.
3BiJICH BUILUIMBAE, 10 KOXKHE 3 OCTaHHIX M-I piBHAHBL cucTeMH (1.7) MoXKHa
MPEACTaBUTH SIK CyMYy MEPIINX I pIBHSIHB (SIKI HA3UBAIOTHCS JIIHIMHO HE3AJIEKHUMU
a00 0a3uCHUMM), Y3ITUX 3 JeIKUMU KoeditieHTamu. Toli cucTemMa eKBiBaJICHTHA

HACTYIHINA CUCTeMI I' pIBHSIHb 3 N HEBIJJOMUMHU:

(1.8)
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Il
=
l-.g

n
E a;;x; = by, 1

j=1

[TpumycTumo, 1110 MiHOP I-1 pO3MIPHOCTI, CKJIaIeHUH 3 KOe(IIIEHTIB pU
nepuux I HeBiIOMUX, BIAMIHHUH Bia Hyns: M #0, ToOTO € 6a3UCHIUM MiHOpPOM. Y
IIbOMY BUIQJIKY HEB1IOMI, KOSIIIEHTH IPHU SKUX CKJIaJAal0Th 0a3UCHUM MIHOD,
HA3UBAIOTHCI 0OA3MCHUMH HEBIJOMHUMH, a 1HIII N-I' — BIIbHUMH HEBITOMHUMH.

VY koxHOMY 3 piBHSHB cucTeMHu (1.8) mepeneceMo B IpaBy YaCTUHY BCl WICHU
3 BUIBHUMH HEBIJOMUMH Xr+1,...,Xn. TOJ1 OJIEP)KUMO CUCTEMY, sIKa MICTUTD I PIBHSIHB 3
I 6a3ucHUMU HeBIAOMUMU. OCKIJIBKY BUBHAYHUK I11€1 CUCTEMHU € Oa3uCcHUM MiHOp My,
TO CHUCTeMa Ma€ €JMHUMN PO3B’ 30K 11010 Oa3MCHUX HEBIJOMUX, SIKMI MOKHA 3HAUTH
o ¢popmynax Kpamepa. Jlaroun BUTbHUM HEB1JIOMHUM JOBUIbHI YUCJIOBI 3HAUCHHS,
OJIEP>KMUMO 3arajibHUi PO3B’ 30K BUX1HOI CUCTEMH.

OpHopigHa cucTema JIiHIMHUX piBHAHB. Hexall 1aHa oHOpiiHA cucTeMa

JIHIAHUX PIBHSHB 3 N HEBIJIOMUMHU:

C 1.9
Za--x-={],i=1,...,m. (19)

1
j=1

OCKUJIbKY 10JJaBaHHA CTOBIILA 3 HYJIIB HE 3MIHIOE PAHTY MaTpPUILll CHCTEMH, TO
Ha migcTaBl Teopemu Kponekepa-Kanenni s cuctema 3aBx/u CyMmicHa 1 Mae,
MpUHANMHI, HYJTbOBUN PO3B’S30K. SKIO BUBHAYHUK CUCTEMH BIAMIHHUYN BIJ HYJIS 1
YHUCJIO PIBHAHb CUCTEMH JIOPIBHIOE YUCITY HEBIIOMUX, TO MO Teopemi Kpamepa
HYJIbOBUI PO3B’A30K € €JUHUM.

VY Tomy BUNAJKY, KOJIM PaHT MATPUIl CHCTEMU MEHIIIE YMCIIa HEBIIOMUX, J1aHa
CUCTEMa KpIM HYJBOBOIO PO3B’s3KYy OyAe MaTh 1 HEHYJIbOBI pPO3B’s3KkU. Jlis
3HAXO/KEHHS ITUX PO3B’s3KiB y cucteMi (1.9) Buauissemo r<n JiHIAHO HE3aJIEKHUX
PIBHSIHbB, 1HII BIOKUIAEMO. Y BUAUICHUX PIBHSHHSX Y JIBIM YacTHHI 3aJMIIaeMO I

0a3MCHUX HEBIIOMUX, a 1HIII N-I' BIIbHUX HEBIIOMUX NEPEHOCHMO B MPABY YACTHHY.
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Toni nmpuxoIMMO 710 CUCTEMH, PO3B’A3yt0uH siKy 1o dpopmyrnax Kpamepa, Bupazumo r

0a3UCHUX HEBIIOMUX X,...,Xr Yepe3 N-I' BUIbHUX HEBIIOMUX.

2.2.3 MeTo/J roJIOBHHX €JIEMEHTIB
Hexait mana cuctema N JTHIMHUX PIBHSIHB 3 N HEBIJOMUMHU:

n

j=1

Jie eNeMeHTH jj (i,j=1, ...,n) yTBOPIOKOTH PO3LIMPEHY MATPHIIIO chcTeMH A.

Bubepemo HaitO1IbIIMIT IO MOTYIIIO 1 HE HAJIC)KAUYUM CTOBIITIO BUTBHUX YJICHIB

€JIEMEHT Apq MaTpuLll A, SKUI Ha3UBAE€THCSA FOJIOBHUM €JIEMEHTOM, 1 00UNCINMO

MHOKHHUKH Mi=-8iq /8pq IS BCIX PAAKIB 3 HOMepaMu i£p (p-# pAIoK, 10 MICTHUTh
rOJIOBHUM €J1€MEHT, HA3UBAETHCS TOJIOBHUM PSIIKOM).

Jlasi 10 KOXKHOTO APYTOPSTHOTO I-T'O PSIKY J0aMO TOJIOBHHUH PSJIOK,
IIOMHOKEHHH Ha BIANOBIIHUI MHOXKHHUK M.

VY pe3yabTari 0AepKUMO HOBY MATpPHUIIO, YC1 €IEMEHTH (-TO CTOBIILS SKOI,
KpPIM 8pq, CKJIAAAIOTHCS 3 HYJIB.

BiakunyBIIH 11€¥ CTOBIEIH 1 TOJIOBHUN P-1 PAIOK, OJIEPKUMO HOBY MATPHIIIO,
YUCJIO PSJIKIB 1 CTOBIIIIB SIKOi Ha OAWHUIIIO MeHIe. [ToBToproeMo Ti ’ omnepariii 3
OTPUMAHOIO MaTPHIICIO, MICIS YOTO OJEPKYEMO HOBY MATPHIIIO 1 T.1I.

TakuM uHOM, TOOYAY€EMO MOCHIIOBHICTh MaTpUIlb. J{J1s1 BU3BHAUCHHS
HEBIJJOMHUX Xj IOETHYEMO B CUCTEMY BCl TOJIOBHI PSAKH, IOYMHAIOYN 3 OCTAHHBOTO.
Buxknanennii MeToJ] po3B’SI3Ky CUCTEM JIIHIHHUX PIBHSHb HA3UBAETHCS

METOJIOM T'OJIOBHUX eleMeHTiB. HeoOxiaHa yMoBa HOTo 3aCTOCYBaHHS MOJISTA€E B

TOMY, III0 BU3HAYHUK MATPULl HE AOPIBHIOE HYIIO [6,7].
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2.2.4 Cxema XajenbKoro

Hexaii cucrema niHiiHUX anreOpaidHuX piBHSIHB JaHA B MATPUYHOMY BHTJISII:

Ax =bh , Ie A — KBagpaTHa MaTPUIlI PO3MIPHOCTI N; X, b— BEKTOPH-CTOBMIII.

[IpeacraBumo mMaTpulilo 4 y BUTIISLAL JOOYTKY HUKHBOI TpUKYyTHOT MaTpuili C 1

BEPXHbOI TPUKYTHOI MaTpuIli B 3 0JMHUYHOIO JiaroHauno, To00to A=CB, ne

PR 0 0 1 byy bys byn
Cz1 €2 O 0 0 1 by, by
C=|Ca1 C3z2 Ca3 0 [,B=|0 0 1 b,,
C‘]‘ll Cﬂ? Cna C*rm ':] {] ':] 1

[Ipudomy eneMeHTH cij i bjj BU3HaUar0ThCs IO hopMyiax:

i—1

Cix = Gy1,Cy5 = Q45— § Cikbkj11‘i1 =1

e (1.11)
i1
a, aij - Cikbkj
by =—"b; = k=t 1<i<ij. (1.12)
Ci Cji
PiBusuHs A¥ = b MoHa 3amucaTy B HACTYITHOMY BUTJISI]IL:
CBx = b. (1.13)

JoOyTox matpuili B Ha BekTOp-CTOBMHEIL X € BEKTOPOM-CTOBIIIEM, SKHI

MTO3HAYUMO 4epe3 V!

Bx = ¥. (1.14)



29

Toni piBusanHA (1.13) mepenuiemMo y BUTIIS/IL:

Cy = b. (1.15)

Tyt enemenTH cijj Bigomi, Tomy mo matpuis 4 cuctemu AX = b BBaXKa€eThCsI BKE

PO3KIIaJIeHOI0 HA JO0OYTOK JIBOX TPUKYTHUX MaTpuilb C 1 B.
[TepeMHOXXUBIIIM MaTpHIIi B JiBii yacTuHi piBHOCTI (1.15), ogepxyeMo cucteMy

PIBHSHD, 3 SIKO1 OJIEPKMMO HACTYIHI (DOPMYJIH JI1 BU3HAYEHHS HEBIIOMUX:

i1
a, A~ Z Cik Y«
My = k= i1 (1.16)

Cyy Cjj

Hesimomi Yi 3py4HO OOUYHCITIOBATH Pa3oM 3 €IeMEHTaMH Dij.

Y1 =

[Ticnst Toro, sik yci Yi Bu3HaueHi mo gopmyinax (1.16), miacraBisiemo ix y
piBusHHS (1.14) [8].
Ockinpku koedimienTn bjj Bu3HaueHi B (1.12), To 3HaYeHHS HEBIIOMUX,

MOYMHAIOYH 3 OCTAaHHBOT'0, OOYHCITFOEMO 110 HACTYITHUX (hOopMyJIax:

X = Voo Xg = Vi — Z big Xy, I < 1. L.17)
k

=i+1

2.2.5 MeToa KBaJPaTHOT0 KOPEHs

Jlanuii  METON  BHKOPUCTOBYETHCS JJIS PO3B’S3KY CHUCTEM JIHIMHUX

anreOpaiuHuX pPiBHSAHb BUIY

Ax =D, (1.18)
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y SIKHX MaTpuIst A cumeTpuuna, To0to A=A, a;=a;i (i=j=1,...,n).
Po3B’s130k cuctemu (1.18) 3miCHIOETHCS y 1Ba €TaIH.
[Tpsmuit xia. [TepeTBopeHHS MaTpulll 4 1 MPeCTaBICHHS ii Y BUTTISA1 JOOYTKY

ABOX B3a€EMHO TPAHCIIOHOBAHUX TPUKYTHUX MATPUIb:

A=25TS,
(1.19)
ae
Si7 Sy2 - Sip s;;, 0 .. 0
5 0 S5 .. Sap 5T = Si5 S37 .. 0
0 0 Sin Sin  Son e Sun

[Tepemuoxyroun S’ i S, i nopiBHOIOYM Matpuni A, OAEPKUMO HACTYIIHI

dbopMynu AJi1 BUSHAUEHHS Sij:

(1.20)
r -
S =va, S =/, ] >1
i-1 ,
k=1
X i-1
aij - Skiskj
S = = A<
Si
s, =0,i> .

[Ticns 3HaxomkeHHss Matpuui S cucreMmy (1.18) 3aminsemo nBoMa i

CKBIBAJICHTHUMHU CUCTEMaMH 3 TPUKYTHUMH MaTpuisimu (1.19):

STy =b,Sx = . (1.21)

3BopoTHi# xia. 3anucyemo cuctemu (1.21) y po3ropHyToMy BH/II:
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S1101 = by;
$12)1 + 82202 = by; (1.22)

Sin¥1 T S22 + -+ SV = b‘]‘l

811X T 812X + 0+ 81, = Vi,
SpaXg + =+ Sop Xy, = Vo,
e} (1.23)

SanXn = Va-

BuxopuctoByrouu (1.22) 1 (1.23) nociiioBHO 3HaX0IUMO:

i—1
b .
Vi = 3—1,in = (b, — Z SkiVi)/Siwl > 15 (1.24)
11 =1

n

Y. )
Xn :_']‘1’1_1. = (y; — Z Sik X ) /Sy, L < n.

Snn o (1.25)
2.2.6 Metoa mporony
Jlis po3B’si3ky cuctem Buny AX = F a6o, 1o Te x came,
Aix; g +Cix; + Bixyyy = F; (1.26)

BUKOPHCTOBYETHCSI METOJT MPOTOHY, 3aCHOBAaHUH Ha MPHUIYIIEHHI, M0 IIyKaHi
HEB1JIOMI 3B'S13aH1 PEKYPEHTHUM CITiBBITHOIIICHHSIM:
Xy = Qiy1Xi01 + Biya,

(1.27)

nei=1,...,n-1.
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BukopucroByroun 1€ CIIBBIIHOIIEHHS, BUPa3UMO Xi1 1 Xi 4depe3 X1 1

micTaBUMO B piBHsIHHSA (1.26):

(Ao, + Gy + Bxp + Ay Biyy +A B +CBiy —Fi =0,

(1.28)
ne F; — mpaBa wactuna i-ro piBHsHHS. L{e criBBigHOMEHHS Oy/1e BAKOHYBATHCS

HE3aJICKHO BiJ] pO3B’S3KY, SIKIIO 3a)KaIaTH

Ajaiag,, + Gag s + B, =0, (1.29)
Aja;fiyy + Ap + Cfy —F =0, (1.30)
3B1JICH BUILIUBAE:
—B,
Qo =———
A+ G (1.31)
5., Fim 4B
el Aiﬂii + Ci. (132)

3 mepuioro piBHSAHHS OJEPKUMO:

_Bl
2= (1.33)
Pa=7 (1.34)

[Ticns 3HAXOMKEHHSI MPOTOHOYHHMX KOE(DIMIEHTIB o 1 f/, BUKOPUCTOBYIOUU

piBHsHHS (1.27), onepxumMo po3B’si30k cuctemu. [Ipu ripomy
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T A, (1.35)

2.2.7 MaTpu4HUIi MeTO

MatpuyHuii MeTo pPO3B’A3KYy CHCTEM JIHIMHUX anreOpaidyHuX pIBHSIHB 3
HEHYJIbOBHM BU3HAYHUKOM IOJISITA€ B HACTYITHOMY.
Hexaii nana cucrema N JIHIMHUX PIBHSHB 3 N HEBIIOMHMH (HAJ JOBUIBHUM

TIOJIEM):

Ay3Xy + ot QX = by;
Ap1 Xy + -+ QX = by
Toni 1i moxHa mepenwcatd B MatpuyHii ¢opmi: AX = b, ne A — ocHOBHa

MaTpPHIISI CUCTEMH, b 1 X — CTOBMII BUIBHHUX YWICHIB 1 PIIICHh CHCTEMH BiIIOBIIHO:

Azq Gz .. Qan | - b _ X7
A= b= 2 l,x=
An1  Apz Aon f?ﬂ Xn

[TOMHOXKMMO 1I€ MATPUYHE PIBHAHHSA JIiBOpyY Ha Al — MaTpuIII0, 3BOPOTHIO 10

Matpuii A:

A"1(A%) = A71D. (1.37)

Ockinbku A~'A=E (BpaxoByroun acOMaTUBHICTb MATPUYHOTO JOOYTKY),

onepxyemo X = A™1b. [TpaBa yacTuHA IIbOTO PiBHAHHS JACTH CTOBIIELb PillleHb
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BUX1JIHOI CUCTEMHU. Y MOBOIO 3aCTOCOBHOCTI JJAaHOT'O METOY (SIK 1 B3araji ICHyBaHHS
PO3B’SI3KY HEOHOPITHOT CUCTEMH JIIHIHHUX PIBHSHB 13 UUCIIOM PiBHSIHB, PIBHUM
YHCITy HEBIIOMHUX) € HEBUPIPKEeHICTh MaTpulli A. HeoOXiHOIO 1 TOCTaTHBOIO
YMOBOIO 1[bOTO € HEPIBHICTh HYJIIO BU3HAauHKKA MaTpuili A: det A£0.

JIJIs OTHOPITHOT CHCTEMU JTIHIMHKUX PiBHIHB, TOOTO Koy b = 0, miiicHO
3BOPOTHE MpaBmiio: cuctema AX = 0 Mae HeTpuBianbHUI (TOOTO HEHYIHLOBHU)

po3B’ 130K TUTbKH K110 det A=0. Takuii 3B's130K MiXK PIIICHHAMH OJHOPITHUX 1
HEOJTHOPITHUX CUCTEM JIIHIHHUX PIBHSAHB 3BEThCA albTepHATHBOIO Dpearoapma.
J1o mpsAMHUX METO/IIB, IO BUKOPUCTOBYIOTh BIACTUBICTH PO3PIIKEHOCTI
MaTpHIll, MOKHA BIIHECTU: aJITOPUTM MIHIMAILHOTO CTYIEHS, alITOPUTM
MIHIMAQJIBHOTO JAe(ILUTY, 1€PEBOBUIHA OJIOKOBA PO30MBKA JIJIs1 aCUMETPUYHOTO

pO3KJIaaHHs, METOU BKJIaJeHUX a00 MapajielbHUX IEePETHHIB 1 1H.

2.3 Irepauiiini meTtoau po3B’sa3ky CJIAP

HaGmmxkeHi MeToau po3B’sI3Ky CHUCTEM  JIHIWHUX PIBHSHB  JJO3BOJISIIOTH
OJICP>KYBaTU 3HAYEHHS KOPEHIB CUCTEMH 13 3aJaHOI0 TOYHICTIO Y BUIJISAJI TPaHUII
MOCIOBHOCTI JIedKuX BEeKTOPiB. [Iporiec moOy10BY Takoi MOCIITOBHOCTI HA3UBAETHCS
ITepariiiiuM (TOBTOPIOBAaHUM ).

EdekTuBHICTh 3aCTOCYBaHHSI HAOJMKEHUX METOJIB 3aJeKUTh Bl BHOODPY

MOYaTKOBOI'O0 BEKTOpA 1 MIBUJIKOCTI 301)KHOCTI MPOIIECY.

2.3.1 Mertoa npocTux itepauii

Hexait mana cucreMa N JIHIHHUX piBHAHR 3 N HeBimomumu: AX = b,

[Tpunyckatouu, o JgiaroHanbHI eaeMeHTH aii#0 (i=1,...,n), BUpa3uMo X1 4epes mepiie

PIBHSIHHSI CUCTEMH, X2 — Y€PE3 JIPYyre PIBHIHHA 1 T.J. Y pe3yibTaTl 0AEPKUMO CUCTEMY:
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(b an  am
* a;; anpy : A1 : ay;
b, ay Q323 Aan
{ xz=a—22—a—22 1—a—22xa—"'—a—22xm
e e} (1.38)
xn:b_ﬂ_ﬁ 1_@%_"__‘111,11—1:{“_1
- Apn  Opn Ay Ay

[Toznaunmo b; /aij=pi-aij laii=aij, ne 1,j=1,...,n. Toxi cucrema 3aNMIIETHCS, TAKUM
YUHOM, Y MaTpuuHid gopmi: x=F+ox. Po3B'spkeMo 110 CHCTEMy METOJIOM MPOCTUX
iTepallii. 3a HyJIbOBE HAONMKEHHS MPUIMEMO CTOBIEIb BUIbHUX wWieHIB. Koxne

(k+1)-¢ HaGmKEHHS OOYKMCITIOIOTH 110 (OPMYJIi:

x®* ) = B+ ax® k=0,..,n (1.39)
Sxmo mocigosHicts HaomwKeHb X©,... XK Mae TPaHUII0 X = II(im x® | o s
—0

rpaHulld € PO3B’S3KOM CHUCTEMH, OCKIIBKM B CHJIY BJIACTUBOCTI TpaHMIIL

lim x*® = g+ all(im X%, To6T0 Xx=f+0x [4,6].
—0

X—>00

2.3.2 Metona 3eiigenas

Mertop 3eitnens siisie co00r0 MoAM(IKalil0 METOLy IPOCTUX 1TEepalliif.

Hexaii nana CJIAP, mpuBeneHa 10 HOpMaJIBHOTO BUTIIALY: X=F+ax. Bubupaemo
JOBUIBHO TOYAaTKOBI HAOJIMKEHHS HEBIJIOMHUX 1 MIJICTABIIEMO B TEpIIE PIBHSAHHSA
cuctemu. OTpumane mnepiine HaOJIMKEHHS MiJICTaBISIEMO B APYTe PIBHSIHHS CUCTEMH 1

TaK Jiaji 10 OCTAaHHBOTO PIBHSHHSA. AHAJIOTIYHO Oyay€eEMO IpyTi, TPETi 1 T.J. iTepaiii.

) k). )
TakuM YUHOM, MPHITYCKalOud, IO K-1 HAOIMKCHHS xf ) B1JIOMi, METOJIOM

3eiinenst Oynyemo (K+1)-1 HaOKeHHS 10 HACTYIHUX (hopMyIiax:



j=1
n
k+1 k+1 k
j=2
E+1 k+1
Xn ) = Bt G %, Zo&n} o,

2.3.3 Metoa penakcanii

36

(1.40)

(1.41)

(1.42)

Meron penakcaiii — HaOJIMKEHUNH METOJT PO3B’A3KY CUCTEM JIIHIHHUX PIBHSHbD.

Cucrema niHIAHUX PIBHSHB

A3 Xy + oo AypXy = by
Az3%y + o+ AopXy = by;

».-111’1 + -+ ap,x, = b,.
HPUBOAUTHCS 10 BUIY:

—Xl + blng + + blﬂxn + Cl = U,

ey

JAc

aij . . b;

b, =——,1#],¢c; =—.

LY . .
A Qi

3HaxXoAThCs HEB'A3KH R;:

(1.43)

(1.44)

(1.45)
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- n

Riﬂj =y — xiﬂj + Zbljx;ﬂ:';

j=

=2

n
o _ (0 E (0],
<R2 =0C; — X, + bgjxj '

j=1j%2
- ") (1.46)
n—1
Riﬂj =, — xim + Z by, x;m
h j=1

Bubupaetbcsa noyatkose HadmmkenHs XO=0. Ha kosxHOMY Kpoli HeoOXimHO

IIEPETBOPUTHU HA HYJIb MAKCUMAJIBHY HEB'SI3KY:

RY = 5x1) = RI*Y — 0, R*™ = R® 4 b, 6x1. (147)
YMOBa 3ylIMHKMU: |Rj'.:k]| <gVj=1mn

BianoBiae 3HaX0IUTHCS 110 GOPMYIIL:

s 4 0) §)
X; & x + Zﬁxl. : (1.48)
j

2.3.4 BararociTkoBHii METO/

bararociTkoBuii METO — METOJI PO3B’SA3KY CUCTEM JIIHIMHUX anreOpaidHux
PIBHSIHb, 3ACHOBAHUI HA BUKOPUCTAHHI MTOCII1I0BHOCTI 3MEHIIYBaHUX CITOK 1
OTIepaTOPiB MEPEeX01y Bi ONHI€T CITKH 10 1HIIOI. CiTKH OyTyIOThCS Ha OCHOBI
OUTBIINX 3HAYEHBb Y MATPHIll CUCTEMH, IO JO3BOJISIE BAKOPUCTOBYBATHU 11€1 METO/I
IPU PILLIEHH] ETINTUYHUX PIBHSAHb HAaBITh HA HEPETYJSIPHUX CITKAX.

[Tpunyctumo, 1o HeoOXiTHO PO3B'sI3aTU CUCTEMY BUJLY:

(1.49)
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ne A — nxn MaTpuls 3 e1eMeHTaMu ajj. [ 3py4HOCTI 31CTaBUMO 1HIEKCH 3
BY3JIaMH CITKH, TAKHM YHHOM U; SIBJISIE COOO0T0 3HAYCHHS U Y By3:1i i. MHOXHHY
BY3JIiB CITKU Mo3HaYuMO gk Q={1,2,....,n}. OcHOBHa iJies 6araToCITKOBUX METOMIB
MOJISATaE B TOMY, IO IIOMHJIKA, sIKa HE MOXKEe OyTH yCyHYTa METOJIaMH peaKcariii,
MOBWHHA OYTH MPUOpaHa 3a TIOTIOMOTOI0 KOPEKIIii 3 pO3B 3Ky Ha TpyOiif CiTIIi.

BukopucroByroun BepXHii iHACKC SIK HOMEP PiBHS BBEIEMO HACTYIIHI

ITIO3HAYCHHA.

TocmigoBHicTs citok @ = Q' 2 Q% 2 . 2 QY npuuomy
Qf = C*KUF%, C* nFk = 6,0 = C*.

CitkoBi oneparopu A=A A2, .. AM,

Oneparopu intepnonsuii P¥, k=1,2,... M-1.

Oneparopu 3raamKkysanss SK k=1,2,... M-1.

VYci 111 KOMIIOHEHTH 6araTociTKOBOIO METOAY OYIyIOThCA Ha MEPIIOMY eTarli,
B1JIOMOMY $IK €TaIl Mo0Yy/I0BH.

Etamn moGynoBu.

HopiBastu k=1.

Posnimutu QX Ha Henepeciuni Muoxunu CX i FX,

Jopisastu Q<1=Ck,

[ToGymyBaTH onepaTop iHTepronsii P,

[To6ynysatu AK1=(PK)TAKPX,

[To6ynyBaTu Ao HeoOXigHo S,

Sxmo citka QX nocute Mana, nopiBHATH M=k+1 1 3ynuautucs. [nakme k=k+1
1 IepexiJi Ha KPoK 2.

Sk TIIBKM eTan noOyI0BU 3aBepUICHUHN, MOKe OYyTH BU3HAYEHUIN PEKYPCUBHUM
IIUKJI TOOY0OBHU PO3B’S3KY.

Anroputm: MGV(AK, PX, SK uk, ).

Sxmo k=M, poss'szatu AMuM=fM puxopucrosyroun npsmuii metTon.
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IHakme.

3acTrocyBaTu MeTo penakcanii S¥ y; pas go Akuk=f,
3po0OuTH KOPEKIIiIo Ha TPpyOiil CITIIi.

O6uncmutu r*=fK—Akyk,

OGuucauTu r*=(PX)rk,

3actocyBatd MGV(AK, Pkt gkl ghtl pkl)
OGHOBUTH PO3B’A30K UK=U+Pkek+1,
3acTocyBaTi MeTOJ penakcanii S¥ pp pas no Akuk=f,

BurienaBeieHuii aroput™ onucye V(i, f) — MUK,

BuOip nociiIoBHOCTI CITOK 1 OllepaTopa IHTEPHOJIALIi € HalOIbII BaXKJIMBUM
€JIEMEHTOM €TaIly o0y/I0BH 1 0arato B YoMy BH3HAYA€ SIKICTh OAaraTroCciTKOBOTO
Meroay. Kputepiem sIKOCTI € /1Bl BUMIPIOBaH1 BEJIMUMHU: (PaKTOp 3015KHOCTI — 1110
MOKa3y€e, HACKUIBKU IIBUJIKO CXOJIUTHCSI METOJI, TOOTO sIKa KUIBKICTh 1TEpalliid
noTpiOHA IS TOCSATHEHHS 3aJ]JaH01 TOYHOCTI; CKJIQIHICTh OllepaTopa — BU3HAYAE
KUTBKICTB omeparliii 1 06'eM mam'sati, HEOOX1HOT ISl KOXKHOT 1Tepallii MeToy.

CxiagnicTts oneparopa Cop pO3paxOBY€ETHCS SIK BIIHOIIEHHS KIIBKOCTI
HEHYJILOBUX €JIEMEHTIB y BCiX MaTpHUIIX Ak, k=1,2,...,n 10 KIJIKOCTI HEHYJIHOBUX

€JIEMEHTIB Yy MaTpPHI IepInoro pisus A=A,

2.3.5 Mertoa Jlanuoina

Hns po3’sizky CJIAP Bucokoi po3mipHOCTI, MaTpulid KOEQILIEHTIB SKOi
30epira€TbCsi B KOMIIAKTHOMY HIDKUYEONMUCAHOMY BUIJISAIl, HAHOUIBII 3py4YHUM

iTeparitnuM MetooM € meton Jlanroma [4], cxema SIKOTO Ma€ BUTIIAL;

§; =T =AXg = b,1; =711 — A5, X, = X1 —a;5, (1.50)

S;pp =T+ hs;i=1,...,n,
(1.51)
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e ai=(ri-1,ri-1)/(Asi,si), bi=(ri,ri)/(ri-1,ri-1).

[lepeBaroro gaHOro METOJY € WOro BHCOKA MIBUAKICTH 301)KHOCTI JO TOYHOTO
po3B’si3Ky. KpiMm TOro, mDOBEACHO, IO BiH Ma€ BIACTUBICTh «KBAaJIPATUIHOTO
3aKIHYEHHS», TOOTO [JIsi JNOAATHHO BHU3HAYEHOI MATPHIIl MOXHA TrapaHTOBaHO
oJIep>KaTH TOYHHUI PO3B’SA30K MPH KiIBKOCTI iTepariit k<n. Po3mip HeoOXimHOT mam'saTi
Ha KOXKHiH iTeparllii He 3MIHIOEThCS, TOMY 110 HE BUMarae NepeTBOPEeHHs MaTpulll A,
3a KpuTeplid 3yNMUHKH JTAaHOTO ITEpalliifHOrO MpOIeCy 3BUYANHO BUKOPHUCTOBYIOTH

CHIBBIIHOIIICHHS

|(4s;,s)] = &, (1.52)

e € — 3aJaHa TOYHICTh. 3a I1HIIMK KpUTepid 30DKHOCTI 1HOJMI 3pYy4HIIIe
BUKOPHCTOBYBATH CEPEIHBOKBAAPATHYHY PI3HHUITIO MK PIICHHSIMH, OTPUMaHUMU Ha

CYCIJIHIX 1Teparisx:

1
- E (xfkj — x:.:k_ﬂjz < &,
(1.53)

CepeHbOKBAJIpaTUYHY PI3HUII0 HEOOXIJHO KOHTPOJIIOBATH MPU BUKOHAHHI
KOXKHMX K Hamepe 3a1aHux iTepariiii.

Henonikom metomy Jlanioma € cuiibHa 3alie)KHICTh 301KHOCTI BiJ TOYHOCTI
OOYMCIIEHHS HANPSMIB CITyCKY.

[Ipaktuka mokaszye, mo npu pimeHHl CJIAP 13 cuibHO poO3pimKeHUMHU
MaTpUIsIMU Koe(ilieHTiB MeTo 1 JIaHI011a Ma€e TOCUTh BUCOKY 301KHICTh, IPUUOMY B
SIKOCTI MTOYAaTKOBOTO HAOJIMKEHHS MOYKHA OpaTu Oy 1b-sIK1 UKcIia (Harmpukiial, Hysi abo

IIpaBy YaCTHHY).

2.4 BHCHOBKH 10 pPo3aiay
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Sk MoxHa moGauuTH ICHye 0Oarato METOMIB BHUPIIIEHHS CHUCTEM JIHIMHHUX
anreOpaiyHUX PIBHSHb 3 PO3PILIHKCHUMU MATPUILSAMHU. AJle TP Mapajesizamii [mux
METO/IB BUHUKAE 3arajbHa 3ajlada PO3MOIICHHS Ta PO30WTTS 3a/aadi Ha JCKiJIbKa
YACTHUH Ta MPOICCOPHUX sep. 3a3BUYall JIJIs 1IOTO MPOBOIUTHCS aHAMI3 3a1adi Ta ii
CTPYKTYpH (a caMme KUTBKOCTI Ta IIIJIbHOCTI HEHYJIbOBHUX €JEMEHTIB MaTpuili). Jms
aBTOMAaTH3allll MPOIIECy aHaJ3y CTPYKTYpPH PO3PIIKEHOT MATpUIll Ta 1 HEHYJIbOBUX

€JIEMEHTIB 1 OyJ1a po3pobiieHa HelpoMepeka HaCTYITHOI CTPYKTYPH.
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3 PO3POBKA HEMPOMEPEXI JIVISI AHAJII3Y CTPYKTYPU
PO3SPIIVKEHUX MATPHULID

3.1 MaremMaTu4Ha MOJeJb 3a4a4i

Po3pobimtoBanuii BupityBad Juisl JIIHIMHKX CUCTEM (Jalli COJIBEp) pHUiiMae Ha
BXI1Jl HACTYIIHI JIaHHI:
— CHMETpPHUYHA PO3PIIKEHA MATPUIIS HEPETYIAPHOT CTPYKTYPH BUTIIAY :
Ax=Db
— TlpencraBineHHs MaTpUIll y BUTJISII CTPYKTYPHOTO TpadiKy HEHYIHOBUX
€JIEMEHTIB
[{impoBa (yHKIIIS ONUCYETHCS K Kilacuikaiis Ta 3HaxopkeHHs BupimeHHs CJIAP
Bxinne mnpenctaBiaeHHs 00poOssieTecsi HEHPOHHOIO MEPEKEI0 3rOpPTKOBOIO
TUMY (AUB. Jaii) AJisl aHalli3y CTPYKTYpHU MaTpPHUIll Ta BUSIBJICHHS TPy HEHYIHOBHUX
€JIEMEHTIB SIKI MOKYTh OyTH 00pOOJIEHH1 HE3ATIEHKHO.

J1J1s1 3HAXO/KEHHS PO3B 3Ky PO3TIITHEMO HESIBHUI TBOKPOKOBHIA MeTO (2.1)

Vi — Vo
Bkt -k *'1,1‘!; :‘_f, k=1.2...Be H
rk+1
2.1)

ne Tk+1 1TepaliiiHuil napameTp.

Ax Bimomo Bijg omepatopa B 3amexaTe SK 4ucIO iTepailiii, sSKi MOTPiOHO
BUKOHATH JIJIsi OTPUMAHHS 3aJIaHO0i TOYHOCTI € ,TaK 1 YUCII0 apuMETUUHUX OTepaliif,
BUKOHYBAaHHX TPHU peaizallii ofHiel iTepairii. 3apa3 po3BUTOK ITEpAIITHUX METOIIB
/1€ TUISIXOM KOHCTPYIOBAaHHSI EKOHOMIYHHX OTepaTopiB. 30KpemMa, 10 TAKUX HAJISKATh
OTiepaTopH, SIKUM BIJIMOBIAAIOTH JlaroHalibHa, TPUAlaroHaJIbHA, TPUKYTHA MATPHII, a
TaKOX X KOMO1HaITii.

byB BHKOpHUCTaHMII METOJ MapajelbHUX MEepepi3iB, K HAUOUIbII 3pYUHHUI.

BHacinilok BUKOPUCTaHHS METOy NapalieIbHUX Mepepi3iB, MATPUIISI MATUME BUTIISI]T

(2.2):
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D 0 0 - 0 ¢ )
{} 'Dl G ﬂ Gll
0 0 D 0 C
Ad=Pup=| . . T . ;
0 0 0 D,; Cpy
¢, G, C = Cpy D, |

(2.2)
ne P — marpuns nepecranoBok, a 0moku Di ta Ci 30epiraioTb po3piKeHy
CTPYKTYpy. TakuMm YMHOM, 3aj7a4a pO3B’S3yBaHHS BUXITHOI CHCTEMH 3BEIETHCS JI0

po3B’si3yBaHHs cucteMu (2.3)

Ax=b. x=P'x. b=P'b.
(2.3)

st oOUMCIIeHHs] OTPUMaHHUX PE3YJIbTaThIB 3aCTOCYEMO BBIIIE PO3MIISTHYTUI METO0
3enaerns.

3.2 Meroa 3eiigens

Posrasinemo meton 3eiiaens A 6J1049HO-A1arOHAIBLHOT MATPHIIL 3 00paMIICHHAM

BUTJISITY METOIY TapaliebHUX nepepisiB. [IpencraBumMo MaTpuiro A y BUTIIAI

A=D+L+U, (2.4)
a onepatop B y TpukyTHOMY BUTIISII
B=D+L, (2.5)
ne D
D, 0 0 0 0 U,
D, . : 0 0 :
D= - I = U= -
U rlp
0 D, L, L,,n 0O 0 0 (2.7)

ITepamiitai popMynu 715 AlaroHaIbHUX OJOKIB KpPIM OCTAHHBOTO MAalOTh BUTJISIA!
(k+1) 1 k) o ]
-.Y!' — (D! +LI.?‘ ) I:b?' _LI.F'YI _EJ !':p..TP ]- -E:l-:.....p_]."
(2.8)
a U1l OCTaHHBOTO:
-1

P .
Tlﬂl}l - (DP + Lp-p )_1 bp - Z("{:.a'x:'k_l] )_U TlH

P P.PF

= (2.9)
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Buxoasuu 3 iux ¢opMyin, a TakoK BBaxkarouu, 1o koskeH GPU micTuTh mpasi
JaCTHHU bl Ta BEKTOpHU X1 a TakoX BiamoBiaHi miamarpuill D, L ta U, mapanensHuii

AJITOPHUTM MOJKHA 3allMCaTU Y TAKOMY BI/IFJ'IHI[i.
(k+1)

1. Onnouacno y Bcix GPU o6uncmoemo x; JUTS BCIX JTIarOHAIBHHUX OJIOKIB

I(le OCTAaHHBLOTO,

(L-l_ (1)
2. OxHouYacHO OOYMCIIOIOTECS — £ ! ) 1 pe3ynbratu nepeaarotscs y GPU, B
(k1) 1 h_ r (k)
X =(p L, b -U, .

SKOMY 3HAXOJUTHCSI OCTaHHIH JllarOHaJIBHUM OJIOK, e 0OUNCITIOETHCS
3. GPU y ssxoMy 3HaXOAWTHCS OCTAHHIN J[IarOHAILHUNA OJI0K OOYHCITIOE 3HAYCHHS

p-1

E: =b, -2 (L;l,f'Ta'{k+1])'

i=1

3.3 IloOynoBa 3ropTKoBOI HelipoMepe:ki

OcK1IbKM OCHOBHOIO 33J1au€l0 HEHPOHHOT Mepeki Oy/ie aHasi3 300pakeHb, TO
OyB 00paHMii HAWOLIBII MPUCTOCOBAHUI TUI HEMPOMEPEXKI, a caMe 3ropTKoBa. B
pe3ynbTaTi Oyna po3pobiieHa HelipoMepeka HACTYITHOT CTPYKTYPH 300paxeHoi Ha

puc 3.1

MNoBHO3B AZHA

e ————

plvlx)

2

X N R N 1 R R

Buxogmn

Bxig

Wap sropten 1 LWap nynikry 1 Lllap sropTim 2 Mynikr 2,

Pucynok 3.1 — CTpyKTypa 3ropTKOBOi HEHPOMEPEKI.

3ropTkoBa HEHPOHHA MEpeka CKIIAae€Thes 3 AEKUIbKOX mapiB. L1 mapu

MOYTb OyTH TPbOX THUIIIB:
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- 3roptkoBuii (Convolutional): 3ropkoBi 1mapu ckiaagarThCs 3
NPSIMOKYTHOI CITKH HeMpoHiB. BiH motpebye, o6 nonepeaHiit map
TaKoX OyB MPSMOKYTHOIO CITKOIO HelpoHiB. KoxkeH HelpoH npuiiMae
BXOJIM 3 MMPSMOKYTHOTO PO3/ILITy MOMEPEIHBOTO IIapy; Bark AJsl bOTO
IPSIMOKYTHOTO PO3/LTY OAHAKOBI JIJIs1 KOKHOTO HEMPOHA B 3TOPTKOBOMY
mrapi. Takum 4uHOM, 3TOPTKOBUH IIap - 1€ JInIle 300pakeHa 3ropTKa
MOMEPEHBOTO 1Iapy, /i€ Bara BU3Havyae QuibTp 3roptku. Kpim Toro, y
KOKHOMY 3TrOPTKOBOMY IIapi MOke OyTH KiJIbKa CITOK; KOKHA CITKa
npuiiMae BX1/IH1 JIaH1 BC1X CITOK MOMEPEIHBOTO Iapy, BUKOPUCTOBYIOUH
MNOTEHIIITHO pi3H1 PIIBTPH.

— Ilymiar (Max-Pooling): micist KO)KHOTO 3rOpPTKOBOTO IIIapy, MOXKE
IcHyBaTH 1map mymHry. [lyaiHroBuii (arperyBajibHui) map npuitmae
HEBEJIMKI MPSAMOKYTHI OJIOKH 3 3rOpTKOBOTO MIAPY 1 3MEHIIYE HOro, oo
BUTOTOBUTH €JUHUM BUX1] 3 IIbOTO OJIOKY. IcHY€ AekiiapKa crocobiB
3poOUTH 1€ 00'€THAHHS, HAIPUKIIAA, IPUUHATTS CEPETHBOTO 200
MaKCHUMAaJIbHOTO, a00 BUBYEHA JIiHIHA KOMO1HAIlisl HEHPOHIB y OJoli. B
JTAHHOMY BHUIMAJIKy BUKOPUCTOBYIOTHCS 111a0M MakcC-MyJUTiHry. ToOTO
BOHU O€pyTh MAaKCUMYM OJIOKY, SIKUI BOHU 00'€IHYIOTb.

— TloBHo3'eqnanmii (fully-conected): micist AeKiTBKOX 3rOPTKOBUX 1 MaKC-
MyJIIHTOBUX I1apiB, Kiacu]ikallisi BACOKOTO PiBHS B HEHPOHHIM Mepexi
BUKOHYIOThCS Uepe3 MOBHO3'eqHaHHI 1mapu. [loBHO3'€eqHaHui map
npuiiMae BCl HEHPOHHU Ha TonepeaHboMy mapi (Oyab To
MOBHO3'€JHAHUH, arperyBajibHUN a00 3rOPTKOBUIA) 1 T IKITIOYAETHCS 10
KOXXHOT'O OKpEMOro HepoHa, sikuii BiH Ma€. [1oBHO3'€eqHaHHT apu
O1IbIIIe HE PO3MIIICHI B IPOCTOPOBIM CTPYKTYPi TOMY IICIIS
MOBHO3'€JTHAHHOTO IIapy HE MOXe OyTH 1IapiB 3rOPTKH.

Po3pobnena HelipoMepexa CKIaAaeThCsl 3 HACTYITHUX KOMITOHEHTIB 200 mapiB

K1 BAKOPUCTOBYIOThCSI IEKUJIbKA pa3iB.
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3.3.1 Iap 3ropTku (convolution)

VY 3ropTKOBOi HEHPOHHOI MEPEKi B OIepallii 3ropTKM BUKOPUCTOBYETHCS JTUIIIES
oOMeKeHa MaTpHIl Bar HEBEJIMKOTO PO3MIPY, SKY «PYXaOTh)» 1O BChOMY
00po0IIIOBaHOTO 1Iapy (Ha caMOMYy MOYATKY - 0€3MocepeHbO M0 BX1THOMY
300paKEeHHIO), (POPMYIOUH MIC/ISI KOKHOTO 3CYBY CUTHAJI aKTHBAITT /TSl HEHpOHa
HACTYITHOTO APy 3 aHAJIOTIYHOO MO3HUIIi€r0. TOOTO 1t pI3HUX HEUPOHIB BUX1THOTO
1Iapy BUKOPUCTOBYIOTHCS OJIHA 1 TA % MAaTPHUIIS BAr, IKY TaKOXX HA3UBAIOTh SJIPOM
3TOPTKH ... TOJl HACTYMHUI 1Iap, 110 BUUIIIOB B PE3yJIbTaTi ONeparlii 3ropTKA TaKO0
MaTpHIIEIO Bar, MOKa3ye HasIBHICTh JIAHOT O3HAKU B 00pOOIIOBaHOMY 1api 1 1i
KOOpJIMHATH, (POPMYIOUHU TaK 3BaHy KapTy O3HaK (aHri. feature map).

Onmnepariist 3ropTKU BiI0OYBA€THCS 32 HACTYMHOIO (hOPMYJIOIO:

+00 +00
E |'E {_1 (L T e r
T = Z Z We, " Yiis a)(jsb) Vi E (0,...,N) ¥je (0,...,M)
1 5 —wb —o0 (2.10)
1€ TAPSAIKOBI IHAEKCH |, j, 8, b — I1€ 1HJeKCU €JIEMEHTIB MaTPHIIl, a S —

BEJIMYMHA I11ary 3ropTku (stride).

HanpsikoBi | 1 I-1 — 11€ 1HJIEKCH I1apiB HEUPOMEPEKI.
x|-1 — BUX1J] TONEPEIHBOTO APy, a00 300pa’KeHHS
yl-1 — ne xI-1 micnst npoxomkeHHs PyHKIIT aKTUBAI1i
wl — sIpO 3rOpTKHU
x| — pe3yabTaT onepartlii 3ropTku. Onepaiiisi 3ropTKH MPOXOAUTH OKPEMO IO
KOXXHOMY €JIEMEHTY ij MaTpuubl x|, po3mipHICTB siKOi (N,M)(N,M).
[Tpu 3BOopoTHROMY MeTOI (backpropagation):
JlaBaiiTe mpUIyCTUMO, IO Y HAC € Aesika (PyHKIlis NOMWIKY, E, 1 MU 3HaEMO
3HA4YEHHs MOMUJIKU Ha HAIlIOMY 3rOPTKOBOMY ILIapi.
[ToMusika, sIKy MU 3HA€MO, 1 1110 HAM MOTPIOHO OOYUCIIUTH JIJISl TIONIEPETHBOTO

apy, € 4aCTKOBOIO BEJTMYMHOIO E M0 BIIHOIIIEHHIO IO KOKHOTO BUXOAY HEMpoHa

0E . o . o
(a_l) HeoOX1HO 3'scyBaru, sikuii TpaficHTHAI KOMIIOHEHT JUI KOXKHOTO Bary,
Yi j
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34CTOCOBYIOYH ITPABUJIIO JIAHIIIOT'A. B HpaBI/IJ'Ii JaHIII0Tra MH ITOBHHHI CyMyBaTHu

BHECOK yCiX BUPa3iB, B IKUX BIIOYBA€THCS 3MiHA.

N—m N-m EE}I NmNmﬁEgl

3%& ; Z z;, '5‘%& Z 7 Oz, Bat, (+a)G+)

(2.11)
,ae 1 —1tuit map, ne 1 = 1 - neprmii map, a | = L - ocTanHiii map,
X Mae po3MipHicTe H x W 1 mae 1 j sk iTeparopu,
GbUIbTp 200 AAPO w Mae po3MIpHICTh k; X k, Mae m Ta n sK iTepaTopu
Wgqp, - BArOBa MATPHILA, sIKa 3'€IHYyE HEWpoHU 3 mape | 3 Heliponamu mapy 1-1.

xfj - 11€ 3BE€JICHUI BXIJHUM BEKTOp Ha mapi |, a Takox 3MIIIeHHS,

TIpe/CTaBlIeHe K x =Y. >, w b0(1+a)(1+b) + bt

v ObOMY BHIIAAKY MU ITOBHHHI CyMyBaTH BCl BHUpa3un xl B JAKHX

ijs

l
Ox;j -1

BIOYBAETBCA (Wgp. MU 3HAEMO, IO ——— = Y (; 1 4)(j +p)> IPOCTO NEPETIAAI0UH

6a)b

piBHSHHS nTpsiMoro normpenHs (2.10).

. . OE
Jist Toro, 11100 00YUCIUTH TPAAIEHT, HaM MOTPIOHO 3HATU 3HAYCHHS ( 7 )
Yij

(sx1 yacTo Ha3uBarOTh "nenbTamMu"). JlebTH € JOCUTh IPOCTUMU JUIsl OOUHCIICHHS,
3HOBY BUKOPHCTOBYIOYH TIPABHUIIO JIAHITFOTA:
£
OE OE Oy; OE 0 . OF
¢ ot atf  a.f gt (J( )) 7 ot
or;;  Oy; Oxy; Oy Oy,

1]

(2.12)

6E
Ax Mu 6a4MMO, OCKIJTBKH MM B)K€ 3HAEMO MOMUJIKY Ha TIOTOYHOMY IIapi —7 ol

lJ
OE .
[ Ha IIOTOYHOMY LIapi, POCTO
ij

MH MOKCMO OYKC JICTKO 00YUCIINTH ACIbTHU

BUKOPUCTOBYIOYM MOXIHY BiA QPYyHKIIT akTUBaii 6 '(X) . OCKUIbKH MU 3HAEMO
MMOMUJIKM Ha TOTOYHOMY IIIapi, TEIep MU MAEMO BCe, 110 MOTPIOHO sl OOUHCIIEHHS

TpaJlieHTa MIOJI0 Bar, SIKi BUKOPUCTOBYE 1€/ 3TOPTKOBUH II1ap.
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OxpiM 00UYMCTIEHHS Bar JJi LIbOr0 3rOPTKOBOTO 1IAPY, MU MTOBUHHI
MOIIUPIOBATH MOMUJIKM Ha3aJ JI0 MOMEPEAHBOro mapy. Mu Moxkemo 1ie pa3

BHUKOPHUCTATU IIPpaBUJIO JIAHIIIOI'a:

0E wind  9E 0% n;, Tl OE

F—1 [ -1 £
3y__ a—0 b—0 ox ﬂyij a=0 b=0 8${i—a}{j—b] (2.13)

Ornsaarounch Ha3al y PIBHAHHAX MPSMOTO MOUIUPEHHS, MOYXKHA CKa3aTH, 110

ox! i-a)(j-b
—=0UD) — wab. (2.14)
0y; f
[le nae Ham BUIIE 3HAUYECHHS JIJIs1 TOMIJIKH Ha MOINEpEAHbOMY Iapi. Y Hac €
GUIBTP ©, SIKUN IKOCh 3aCTOCOBYETHCS J0 MIapy; OAHaK 3aMicTh X (1 +a) (j +b) mu
Mmaemo X (i-a) (J-b). PiBusuus (2.14) mae ceHC 11 TOYOK, SKi, TPUHAWMHI, HA M
BiJIJTaJICH1 B1J] BEPXHBOTO Ta JIIBOTO Kpato. [1]06 11e BUlpaBuTH, MU MIOBUHHI

MOCTaBUTHU BEPXHI Ta JIBUMHU KPasiMHU HYJI.
3.3.2 llap arperyBanns (pooling)

Onmnepariist arperyBaHHsl CIIYT'Y€ TOCTYIIOBOMY CKOPOYEHHIO TPOCTOPOBOTO
PO3Mipy TIPEACTABIICHHS 1J1 3MEHILICHHSI KUTBKOCTI TTapaMeTpiB Ta 00'eMy 0OUUCIICHb
y MEPEKi, 1 BIITAK TAKOXK JUIsI KOHTPOJTIO TIEpeHABYAHHS.

[Tap mymninry Oepe neskuit 6710k k X k 1 Ha BuXij nojae ogHe 3HAUYCHHS, SIKE €

MaKCUMaJbHUM Yy 1IboMy Ojowi. Hanpuknan, sikiio Ha BXig nogaetbess map N X N,

. N N
BOHH MOTIM BUBEAYTH LIap ~- X 7> TAK K KOKeH k x k 6110k 3BOAUTHCS /10 JIHIIIE

OJIHOTO 3HAYEHHS 3a JIOMIOMOT010 Max (QyHKIIII.
BukopucToBYETHCS METOJT MAKCUMAJIBHOTO arperyBanHs (maxpooling) i3
bipTpamMu po3mipy 2X2, 10 3aCTOCOBYIOTHCS 3 KPOKOM 2.
Makc-arperyBaHHsl Ma€ 6araro rnepesar:
- 3MeHIIy€e po3Mip KapTH PUC Ta KUIbKICTh TapaMeTpiB, 110 JT03BOJIsIE
3amo0IrTH MepeTpEeHyBaHHIO;

- Bin 3menHmye (GyHKIIOHANBHI KapTH, 30€piraroy HABaKJIUBIIII PUCH;


https://uk.wikipedia.org/wiki/%D0%9F%D0%B5%D1%80%D0%B5%D0%BD%D0%B0%D0%B2%D1%87%D0%B0%D0%BD%D0%BD%D1%8F
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- Ile poOuTh MepeKy iHBapiaHTHOIO IS MAIMX TIEPETBOPEHb, CIIOTBOPEHD
Ta MMOMUJIOK Ha BX1THOMY 300pakeHHi (HEBEJIMKE CIIOTBOPEHHS Ha BXOIi
HE 3MIHUTh BUCHOBOK IIapy MyJIIHTY - OCKIJIBKH MU OepemMo

MaKCHUMaJIbHE 3HAaYeHHS HalOIMKUUX €JIEMEHTIB).
3.3.3 IloBHo3'ennanuii map (fully-conected)

ITicyist mWapiB 3ropTKM MU OTPUMAEMO O€31i4 KapT 03HaK. IX 3'€1HAEMO B OMH
BEKTOD 1 11eil BekTop mogamo Ha Bxij fully connected mepexi.

®opmyna g fe-cnos (fully connected) Burnsinae tak:

:I.‘E = Z wiz.yf:_l + bﬁ Yie (0,...,n)
=L (2.15)

3.3.4 ®yukuia BTPAT

3aBeplIanbHUi eTan Mepexi - (PyHKIIis, sIKa OI[IHIOE SKICTh pOOOTH BCi€l
mojeni (2.12). dyHKIlis BTpaT 3HAXOAUTHCS B CaMOMY KiHIIi, MICJIS BCIX MIapiB

MEpexi.

1
F = Z E(y:ruth _ yf)ﬂ
=0 (2.16)

e N — KinbKicTh Knacis, Y — BuBin Mozeni, a Y™ — npapuibHi Bignosizi.

3.3.5 Biankuaanus (Dropout)

BinkuganHus - MeToauKa peryisipu3alii Juisi TITHO0KIMX HEUPOHHUX MEPEK.
Hagith HaiicyyacHi MoJie, IKi MatOTh TOYHICTb 95%, 301IbIIYIOTh TOYHICTh HA
2%, nuine A0Jal0uT BIKUIaHHS, 10 € JOCUTh 3HAYHUM BUTpAIIEM Ha I[bOMY PiBHI.

®yukuis Dropout BUKOPUCTOBYETHCS JUIsl 3a1100IraHHs EpEeTPEeHYBaHHS
(overfitting) pu my>xe mpoctiit imei. [1in yac HaBYaHHS, PU KOXKHIN 1Teparlii HeHpoH
THUMYAcCOBO "CKHIAETHCA" a00 BUMHUKAETHCS 3 IMOBIpHICTIO . Lle o3Hauae, 1m0 BCi
BXOJM Ta BUXOJM IILOTO HEWpPOHA OYIyTh BUMUKATHUCS 1111 YaC MOTOYHOI 1Tepallii.

BinkunyTi HEMPOHU BITHOBIIOIOTHCS 3 HMOBIPHICTIO P HA KOXKHOMY €Tarli
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TpEeHYBaHHS, TOMY BIIKITIOUCHUN HEHPOH HA OJTHOMY KpOIli MOXe OyTH aKTHBHHUM Y
HacTynmHoMy. ['inepnapamMeTp p Ha3UBA€ETHCS IIBUJIKICTIO BiICIBY, 1 11€ 3a3BUYait

cTaHoBUTH puban3HO 0,5, mo Bignosigae 50% BUKUAHUX HEHPOHIB.

Xo4a MM 1 HABMHCHO BUMHUKAEMO HEHPOHH Mepexka CTa€ MPaIfoBaTH Kpaiie.
[Tpu4rHOIO MBOTO € T, M0 BIIKIIOUYCHHS 3aBaYKA€ MEPEKI 3aHAATO 3aJICKATH BiJ
HEBEJIMKO1 KUUIBKOCTI HEMPOHIB 1 3MYIITy€ KOKEH HEHPOH MpaItoBaTH CaMOCTIMHO.

BiakugaHHs MOXKHA 3aCTOCYBATH JI0 BY3JIIB BX1AHOTO Mapy abo MPUXOBAHOTO
miapy, ajie He J10 BUXITHUX By3:1iB. Kpai 3 BUKHHYTHX BY3J1iB BUMKHEHO.By3mu, ski
Oynu 0O0paHH1 AJIsI BIIKJIFOYEHHS, 3MIHIOIOTHCSI HA KO)KHOMY HAaBUYAJIbHOMY €Tarli.
Takox BIIKUJIAHHS HE 3aCTOCOBYETHCS M1J] YaC TECTYBaHHS MICJsI TPEHYBaHHS

MepexKi, 116 pOOUTHCS JIMLIE B MPOLIEC] HABYAHHS.
3.3.6 TpenyBaHHsI Helipomepexi

Jliist TpeHyBaHHS Mepexki OyB 3aCTOCOBAHUI METO/] 3BOPOTHHOTO MOITUPEHHS
nommiku (backpropagation).

— Jlns By3j1a OCTaHHBOTO PiBHA
Jj = —OJ'{I = Gj}{ij — OJ]
(2.17)

— Jlnst BHYTPINIHBOTO By3J1a MEpExKi

d; = —0j(1 — o05) E Spw;k
k=Ou s{ 7]
tputs(;j) (2.18)

— Jlnst Bcix By3miB

&w-;l_'il = —HJJ$;
(2.19)
ANTOPUTM HaBYaHHS MO>KHA PO3IIUTH HA JB1 (pa3u: pO3MOBCIOIKEHHS Ta
OHOBJICHHS Barwu.

Eran 1: po3noBciozkeHHsA
KoxHe nommpenHs nependayae HACTYIHI KPOKHU:
1. Po3noBcromKeHHs BIEpeI yepe3 MEpeKy Ul TeHepallii BUX1THUX

3HAa4YCHb
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2. Po3paxyHOK BapTOCTI (T€pMiH ITOMUIIKH)

3. Po3noBcrokeHHs! BUXITHUX aKTUBALIA Ha3a/1l Yepe3 MEPExY,
BUKOPHUCTOBYIOUH 1ILJIb TPEHYBAJIBHOTO MIA0JIOHY, AJi TeHepallii AeIbTH
(p13HUIIA MIXK IIJTLOBUMH Ta (PaKTUIYHUMHU BUX1THUMHU 3HAYCHHSIMHM) BCIX

BUXIJHHX 1 MPUXOBAHUX HEHPOHIB.

ETan 2: oHOBJICHHS Baru
JIJ1st KOYKHOTO Baru Ciijl TOTPUMYBATHCSI HACTYITHUX KPOKIiB:

1. JlenbTa BUBEACHHS Baru Ta aKTUBAllisl BBEACHHSI MHOKUTHCS, 1100
3HAUTH rpajiiEHT Baru.

2. CuiBBigHOIIEHHS (BIJICOTOK) I'paJliEHTA Bard BiTHIMAETHCS Bij BarH.

Ile cmiBBiAHOIICHHS (BIICOTOK) BIUIMBAE HA IIBUIKICTD 1 AKICTh HABYAHHS; 11€
Ha3WBAETHCS MIBUIKICTIO HABYaHHSI. UMM OUIBIIE CITIBBIIHOIIEHHS, TUM IIIBHJIIIIE
NOTSTY€E HEMPOH, aJie YUM MEHIIIE CIIBBIIHOIICHHS, TUM TOYHIIIE TPEHYyBaHHs. 3HAK
rpajJiileHTa Bark BKa3ye Ha T€, Y MOMUJIKA 3aJIEKUTH BiJl Baru 0€31mocepeHbo abo
HaBMmaku. ToMy Bara moBuHHa OyTH OHOBJIEHA B 3BOPOTHOMY HAIIPSIMKY,
"CITyCKar4KCh" HA TPAJIEHT.

HaBuaHHS MOBTOPIOETHCS (HAa HOBHX MapPTISX), TOKKA MEpeXa HE BUKOHAE
HaJIeXKHY pOOOTY.

VY BUTIIS1 ICEBAOKO Y AJITOPUTM MOHA TIOJIATH HACTYITHUM YUHOM:

1HII1aTI3yBaTH Baru Mepexi (4acTo MaJli BUTIQJIKOB1 YKUCIIa)

do
forEach TpenyBanpH1 mpuUKIaan SIK €X
nependoadeHHs = pe3yJibTar-Heiipomepexi(network, ex) // mpsamuit Xia
TIACHUN = pe3yibTaT-TPUKIaIy(ex)
O00YHCIIUTH TOMUWIKY (TIepe0aueHHs - TIMCHUI) Ha BUXOJAaX MEPEexi
oounciutu {\displaystyle \Delta w_{h}}AAw;, n1s Bcix Bar Bix

BHYTPIIIHHOTO JIO BUX1THOTO Iapy // 3BOPOTHIM X1

oOumauTH Aw; J1s BCIX Bar Bij BX1IHOTO JI0 BHYTPIIIIHBOTO mmapy //

MPOJIOBXKEHHS 3BOTOPHBOTO XOAY
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OHOBHUTH Baru Mepexi // BUKJIFOYAIOUU BX1THUH 11ap
until yci mpukiiagu po3mizHaHo KOPEKTHO a00 He JOCITHYTHM 1HIITHI
KPUTEPil 3yIUHKA

return the network

3.4 BuCHOBKH /10 po3iay

B upomy posnini OyB chopMyniboBaHU# (OpMaATbHUN OTHC alTOPUTMIB
PO3B’sI3aHHS 3a/1a4l Ta METO/IIB MOOYI0BH 1 CTPYKTYPH BUKOPUCTAHHOT HEHpOMEPEKI.
B Heiipomepesxi OyJii BUALIEHHI OCHOBHI IIApU Ta CXEMY BUKOPUCTaHY MPH iX

noOy10Bi.
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4 OIUC MPOT'PAMHOI'O TA TEXHIYHOI'O 3ABE3IIEYEHHA
CUCTEMH

4.1 3aco0u po3podku

Po3po6ka mpoekTy mpoBOIUTECS 3a JOMOMOT0I0 MOBHU IiporpamyBanHs Python.
Jlana moBa Oyie 3py4Ha SIK y peaiizailii aaropuT™MIB Tak 1 MPYU CTBOPEHHI YaCTUHU
Helipomepexi. [aTepdeiic Ta B3aEMO/Iisi KOPUCTYBadiB 3a0€3MEUyEThCS Yepe3
KOHCOJIbHUI TepMiHai. Peanizaliis mpoekTy BUKOPHUCTOBYE TaKi TEXHOJOT1, K
TensorFlow, CUDA, Keras Ta iHmmi.

Jani Oyzae po3risiHyTO NepeBaru BUKOPUCTAHUX TEXHOJIOT1H Ta MOB
porpaMmyBaHHSI.

Python. Ilupoko BUKOpHUCTOBYBaHa IHTEPIIPETOBAHA, TUHAMIYHA, MOBA
IpOrpaMyBaHHs BHCOKOTO piBHA. Moro dimocodis gu3aiiHy migkpeciioe
yuTabENbHICTh KOy, @ HOTO CHHTAKCHC JI03BOJISIE TIPOrpaMicTaM, BUCIIOBUTH
MOHSTTS B MEHIIN KUTBKOCTI PSAKIB KOy, HIXK 11€ 0yJI0 6 MOXJIMBO B 1HIIIUX MOBaX
nporpaMmyBaHHSI.

Python miaTpuMye Kibka mapagurm nporpaMmyBaHHs, B TOMY YHCI1 00'€KTHO-
OpIEHTOBAaHUH, IMIIEpAaTUBHUHN, QYHKIIOHATBHUHN Ta MPOLEAYPHUHN MIAXII 10
nporpamyBaHHs. BiH Mae AuHaAMi4HYy CHCTEMY THIIIB, aBTOMaTUYHE KEPYBAHHS
nam'aTTIo, T€ HIMPOKY CTaHAapTHY 610110TeKy. KpiM 1IbOTO CHUIBHOTOO BIAKPUTOTO
BUXI1JTHOT'O KOAY, PO3POOJISIIOTHCS BEIMKA KIJIBKICTh JOMOMIXHUX O10JTI0TEK JIs 1€l
MOBH nporpamyBaHHs. OnHierO 3 Takux 010mioTek € TensorFlow 3a mormomMororo sikoi
peanizoBaHa noOyA0Ba HEUPOMEPEXI.

TensorFlow ™ - 11e 6106110TEKa MPOrpaMHOTo 3a0€3MeUeHHs 3 BIIKPUTUM
KOJIOM JUTSl UMCIIEHHHX OOUKCIIeHb 3 BUCOKOIO edpekTHBHIcTIO. II rHyuKa apxiTexTypa
JI03BOJISIE JIETKO pO3ropTaTy 0OYHMCIICHHS Ha Pi3HUX Tu1aTdopMax (IporecopH,
rpadiuni nporecopu, TPU), a TakoxkK BiJl HACTIILHUX KOMI'TOTEPIB A0 KJIaCTEPiB
CEpBEPIB I MOOUTBHHUX MPUCTPOiIB. CIIOUATKY pO3pOOJICHA TOCTITHUKAMH Ta

imxeHepamu komanau Google Brain B opranizanii Al Google, Bona Mae cuibHy
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NIATPUMKY JJIi MAIIMHHOTO HABYaHHS Ta TJIMOOKOT0 HaBYaHHS, a THYUYK] YMCIIOBI
OOYHCIIEHHS] BUKOPUCTOBYIOTHCS B Oararbox 1HIIMX HAYKOBUX 00JIACTSIX.

CUDA - 11e Moaenb mapaiesibHOi 00YnCITIOBANIbHOI TUTaTdopMu Ta iHTEpdeicy
npukiiagHoro nporpamyBants (API), po3po6iena kommanieto Nvidia. Lle no3Bosnsie
PO3pOOHUKAM MPOTPAMHOTO 3a0€3MEYSHHS Ta PO3POOHUKAM MTPOrPAMHOTO
3a0e3neyeHHs BUKopucToByBaTu rpadiunuii npouecop (GPU) 3 miarpumkoro CUDA
J71s1 0OpOOKHM 3araibHOTO IPU3HAYCHHS - TAXid, skuil HazuBaeThess GPGPU
(3aranpbHO00'€THOBaHE 0OUMCIICHHS Ha O6510Kax rpadiunoi o0podkn). [Tnardopma
CUDA - 11e mporpamHuii piBeHb, sSIkuii 3a0€3nedye npsMuil J0CTy 10 Habopy
BIpTyaJIbHUX HA0OpPIB rpaiyHUX MPOLECOPIB TA MapaneIbHUX O0YUCITIOBAIBHUX
€JIEMEHTIB I BUKOHAHHS 00YHMCITIOBAIHUX SITIEP.

[Tnatrdopma CUDA mpusHaueHa a1 poOOTH 3 MOBaMHU MPOrpaMyBaHHS,
takumiu sk C, C ++ 1 Fortran. L[ qocTynHICTb Clpolilye napajnenbHe NporpaMyBaHHs
daxiBugamu BukopuctoByBatu pecypcu GPU, Ha Biaminy Bix nonepennix API-
iHTepdeiiciB, Takux sk Direct3D ta OpenGL, ki BUMaratoTb BACOKUX HABUYOK
rpadiudoro nporpamyBanHs. Kpim roro, CUDA nmiaTpuMye cxemu nporpamyBaHHS,
taki sk OpenACC ta OpenCL. Konu BiH Briepiie OyB npeicTaBiIeHnd KOMITaH1€r0
Nvidia, nazsa CUDA 0yia abpesiatyporo Compute Unified Device Architecture, aie
Nvidia 3rogoM BiIMOBHIIACH BiJl BAKOPHCTAHHS aKPOHIMY.

Keras - 616;10Teka HeHPOHHUX MEPEX 13 BIIKPUTUM KOJIOM, HaIMcaHa Ha
Python. Bona 31atna npamroBatu 3 TensorFlow, Microsoft Cognitive Toolkit,
Theano a6o MXNet. Po3po0ieHna a1 HIBUIKOTO €KCIIEPUMEHTY 3 TIIMOOKUMHU
HEHPOHHUMH MepeKaMH, BOHA 30Cepe/KeHa Ha TOMY, 11100 OyTH 3pyyHOIO,
MOJIYJIEHOIO Ta pO3MIMpIoBaHo0. BoHa Oyna po3po0iieHa K YacTHHA JOCIiTHUIIBKOT
po6otu npoekty ONEiros (Open-ended Neuro-Electronic Intelligent Robot Operating
System), 1 ii OCHOBHMM aBTOPOM 1 CynpoBoiKyBaueM € Dpancya lllome, iHxeHep
Google.

VY 2017 poui xomanna Google TensorFlow Bupimmna nigrpumaru Keras y
0a3zogiit 610moTeni TensorFlow.Keras 3agymano sik intepdeiic, a He caMOCTIHHUN

MeXaH13M HaB4aHHs. BiH pomoHye O11bI11 BUCOKHI PiBEHB IHTYITUBHO 3PO3yMLIOTO
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Ha0opy aOCTpaKIlii, 0 MOJErIIye Po3po0Ky IITMOOKUX MOEIICH HaBYaHHSI

HE3aJI)KHO BiJ] BAKOPUCTOBYBAHOTO OOUMCIIIOBAJILHOTO OCKEH 1.
4.2 BuMoru a0 TexXHiYHOro 3a0e3nedyeHHs
4.2.1 3arajbpHi BUMOTH

[TpencraBiaenuii mporpaMHUil TPOAYKT SBJIsiE COOOI0 pOTpamMmy, AJig poOoTH
K01, He0OX1/THAa poOoYa CTPAHIlISA 3 HACTYITHUM TEXHIYHUM 3a0€3MeUCHHSM:

a) TEeXHIYHE 3a0e3MeUCHHS:
1) mportecop 3 TaKTOBOO 4acTOTOKO He Hukue 2 [T
2) 00'em omepaTUBHOI maM’sTi He MeHie 2 [0
3) M3V tumy SSD abo HDD 06’emom He mentre 20 I'B;

0) mporpamMHe 3a0€3MeUeHHS:
1) omeparriiina cuctema — Windows Bepcii He Hmxue Windows 7;
2) intepnperarop Python He HMxYe Bepcii 3;
3) Hactymni 6i6mioreku ans Python : TensorFlow, scipy, pyplotlib,

Keras, pillow.
Jlnst nnst TpeHyBaHHS HelpoMepeki NOoTpiOHE HACTYITHE MpOorpamMHe Ta
TEeXHIYHE 3a0€3MeUeHHS:

a) KOMIT'IOTEp 3 XapaKTEepPUCTUKAMU HE HIDKYE:
1) mporecop 3 TakTOBOKO YacToToro 2.5 I'TI;
2) omeparuBHa mam’sTh 4 1°0;
3) I3V tumy SSD ab6o HDD 06’emom He menire 20 I'b;
4) Bimeo mpuckoproBau Nvidia 3 migrpumkoro TexHojorii CUDA

(GeForce GTX 590 Ta kparre) .

0) mporpamHe 3a0€3MEUCHHS:
1) omepartiiina cuctema — Windows Bepcii He Hmxue Windows 7;
2) intepnperarop Python He Hykue Bepcii 3;
3) Hacrynni 6i6mioteku s Python : TensorFlow, scipy, pyplotlib,

Keras, pillow;



4) Iporpamumii maker CUDA.

B) KOMIT 10TepHa nepudepis, 10 CKIaay sIKOi BXOIUTS:
1) mowiTOp;
2) MHUIIKA,;

3) kmaBiarypa.

4.3  ApxitekTypa nporpamMHoro 3ade3neyeHHsi

4.3.1 Onuc pyHKIiOHATBHOI MOjeJTi

JJis IpOeKTyBaHHS AlarpaMu BUKOPUCTAHHSI CTIOYAaTKy HEOOX1THO BU3HAYUTH
JiH0BUX 0Ci0 (aKTOpiB), a MOTIM BU3HAYUTH, SIK1 /i1 Y CUCTEMI MOKE BUKOHYBATHU
KOXEH 3 aKTOpiB. B maH1ii cucteMi € ABa TUNH JIHOBUX 0C10 — KOPUCTYBayl Ta

CHUCTEMA.

Cucrema. OcHOBHUMHU (DYHKIIISIMU CUCTEMU OyJle PO3PaxXyHOK Ta aHAJI3
MOJIAHHOI KOPUCTYBa4YeM 1H(POpMaIlii.
KopucryBau. KopuctyBau mae 3Mory BUOpaTH JIaHHI JIJIsl aHAI3Y Ta

oOpaxyHKy Ta BUSHAUYUTH TUIH BUXI1THOT iHGOpMAaIIii.
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Tenep BU3HaYUMO [ii, IK1 MOKYTh BUKOHYBATH aKTOPU CUCTEMU (PUCYHOK

4.1):

ue Ui Cads Model

@
EoHeOnmn Bnls
shxtEnds mﬂw'_
-'I'IH'H‘.I
-:I:ﬁlf:h- 'm'ﬂ:’ B Ty woci
Poaburm uageni

Bumin p 1y neTaTI
u-Ja.,:ln

1 L pn—— sincludas aireciztn

POBPHSERHOCT]

Pucynox 1.3 — Cxema cTpyKTypHa BapiaHTiB BUKopucTanHsa. Po6ota kopuctyBaua 3
CUCTEMOIO

Crnrcok BUMOT Ha OCHOBI JllarpamMy BapiaHTIB BUKOPUCTAHHS 3 1X
npiopuTeTaMu HaBeAeHO y Tabmuili 4.1.

Ta6mui 4.1 - OyHKITIOHAIBHI BUMOTH

AKTOp Bapiant DYyHKIIOHAJIBHA BUMOTA Ipiopirer
BHKOPHCTAHH
|

KopuctyBau | Bubip tumy 1. KopucryBau nepexoanuThb OakaHMit

BXIJTHUX JIaHUX | A0 MyHKTY OOpaHHS JaHUX Y
rOJIOBHOMY MEHIO.

1.1 KopucryBau obupae
“o0paTu TUN BUX1THUX
IaHuXx’

1.3. Cucrema BijioOpaxkae
JOCTYITHI TUTIA

1.4 Kopuctysau obupae
HEOOX1IHUM THIT JaHUX
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[Tponorxenus Tadauii 4.1.

KopucryBau

Bubip tumy
BXITHUX JTaHUX

2. KopucryBau nepexoauTb
710 MIYHKTY OOpaHHs JaHUX Y
TOJIOBHOMY MEHIO.

2.1. KopucryBau obupae
“o0paTu TUM BXi1THUX JaHUX
2.2. Cuctema Bimobpaxae
JOCTYITHI TUTIA

2.3. KopucryBau obupae
HEOOX1IHUN TUI JaHUX

OaxaHun

Kopucrysau

Bubip metony
pO3B’A3aHHS

3. KopucryBau nepexoauTtsb 10
MYHKTY OOMpPaHHS METOLY
PO3B’s13aHHS Y TOJIOBHOMY
MEHIO.

3.1. Cuctema BijoOpaxae
CIIUCOK JOCTYITHUX METO/IIB
pO3B’sI3aHHS

000B'I3KOBUH

KopucryBau

Meton
3ennens

4. KopuctyBay nepexoauThb 10
MIyHKTY OOMpaHHs METOY
PO3B’s13aHHSA Y TOJIOBHOMY
MEHIO.

4.1. Cucrema BioOpaxae
CITUCOK JIOCTYITHUX METO/I1B
pO3B’sI3aHHS

4.2 KopuctyBau ooupae
MeTon 3eraens

OaxaHun

Kopucrysau

MeTton
MPOCTUX
iTeparlii

5. KopucrtyBad nepexoauTh 110
MYHKTY OOMPaHHS METOLY
PO3B’sI3aHHS Y TOJIOBHOMY
MEHIO.

5.1. Cucrema Bijobpaxae
CITHCOK JIOCTYITHUX METO/I1B
pO3B’sI3aHHS

5.2 KopucrtyBau obupae
METO 3ennens

000B'I3KOBUH

[Iponoxkenns tabnuii 4.1.
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Kopucrysau

Meton
MPOCTHUX
penakcarini

6. KopucryBau nepexoauTs 10
MYHKTY OOWpaHHS METOIY
pPO3B’s3aHHS y TOJIOBHOMY
MEHIO.

6.1. Cuctema BimoOpaxae
CITUCOK JOCTYITHUX METO/IIB
PO3B’sI3aHHS

6.2 KopuctyBau obupae
METOJ1 peraKcaiin

000B'I3KOBUH

Kopucrysau

BBenenns
IMOYATKOBHUX
TAaHUX

7. KopuctyBau nepexoauTh 10
yHKTY OOMpaHHs
MOYATKOBHX JIAHUX Y
TOJIOBHOMY MEHIO.

7.1. Cuctema BijioOpaxae
CIIMCOK MYHKTIB MiAMEHIO
“3aaHHs MOYATKOBUX JAHUX

000B'I3KOBUH

Kopucrtysau

3amaHHsa
napameTpiB

8. KopucryBau nepexoauts 110
MyHKTY OOMpaHHs
MMOYATKOBUX JIAHUX Y
TOJIOBHOMY MEHIO.

8.1. Cucrema BimoOpakae
CIIUCOK ITyHKTIB MiIMEHIO
“3aaHHs MOYATKOBUX JAHUX
8.2. KopuctyBau obupae
MYHKT “3aJ]JaHHs MTapamMeTpiB”
8.3. Cucrema BimoOpaxae
CIUCOK MYHKTIB IMiIMEHIO
3aJIaHHs TapaMeTpiB

OaXaHUU




60

[Tponorxenus Tadauii 4.1.

KopucryBau

KinpkicTh
MIPOIIECOPHUX
sanep

9. KopuctyBad nepexouTs 10
MYHKTY OOWpaHHS
MMOYATKOBUX JITAHUX Y
TOJIOBHOMY MEHIO.

9.1. Cucrema Bimobpaxae
CIHUCOK IMyHKTIB M1MEHIO
“3a1aHHs TIOYaTKOBUX JTAHUX’
9.2. KopucryBau obupae
NYHKT ‘“‘3aJlaHHS MapaMmeTpiB”
9.3. Cuctema BijoOpaxkae
CITUCOK MYHKTIB MiMEHIO
3aJIaHHs TapaMeTpiB ~

9.4. KopuctyBau obupae
MYHKT “KUIBKICTh
MPOLIECOPHUX SAEP” Y
I1IMEHIO

bl

OaxaHun

KopucryBau

BuOip ¢aiiny
HelpoMepexi

10. KopucTtyBay nepexoanTh
710 MyYHKTY OOMpaHHs
MMOYATKOBUX JTAHUX Y
TOJIOBHOMY MEHIO.

10.1. Cucrema BimoOpakae
CITUCOK MyHKTIB IMiIMEHIO
“3amaHHs MOYAaTKOBUX JAHUX
10.2. KopuctyBau obupae
MYHKT “3aJJaHHS MapamMeTpiB”
10.3. Cucrema BigoOpakae
CIUCOK MYHKTIB IMiIMEHIO
3aJIaHHs TapaMeTpiB

10.4. KopuctyBau obupae
OYHKT “BUOIp Qailny
HelpoMepexi” y MiIMEHIO

bl

000B'SI3KOBUH
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[Tponorxenus Tadauii 4.1.

KopucryBau

Bubip tumy
MoJenl

11. KopucrtyBauy nepexoauThb
110 MYHKTY OOUpaHHS
MMOYATKOBUX JIAHUX Y
TOJIOBHOMY MEHIO.

11.1. Cucrema BimoOpakae
CIHUCOK IMyHKTIB M1MEHIO
“3a1aHHs TOYaTKOBUX JTAHUX
11.2. KopuctyBau obupae
NyHKT “BUOIp THUITY MoJei”
11.3. Cucrema BimoOpaxkae
CIIMCOK MYHKTIB MiAMEHIO
“BuOIp THIY MoAem

OaxaHun

Kopucrysau

Bubip mex
PO3MIPHOCTI

12. KopuctyBau nepexoauTh
710 MyYHKTY OOUpaHHs
MOYaTKOBUX JAHUX Y
TOJIOBHOMY MEHIO.

12.1. Cucrema BimoOpakae
CIIMCOK ITyHKTIB MiIMEHIO
“3aaHHs MOYAaTKOBUX JAHUX
12.2. KopuctyBau obupae
MyHKT “BUOIp TUIY Mozem”
12.3. Cucrema BimoOpakae
CITUCOK MYHKTIB MMiIMEHIO
“BuOIp THIY MoAem

12.4. KopuctyBau obupae
IMYHKT “BUOIp MEX
PO3MIPHOCTI” Y TIIIMEHIO

OaXaHUU

Kopucrysau

BBenenus
JOJATKOBO1
1H(popmarii

13. KopucrtyBau nepexoauThb
710 YHKTY OOUpaHHs
MTOYAaTKOBUX JAaHUX Y
TOJIOBHOMY MEHIO.

13.1. Cucrema BimoOpakae
CIIUCOK MyHKTIB MiIMEHIO
“3aJJaHH] TOYaTKOBUX JaHUX
13.2. KopuctyBau oOupae
MYHKT “BBEJICHHS JTOAATKOBOI
iHbopmarrii”

13.3. Cucrema BigoOpakae
CIHCOK IyHKTIB MiMEHIO
BBEJICHHS JOJATKOBO1
iHbopmartii

OaXaHUU
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[Tponorxenns tadauii 4.1.

Cucrema

Busing
pe3ynbTaTiB

14. Cucrema BimoOpakae
pe3ynbTaTé B popMari
00paHuM KOpUCTyBadyeM

000B'SI3KOBUI1

Cucrema

Busin y daiin

15. Cucrema BimoOpakae
pe3ynbTaTé B popMari
00paHuM KOpPUCTYBadyeM
15.1. Buxigna indopmarris
BUBOJUTHCA Y (haiii

000B'SI3KOBUI1

Cucrema

Konconpuuii
BUBII

16. Cucrema BimoOpakae
pe3ynbTaTé B popMari
oOpaHHM KOpPHUCTYBadeM
16.1. Buxigna ingopmartis
BUBOJWTHCS B KOHCOJIb

000B'SI3KOBUI1

Cucrema

Amnamni3 mozem

17. Cuctema aHaiizye
CTPYKTYpPY MOJE1

000B'I3KOBUI

Cucrema

Busnauenus
KJIacy MOJel

18. Cucrtema aHaizye
CTPYKTYpPY MOJE1

18.1. Cucrema BiTHOCUTH
MOJIEJNb JI0 TIEBHOTO KJIacy

OaXaHUU

Cucrema

BuzHauenusa
CTYIICHIO
PO3PIIKEHOCTI

19. Cucrema aHamizye
CTPYKTYPY MOJEI

19.1. Cuctema BiIHOCHUTh
MOJIEJNb 10 TIEBHOTO KJ1acy
19.2. Cucrema Bu3Havae
CTYIIHb PO3PIIKEHOCTI
MaTpHI

OaXaHUU

Cucrema

Knacudikaris
puc

20. Cucrema aHainizye
CTPYKTYpY MOJEI

20.1. Cucrema BITHOCUTh
MOJIeNb JI0 IEBHOTO KJacy
20.2. Cucrema kinacudikye
pycH MoJIei

000B'SI3KOBU

Cucrema

OO0uncieHs
MoJenl

21. Cucrema ob6uucitoe
MoJieb 00pany
KOPHUCTYBadeM 3a OOpaHUM
KOPUCTYBa4e€M METOIOM

000B'SI3KOBUI1
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[Tponorxenus Tadauii 4.1.

Cucrema Po30uTTs 22. Cuctema o0UmCIIOE 000B'SI3KOBUH
Moenl MOJIeTIb O0paHy
KOpPHUCTYBAu€M 3a 00OpaHUM
KOPUCTYBa4eM METOJIOM
22.1. Cuctema po30uBae
MOJCHb JJII OOYHMCIICHHS

4.3.1 Onuc npouecy AisJILHOCTI

Pozristnemo nii siki nepiognyHo Oy/1e BUKOHYBAaTH CUCTeMa Mpu BUOOPI
KOpHCTYBaueM BBEJICHHS JaHMX, 3a gonomororo UML niarpamu aisiiabHOCTI (pUCYHOK

4.2).



Activity -

MigroToeka oo

POIPAXYHKY

Bufip Tany exigHux
OaHHWX

MogaHHA GaHHKUX HA EXiA)

[Tax]

Endip danna
HeHpouepexi

[Hi]

dain
OifcHuA

[Tax]

BuGip werony
posB'RZAHHA

BeeneHHA QoAaTKOENX
AIHHWE

Buip Tny exxigHmx
OaHHWX

[Hi]

[Tax]

Buxia 2 npouecy
nigroToREW oo
POapaxyHky

Pucynox 4.2 — Cxema cTpykTypHa nisibHOCTI. [Ipotiec BBeieHHS TaHUX IS
00pOoOKH
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JleTanbHUI OMKC CXEMU CTPYKTYPHOI JISITIBHOCTI MPOIIECY BHECEHHS

MOYaTKOBHX JJAHUX HABEJCHO y Taomwuil 4.2.

Tadomuig 4.2 — onic MiSIIIBHOCTI 1T

POLICCY BHCCCHHSA JJaHUX

Bapianr gissaibHOCTI

Omnuc BapianTy JislJILHOCTI

[TinroroBKa 10 pO3paxyHKy

3aranpHa MiArOTOBKA IO BBEIACHHS JaHUX
(I'onoBHE MeHI0)

Bubip tTuny BXiTHUX JaHUX

OOGupaeTbes TUN TaHUX, SKUH Oyje ToaBaTHUCS Ha
BX1/] CUCTEMU

[lTomanHsa gaHuX Ha BXIJ

JlaH1 mOAAIOThCS Ha BXIJI 10 CUCTEMU

JlaHHI CHIBIIaIafOTh 3 TUIIOM

ITepeBipka Ha CITIBIIIIHHS JaHUX SK1 MOJJAHUX Ha
BX1]1 13 3apaHi 00paHuM TUIIOM. SIKIIIO, TUI HE
CIIBITaJIa€ — TO IOBEPHEHHS 10 BUOOPY THITY
BXIJTHUX JaHUX.

BuOip ¢aiina Heitpomepexi

®daiin HelipomMepeki MOAAETHCS HA BX1JT J10
CUCTEMU

daiin giicHA

[lepeBipka Ha qIMCHICTD (pailily MOJTaHHOTO Ha
BXiJ. Skio, oOpanuii aiin He € TIMCHUM — TO
MOBEPHEHHS 10 BUOOPY (aiiny Heiipomepexki

Bu0bip metony po3B’si3aHHS

OOupaerbcst METO, SIKUM OyJie BUKOPUCTAHUN MIPU
NOJATILLIIOMY PO3PAXYHKY

[ToTpiOH1 JOAATKOBI MapaMeTpH

OOG6panHs HEOOX1THOCTI AOJIaHHS J0JaTKOBUX
napameTpiB 10 JaHUX HaJaHUX cuctemi. ko,
BIJIMOBIAb 3aTBEP/PKEHA — TO TIEPEXiJ 10 BBEACHHS
J0JIaTKOBHX MapamMeTpiB.

BBenennsa mogaTkoBUX
napameTpiB

JloaTKoB1 MapaMeTpy MOIaI0ThCA Ha BX1J 10
CUCTEMU

BuOip Tuny BUXIJIHUX JaHUX

OOupaetbest TUI JAHUX, SIKAW OyJle OTpPUMaHUN Ha
BUXO/I1 13 CUCTEMHU

[linTBepauTH naHi

[lepeBipka Ha qIHCHICTh Ta KOPEKTHICTD YCIET
nonanoi iHdopmarti. Axmio, iHdGopmartis Ta gaHi
HE3aI0BUIBHI TO TIEPEXiJ JI0 MiATOTOBKHU JI0
PO3paxyHKy
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[Tponor:xenus Tadaui 4.2.

Buxin 3 mporiecy miaroroBKu [Tepexim mo mporiecy aHaiizy Ta poOOTH ¢
JI0 PO3PAXYHKY o0paHuMU JaHUMHU.

4.3.2 Cxema CTPYKTYpPHa KJaciB

Ha pucynky 4.3 mpencraBieHa CTpyKTypHa cXxeMa KJIaciB, sIKi BIATOBIIAIOTH 3a
BUKOHAHHS TaKuX (QYHKIIIH MporpaMu, BijoOpakeHHs iHTepdeiicy KopucTyBaya,
MIPOIICCUHT JaHUX, 1X aHai3 1 T/I.

Jiarpama MicTUTbH 9 KJ1aciB, a caMe:
— «Data» — kmac mo BucCTymae B poJil Kjiacy, JJjsi 30€peKEeHHsS JaHuX Ta

nepeaadl ix BiJ BBOAY KOPUCTyBaya JI0 1HIIMX KJIACIB.;

— «Ul» — knac skuii mpencTapiisie Kiac B3aeMOJIl 3 KOPUCTyBaueM. A, came
MPUIHATTS BBEJICHUX JTaHUX, Iepeaada ix a0 kiacy «Datay, BimoOpakeHHs
1H(popMaiiii, To1o;

— «Procesor» — kiac sSKMii KOHBEPTYyE Ta MEPETBOpIOE€ iH(OpMaIio 10
HaJIC)KHOTO BUTJISIY Ta IHTEPHPETYE pe3yJbTaT aHAII3y 3aiyis OJAaHHS ii B
kiac «Solvery;

— «Solvery — kiac gxuii Ha TiACTaBl JaHMX OTpUMaHUX 3 Kiacy «Procesor»
3aiiMaEThCSl BUPIIIICHHS CUCTEM PIBHSHB;

— «Model» — ocHOBHUII Ki1ac cexIlii aHali3y, MPAIoE 3 TaHUMHA OTPUMAHUMHU
Ha BXOJ1 Ta 1HIIIAI3y€e aHaI3 MO,

— «Layer» — Kimac BIANOBIJAIBLHUN 3a TOJOBHY CTOPIHKY, CTOPIHKY
PO3IIMPEHOTO MEePETIISAy Ta JOJaHHS HOBUX PO3/1ay;

— «Rating_count» — 6a30Buii Kj1ac yCiX IIapiB HEHPOMEPEKi, SIKHH MICTHTh
3arajgbHl METO/IH,

— «Conv2D» — knac skuil npeAcTaBisie co000 map 3ropTku. € migKiIacom
Kiacy «Layer;

— «MaxPoolingy — knac sixuit mpeactasisie co0oro map arperaiii (mysinry). €

MiIKIIacoM Kiacy «Layer;



— «Dense» — knac axui mpeacTaBisie cO00K MOBHO3 €THAHMM

conected). € minkmacoMm kiacy «Layery;
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Class Diagram

/

Data

img: file
Interface: Ul
method: string
mpyte: boolean
params: float]]

E I T S A A SR A S

Solver

usdatda: string

curmenul) : void
info_display() : void
infopass() : void
menu_movel) | void

Processor

class: int
Data: Data
pimage: itnt[J[]

O

: void

Proc: Processor

Dataf) : woid 11 uIg
get_im{) : file -
get_method() : sstring T !
get_mptype() : boolean L ,il.l
get_mo) : int[)] 11 1/
get_parami) : float]]

set_im(UI) : void Solver
set_matriz{U) : void 2 nfo: Data

set_method{U) : void B et Bl s
set_param{Ul) : void - params: float]]

set_type(Ul) : void B -

0.1

+ o o+

algorythm{boolean, Processor, Data) :

count() : void
finder() : void
Solver() : void

woid

type: boolean

F I T S e

adjust() : void
conv_a{) : int[][]
conv_b() : int[)[]
conv_cf) : int[l[]
get_class{) : int
get_pimaged) : int[][)
get_pmatriz() : int[][]
Processor() : void

to class) : void

Model

Info: Data
inputs: tensor
Layer: Layer
ountputs: tensor
params: float]]

P

ched_file{) : boolean

compile() : void

evaluate() | void

initialize|{Data, tensor, float[], Layer) : void
Model{) : void

Analyzer
La
yer Conwv2d
+ activation{) : void - acdtivaticn: string
+ add{) : veid - grid: int]]
+ allo]) : void |- inputs: int
O+ =stype()) : void - padding: int
1 + count{D{) : void
+  fit() : void + Conv2D{) : void
+ fit()) : void
+ Layer() : void
+ proces() : void
MaxPooling2d
metrics: int]]
pool_size: int{][]
Dense
MaxPooling2Dy{) : void
- activation: string pool{intl], int[)]) : void
- inputs: int
+ Densel) : void

4.3.3 Jliarpama mocjaigoBHOCTI

Pucynok 4.3 — CxeMa CTpyKTypHa KJ1aciB

Ha pucynky 4.4 Ta 4.5 npencraBieHi cXeMH CTPYKTYpHOI mociigoBHocTi. Ha

JTAHUX CeMax IMpeJCTaBIIeH] MOCIIIOBHOCTI JII MpU TMepeadl JaHUX CUCTEMOIO

(puc.4.4) Ta npu qoJ1aHHI KOpUCTyBadyeM iHGopmallii npo ¢daiiia Helipomepexi Ta iH



(puc 4.5). Takox BU3HAYEH1 aKTOPH Ta iX Aii, 110 HEOOX1H1 JJIs1 BUKOHAHHS

IIOCTaBJICHHUX 3aJay.
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interaction SequenceDiagraml )

A

Cuctema

1: oTpumartu gaHHI
P a >

Model

Processor Data Ul
i 2:Data() |
—eeeee ;
3:UI() :
“"4~infopas :
5 - initialize( )

[Sssrominsgy 6 ':}Sé}'é&{s' """"""

B ] D ;

Pucynok 4.4 — CxeMa CTpyKTypHa MOCIIJOBHOCTI TIepeaadl JaHuX




interaction SequenceDiagram2 )

ul

Data

2 - flocTynHi TUnK

3 : Lanwi

Processor

Model

4 infopas()

8 :isvalid

10 : infopas( )

5 : adjust( )

T
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

12 : params

Pucynok 4.5 — Cxema cTpyKTypHa MOCHII0BHOCTI JOJIaHHS TAaHUX KOPUCTYBayeM

4.3.4 JliarpaMMa KOMIIOHEHTIB

Ha pucynky 4.6 npeacraBieHa cxeMa CTpyKTypHa KOMITOHEHTIB, Ha SIKii
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300paK€HO KOMITIOHEHTH CUCTEMH, 10 HEOOX1/1H1 JUIsl (PYHKIIIOHYBaHHS pecypcy, Ta

B3a€EMO3B'I3KH MK HUMH.
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TensorFlow Components

Pucynox 4.6 — Cxema CTpyKTypHa KOMIIOHEHTIB

4.4 BHCHOBOK 10 po3aiiny

Po3rasinyTo 0CHOBHI 0COOJIMBOCTI PO3POOKH MPOTPAMHHUX 3aCTOCYBaHb 13
HellpoMepexaMu Ha MOBI TporpamyBaHHs Python 3 Bukopuctanusm 010110Tekn
TensorFlow. [lo cuctemu, o po3podiseThes Oy MOCTaBIICHI MiHIMAIbHI TEXHIYHI
BUMOTH /U151 QYHKIIIOHYBaHHS cucTeMu. Po3po0iieHa cxema apXiTeKTypu
MPOTrpaMHOro 3a0e3nedYeHHs MOBHICTIO BIJMOBIIa€ MocTaBieHUM BuMmoram. [1ig yac
po3poOKu Oyi10 chopMOBaHO Ta PO3POOIICHO 1€EpAPXit0 KiIaciB, K1 BIAMOBIAAIOTH
MOCTABJICHUM BUMOTaM Ta 3a0€3Me4yt0Th HEOOX1THUM (PYHKITIOHAJI CHCTEMHU.
Onucani 0cOOIMBOCTI pO3pOOKH CUCTEMH, 300paxeHi AlarpaMa KJaciB, apXiTEKTypa

IPOTPaMHOTO 3a0€3MeUeHHs Ta MEepPeka B3a€MOIii CUCTEMH.
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5 TEXHOJIOTI'TYHHWM PO3ILI

5.1 KepiBHUITBO KOpHCTYBa4Ya

['ooBHE MEHIO MICTUTD MEepelliK HasBHUX (YHKIIIN 151 KOpUCTyBaya Ta

CTYIIHb TOTOBHOCTI JI0 O0OpaxyHKy. [ '0JIOBHE MEHIO MOKa3aHO Ha pUCYHKY S.1.

" MainMenu — O x
Model File  weeeseemesresresssmmsssesseaseans DONE
R DONE
Network file  sweweereeseerereresssssnssensanasanes Pending
Method  eeeeseeesseessoessesssseesoe Pending
U DONE
S — Pending
Overall  eeeeeeeeeseeseseeeesssssssnesensaes Not Ready

Data Input
Method
Input type
Output type
Launch

Pucynok 5.1 — I'010BHE MEHIO TporpaMu

["050BHE BIKHO IPOTpaMH MICTUTh BiJIOOpaXEHHSI TOTOBHOCTI /10 PO3PAXYHKY
Ta HACTYIHI BKJIQJIKU:

- «Data input» — 11 BBOIY JaHUX;

- «Methody — anst BHOOPY MeTO Ty BUPIIICHHS;

- «Input type» — myis BuOOpy TUITYy BXiTHUX (DAiiiB;

- «Output type» — nnst BUOOpY THIY BUXIJTHUX (aIiB;

- «Launchy — s 3amycky Ta BijoOpaXKeHHs pe3yJIbTaTiB.
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Jlns mepexo iy A0 Mpolecy BBEACHHS JaHUX He0OX1IHO nepeitu 1o «Data

inputy». Onmc Bkiaaku «Data inputy HaBeaeHO Ha PUCYHKY 5.2 1
©  Dialeg ? b4
Model File  -eeesressrrsesrsssmssemsssssessneens DONE
Model image  +-s-reserssssssssessssessnes DONE
Network fila  seeseesssssssssssmsmsssmssssnanns Pending
Mathod ~ seeeeeeereessesssmsssessmsssnssanes Pending
Iput e DONE
T R — Pending
Overall e Not Ready

Model File

Model Image
MM File
Model Type
Additionzl

Back

Pucynok 5.2 — Bkiajka BBOJIy JaHUX

BikHO BBOAY JaHUX MPOTpaMy MICTUTH BiIOOPa’KEHHSI TOTOBHOCTI 710
PO3paxyHKy Ta HACTYITHI BKJIQJIKHU:

- «Model File» — nns Bubopy aiinza Mmozeni;

- «Model Image» — a1 BuOOpy 300pakeHHsT MOJIEN;

- «NN File» — st BuOOpy (haiina HefipomMepexi;

- «Model Type» — ms BHOOpY THITY MOJIETI;

- «Additional» — s nogaTkoBoi iH(GOpMAIIIT;

- «Back» — AJIS1 IIOBCPHCHHA 10 ITOIICPCAHBOIO MCHIO.

s mepexo 1y A0 npolecy AoAaHHs (aiily JaHuX HE0OX1THO IeperTH 10

oxHoro 3 nmyHkTiB MHIO «Model File», «Model Image» ad6o «NN File». Onuc Bkiagku
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noaaHHs (pailry HaBe€HO Ha PUCYHKY 5.3

i Dialog 7 *

Model File  rereereseesrssmmmssssssssnsseses DONE
Model ifiage  -ssrrerrsssrssssssssnsrsen DONE
NE‘MDrk ﬂlE‘ ..................................... F'Erllj“-ll.:l
ME‘thDd ..................................... FEI-II:I”-II;I
Nput e DONE
Dutput ..................................... F.En'j”-l":l
Overall ~ eeeeeessseersss, Mot Ready

Add file

Back

Pucynok 5.3 — [lomanns gaitny

3a nonmomoroto kHomku «File add» MoxHa 3aBaHTakUTH 00panuii daitn. J{s
nepexo1y A0 mpoiecy BUOOpy MeToly HEOOX1THO 3 TOJIOBHOTO MEHIO MTPOTpaMu

nepetitu 10 «Methody. Omnuc Bknaaku «Method» HaBeneHO Ha pUCYHKY 5.4.



i Dialog 7 X
Model File  reeerersemssmssssssssssearsssasass DONE
Model image  +s-eseressessse s DONE
Tt Fly e DONE
ME‘thDd ..................................... FEI-I'j”-IL:I
INPUE s DOME
D’Utput ..................................... F'El'lljil'll.]
Owerall  weeereerersrssesssse. Mot REEIEI'_L"

) Zeidel () Relaxation () Tteration
Select
Badk

Pucynok 5.4 — Bubip merony po3B’si3aHHs

3a 0MOMOTOIO CENIEKTOPIB Ta KHOMKH «Select» MmoxHa o0paTtu HeoOXiTHUI
MeTOoJ1 po3B’si3aHHs. J{J1s mepexoy 10 mpolecy BUOOPY TUITY BX1AHOTO (ailiry
HEOOX1/1HO 3 TOJIOBHOTO MEHIO mporpamu nepeitu 1o «Input»y. Onuc Bxiiagku

«Inputy HaBejeHO Ha PUCYHKY 5.5.
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i Dialog 7 X
Model File  reeerersemssmssssssssssearsssasass DONE
Model image s wseesssesssssssssssssssssnss DONE
T DONE
S R DONE
INput e DONE
D’Utput ..................................... F'El'lljil'll.]
Owerall  weeereerersrssesssse. Mot REEIEI'_L"

) mat O rb ® mix
Select
Back

Pucynox 5.5 — Bubip tumy BxigHoro gaity

3a JI0MOMOTO0 CEJICKTOPIB Ta KHOMKH «Select» MoxHa o0patu HeoOXiAHUI
THUI BX1HOrO (aiiny. i nepexoay 10 mpouecy BUOOpY TUITY BUXITHUX (ailiiiB
HEOOX1/IHO 3 TOJIOBHOTO MEHIO Mporpamu nepeitu 1o «Outputy. Onuc BKIaAKu

«Output» HaBeneHO HA PUCYHKY 5.6.
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i Dialog 4 X
Model File  reeerersemssmssssssssssearsssasass DONE
e T S DONE
NEtuork file  +rrereeeseessseeessseeesasenesaens DONE
Mathod ~— eeeeeeeessesssssssssssnsssnsneanas Pending
Input e DONE
OUtpUt  eeeeesssseessssssessssassnniens Pending
Overall  eeeeeeeeeeeeesssssessnns Not Ready

[] Console [ File (] Graph

Select
Back

Pucynok 5.6 — Bubip tumy BuxijgHoro danmy

[Ticnst 3anmoBHEHHS yci€i He0OX1IHOT 1H(hOpMAaILIll MOKHA MEPEUTH 10
BUPILICHHS 3a/1a4i MEePEHIIOBIIHN 0 MyHKTY «Launchy y roioBHOMY MEHO
nporpamu. [licns HacucHeHHsS KHOTKU «Launchy 3’SBUTHCS MOXKITUBICTb
MIATBEPATUTH paHile BBeJeHy iHGopmarlii abo po3noyaTy Bce crovarky. BikHo

IIITBEPIKEHSI TIPEJICTaBJICHE HA PUCYHKY 5.7.
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i Dialog 4 X
Model File  reeerersemssmssssssssssearsssasass DONE
e T S DONE
NEtuork file  +rrereeeseessseeessseeesasenesaens DONE
Method ~ wweeererereresseeemmese e DONE
Input e DONE
OUtpUt  eeeeesssseessssssessssassnniens DONE
Overall  eeeeeeeeeeeeesssssessnns Ready

Confirm and continue

Undo all

‘PI/IC}/HOK 5.7 — ITinTBEepIKEHHS MPABUIBHOCTI JAHUX

5.2 BumnpoOyBaHHSI MPOrPaAMHOI0 MPOAYKTY

B upoMy migpo3iii HaBeIEHO OIKC TECTIB 1 MOPSAOK X BUKOHAHHS IS

NepPEBIPKU BIAMOBIIHOCTI pecypcy (PYHKIIIOHAIIbBHUM BUMOTaM.
5.2.1 Mera Bunpo0yBaHb

MeToto BunpoOyBaHb € IepeBipKa BiAMOBIIHOCTI (YHKLIN MapanebHO

aJIaNTHBHOTO COJIBEpA JIJIS JIHIWHUX CUCTEM Ha OCHOBI HEHPOMEPEKI.
5.2.2 3arajbHi moJ10KeHHs

BunpoOyBaHHs IpOBOASATHCSA HA OCHOBI HACTYITHUX JIOKYMEHTIB:
['OCT 34.603-92. Indopmariiiina Texnonoris. Bunu BunpodyBasb

ABTOMAaTHU30BaHHUX CHCTCM,
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I'OCT P/l 50-34.698-90. ABTroMaTn30BaHi CHCTEMH BUMOT JI0 3MICTY

JIOKYMEHTIB.

5.2.3 Pe3yabTaTn BUNpoOyBaHb

B nporieci TectyBanHs Oynna nepeBipeHa (PyHKIIOHATBbHICTh CUCTEMH 3a

JIOTIOMOT'OX0 BUTIPOOYBaHb, 10 HaBeIeH1 y Tabmuisx 5.1-5.15.

Tabmuns 5.1 — Tepexin 70 qo1aHHS TaHUX

Merta Tecry:

IlepeBipka ¢pynkuii «Ilepexin 10 1oganHs
JTAHUX»

IloyaTkoBui cTan

Bigkputo «I'010BHE» MEHIO porpamu

BxiaH1 qanHi:

Cxema IIPOBCACHHA TCCTY

ITepeiiTu 10 MyHKTY MEHIO JTOAAHHS JaHUX

OuikyBaHUIi pe3yNbTaT:

BinoOpakeHHs MEHIO JIOJaHHS TaHUX

CraH miciis mpoBeICHHS
BUIIPOOYBaHb:

Bigkpure MeHIO OMaHHS JaHUX

Tabmus 5.2 — Jlonanus daiiny Mojaen

Merta Tecry:

IlepeBipka ¢pynkuii «lonanns gaiiry
MOIeJIi»

IlouaTkoBu# ctan

Bigkpure MeHIO 10MaHHS JaHUX

Bxigni manHi:

daiin Mozae 3aJJaHOTO THITY

Cxema npoBeIeHHS TECTY

[Tepetitu y mynkt mento “Model File”.
HartucuyTtu xnonky “Add file” ta oOpatu
HEoOX1THUH (haimn

OuikyBaHU PE3yJIbTAT:

OO6panutii aitn mogaBcs 10 CUCTEMH. Y
TOJIOBHOMY MEHIO BiJJOOpPaKaeThCsl TOTOBHICTh
¢aitny moaeni.

Crad micis mpoBeaeHHS
BUIIPOOYBAaHb:

Binkputo «I"0110BHE» MEHIO MporpaMu

Tabmuus 5.3 — JlomanHs 300paskeHHs] MOJIENI

Mera Tecry:

IlepeBipka Qpynkiuii «{onaHHs 300paxeHHs
MoaeJTi»
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[Tponor:xenus Tadauii 5.3.

IloyaTkoBui cTan

Bingkpute MeHIO 1OJaHHS JaHUX

Bxiaui qanHi:

3o00pakeHHsI MOJIeNTl 3aaHOTO THITY

Cxema IMPOBCIACHHA TCCTY

[Tepeiitn y nyHkT MeHto “Model File”.
Hatucaytu knonky “Add file” Ta o6paru
HEOOX1THUH (haiin

OuikyBaHUIi pe3yNbTAT:

OOpaHne 300pakeHHS JTOJABCS 10 CUCTEMHU. Y
rOJIOBHOMY MEHIO B1I0Opaka€eThCs TOTOBHICTh
dbaiiny Mozei.

CraH micist poBeIeHHS
BUNPOOYBAHb:

Biakputo «I"00BHE» MEHIO Mporpamu

Tabmuug 5.4 — Jloganns ¢aiiny HelipomMepexi

Merta Tecry:

IlepeBipka ¢pynkuii «lonanns gaunay
HellpoMepe:xi»

IloyaTkoBui cTan

Bigkpure MeHIO OaHHS AJaHUX

Bxiau1 qanHi:

daiin HEpoMepexKi 3aIaHOTO TUITY

Cxema IIPOBCACHHA TCCTY

[lepeiitn y mynkt meHto “Model File”.
HatucuyTtu knonky “Add file” ta oOpatu
HeoOX1IHUH (haiin

OudikyBaHUI PE3yNbTAT:

OO6panuii daitn momaBcs 10 CUCTEMH. Y
rOJIOBHOMY MEHIO B1I00paka€eThCs TOTOBHICTh
Gaitny moaeni.

Cran micis mpoBeIeHHS
BUINIPOOYBaHb:

Binkputo «I"00oBHE» MeHIO MporpamMu

Tabnung 5.5 — Bubip tumy BUX01y

Mera Tecry:

IlepeBipka QpyHkuii «Budip Tunmy Buxoay»

IloyaTkoBUU cTaH

Bigkpure MeHIO OIaHHS JaHUX

Bxiani mansi:

Bubip mpoMik MOXKIJIMBUX BapiaHTIB BUBOJLY.

CxeMma poBeIEHHS TECTY

OOpartu onuH a00 IEKiIbKa BapiaHTIB BUXOTY Ta
HATUCHYTH KHOTIKY “Select”

OudikyBaHUI PE3yNIbTAT:

OO6panuii TUI T0AABCS 10 CUCTEMH. Y
TOJIOBHOMY MEHIO BiZJ0OpaXa€eThCsi TOTOBHICTh
daitry moneni.
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CraH micis MpoBeICHHS
BUIPOOYBAHb:

Biakputo «I"010BHE» MEHIO MporpamMu

Tabmuns 5.6 — Bubip tumy BXomy

Mera Tecry:

IlepeBipka ¢pynkuii «Budip Tumy Bxoay»

IloyaTkoBu cTan

Biakpute MeHIO 1OJaHHS JaHUX

Bxiaui qanHi:

Bubip npoMi’k MOXKJIMBUX BapiaHTIB BBOJY.

Cxema IMPOBCACHHA TCCTY

OOpatu 0JIMH BapiaHT BUXOJY Ta HATUCHYTH
KHOTIKY “Select”

OuikyBaHUIi pE3yNbTAT:

OO6panuii TUI 10AaBCS 10 CUCTEMH. Y
rOJIOBHOMY MEHIO B1I0OOpaKa€eThCs TOTOBHICTh
dbaiiny Mozeni.

CraH miciis IpoBeICHHS
BUIIPOOYBaHb:

Biakputo «I"00BHE» MEHIO Mporpamu

Tabnuus 5.7 — Bubip meToty po3B’si3aHHs

Mera Tecry:

IlepeBipka ¢pynkuii «Budip meroay
PO3B’SI3aHHSD)

IloyaTkoBuii cTan

Bigkputo «I"010BHE» MEHIO porpamMmu

Bxiani nansi:

Bu6ip npoMi’k MOKJIUBHX METO/IIB

Cxema npoBeIeHHS TECTY

KopuctyBau Hatuckae kHonky “Method”.
OOpatu oMH BapiaHT BUXOJY Ta HATUCHYTH
KHOTIKY “Select”

OuikyBaHUI pE3yNbTAT:

OO6panuii MeToJ 10/1aBCs 0 CUCTEMU. Y
rOJIOBHOMY MEHIO B1I00paka€eThCs TOTOBHICTh
Gbaitny mozeni.

CraH miciis NpoBeICHHS
BUIIPOOYBaHb:

Bigkputo «I"0110BHE» MEHIO porpamMu

Ta6muig 5.8 — Bubip Tumy mozeni

Mera Tecry:

IlepeBipka ¢pynkuii «Budip Tumy moaesti»

IloyaTkoBUN cTaH

Bigkpure MeHIO OIaHHS JaHUX

Bxiani mansi:

OOpanwii Tum
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Cxema IMPOBCACHHA TCCTY

KopucryBau Hatrckae kHonky “Model type”.
[Ticnst yoro oOpae oaWH BapiaHT BUXOY Ta
HaTHUCKae KHOMKY “Select”

OuikyBaHUI PE3YNIbTAT:

OOpanuii TUm 10AaBCA 10 CUCTEMH. Y
rOJIOBHOMY MEHIO B1/100paka€TbCs TOTOBHICTD
TUITy MOJIETI.

Cran micns mpoBeIeHHS
BUIPOOYBAHb:

Binkputo «I 00BHE» MEHIO MporpamMu

Tabmuns 5.9 — logannsa nogatkoBoi iHGopmarrii

Merta Tecry:

IlepeBipka ¢pynkuii «logaHHs 101aTKOBOI
inopmauin

IloyaTkoBui cTan

Bigkpure MeHIO OIaHHS AaHUX

Bxiau1 qanHi:

JonarkoBa iHpopMarlis

Cxema IMIPOBCACHHA TCCTY

KopuctyBau Hatuckae kHonky “Additional”.
[Ticnst woro oOpae BBOAUTH HEOOX1AH1 AaH1 Ta
HaTHUCKae KHOMKYy “Select”

OuikyBaHUIi pE3yNbTAT:

O6pana indopmMmalris 0/1a1ach 10 CUCTEMH.

Cran micis mpoBeIeHHS
BUIIPOOYBaHb:

Biakputo «I"00BHE» MeHIO Mporpamu

Tabsuug 5.10 — IlepeBipka H

a 3alIOBHEHHI JaH1

Merta Tecry:

Ilepesipka ¢pynkuii «IlepeBipka Ha
3all0BHEHHI JaHD»

IloyaTkoBuii cTan

Binkpura «I'010BHa» CTOpiHKA CalTy

Bxiani nansi:

Bcs indopmaris Bubpana uu gomana
KOpPHUCTyBadeM. AJie HE B TOBHOMY 00CsI31.

CxeMa poBeIEHHS TECTY

KopucryBau Hatuckae kaHonky “Launch”.

OuikyBaHUI PE3yNIbTAT:

Cucrema niepeBipsi€ yci Ha/laHi JIaHi.

Cran micis mpoBeIeHHS
BUIIPOOYBAHb:

Biakpurta «['onoBHa» cTOpiHKA CalTy

Tabmuus 5.11 [epeBipka Ha 3aOBHEHHI JIaH1



Mera Tecry:

IlepeBipka ¢pynkuii «IlepeBipka Ha
3all0BHEHHI JaHi»

IlouaTkoBui ctan

Bigkputa «I'0o0BHa» CTOpiHKA CaUTy

Bxiaai qanHi:

Bcs indopmariis Bubpana uu gomana
KopucTyBaueM.B nmoBHoMy 00cCs31.

Cxema IMPOBCACHHA TCCTY

KopucryBau Hatrckae kHonky “Launch”.

OuikyBaHUI pe3yNbTAT:

Cucrema nepeBipsi€ yci HaJlaHi JIaHi.

Cran micis mpoBeIeHHS
BUMPOOYBaHb:

Cucrema BioOpaXkae pe3ynbTaTd PO3paxyHKy

Tabmuus 5.12 — CkugadHs JaHux

Mera Tecry:

IlepeBipka ¢pynknii «CKHAAHHA JAHUX»

IlouaTkoBui cTan

Bigkpura cropinka miaTBepIKEeHHS TOTOBHOCTI
JIO PO3PAXYHKY

BxigH1 manHi1:

Bces iHdopmaliis BuOpana uu gojaaHa
KOPHUCTYyBa4eM

Cxema npoBeeHHS TECTY

KopucryBau Hatuckae kaonky “Undo all”.

OuikyBaHU pE3yNbTAT:

Cucrtema BUaQIISIE YCI JIaHI.

CraH nicis npoBeIeHHS
BUIIPOOYBaHb:

Bigkputo «I"010BHE» MEHIO porpamu

5.3 TecryBaHHS TOYHOCTI Heilipomepe:ki
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Po3pobnena Heiipomeperxa Oysa mpoTeCTOBaHA HAa TECOBUX JaHUX BlAIOpaHUX

3 pecypcy Matrix Market. Pe3ynbratu nepeBipku TOUHOCTI poOOTH HEHPOMEpExKi

MOXHa MMOOAYUTH HA PUCYHKY 5.8.
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x_train shape:

60000 train samples

1000@ test samples

Train on 60000 samples, validate on 10000 samples

Epoch 1/12

2018-05-19 01:19:57.918340: I tensorflow/core/platform/cpu_feature_guard.cc:148] Your CPU supports instructions that this TensorFlow b
iled to use: AVXZ FMA

60000/60000 [—————————————————"] - 2255 4ms/step - loss: 4.5511 - acc: @.6714 - val_loss: ©.0961 - val_acc: 0.9716

Epoch 2/12

60000/60000 [—————————————=——o———] - 227s 4ms/step - loss: 0.1543 - acc: 0.9563 - val_loss: 0.0530 - val_acc: ©.9835

] - 222s 4ms/step - loss: 0.0996 - acc: 0.9722 - val_loss: 0.056@ - val_acc: ©.9816

232s 4ms/step - loss: 0.0769 . 0.9786 - val_loss: 0.0445 - val_acc: ©.9854

24@s 4ms/step - loss: 09,0641 1 0.9819 - val_loss: @.0456 - val_acc: @.9862
Epoch 6/12
60000/60000 [———————————————————— 239s 4ms/step - loss: 0.0551 : 0.9844 - val_loss: ©.0349 - val_acc: 0.9900

244s 4ms/step - loss: ©.0490 : val_loss: @.0420 - val_acc: 0.9885
Epoch 8/12
(R Bl e — ] 254s 4ms/step - loss: @.0462 : val_loss: ©.0353 - val_acc: 0.99@5
Epoch 9/12
6o00e/6ee00 [———————————————————— 301s Sms/step - loss: ©.0386 : val_loss: ©.8367 - val_acc: 0.9895

227s 4ms/step - loss: 0.0374 : val_loss: @.0336 - val_acc: 0.9900
203s 3ms/step - loss: ©0.0345 : val_loss: ©.0340 - val_acc: 9.9899
204s 3ms/step - loss: 0.0325 H val_loss: ©0.0296 - val_acc: 0.9907

Test loss: 0.029622057321942247
Test accuracy: 0.9534

’PI/IC}’HOK 5.8 — TecTyBaHHS TOYHOCTI HEHpPOMEPEKI

K MOXHO MOOAYUTH 3 pUCYHKY 5.8 y pe3ynbTaTl TpeHyBaHHs Oyia JOCSATHYTa

TOYHICTh MPUOIU3HO 96%, 1110 € HETIOTaHUM PE3JIbTAaTOM ajie MoTpedye 1000pPOOKH.
5.4 BHCHOBOK 10 po3ainy

B nanomy po3mini Oyino onucaHo JeTadbHe KePiBHUIITBO KOPUCTYBaya Ta
HaBeJICH1 MPUKIIAIN eKpaHHuX (Gopm mporpamu. KepiBHUIITBO KOPUCTYBada BKIIOYAE
OIHMC JI{, IKI MOKYTh BUKOHYBAaTUCh KOpUcTyBaueM. [IpeacraBieHi OCHOBHI
CIIEHapii [JIsl TECTyBaHHS MPOTpaMu 1100 BiJIMOBITHOCTI (PYHKITIOHATHHUM

BUMOT'aM.
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BUCHOBKHA

VY nauiii MaricTepchKiii AucepTarliii OyJio CTBOPEHO Mporpamy JAjsi BUPIIIEHHS
ciap 3 po3piPKEHUMH MaTPUIISIMU Ha OCHOBI HelipoMepexki. [Iporpamua peamnizariis
CHCTEMH HaIlMcaHa MOBOIO IporpamysanHs Python Ha miatdopmi PyQt Ha 6asi
omnepariiitnoi cuctemu Windows. Takuii BuOip 3p06sieHO Ha KOPUCTh BUKOPUCTAHHS
PO3BUHEHOTO cepeioBHINa po3poOku Qt Ta Jerkoi MOKIUBOCTI HOPTYBaHHS
nporpamMu Ha Oy/ib SIKy 1HIIY TU1aTGopMy, 30KpeMa BapToO BiIMITUTH HASIBHICTb
3pYYHUX CTATUCTHUUHUX (PYHKIIN Ta PYHKIIIH CTBOPEHHS PI3HOMAaHITHUX TpadikiB i
IHIIMX METOJIB, 1110 103BOJISIIOTH 33JJ0BOJIbBHUTHA BUMOTY CTBOPEHHSI 3pYYHOTO
rpadiyHoro iHTepdeiicy kopuctyBaua. [lepmmm eranoM po3poOKu HBOro MPOEKTY
OyB aHani3 npeaMeTHo1 o0iacTi. bynu gocniakeH1 ocTaHHI TEOPETHUUHI pOOOTH Yy
JaHii cepl, BAOKPEMIIEHO Ta BUKOPUCTAHO B pOOOTI pe3ynbTaTH HAMOUTbII
MEPCIEeKTUBHUX 13 HUX. Ha OCHOBI MPOBEICHUX JOCHTIKEHb CTAI0 MOXKIUBUM
3poOUTH OOTPYHTOBAHUM BUOIp HAMOUTBII €(heKTUBHOTO JIJIsi AJAHOT 3a/1a4l aJrOpUTMY
1 ONTUMAJILHUX 3HAY€Hb HOTO HACTPOIOBAaHUX NapaMeTpiB. byna po3pobiiena
HelpoMeperka JJI aHajli3y CTYIIHIO PO3PIIKEHOCT Y MaTpuIlix. B pamkax omnucy
apXITEKTYpH MOOYI0BAHOI CUCTEMHU PO3TIIIHYTO MEPeiK yciX il MOy liB, HABEIEHO
JiarpaMy KOMIIOHEHTIB, 1[0 MOKYTh OyTH YTBOPEHI B pe3yJbTaTl AMHAMIYHOTO
3B'SI3yBaHHSI KOMIIOHEHT. Y SIKOCTI JJOKyMEHTAIll JaHa IHCTPYKIIis KOpUCTyBaya 3
utrocTpatisiMu. TakuM YMHOM B pe3yJIbTaTl MPOBEAEHOI poOOTH OyIia JOCATHYTa

IIOCTaBJICHA METa JOCIIIIKECHHS.
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