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Ka^jeapa m ĵopMaTHKH Ta npHKjiaaHoi' MaTeMaTHKH

« rH,onyiu,eHO flo 3axncTy»
3aBiayBan Ka(j)e,zipii 
____________ Cojiobhob B. M.

(niflirac) PeeCTpauiHHHH JSfo_______

« ___» ______________2019 p. « ___» ______________2019 p.

M E T O ^ H  H EH PO M EPE^CH O I I^EHTH«I>IKAIJli O E ’GKTIB

KBajiic})iKauiHHa poOcrra CTyaeHTa 
rpyna Im-14

CTyniHb BHipoi ocbIth MaricTp 
014.09 Cepe^HB ocBiTa (lH(j)opMaTHKa) 
HaroTHiOKa lOpia OaeKcaHapoBHHa 
KepiBHHK aoKTop neaarorinHHx HayK, 

npo(j)ecop CeMepiicoB C. O.
Opimca:
HapioHajibHa niKana ___________________

niKajia ECTS____
ronoBa EK______
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BCTyn

AKTyajibHicTb tcmh. Y  1989 p. ,H,)x. L(H6eHxo 6yjio aobcasho TeopeMy 

(Bi,a,OMy 3apa3 ax ymBepcajibHa TeopeMa anpoxcHMami, a6o TeopeMa UhSchko [6]), 

axa CTBepa>Kye, mo imyHHa HeiipoHHa Mepe>xa npaMoro 3B’a3xy 3 oahhm 

npnxoBaHHM mapoM Ta HenepepBHOio CHTMomajibHOK) c})yHKuieK) MO>xe 

anpoKCHMyBaTH 6yAfc>-aKy HenepepBHy c})yHKLii fo n ai Ochhx 3mi hhhx i3 6yAfc>-aKOFO 

Hanepea 3aaaHOK) tohhIctk). Jlaua. TeopeMa e TeopeTHHHHM niarpyHTaM ,̂jia 

no6yaoBH cynacHHx xoMn’iOTepHHx chCTem anpoKcmviaun AaHHx pi3Hoi npapo^H.

Tax, y 1996 p. B. EemAaceHCxi 3anponoHOBaHO anropHTM mxpeMeHTajibHOi 

anpoKCHMapii AHCxpeTHHx c})yhkluil, npeACTaBjieHHx napaMH BaraaAy «Bxia -  BHxia» 

3a AonoMoroK) HeiipoHHoi Mepeaci 3 o/ihhm npnxoBaHHM mapoM, y axnii 3 neBHHM 

xpoKOM flcmaiOTbca HeiipoHH [5], Y  poOoTax A. Jlykbbhk)xa Ta B. EemAaceHCxi 1999— 

2001 pp. p03TJlBHyT0 3aCTOCyBaHHB HeiipOHHHX Mepe>K AO Ha6jlH>KeHHfl (})yHKL[iH 

(30xpeMa, y 3acTOcyBaHHi ao 6a3 a&hhx) [3; 14], H. II. AOobcbxhm Ta m. y 2002 p. 

6yjio po3rjiaHyTO 3acTocyBaHHa HeHpoMepe>KeBHx MOAeneii ao 3aAaw OyAiBejibHoi 

MexamxH Ta Aeaxnx 3aAan Teopii njiacTHH Ta oOojiohox [42], Y  poOoTi B. O. MoxoBa 

2005 poxy po3rjiaHyTO npHHUHnH po3po6xn anropHTMiB npaMoro cnHTe3y LUTyhhhx 

HeiipOHHHX Mepe>K, mo anpoxcHMyiOTb, Ana MOAemoBamra (jjyHxmoHajibHHx 

3ajieacHOCTeii pi3HHx THniB [40], A. I. KynimiM y 2010 p. BixmaHeHO noSyAOBy 

iHTejiexTyajibHoi chctcmh xepyBaHHa Ha ochobI xoMnjiexcHoro BHxopHCTaHHa 

HeiipoMepeaceBoi iAeHTH(j)ixami Ta HeiipoxepyBaHHa [37],

He3Ba>KaFOHH Ha AOCTaTHbo AaBHi (3 xmpa 1950-x pp.) cnpoOn anapaTHoi 

peani3ami HeiipoMepeac, y 1990-Ti Ta 2000-m poxn OijibmicTb ix peajiUamH 6yjia 

nporpaMHOio. U,e noB’a3aHO ax i3 AOCTaTHbo ni3Hboio noaBOK) e(j)exTHBHHx MeTOAib 

HaBHaHHa HeiipoMepeac (1980-Ti pp.), Tax h i3 HeAOCxoHajiicTio ix anapaTHoi 

peajii3ami: Tax, e(j)exTHBHi 3pa3XH Henponmiy NeuroMatrix 3’aBHjiHCb jiHine 

HanpHxmm 1990-xpp. [7],

IIoaBa BiAeoxapT NVIDIA Ta ATI, mo MoacyTb BHxoHyBaTH pojib 

MaTeMaTHHHHx conpopecopiB, Ta BiAnoBiAHHx API (CUDA, OpenCL Ta iH.), HaAajio



4

MOJKJiHBicTb ix BHKopHCTaHHB y axocri HeiipoHHniB. Y  poSori O. B. EopecicoBa Ta 

A. A. XapjiaMOBa [27] noxa3aHO npHKjiaan lacTOcyBaHHa CUDA jinn po3B’a3aHHa 

3aflan oSHHcmoBajibHoi MaTeMaTHXH, a y poSoA O. O. MacHmeBa [41] o6rpyhtobaHO 

aouijibHicTb BHKopHCTaHHa TexHOJiorii CUDA fljia MaTpnqiinx onepauia. 

YpaxoByiOHH, mo laaaqa HeiipoMepeacHOi anpoxcHMapii, ax noxa3aHO C. XaiixiHHM 

[11], Moace 6yTH ecJiexTHBHO nô aHa Ta po3B’a3aHa y MaTpHHHiii (jiopMi, aoiiiahHHM e 

flOCJiiflaceHHa npoSneMH anpoxcHMapii .ramix Ha ochobI 3acToeyBaHHa cynacHHx GPU 

Ta Bifl,noBifl,HHx API ,n,o hhx.

TaxHM hhhom, icHyiOTb npoTHpiqqa:

а) mi>k noTeHpiajiOM BHxopHCTaHHa cyqacHHx HeiipoHHniB Ta GPU fljia 

po3B’a3aHHa 3a,raq HeiipoMepeaceBOi anpoxcHMapii Ta heaocjiih>kehictfo npoSneMH 

BnSopy THny Mepeaci Ta i'l po3MipHOCTi ana pi3HHx THniB HeiipoHHniB Ta GPU;

б) mi>k TSopsTHHHOK) po3p o6jieHicTio npoSneMH BnSopy 6a3Hcy anpoxcHMapii 

Ta BiacyTHicTK) xoMn’iOTepHOi chctsmh anpoxcHMapii aaHHx Ha ochobI 3acToeyBaHHa 

HeiipoHHniB i3 aBTOMaTHHHHM BHSopOM 6a3HCy.

BHflijiem npoTnpiqqa 3yMOBHjiH Bn6ip tomh: «MeTOflH HeiipoMepeacHOi 

iaeHTHc])iKaHii o6’exTiB».

MeTa HOCJiiH'/xeHHH ôcjiiflHTH npoSneMy BHxopHCTaHHa HeiipoHHniB jinn 

HeiipoM epe>KO Boi anpoxcHMapii Ta po3po6nTH xoMn’iOTepHy cncTeMy 

HeiipoMepeaceBOi ifleHTHcjiixapii oS’exTiB Ha ocHOBi lacTOcyBaHHa GPU.

3aBaaHHH aocjiiaJKeHHsi:

1. IIpoaHajii3yBaTH cyqacHHH CTaH npoSneMH HeiipoMepeaceBoro 

MOflemoBamiH 3 mctofo BHTiijTeHHa npoSjieMH hocjhanemia.

2. ^ocjii^HTH Tnnn anaparanx 3aco6iB ana poiB’aiaHHa npoSjieMH 

floejiiflaceHHa.

3. P o3p o 6hth Ta peanUyBaTH hobhh mctoa HeiipoMepeaceBoi meHTHcjaxaiui 

oS A xU b ana Mepe>K tjihShhhoto HaBqaHHa.

0 6 ’ gkt HOCJiiH'/xeHHsi xoMn’iOTepHi chctcmh anpoxcHMapii aaHHx.

IIpeaMeT aocjiizpKeHHH xoMn’iOTepHi chctcmh anpoxcHMapii âHHx Ha 

ocHOBi lacTOcyBaHHa HeiipoHHniB.
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Ideu poooimi nojiarae y BHKopHCTaHHi cynacmix GPU y aKoeri HenpoHnniB.

MeTO^H aocjiizpKeHHsi: ana.iij ̂ acepeji Ta nporpaMHoro 3a6e3neLieHHa 3 mctoio 

BH3HaHSHHa CTaHy po3B’a3aHHa npoSjieMH flocmAacemra Ta ao6opy 3aco6iB po3po6KH 

c h c t s m HenpoMepeaceBOi iaeHTH(})i Kauri oS’eKTiB, Memodu npoppciMuo'i iiiJicenepi'f 

(npoeKTyBamra, po3po6Ka, TSCTyBaHHa) aaa flocaraeHHa m c t h  AOCJiiflaceHHa.

HoBH3Ha flOCJiiflaceHHa nojiarae y po3po6pi h o b o t o MeTO^a i,a;eHTH(J)iKanii 

oS’eKTiB y Mepeacax tjihSh h h o t o  HaBHamra.

CTpyKTypa p o 6o t h . PoSoTa CKnaflaeTbca i3 BCTyny, Tpbox po3,n,ijiiB, 

BHCHOBIQB, CIIIlCKy BHKOpHCTaHHX ,Zl,)KepejI.



P03^IJI 1

CYHACHHH CTAH IIPOEJIEMH HEHPOMEPE^CEBOrO

MO^EJIIOBAHHH

1.1 OcoSjiHBOCTi opraHbaijii Mouejieii

HenpoMepoKeBe MOuemoBaaaa 3aaxo,n,aTb 3acT0cyBaaaa b pHaax oSaacrax 

jnoflCbKoi' ,n,iajibHOCTi. Y  Texaipi aeapoaai Mepeari nmpoico BHKopHCTOBy FOTbca apa 

Bapiaieaai 3aaan Kaaca(})iKapri', MopeaiOBaaaa oS'gktlb yapaBaiaaa Ta caaT63y 

peryjiaTopiB. TaKaa Bpaacaioaaa ycnix Ba3aaaaeTbca aacTyaaaivia apaaaaaiaa [32]:

1. HeripoHHi Mepeaci e ncnyoxHHM iacTpyMSBTOM iivriTapri' npoueciB i hbhiii, 

aKBB U03B0Jiae BipTBOpiOBaTH Hap3BHHaH HO CKJiaUHi 3ajie>KHOCTi.

2. HeripoHHi Mepe>Ki bhKophcto By fotb MexaHi3M aaBaaaaa. KopacryBaa 

arryaaoi HeripoHHoi' Mepeaci nipSapae paai, noTiM 3anycKae aaropaTM aaBaaaaa, 

bkhh aBTOMaTHHHO aaaaaiTOBye napaiaeTpa Mepeaci. Ilpa pbOMy Bip KopHcay Bana, 

3Baaaaao, ncapiSea iisbhhh aa6ip sbphcthhhhx 3HaHb npo Te, ax caip BipSapaTB i 

roTyBaTa paai, BaSapara aoTpiSay CTpyKTypy Mepeaci Ta iaTepapeTyBaTa 

pe3yjibTaTa, apoTe piBeab 3aaab, BeoSxipaaa paa ycaiaiaoro 3acTOcyBaaaa arryaaoi 

aeirpoMepeaci, aaSaraTO Meaaiaa, aiac, aanpaicaap, apa KopacTyBaaai TpapauiaaBMB 

ivieTopaiviH (MaTeMaTHHHoro aaaaHy, iaTerpo-pa^epeauiaabBoro aacaeaaa, 

maTemaTHhhoro aporpaMyBaaaa Ta ia.).

Qk aoxa3ye apaxTaxa BaKopacTaaaa aaapaTy LQHM (arryaaoi aeirpoMepeaci) 

apa Bapiaieaai Tax aa iaaiax 3aBpaab, aairSiabai ec})eKTHBHHM 3acTOcyBaaaa 

ocTaaaboro e y Banapxax, kojih po3po6aaK 3aaMae noaHinrio «3oaoToi cepepaaB», 

to6to noepaye 3acTOcyBaaaa ax Teopii LQHM, Tax i meTopi b Kaacaaaoro aaajii3y.

TaM ae Meaai, npaKTaaao 6y pb-axe 3aBpaaaa Moacaa 3BecTa po 3apaai, axo 

BapiaiyeTbca aeapoaaoK) Mepeaceio. npa pbOMy, ax BipoMO, 3acTOcyBaaaa anyaaax 

aeapoaaax Mepeac cynpoBopacyeTbca papoM BepoaixiB.

,I(aa toto aio6, aanpaicaap LQHM peajii30ByBajia 3apaae aaBaaabaoio 

BaSipxox) BipoSpaaceaaa, Boaa aoBaaaa MaTa pocTaTae nacao aeapoaiB y 

apaxoBaaax aiapax. Opaax, b paean aac, c})opiviyn paa Toaaoro Ba3aaaeaaa

6
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aeoSxiaaoi i aocTaTBboi xijibxocTi HenpomB y Mepead 3a 3aaaHorc> aaBHajibaoio 

Bn6ipKoio HeMae [35],

Y  3aranbHOMy BHaaaxy aoSyaoBa aeHpoaaoi Mepeaci apoBoanTbca y aea 

eTana:

1. B a 6 ip CTpyKTypa (Taay) Mepeaci.

2 . ,H,o6 ip BaroBax Koec})iaieHTiB CHaaaTHHBHx 3B’a3xiB Mepead (aaBHaaaa).

Ha aepaiOMy eTaai BHpiaiyiOTbca 3aBfl,aaaa niadopy xapaKTephcthk  aeapoaiB,

apaapaay oS'eflaaaaa lx  y iviepeacy, a TaKO>K Ba3aaHeaaa Bxoaie i BHxoaiB Mepead. 

npa abOMy cboroflai icaye aocTaTHa KijibKicTb pi3aax HeiipoMepeaceBHx CTpyKTyp, 

e(j)eKTaBaicTb 3acTOcyBaaaa dararbox 3 axnx aoBeaeaa maTemaTahho . npoTe Bce- 

Taica SijibaiicTb niaxoaiB ana apoeKTyBaaaa CTpyKTypa Ta KijibKicaoro cxnaay 

eaeMeaTiB IH H M  3ajiaaiaiOTbca cbphcthhhhmh i aacTO ae ao3BOJiax)Tb OTpaMyBaTa 

Oflao3aaHaax piaieab.

Ha apyroiviy eTaai npoBoanTbca aaBHaaaa oSpaaoi Mepead 3a aonoMorox) 

aajiaaiTyBaaaa i i  BayTpiaiaix eaeMeaTiB i 3B’a3xiB \b>k bhmh. KijibxicTb BaroBHx 

Koec})iaieHTiB CHaaaTHHBHx 3B’a3xiB (BaroBHx KoecJdaieeTiB), ax apaBHjio, 3aaaaa i 

TOMy npoaec aaBHaaaa Moace 6yTH TpHBajiHM i cxnaaHHM, a Taxoac ae ao3Bonae 

BHKoaaTH nodyaoBy Moaeni 3 Hanepea 3aaaaoio ToaaicTK) (axa Moace 6yTH BH3Baaeaa 

TiabKH nicna apoBeaeaaa BHapoSyBaab aaBHeaoi Mepead).

Y  npoaeci aaBHaaaa Mepead BiadyBaeTbca yTOHaeaaa aapaMeTpiB Moaejii, axa 

peajiHyeTbca IH H M . HLiaxoM aaaai3y HaaBHHx y po3nopaaaceHHi aaaaiTHKa BxiaHHx 

Ta BHxiaaHx aaHHx BaroBi KoecJdaieHTH CHaaaTHHBHx 3B’a3xiB i 3aaHeaaa 3cyBiB ana 

aeHpoaiB Mepead (3BHaaHao b abtomaThh homy peacHMi) aaMaraiOTbca aanaarryBaTH 

Tax, mo6 MiaiMi3yBaTH piaHmiFO ivii>K daacaHHM CHraanoM i OTpHMaaHM aa BHxoai 

3MoaeabOBaaHM CHraanoM. noxndxa aaBHaaaa ana xoHxpeTHoi' KOHc})irypaaii IH H M  

BH3BaaaeTbca amaxoM anpodaaii Bcix MoacnHBHx pe3yjibTariB cnocTepeaceHHa aepe3 

Mepeacy i aopiBaaaaa BHxiaHHx 3aaaeab 3 ainbOBHMH. OrpHMaai piaHmii 3aaaeab 

ao3BoaaiOTb c(j)opMyBaTH Tax 3Baay (jjyBxpiio noxHdox(xpHTepm axocri aaBHaaaa). 

HaiiHacTiaie b axocTi Taxoi (j)yaxpii npHHMaeTbca cyMa xBaapariB noxadox.

3ayBa>KHMO, mo cepea IH H M  po3pi3aax)Tb Mepead 3 nmiHHHMH i aeaiaiHBHMH
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({wHKiiiflMH aKTHBauii pjia HenpoHiB [34], Ilpn MOuemoBamri Heiipohhhx Mepe>K 3 

jiimHHHMH (})y HKuiaiviH aKTHBauii HenpomB, no6yaoBa ajiropHTMy, mo rapaHTye 

flOcaraeHHa aScomoTHoro MimMyMy hoxhSkh HaBnaHHa mo>kjihbs, a pjia Mepe>K 3 

HejiiHiHHHMH (})y HKuiaiviH aKTHBauii' b 3arajibHOMy Bunauicy He MO>KHa rapaHTyBaTH 

UOcaraeHHa raoSajiBHoro MimMyMy c})yHKuii hoxhSkh [25],

Ilpn TaxoMy niuxoui uo npouepypn HaBnaHHa ivioace bhbbhthcb kophchhm 

reoMeTpHHHHH aHani3 noBepxm c})yHKuii noxnSoK. BroHamiMO Barn i 3Mim,eHHa ax 

BijibHi napaMeTpn Modern i ix 3arajibHe hhcjio no3HaLmivio wepe3 N ; KO>KHOMy HaSopy 

TaKHx napaMeTpiB nocTaBHMO y BiunoBiuuicTb ouhh BHMip y BHenaai hoxhSkh 

Mepeaci. Topi una 6yub-aKHx noeupaHb Bar i 3Mim,eHb BiunoBiuHy (^ymcuiio hoxhSkh 

Mepeaci Moama 3o6pa3HTH y (TV + 1 )-BHMipHOMy npocTopi, a Bci Taxi tohkh 

yTBopioiOTb penny noBepxHio, 3BaHy noBepxHeio c})yHKuii noxnSoK. Y  pamii CHTyauii 

MeTa HaBnaHHa LQHM nonarae b TOMy, m,o6 3HaiiTH Ha pin SaraTOBHMipHoi noBepxm 

rjioSajibHHH MimMyM.

Y  pa3i jiimiiHoi Mopejii LQHM i c})yHKuii noxnSoK y BHrjinpi cyMH KBappaTi b, 

noBepxHa 6ype npepcTaBjiaTH co6oio napaSojioip, bkhh Mae TijibKH ophh MimMyM, 

m,o Moace 6yTH 3HaiipeHHH pochtb npocTO.

Y  pa3i HejiimiiHoi Mopeni noBepxHa noxnSoK Mae HaSaraTO Sijibin cnjiapHy 

SypoBy i Mae pap cneuH(})iLmHx BjiacTHBOCTeii, 30xpeMa Moace MaTH jiOKajibHi 

MiHiMyMH, njiacxi pijiBHKH, cipjiOBi tohkh i pobh By3bxi npm

OneBHpHO, m,o nomyx nioSajibHoro excTpeMyMy pan ({wHKiiii BHm,eBKa3aHoro 

BHranpy Moace 6yTH b paMxax Tpapnui imoro nipxopy pocHTb BaacKHM a6o 

HeMoaoiHBHM. npn ubOMy nonaTOK npopecy noB'B3amiH, ax npaBHjio, 3 poBijibHHM 

BHSopOM TOHKH Ha nOBepXHi nOXHSOK. AjlTOpHTM BHKOHaHHH TaKHM HHHOM, H],0 

pe3yabTaTOM npouecy Mae 6yTH 3haxopace hha nioSajibHoro MimMyMy. 3pemTOio, 

aaropHTM 3ynHHaeTbca b pennoMy MimMyMi, kotphh Moace BHaBHTHca ax jioxajibHHM 

MiHiMyMOM, Tax i rjioSajibHHM.

TaKHM hhhom, 3aBpaHHB HaBHaHHa HeiipoHHHx Mepeac 3BopHTbca uo nomyxy 

raoSajibHoro eKCTpeMyMy ({wHKiiii Sararbox 3MiHHHx. Cepep aaropHTMiB BHpimeHHa 

Uboro 3aBpaHHa cjiip bh/tuthth anropHTMH cnojiyneHHx rpapiemiB [9] i JleBeHScpra-



9

MapKBapflTa [10],

OflHaK jrna 6araTbox CTpyKTyp h sh po h h h x  Mepe>K po3po6jiem cnemajibHi 

anropHTMH HaBnaHHa. HaiiSijib in nonyjiapHHM 3 h hx  e aaropHTM 3BopoTHoro 

nonmpeHHa hoxhSk h  (A3II) [21,18],
IIpH BHKOpHCTaHHi A 3II BHHHKae paa Cepil03HHX Tpy/THOTTT1 b [31]:
-  aaropHTM He eijieKTHBHHH y pa3i, kojih 3HaneHHa noxiaHHx no pi3HHM BaraM 

HeiipoMepead chji&ho BiapiiHaiOTbca;

-  aaropHTM He fl03B0Jiae OTpnMaTH iiiBonKy 36iacmcTb npouecy HaBnaHHa, a 

nacTO B3arani i i  He rapamye;

-  BHCOKa HMOBipHicTb BHHHKHeHHa eijieKTy nepeHaBnaHHa;

- aaropHTM HaBnaHHa y pa3i npHBeneHHa Mepeaci no o^Horo 3 jioicajibHHx 
MiHiMyMiB c])yHKuioHajiy HaBnaHHa He fl03B0Jiae «BHBecTH» ii 3i cijiopMOBaHoi 
CHTyapii, mo Tarae 3a C06010 Heo6xiaHicTb 36iabmeHHa HHcaa npnxoBaHHx rnapiB i 
HHcaa HenpomB b hhx, a6o 3acToeyBaHHa eBpncTHHHHx npHHOMiB onTHMi3apii.

IIpHHiiHnoBO icHye Tpn napaanriviH HaBHamia: 3 ynHTeaeM, 6e3 BHHTeaa Ta 

3MimaHa. Y  nepmoMy BHnanicy Ha KoaceH BxinHHH npHicaan icHye Heo6xi,zma 

BmnoBiflb. Barn  HajianiTOByiOTbca tbk h m  hhhom , lho6 BHxiaHi 3HaneHHa Mepeaci 6ynn 

axoMora Siabin 6aH3bici Heo6xiaHHivi BianoBiaaivr E ijib in  «acopcTKHH» BapiaHT 

HaBnaHHa 3 ywnTeaeM npanycKae, mo Biaoivia TinbKH KpHTHHHa ouiHKa npaBHHbHOCTi 

BHxoay IHHM, a He caMi Heo6xiaHi 3HaneHHa BHxoay. ,3,na HaBnaHHa 6e3 BHHTejia He 

noTpiSHO 3HaHHa HeoSxinHHx BinnoBineii Ha xoaceH npHicaan HaBnajibHoi BnSipKH. Y 

HbOMy BHnaflKy Bia6yBaeTbca poinoain 3pa3xiB 3a KaTeropiaMH (icnacTepaMH) 

Bifl,noBifl,HO ao BHyTpiniHboi CTpyKTyp010 aaHHx a6o CTyneHeM Kopenanii Miac 

3pa3KaMH. Ilp n  3MimaHOMy HaBnaHHi BaroBi KoecjameHTH o^Hiei rpynn HenpomB 

HajianiTOByiOTbca 3a nonoMoroio HaBnaHH a 3 ynHTeaeM, a iHrni -  Ha ochobI 

caMOHaBnaHHa.

>KoaHa 3 napaanrivi He m Ic th tb  y CBoeMy 6a3nci npHHOMiB nonepe^Hboi aicicHoi 

niaroTOBKH (o6po6k h ) aaHHx HaBnaabHoi BnSipKH 3 mctofo CKoponemia (BH3HaneHHa 

onTHMaabHoro) i i  o6cary i 36epeaceHHa aaeKBaTHOCTi noaaHHa mijiopMami npo 

MaiiSyTHio MOfleab. CKoponemia BnSipKH H03BonH.no 6, y cboio nepry, 3MeHHiHTH nac
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HaBHamM Mepe>K, aid HaBnaiOTbca 3a nepiHHMH HBOMa napaanriviaiviH, a npn 

BHKopHCTaHHi flpyroi napaanrMH, mo>kjihbo, nano 6 MoacjiHBicTb 3hh3hth KijibKicTb 

HenpomB Bcepê Hm Mepeaci.

HaiiSijibin nomnpshhmh i bhbhchhmh b 3acTOcyBaHHi Ha cboroflHimmH .aem. e 

Taxi niTynm HeiipoHm Mepeaci, hk SaraTomapoBHH neppempoH, Mepeaca 3 

pafliajibHHMH 6a3HCHHMH (})yHKLiiaiYiH aKTHBapii (RBF) i aeaKi ih111i Heo6xi,zmo 

Bifl,3HaHHTH, m,o fljia BHKOHaHHa npope,ziypH HaBHaHHa SaraTomapoBHx Mepe>K 

Heo6xi,n,Hi ,n,ocHTb TpHBani nacoBi BHTpaTH, m,o He ,n,03BOjnnoTb 3acTOCOByBaTH ix y 

CHCTeMax peajibHoro nacy Ta m. 3pynm y pbOMy imam Henpomri Mepeaci (RBF i 

nofliSm) He 3aBac,zm fl03BOJiaiOTb e(j)eKTHBHO MOflemoBaTH (jjymcpioHajibHi 

3ajie>KHOCTi, 6jiH3bici no noBeamui no jiimHHHx (KijibKicTb HenpomB y CTBopiOBaHHx 

Mepeacax nacTO Hâ MipHO, a6o BmcyTHi papioHajibm KpHTepii fljia npoBeaeHHa 

MiHiMi3apii nncjia HenpomB).

OflHaK, npn MOflemoBamri Ha nepcoHajibHHx KOMn'iOTepax, a ocoSjihbo npn 

peajii3apii MOflejien y bhtjhw npmcjiaAHHx nporpaM, a6o anaparanx njiaT(j)opM Ha 

6a3i nporpaMOBaHHx jiorinHHx iHTerpajibHHx cxeM (F1JIIC) 3acToeyBaHHH 

HenpoMepeaceBHx MOflejien cboro,n,Hi e ,nyace nepcneKTHBHHM.

Flo-nepme, ue BHKJiHKaHO moacnh Bi ctpo CTBopeHHa « tttbh,ttkhx»  MOflejien, to6to 

HenpoMepeaceBi Modern Hâ aiOTb MoacjiHBicTb MacoBoro po3napajiemoBaHHa 

o6hhcjhobanbHHx onepapm Bcepê Hm ce6e.

Flo-flpyre, icHye po3BHHeHa anaparaa i nporpaMHa 6a3a fljia peajii3apii pnx 

MoaeaeH i OTpHMaHHH e(j)eKTHBHHx i, b toh ace nac, aocHTb aemeBHx bhpoShhhhx 

pimeHb.

Flpn Bcix HaaBHHx nepeBarax HeiipoMepeaceBHx MOflejien, HeMae MoacjiHBOCTi 

ô epacyBaTH Modern y (j)opMajii30BaHOMy Burjnmi 3 hItkoio onTHMajibHOio 

CTpyKTypok) i 0flH03HanH0 po3paxoBaHHMH napaMeTpaMH fljia nonepe^Hbo 3aaaHoi' 

TOHHOCTi MÔ ejii. L(e y cboio nepry no36aBjiae BH3HaneHHOCTi nonepe^Hboro BnOopy 

xapaKTepncTHK oSjiaflHaHHa (oSHHcmoBajibHHx pecypciB) fljia noflajibmoi peajii3apii 

MOflejien, a Taicoac rapamiH npape3flaTHOCTi hhx MOfleaen 3 3aaaHHMH napaMeTpaMH

TOHHOCTI.
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OT>Ke, mh SaHHMO, mo 3aBpaHHa CTBopeHHa TexHOJiorii ppa HenpoMepoKeBoro 

MopemoBamm c])y h k pi o hanbhhx 3ane>khootch 3 3apaHorc> TomricTio, OTpHMaHHBM 

hItkoi onTHMajibHoi crpy KTypn, CKJiapy i napaMeTpiB LUTy hhhx Hefipoiviepe/K pincHO 

icHye i pochtb aKTyajibHe.

1.2 BaraTomapoBi HeiipoHHi MepejK

Ilepme c here maT h hh e bhbhshhb LQHM 6yjio 3po6jieHO MaKECajuiaKOM Ta 

IHttcom [38] Ha ocHOBi npocrax hshpohhhx Mopejieii -  neppempomB, bhbhshhb 

mo>kjihboCTeh bkhx 3yMOBHjio 3topom noaBy SaraTomapoBHx HSIipOHHHX Mepe>K 

(BHM).

CnijiBHOK) pncoK) BHM, ccjmpMOBaHHx Ha 6a3i neppempomB, e npaMO 

HanpaBjiSHHa phx Mepe>K, mo xapaKTepH3yeTbca nepepaneio mcjmpMapii Bip BxipHoro 

rnapy nepe3 npHxoBam rnapn po BHxipHoro rnapy[28]. B CTaHpapraiH Tonojiorii By30Ji 

i b rnapi k(k = 1,2, ..., K +1) 3’epHyeTbca 3a ponoMoroio BariB 14^3 yciMa j  By3JiaMH

nonepepHboro rnapy k- 1 (pe k=0ijs,ok = K+\ no3HanaK)Tb BipnoBipHO, bxIphhh i 

BHxipHHH rnapn).

MopHcjpKOBam Bepcii MO>KyTb M ara  nprai 3b'b3kh mBk rnapaMH, 3b’b3kh b 

Me>i<ax opHoro rnapy, xaoraqm 3b'b3kh mBk rnapaMH HaTOMicra peryjiapHHx.

BxipHHH map neppenTpoHa cjiyacmb jinme ppa npHHOMy Ta peTpaHCJiapii 

BxipHHx CHraajiiB Ha HsiipoHH npHxoBaHoro mapy. Y  npnxoBaHHx mapax 

BipSyBaeTbca ochobhs HejiimHHe nepeTBopemra m(])opMapii, a bhxIphhh map 

3piiiCHK)e cynepno3Hpiio 3Ba>KeHnx CHraajiiB ocTaHHboro 3 npnxoBaHHx mapiB. B 

bkoctl HejiimiiHOCTi By3JiH npHxoBaHoro mapy BHKopHCTOByiOTb pH^epempHOBam 

CHTMoipajibHi (JjyHKpii

nip HaBHaHHBM neppenTpoHa po3yMiiOTb pijiecnpaMOBaHHH npopec 3\hhh 

3HaLieHb Bar MimnapoBHx CHHanramnix 3B’a3KiB, iTeparaBHO noBTopiOBaHHH po rax 

nip, noKH Mepe>i<a He npnpSae HeoSxipm BjiacraBOCTi. B ocHOBi HaBnaHHa hokhtb 

BHKopHCTaHHa TpeHyBajibHHx paHHx, oS’epHamix B maSjiOHH.
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KoaceH maSjiOH <X ,D >  Bxjnonae b ce6e BeKTop BipoMHx BxipHHx curaajiiB 

X  = (X1,X2,...,Xv) i BipnoBipHHH iiOMy Bexrap 6a>KaHHx BnxipHHx CHraaniB 

D = (D1,D2,...,Dz) . Y  npopeci HaBnaHHB Ha Bxip HeiipoHHoi Meprnxi nocjiipoBHO 

nopaiOTbCB pam 3 TpeHyBajibHoro HaSopy maSjiomB S  = {< X,D >q,q = 1,0  ,nicjia hoto 

oSHHcmoeTbca noxnSxa mi>k c})aKTHHHHM Y = (Y1,Y2,...,Yz) i 6a>KaHHM BHxopaMH Mepe>Ki

e=\\Yq~Dq\\

TyT nip hopmok) ||3a3BHHaii po3yMieTbcn eBXjiipoBa BipcTaHb Mi>x BexTopaMH Y Ta D.

3a ponoMoroio neBHoro npaBHjia a6o ajiropHTMy BipSyBaeTbcn Taxa 

M03H(})i Kanin napaMeTpiB Mepeaci, ipo6 pa noxnSxa 3MSHHiHjiacb. Ilpopec 

noBTopFoeTbcn po pocnrHeHHn Mepmxeio 3paraocTi BHKOHyBaTH 6a>KaHHH ran  

nepeTBopemra «Bxip-BHxip», 3apaHoro b HsnBHOMy BHmnai TpSHybanbHHM HaSopoM 

maSjiomB S  .

3aBpnKH HaBnaHHio Mepe>Ka HaSyBae 3paraicTb npaBHjibHO pearyBara He t Ijibkh  

Ha maSjiOHH, npep’nBjiem b npopeci TpeHyBaHHB, ajie Taxo>x cnpaBjinracn 3 ihttthmh 

HaSopaMH paHHx 3 ponycraMoro npocTopy BxopiB, nxi HixojiH He s’bbjhliihcb paHime. 

Y uboiviy ceHci roBopara, mo Mepe>i<a Mae BjiacraBicTb y3arajibHeHHn.

Ane npn y3arajibHemri Ha BHxopi Mepe>id 3aB>Kpn (})opiviyeTbCfl noxnSxa, 

BejiHHHHa nxoi 3a3pajieripb BH3HaneHa 6yra He MO>Ke. Ilpn uboiviy noxnSxa Mae pBi 

cxjiapoBi.

IlepHia 3 h hx  oSyMOBjnoeTbcn HepocTaraboio nxicTio anpoxcHMapii (piBeHb 

axocTi TyT Ba>KKO nippaeTbcn nonepepmH opiHpi), BHKOHyBaHoi Mepoxeio Ki hpcbhx 

po3MipiB.

/Ipyra BHXjiHxaeTbcn HenoBHOTOK) iH(})opiviapii, mo nponoHyeTbcn Mepe>id b 

npoueci HaBnaHHB nepe3 oSmoxchkh o6cnr HaBnajibHoi BHSipxn (pjw BH3HaneHHB 

HeoSxipHoro i pocTaraboro o6cnry i cxnapy BHSipxn maxi npaBHjia He 

3acTOCOByiOTbcn).

y  CBoix poSoTax cnjiy MimnapoBHx CHHanranHHx 3B’n3xiB O. Po3eH6jiaT 

3MiHK)BaB 3ane»cHO Bip toto, HacxijibXH tohho BHxip neppempoHa 36iraBcn 3 

BHxipHHM maSjiOHOM, y BipnoBipHOCTi 3 HacTynHHM npaBHjiOM HaBnaHHn [9], Barn
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3B’fl3ldB 36ijlbinyK)TbCfl, BKTTTO BHxipHHH CHrHajI, C(j)OpMOBaHHH npHHMaiOHHM 

HsiipoHOM, 3aHaflTO cjiaSKHH, i 3MeHHiyiOTbCH, axipo bIh 3aHa,zrro bhcoxhh. OpHax ue 

npocTe npaBHjio MimMi3apii noxnSxH MO>xe BHKopHCTOByBaTHca tIjibkh po npaMO 

HanpaBjieHHx Mepe>K 6e3 npnxoBaHHx mapiB.

Ilicjia BHKOHaHHa M. MiHCbKHM i C. rieiinepTOM nmSoxoro aHani3y 

oSHHcmoBajibHoi noTyacHOCTi opHomapoBoro neppempoHa, 3’acyBajioca, ipo Mepeaci 

Taxoro Tuny He MoacyTb peanHyBaTH HaBiTb jioriHHy c})yHKLii fo «XOR» i ixm 

oSHHcmoBajibHi 3pi6HOCTi pyace oSMOxem.

^opaBamra npnxoBaHHx mapiB, ax BHxip i3 CTaHOBHipa, b toh nac 6yB y>i<e 

BipoMHH, ajie ipe He icHyBajio niTxoi MeToppxH pjia HajiaimyBaHHa Bar Taxoi Mepead, 

3 h,hm 3aBpaHHBM ycnimHO Bnopajmca A- PyMejibxapT, /l>x. XiHTOH i P. BijmaMC [18, 

17], npepcTaBHBmH ii pimemra y BHniapi ajiropHTMy 3BopoTHboro noimipeHHa 

noxnSxH, cnpo6y onncy axoro pamrne Bace po6hb II. Bep6oc [24], Taxoac He3ajieacHO 

i napajiejibHO 3 ,3,. PyMejibxapTOM bhchhmh 3 HoBOcnSipcbica 6yB po3po6jieHHH 

6jih3bkhh po A3n anropHTM pBoicToro (})y HKpioHy Bai-ma pjia HaBnaHHa HeiipoHHoi 

Mepeari [25],

OcHOBy ipei A3II Moama onncaTH y BHniapi noejiipoBHOCTi pin, ipo 

CKjiapaeTbca 3 n'aTH eTaniB.

Ha nepmoMy eTani npoBopHTbca impiajiHapia Bar i 3MiipeHb. Barn iA' i 

3Mim,eHHa try y Bcix mapax 3apaiOTbca BmiapxoBHM hhhom, ax Maui bcjihhhhh,

HanpHKnap, b iHTepBajii Bip -1 po + 1.

Ha ppyroiviy eTani Mepead npepcTaBjiaiOTbca hobhh BxipHHH BexTop A  i 

BipnoBipHHH SaacaHHH BHxipHHH BexTop I).

na TpeTbOMy xpopi BHxoHyeTbca npaMHH npoxip: po3paxyHOx c})aKTHHHoro 

BHxopy. OSnHCJieHHa BHxopy pjia z-ro By3Jia b k-M npnxoBaHOMy mapi, k = 1,2,..., 

K , Ta Yi y BHxipHOMy mapi BHxoHyeTbca TaxHM hhhom:

(  Hk-x \

Y(k) fs w™ + > ' wY>Y1 0 I ,{k)v {k-\)
V ■ 7 ,(k = l,2,...,K) ae Y,m = X

7=1V J
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pe nepe3 Hu no3HaMaeTbca xijibxicTb By3JiiB b k-m npuxoBaHOMy mapi.

Ha neTBepTOMy Kpopi BHKOHyeTbca 3bo po thhh  npoxip: apanTapia Bar i 

noporiB. ,H,jia BHxoHaHHa piei onepapii BHKopHCTOByeTbca pexypcHBHHH anropHTM, 

mo noHHHaeTbca Ha BHxipHHx By3Jiax i noBepTaeTbca po nepmoro npnxoBaHoro 

rnapy:

Cnip 3a3HanHTH, m,o TyT hjish Ŷ k\ 1 -  Y-k)) e noxipHOio CHrMoipajibHoi ({wHKim 

ipopo apryMeHTy. 5frcm,o BuxopucTOByeTbca iHrna noporoBa c})yHKpia, pen hjish 

HeoSxipHO 3m1hhth. HaBnajibHHH napaMeTp 77 (napaMeTp, mo xapaxTeproye 

TTTBH/TK1 CTb HajiaHITyBaHH3 MepOxi) 3a3BHHaH BHSHpaOTbCa B iHTepBajli Bip 0 po +1.

Ha n'aTOMy eTani npoBopHTbca noBepHeHHa po noBTopeHHa ppyroro xpoxy 

nocjiipoBHOCTi.

5Ix MO>KHa 6yjio homIthth, npn BHKopHCTaHHi A3n ppa Mepeaci oSHHcmoeTbca 

noxnSxa, mo BHHHxae y BHxipHOMy mapi i oSHHcmoeTbca BexTop rpapiemy ax 

(jjyHxpia BaroBHx xoe(j)ipieHTiB CHHanTHHHHx 3B'a3xiB i 3HaneHb 3MiipeHHa ppa 

HenpomB. U,eH BexTop rpapiemp Bxa3ye HanpaMOx HafixopoTHioro cnycxy no 

noBepxm ppa paHoi tohxh, TOMy axipo npocyBaTHca b pbOMy HanpaMxy, to noxnSxa 

3M6HTTTHTbca. nocnipoBHicTb tbxhx xpoxiB, 3peniTOK), npH3Bepe po MiHiMyMy Toro hh 

iHHioro THny.

npn BejiHxin poBacmri xpoxy 36iacmcTb aaropHTMy 6ype Sijibin hibhpxoio, aae 

BHHHxae cepii03Ha He6e3nexa nepecTynHTH nepe3 pimeHHa (MimMyM (jjyHxpii 

noxnSox) a6o nira Bip Hboro b HenpaBHjibHOMy HanpaMxy. KjiacHHHHM npnxjiapoM
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Taicoro aBHma npn HaBnaHHi LQHM e CHTyauia, xojih anropHTM pyace noBijibHO 

npocyBaeTbca no By3bKOMy apy 3 KpyTHMH cxnjiaMH, nepecTynaionn 3 ophoto cxnjiy 

Ha iHTTTnn. HaBnaKH, npn ManoMy Kponi, HMOBipHO, 6ype BnSpaHO BipHnn HanpaM, 

opHax npn nbOMy 6ype noTpiSHO pyace SaraTO iTepapin (caM nponec HaBnaHHa Moace 

chjibho 3aTarayTHca 3a nacoM). Ha npaxTHpi BejiHHHHa xpoxy BnSnpaeTbca 

nponoppinHoi KpyTH3Hi cxnjiy (rpapieHTy (})yHKuii noxnSoic); TaKnn KoecJauieHT 

nponoppinHOCTi Ha3HBaeTbca napaMeTpoM tttbh/tkocti HajianiTyBaHHa. npaBnabHnn 

Bn6ip napaMeTpa HiBHpxocTi HajianiTyBaHHa LQHM 3ajieacHTb Bin xoHxpeTHoro 

3aBpaHHa i 3a3BHHaH 3piHCHFoeTbca pocjiipHHM uuiaxoM; pen napaMeTp Moace Taxoac 

3aaeacaTH Bip nacy, 3MSHmyiOHHCb no Mipi BHKOHaHHa aaropHTMy.

AnropHTM pie iTepaTHBHO, i iioro KpoKH npHHHaTO Ha3HBaTH enoxaMH a6o 

PHKjiaMH. Ha KoacHOMy pnioii Ha Bxip LQHM nocnipoBHO nopaiOTbca Bci HaBnaioni 

cnocTepeaceHHa, BHxipm 3HaneHHa nopiBHioiOTbca 3 pijibOBHMH 3 h an e h h a m h , i 

oSnHcmoeTbca (})yHKpia noxHSxH. 3HaneHHa ({wHKiiii noxnSxH, a Taxoac ii rpapieHTa 

BHRopncTOByiOTbca ppa KopnryBaHHa Bar i 3MiipeHb, nicna noro Bci pii 

noBTopioiOTbca. npopec HaBnaHHa npHnHHaeTbca a6o xojih peajii30BaH0 neBHa 

xijibxicTb hhkjhb, a6o xojih noxnSxa pocarae peaxoro Maaoro 3HaneHHa hh nepecTae 

3MeHiiiyBaTHca.

He3BaacaiOHH Ha Te, ipo A3n cbocio noaBOio HapaB MoaoiHBicTb HaBnaHHa 

SaraTomapoBHx Mepeac, Bm He CTaB iHCTpyMeHTOM, axnii pojbojihb 6h bhphtthth 

KopiHHe nHTaHHa CHHTe3y Henpomnix Mepeac -  nioSajibHy onTHMiaanno napaMeTpiB 

i CTpyKTypn Mepeaci.

lHipiaai3apia nonaTxoBHx napaMeTpiB Mepeaci 3piHcmoeTbca TyT BmiapxoBHM 

hhhom, a caM A3n, BipoMHii y CTaTHCTHpi ax MeTop cto x acr h h h o po anpoxcHMapii, e 

3a CBoeio cyrao He Sijibine Hiac jioxajibHHM mctopom.

Y CHjiy paHoi oScTaBHHH A3n He Moace rapaHTyBaTH 3axmneHHa npopecy 

HaBnaHHa b Tonpi nioSajibHoro excTpeMyMy. Pa30M i3 thm, He BHXjinxae cyMHiBiB, 

ipo noxnSxa (1.2), ax a BHxopHCTOByeTbca pa a opiHXH axocQ LQHM, e 

SaraToexcTpeMajibHOK) (jiyHxpieio napaMeTpiB Mepeaci, i TOMy ppa nornyxy ii 

MiHiMyMy noTpiSHO BipnoBipHO, rjioSajibHHH nipxip.
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Thm He MeHHi, A 3n  ho hhx nip e onHieio 3 xjiiohobhx noiHuiii b Teopii HHcejibHHx 

MeTOHiB MOHemoBaHHB.

1.3 Mepeati 3 paniajn>HHMH 6a3HCHHMH tjjyHicpisiMH aKTiiBauii

Mepead 3 paniajibHHMH 6a3HCHHMH c])y hkhG iyih axTHBapii (hh RBF -Mepead) 

CKjianaiOTbca 3 Sijibinoro nncjia HenpomB, mac CTaHflapTHi BHM (SaraTomapoBi 

HeiipoHHi Mepead), ih,o HaBnaiOTbca no Morony 3BopoTHoro nomnpenna noxnSxH, ane 

Ha ix CTBopeHHa noTpiSHO 3 Han ho MeHme nacy. U,i Mepead ocoSjihbo e(j)eKTHBHi, kojih 

HOCTynHa Bejmxa xijibxicTb HaBnajibHHx npHXjianiB.

IcHye HOCHTb 6araro pi3Hnx TnniB i noxinHHx Bin RBF-Mepeac [39], HanSijibm 

BinoMHMH cepen hhx e HacTynm IQHM.

HeiipoHHi Mepead GRNN (Generalized Regression Neural Network). HaddijibLu 

BinoMHH ix onnc H,aB y cboih poSoii II. BaccepMaH [22], L(i IIIHM npH3Hanem nun 

BHpimeHHa 3aB,n,aHb y3arajibHeHoi perpecii, aHajii3y nacoBHx panic i anpoxcHMapii 

c})yHKuiH.

HeiipoHHi Mepead PNN (Probabilistic Neural Network), aid tuko/k onncaHi b 

[22] i 3acTOCOByiOTbca nua BHpimeHHa iMOBipmcHHx 3aB,aaHb, 30KpeMa 3aB,aaHb 

KaacHc})iKaHii.

OiHCbKHM yneHHM T. Koxohchom [13] omicaHHii pixaBHii Knac 

caMOopraHi iyFOHHx IIIHM, HeiipoHH aKHx MoacyTb 6yTH HaBnem BHaBjieHHio rpyn 

(KnacTepiB) BeKTopiB Bxony, mo MaiOTb neaxi 3arajibHHMH BjiacTHBOCTi. npHHHaTO 

icTOTHO po3pi3HaTH Mepead 3 HeBperyjibOBaHHMH HeirpoHaMH, axi nacTO Ha3HBaiOTb 

rnapaMH KoxoHeHa, Ta IIIHM 3 BnopanxyBaHHaM HenpomB -  xapTH KoxoHeHa. ,H,jia 

xapT KoxoHeHa xapaxTepHe BinoSpaaceHHa CTpyxTypn naHHx tbxhm hhhom, in,o 

6jih3bxhm xnacTepaM naHHx Ha xapii BinnoBinaiOTb 6jih3bxo po3TamoBaHi HeiipoHH.

HeiipoHHi Mepead LVQ (Learning Vector Quantization) e po3bhtxom Mepeac 

KoxoHeHa, i, ax npaBHjio, BHxoHyiOTb i xjiacTepH3aiiiio i xnacHcjuxaruio BexTopiB 

Bxony.
CTpyxTypa i 3arajibHHii npHHH,Hn nil nepepaxoBaHHx TyT IIIHM (noBHicTio, a6o 

nacTxoBo) cniBnanae 3 RBF-MepeacaMH 3arajibHoro BHraany. ToMy jxdjii yci ocHOBHi
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iaei po3rnaa axnmvtbca Bianoeno RBF-Mepeac 3aranbHoro Burn a ay, ochobhoio 

BiflMiTHOK) XapaKTepHCTHKOK) axnx e Te, mo bohh niaaatoxbca av>xe npOCTiil 

pexypcii, mo He noxpe6ye HaaamxyBaHHa [11],

Cboxo nacy BejiHKa yBaxa 6yjia npnaineHa aoxa3y ymBepcaabHOCxi HeiipoHHHx 

Mepe>K ana BHpimeHHa aaBaanb anpoxcHManii aoeijibHoi (JjyHxim 3 Syab-nxoto Miporo 

xoHHoexi. Tax ax i ana i\iepe>K nepuenxpoHHoro xnny 3 cnrMoiaanbHnivm c|)yHKu.iaMH 

aKXHBapii [12,6], nepea aeaxnn nac u,e 6yao 3po6jieHO i ana RBF-Mepenc [16].

BiaiiOBiaiio ao xoxo, ax ue onncaHO b po6oxi C. XailxHHa [11], xpenyBanna 

RBF-Mepeaci, mo aa.i ncmoe anpoxcHMamm (JjyHxmi, 3aaaHoi b HeaBHOMV Bnraaai 

HaSopoM ujaSaoHiB noaarae b HacxynHOMy (pnc. 1.1).

Mepenca xapaxxepH3yexbca xpbOMa ocoSnHBoexaMH:

1) eanHHH npHxoBaHHH map;

2) xiabXH HeiipoHH npnxoBaHOxo mapy Maioxb He;iininny axxHBaninny 

([jvhxluk);

3) ennain x im ii Baxn ycix nenpoiUB npHxoBaHOxo mapy aopiBinoioi i> oanHnm. 

Hex an V xiabxicxb Bxoai b Mepe>xi, H -  xiabxicxb HenpomB npHxoBaHOxo mapy, Z -  

xiabxicxb BMxoam iviepe>xi.

Phc. 1.1 RBF-Mepenca 3axaabHOxo BHxaaay

npnnycxHMO, mo po3Mip O Ha6opy xpeHyBajibHHx maononiB S He aanaaxo 

BeanxHH i mo maSaomi po3Mimeno aocHXb po3pia>xeHO b npocxopi BxiaHHx CHXHajxiB 

Mepead X  = {Xl,X2,...,Xv).
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YBe^eMO HacTynm no3HaLieHHa:

c = (cl,c2,...,c ) -  BeKTop KOopflHHaT ueHTpy aKTHBauiHHoi' c})yHKuii HeiipoHa 

npaxoBaHoro mapy;

8 j -  niHpHHa BiKHa aKTHBauiHHoi' ({wHKiiri j -ro HeiipoHa npnxoBaHoro mapy;

2 , -fP j-'jf'S2
\\jC c\t Id1  ̂ ^

f ( X , c )  = e '1 11 = e J=1 -  pauianbHO-CHMeTpHHHa axTHBauiima

c})yHKuia HeiipoHa npaxoBaHoro mapy;

wtJ -  Bara 3B’a3xy Miac i-m  h s h p o h o m  BHxiuHoro mapy Ta j - m  h s h p o h o m

npaxoBaHoro mapy.

C hhts3 i HaBHaHHa Mepe>xi BxniOHae uexijmxa eTaniB, o6'e,zmaHHx HacTynHHM 

ajiropuTMOM.

1. BaSHpaeTbca po3Mip npaxoBaHoro mapy H piBHHH xijibxocTi TpsHyBajibHHx 

maSjiomB O. CHHonTHHHi Barn HenpomB npaxoBaHoro mapy npHHMaiOTbca piBHHMH 

1.

2. IJcHTpH aKTHBauiiiHHx (})yHKiiih HenpomB npaxoBaHoro mapy

po3MimyK)Tbca b Tonxax npocTopy BxiuHHx CHTHajim Mepe>xi, axi BxouaTb b Ha6ip

TpsHyBajibHHx maSaoHiB 5 ■Cj = XP J = \,H ■

3. IHhphhh bIkoh aKTHBauiiiHHx ({whkihh HenpomB npaxoBaHoro mapy 

8 j,j = 1 ,H BaSapaiOTbcauochtbbcjihkhmh, aaeTax,m,o6 bohhHeHaxjiauajmcaouhh

Ha ouhoto b npocTopi bxiuhhx CHraajHB Mepeaci.

4. BH3HaHaiOTbca Barn HenpomB Bxinuoro mapy Mepeaci wp,/ = l ,Z, j  = l,H.

Mepeaci una uboto npeu’aBjiaeTbca yBecb Ha6ip TpeHyBajibHHx maSjiomB. 

Bnxiu z-ro HeiipoHa BHxiuHoro mapy una p-ro maSjiOHy 6yue piBHHH:

Yi = wa f ( X p ,cx) + wi2f ( X p ,c2) + ... + wiHf ( X p ,cH) =

= Waf(XpA )  + wi2f ( X p,X 2) + ... + wiHf ( X p,XH) = Dt,

Po3nHcyx)HH ue piBHaHHa una ycix bhxouib Mepeaci i ycix maSjiomB, MaeMO 

HacTynHe piBHaHHa b MarpHHHiH (j)opMi:

Oi/ = D,
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r/11" ■ A h  ]

0  =
f i x ' f2 H

J m •"  f m  j

lHTepnojMLUHHa MaTpaipi;

^ = / (X ;,Xy);

w =

rwn---wlz ^

W 2 l " ’ W 2Z

\WHI---WHZJ

MaTpupa BHxiaHHx CHHoriTHHHHx BariB;

D

A r - A z

2̂1 ' ' ' D 2 z

• "D hz j

-  MaTpupa BHxiaHHx maSjiOHiB;

Pimemra

wT = O ~lD

aae myKaHi 3HaueH Ha Buxi/mux chhoiithhhhx Bar, mo 3a6e3neuyK)Tb npoxofl^ceHHa 

iHTepnoaaiiihhoV noBepxm uepe3 TpeHyBajibHi Lua6.nohh b npocTopi Buxi/mux 

CHraaniB Mepeaci.

HeflOJiixoM RBF-Mepe>i<i e Te, mo noxuSica anpoKCHMami b TOHKax Bxi,zmoro 

npocTopy, He cniBnaaaFOHux 3 ueHTpaiviH aKTHBamHHHx ĉ yHKuiu, 3ajie>KHTb Bia Toro, 

HacKijibKH Bflajio npoeKTyBajibHHKOM BaSpam mapaHa bIkoh, i hh aneKBama 

KijibKicTb TpeHyBajibHHx maSjiOHiB CKnaflHOCTi c})yHKuioHajibHoro nepeTBopeHHa.

ripoueaypa HajiaarryBaHHa chhohthhhhx Bar e aajieKO He eauHOFO i He 

ocTaHHboio npoSaeMOK), mo 3ycTpiaaeTbca npn HaBuaHHi Mepe>i<i. Kyau CKaanHiiiiuM 

i floci Bî xpHTHM nuTaHHaivi 3ajiHmaeTbca (})opiviyBaHHa HaSopy TpeHyBajibHHx 

maSjiOHiB, aaeKBaTHO Toro, mo onncye aaHe c ŷHKuioHajibHe nepeTBopeHHa.

1.4 AHajii3 MO/K. niBn\ nepcneKTHB peajibapii i 3acT0cyBaHHH uiTyHHHx 

HeiipoHHHx MepejK

Y nonepe^Hix nyHKTax 6yjin onncaHi pi3Hi niaxoau no no6ynoBH
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HenpoMepeaceBHx MoneneH. IIphhhbto BBaacaTH, mo HenpoHm Mepead i anapaT 

iHTerpo-flH(j)(|)epeHiiiHHoro hhcjishhb cboronHi e flBOMa piaHHMH (sMnipHHHOio i 

KjiacHHHOio) rijiKaMH b MOflemoBaHHi [28]. Ilpn uboiviy cmn 3a3HanHTH, mo CTBopeHHa 

HenpoMepeac He 3aBacnn noB’a3aHe 3 npoOneMaMH MonemoBaHHa.

LQHM 3aaTHi 3anaM’aTOByBaTH, a men a -  BinTBopiOBaTH noBenimcy oO gkti b b 

CHTyauiax, aid im 6yjin HeBinoivn. Ilpn HbOMy icHye nyMica, mo nna HenpoHHHx Mepeac 

aHaniTHHHa (jiopMa nonaHHa 3HaHb HenocTynHa [28, 35, 44], LQHM 3naTHi 

3anaM’aTaTH i y3arajibHHTH tIjibkh KOHKpeTHi eMnipHmri 3HaHHa.

,H,jTa KjiacHHHOi rijiKH xapaKTepHe Te, mo nepen CHHTe30M Modern oO’eicTa a6o 

npopecy 3a3najierinb o6oB'a3KOBO npoBO^HTbca aHani3, b xoni KOTporo oO'eicT yMOBHO 

po3mjiaeTbca Ha nemo npocTimi cioianoBi, Koama 3 aKHx ninnaeTbca peTejibHimoMy 

nocjlinaceHHK). Qk pe3yjibTaT, (jiopMyeTbca npocTa, nerKO (J)opMajii30BaHa m one Jib 

oS’eKTy 3 rpaHHHHO 3po3yMijioio (Jmihhhok) iHTepnpeTapieK).

npH BHKOpHCTaHHi CyHaCHHX 3aC06iB oSHHCJHOBajlbHOl TeXHiKH rOJIOBHOK) 

nepeBaroio nepmoi Hjikh e MoacjiHBicTb nodynoBH «niBHnKoi» Moneni od’eioy (Ha 

ocHOBi inei' MacoBoro napajiem3My oShhcjichb ycepenum LQHM Ta i3 3acTOcyBaHHaM 

BinnoBinHHx anapaTHHx 3aco6iB). /Ipyra >k rimea 3pyLm a  nodynoBOK) npocrax 

3po3yMijiHx Monenen, nerKO (J)opMajii30BaHHx nicna npoBeneHHa nonepenHboro 

aHani3y.

OcKijibKH cneKTp 3aBnaHb MonemoBaHHa i3 3acTOcyBaHHaM HenpoHHHx Mepeac 

BejiHKHH i nocTiHHO po3mHpioeTbca, to npaponao, mo 3aBnaHHa cJiopMyBaHHa 

HenpoMepeaceBHx Monenen 3 OHeBHHHOFO iHTepnpeTameio, ix HajiamryBaHHa, a Taicoac 

onTHMi3apia CTpyicryp LQHM e aiayajibHOK). OcoSjihbo Tpeda BinMiTHTb ocTaHHi 

TeHneHiiii b po3po6m nepenporpaMOBamix anaparanx Monenen ana npoBeneHHa 

napanejibHHx oShhcjichb. Y HbOMy imam 3HaLiHHx pe3yjibTaTiB b CTBopeHHi 

MixponponecopiB, noeaHaHHx 3 FPGA, nocarna Kajii(])opHiHCbKa KOMnama Stretch, 

Inc. OnHO 3 ocTaHHix pimeHb, BHKOHaHe y BHrnam eamioro KpHCTana 3 RISC- 

npouecopoM i iviaTpimeK) nporpaMOBaHHx BeHTHjiiB, BHnymeHO y BHraani cepii 

MiKponpouecopiB Stretch 55000. EjieKTpHHHi narmForH FPGA Moama iiibh/tko i 

6araT0pa30B0 HajianiTOByBaTH nporpaMHHMH MeTonaMH npn pim KpHCTana BCboro 50
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flOJiapiB QUA. OnySmKOBam nam no npoBeuenHK) nopiBHajibHHx TecTiB poSora 

BSyflOBaHoro RISC-npouecopa caMOCTiiiHO Ta 3 MOuyjieM FPGA noKasann, m,o 

BHKopncTaHHa FPGA npncKopioe [43]: nippaxyHOK KompojibHoi cyMH rCP-naKeTiB 

y 16 pa3iB; iiiBH/iKe nepeTBopeHHa Oyp’e (no 256 KOMnjiSKCHnx TOHKax) -  y 51 pa3; 

KopeKpiio noxnSoK y GSM-npoTOKOJii (Viterbi-ueicouep) y 120 pa3iB.

TaKHM hhhom, nepepaxoBam c})aKTH poSjnrrb uy>Ke npnBaSjinBOio MoacjiHBicTb 

po3po6KH hobhx, cynacmuinx mctoahk npoeiayBaHHa, HaBnaHHa i BHKopncTaHHa 

LQHM 3 peajii3apieio ocTamrix Ha ochobI cynacHoi TexHOJiorinHoi 6a3n.

Bnxoflann 3 BHiueBHKjiaueHoro, Mornia bI^mIthth, mo:

-  BHKopncTaHHa Tpa/mui hhhx 3aco6iB noSyuoBH HeiipoMepeaceBHx MOflenen e 

uyace s(])skthbhhm, ane He 3aB>K,zm rapamyiOHHM ho3hthbhhh pe3yjibTaT, TpnBajinM 

npopecoM, m,o BHMarae una npoBeuemia HaaBHOCTi neBHoro uocBiuy y 

npoeKTyBajibHHKa;

-  ninpoxe BHKopncTaHHa nporpaMHnx 3aco6iB HenpoMepeaceBoro 

MOflemoBaHHa nacTO 6a3yeTbca Ha eMnipHHHOMy yaBjieHHi mono uocjiiuacyBaHoro 

oS’eKTy (npouecy). AHani3 (hh npaMe uocjiiuaceHHa) oS’eiay MOuemoBamia 3 

(J)opMyBaHHaM CTpyKTypn i napaMeTpiB i3 paHirne lauaHOFO TOHHicTio una Moueni 

3 a3 Bn nan He npaKTHKyeTbca.

Bhchobkh ao P03aijiy 1

1. BH3HaneHO Tpy/momi, mo BHHHKaiOTb npn BHKopHCTaHHi TpauumiiHoro una 

HaBHaHHB HITyHHHX HeiipOHHHX Mepe>K ajirOpHTMy 3BOpOTHOrO nOHIHpeHHa nOMHJIKH:

-  ajiropHTM He ecJieKTHBHHH y pa3i, kojih 3HaneHHa noxi,zmnx no pi3HHM BaraM 

HenpoMepeaci cyireBO BiupGHaiOTbca;

-  ajiropHTM He ,n,03B0Jiae OTpHMaTH iiiBn/iKy 36iacmcTb npouecy HaBnamia, a 

nacTO B3arani ii He rapamye;

-  BHHHKae BHCOKa HMOBipmcTb BHHHKHeHHa ecjieKTy nepeHaBnaHHa;

- ajiropHTM HaBnaHHa y pa3i npHBeuemia Mepeaci uo ouuoro 3 jioicajibHHx 

MiHiMyMiB (JjyHKuioHajiy HaBnaHHa He u,03BOJiae «BHBecTH» ii 3i c(])opMOBaHoi 

cmyauii, iuo Tame 3a co6oio HeoSxiumcTb 36ijibineHHa nncjia npnxoBaHnx rnapiB i
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HHCJia HenpomB b hhx, a6o 3acTOcyBaHHa sbphcthhhhx npHHOiviib onTHiYinauii'.

2. IIoKa3aHO aoLUJibrncTb MarpuHHoro noaaHHa imyHHOi HeapoHHOi Mepe>id 

AJia BH3HaLiGHHa BaroBHx KoecJauieHTiB 11 MimnapoBnx 3’eflHaHb.

3. BH3HaneHO niaxoan ao npucKopemra anropHTMib HaBHamia 3 

BHKOpHCTaHHBM HOBOl TeXHOJIOriHHOl 6a3H.
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P03^IJI 2

AIIAPATHI 3ACOBH PEAJIOAI^II 3A^Al«  HEHPOMEPE^CEBOI

mEHTHd>IKAIJli OE’GKTIB

2.1 3arajibHi BipoMOCTi npo HeirpoHinm

Heirponpopecop -  pe xpncTaa, bxhh 3a6e3nenye BHxoHaHHa HeHpoMepeaceBHx 

anropHTMiB b peanbHOMy MacniTaSi nacy [33],

Cepep pi3HOBHpiB xpncTaaiB, mo BHxopHCTOByiOTbCB b axocri 

HenponpopecopiB bMainhmo HacTynm: cnepiaaUoBam HenponinH; 3aMOBHi xpHCTann 

(ASIC); Mixpoxompoaepn, ipo MoacyTb 6yTH BdypoBam (mC); npopecopn 

3aranbHoro npn3HaHSHHa (GPP); aorinm iHTerpajibHi cxsmh, mo MO>xyTb 6yTH 

nepenporpaMOBam (FPGA, IIJIIC); npopecopn pn(j)poBOi o6po6xn CHraaniB 

(IIL(OC); TpaHcn’ioTepH.

CnepiaaUoBam HeHponinH nacTO peaaUyiOTbca Ha ocHOBi npopecopHHx 

MaTpHpb(cHCTOJiiHHHx npopecopiB). Taxi HenponinH 6aH3bxi po 3BHLiaHHHx RISC- 

npopecopiB, od’epHyiOTb y CBoeMy cxaapi peaxe hhcjio npouecopHHx ejieMeHTiB, a 

popaTxoBa Jiorixa, Ta Jiorixa ynpaBniHHa, ax npaBHjio, SypyiOTbca Ha 6a3i poparxoBHx 

cxeM.

Po3pi3Hax)Tb Taxoac HeHpocHTHanbm npopecopn, appo axnx e thhobhh IIL(OC, 

a peajii30BaHa Ha xpHCTaai poparxoBa aorixa 3a6e3nenye BHxoHaHHa xapaxTepHHx 

HeiipoMepeaceBHx onepapiH(HanpHxnap, popaTxoBHH bsxtophhh npouecop i TOMy 

nopidHe).

/(a a ouihkh npopyxTHBHOCTi npHCTpoi'B (peajii30BaHHx Ha ocHOBi TTT(OC i 

IIJIIC), B>KHBaHHx paa L(OC (pH(})poBoi o6po6xn CHraaaiB), xompoaioeTbca nac 

BHxoHaHHa THnoBHx onepapid HOC, Taxnx ax HHc})poBa c})iabTpapia, LQIIO Ta m. Y 

cbok) nepry, paa opmxn npopyxTHBHOCTi HeiiponpopecopiB i HeiipoxoMn'iOTepiB 

3acTOCOByeTbca pap cneuiaabHHx noxa3HHxiB (napaMeTpiB):

-  MMAC -  MiabHomB MHoaceHb 3 HaxonHneHHaM b cexyHpy;

-  CUPS (Connections Update per Second) -  nncao 3MmeHHx 3HaneHb BariB y 

cexyHpy (opimoe HiBHpxicTb HaBnaHHa);
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-  CPS (Connections per Second) -  hhcjio 3'eppaHb (mhojkchb 3 HaKonnneHHflM) 

Ha cexyHpy (opiHPoe npopy KTHBHicTb);

-  CPSPW = CPS/Nw, pe Nw - hhcjto CHHaneiB b Henpom;

-  CPPS -  hhcjto 3'ejTHaHb npHMiTHBiB b ceicyHpy:

OpieHTapia npouecopiB Ha BHKOHaHHa HeiipoMepoKeBHx onepapid 

odyMOBjTioe, 3 ophoto doxy, nipBHipeHHH ihbhpkoctch odMmy Miac naM'^rno i 

napajrejTbHHMH aphc})mcthhhhmh npHCTponMH, a 3 mmol ctopohh, 3meh 111 ehha nacy 

BaroBoro ni pcymoByBaH Ha(ivi h o>i<e h h a i HaKonHneHHa) 3a paxyHOK 3acTOcyBamni 

(jriKCOBaHoro Hadopy KOMaHp THny pericip-pericTp.

OcHOBHa BiflMiHHicTb HeiipoHiniB Bip i'httthx npopecopiB -  pe 3a6e3neHemni 

BHCOKoro napajrejri3My oShhcjichb 3a paxyHOK 3acTOcyBamni cnepiajii30BaHoro 

HeirpoMepoKeBoro jroriHHoro 6a3Hcy a6o kohkpcthhx apxiTeKTypHHx pirneHb. 

BHKOpHCTaHHa MO/KJ1HBOCTT npepCTaBJICHHH HeHpOMepe>KeBHX ajrrOpHTMiB JTJia 

peajii3apii Ha HeiipoMepoKeBOMy jroriHHOMy 6a3Hci axpa3 i e ochobhoio 

nepepyMOBOio pi3Koro 36ijibHiemni npopyKTHBHOCTi HeiipoHiniB.

HeiiponpopecopH Momia KjracH(j)iKyBaTH 3a TaKHMH 03HaKaMH:

- 3a THnoM jroriKH HeiiponpopecopH po3pijnnoTb Ha pn(j)poBi, aHajroroBi i 

ridpHpm;

-  3a THnoM peajii3apii HeiipoMepoKeBHx ajrropHTMiB -  3 noBHicTio anapaTHOio 

peajri3apieio i 3 nporpaMHO-anapaTHOio peajii3apieio (kojth HeiipoajiropHTMH 

36epiraiOTbca b 11311);

-  3a xapaKTepoM peaniiapri HejiimiiHHx nepeTBopeHb;

-  HeiiponpopecopH 3 >KopcTKOK) CTpyKTypoio HenpomB (anapaTHO peajii30Bam) 

i HeiipoKpHCTajiH i3 CTpyKTypoio, ipo MO>KHa Hacipom i (nepenporpaMOBam);

- 3a rayHidcTK) CTpyKTypn HeiipoHHHx Mepe>K - HeiiponpopecopH 3 >KopcTKOK) 

i 3MiHHOio HeiipoMepe>KeBOK) CTpyKTypoio.

BhpoShhptbo cnepiajii30BaHHx HeiipoHiniB BepeTbca y SaraTbox Kpamax CBiTy.

BijibinicTb 3 hhx opieHTyFOTbca Ha 3aicpHTe BHKOpHCTaHHa (Tax hk 

CTBoppoPOTbca pna kohkpcthhx npHKjiapHHx chctcm), npoTe cepep HeiipoHiniB e ii 

ymBepcajibHi xpHCTajiH.
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OicpiM nmpoKO cneKTpy (j)ipM i Kopnopaum, pocmpacemra b oSnacTi cyuacHHx 

HeaponpouecopiB npoBopaTb SaraTO jiaSopaTopin i ymBepcHTeTiB, cepep axnx MO>KHa 

BiflMiTHTH [29]:

-  y CIIIA: Naval Lab, MIT Lab, IleHCHjibBaHCXHH ymBepcHTeT,

KojiyMbiiicbKHH ymBepcHTeT, YmBepcHTeT Api30HH, YmBepcHTeT IjiiHOHca Ta iH.;

-  y GBponi: EepjiiHCbXHH TexmHHHH ymBepcHTeT, TexmHHHH ymBepcHTeT b 

Kapjicpye Ta iH.;

-  y Pocii: MOTI, YjibamBCbXHH pep>KaBHHH TexmuHHH ymBepcHTeT, M/TTY 

iM. M. E. BayMaHa.

2.2 3acTOcyBaHHH GPU b HKOCTi HeiipoHina

BipOMHM o6lVie>KeHHaiYl p03BHTKy HeHpOMepOKeBHX ajlTOpHTMiB CJlip BH3HaTH 

BHCOKi obHHCJHOBajlbHi BHTpaTH Ha peajH3auiK) TaKHX MeTOfliB [36], J\o Tpa/THTpHHHX 

cnocobiB BHpimeHHa piei npobjieMH BipHoeaTb opraHUapiK) napajiejibHHx i 

po3noflijieHHx obHHCJiem. Ha cnepiajH30BaH0My anaparaoMy 3a6e3neHeHHi, TaxoMy 

ax HeiipoHHi ninn, CHCTOJiimn HenponpopecopH, IIJIIC, po3nopijiem xnacTepHi 

CHCTeMH [30], GRID-TexHOJiorii.

AnapaTHO-nporpaMHHH KOMnjieKC CUDA (Compute Unified Device 

Architecture) po3BOJiae BHKopHCTaTH npouecopn BipeoxapT (GPU) ax npucxopiOBam 

HayxoBHx i iH>i<eHepHHx po3paxyHxiB i npoBopmn obuHCJieHHa, no ec[)exTHBHOCTi 

nopiBHam 3 cyuacHHMH kjiacTephhmh CHCTeMaMH [8], [1],

IIpHHpHnoBa BipMimncTb apxiTexTypn nonarae b HacTynHOMy: BHxoHaHHa 

KOMaHp Ha xjiacTepi BipSyBaeTbca b cthjh MIMD (SaraTO noTOxiB xoMaHp, SaraTO 

noTOxiB paHHx -  xojih Habip npopecopiB He3ajieacHO BHxoHye pi3Hi Habopn xoMaHp, 

o6po6moe pi3Hi Habopn paHHx), a b cepepoBHmi CUDA xapaxTeproyeTbca cthjicm 

SIMD (ophh noUx xoMaHp, SaraTO noTOxiB paHHx -  xojih pexijmxa npouecopiB 

BHxoHyiOTb opHy i Ty >k xoMaHpy Hap pi3HHMH paHHMH, 3a3BHHaii eaeMeHTaMH 

MacHBy).

OcobaHBicTK) ycTaTxyBaHHa, ipo nipTpHMye TexHOJioriio CUDA, e MoaomBicTb 

3a6e3neuyBaTH Ha nopapox Sijibiny (b nopiBHaHHi 3 xnacTepaMH) nponycxHy
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cnpoMoacmcTb npn poSoii 3 naM'aTTio. 3oKpeMa, npn oShhcjishhI KyjiomBCbKOi 

ioHUapii HaflBejiHKHx CTpyKTyp, tbkhx bk Bipycn, Moace 3Haao6HTHca ^eKijibKa ahIb 

Po6oth KnacTepa cepe^mx po3MipiB, Tom ax pimeHHa Tiei a< 3anam Ha 

nepcoHajibHOMy KOMn'iOTepi, ocHameHOMy BineoKapTOK) 3 ni/upuMKOK) CUDA, 

Moama npoBSCTH mchhi mac 3a roflHHy [20],

IU,e OflHieio BaacjiHBOio xapaKTepHCTHKOio pimern. Ha CUDA e BapTicTb. Tax, 

nepcoHajibHHH cynepKOMn’iOTep NVIDIA Tesla C2050 Mae npoAyKTHBHicTb 

520GFLOPS (Mijibap îB onepaum njiaBaxmoi apn(j)MeTHKH b cexyH,ay) i KomTye b 10 

pa3iB MeHme Tpa,zmmHHoro KnacTepa Tiei >k npoayKTHBHOCTi, noOyaoBaHoro Ha 

ocHOBi TijibKH peHTpajibHHx npopecopiB(CPU) [15], i, m,o Sijibine BaacjiHBO, Mae b 20 

pa3iB Oijibiny e(])eKTHBHicTb oSmicjieHb Ha BaT noTyacHOCii.

Biichobkii p03flijiy 2

1. BH3HaHeHO BiflMiHHOCTi HeiipomniB Bi,n, i'httthx npopecopiB: 3a6e3neHeHHa 

BHCOKoro napajiem3My oSmicjiem. 3a paxyHOK 3acToeyBaHHa cneiiiajiUoBaHoro 

HeiipoMepeaceBoro jioriHHoro 6a3Hcy a6o xoHxpeTHHx apxiTexTypHHx pimern.. 

IloKa3aHO, m,o BHKopHCTaHHa MoacjiHBOCTi npeflCTaBjieHHa HeiipoMepeaceBHx 

ajiropHTMiB ĵia peajii3apii Ha HeiipoMepeaceBOMy jioriHHOMy 6a3Hci e ochobhoio 

nepeayMOBOK) pi3Koro 36ijibmeHHa tttbh/txocti peannami anropHTMiB HaBnaHHa 

mTyHHHx HeiipoHHHx Mepeac.

2. O 6rpyhtobaHO flopijibmcTb BHxopHCTaHHa anapaTHO-nporpaMHoro

KOMnjieKcy CUDA b aKoeii Heiipomny.
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P03^IJI 3

PEAJII3ALJM 3A^AlH HEHPOMEPE^CEBOI I^EHTH^IKAI^II OE’GKTIB

3.1 AnpoKCHMauisi

AnpoKCHMauifl -  npoaec po6opy SMaipHaaoi ({wHKim <p(x) pa a BH3aaH6Baa 3 

flOCJiiflHHx aaHHx c})yHKuioHajibHoi' 3ajie>KHOCTi y  = <p(x). Ochobhs 3aB,raHHa 

anpoKCHMaun -  no6yaoBa aaSjaoKeaoi (aapoKCHMyioaoi) ({whkihT  mo aaHSjiHacae 

npoxoflHTb 6ijia paHHx tohok a6o 6ijia piei 6e3nepepBHoi' ({whkihV.

EMnipHHHi (j)opMyjiH cayacaTb pjia aaajiiTHHaoro apepcTaBjieaaa paHHx 

pocmpaceab.

Y  HaimpocTiinoMy BHaapicy 3aB,raHHa aapoKCHMapii eKenephmeHTanbhhx 

paanx BHraaaae TaKHM hhbom: aexaii e aicicb pam, OTpHMaai npaxTUMHUM aijiaxoM(B 

xofli eKcnepuMemy a6o caocTepeaceaaa), aid Moacaa apepcTaBHTH aapaMH HHceji 

(x,y ) . 3aaeacHicTb Miac bhmh BipoSpaacae TaSjiHpa:

Xi Xo XI X2 Xn

yi yo yi y2 yn

Ha ocHOBi pax paaax aoTpiSao piSpaTa (jiyaKpiio y  = (p(x), axa aaaxpaaiaM 

hhbom 3rjiapacyBajia 6 excaepaMeBTajibay 3ajieacaicTb Miac 3MiaaHMH i 3a 

MoacjiHBOCTi tohho BipoSpaacajia 6 3araabay Teapeapiio 3ajieacHOCTi Miac x Ta y, 

BBKniOHaiOHB norpiaiHOCTi BBMipiB i BHnapKOBi BipxHjiSHHa. He 03aaaae, ih,o 

Bipxajieaaa y. -  (p(x.) y axoMycb ceaci 6yjiH 6 aaHMeaaiHMH.

3a3BHaaH 3aBpaaaa aapoxcHMapii pijiHTbca aa p,Bi aacTHBH:

1. CaoaaTKy BCTaaoBjaoiOTb bhp 3ajieacHOCTi y = f  (x) i, BipaoBipao bhp 

SMaipHHBOl (j)OpMyjlH.

2. nicaa aboro BH3aaaaK)Tbca HHcejibai 3aaHeaaa aeBipoMHx aapaMeTpiB 

(xoacTaaT) BHSpaaoi eMaipHaaoi (j)opMyjiH, pjia bkhx aaSjiHaceaaa po 3apaaoi 

c})yh Kail BHaBjiaeTbca aaHKpaaiHM.
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3.2 HeiipoMepejKeBa anpoKCHMapisi

EaraTomapoBHH neppempoH MO>KHa po3rjnmaTH ax npaxTummH Mexam3M 

peajii3apii Hejiimimoro Bipo6pa>KeHHa «Bxm-BHxip» 3arajibHoro BHraapy. 

YmBepcajibHy TeopeMy anpoxcHMapii mokhb po3rjianaTn ax npHponpe po3HmpeHHa 

TsopsMH BenepniTpaca [23], T(a TeopeMa CTBeppacye, mo 6ypb-axa 6e3nepepBHa 

c})yHKuia Ha 3aMKHyTOMy iHTepBajii niiiCHoi oci MO>xe 6yTH npepcTaBjieHa papoM 

nomHOMiB, m,o aScomoTHO i piBHOMipHO cxopHTbca.

TeopeMa npo ymBepcajibHy anpoxcHMapiio pjia Hejiimimoro BinoSpaacemia 

«Bxia-BHxia» (j)opMymoeTbca Tax:

Hexan <p(-) -  o6MeaceHa, He nocTimio mohotohho 3pocTaiOHa HenepepBHa 

c})yHKuia. Hexan I  -  m0 -BHMipmiH ophhhhhhh rinepxyS [0,1 ] " . Hexan npocTip 

HenepepBHHx Ha I  ([yHKpiii no3HaMaeTbca C(7 ). Tom pjia 6ypb-axoi (jiyiixpii 

fC (Imo) Ta s > 0 icHye Taxe pijie hhcjio ml Ta MHO>KHHa pihchhx xoHCTaHT ai, j3i Ta 

coi r m i = 1,..., ml,j  = l,..., mQ, mo

(3.1)

e peajii3ameio anpoxcHMapii (jiyiixpii / (• ), to6to

pjia Bcix xx,x2,...,x npHHajie>KHHx po BxipHoro npocTopy.

TeopeMa npo ymBepcajibHy anpoxcHMapiio SemocepepHbo 3acTocoBaHa ho 

SaraTomapoBoro neppempoHa. Ilo-nepme, BipMiTHMO, mo b Mopejii SaraTomapoBoro 

neppempoHa ax (jiyiixpii axTHBapii BHxopHCTOByeTbca oSMeaceiia, mohotohho 

3pocTaKma jioricTHHHa (jiymcpia 1 / [1 + exp(-p)] , mo 3apoBOJibHae yMOBaM, mo 

HaxjiapaiOTbca TeopeMOio Ha (jiyiixpiio <p(-). Ilo-ppyre, BipMiTHMO, mo BHpa3 onncye 

BHxipHHH CHraaji neppenTpoHa HacTynHoro BHniapy:

-  Mepeaca mIcthtb m0 Bxipimx By3JiiB i ophh npiixoBamiH map, mo 

cxjiapaeTbca 3 ml HenpomB. bxoph no3Hanem xl,x2,...,xm ;
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-  npuxoBamiH HeftpoH i Mae CHHaimiHHi Barn col,...,o) i nopir b. ;

-  BHxifl, Mepe>id e Jii Hi hhopo xoMdmaiiieK) BHxinHHx CHraajiiB npnxoBaHHx 

HeirpomB, 3Ba>KeHnx CHHanTHHecKHMH BaraMH BHxiflHoro HenpoHa -  al,...,a .

TeopeMa npo ymBepcajibHy anpoxcHMapiio e TeopeMOio icHyBamra, to 6to  

MaTeMaTHHHHM a0 Ka30M mo>kjihbocti anpoxcHMapii 6yflb-aKoi' HenepepBHOi ({w h k ih V.

3.3 IIporpaMHa peajibapisi ipeHTH(|)iKapii oS’eKTa SaraTomapoBHM 

neppeirrpoHOM

Po3rjiaHeMO CTpyKTypy Kjiacy fljia MOflemoBaHHa SaraTomapoBoro 

nepuenTpoHy Ha ochobI 6i6jiioTeKH CTaHaapTHHx madjiomB C++:

#include <math.h>
#include <stdlib.h>
#include <cstdlib>
#include <iostream>
#include <fstream>
#include <vector>

BroHaHHMO CTpyKTypn aaHHx: dvector -  ohhobhiyhphhh BexTop, matrix -  

ABOBHMipHHH BCKTOp (BeKTOp BeKTOpi b ) Ta threedmatrix -  TpHBHMipHHH BeKTOp 

(BexTop iviaTpHHb). OcTaHHiir 3acTOcyeMO ^jia 36epe>KeHHa MaTpuub BaroBHx 

xoe(j)iiiieHTiB mapiB Mepead:

using namespace std;

typedef vector<double> dvector; 
typedef vector<dvector> matrix; 
typedef vector<matrix> threedmatrix;

^jia 3py hhocti BHxoHaHHa onepapm yBeaeHHa Ta BHBeaeHHa nepeBH3HaLiHMO 

BifliiOBiflHi onepaTopn:

ostream& operator<<(ostream& os, dvector d)
{

for(int i=0;i<d.size();i++) 
os<<d[i]<<" "; 

return os;
}

ostream& operator<<(ostream& os, vector<int> d)
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{
for(int i=0;i<d.size();i++) 

os<<d[i]<<" 
return os;

}

istream& operator» (istream& is, dvector &d)
{

for(int i=0;i<d.size();i++) 
is»d [i] ; 

return is;
}

istream& operator» (istream& is, vector<int> &d)
{

for(int i=0;i<d.size();i++) 
is»d [i] ; 

return is;
}

ostream& operator<<(ostream& os, matrix d)
{

for(int i=0;i<d.size();i++) 
os<<d[i]<<"\n"; 

return os;
}

istream& operator» (istream& is, matrix &d)
{

for(int i=0;i<d.size();i++) 
is»d [i] ; 

return is;
}

Bn3HaHHMO iHTep(j)eHC Kjiacy mnn (Multilayer Neural Network). IIpHBaTHHMH 

,a,aHHMH Kjiacy e BeKTop MaTpuub BaroBux Koec})iuieHTiB coeffs, KijibKicTb rnapiB 

Mepe>id num beroflayers, BeKTop neurons, bkhh mIcthtb KijibKicTb HeirpomB Ha 

KO^cHOMy mapi. IlpHBaTHHH MeTOH make matrix BHKopHCTOByeTbca ana CTOBpeHHa

MaTpaub 3anaHoi po3MipHOCTi.

3arajibHonocTynHHMH naHHiviH Kjiacy e MaTpuui eTanomB, po3flijiem Ha Bxin 

(input data) Ta BHxin (output data). 3pyhhocti tukok 36epiraiOTbca h BinnoBinHi

im HopMajii30BaHi nam norm input data Ta norm output data. BeKTopn input min, 

input max, output min, output max MicTBTb MiHiManbHi Ta MaKCHManbHi 3HaueHHa 

Bxofly Ta BHxofly Bi^noBiiiHO.

Ha6ip 3arajibHonocTynHHx MeTOfliB cxapaKTeproyeMO npn ix BH3HaueHm:



31

class mnn
{

threedmatrix coeffs;
int number_of_layers;//>=3
vector<int> neurons;
matrix make_matrix(int rows, int cols); 

public:
matrix input_data, output_data,

norm_input_data, norm_output_data; 
dvector input_min, input_max,

output_min, output_max;

mnn(vector<int> number_of_neurons); 
void show_network();
bool load_network(const char ^filename); 
bool save_network(const char ^filename); 
void randomize_coeffs(double low, double high); 
bool load_data(const char *name); 
dvector forward(dvector in); 
double train_step(bool out);

} ;

KoHCTpyKTop Knacy mnn b aKoeii napaMeTpa npnHiviae BeKTop 

numberofneurons, ko>khhh eneMeHT aicoro mIcthtb aopaTHy KijibKicTb HenpomB Ha 

BinnoBinHOMy mapi Mepeaci. Po3MipHicTb BeKTopa BH3Hanae KijibKicTb mapiB 

number of layers, aica ana Mepeaci rjmbnHHoro HaBnaHHa noBHHHa 6yTH He MeHme 

TpbOX. flKTTTO pi yMOBH BHKOHyiOTbCa, CTBOpiOeTbCB MaCHB MaTpHHb KOec})iuieHTiB 

3B’a3KiB mapiB Mepeaci coeffs -  ix KijibKicTb Ha ohhhhhfo MeHme 3a KijibKicTb mapiB 

Mepeaci, a po3MipmcTb BH3HaHaeTbca 3 ypaxyBaHHaM Toro, m,o Ha xoacHOMy mapi, 

xpiM ocTaHHboro, aopaeTbca HeiipoH 3Mim,eHHa:

mnn::mnn(vector<int> number_of_neurons)
{

//check 1
if(number_of_neurons.size()<3)
{

cerr<<"Number of layers should be more then 3\n"; 
exit(1);

}
number_of_layers=number_of_neurons.size();
neurons=number_of_neurons;
//check 2
for(int i=0;i<number_of_layers;i++) 

if(number_of_neurons[i]<1)
{

cerr<<"Number of neurons should be more then 0\n"; 
exit(2);
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}
//make data structures
coeffs=vector<matrix>(number_of_layers-l); 
f o r ( in t  i= 0; i< c o e f f s .s i z e ( ) ; i++)

coeffs[i]=make_matrix(number_of_neurons[i]+1, 
number_of_neurons[i+1] );
}

MeTOfl randomize coeffs BnKopncTOBycrbca aaa BCTaHOBjiCHHa BHnaaKOBHx 

3HaHeHb Koe(j)iiiieHTiB 3B’a3icy b ,n,iana30Hi Bi,n, low flo high:

void mnn::randomize_coeffs(double low, double high)
{

}

f o r ( in t  i= 0; i< c o e f f s .s i z e ( ) ; i++)
fo r ( in t  j= 0; j < c o e f f s [ i ] . s i z e ( ) ; j++)

fo r ( in t  k=0;k < c o e f f s [ i ] [ j ] . s i z e ( ) ; k++)
coeffs [i] [j] [k]+=((double)rand()/RAND_MAX)* (high-low)+low;

^OIIOMmHHH MeTOfl CTBOpSHHB MaTpHLU 3aflaH0i p03MipH0CTi -  rows pfl/TKI B.

cols CTOBnpiB:

matrix mnn::make_matrix(int rows, int cols)
{

matrix res(rows);

for(int i=0;i<rows;i++) 
res[i]=dvector(cols); 

return res;
}

MeTOfl show network BHKopHCTOByeTbca ĵia Biao6pa>KeHHa apxiTeKTypH 

Mepeaci, MeTOfl save network -  ,ana ii (j)aiijiOBoro 36epe>KeHHa, a load network -  fljia 

3aBaHTa>KeHHa:

void mnn::show network()

cout<<"Number of layers is "<<number_of_layers<<endl<<endl; 
for(int i=0;i<number_of_layers;i++)

cout<<"Number of neurons on layer "<<(i+l)<<" is 
"<<neurons [i] «endl; 

cout<<endl ;
for(int i=0;i<coeffs.size();i++)

cout<<"Connections between "<<(i+l)<<" and "<<(i+2)<<" layers:\n" 
<<coeffs [i] «endl;

}

bool mnn::save network(const char ^filename)
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{
ofstream f(filename); 

if(!f)
return false;

f<<number_of_layers<<endl; 
f<<neurons<<endl<<endl; 
for(int i=0;i<coeffs.size();i++) 

f<<coeffs [i] «endl;

f<<endl<<input_min<<endl; 
f<<input_max<<endl; 
f<<output_min<<endl; 
f<<output_max<<endl;

return true;
}

bool mnn::load_network(const char ^filename)
{

ifstream f (filename); 

if(!f)
return false;

if (! (f»number_of_layers) ) 
return false;

neurons=vector<int>(number_of_layers); 
if ( ! (f»neurons) ) 

return false;

coeffs=vector<matrix>(number_of_layers-l); 
for(int i=0;i<coeffs.size();i++)
{

coeffs[i]=make_matrix(neurons[i]+1, neurons[i+1]); 
if (! (f»coeffs [i] ) ) 

return false;
}

input_min=dvector(neurons[0]); 
input_max=dvector(neurons[0]); 
output_min=dvector(neurons[neurons.size()-1]); 
output_max=dvector(neurons[neurons.size() -1] ) ;

if ( ! (f»input_min»input_max»output_min»output_max) ) 
return false;

return true;
}

Ana 3aBaHTa>KeHHfl STanoHHHx naroix 3acTOCOByeTbca mstoh load data: Kpim 

BjiacHe 3aBaHTa>KeHHa -  CTBopsHHa MaTpapi eTanomB Bxiproix (input data) Ta
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BHxi,a,HHx (outputdata) aaHHx, b hbomy BHKOHyeTbca 3Haxo,r>KeHHa MimMajibHHx Ta 

MaKCHManbHHx 3HaLieHb Bxoay (input min, input max) Ta BHxoay (output min, 

outputmax) Ta odHHcmoiOTbca lx HopMajii30Bam y aiana30Hi [0; 1] 3HaHemra 

(norminputdata Ta normoutputdata):

bool mnn::load_data(const char *name)
{

//File data:
//nl n2 n3: nl - number of lines, n2 - input size, n3 - output size 
//e.g.
/ / 4 2 1 
//0 0 0 
111 0 1 
111 1 1 
I I 0 1 0

ifstream f(name); 
if(!f)
{

cerr<<"Can not open file "<<name<<endl; 
return false;

}
int nl, n2, n3; 
f » n l » n 2 » n 3  ; 
if(nl<l)
{

cerr<<"Number of lines in file should be not less l"«endl; 
return false;

}
if(n2!=neurons[0])
{

cerr<<"Input size is not equal to number of neurons at input 
layers"«endl;

return false;
}
if(n3!=neurons[neurons.size()-1])
{

cerr<<"Output size is not equal to number of neurons at output 
layers"«endl;

return false;
}
input_data=matrix(nl); 
output_data=matrix(nl); 
for(int i=0;i<nl;i++)
{

input_data[i]=dvector(n2); 
output_data[i]=dvector(n3) ; 
f»input_data [i] »output_data [i] ;

}
//find max, min
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input_min=input_max=input_data[0]; 
output_min=output_max=output_data[0];

for(int i=l;i<nl;i++)
{

for(int j=0;j<n2;j++)
{

if(input_min[j]>input_data[i][j]) 
input_min[j]=input_data[i] [j]; 

if(input_max[j]<input_data[i][j]) 
input_max[j]=input_data[i][j];

}
for(int j=0;j<n3;j++)
{

if(output_min[j]>output_data[i] [j] ) 
output_min[j]=output_data[i ] [j ] ; 

if(output_max[j]<output_data[i][j]) 
output_max[j]=output_data[i][j];

}
}
norm_input_data=input_data; 
norm_output_data=output_data;

for(int i=l;i<nl;i++)
for(int j=0;j<n2;j++)

norm_input_data[i][j]=(input_data[i][j]-input_min[j]) 
/ (input_max[j]-input_min[j]);

for(int i=l;i<nl;i++)
for(int j=0;j<n3;j++)

norm_output_data[i][j]=(output_data[i][j]-output_min[j])
/ (output_max[j]-output_min[j]);

return true;
}

B aicocTi c})yHKLiii aKTHBauii' HenpoHy 3acTOcyeMO CHrivioinajibHy:

double sigma(double s)
{

return 1/(1+1/exp (s));
}

Oneparop ujih oSHHCJiemra noSyTKy BeKTopa Ha MaTpnuPO He npocTO peannye 

CKajiapHHH noSyTOK, a h 3acTOCOBye no ko/khoto KOMnoHeHTa BeKTopa pe3yjibTaTy 
c})yHKuiK) aKTHBauii':

dvector operator*(dvector v, matrix m)
{

dvector res(m[0].size());
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for(int i=0;i<res.size ();i++)
{

for(int j=0;j<v.size();j++) 
res[i]+=v[j]*m[j][i]; 

res[i]=sigma(res [i]);
}
return res;

MeTOfl forward peajii3ye npoxonaceHHn CHraany Bin nepmoro ho ocTaHHboro 

mapy. uboro BxinHHH BeKTop in cnonaTxy HopMajii3yeTbcn, nani no Hboro 

flOflaeTbca HeiipoH 3iviimeHHa, bxhh nopiBHFoe o/thhhiii. Ta 3Haxo,n,HTbcn nodyTOK 

po3nmpeHoro BexTopa Ha MaTpHipo BaroBHx xoecjniiieHTiB. Ilpoiieflypa 

noBTopioeTbca, hokh chrhan He nocnrae ocTaHHboro mapy. OtphmaHHH Ha HbOMy 

BeKTop fleHopMajii3yeTbca Ta noBepTaeTbcn:

dvector mnn::forward(dvector in)
{

//check
if(in.size()!=neurons[0])
{

cerr<<"Input size is not equal number of neurons on input 
layer"<<endl;

exit (3);
}
//normalize
dvector temp=in;
for(int i=0;i<in.size();i++)

temp[i]= (in[i]-input_min[i])/(input_max[i]-input_min[i]);
//cyclic forward
for(int i=0;i<coeffs.size();i++)
{

//add 1 to end; 
temp.push_back(1); 
temp=temp*coeffs[i];

}
//denormalize
for(int i=0;i<temp.size();i++)

temp[i]=temp[i]* (output_max[i]-output_min[i])+output_min[i]; 

return temp;
}

^onoMiacHHH MeTon dist noBepTae eBXjiinoBy BincTaHb Miac BexTopaMH:

double dist(dvector vl, dvector v2)
{
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//check
if(vl.size()!=v2.size())
{

cerr<<"Different vector sizes"«endl; 
exit(8);

}
double res=0;
for(int i=0;i<vl.size();i++) 

res+=pow(vl[i]-v2[i], 2 ) ; 
return sqrt(res);

MeTOfl train step peajii3ye ô hh KpoK HaBHamra. BBaacaTHMeMO, mo bIh 

Bifl,6yBca, bkiu,o b pe3yjibTaTi 3ivii hh Koec})iuieHTiB Mepe>Ki BiaxHjieHHa eTanoHHoro 

BHxony Bifl, oSHHCJieHoro (3aranbHa noMHjiKa) 3MeHinHjiacb:

double mnn::train_step(bool out)
{

double total_error=0, new_total_error;

for(int i=0;i<input_data.size();i++)
{

dvector res=forward(input_data[i]); 
total_error+=dist(res, output_data[1]);

}
if(out)

cout<<"train_step: Total error is "<<total_error<<endl;

if(out)
{

cout<<"\n\nBefore train\n\n"; 
show_network();

}
threedmatrix old=coeffs;//save old 
do 
{

new_total_error=0;
//change coeffs
randomize_coeffs(-0.1, 0.1);
for(int i=0;i<input_data.size();i++)
{

dvector res=forward(input_data[i]); 
new_total_error+=dist(res, output_data[i]);

}
if(out)
{

cout<<"train_step: New Total error is 
"<<new_total_error<<endl;

cout<<"\n\nAfter train\n\n"; 
show network();
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}

if(new_total_error>=total_error)
{

coeffs=old; 
if(out)
{

cout<<"\n\nShould be coeffs Before train:::\n\n"; 
show_network();

}
}

}while(new_total_error>=total_error); 
return new total error;

npoimocTpyeMO po6oTy Kjiacy na upmciaai iaeHTHcjnKaitii Ha6opy aaHHx 

«ipncH cpimepa» (https://en.wikipedia.org/wiki/Iris_flower_data_set). CxpyKxypa 

Mepend noaaHa Ha pnc. 3.1.

In  1 In  2 In  3 In  4

Phc. 3.1. ApxiTeKTypa Mepead ana iaeHTHtl)iKauii ipHcib Oirnepa
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Oafiji aaHHx MaTHMS HacTynHHH BHraan:

150 4 1

5.1 3.5 1.4 O
s]

O 1
4.9 3.0 1.4 0.2 1
4.7 3.2 1.3 0.2 1

6.2 3.4 5.4 2.3 3
5.9 3.0 5.1 1.8 3

/Jam nepeaaeTbca y nporpaMy nepe3 KOMaHUHHH panoK:

int main(int argc, char** argv) {

if(argc!=2)
{

cout<<"Usage:\n\t"<<argv[0]<<" datafilename"<<endl; 
return 1;

}

3aaaMO apxiTeKTypy Mepe>id , CTBopioeMO 3a Heio o6,£kt Knacy mnn Ta 

3aBaHTa>KyeMO nam:

vector<int> number_of_neurons(4); 
number_of_neurons[0]=4;//0 - input layer 
number_of_neurons[1]=9;//I - first hidden layer 
number_of_neurons[2]=3;//2 - second hidden layer 
number_of_neurons[3]=1;//3 - output layer with 1 neuron

mnn three(number_of_neurons); 
three.show_network(); 
three.load_data(argv[1]);

Ao nonaTKy HaBuaHHa Mepe>id oShhcjihmo 3arajibHy noMHjncy totalerror ax 

cyMy BiacTaHeH odHHCJieHHx Ta STajiHHHx BSKTopiB BHxony:

double totai_error=0;
for(int i=0;i<three.input_data.size();i++)
{

dvector res=three.forward(three.input_data[i]); 
total_error+=dist(res, three.output_data[i]);

}

M k i i i o  (j)aHji i3 36epe>KeHOK) Mepeaceio BincyTHiii, BHKOHyeTbca HaBHamia no 

nocaraeHHa 3anaHoi' TOHHOCTi, a Ha KOKHOMy Kpoui HaBuaHHa iwepoxa 36epiraeTbca y 

(j)aHjii. M k i i i o  (JjaHji i3 36epe>KeHOK) Mepeaceio HaaBHHH, y tohhiogmo, h h  niacHO



40

KopucTyBan 6a>i<ae Heio CKoph CTaTHca:

double newerr=total_error;

if(!three.load_network("network.txt")) 
for(long i=0;newerr>0.25;i++)
{

newerr=three.train_step(false); 
cout<<"main: Total error is "<<newerr<<endl; 
three.save_network("network.txt");

}
else
{

cout<<"Do you with to retrain (1/0)? 
int ans; 
cin»ans ; 
if (ans==l)

for(long i=0;newerr>0.25;i++)
{

newerr=three.train_step(false) ; 
cout<<"main: Total error is "<<newerr<<endl; 
three.save_network("network.txt");

}

Ilicjia 3aBepmeHHa HaBuaHHa 3HOBy ouihfogmo noMHjiicy:

total_error=0;
cout<<"\n\nResults:\n\n";
for(int i=0;i<three.input_data.size();i++)
{

dvector res=three.forward(three.input_data[i]); 
cout<<"Vector "<<three.input_data[i]«", forwarded via network, 

gives vector "
<<res<<" - should be "«three.output_data[i]«endl; 

total_error+=dist(res, three.output_data[i]);
}
cout<<"main: Total error is "<<total_error<<endl; 

return 0;
}

3.4 EKcnepHMeHTajibHa nepesipKa po3po6jieHoro MeTÔ y
iicii |)0 Mcpc'/KCBoV iiciiiii(|)ik’aiiiV oo’dviiB

,Zl,jia nocTaBjieHoi' 3aaaLii iaeHTH(})iKauii' ipnciB Oimepa, ko>kch 3 bkhx 6yB 

no3HaHSHHH BinnoBiuHO hhcjiom 1, 2 Ta 3, nonaTKOBa noMHjiKa CKnana 3.35894. 3 

BHKopucTaHHBM po3po6jieHoro 113 BOHa 6yjia 3MeHineHa no 3HaneHHa 2.04674 3a 470
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iTepapm. Bn3HaHem 3h ang h h a BaroBHx Koec})imeHTiB:

a) 3B’a3Ky nepmoro mapy 3 ppyrmvi:

3.74768 0.495993 -0.369194 -2.48554 0.914698 1.80775 0.90524 1.91384 - 
1.90787
3.82049 -0.181792 2.16201 4.46752 0.0955214 -7.48551 -3.66681 4.08906 - 
3.13042
-10.0625 3.84192 1.18527 -1.15013 -4.00952 3.10632 3.11545 -13.0914 
2.79975
-13.6905 0.242969 -5.18144 -2.33239 -3.30966 3.61553 2.95562 -13.6947 
1.99647
12.1436 0.718406 2.32753 0.551609 1.55943 -1.40306 -2.40168 15.1604 - 
0.148058

6) 3B’a3Ky ppyroro mapy 3 tpstlm!

-0.57533 -19.778 -3.50749 
-4.1452 1.55784 -3.64133 
0.792685 -5.71566 1.31487 
0.65003 -3.66623 0.709116 
8.61658 -1.94436 1.87522 
-5.65876 8.96097 2.07444 
-5.45783 9.33795 3.07354 
2.943 -21.0196 -0.905777 
-4.02994 2.00143 -1.58835 
-3.37292 3.56752 -2.391

b) 3B’a3Ky TpeTboro mapy 3 hstbspthm:

-11.9692
14.3229
-1.22024
0.00154389

P e 3y j i b T a T H  i p e H T H ( | ) i  K a u r i  3a  B H 3H a H S H H M n  K o e c J a u i e H T a i v i H  n o p a H O  h h >k h g :

Vector
Vector
Vector
Vector
Vector
Vector
Vector
Vector
Vector
Vector
Vector
Vector
Vector
Vector

5.1 3.5 
4.9 3 1
4.7 3.2 
4.6 3.1 
5 3.6 1
5.4 3.9 
4.6 3.4 
5 3.4 1
4.4 2.9 
4.9 3.1
5.4 3.7
4.8 3.4 
4.8 3 1 
4.3 3 1

1.4 0.2 
4 0.2,
1.3 0.2
1.5 0.2
4 0.3, 
1.7 0.4
1.4 0.3
5 0.2,
1.4 0.2
1.5 0.1
1.5 0.2
1.6 0.2
4 0.1,
1 0.1,

, forwarded via network, gives 1.00002 
forwarded via network, gives 1.00002 - 
, forwarded via network, gives 1.00002 
, forwarded via network, gives 1.00002 
forwarded via network, gives 1.00002 - 
, forwarded via network, gives 1.00002 
, forwarded via network, gives 1.00002 
forwarded via network, gives 1.00002 - 
, forwarded via network, gives 1.00003 
, forwarded via network, gives 1.00002 
, forwarded via network, gives 1.00002 
, forwarded via network, gives 1.00002 
forwarded via network, gives 1.00002 - 
forwarded via network, gives 1.00002 -

- should be 1 
should be 1
- should be 1
- should be 1 
should be 1
- should be 1
- should be 1 
should be 1
- should be 1
- should be 1
- should be 1
- should be 1 
should be 1 
should be 1
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Vector 5.8 4 1.2 0.2, forwarded via network, gives 1.00001 - should be 1
Vector 5.7 4.4 1.5 0.4, forwarded via network, gives 1.00002 - should be 1
Vector 5.4 3.9 1.3 0.4, forwarded via network, gives 1.00002 - should be 1
Vector 5.1 3.5 1.4 0.3, forwarded via network, gives 1.00002 - should be 1
Vector 5.7 3.8 1.7 0.3, forwarded via network, gives 1.00002 - should be 1
Vector 5.1 3.8 1.5 0.3, forwarded via network, gives 1.00002 - should be 1
Vector 5.4 3.4 1.7 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 5.1 3.7 1.5 0.4, forwarded via network, gives 1.00002 - should be 1
Vector 4.6 3.6 1 0.2, forwarded via network, gives 1..00001 - should be! 1
Vector 5.1 3.3 1.7 0.5, forwarded via network, gives 1.00005 - should be 1
Vector 4.8 3.4 1.9 0.2, forwarded via network, gives 1.00003 - should be 1
Vector 5 3 1.6 0.2, forwarded via network, gives 1.00003 - should be 1
Vector 5 3..4 1..6 0. 4, forwarded via network, gives 1..00003 - should be! 1
Vector 5.2 3.5 1.5 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 5.2 3.4 1.4 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 4.7 3.2 1.6 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 4.8 3.1 1.6 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 5.4 3.4 1.5 0.4, forwarded via network, gives 1.00002 - should be 1
Vector 5.2 4.1 1.5 0.1, forwarded via network, gives 1.00001 - should be 1
Vector 5.5 4.2 1.4 0.2, forwarded via network, gives 1.00001 - should be 1
Vector 4.9 3.1 1.5 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 5 3..2 1..2 0.2, forwarded via network, gives 1..00002 - should be! 1
Vector 5.5 3.5 1.3 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 4.9 3.6 1.4 0.1, forwarded via network, gives 1.00002 - should be 1
Vector 4.4 3 1..3 0.2, forwarded via network, gives 1..00002 - should be! 1
Vector 5.1 3.4 1.5 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 5 3..5 1..3 0.3, forwarded via network, gives 1..00002 - should be! 1
Vector 4.5 2.3 1.3 0.3, forwarded via network, gives 1.00059 - should be 1
Vector 4.4 3.2 1.3 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 5 3..5 1..6 0. 6, forwarded via network, gives 1..00004 - should be! 1
Vector 5.1 3.8 1.9 0.4, forwarded via network, gives 1.00003 - should be 1
Vector 4.8 3 1..4 0.3, forwarded via network, gives 1..00003 - should be! 1
Vector 5.1 3.8 1.6 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 4.6 3.2 1.4 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 5.3 3.7 1.5 0.2, forwarded via network, gives 1.00002 - should be 1
Vector 5 
Vector 7 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector 
Vector

3.3 1
3.2 4 
4 3.2

3.1 
2.3 
2.8 

7 2.8 
3 3.3 
9 2.4
6 2.9 
2 2.7 
2 3.5 
9 3
2.2 
1 2 
6 2
7 3.1 
6 3 4

should be 1 
should be 2
- should be 2
- should be 2 
should be 2
- should be 2
- should be 2 
should be 2

should be 2

4 0.2, forwarded via network, gives 1.00002 - 
7 1.4, forwarded via network, gives 1.99998 -
4.5 1.5, forwarded via network, gives 2.00007
4.9 1.5, forwarded via network, gives 1.99954
4 1.3, forwarded via network, gives 1.99944 -
4.6 1.5, forwarded via network, gives 1.99911
4.5 1.3, forwarded via network, gives 1.99998
4.7 1.6, forwarded via network, gives 1.9999 -
3.3 1, forwarded via network, gives 1.99994 -
4.6 1.3, forwarded via network, gives 1.99989 - should be 2
3.9 1.4, forwarded via network, gives 2.00007 - should be 2
1, forwarded via network, gives 1.99977 - should be 2
2 1.5, forwarded via network, gives 2.00008 - should be 2 
1, forwarded via network, gives 1.99955 - should be 2
4.7 1.4, forwarded via network, gives 1.9997 - should be 2
3.6 1.3, forwarded via network, gives 1.99964 - should be 2
4.4 1.4, forwarded via network, gives 2.00003 - should be 2
5 1.5, forwarded via network, gives 1.99979 - should be 2
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Vector 5.8 2.7 4.1 1, forwarded via network, gives 2 - should be 2 
Vector 6.2 2.2 4.5 1.5, forwarded via network, gives 2.00002 - should be 2
Vector 5.6 2.5 3.9 1.1, forwarded via network, gives 2.00004 - should be 2
Vector 5.9 3.2 4.8 1.8, forwarded via network, gives 2.01833 - should be 2
Vector 6.1 2.8 4 1.3, forwarded via network, gives 2.00008 - should be 2
Vector 6.3 2.5 4.9 1.5, forwarded via network, gives 2.00349 - should be 2
Vector 6.1 2.8 4.7 1.2, forwarded via network, gives 1.99995 - should be 2
Vector 6.4 2.9 4.3 1.3, forwarded via network, gives 2.00003 - should be 2
Vector 6.6 3 4.4 1.4, forwarded via network, gives 2 - should be 2 
Vector 6.8 2.8 4.8 1.4, forwarded via network, gives 1.99923 - should be 2 
Vector 6.7 3 5 1.7, forwarded via network, gives 2.00197 - should be 2 
Vector 6 2.9 4.5 1.5, forwarded via network, gives 1.99958 - should be 2
Vector 5.7 2.6 3.5 1, forwarded via network, gives 1.99949 - should be 2
Vector 5.5 2.4 3.8 1.1, forwarded via network, gives 1.99999 - should be 2
Vector 5.5 2.4 3.7 1, forwarded via network, gives 2 - should be 2
Vector 5.8 2.7 3.9 1.2, forwarded via network, gives 2.0001 - should be 2
Vector 6 2.7 5.1 1.6, forwarded via network, gives 2.99995 - should be 2
Vector 5.4 3 4.5 1.5, forwarded via network, gives 1.99974 - should be 2
Vector 6 3.4 4.5 1.6, forwarded via network, gives 1.9999 - should be 2 
Vector 6.7 3.1 4.7 1.5, forwarded via network, gives 1.9998 - should be 2 
Vector 6.3 2.3 4.4 1.3, forwarded via network, gives 1.99892 - should be 2 
Vector 5.6 3 4.1 1.3, forwarded via network, gives 1.99999 - should be 2 
Vector 5.5 2.5 4 1.3, forwarded via network, gives 1.99986 - should be 2 
Vector 5.5 2.6 4.4 1.2, forwarded via network, gives 1.99993 - should be 2 
Vector 6.1 3 4.6 1.4, forwarded via network, gives 1.99999 - should be 2 
Vector 5.8 2.6 4 1.2, forwarded via network, gives 2.00003 - should be 2 
Vector 5 2.3 3.3 1, forwarded via network, gives 2.00002 - should be 2 
Vector 5.6 2.7 4.2 1.3, forwarded via network, gives 2.00003 - should be 2 
Vector 5.7 3 4.2 1.2, forwarded via network, gives 1.99983 - should be 2 
Vector 5.7 2.9 4.2 1.3, forwarded via network, gives 2.00016 - should be 2 
Vector 6.2 2.9 4.3 1.3, forwarded via network, gives 2.00008 - should be 2 
Vector 5.1 2.5 3 1.1, forwarded via network, gives 1.99938 - should be 2
Vector 5.7 COO

s] 4.1 1.3, forwarded via network, gives 2 .,00014 - should
Vector 6.3 3.3 6 2.5, forwarded via network, gives 3 - should be 3
Vector 5.8 2.7 5.1 1.9, forwarded via network, gives 3 - should be 3
Vector 7.1 3 5..9 2. 1, forwarded via network, gives 3 - should be 3
Vector 6.3 2.9 5.6 1.8, forwarded via network, gives 3 - should be 3
Vector 6.5 3 5..8 2.2, forwarded via network, gives 3 - should be 3
Vector 7.6 3 6..6 2. 1, forwarded via network, gives 3 - should be 3
Vector 4.9 2.5 4.5 1.7, forwarded via network, gives 3 - should be 3
Vector 7.3 2.9 6.3 1.8, forwarded via network, gives 3 - should be 3
Vector 6.7 2.5 5.8 1.8, forwarded via network, gives 3 - should be 3
Vector 7.2 3.6 6.1 2.5, forwarded via network, gives 3 - should be 3
Vector 6.5 3.2 5.1 2, forwarded via network, gives 3 - should be 3
Vector 6.4 2.7 5.3 1.9, forwarded via network, gives 3 - should be 3
Vector 6.8 3 5..5 2. 1, forwarded via network, gives 3 - should be 3
Vector 5.7 2.5 5 2, forwarded via network, gives 3 - should be 3
Vector 5.8 2.8 5.1 2.4, forwarded via network, gives 3 - should be 3
Vector 6.4 3.2 5.3 2.3, forwarded via network, gives 3 - should be 3
Vector 6.5 3 5..5 1. 8, forwarded via network, gives 3 - should be 3
Vector 7.7 3.8 6.7 2.2, forwarded via network, gives 3 - should be 3
Vector 7.7 2.6 6.9 2.3, forwarded via network, gives 3 - should be 3
Vector 6 2..2 5 1.5, forwarded via network, gives 3 - should be 3
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Vector 6.9 3.2 5.7 2.3, forwarded via network, gives 3 - should be 3
Vector 5.6 2.8 4.9 2, forwarded via network, gives 3 - should be 3
Vector 7.7 2.8 6.7 2, forwarded via network, gives 3 - should be 3
Vector 6.3 2.7 4.9 1.8, forwarded via network, gives 3 - should be 3
Vector 6.7 3.3 5.7 2.1, forwarded via network, gives 3 - should be 3
Vector 7.2 3.2 6 1. 8, forwarded via network, gives 3 - should be 3
Vector 6.2 2.8 4.8 1.8, forwarded via network, gives 3 - should be 3
Vector 6.1 3 4..9 1. 8, forwarded via network, gives 2,,99995 - should be 3
Vector 6.4 2.8 5.6 2.1, forwarded via network, gives 3 - should be 3
Vector 7.2 3 5..8 1. 6, forwarded via network, gives 2,,99957 - should be 3
Vector 7.4 2.8 6.1 1.9, forwarded via network, gives 3 - should be 3
Vector 7.9 3.8 6.4 2, forwarded via network, gives 3 - should be 3
Vector 6.4 2.8 5.6 2.2, forwarded via network, gives 3 - should be 3
Vector 6.3 2.8 5.1 1.5, forwarded via network, gives 1,,99682 - should be
Vector 6.1 2.6 5.6 1.4, forwarded via network, gives 2 ,,99982 - should be
Vector 7.7 3 6..1 2.3, forwarded via network, gives 3 - should be 3
Vector 6.3 3.4 5.6 2.4, forwarded via network, gives 3 - should be 3
Vector 6.4 3.1 5.5 1.8, forwarded via network, gives 3 - should be 3
Vector 6 3 4.8 1.8, forwarded via network, gives 2.99167 - should be 3
Vector 6.9 3.1 5.4 2.1, forwarded via network, gives 3 - should be 3
Vector 6.7 3.1 5.6 2.4, forwarded via network, gives 3 - should be 3
Vector 6.9 3.1 5.1 2.3, forwarded via network, gives 3 - should be 3
Vector 5.8 2.7 5.1 1.9, forwarded via network, gives 3 - should be 3
Vector 6.8 3.2 5.9 2.3, forwarded via network, gives 3 - should be 3
Vector 6.7 3.3 5.7 2.5, forwarded via network, gives 3 - should be 3
Vector 6.7 3 5..2 2.3, forwarded via network, gives 3 - should be 3
Vector 6.3 2.5 5 1. 9, forwarded via network, gives 3 - should be 3
Vector 6.5 3 5..2 2, forwarded via network, gives 3 - should be 3
Vector 6.2 3.4 5.4 2.3, forwarded via network, gives 3 - should be 3
Vector 5.9 3 5..1 1. 8, forwarded via network, gives 3 - should be 3

OTpuMaHHH pe3yjibTaT e cyrreBO Kpammvi y nopiBHamri 3 bhKophCTaHHam 

TpaaHLUHHoro A3n a6o ih ttth x  MeTopiB onTHMUaiui [19], npoTe nac po6opy 

Koec})iuieHTiB npn BHKOHamri Ha CPU e cyTTGBO SijibniHM, mo h 3yMOBjnoe 

AopijibHicTb 3acTOcyBaHHa GPU b aicocTi Henponiny.

B iichobkii po po3pijiy 3

1. Po3rjiaH yTO  nocTaHOBKy 3aaani H eiipoM epeaceBoi anpoKCHMapii b k  c n o c o S y  

iaeHTHc})iKauii' o 6 ,eKTiB 3 b h Kop H CTaH HAM TSOpSMH U,H6eHKO.

2. IIoKa3aHO HOLUJibrncTb B nSopy b aKOCii a p x iT e ia y p H  im yH H O i H eiipoH H oi 

Mepeaci itna anpoKCHMapii Sypb-aKOi H enepepBH oi ({wHKim S araTom apoB oro  

n ep p em p o H y .

3. Po3po6jieHO MSTop BH3HaHSHHa Koec})iuieHTiB 3B’a3Ky rnapiB Mepeaci pjia
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niTyHHHX HSHpOHHHX Mepe>K rjm6nHH0r0 HaBHaHHa 3 KijlbKiCTK) npHXOBaHHX mapiB 

Sijibine OflHoro. H a  o c h o b I oSpaHoro BeKTopHO-MaTpuHHoro noflamra cnpoeKTOBaHO 

nporpaMHe 3a6e3neLieHHa ^,jia peajiUaiiii MeToay. noxasaHO b h c o k h h  piBeHb TOHHOCTi 

iaeHTH(})iKauii' oS’ eKTiB nopiBHBHO 3 anropHTMOM 3BopoTHoro nonmpeHHa i io m h j ik h . 

Bn3HaHeHO aoLUJibrncTb BHKopHCTaHHa G P U  fljia peajiUaiiii po3po6jieHoro 

nporpaMHoro 3a6e3neHeHHa.
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BHCHOBKH

1. Bn3HaHeH0 ochobhI npoSneMH, mo BHHHKaiOTb npn BHKopHCTaHHi ivieTony 

3BopoTHoro noniHpeHHa noMHjiKH (He e(j)eKTHBHHH y pa3i, kojih 3hanehha noxinHHx 

no pi3HHM BaraM HenpoMepenci cyrreBO Binpi3HaK)Tbcn; He fl03B0Jiae OTpnMaTH 

TTTBH/TKy 36i>KHiCTb npOHeCy HaBHaHHa; BHHHKaO BHCOKa HMOBipmCTb BHHHKHeHHB 

e(j)eKTy nepeHaBnaHHa to mo). Ha npHKnam imyHHHx Henp ohhhx Mepe>K 3 pi3HHMH 

c})yHKuiaMH aKTHBapii noxasaHO popinbrncTb MaTpHHHoro nonaHHa Mepe>id pna 

BH3HaneHHa BaroBHx Koe(j)imeHTiB ii MincmapoBHx 3’eflHaHb.

2. Po3rjiaHyTO nmxip no npncKopeHHa anropHTMiB HaBnaHHa 3 bhKophCTaHham 

hoboi TexHOJiorinHOi 6a3H -  HenponiniB. BH3HaneHO ocHOBHy BipMiHHicTb HenponiniB 

Bm ihttthx npopecopiB -  3a6e3neneHHa bhcokoto napajiem3My oShhcjichb 3a paxyHOK 

3acToeyBaHHa cnepiajii30BaHoro HenpoMepenceBoro jiorinHoro 6a3ncy a6o 

KOHKpeTHHx apxixeKTypHHx pimeHb. noica3aHO, mo BHKopHCTaHHa MoncnHBOCTi 

npeflCTaBjieHHa HenpoMepeaceBHx anropHTMiB pna peanUami Ha HenpoMepenceBOMy 

jiorinHOMy 6a3nci e ochobhoio nepepyMOBOK) pi3Koro 36inbineHHa tttbh/tkocti 

peani3ami anropHTMiB HaBnamra imyHHHx HeiipoHHHx Mepenc. OSrpyHTOBaHO 

noHinbHicTb BHKopHCTaHHn anapaTHO-nporpaMHoro KOMnnexcy CUDA b aKOcri 

Henponiny.

3. Po3rnnHyTO nonaHHa 3anani ineHTH(|)iKami oS’eiaiB bk nocTaHOBKy 3anani 

HenpoMepenceBoi anpoKCHMami, noica3aHO nomnbHicTb BnSopy b aKOcri apxiTeioypH 

HiTynHoi HeiipoHHoi Mepenci pna anpoKCHMami Sypb-aicoi HenepepBHoi c})yHKuii 

SaraTomapoBoro neppempoHy. Po3po6neHO MeTop BH3HaneHHB Koe(j)ipieHTiB 3B’a3Ky 

rnapiB Mepenci pna imyHHHx Heiipohhhx Mepenc rnHSHHHoro HaBnaHHB 3 KinbKicTio 

npnxoBaHHx rnapiB 6inbme opporo. Ha ocHOBi oSpaHoro BeKTopHO-MaTpHHHoro 

nopaHHB cnpoeKTOBaHO nporpaMHe 3a6e3neneHHa pna peanmapii MeTopy. noxasaHO 

BHCOKHH piBeHb TOHHOCTi ipeHTH(j)iKapii oS’eKTiB nOpiBHBHO 3 anrOpHTMOM 

3BopoTHoro nonTHpeHHB noMHnKH. BroHaneHO popinbHicTb BHKopHCTaHHB GPU pna 

peanmapii po3po6neHoro nporpaMHoro 3a6e3neneHHa.
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