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NepeamoBa

lMpobnematnka HEWPOHUX MEepPeX i reHEeTUYHUX anropuTMmiB, i
ocobnmeo kKoMmbGiHauii UuMx MeTodiB - Ue ogHa 3 obnacten
OocCrnigpkKeHb, WO Hanbinble iHTEHCUMBHO PO3BMBAlOTLCS B AaHWNA
yac, sika ogepxana Hasa «O6yucosarnbHi MexHoI02il. Ti moxHa
BBaaTW Cy4vacHUM BigranyxeHHsMm iHdopmaTtukn (Computer
Science), 3B'A3aHMM 3 MeTO4amMu LUTy4yHOro iHTenekty (Artificial
Intelligence), xo4a i NPMHLMMNOBO BiAMIHHMM Bif KNacuM4HOro nigxoay,
3aCTOCOBYBAHOro agenTamMu LibOro Hanpsimky.

OucumnniHa «ObyucntosarbHi mexHoJsioaii» pocnigxye
iHTeneKTyanbHi MeToaM pPO3B’si3aHHS PIi3HUX 3adadvy i 3HaxoauTb
3aCTOCyBaHHSA B Pi3HMX obrnacTtsax, y TOMy 4uchi B MPOMUCIOBOCTI,
€KOHOMILi, MeguumHi 1 iH. HenpoHi Mepexi, reHeTUYHi anropuTMmm
[JOMOBHIOKOTb KITACKUYHI eKCNepTHI CUCTEMU, L0 BBAXAKOTLCS OOHUM 3
rONOBHMX HamMpsIMKIB gofdaTtka LITY4YHOro iHTENeKkTy, a Takox VY
Desiknx BuNagkax BUKOHYKOTb (PYHKUiIT UMX CUCTEM  LUSISAXOM
peanisauii Tak 3BaHWX iHTeneKTyanbHUX OBYMCOBanbHUX CUCTEM.
OcTaHHi ABnstoTb co60t0 06'€gHaHHA HEMPOHUX MEPEX i FTEHETUYHNX
anropvTMmiB, B3aemofis SKMX [03BONSAE pPO3B’A3yBaTv pisHi 3agaui,
ane HamBaxmuBille - BOHW CTalTb YHiBEPCanbHWM iHCTPYMEHTOM
anst obpobku iHpopmauii. Ta cama cuctema Moxe 3acToCOBYBaTUCH
ONsl pO3B’A3aHHSA pPi3HUX 3adad, WO BBaXaeTbCsl GE3CYMHIBHUM
OOCTOIHCTBOM Y MOPIBHSIHHI 3 KNAaCUYHUMK EKCNIEPTHUMW CUCTEMaMWU,
OpIEHTOBaHUMK, $£K MPaBWIO, Ha [OCUTb BY3bKy Mpobnemy,
Hanpuknag, Ha MeguyHy [iarHOCTUKY KOHKPETHOro 3axXBOPHBAHHSA.
IHTenekTyanbHi obuucnioBanbHi cuctemm MOXHa nerko
«nepenporpamMyBaTu» Ha pPO3B’A3aHHS iHLLOI 3ajadi, NpUYoOMy ponb
TaKoro MporpamMyBaHHA rpae HaBYaHHsS. TakMM YMHOM, Ui cuCcTEMMU
MalTb 30aTHICTb [0 HaB4YaHHA, WO BBaXa€TbCS T[ONIOBHUM
aTpMbyTOM iHTENEKTYanbHOCTI.

TeopeTnyHi OCHOBM MeTofiB, 3acToCOBYBaHUX Yy cdepi
«ObyucnosarnibHi  mexHoJsioz2ii», 3aknageHi OOCTiaKEHHAMN,
npoBeaeHumu B obnacrti «Soft Computing». Lisi rany3b iHdbopmaTtumku
3a/MaeTbCa Tak HasMBaHUMW M'SKUMW  ODYMCINEHHAMMU,  LWIO
XapakTepusyTbCsa HEMOBHOTOK AaHMX i BIACYTHICTIO TOYHOCTI. [o
HUX  BIOQHOCATBCA  HediTKi cucTtemu, aesiki  posginu  Teopil
NMOBIPHOCTEN, a TaKOXX HENPOHI MepeXi i reHeTUYHI anropnTMu.



Mo TemaTuui Soft Computing ny6nikytoTbCs1 YMCNEHHI poboTH,
NPUCBSYEHI FEHETUYHMM anropuTMaM i HEMPOHUM MepexaM, TXHIM
ribpmgam i npakTnyHum gopatkam. MNMpoBoaATbCs pisHi KoOHepeHuii,
Ha SAKUX NPeACTaBnATLCA HOBITHI pe3ynbTaTu AoCnigKeHb MeToaiB
i iIHTeNeKkTyanbHMX TEXHOMOTIN.

KHura «HenpoHi mepexi i reHeTuyHi anroputMuy», SK MU
BBaXKaemo, 3aliMe HanexHe Micue cepef HaykoBOi i HaBYanbHOI
nitepaTypy B ranysi HOBITHIX 0BYMCROBanbHUX TYXHOJSONIN i iXHIX
o6'egHaHb. KHura BuaBMTLCA 0COBNMBO KOPUCHOK Marictpam pisHMX
cneyianbHOCTEN, €KoHoMIcTaMm, disnkam, MaTemMaTukam i
cneuianictam 3 iHOOPMATUKN , @ TaKOX CTyAEeHTaM LMX i CYMDKHUX
obracTewn 3HaHHS.



1. BBeaeHHs1 B aHaniTUYHi
iHpopMmauinHi TexHonoril

1.1. OCHOBHI NOHATTA | O3HaYeHHSA

O6uucnioBanbHi koMmn'toTepHi cuctemmn (OKC) 3HaxoasTb yce
Ginblue 3acToCyBaHHS B TEXHiKy, €KOHOMILi, couianbHUX cucTemax
i € HaVBaXXNMBIWWM KOMMNOHEHTOM Y (DYHKUiOHYyBaHHI BUpOBHULTBA,
pisHOro nNpodinto gepxaBHWX | T[POMaACbKMX  oOpraHisauisx,
yCTaHOBax OXOPOHW 300POB's 1 iH. i € YacTMHOW BGaraTbOX OCBITHIX
nporpam HaB4daHHsA. OKC ponomaraiwTb nOACTBY BpaxoByBaTw Y
CBOIN  [OiANIbHOCTI HenepeabayeHi nNpPosiBM  HaABKOMULLHBOIO
cepepoBulia. EdektmBrictTe OKC 3anexutb Big MOXIMBOCTEN
gocTyny, obpobku 1 aHanidy iHdopmadii. Nepegada gaHuMx no
KOMN'IOTEPHMM MepexaM HadalTb BeNMKY KinbKiCTb iHdopMmauii.
Onsa edektnBHoro cniBpobiTHMUTBA 3 kopuctyBadeMm, OKC MOBUHHI
MaTW  3a4yaTku JIOACLKOro  iHTenekTy, Wob KBanudikoBaHHO
36epiratu 1 06pobnATK Benuki obcArm iHpopmauii, BUKOPUCTOBYHOHM
aHanorn npuMpooHUX 3acobiB  KOMYHiKaLin. DocnigxeHHs
pO3pobHMKIB HOBMX iHTenekTyanbHux iHdopmadinHmx cuctem (IIC)
crnpssiMoBaHi Ha po3pobKy MeTodiB i 3acobiB 00'egHaHHs OYHKUiN
noacekoro iHTenekty i OKC. [nga piweHHa 3agjay adHanisy i
nepepobkn Benukux obcsariB  iHopmalii CTBOPeHi i CTpiMKO
pPO3BMBAOTLCA TaK Ha3WBaHi aHaniTUYHI iHdopMaLiiHi TeXHONOoril.
AHaniTuuHi  iHdopmauinHi TexHonorii (AlT) - ue npouecwu, WO Ha
OCHOBI MOOYAOBaHMX MOAeNnen, anroputmie, MaTemMaTUYHUX BUpPasiB
[03BOMAITL MO BiAOMUM [aHUM BU3HAYUTW 3HAYEHHS HEBIOMUX
XapakTepucTuk i napameTtpis. Hawnnpoctiwmm npuknagom AlT
cnyxntb Teopema [lidaropa, WO [03BOSMSE BU3HAYUTU 3HAYEHHSA
JOBXMWHU TINOTEHY3N 32 BiAOMMM 3HAYEHHAM [OBXWHW KaTeTiB Mo
BiANOBIAHIN chopmyni

c’=a’+b°.
I[HwuM npuknagom AIT MoxHa HasBaTu anroputM 0OpoOKu
iHdopmauii naCbkMM  MO3KOM. HaBiTb MO30K AUTUHU  MOXe
po3B’A3yBaTW  3adadi, HenigBnacHi  cyyacHUM  KoMmM'loTepam,

Hanpuknag, po3nidHaBaHHSA 3Hanomumx ocib y topbi abo edekTnBHe
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KepyBaHHS [fekinbkomMa pgecsaTkamm M's3iB npu rpi y dyTtoon.
YHikanbHICTIO MO3KY € 34i0HOCTI O pO3B’sA3aHHSA HOBWX 3a4ad - Ipu B
LWaxn, BOAIHHIO aBTOMODGINS i T.4. Ane npu UbOMY, MO30OK MOraHo
npucTocoBaHmim Ao obpobkn Bennkmx obcsaris YMcnoBoi iHdopmadii -
nognHa He MoXe MNEepeMHOXMUTM ABa GaraTo3HayHUX 4ucna, He
BMKOPUCTOBYIOUM KanbKynatopa abo anroputmy oOBYMCNEHHA B
cToBn4YMK. PeanbHi 3apadi 3 ysmcnamm HabaraTo cknagHiwe, Hix
MHOXEHHS | NoauvHIi Onsa po3B’A3aHHsA Takux 3agad  HeobXigHi
JonatkoBi MeToanku i 3acobu. AIT noTpibHi B nepLuy yepry niogsam,
WO nNpurMMaloTb pIlLEeHHA - KepiBHUKaM, aHanitvkam, ekcnepTam,
KOHCYynbTaHTaMm. EdeKkTuBHICTb dyHKUiOHYBaHHA BCiX cdoep
NOACLKOI OisiNbHOCTI B BiNbLLIOMY CTENEHi BU3HAYaETLCS SKICTIO LINX
pilleHb - TOYHICTIO NPOrHO3iB, ONTUMAanbHICTIO 0bpaHux cTpaTerin. |
Bif, SKOCTi UMX pilleHb 3anexuTb eMeKTUBHICTb (YHKLIOHYBaHHS
pisHMX opraHisauin. BukopuctaHHa AIT ponomarae BupiwyBaTtu
npobrnemun NPorHo3yBaHHS (KypciB BantoT, LiH Ha CUPOBUHY, NOMNUTY,
Aoxody KomnaHii, piBHs 6e3pobiTTs, ymcna cTpaxoBux BUNAAKIB) i
onTumisauil (posknagis, MapLlpyTiB, MnaHy 3akynisenb, MnaHy
iHBeCTuMUiN, cTpaTerii po3BuTKy). [ns ©Garatbox 3agay 6isHecy i
BMPOBHMLTBA HE iCHYE YiTKMX anropuTMIB IXHbOro PO3B’SA3aHHSA, TOMY
KepiBHVKaM | 3KkcnepTaMm nNpUXOAUTLCH po3B’A3yBaTW Ui 3agadi
Kepyluymcb CBOIM [JOCBIAOM i iHTYiUiet0. YacTo icHytodi MeToanku
BUSABMNAKOTECA  ManoedeKTMBHMMU AN PO3B’A3aHHs  Garatbox
NPaKTUYHUX 3a4ay, OCKINbKM HEMOXIMBO TOYHO OMUCaTH, WO CTOITb
nepeg ocobow sfKa NpUAMAae pilleHHs, 3adadyy 3a [JOMOMOro
HeBEeNuWKOro 4Yucna napameTpiB Mogeni, abo po3paxyHoK Mogeni
3anmae 3aHagto barato yacy W obuucnioBanbHux pecypcie. AlT
[O3BONMAKTL  CTBOPHOBATM  MoAesi, LWo IiCTOTHO MigBULLYIOTb
eEeKTUBHICTb  MPUUHATUX  pieHb.  PospisHaioTs  AIT 3
OeTEepPMiHOBaHUMMU i CTOXaCTUYHUMUK (MMOBIPHOCTHMMM) NpoLecamu.

DeTtepmiHoBaHi AIT. AHaniTuyHi iHpopmaUinHi TexHonoril Tuny
Teopemun [Mndaropa BUKOPUCTOBYHOTLCHA MOACTBOM YXe 6GaraTo
cTtopiy. 3a uen yac Oyna CTBOpeHa Benm4yesHa KinbKicTb hopmyrn,
TEOpeM i anropuTMiB AN po3B’A3aHHSA Pi3HOro Kracy MateMaTudHUX
3afad - BM3HA4YEeHHSA 06’eMiB, pO3B’A3aHHSA CUCTEM MiHIHMX PiBHAHb,
MOLUYKY KOPEHIB MHOrouneHiB. Po3pobrneHo cknagHi 1 edeKTUBHI
MeToOu AONs  pPO3B’Ai3aHHA  3a4ady  ONTUMAanbHOro  KepyBaHHS,
pO3B’A3aHHA AndbepeHuianbHNX PiBHAHL | T.4. YCi Ui MeToan gitoTb
Mo OOHIN i Tilh Xe CXeMi.
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WmogipHicHi  TexHonorii AIT. Y BUPOGHMuIA | NpaKTUYHOI
OisnbHOCTI  nepen  ocoboto, sAKka MNpUAMae  pilLeHHA  4YacTo
3ycTpivyaloTbCs 3agadi, 3B's3aHi 3 BMKOPUCTAHHSAM BUMNaAKOBUX
BEMWYMH - Hampuknag, 3agjada NporHO3yBaHHA Kypcy akuin. [Ons
noaibHux 3agad Baxko OyayBaTu AeTepMiHOBaHHI Moeni, a oTxe, i
neTepMiHOBaHHI TEXHOIOrYHi npowecwu, TOMY HeobxigHO
3aCTOCOBYBATU MNPUHLMMNOBO IiHLWWKW, WMOBIPHUCHWUIA nigxig, npu
pO3B’sI3aHHI  BMHUKaluMX 3agad. [lapameTpu  MMOBIPHUCHMX
MoAenenm - ue Ppo3noAinl BUNAQKOBUX BENWUYMH, iXHi cepegHi
3HaYeHHs, aucnepcii, MOMeHTW i T.4. FAK npaBuno, Ui napameTpu
3asganerigb HeBigoMi, a Ansa iXHbOI OUIHKM BUKOPUCTOBYIOTHCA
CTaTUCTMYHI MeTodM, 3acTOCOBYBaHi A0 BMOIpOK 3adhikcoBaHMX
3HayeHb JaHux (iCTopuYHI gaHi).

ICTOPHUUHI napaMeTpH
Aaui CTATHCTHHA WMoBIipHICHOT . NPOrHos
Mopeni

WMoBIipHICHA Mogeéns

Takoro pogy MeToau nMpunyckawTb, WO BigoMa pJesika
MMoBipHiCHa Mofenb 3agavi. Hanpuknag, y 3agadi nporHo3yBaHHS
KypCy akuin MOXHa npunycTUTW, WO 3aBTPaLLHIA KypC akuin
3anexuTb TiNbkM Big IXHbOrO KypCy 3a OCTaHHi 2 [AHi
(aBTOperpecnBHa mopfernb). AKWO Le BipHO, TO CMNOCTEPEXEHHs
KypCy akuin MpoTArom [AeKinbkoxX MicAUiB [03BOMSE 3 BENUKOK
MMOBIPHICTIO OUIHUTU 3HA4YeHHs1 KOoediLieHTIB Liei 3anexHOoCTi i
NPOrHO3yBaTh KypC aKkuii y ManbyTHbOMY.

Baza AaHMX: . CTATHCTHHA A=4 B=-3
Kypc 3a 300 gHiBe -0,02<e<0,02
*1, x2, x300

xn=Axn-1+Bxn-2+e x301=4x300-3x299
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B octaHHi 10 pokiB BigbyBaeTbCcs OypxnmMBUIA  PO3BUTOK
aHaniTUYHMX iHopMaLiHUX CUCTEM HOBOMO TuMy. Y iXHilA OCHOBI
nexaTb TEXHOMOMT LWTYYHOro iHTEneKkTy, WO IiMiTYlOTb MNpPUPOLOHI
npowuecw, Hanpuknag, AiAnbHICTb HEeWpoHiB Mo3ky abo npouec
npupoaHoro aobopy ocoben. MNpu po3pobui AIT BpaxoByHOTbCA iXHi
3aibHoCTi:

e  PO3YMITK 3afadi, 3arasnbHi NPOUECcH i 3HaHHA MOXIMBOCTEN
iHLUMX cMcTeM i niogen, Wo npunMatoTb y4acTb Y B3aemogii 3 AlT;

e HamarogKyBaTu 3B'A3KM 3 KOPUCTyBa4aMu Ha OCHOBI
pO3yMiHHSI NPUPOAHOT MOBM, rpadivYHMX 300pakeHb, 3HaKIB i iH.;

e BMKOPUCTOBYBATW 3HaHHHA, 3aCHOBaHi Ha  NOrYHOMY
MUCHMEHHI;

e  KOOPAWHYBATW NPUAHATTS PillleHb, NITaHYBaHHS | KEpyBaHHS;

e HaByaTUCA 3 BUKOPUCTAHHAM MOMEpPegHbOro AocBigy W
ajanTyBaTu CBOE MOBOAXKEHHSA A0 HABKOMMLIHBLOIO CEpPeaOoBMLLA.

PO3yMiHHS LMX MOXIMBOCTEN Yy nNOAsSX i BTIMNEHHA 1X npu
po3pobui nporpam € UeHTpanbHUM Y CTBOPEHHSIX HOBITHiIX AlT,
3gaTHUX 3000yBaTM | BUKOPUCTOBYBATWM 3HaHHS. Big 3pocTaHHs
NOTYXXHOCTEWN Ana NpoBeAeHHs iHhopMaLinHOro aHanisy, yxBaneHHs
PilLEHHSI, THYYKOrO MNPOEKTYBaHHSA | BMPOOHMLUTBA 3anexuTb
HauioHanbHa KOHKypeHTHo3aaTHicTb. [pn godaBaHHi iHTenekTy Ao
KOMN'IOTEPHUX CUCTEM YCyBalTbCs Garato obmexeHb y pO3B’sA3aHHI
peanbHWX 3agau.

1.2. Data Mining - iHTenekTyanbHUA
aHanisaTtop AaHuX.

Komn'loTepHi  iH(OpMaUinHi  TeXHOMorii 3  BUKOPUCTAHHAM
WTYYHOrO  iHTENEeKTy [Ons  BUKOHAHHA  MPOLECIB  YUCIEHDb
nepexvBaloTb CBi PO3KBIT. B gaHun 4yac BigbyBaeTbcs CTpimke
3POCTaHHA YMcna NporpaMHuX NPOAYKTIB, L0 BUKOPUCTOBYHTb HOBI
TexHonoril, a TakoX TUNIB 3afay, e IXHE 3aCTOCYBaHHS Aa€ 3HaYHWI
edhekT, y TOMy u4ucni n ekoHoMmiyHuih. [lpouecn aBTOMaTUYHOT
06pobkun 11 aHanisy gaHux, Wwo HasueakwTb Data Mining (Bugobytok
3HaHb) CTalTb HEBIA'EMHOI YaCTUHOK KOHUerLil enekTPOHHMX
CXOBWULL, JaHWX i opraHisaLii 064McneHb 3 BUKOPUCTAHHAM LUTYYHOrO
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iHTenekTy. ICHyluMiA [OCTyn KOpUCTyBaya [0 CXOBULLA [AaHWX
3abe3nevye TiNbKn ogep)KaHHS BigMNoOBiAeN Ha 3adaHi NUTaHHS, y TOW
yac sk TexHornoria data mining agoseonsie nobaunTtn ("3HanTn")
CXOBaHi npaBuna i 3aKOHOMIpPHOCTI B Habopax AaHuXx, Lo KopUcTyBay
He MoXe nepenbayvnTy, i 3HAHHA SKUX MOXEe CnpuATK 36inbLUEHHI0
edeKTMBHOCTI AisnbHOCTI nignpvemcTtea. Data Mining nepesoauTbes
K "BngobyTtok" abo "poskonka gaHux". YacTto, nopsg 3 TepMiHOM
Data Mining 3acTtocoByoTb BMpa3 "iHTeNekTyanbHUN aHania gaHux".
Ak BigOMO, NMIOACBKUN PO3YyM HE MPUCTOCOBAHMK AN CNPUAHATTS
BENUKUX MacuKBIB pidHoOpigHoI iHopmauii. JltognHa, sk npaBuno, He
3gaTtHa ynosnoBaTU Oinbll OBOX-TPbOX B3aEMO3B'A3KIB HaBiTb Y
HeBenukmx Bubipkax. CydacHa maTemaTuMyHa CcTaTuCTMKa, Lo
TpUBanNuin 4ac mnpeTeHAyBana Ha poOfb OCHOBHOIO iHCTPYMeHTa
aHanisy gaHux, TakoX He 3aBXaW NigxoauTb Npu po3B’sidaHHi 3agad
3 pearnbHOro pisHOMaHiTHOro XuTTa. BoHa onepye ycepegHeHMMM
Xapaktepuctnkamu BuBIpKW, WO 4YacTO BUSABMAIOTLCA IKTUBHUMM
BEnMYMHamu (CepeHin pIiCT IOHaKiB Yy LIKOMi, cepedHs Bara XiHOK Ha
nignpvemctei i T.n.). TomMy MeToAM MaTemaTU4HOI CTaTUCTUKU
BUSIBMAOTECS  KOPUCHUMMW, TFOMOBHUM  YMHOM, Afs  NepeBipKu
3asganerigb chopMyrnboOBaHUX rinoTes.

Y npoueci cBOei AiANbHOCTI nignpuemcTBa W  OpraHisauii
306MpaloTb BENMYE3Hi MacvBKn AaHUX 3 SKMX BOHM XO4YTb OfepXatu
KOPUCHY iHdpopmauilo. AK MOXHa [oBigatuca 3 AaHux npo Te, Wo €
Oinbl iCTOTHUM Ons opraHisauii KMieHTiB, sik pO3MICTUTU pecypcu
e(PEeKTVBHUM YMHOM abo K MiHiMi3yBaTy BTpatn? [na po3s’a3aHHs
unx npobnem CTBOPKKTLCA Cy4acHi TEXHOMOTii iHTenekTyanbHOro
aHanisy, Lo BWKOPUCTOBYIOTLCA [ANA 3HAXOMKEeHHA mMojenen
CUTyaUiln i BigHOLWEHb, cxOBaHMX y 0a3i gaHux - mModenen, Wo He
MOXYTb ByT noOyaoBaHi icHytounmn Metogamu. Mogene cutyadi,
SIK | KapTa MicLEeBOCTi - Le abcTpakTHe npeacTaBneHHsI peanbHOCTI.
Ha kapTi moxe 6yTu 3a3HayeHO WNAX Big aeponopTy A0 GyAMHKY,
are Ha Hii BaXKo B penbHOM pexumi yacy nokasaTu asapito, LLO
cTBopuna npobky, abo pemoHTHi poboTu, WO BeayTbCs B OaHWUN
MOMEHT i BumaratoTe 06'i3gy. [OTM NokM Mopenb cuTyauii He
BignoBigae iCHyt0O4YUM pearnbHO BiHOLIEHHAM, HEMOXINBO odepKaTu
ycnilwHWi pesynbTaT nogin.
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PospisHaoTe OgBa BuaM Mogenewn cutyaudii: npozgHo3yrodi U
ornucosi. [NepLi BMKOPUCTOBYIOTb OAUH Habip gaHuX 3 BigoMUMMK
pesynbtatamyn Ansi nobygoBn MoAenew, Wo $SIBHO MNPOrHO3YTb
pesynbTatv Ana iHWuMx HabopiB, a Apyri ONUCYIOTb 3anexHocTi B
ICHYIOUMX [aHUX, WO Yy CBOK Yepry BWKOPWUCTOBYIOTLCS Onsi
NPUNHATTS piweHb abo ain (Bnnueis).

Be3ymMOBHO, KOMNaHig, WO TPUBanMM Yac 3HaXOAUTbCS Ha PUHKY
i 3Hawua CBOIX KMIEHTIB KOPUCTYETLCA MHOXMHOKW Moaenen
cuTyauin. TexHonorii iHTenekTyansHOro aHanidy AaHuxX MOXyTb He
TiNbKW NIATBEPAUTY Ui eMMIPUYHI CNOCTEPEXEHHS, ane i 3HaNTN HOBI,
HeBigoMi paHiwe Mogeni cutyauin. CnodaTky uUe MOXe pJatu
KOpUCTyBayeBi He3HauyHun edekT (MikpoedpekT), ane SKWO KNoro
ob'eaHaT NO KOXHOMY TOBapy i KOXXHOMY KMi€HTY, Uue npusege A0
BENMKOro cymapHoro edekTy, wo byae HabaraTto Ginbunm CTOCOBHO
Toro edekTy, WO oTpuMaHuii 6e3 gonomorun TexHonorii Data Mining.
3 iHworo 6oky, 3a gonomoroto MeTtofiB Data Mining MoxHa 3HanTK
Taky MoAernb cutyadii, Wwo npueene 4o paaukanbHOro noslinweHHs y
¢iHaHCOBOMY i PUHKOBOMY MOJSIOXKEHHI KOMMaHi.

Data Mining - ue Habip TexHOMOriYHMX onepaLin i 3acobiB iIXHbOT
peanisauii. BoHa He Bukntovae HeobOXiOHOCTI 3HaAHHSA aHaniTMKOM
Gi3Hecy i po3yMiHHA AaHux abo aHaniTuyHUMX MeTogis. Lis TexHormoris
Jonomarae aHanitMkaMm |y 3Haxo[pKeHi Mojenen cutyauin i
BiJHOWEHb Y AdaHWX, ane BOHa He roBOPUTbL MNPO LIHHOCTI UMX
mMogenew Ans opradisauii. KoxxHa mogenb noBuHHa nepesipsaTUcs B
peansHoOMy cepefoBuLli. Xoya iHCTPYMEHTapin iHTernekTyanbHoro
aHanisy i 3BiNbHAE KoOpuCTyBaya Bif MOXINWMBUX CKMagHOCTEN Y
3aCToCyBaHHi CTaTUCTUYHUX MeTOfiB, BiH yCce-Taku Xafae€ Bif HbOro
pPO3yMiHHA pOBOTU IHCTPYMEHTapilo W anropuTMmiB, Ha SKUX BiH
6asyeTbes. Kpim Lboro, TeXHOMNOrisi 3HAaXOMKEHHA HOBOIO 3HAHHSA B
0asi gaHux He MoXe AaTu BiAnoBiAi Ha He 3adaHi nuTaHHA. BoHa He
3aMiHsie aHaniTUKIiB abo MeHemkepiB, a Ja€e iM CydYacHWUA, MOTYTHIN
iHCTPYMEHT Ons NOMinweHHs BUKOHYBaHOI poGoTy. CyyacHi
TeXHoNoril iIHTeneKTyanbLHOro aHanidy nepepobnsaTb iHpopmaLito 3
METOI aBTOMaTMYHOro NOLUYKY MPOTOTUMIB, XapakTepHUX Ans SKUX-
HeOyab dparMeHTiB HeogHopigHux OaratomipHuMx pJdaHux. Bara
dopMyritoBaHHA rinoTe3 i BUSABMEHHA HE3BUYaWHWX MPOTOTUMIB
nepesefeHa 3 nOOMHM Ha Komn'toTep. Y nocTtaHoBui 3agadi Data
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Mining Baxko BigllyKkaTu wWocb HoBe. dPaxiBui NPOTArOM AeKifbKOX
OCTaHHIX OeCATKIB POKiB pO3B’i3yBanu nofibHi 3agadi, ane Tinbku
3apa3 BMHMKMA MOXIUBICTb IXHbOrO pPO3B’SA3aHHA B pearibHOMYy
pexumi 4acy, TOMy LIO HUHILIHI 3acobu i meToan obpobkn gaHux
cTanu OOCTYMHI i WBMAKOAIKYMMM, a iXHi pe3ynbTaTi 3po3yMinumu
HaBiTb ANs daxiBuiB HU3bKOI KBanidikaLii.

[na ycnilwHoOro npoBeAeHHsT Mpouecy 3HaXOMKEHHSI HOBOIO
3HaHHA HeOBXigHOK YMOBOI € HAsIBHICTb CXOBULLA JaHUX.

Cxosuwe OaHux - Le NpegMeTHO-OPIEHTOBHMKI, iHTErpoBaHWNM,
npuB'a3aHUA 40 4dacy, He3MiHHMM Habip gaHux, HeoOXigHUX Ans
NIATPUMKN NPOLECY NPUNHATTA pilleHb.

lMpedmemHa opieHTauia 03Havae, Wo AaHi ob6'egHaHi B KaTeropii
i 30epiratoTbcsa BiANOBIAHO 0BNacTaM, WO BOHM OMUCYIOTb, @ HE OO0
3aCTOCyBaHb, L0 iX BUKOPUCTOBYIOTb. |HMez2po8aHHICMb O3Hauvae,
O AaHi 3a4,0BOSbHAKTL BUMOraM yCbOro nignpuemMcTBa, a He OgHiel
dyHKUii BidHecy. Linm cxoBuLe aaHuxX rapaHTye, WO OOHAKOBI 3BiTH,
SKi 3reHepoBaHi Ons Pi3HUX aHaniTukie, GyoyTb MICTUTM OOHAKOBI
pesynbtatu. [Ipus's3ka 8 4Yaci 0O3Hayae, WO CXOBULLE MOXHa
po3rnsagatv AK CYKYNHICTb "“iCTOpUYHMX" AaHUX: MOXHa BiOHOBUTU
KapTUHY Ha Oyab-aKni MOMEHT Yacy. ATpuBYT Yacy 3aBXau sIBHO €
NPUCYTHIM Yy CTPYKTYypax cxoBuLla faHuX. HeamiHHicmb 03Ha4vae, Lo,
noTpanueBLLM OOMH pa3 Yy CXOBULLE, AaHi Tam 30epiraloTbes i He
3MiHIOOTbCA. Y cxoBUWE AaHi nuwe gogatotbed. [na opradisadii n
ekcnnyaTauii iHdbopmaLinHOro cXoBuLLA CTBOPHOETHLCS
cneuianisoBaHe nporpaMHe 3abe3neyeHHs, WO 3abesneuye
eheKTMBHY B3aEMOLiI0 3 KOPUCTYBaYEM.

KroyoBo MOXMMBICTIO 3aCTOCYBAHHS HOBITHIX TEXHOMOrIN
cTano 3HayHe nafiHHsa UiHM Ha npucTpoi 36epexeHHst iHdopMalii.
Lle ictoTHOo vygeweBuno i 36iNbWKNO MOXNIMBOCTI 360py i
30epexeHHs Benuknx obcariB  iHgopmauii. [MagiHHa  UiH  Ha
npoLecopy 3 0gHOYACHMUM 36iMbLUEHHAM iXHBbOI LUBUAKOAIT | 3HAYHNM
30iMNblIEHHsAM 0OCAriB onepaTMBHOI NaM'aTi MOCNPUSANO PO3BUTKOBI
TEeXHOMOrin, 3B'A3aHNX 3 0OPOBKO BENMYE3HMX MacuBiB iHpopmalLii.
Y pesynbtaTti upboro Oynu nepebopeHi 3HauyHi  TPyOHOLi, LWO
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3ycTpiyaloTbCcd Mpu nepebyBaHHi HOBOrO 3HAHHA B CXOBMLLAX
iHdbopmauii.

KnieHT-cepBepHa apxiTekTypa TakoX € HeobXigHUM aTpubyTom
TEXHOOril iHTeneKkTyanbHOro aHanisy gaHmx. Takmi nigxig Hapae
MO>XITMBOCTiI BUKOHYBaTWU HanbinbLl TPYAOMICTKI npoueaypu o0podku
OaHMX Ha BUCOKOMPOAYKTMBHOMY cepBepi sk po3pobnioBavam
NpoekTiB, Tak i KopucTyBadYam. Ha uUbOMYy X cepBepi MOXyTb
3bepiratucs, i No 3anuTax KIi€HTIB, BMKOHYBATMUCS KOPMOPAaTUBHI
NpOEKTH.

Cdpepa 3acTocyBaHHs1 TEXHONNOTi 0B4YNCTEHDb, SKi NOOyAoBaHi Ha
BMKOPUCTAHHI LUTYYHOrO WHTENeKTa, HiYMM He obmexeHa - BOHa
3aCTOCOBHa CKpi3b, Ae € ski-Hebyab AaHi. Ane B nepuwy 4epry
meTtogu Data Mining cborogHi 3auikaBunm kKoMepLivHi NignpuemMmcTaa,
LLIO pO3pOBNAITL MPOEKTU Ha OCHOBI IHPOPMAaLLINHNX CXOBULL, JAHUX.
Hoceig GaraTbox TakvMx nigNpMEMCTB Mokasye, WO Biggaya Big
BMKOPUCTAHHSA TEXHOJOrIN IHTENEeKTyanbHOro aHanidy AaHux Moxe
pocsaratm  1000%. TexHonorii Data Mining HagawTb Benuky
[ONOMOry Onsi KEepiBHUKIB i aHamniTMKIiB Yy TXHIW MNOBCSKAEHHIN
DiSANbHOCTI, OCKIfIbKM BOHW MOXYTb OAepXaTu Big4yyTHi nepesarn B
KOHKYPEHTHIn 60poTLOi.

KopoTko oxapakTepusyemo  gesKi MOXIUBI bi3Hecun-
3aCTOCYBaHHA TEXHOMOriN iHTenekTyanbHOro aHanizy AaHux i
obuncneHb.

3acTocyBaHHS  iHTenekTyanbHMX iH(OPMALUINHNX TEXHOMOTIN
NnoLIMpeHo B LUMPOKOMY cnekTpi iHaycTpin. Metogn Data Mining
nowmpeHi B ©OaraTbOX oOpraHizauisix, OCKINbKM BOHW CNPUSOTb
36inbleHH0 goxoAiB. Lli meTtoam MOXyTb BUMKOpPUCTOBYBATMCS ANA
KepyBaHHS B3aEMUHaMU 3 KnieHTaMmu. BusHavaloum xapakrepucTuku
KNIEHTIB, O MOXYTb 3BEPHYTUCA A0 KOHKYPEHTIB, KOMMaHia MoXxe
noyMHaT Aii 4na IXHbOro YTPMMaHHSA, TOMy Lo 30epertu KrieHta
3aBXau felleslle, HXk npuabaty HOBOrO.

e MapKeTMHIr OaHuX - BM3HAYEHHS 3a [OOMOMOrol MeToAiB
Data Mining kona kaHauaaTiB Ansg po3CWUIaHHS LinbOBOI pekramu,
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IO 403BOMSE 30iMbWMTU NPogax, 3MEHLUMBLLM NPY LbOMY BUTpaTh
Ha NPOBEAEHHSA TaKol peknamu.

o TenekomyHikauiiHi KOMNaHii, CTpaxoBi KOMMaHii i ¢poHAOBI
BipXi 3aCTOCOBYIOTb Lii TEXHONOTIT ANS BU3HAYEHHS BTpAT KMiEHTIB.

e KomnaHii, Wwo pAiloTb Ha piHAHCOBOMY pUHKY, BU3HAYaloTb

PVHKOBI i rany3eBi xapaktepuctmku ans  nepegbaveHHs
iHOMBIAyanbHWX i POHAOBUX NepeBar y Hanbnmx4YoMy ManbyTHbLOMY.
e MeguumHa - BM3Ha4Yae eqEKTUBHICTb 3aCTOCYBaHHS

MeAMKaMeHTIB, XipypriyHmx npouenyp i MeguyHux TecTiB.

e dapmaueBTUYHI ipMN BUKOPUCTOBYHOTb CXOBMLLA AAHUX MO
XiMiyHMX cnonykax pAans nepebygosu kombiHauin 3'egHaHb, WO
Hagani MoxHa 6yae BUKOPUCTOBYBATM SK MiKM ANS NiKyBaHHS Pi3HMX
3aXBOpPIOBaHb.

e CynepmapkeTu BU3Ha4atoThb, siki NPOAYKTM NpodaBaTh i sk ix
po3TalloByBaTM YCepeauHi MarasvHa Anst OOCArHeHHs1 GinbLuoi
KiNbKOCTI MpoAaxiB.

Kritouem o ycnilHOro 3actocyBaHHA METOAIB iHTeneKTyanbHUX
0ob4YMCneHb CNYXXUTb HE MPOCTO BMOIp anroputMy, a ManCTEpHICTb
daxiBus, L0 CTBOPKOE MOAENMDb CUTYaUi i MOXNMBOCTI Nporpamu, Lo
mMogentoe npouec. ICHylTb ABi CTOPOHM yCnixXy B NOLWYKY AaHux. MNo-
nepLue - 4iTke i AcHe bopmynoBaHHA 3adavdi, WO NiANArae piLleHH!o.
Mo-apyre - BUKOPUCTaHHS KOpeKTHUX daHux. licna snbopy gaHux i3
yCiX OoCTynHuMX mkepen (abo opepxaHHA OaHMX i3 30BHILLHIX
Oxepen) HeobXigHO ix nepeTBopuUTM abo 3rpynyBaTi y BU3HA4YEHOMY
nopsagky. Yuvm Ginblwe aHanituk moxe "rpatu" 3 gaHumu, 6ygysatu
pi3Hi Mopeni, ouiHBaTU pe3ynbTati, TUM BUWE Moxe OyTu
pesynbTat. Pobota 3 gaHumm cTae edeKTUBHOKW Mpu iHTerpadii
HACTYNHUX KOMMOHEHTIB: Bidyanisauii, rpadu4HOro iHCTpyMeHTapito,
3acobiB hopMyBaHHSA 3anuTiB, onepaTUBHOI aHamniTU4HOI 06pPOo6KM,
LLIO A03BONSE 3pO3YMITU AaHi N iHTepnpeTyBaTu pe3ynbTaTy.
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1.3. OcHOBHI Mogeni cutyauin i meToaun
TEeXHONOrin 064YMCneHb, 3 BUKOPUCTAHHAM
IUTYYHOrO UHTENeKTa

MeToaun 3HaxoaXeHHA 3HaHb B iHhopMauinHoMy
CXOBMULLi

Po3rnsHemMo OCHOBHI BUAWM METOAIB, L0 BUKOPUCTOBYIOTLCH AN
3HaXOMKEHHS HOBOrO0 3HAHHA Ha OCHOBI [aHuX iHdopmaLinHoro
cxoBuwa. MeTow iHTenekTyanbHUX iHpOpMaLINHNUX TEXHONOrn €
3HAXOMKEHHA HOBOrO 3HaHHSA, LWO KOpWUCTyBay MoOxe Hagani
3actocyBatu Ans  MOMIMNWEHHA pes3ynbTaTtiB  CBOEI  AisiNbHOCTI.
Pes3ynbTat MOAEntoBaHHS - Lie BUSIBNEHHS TUNY BiOHOLWEHb Y OaHUX.

MoxHa BM3HauMTK LWICTb METOAIB BUSIBNIEHHSA 1 aHanidy 3HaHb:

Knacudikauis,

perpecis,

NPOrHO3yBaHHS TUMYaCcOBMX NOCMIAOBHOCTEN (pAgiB),
Knactepisauis,

acoujiauis,

NOCnigOBHICTb.

Mepwi TpM mMeToAM BUKOPUCTOBYKOTLCH FOMOBHUM YMHOM AN
NPOrHO3yBaHHA , Y TOW Yac SK OCTaHHI 3pYYHi ANA ONUCY iCHYHYNX
3aKOHOMIpHOCTEN Y AaHuX.

Knacugpikayis - HanWnowwmpeHiwa Mogenb iHTeneKkTyanbHOro
aHanisy pgaHux. 3 1 JOMOMOrow BUSBMAKTBCA O3HAKM, LWO
XapakTepusylTb rpyny, OO SKOI HanexuTb Ton abo iHwwni ob'exT. Lle
pobutbCst 3a OOMOMOroK aHanisy BxXe krnacudgikoBaHux O6'eKTiB i
hopMyIoBaHHS OesKoro Habopy npasun.

Y 6Garatbox Bupax b6isHecy npobnemoi € BTpaTa cranux
Knientie. Knacudikauia gonomarae 3HaNTU  XapakTepPUCTUKK
"XUTNMBMX" MOKYNUiB i CTBOPUTW MoAenb cuTyauil, Lo NPOrHo3ye,
npy €KiA  NOKyneub CXUNbHWA NiITU A0  iHWOro npoaasLs.
BukopuctoBytoun Moaenb, MoxHa cdopMyBaTU edeKTUBHI Buau
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3HMXKOK, @ TaKOX iHWI npuBabnuei nponoauuii No ob6cnyroByBaHHIO
nokynuis, wo OyayTb poOUTM CNPUSATAMBI BMMBM Ha MOKYMNUIB i
yTpuMyBaTM iX Big nepexogy Ao iHworo npogasud. OgunH pas
BM3HAYEHUA €edEKTUBHUIA KnacudikaTop BUKOPUCTOBYETLCA A1
Knacudikauii HoBUX 3anuciB y 6asi AaHUX y BXe iCHytoui Krnacu 1y
UbOMY BWMAAKy BiH 3000yBae xapaktep nporHosy. Hanpuknad,
Knacucghikamop, wo emie ideHmugbikysamu pusuk eiddaydi Mo3uku,
Moxe bymu eukopucmaHul Orisi yX8asleHHSI PIWEeHHS, YU eeslukull
pusuk  HalaHHS  MO3UKU  8U3Ha4YeHoMy  KiieHmosi. To6To,
Knacudikatop BMKOPUCTOBYETLCS ANSA MPOrHO3yBaHHA MMOBIPHOCTI
MOBEPHEHHS MO3UKM.

PeepeciliHull aHania BUKOPUCTOBYETbLCS, KON 8iOHOWEHHST MiX
3MIHHUMU MOXYTb BYTU BUpaKeHi KinbKiCHO y BUAiI Aesikoi KombiHauii
umx  3MiHHMX. OTpumMaHa KomOGiHaUisi BMKOPUCTOBYETBCA  AONS
MPOrHO3yBaHHSA YMCENBHOIO 3HAYEHHS, L0 MOXe NPUAMAaTK LinboBa
(3anexHa) 3aMiHHa, WO O0BYUCNIOETECA Ha 3adaHoMy Habopi 3HadyeHb
BXiOHWUX (He3anexHux) 3MiHHMX. Y HaWnpocTilomy BUMNaAKy, ONns
LbOro BUMKOPUCTOBYIOTBCS CTAHOAPTHI CTATUCTMYHI MeToau, Taki SK
niHiMHa perpecisa, ane 6inNblWicTb peanbHUX MoAenew cuTyauii He
yknagatotbca B 1I pamku. Hanpuknag, posmipu npopaxis abo
oHOOBMX UiH cKnagHi Ang MNpOrHo3yBaHHA, TaK $SK MOXYTb
3anexaTu Bif KOMMNSeKcy B3aEMUH 3MIHHUX.

lMpozaHo3ysaHHs mumyacosux rocsidoeHocmeti. OCHOBOW AN
Oyab-SKMX CUCTEM NPOrHO3yBaHHS CIYXMWTb iCTOPUYHA iHpopmauis,
3bepexeHa B iHPOpMaUINHMX CXOBULLAX Yy BUAiI TUMYacOBUX PSAiB.
Akwo MoxHa nobyayBatM  MateMatudHy MOAenb i 3HanTU
npoToTMNK, WO afdekBaTHO BigobpaxaloTb UK  OUHaMiKy, €
MMOBIPHICTb, LLO 3 iX JONOMOroK MOXHa NPOrHO3yBaTU MOBOAKEHHS
cuctemmn B ManbyTHLOMY. lMporHo3yBaHHS TUMYaCcoBUX
NnocnigoBHOCTEN [O03BOMSIE HA OCHOBI  aHanisy MnoBOMXEHHS
TMMYacoOBUX pAAIB OUiHIOBATM MambyTHi 3HAYEHHSI MPOrHO30BaHWUX
3MiHHMX. Lli mogeni noBMHHI MicTUTKM B coGi ocobnuBi 03HakM Yacy:
iepapxia nepiogiB (Micsiub-kBapTan-pik), ocobnuei Bigpiskn 4acy
(n'aTn- wectn- abo cemMuaeHHU pobOoYNA TWKLOEHB), CE30HHICTb,
cBSAATA M iH.
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Knacmepizauis BigpisHAETbCA Big knacudikadii Tmm, WO knacu
3aspgarnerigb He 3afaHi i 3a 4oNOMOro MoAeni knactepisauii 3acoby
iHTenekTyanbHMX O0OYMCNEHb CaMOCTIHO CTBOPHOKOTb OAHOPIAHI
rpynu gaHux.

Acouiayia  cnpuse  3AiNCHIOBaATM  aHania  CTPykTyp i
3aCTOCOBYETLCS, KOMK KiNlbka Nogin 3B'si3aHi Mixk cobotro. Knacuynum
npuknag  adanisy  CTPYKTypM  MOKYMOK  BigHOCUTLCA [0
npeactaBneHHs npuabaHHa sKoi-Hebyab  KiNbKOCTI  TOBapiB 4K
OAMHOYHOI €eKOHOMIYHOT onepauii (TpaH3akuii). Ockinbku Benuka
KINbKICTb MOKYMOK 3A4JIMCHIOETLCS B CynepMapkeTax, a nokynui ans
3PYYHOCTI BMKOPUCTOBYIOTH KOLUMKW, Kygou i CknagawTb TOBap, LO
noKynaeTbcs, TO AN NOLWYKY acouiauin cnyxaTtb pesynbtaTh aHanis
BMIiCTY KoWMKa. MeTow BMKOPUCTaHHS JaHOro nigxody € MOLyK
TpeHaiB (0OQHAKOBMX AINAHOK) cepel BEMNMKOro Yncna TpaH3akuin, siKi
MOXXHa BWKOPUCTOBYBATU AONSA MOSICHEHHSA MOBOKEHHS TMOKYLIB.
Taka iHdopMauia Moxe Oyt BMKOpUCTaHA AN  PerynoBaHHS
3anacis, 3MiHM pO3MILLLEHHA TOBapiB Ha TepwuTopii MarasvHa W
YXBaneHHs pilleHHs MO MPOBEAEHHI0 pPeKnamMHOol KamnaHii ang
30inblWEeHHss Mpogaxie abo Ans NpocyBaHHS BM3HAYEHOro BuAy
npoaykuii. Hanpuknag, OOCNigXeHHs, nNpoBedeHe B CyrnepMapKeTi,
MOXe nokasaTw, wo 65% nokynuiB kapTonnsaHux uincis, 6epyTb
TakoX i "Koka-kony", a npuv HasiBHOCTi 3HWXKM 338 TakUW KOMMIEKT
"kony" 6epyTb y 85% Bunaakis. Matodi Taki AaHi, MeHempkepam nerko
OLHWTK, HacCKifbkn edeKkTMBHa HaJaHa 3HMXKKa. Xo4da uen nigxig
NPUALIOB 3 po3apibHOI TOpriBni, BiH MOXe TakoX 3acTOCOBYBaTUCS Y
iHaHcoBIN cdepi Ana aHanisy noptdens UiHHUX nanepis i NOLyKy
HabopiB hiHaHCOBUX MOCMyr, WO KMieHTn Yacto 6epyTb pasom. Lle
MOXe BMKOPUCTOBYBATUCHA AN CTBOPEHHS Aeskoro Habopy nocnyr,
SK YaCTUHU KaMnaHii N0 CTUMYIIOBAHHIO NPOAaxiB.

lMocnidosHicmb Mae Micue, SKWO iCHYE NMaHLIOXKOK 3B'A3aHUX y
yaci nogin. TpaguuiiHM aHania CTPYKTYpW MOKYMNOK Mae cnpasy 3
Habopom ToBapiB, WO NPEACTaBNATbL OOHY TpaH3akuit. BapiaHT
Takoro aHanisy 3ycTpidaeTbCs, SKWO iCHYe gopaTtkoBa iHopmadis
(HomMep KpeaWTHOI KapTu KnieHTa abo Homep Moro OaHKIBCbKOro
paxyHKy) Ansa 3B'A3yBaHHSA PIi3HUX MOKYMOK Yy €OWHY TMMYacoBY
cepito. Y Takii cuTyauil BaXnMBO He TiNlbKU CMiBICHYBAHHA AaHMWX
ycepeauHi ofHiei TpaH3akuii, ane i nopsgok, y SKOMy Ui AaHi
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3'BMSAIOTBCA B Pi3HMX TPaH3aKUisX i Yac MK UMUMKW TpaH3akuismu.
MpaBuna, WO BCTAHOBMNIOWOTb Ui BiAHOLWEHHS, MOXYyTb OyTn
BMKOPUCTAHI ANl BM3HAYEHHS TMNOBOro Habopy nonepenHix
npoAdaxiB, WO MOXYTb MNOBECTM 3a cOBOK HacCTynHi npoaaxi
BM3HA4YeHOro ToBapy. YCTaHOBMEHO, WO MicNnsa MOKynku OGYAMHKY B
45% BunagkiB NPOTAroM MicsALUA KYNyeTbCH | HOBa KyXOHHa nnuTa, a
B NMPOOOBX HACTynHWMX ABOX TWxkHiB 60% HoBoceniB 063aBoAATbCS
XOINOANNBHUKOM.

MeToau (anroputmu) iHTenekTyanbHUX
obuyuncneHb

HEeNPOHi Mepexi;

AepeBsa pileHb;

CUCTEMU PO3MIPKOBYBAHb Ha OCHOBI @aHANOrYHNX BUNALKIB;
anropuTMm BU3HaAYEHHS acolialin i nocnigoBHOCTEN;
HeuiTKa norika;

reHeTUYHI anropuTmu;

€BOMoLiiHE NPOrpaMyBaHHS;

Bidyanisauis gaHumx.

HelipoHi mepexi ue cuctemu, sKki MalTb Taky apXiTeKkTypy,
BMKOPUCTOBYBAHHA $KOI [O3BONISIE YMOBHO iMiTyBatu  poboTy
HelpoHiB. MaTtemaTuyHa Mofenb HeWpoHa SBMsie coOOK Oesikui
yHiBepcanbHWUN HENiHIMHUI eneMeHT i3 MOXIUBICTIO LUMPOKOT 3MiHMN i
HaCTPOIOBaHHS MOro XapakTepucTuk (mapameTpis). HempoHi mepexi
ABMNSATb COBOK CYKYMHICTb 3B'A3aHMX MiXX COBO LapiB HEMPOHIB,
WO OAepXykTb BXigHI AaHi, 34iNCHIOTL iX 00pobKy i reHepyloTb
pesynbTaTt, SKUW BuAalwTb Ha Buxodi. Mk By3namu BuOUMUX
BXiAHOMo i BUXIQHOrO LWapiB MOXe 3HaxXoAUTUCH BU3HAYEHe 4MCNo
cxoBaHuX wwapiB. HenpoHi Mmepexi peanisyloTb HENPO3opU npoLiec.
Lle o3Havae, wo nobynoBaHa mogenb, K NpaBuUSo, HE Mae 4iTkol
iHTepnpeTadii. barato nakeTiB KOMN'IOTEPHMX nporpam, WO
peanisyloTb anroputMm HEMPOHUX Mepex, 3aCTOCOBYIOTLCS B cdepi
00pobKM KOMepUinHOi iHdopMaLii, npu po3nizHaBaHHi obpasi.,
po3LLNPOBKU PYKOMUCHOrO TEKCTY, iHTepnpeTauil kapaiorpam.
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AnapaTtHi i nporpamHi 3acobu peanisaudii  anroputmis
HenpoMepex Ha3nBaloTb HENPOKOMMN IOTEPOM.

e Henpokomm'toTtepn 3abesnedytoTb BUKOPUCTAHHST iCHYOUMX
MeToA4iB Ansa po3B’si3aHHA  baraTbOX opuriHanbHMX 3agad. |
HeBa)kInMBO, LLIO cnelianizoBaHa ob4yncnoBanbHa MalluMHa A03BONse
Kpalwe BupilwlyBaTM OAMH Knac 3ajady. Baxnwueiwe, wo opuH
HeMpoKoMM'lOTEP PO3B’sKe i L0 3agady, i iHwy, i TpeTio | He Tpeba

wopas npoektyBatM i CTBOptoBaTM  crneuianizoBaHy EOM,
HenpokoMn’toTep 3pobuTb yce cam i HaBiTb He ripLue.
e 3amicTb nporpamyBaHHS - HaB4yaHHs. Henpokommn’iotep

YUYMTbCH, NOTPIOHO Nuwe cdopmMyBaTU HaBYarnbHi MHOXWHWU. PoboTa
nporpamicta 3amiHAeTbCSl HOBOK poboToto BuYutens. Kpawe ue um
ripwe? He Te, He iHwe. [lporpamMicT ykasye MallWHI BCi
NocnigoBHOCTI BUKOHAHHSA pobOTU, a BYMTENb CTBOPHOE "HaB4YanbHe
cepegoBuLLe", 00 SKOro0 MPUCTOCOBYETbLCA  HEMPOKOMIT'IOTEP.
3'9BnATLCSA HOBI MOXIMBOCTI AN poboTu.

e Henpokomm’iotepn edekTMBHI Tam, Ae MNOTPidHUA aHanor
noacbLkoro  cnocoby  mucneHHsa  (iHTyiuil), 3okpema, ans
po3ni3HaBaHHs 06pasiB, YMTAHHS PYKOMUCHUX TEKCTIB, NiAroTOBKM
aHaniTUYHMX NPOrHo3iB, nepeknagy 3 OAHIEl MOBM Ha iHWY i T.0.
Came onsa Takvx 3aay 3BUYaANHO BaXKO CKNACTU ABHUI anroputm.

e HeWpoHi mMepexi [003BONAOTbL CTBOPUTU  eDEKTMBHE
nporpamMHe i matemMaTuyHe 3abe3neyeHHa AnsS Komn'loTepiB 3
BMCOKWUM CTyneHeMm pacnapannentoBaHHs obpobku (ob4umcrneHb).

e Henpokomm’ioTepbl  "AeMokpaTu4Hi", BOHM NPOCTi, $K
TEKCTOBi  mpouecopw, TOMY 3 HUMM MOXe  MpautoBaTu
HM3bKOKBaniikoBaHHWI KOPUCTYBaY.

Hepesa pileHb — Lel MeTo LUMPOKO 3aCTOCOBYETLCHA B Pi3HMX
obnactax BupobHuuTBa, hiHaHCIB i BisHecy, Ae YacTo 3ycTpivatoTbes
3agadvi 4MCrnoBOro nporHo3dy. Y pesynbTaTi 3acTOCyBaHHA LbOro
MeToay, ANS HaByanbHOi BUBIPKM OaHMX CTBOPHETLCS iepapxiyHa
CTpyKTYypa npasun knacudikauii Tuny, "AKLWO... TOAI...", wo mawTb
BMA OepeBa. [ns Toro wo6 BMpIWWTK, OO SIKOrO Kracy BigHECTU
aesikni ob6'ekt abo cuTyauito, Tpeba BiANOBICTM Ha 3anNWUTaHHSs, O
CTOITb y By3Nnax LbOro gepesa, NoYMHa4mn 3 NOoro KopeHs. MNutaHHs
MOXYTb MaTtun BUrnag "3HaveHHs napameTtpa A Ginbwe X ?" abo Bug
"3HayeHHs1 3MiHHOI B HanexuTtb nigMmHOXMHI o3Hak C ? ". Akwo
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Bi4MOBiAb NO3MTMBHA, Nepexig A0 NpaBoro By3fa HaCcTYMHOro PiBHS,
SKWO HeraTuBHa - TO A0 NiBOro By3na; NoTiM 3HOBY 3AiNCHIOETHCA
npoueaypa BigMoBi4I Ha NWUTaHHA, dKe 3B'A3aHe 3 BigNOBIAHUM
BY3MOM. TakMM YMHOM, 3pEeLiTol0, MOXHa AiIWTU A0 OAHOro 3
KiHLEeBMX By3niB, Ae Bu3HadeHun knac ob'ekta. Lle meton rapHui
HAOYHUM MpPEeACTaBMEHHAM NMpaBun i NOro nerko 3po3ymitu. B gaHun
yac 36inbLIyeTbCA iHTepecy OO0 3adad, Lo BMKOPUCTOBYIOTb AN
CBOrO pilleHHs1 AepeBa pileHb. B 0CHOBHOMY Uie 3B’A3aHO 3 TUM, Lo
BinbLWiCTb BUPOOHUYUNX | EKOHOMIYHUX NpobBnemM BUPILLIYETLCA HUMMU
WBMALWe, HDK anropuTMamMum HEeWPOHHUX MepeX, BOHW MNPOCTili i
3pO3yMiniWi Ang KOpUcTyBadiB. Y TON Xe Yac He MOXHa ckasaTwu, Lo
JepeBa pilleHb 3aBXau AitoTb 0e3BiAMOBHO: ANsi BU3HAYEHUX TUMIB
OaHWX BOHU MOXYTb BUSIBUTUCS HENPUAHATHUMU. Cnpasa B TiM, L0
OKPEMWM BY3flaM Ha KOXHIA ranysi npuaingaertbca MeHLe 4Yucno
3annciB JaHWX - OEepeBO MOXe CEerMeHTyBaTWU [aHi Ha Benuky
KiNbKICTb OKpeMux BuMMNagkiB. Yvum Ginblue TakMx OKpeMmnx BUNAAKIB,
TMUM MeEHLUE HaBYanbHUX MNPUKNagiB nonagae B KOXEH Takui
OKpeMuin BUNAaZoK, i iXHA Knacudikauis ctae MeHW HaginHow. AKWo
AepeBo 3aHagTo "rinnsacte" - cknagaeTbCsa 3 BENUKOro 4ucna
ApibHux ranysen - BOHO He 6Oyde pJdaBatM  CTaTUCTUYHO
obrpyHTOoBaHMX Bignosigen. £k nokadye npakTuka, y 6inblocTi
CUCTEM, LLO BMKOPUCTOBYIOTb AepeBa pilleHb, LA npobnema He
3HaxoAuTb 3a[0BINIbHOMO PilLEHHS.

Cucmemu posmipkogyeaHb Ha OCHO8I aHaro2idHux eurnadkie.
laes anroputmMy gocutb npocta. Onsa Toro, wob 3poduTn NporHo3 Ha
ManbyTHe abo BMOpaTV NpaBuUIbHE PILLEHHS], CUCTEMUN 3HAXOAATb Y
MUHyNomy Ornu3bki aHanorM HasiBHOi cuTyauii i BubuparoTe Ty X
BiANOBIAb, WO i 6yna Ansg HUX npaBwuibHOKW. TOMY LEe MeToa Lie
Ha3nBawTb MeToJ0M "Hanbnux4oro cyciga". Cucremu
pO3MipKOBYBaHb Ha OCHOBI aHamnoriyHMx BUNaAKiB AalTb rapHi
pe3ynbTatu B pi3HUX 3agadax. [OnoBHUNM iXHi HeJonik nonsrae B
TOMY, O BOHM He CTBOPIOKTb SKMX-HEByab mogenen abo npasun,
WO y3aranbHIoTb MnonepeaHivi Jocsig, - Yy BMOOPI pilLeHHS BOHU
0a3ylTbCAa Ha BCbOMY MacuBi LOCTYMHUX iCTOPUYHUX OaHUX, TOMY
HEMOXITMBO CKasaTW, Ha OCHOBI SKMX KOHKpPeTHO akTopiB Ui
cuctemn GygyoTb CBOI BignoBigi.
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Anzopummu 8u3Ha4YeHHs acouyjayili 3HaxOoAsTb MnpaBuna npo
OKpeMi npegmeTw, WO 3'9BASAOTbCA Pas3oM B OAHIM TpaH3akuil,
Hanpwuknag, B OA4HIN NOKynL,i.

lMocnidosHicmb - Ue Tex acouiauid, ane 3anexHa Big 4acy.
Acouiauia sanucyetbcs g9k A>b, oe A HasmBaeTbCAa nepeaymoBoto, b
- HacnigkoM. YacTtoTa nosiBM KOXHOroO OKpemoro npegmerta abo
rpynu npegmeTiB, BU3HAYAETbCA B Takui cnocib - nigpaxoByeTbCst
KiNbKICTb NOSIB LIbOro npeameTa y BCiX nogisax (nokynkax) i ginutscs
Ha 3aranbHy KinbkicTb noAiv. Lia BenuunHa BUMIpIOETLCS Y BiACOTKax
i 3BeTbCA "nowmpeHicTb". Hu3bkvMi piBEHb MNOLWMPEHOCTi (MEHLL
OAHOro TUCHYHOI BIACOTKA) rOBOPUTb MPO HEICTOTHICTb acouiauii.
[na BU3HAYEHHS BaXXNIMBOCTI KOXHOIMO OTPUMAHOMO acouiaTUMBHOMO
npasuna HeobXiaHO oaepXKaTh BENUYMHY, WO 3BETbCH "AoBipYicTb A
no B" (B3aemo3B'a3ok A i B). Lia BenuMumHa nokasye, sk 4acto 3
nosisoto A 3'aBnseTbca b i po3paxoByeTbCA SIK BiAHOLIEHHS YacTOTK
nosieu (nowwpeHocTi) A i b pasom go nowwupeHocTi A. To6TO, AKLIO
poBipyictb A oo b popiBHioe 20%, TO Le O3Havae, Wo Npu NOoKymnui
ToBapy A B KOXHIM n'aTOMy BMNagky KynywTb i ToBap b. Akwo
noLMpeHicTb A He JopiBHIOE NowwmpeHocTi b, To i goipyicte A oo b
He popiBHioe posipdocti b go A. CnpaBsai, nokynka komn'totepa
yacTiwe Bege A0 NOKYMKM OUCKET, YAM MOKYMKa OUCKETU OO MOKYMKK
komn'totepa. e ogHOI BaknMBOK XapaKTepUCTUKOK acouiauii €
MOTYXHICTb acouiauii. Yum OGinblie NOTYXHICTb, TUM CUIbHILLIWIA
BMAMB, Wo nosiea A pobutb Ha nosasy bB. TloTyxHicTb
po3paxoByeTbCca Mo copmyni: (Zosipyicte A go B) / (nowwmpeHicTb
B).

[eski anropyTMu nowuyky acouiauin cnovaTky COpTYTb AaHi i
TiNbKM nicNa UbOro BM3HaYyalOTb B3AEMO3B'A30K i MOLUMPEHICTb.
€OWHOK  pO3DDKHICTIO  TakMx anropuTMmiB € WBMAKiCTb  abo
edekTBHICTb NepebyBaHHA acouiauin. Lle Baxnueo, y 3B'sA3Ky 3
BENMMYE3HO KiNbKiCTIO KOMOiHaUin, sKky HeobxigHo nepebpatu gns
3HaAXOMKEHHS OinblW  3Ha4YMMMX npaBwun.  ANTOPUTMM  MOLLYKY
acoujauin MOXyTb CTBOpOBaTU CBOI 0as3v [aHWX MOLUMPEHOCTI,
JOBIPYOCTi | NOTYXXHOCTI, A0 SIKMX MOXHa 3BepTaTuCs Npu 3anwuri.
Hanpwvknag: "8HanTu BCi acoujauii, y Skux ang tosapy X OoBip4icTb
6inbw 50% i nowwupeHicTe He MeHw 2,5%". MNpu 3HaXOAXEHHI
nocnigoBHOCTEN OOAAETLCA 3MiHHA Yacy, Lo O03BOMSE npauoBaTty
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i3 cepieto nogin Ana 3Haxo4XXeHHA NOCNiAOBHMX acoLiauii NpoTArom
Oeskoro nepiogy 4vacy.

MigpBogsuM nigCymMKM UbOMY MeToAdy aHanisy, HeobXxigHo
ckasaTu, WO MOXe BMHUKHYTU Taka cuTyauid, Konu ToBapu B
cynepmapkeTi ©OydyTb 3rpynoBaHi 3a [JOMOMOrow  3HaMOEHWX
Mozenen, ane ue, 3amicTb O4ikyBaHOro NpuMbyTKy, AacTb 3BOPOTHUN
edekT. Lle mMoxe BigbyTuca yepes Te, WO KrieHT He Oyae OOBro
XOOUTW NO MarasvHy B nollykax OaxaHoro ToBapy, Kymnywun npu
UbOMY Ll LLOCh, WO NOTPannseTbCa Ha Oui, i Te, WO BiH HikONW He
nnaHyBaB KynyBaTu.

Heuimka noeika 3acTOCOBYETbCA AONA MacWBIB OaHWX, Yy SKUX
NMPUHaNeXHICTb gaHuX A0 $KOi-HebyAdb rpynu € WNMOBIPHICTIO B
iHTepani Big 0 go 1. Yitka norika maHinynioe pesynbtatamu, LLO
MOXyTb OyTn abo icTuHow, abo HenpaBgow. HeuiTka norika
3aCTOCOBYETbCA B TUX BWNagkax, Komu icHye "mMoxe 6ytn" y
AonoBHeHHi Ao "tak" abo "Hi".

O6nacTio BMKOPUCTaHHSA anropuTMIB HeYiTKOI norikn € 6yab-sK
aHaniTU4Hi cMctemu, y ToMy 4mcni :

e  HeniHiNHWI KOHTPOMb 3a npolecamu (BUPOOHMLUTBO);

e yOOCKOHareHHs CTpaTerin KepyBaHHs i koopauHauii gin,
Hanpuknag, cknagHe NPoMUCIoBe BUPOOHULTBO;

e camoHaB4arnbHi cuctemu (abo knacudikatopum);
OOCTiAKEHHS pU3NKOBaHUX | KPUTUYHUX CUTYaLR;
po3ni3HaBaHHs 06paasis;
chiHaHCOBUI aHani3 (PUHKKU LiHHMX nanepis);

JocrnigkeHHs AaHux (KoprnopaTUBHI CXOBULLA).

Y AnoHii uer Hanpsmok nepexuBae Oym. TyT YHKLiIOHYe
cneuianbHo cTBOpeHa nabopatopia Laboratory for International
Fuzzy Engineering Research ( LIFE ). lMporpamoto opraHisauii €
CTBOPEHHA  Oinbw  OnM3bkMx [0 MOAUMHWM  oBuYMCnioBaribHUX
npuctpoiB. LIFE noegHye 48 komnaHin y yucni SIKMX 3HaxXoOsiTbCS:
Hitachi, Mitsubishi, NEC, Sharp, Sony, Honda, Mazda, Toyota. 3
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iHo3eMHUX ydacHukiB LIFE moxHa Buginutu: IBM, Fuji Xerox, oo
pisnbHocTi LIFE Takox BusiBnsie iHtepec NASA.

MOTyXHICTb | iHTYITMBHA NpPOCTOTA HEYITKOI JOriKM  SK
MEeTOOOJIOrii PilEHHS BUHMKaKYMX npobnem rapaHTye ii ycniwHe
BMKOPUCTaHHA Yy BOygOBaHMX CUCTEMAax KOHTPOMK W aHanisy
iHopmauii. lMpn ubomy BIOOYBaETbCA MiOKNIOYEHHA  NIOACHKOI
iHTYIUiT | poceigy onepatopa. Ha BigMmiHy Big TpaguuinHol
MaTeMaTUKW, LLO BMMAarae Ha KOXHiM KpOLi MOAEMNOBaHHA TOYHUX i
OAHO3Ha4YHMX (OPMYMOBaHb 3aKOHOMIPHOCTEN, HediTka norika
MPOMOHYE 30BCiM iHLMWI PiBEHb MUCMEHHS, 3aBASKA YOMY TBOPYUI
npouec MoaentoBaHHA BiabyBaeTbCA Ha BUCOKOMY PiBHi abcTpakuin,
npu SAKOMY NnocTynyeTbcA nuwe MiHiManbHWUIA Habip
3aKOHOMIpHOCTEMN.

leHemuy4Hi aneopummu € MOTYTHIM 3acoO0OM pilLEHHS1 Pi3HUX
kombiHaTopHMX 3agad i 3agad ontumisauii. [lpoTe, reHeTuyHi
anropMTMu BBIALWNW 3apa3 Y CTaHOAPTHUN iHCTPYMEHTapii MeTogais
iHTenekTyansHnx obuyucneHob. Llen meTod Ha3BaHUi Tak TOMY, LWO B
SIKOMYCb CTeneHi iMiTye npouec npupoaHoro godopy B NpUpPOAi.
Hexan Ham Tpeba 3HanTh pilleHHs 3agadi, HanbinNbLW ONTMMarnbHOI 3
nornsaay Oesikoro KpUTepito, Ae KOXHe pilleHHs LifKOM OMNUCYETbCS
BM3Ha4YyeHMM HabopoM 4ymncen abo BENUYMH HEYUCIIOBOI MPUPOAMN.
Hanpwuknag, sikwo Ham Tpeba BuOpaTu CyKynHiCTb pikcoBaHOro
yucria napameTpiB PUHKY, WO iCTOTHO BNAMBAaIOTb Ha MOro AMHaMIky,
ue 6yge macuB iMeH uux napameTpie. [lpo uen macuB MOXHa
roBOPUTU SK MNPO CYKYMHOCTi XPOMOCOM, L0 BWM3HaYyalTb SKOCTI
iHOMBIOa - [aHOro pilleHHs nocTaBfeHoi 3agadi. 3HauyeHHs
napameTpiB, WO BWU3HA4YalTb pIlEHHS, Ha3MBaTbCA reHaMMU.
MMowyK OonTMManbHOro pIlEeHHA MPU LbOMY CXOXWA Ha eBOSoLil0
nonynsAuii  iHAWBIQIB, NpeacTaBneHnx Habopamu xpomocom. B
eBontouii AitoTb TPM MexaHiamu: no-nepule, Aobip HaWCUMbHIWNX -
HabopiB XpPOMOCOM, SIKUM BiAMOBIAalOTb HaMBINbLW ONTUMAaIbHI
PiLLEHHSI; No-Apyre, CXpeLLyBaHHS - BUPOOHMUTBO HOBMX iHAMBIAIB 3a
JOMOMOroK  3MillyBaHHA  XPOMOCOMHMX  MacuBiB  BigibpaHumx
iHOuBIgiB; i, No-TpeTe, MyTauil - BUNAAKOBI 3MiHW TeHIB Yy OesAKuX
iHouBigiB monynAuii. Y pesynbTaTti 3MiHM MOKOMiHb BUPOONSETLCSH
pilUEHHS MOCTaBMEHOI 3ajadi, WO YyXe He wmoxe Oytn pgani
nosninweHo.
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EsontouitiHe rpoepamyeaHHs Hanmornogwa obnactb
iHTenekTyanbHMx obuncreHb. [inoTean npo Bug  3anexHOCTi
LiNnbOBOI 3MiHHOI Bif iHWMX 3MiHHUX (POPMYNIOITLCSA CUCTEMOKD Y
BMAi NporpamM Ha AesiKi BHYTPILLHIA MOBi nporpamyBaHHA. AKLO Le
yHiBepcanbHa MOBa, TO TEOPETMYHO Ha HiN MOXHA BMPa3UTU
3anexHictb byab-akoro Buay. lNMpouec nobygoBu Takux nporpam
OyayeTbCsa 5K €BONIOLIS Y CBIiTi Nporpam (UMM MeTo[ TPOXM CXOXKWUIA
Ha reHeTU4Hi anropuTMmun). AKWO cMcTeMa 3HaxXOo4uTb Nporpamy, Lo
TOYHO BUpaxae LyKaHy 3anexHiCTb, BOHa MOYMHAE BHOCUTU B Hel
HeBenuki Moaudikauii i Bigbupae cepen nobyaoBaHMX Yy Takuin
crnocié pgodipHix nporpam Ti, KOTPi NiABULLYHOTb TOYHICTb i
yHKUiOHYBaHHS. Cuctema "BMpOLLYE" KinbKa TEHETUHMHUX NiHin
nporpam, WO KOHKYpPYTb MK COOOH B TOYHOCTI 3HaXOOKEHHS
WyKaHoi 3anexHocTi. CneuianbHMW MoOAyMb, WO TPAHCIIOE,
nepeBoaUTb 3HaAWAEHI 3aMNeXHOCTI 3 BHYTPILIHBOI MOBU CUCTEMW Ha
MOBY KOpUCTyBaya (MatematuyHi oopmynu, Tabnuui i iH.), pobnsyu
Ix nerkogoctynHumn. Onsa Toro, wob 3pobutn oTpumaHi pesynbTaTtu
BiNbl 3pO3yMINUMKN ANs KOPUCTYBavya MaTeMaTuku, iCHYE BENUKUN
apceHan Pi3HOMaHITHUX  3acobiB  Bidyanisauii  BMABNEHUX
3anexHocten. [lowyk 3anexHOCTi UiNbOBUX 3MIHHUX Big iHLIKNX
npoBoanTbCS 'y PopMi (PyHKUIN Akoro-Hebyab BM3HaA4YeHOro BUAY.
Hanpwvknag, B ogHomy 3 HanbinbLl BAanux anroputMiB Lporo Tumny -
mMeToAi rpynoBoro obniky aprymeHTie (MI'YA) 3anexHicTb WyKawTb Yy
dopmi  noniHomiB. lMpuyomy cknagHi MNOMNIHOMKM  3aMiHAOTHCS
JeKinbkoMa MpoCTUMK, BPaxOBYKOYi nulle fAeski O3Haku (rpynu
aprymeHTiB). 3as3Buyail BMKOPUCTOBYKTbCS MoMapHi 06'egHaHHSA
o3Hak. Llen meTog He mMae Benukux nepesar y MOPIBHSHHI 3
HEeMpOHVMY MepeXamn 3 roToBUM HabopoM CTaHAAPTHUX HEMiHINHMX
dyHKUiN, ane oTpumaHi opMynn 3anexHocTi, Yy NpUHLMMI,
nigaalTbCca aHani3oBi v iHTepnpeTauii.

lMpozpamu eizyanisauii OaHUX y BU3HAYEHOMY 3MICTi He €
3acobom aHanisy iHpopMmaLii, OCKINIbKM BOHU TiNlbKM NPEACTaBNsOTb
il kopuctyBauyeBi. [lpoTe, Bi3yanbHe nNpeACTaBMNEHHS, CKaXeMo,
BiApa3y YOTMPbLOX 3MIHHMX HAOYHO Yy3aranbHIOE BENWYEHHI 06csarn
OaHuX.

KombiHosaHi memodu. YacTo BMpPOOHMKM 3'€OHYIOTH 3a3HayeHi
nigxogn. O6'egHaHHA anropuTmiB HEMPOHMX MepeXx i TexHOnorii
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OepeB pilleHb crnpusie NobyaoBi Binbll TOYHOT MoAeni i NiABULLEHH!O
weuakogii. [Ansa pileHHs KOXHOI npobrnemu BapToO LWyKaTU CBil
onTMManbHUn meToq,.

1.4. NMpouec nowwyKy HOBOro 3HaHHs

MMowyk HOBOro 3HaHHSA - Le npouec, WO CKMajaeTtbcs 3
OEKiNbKOX onepauin, KoXHa 3 $KMX noBvHHA 3abesnevyBaTu
edheKkTMBHE BUMKOPUCTAHHS 3acoBbiB iHTenekTyanbHUX OB4YUCNEHD.
OCHOBHUMM CKIaOBMMM eTanamu Lboro npoLecy €:

BusHauveHHs npobnemu (noctaHoBKa 3aavi).
36ip i nigrotoBka AaHux:
aHania gaHux,
rpynyBaHHs i KOPEKTYBAHHS OAHUX,
0ob6ip gaHux,
NepeTBOPEHHS AaHUX.
MobynoBa moaeni cutyadii:
OLiHKa mMogeni 1 iHTepnpeTauis cutyauii,
30BHIiLLHSA nepeBipka moaeni.
BukopuctaHHa mogeni
CnocTepexeHHs 3a MOBOMKEHHAM Mogeni

P, O O WO O OO0 N

PoarnsHemo goknagHo KOXHY 3 KX CKrnagoBux:

1. BusHayeHHsa npobnemu. [Ina edekTMBHOrO BUKOPUCTAHHS
BCiX nepeBar iHTenekTyanbHuUx iHOPMAaUiMHUX  TEXHONOrIN
HeoOXiOHO SICHO nNpeacTaBUTM MeTa ManbyTHLOro  aHanisy.
3MicTOBHaA NOCTaHOBKA 3a4avi 34iNCHIOETLCA B 3aneXHOCTi Big MeTu.
Axkwo HeobxigHO 36inbWNTM NPMBYTOK TOProBenbHOI opraHisadii, To
ana  uinen: "36inblUeHHs KiNbKOCTIi npofaxis" i  "36inblieHHSs
edheKTMBHOCTI peknamu" HeobXxigHO dhopmynoBaTK pisHi 3agadi. Ha
LUbOMY XX eTani BM3HayalTbCA Cnocobu OUiHIOBaHHA pes3ynbTaTiB
ManbyTHLOro NPOEKTY i MOXNMBI BUTPaTW Ha NOro peanisawito.

2. 36ip i nigrotoBka gaHux. Llen etan camuin TpuBanui 3
yCbOro NpoLecy MOLYKY HOBOFO 3HaHHS: BiH Moxe 3anmaTtu Big 50%
0o 85% uvacy BCbOro nmpouecy MoLyKy HOBOro 3HaHHSA. Ha upomy
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eTani HeobxigHO BM3HAuYNTU [xepena ogepXaHHA gaHux. Lle moxyTb
OyTV OaHi, sKi Hakonu4eHi camMolo opraHisauieo abo 30BHIWHI AaHi
B4 [OOCTYMHMX [xepen (3BedeHHs npo norogy abo nepenuc
HaceneHHsa) abo npuBaTHUX mkepen (pi3Hi apxiBHi gaHi, 6a3u
HoTapianbHMX KOHTOP i iH.). 3ibpaHi aaHi nignaratoTe aHani3oB.i

a. AHaniz OaHux. [lpu nobygosi mopeni cuTyadii HeobxigHO
nam'stTati gyxe Baxnuee NpaBuso, LLO OLHIOE KOPEKTHICTb BXiAHNX
paHux: "Akwo Ha Bxig 3agadi HagxoauTb iHpopmauinHe "ecmiTTa", To
i pesynbTatom Tex Byae "cmiTTa". BxigHi AaHi MoXyTb 3HaxoguTucs
B ogHin 6asi gaHux abo B pekinbkox. [lepen "saBaHTaXeHHAM"
AaHMX Yy CXOBULLE HeOobXiAHO BpaxyBaTu, LWO Pi3Hi AKeperna AaHux
MOXYTb OYyTW CnpoekToBaHi Mig4 BW3HadeHi 3agadi i, BiANoBigHO,
BMHMKaOTb Npobnemu, 3B'A3aHi 3 o0O0'egHaHHAM OaHuMX: Pi3Hi
dopmaTn NpeacTaBneHHs YUCNOBUX OaHWX (Hanpuknag, uini abo
OiNCHI); pisHe KodyBaHHS OaHWX (Hanpuknag, pisHvMn copmat gar);
Pi3Hi cnocobu 30epexeHHs1 OaHWX; Pi3Hi OAMHUUI BUMIpY (QHAMU i
CaHTMMETPU); a TaKoX 4YacToTa 300py [aHWX i gaTa OCTaHHBLOrO
BiaHOBNEHHS. HaBiTb, AKLIO AaHi 3HaXoOAaTbCA B OAHIK 0asi gaHux,
TO Bce piBHO Tpeba 3BepTatM yBary Ha MpPONYyLUEHi 3HAYEeHHS
BEMNYMHU | 3HAYEHHS HEpeanbHOI BENUYMHW, Tak Ha3nBaHi "Buknan".
AHanITMK NOBWHHWIW 3aBXOW 3HaTWU, 9K, Ae | Npu SKuX ymoBax
36upaloTbCs AaHi, i 6yTn yneBHeHWM, WO BCi AaHi, BUKOPUCTOBYBaHI
AN MpOBeAeHHs aHanidy oO6miptoBaHi OOHAKOBMM  CNocoboMm.
MpoaHanizoBaHi AaHi HeobxigHo ob'egHaTw i BigKOpUrysaTu.

6. [lpynysaHHa | kopuryBaHHa OaHux. Ha ubomy eTani
CTBOPIOIOTE CXOBWLLA [AaHUX ANg nodanbloi  iXHboi 06pobku,
30IACHIOTb PYMNYBaHHSA AaHUX i HAnoBHHAKTbL HMMMK cxoBulia abo
A0JaloTb OO HbOrO AaHi, AKi BigibpaHi Ha nonepedHix etanax. Y uew
Xe vac BigOyBaeTbCsl iXHE KOperyBaHHs, TOOTO BWUMpPAaBMEHHST YCiX
BUSIBNEHUX MNOMUMOK. ICHYIOTb Pi3Hi acnekTn KoperyBaHHs AaHux. Yci
BOHW CMNPsIMOBaHi Ha 3HAXOMXKEHHS i BUMpPaBMEHHs MOMWUIIOK, AKUX
npunyckanucst Ha etani 36opy iHdopmauii. Momunkow B gaHux
MOXYTb BBa)KaTUCSK:

e pONYyLLEHE YMCIIOBE 3HAYEHHS,
e HemoXnmBa nogjis (HeBipHO HabpaHe 3Ha4YeHHs - "BUKMA") i
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KoperyBaHHs1  30iMCHIOIOTb  KEPYOUUCb  300POBUM  Ty3[0M,
BMKOPUCTaHHAM MpaBuWIl KOPeryBaHHs i/abo 3 3anyyeHHsM ekcnepTa,
wo pobpe 3Hae npegmMeTHy obrnactb. 3anuc y 0asi gaHux, y skin €
nomunka, nosmHHa OyTM BunpasneHa abo, y cnipHUX BuUNagkax,
BUKIMOYEHa 3 nojanblioro posrnsay. [licna nepesipkn M OUiHKM
OaHNX, BUKOHYIOTb Onepadii nepeTBopeHHs i hopmaTyBaHHS OaHUX
BiONOBIAHO pes3ynbTaTtaM iXHbOro OuiHBaHHA. Lle pobuTtbeca ans
Oinbl edEeKTMBHOIO BUKOPUCTAHHS i CMOCTEPEXEHHS 3a LaHUMM.
[aHi anckpeTHUX noAi nepeTBOPOOTh Y cneuianbHO po3pobreHy
abo ctaHgapTHY dopmy, Yy sk BigOvMBae yac i onuc nogin. AkLio
KopucTyBaui 6yayTb nerko pos3dupatucs B Ui popMi, BOHU 3MOXYTb
WBMOKO BMBYATM oOnicaHi nopgji, wo Oynn 3aknageHi B OCHOBY
nobynoeu uiei cdopmn. Moxe nokasaTucs, WO LEeN Kpok Oyo6roe
eTan 300py [fOaHwx, ane HacnpaBai Le [ABa pi3HMx eTanu. Ha
nepwoMy 3 HuX BigbyBaeTbcs [06Gip OaHUX ONS NPUCKOPEHHS
MaLlIMHHOI 06pobkn iHdopmauii 6e3 yTpaTu AKOCTi, Ha gpyromy -
OaHi NpuBO4ATLCA A0 BMAY, 3pYYHOMY ANt Bi3yanbHOrO KOHTPOIO
kopuctyBayem. daxiBelb, L0 BUKOHYE aHani3 4aHMX, MOXe NOBHiLLE
ysaBuUTK cobi BXigHi AaHi. Lie HeobxigHO Ans pisHOro poay 3BiTiB, KOMK
MOTPIGHO KOPOTKO OXapakTepudyBaTu BXiOHi AaHi, BUKOPUCTOBYBaHi
Ons iXHbOro aHaniay.

8. [Jobip daHux. AKuwo cxoBuLle cchopmoBaHe i BU3HAYEHI TUMNK
mogenew cutyaudin, wo 6ygyte nobygoBaHi AnA  pilleHHd
nocTaBneHol 3agavi, 34iNcHITL A06ip AaHuMX, WO HeobxigHi aons
BMKOPUCTAHHSA TXHIM Yy uux moaenen. Maetbca Ha yBasi He TiNbku
3MEHLUEHHSA KinbKocTi 3anuciB y 6asi no Bu3Ha4veHi ymoBi, ane
TaKoX i 3MiHa KiNbKOCTi MoniB, 3NUTTA pi3HMX Tabnuub B ogHy, abo,
HaBMakn, CTBOPEHHS Ha OCHOBi oAHiei Tabnuui aekinbkox. Tob6To,
nepeTBopeHHs BiAbyBaeTbcA B "TpPbOX BUMIipax": MO KiNbKOCTI
3anucie, NO KiNbKOCTI NOMIB i 3@ CTPYKTYPOIO.

e. [llepemeopeHHa darux. [lpouec NEpPeTBOPEHHS AaHuX
34ifcHI0OE 30arayeHHs OTpuMmaHoi 6a3n gaHux, a came: Oodae
HeoOXigHi BiQHOLLEHHS HA OCHOBI iCHYHOYMX MoniB (He NpocTo "UiHa" i
"KinbKicTb", a ixHin gobyTok - "3aranbHa cyma", He Gopr i goxia, a
BigHOLLEHHA Bopry 0o Joxoay), Aodae iHTepsanu (Mo HoMepy micaus
MOXXHa MOCTaBUTW HOMEP KBapTamny, a BiACOTOK BMKOHAHHS MIaHy
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MOXHa [OMOBHUTU XapakTepuctukamm "gobpe”, "3agoBinbHO"),
00JaE KpUTUYECKE 3HaYeHHS (MakCUMyM, cepeaHe, MiHiMyM).

3. MNobynosa mopeni cwutyauii. Metog nobygosu Mogeni
cuTyadii siBnde cobot iTepauiiHui  npouec, TOOTO, BUKOHYE
CTBOPEHHS psgy Modenen ons 3HaxXomKeHHS ogHiel  (onTMMarnbHoi),
LLIO HAaMBINbLIOK MiIPO 3a40BOSILHAE MOCTABIEHUM LiNsM.

Mogeni MOXHa po3ginuTy Ha ABi rpynn, KOXXHa 3 SIKMX BU3HAYae
CBi TMN Moaeni:

e KoHTponboBaHi (mogeni Knacuaikauii, perpecii,
NPOrHO3yBaHHS TMMYaCOBMX NOCNILOBHOCTEN);
e HekoHTponboBaHi (knacTepisauis, acouiauis i

NocnigoBHICTb).

Micns Toro, siKk BM3HA4YeHO TWUM Mogeni, HeobxigHO BMBpaTh
(po3pobuTn) anroputm NobymoBu mogeni abo TEXHOMOr MOLUYKY
3HaHHA. CyTHICTb npouecy nobyooBM KOHTPOMbLOBAHOI MoAeni
3BOAUTLCHA A0 3HAXOMXKEHHSI 3aneXHOCTEeW Ha OAHIN YacTuHIi AaHux
("HaB4aHHS mogeni") i nepeBipkn UMX 3anexXHOCTEN Ha iHLWIN YaCTuHI
AaHux (ouiHka ToyHocTi). Mogenb BBaxaeTbCs NOGYAOBAHOM0, AKLLO
3aBepLUYETHCH LUK "HaBYaHHA" | nepeBipoK. AKLWO TOYHICTb MoAeni
npyv 4Yeprosux iTepauisx He MoninwyeTbCs, TO Lie roBOPUTb MpPo
3aBepLUeHHs npoLecy nobyaosu moaeni.

Ockinbku "HaB4anbHi" | TECTOBI AaHi 3HAaX0OATbCA B OAHiN Oasi
AaHuX, TO 4acTo BMHMKAE HeOoOXigHICTb y TpeTboMy Habopi AaHWX -
KOHTPOSIbHOMY, KOTPUN BMOMPAETbLCA 3 Takux [AaHux, WO He
nepeTuHalTbCs 3 "HaByanbHUMKU" | TecToBUMU. BiH noTpibHMiA ons
He3anexHoro OUuiHIBaHHA TOYHOCTI Mofeni. Ak npasuno, yci Tpu
Habopu gaHUX HanexaTb MHOXWHI AaHuX, HeoOXiaHi Ana peanisauji
BM3HA4YeHOro MnpoekTy. Haibinbw BigoMUA TecToBUA MeTon
Ha3MBAaETLCSA MPOCTOK0 OLiHKOK. Y LIbOMY BUMAAKy po3nodin gaHux
Ha f[Ba Habopu BigOyBaeTbCsl BMNAOKOBMM YMHOM. BigHOLLEHHSs
KiNTbKOCTi TECTOBUX AaHUX OO KiNbKOCTi AaHWX, Ha SIKMX BigOyBaeTbCs
nobygoBa mogerni noBuHHa 6ytn B mexax Big 5% no 33%. [Micns
nobynoBu mogeni, ii BUKOPUCTOBYHOTb ANSA nepegbadeHHss 3HayeHb
Ha TecToBOMy Habopi. Mipod TOYHOCTI Mogeni BBaXalTb
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BiQHOLLEHHS KINbKOCTI BAANMX pe3ynbTaTtiB A0 3ararnbHOI KifIbKOCTi
npvknagiB y TecTtoBoMy Habopi (MOXHa BUKOPUCTOBYBATM Taky
3MiHHY, SIK Mipa HETOYHOCTI, WO AopiBHIoE 1 - "Mipa ToYHOCTI"). AKLIO
ans nobynosn mofeni BUKOPUCTOBYETLCH He Ayxe Benuka 6asa
OaHnX, TO 3acCTOCOBYETbCHA TaK Ha3uMBaHa MepexpecHa oujiHka
TOYHOCTI. Y UbOMY BUNAaAKy AaHi BUMNALKOBUM YMHOM MOAINAKTLCA
Ha pfOBi NpubnusHo piBHIi 4YacTmHu. [licna uboro mogenb 6yae
OyayBatMca Ha OfHIA 3 HUX, a iHWa BUKOPUCTOBYETLCA AnNs
BM3HAYEHHA TOYHOCTI. [loTiM YacTMHM Ba3n MiHATLCA PONAMM.
OTpuMaHi ABi He3anexXHi OUiHKM TOYHOCTI NOEQHYOTLCS (SIK cepeaHe
apndmeTnyHe abo iHWKMM crnocobomM) AnA  HaWKpalioi  OLiHKK
TOYHOCTI Mogeni, nobynoBaHoi Ha Bcin 6asi. [Ins we MeHwux 6as, y
Kinbka TUCHAY 3anuciB, BUKOPWUCTOBYETbCHA N-MEpExXpecHa oOLiHKa
TOYHOCTI. ¥ uboMmy Bunagky 6asa nopinseTbca Ha n npubnnsHo
PiBHMX HenepeciyHux rpyn. Jani nepwa 3 umx rpyn cTae TeCTOBUM
Habopom, a iHLWi rpynu NOEAHYIOTLCS, | Ha iIXHIN OCHOBI BiAOyBaeTbCS
nobynosa mopeni. OTpumaHa Mogenb BUKOPUCTOBYETBHCA ANS
nepenbayeHHsa 3Ha4yeHb AMsl TECTOBOro Habopy M y Takum cnocid
BUXOOAUTb Meplle 3HaYeHHsT TOYHOCTI. AHamoriYyHuM  YMHOM
OAEPXYITb YCi N He3anexHi 3HayeHHst To4yHocTi. CepeaHe 3 HUX €
TOYHICTIO BCi€i mogeni.

LLle ogmH cnocib BMKOPUCTOBYETBLCA AN 3HAXOMKEHHS TOYHOCTI
B Manux 6aszax gaHux. Y ubOMy Bunagky mogenb OyayeTbcs Ha
OCHOBI faHux yciei 6asu. lNicna uboro BMNagKoBMM YMHOM i3 3anuciB
6a3n CTBOPIOETLCSA MHOXMHA TECTOBUX Habopis (MiHiMym 200, a iHoAi
HaBiTb Ginbwe 1000). OgnH 3annc Moxe OYTU MPUCYTHIM Y Pi3HKX
TeCcToBMX Habopax. [nsi KOXHOI 3 HMX BM3HAYAETbCS TOYHICTb.
CepefHe 3 HUX € TOYHICTIO BCiel Mmoaeni.

Micna Toro, sk nobygoBa Mogeni [JoBeplUeHa, MOXHa
nobyayeaTn Mogenb, BUKOPMCTOBYHOYM iHLWI napameTpu abo HaBiTb
3MIHUTU anropuTm nobyaoBM Mogeni, Tak AK HIKONMWM He MOXHa
cKkasaTu, SIKMA anropuTM, sika TEXHOMOorid MOLYKY 3HaHHA JacTb
Kpawi pesynbTatu. He MoxHa OyTM yneBHeHMM, WO obpaHa
TexHonorias Oyae npauioBaTU Halkpawe. Yacto npuxoguTbes
OyayBaT BENUKY KiNbKICTb MOAENen i OUiHIOBATU KOXHY Ans
3HaxXOMKeHHs kpawoi. Kpim uporo, anga pisHuUx mogenen HeobxigHa
pi3Ha nigroToBka AaHWX i HEMWHy4Ye MOBTOPEHHS KpokiB. Yce ue
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30inblUye 4Yac 3HAXOMKEHHS Kpawoi Mogeni, ToMy HeobXxigHo
3aCTOCOBYBATU TEXHONMOTIT NapanesnbHMX 064YMCcneHsb.

a. Ouinka modeni U iHmepnpemauis cumyauii. MNicns nobynosu
Mogzeni HeobXigHO OUIHNTK pe3ynbTaTh i NOACHUTK (IHTeprpeTyBaTh)
iXHI0O 3HauMmicTb. lMpu ouiHUi Mogeni oBYNCNIOETLCA TOYHICTL, ane
Tpeba nam'ataTy, WO Ue 3HAYEHHs BipHe nuwe ANns AaHuX, Ha SKuX
Mozenb nodygoBaHa i OyTn roToBmM, LLIO HOBI OaHi, 4O SKMX Hagani
Oyae 3acTocoByBaTUCHA MoOAENb, MOXYTb BiAPI3HATUCS BiJ BUXIOHMX
HEBIJOMUM YNHOM.

6. 3oeHiwHA nepesipka modesni. Bucoka TOYHICTb MoAeni He €
rapaHTielo TOro, WO MOAenb npaBuUINbHO BiabvBae pearnbHy
cuTyauito. OgHi€lo 3 NPUYMH HENPaBUIBLHOIO BiAOOpaXeHHs cuTyaluil,
€ ICHYBaHHSA TaK 3BaHUX HESABHMX MpunyweHb y Mogeni. Tak,
Hanpuknag, koediuieHT iHdnALii cam no cobi He moxe 6ytu
YaCTUHOIO MOAeri, WO MOSICHIE CXMMbHICTb MOKYMNUiB A0 MOKYMKK
TOro iHLWOro ToBapy, ane piska 3miHa uboro koediuieHta 3 3% Ao
20% yxe, HaneBHO, MOXe MOSICHUTU Take MOBOKEHHS.

l[Hwa npuumMHa - ue icHyBaHHA npobnem 3 AaHumK, Lo
npuBoaATb OO0 HEKOPEKTHOCTI Mogerni, TOMy [OyXe BaxXnBo
nepeBipuMTK MOAeNb Y peanbHi cuTyauii. Hanpuknag, sikwo moaens
BMKOPUCTOBYETLCA ANA [000pYy KaHAMAATIB Ans UiNbOBOI pekramu,
TO MOXHa 3pobuTN TECTOBE PO3CUNAHHS AN NepeBipkM Mogeni Ha
HeBenukomy obcaAsi gaHux. AKWo Mogenb BUMKOPUCTOBYETbCA ANst
nepenbaveHHs pu3MKy HEMOBEPHEHHS  KpeauTy, TO BapTo
BMNpoOyBaTV L0 MOAENb Ha HEBESMKIN KiNbKOCTI NPeTEeHAEHTIB Ha
no3uyky. Yum Ginblue pu3unK, 3B'A3aHMI 3 HEKOPEKTHICTIO Mopeni,
TMM BaXIuBille MPOBECTU MNornepenHi ekcnepumeHTn Ana nepesipku
mMogeni nepep ii ekcnnyartadieto.

4. BukopuctaHHa mogeni. lNicns nobynosu 1 ouiHku mogeni, it
MOXHa BUKOPUCTOBYBaTKU piHMMKU cnocobamn. Hanpuknag, aHanituk
MOXEe MNOAUBUTUCA Tpyny, WO BM3Ha4Wma MoAenb KnacTepisauii,
rpacikn edekTnBHOCTI Mogeni abo oTpumaHux npaswn. [HOAI
aHaniTMK MOXe BMKOPUCTOBYBATM MoAenb [Onsi BUOOPY AOeskux
3anucie 3 6a3n gaHux AOns NpOBeOEeHHs O04aTKOBOro aHanisy.
basytounchk Ha pesyrnbTartax BUKOPUCTAHHA MoAeni, aHamniTuK Moxe
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pekoMeHayBaTu Aii, siki MOXHa MouYnHaTy B Ainosii coepi. OgHak,
YacTo TexHonorii iHTenekTyanbHUX OO4YUCINEHb - Le YacTuHa
aBTOMAaTM30BaHOI CUCTEMU (Hanpuknag, 3HaXOMXKEHHSI KPeaWUTHMUX
pU3NKIB, BW3HAYEHHS MOXMMBOCTI BTpaTWU KMIiE€HTIB i iH.), TOBTO
mMogens BOYAOBYETLCA B CUCTEMY, SKY aHanitTuk abo meHegxep
MOXYTb 3aCTOCOBYBaTWM AMsl YXBaneHHs pieHHs. 3 iHworo 6oky,
MOLENb MOXHA BKMAKYATUM B CUCTEMY, LIO TEHEpye [nOesiKy Aito
(Hakas), kKonM NporHo3oBaHa BeNMYUHA NOYMHAE BUXOOUTU 3a MEXi
SKMXOCb 3Ha4eHb. 3aranom, mMeToan iHTenekTyanbHUX OB4uncreHb,
LUe HeBenvKa, Xova i BanmBa YacTMHa KiHLEBOro nporpamHoro
npoaykty. MNpoueaypa NowyKy 3HaHHS 3a AOMOMOroK LUUX MeToniB
MOXe crnonydatucs 3i 3HaHHSIMW eKCnepTiB i 3acTocoByBaTUCS A0
AaHux y 6asax.

5. CnocrtepexeHHA 3a wmogennt. Konu moaenb nouvnHae
npauoBaTh B pearnbHii cuTyauii, To HeobXiaHO BUMIpOBaTN TOYHICTb
mMofeni Ha peanbHux gaHux. OfgHak, HaBiTb SKWO MOAEenb MnpaLltoe
nobpe, i MOxHa BBaXkaTu, WO poboTa Ha LibOMY 3aKiHYyeTbCS, TO BCE
piBHO HeOOXigHO NPOOOBXYBAaTWM CMOCTEPEXEHHS 3a MoAenmto. YCi
CMUCTEMU MalOTb BNACTMBICTb PO3BUBATUCSH, | OTpMMaHi AaHi (ixHA
CTPYKTYpa, TOYHICTb, MNEPIOAMYHICTE) TEX MIHATLCHA. 3O0BHILLHA
3MiHHa, Taka fK KoeqiuieHT iHnAuii, CBOEID 3MIHOK TEX MOXYTb
BMMVBaTN Ha MOBOMKEHHA NioAen i Ha dhakTopu, WO BMAMBaKOTb Ha
Lo 3miHy. Yac Big yacy mogenb HeobXxigHO nigaaBaTu NOBTOPHOMY
TECTYBaHHIO, i HaBiTb PEKOHCTPYOBaHHK. HarnpocTiwum cnocobom
CrocTepexeHHa 3a  (PyHKUiOHyBaHHAM  Mogeni €  rpadiku
po3bikHOCTEM MiXX nepegdayYeHMn BenMuYUMHaMn | peanbHUMK
3HayeHHAMW. BoHu npocTti ans nobGygoBW i pO3yMiHHSI i MOXYTb
BOyZoByBaTMCA B MporpamMHi npodykTu. Taka aBTomMaTuM3oBaHa
cucTemMa MOXe CTEXUTM cama 3a coboro i CroBillaTh KopucTyBaya,
KONMM BenuuYuMHa UuMX Ppo3BiKHOCTEN MOYMHAE BMXOAUTU 3a
BU3HaAYEHUN rPaHNYHUI PiBEHb.
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2. HenpoHi mepexi

2.1 BBegeHHsA

B ocTaHHi poku Benukui iHTepec BUKNMKaAe npobnemartuka
HEMPOHUX MepeX, reHeTUYHUX anropuTMIiB i HediTknx cuctem. Lli
HanpsiIMKKU  BiOHOCATBCA 00 HaykoBOi obnacti, 00ymMOBMeHOi B
aHrnoMoBHIN nitepatypi TepmiHom Computational Intelligence. Ha
puc. 2.1. BMOHO, WO 3agadvyi HEWPOHUX MEepPEeX, reHEeTUYHUX
anropuTMIB i HEYITKMX CUCTEM MOXYTb PO3rNsAaTUcs nosa 3B'A3KOM
MK cobolo, ogHak iXHS  B3aEMO3anNeXHiCTb  BUSIBMSIETHCS
Ha3BMYaMHO BaXIMBOM. 30KpPeMa, FEHETUYHI anropuTtMn MOXHa
3acTocoByBaTuM Ans nigbopa Bar i Tononorii HEMpOHOI Mmepexi, a
Takox Ans dopmyBaHHs 6a3n npaBun i YHKUI NPUHANEXHOCTI
He4iTKoI cMcTemm

QBYCNHIBANEHI

HEIAPOHI

MEPEI

TEXHONOr

Puc. 2.1. B3aeMO3B'A3KM Mi>K HEMPOHUMN Mepexamu,
reHeTUYHUMK anropuTMamu i HeYiTKUMN cUCTEMaMMU.
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Y CBOK u4epry, HEWpPOHi Mepexi [O03BONATL BMOMpaTH
BiOMOBiIAHI NapamMeTpu Ana caMUX T[EHETMYHUX  anropuTMmiB
(napameTpu cxpellyBaHHs i MyTauii); camy inocodito HempoHMX
MepeXx MOXHa 3aknactM y YHOAMEHT HEeuiTKMX CUCTEM, Lo Y
pe3ynbTaTi 3HaxoAsaTb 30aTHICTb 40 HaBYaHHS.

Kpim ToOro, metoguM TeOpii HEYITKUX MHOXWH [OO03BONAIOTb
niabupaTun siK 3ragaxi BuLLLE NAapaMeTP reHETUYHUX anropuTMIB, Tak
i KoeqiuieHTN, WO BM3HAYaKTb LWBUAOKICTb HaBYaHHA HEWPOHMX
mepex. OgHum 3 nonynspHux Hanpswmkie Artificial Intelligence €
Teopid HeWpoHux Mepex (neuron nets). [HaHun Kypc €
CUCTEMATU30BaHMM BCTYMHUM KYypCcOM Yy Uen HanpsMmok. Hawoto
METO € MO3HANOMUTM KOPUCTYBayiB 3 OCHOBHUMW HEWUPOHO-
MepexmMu napagurmamu, nokasatu obracTb 3aCcTOCyBaHHSI LibOro
HanNpsMKy.

Jliogen 3aBxgu  uikaBuno ixHe BnacHe MucneHHs. Lle
CaMOMUTaHHA, OyMaHHS MO3Ky camoro npo cebe €, MOXIUBO,
BiOMITHOIO pucoto noauHu. Herpobionoru i HempoaHaToMu OOCArnm
B Ui obracTi 3Ha4yHoro nporpecy. PeTenbHO BUBYAOUN CTPYKTYPY i
yHKLii HEpPBOBOI CMCTEMW NIOANHM, BOHM Barato 4oro 3po3yminu B
«EeneKkTponpoBOALi» MO3Ky, ane mano fosiganuca npo Woro
OYHKUIOHYBaHHA. Y  npoueci HarpoMagXeHHs HUMW  3HaHb
3'acyBanocs, WO MO30K Mae MpurorioMulytody cknagHicte. COTHI
MinbspaiB HEMPOHIB, KOXHUM 3 sKUX 3'€QHAHUA i3 COTHAMM abo
TUCAYaMU HLWKX, YTBOPIKOKOTbL CUCTEMY, L0 Janeko nepesepLlye
Hawi cami cminuei Mpil Npo cynepkomn'toTepn. Ha CbOrogHiLlHIN
OeHb iCHYOTb ABi B3aeMHO 30aradytodi ogHa ogHYy MeTU HEMPOHHOrO
MOENtoBaHHA: nepwa — 3po3yMiTM (YHKLIOHYBaHHS HepPBOBOI
cMcTeMU MIOAMHK Ha PiBHI idionorii i ncuxonorii i gpyra — CTBOpUTK
obuyncnoBanbHi cMctemMm (LWTYYHI HEMPOHI Mepexi), WO BUKOHYHOTb
yHKLUiT, NOAibHI A0 hyHKLIN MO3Ky.

HelpoHi Mmepexi MOXHa po3rnagaTy sik cydacHi 004YMcnoBarnbHi
cucTeMn, WO nepeTBopsTb iHdopMauito 3 obpasa npouecis, LIO
BiabyBatoTbCcst B MO3Ky ntoauHu. O6pobntoBaHa iHopMauia mae
YUCMOBHUIA XapakTep, L0 [A03BOMSIE BUKOPUCTOBYBATU HENPOHY
Mepexa, Hanpuknag, sik Moaenb 00'ekTa 3 30BCiM HeBigOMUMU
Xapaktepuctmkamu. |HWi  TMNoBi gogaTkM  HEUPOHUX  Mepex
OXOMMIKTb 3ajadvi po3nidHaBaHHA, knacudikalii, aHanisy i CTucky
obpasis.
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MoHaga 80 % ycix goaaTkiB HEMPOHUX MepeX BIQHOCUTBLCA A0 Tak
HasmBaHuX GaraTowapoBux Mepex 06e3 3BOPOTHUX 3B'A3KIB. Y HUX
CWrHan nepecunaeTbCs B HanpsMKy Big BXigHOro Lwapy 4epes
CXOBaHi Wapu (SKLLO BOHM iCHYIOTb) OO BUMXIAHOrO Lwapy.

XoTinoca 6 nigkpecnuTn, WO B MOCIOHMKY MpeacTaBnseETbCH
OOCUTb  BaXnMBWA i3  MpUKNagHOi  TOukMm  30py  bparMeHT
Haa3BMYaNHO BENWKOI 06nacTi 3HaHb, WO oAepXana HasBy «LUTYYHI
HEWpPOHi Mepexi».

IHTEenekTyanbHi CUCTEMM Ha OCHOBI LUTYYHUX HEMPOHUX Mepex
OO3BOMATL 3 YCMiIXOM po3B’sA3yBaTuM npobrnemu posnisHaBaHHS
obpasiB, BUKOHaHHS NPOrHo3iB, oNTMMI3aLii, acouiaTUBHIN NamM'aTi i
KepyBaHHSA. TpaguuinHi NigxoAM A0 PO3B’A3aHHS UMX npobnem He
3aBXau JalTb HeobXiaHY rHyYKiCTb | Garato goaaTtkiB BUrparTh Big
BUKOPUCTaHHSA HerpomepexX. LUTy4Hi Hepomepexn € enekKTpoHHNUMM
MOAENAMU HEWPOHOT CTPYKTYPU MO3KY, SKUW, TOSIOBHUM YUHOM,
yuntbCcsa Ha pgocsigi. MNMpupoaHa aHanoria AoBOAUTb, WO MHOXMWHA
npobnem, WO He nNigdawTbCa  PO3B’A3aHHI0  TpaauUiAiHUMK
KoMn'toTepamMn, MOXYTb OyTW edEeKTMBHO BUpILLIEHI 3a AOMNOMOrow
HENpPoOMepEX.

TpuBanuii nepiog eBontouii AogaB MO3KOBi noauvHM bGaraTo
SAKOCTEN, BIACYTHIX Y Cy4acHUX KOMM'loTepax 3 apXiTeKTypow ¢OoH
HermaHa. [Jo Hux BigHOCATbLCA:

e posnogineHe npeacTtaBneHHs iHGopmauii i napanenbHi
obuncneHHs

e 3[0aTHICTb A0 HaBYaHHSA 1 y3arasribHEeHHSA

e 3gaanTUBHICTb

e TOmNEepaHTHICTb 4O MOMWIOK

®  HU3bKe eHeprocrnoXuBaHHS

Cwnctemun, nobygoBaHi Ha npuHUMnax GionoriYyHNMX HENpOoHIB,
MaloTb NepepaxoBaHi XapaKTEPUCTUKN, SIKi MOXXHa BBaXXaTh iCTOTHUM
OOCSTHEHHAM B iHAycTpil 06pobkn gaHux. [docsrHeHHa B obGnacTi
Herpodpisionorii  gawTb  No4YaTKoBE  PO3YMIHHS  MexaHiaMy
NPMPOOHOro MMUCNEHHS, Ae 3bepexeHHs iHdopmauii BiobyBaeTbca y
BMAi cknagHux obpagsie. [lpouec 36epexeHHs iHdopMauii Sk
obpasiB, BUKOPUCTAHHA o06pas3iB i po3B'si3aHHA  MOCTaBMEHOI
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npobnemun Bu3Ha4alTb HOBY OOnacTb B 00OpoOUi gaHuX, WO, He
BMKOPUCTOBYIOMM  TpaguvUIAHOTO  MporpamMyBaHHs,  3abesneuvye
CTBOPEHHS napanenbHUX MepexX i IXHE HaB4YaHHA. Y JIeKCUMKOHI
po3pobnioBaviB i KOPUCTyBa4diB HeMpoOMepex MpPUCYTHI CroBa,
BiOMIiHHI Big TpagumuinHoi obpobkn gaHux, 3okpema, "nosoguTucs",
"pearyBatun", "camoopraHizoByBaTun", "HaBuaTn", "y3aranoHioBaTtun" i
"3abysatn".

2.1. IcTopisi CTBOPEHHA HEUPOHUX Mepex

BuBYEHHIO NOACLKOro MO3KY - TUCSYi POKiB. 3 NOSIBOKO Cy4acHOI
€NeKTPOHIKM, noyanucs cnpobu anapaTHOro BiATBOPEHHS NpoLecy
MucrieHHs. lMepliot cnpobo CTBOPEHHS | AOCHIOKEHHS LUTYYHUX
HEMpoHMX Mepex BBaxaeTbca poboTa [k. Makkanoka (J.
McCulloch) i Y. MNuttca (W. Pitts) "JloriyHe obumucneHHs igen, wo
BiOHOCATBCH [0 HepBOBOI AidnbHocTi" (1943 p.), y skin Gynu
chOopMynbOBaHi OCHOBHI MPUHLUMMM NOBYAOBM LUTYYHUX HEWPOHIB i
HelpoHnx Mepex. | xoda ua pobota byna nvwe nepwmMm eTanom,
Garato igen, Aki onucaHi TyT, 3anuwalTbCA akTyanbHMMMK | Ha
CbOrOAHILHIN AeHb. BenuuesHun BHECOK y HeMpoHayKy BHecna
[eTekTopHa Teopis. i  OCHOBOMOMOXHMKOM BBaXaeTbCst  [IXK.
Makkanok, Wo i3 rpynot cBOiX cniBpobiTHUKIB y 1959 poui
onybnikyae cTaTTio 3a HasBow "lpo wWo oka xabu roBopsTb
MO3KOBi >kabu", Oe Bnepwe Oyno BBedeHE MOHATTA HeEWpoHa-
petektopa. PoboTta 3auikaBuna GaraTbOX AOCNIAHMKIB, HaWObINbL
ycniwHi 3 akmx - P. XbobepT i T. Busena, 06'eaHaBLUN FICTOXIMIYHI i
HerpodpisionoriyHi MeToan, nokasanu, WO HEWPOHM 30POBOI KOPWU
KiLLK1 BUOOPYO pearyloTb Ha NiHii BU3HayeHoro Haxuny. O6'egHaHi y
BepTUKanbHi CTOBNYUKM 3 3araribHUM 4519 HUX Haxusom, Ui HeMpoHu
YTBOPIOKOTb aHanisatop, WO BM3HA4Yae Haxun MiHil B rokanbHin
OinaHui npocTtopy. TakuMm YMHOM, MOHATTA aHanisatopa, yBeaeHe
I.IM. MaBnoBuM Ha niacTasi BUBYEHHS YMOBHUX pedpnekcis, 3HanLWwno
B paMKax AeTEeKTOPHOI Teopii CBOK HEMPOHY OCHOBY.

Benvkum npopuBomM B 061acTi HEMPOIHTENEKTY CTano CTBOPEHHS
Herpodpisionorom ®perHkom PoseHbnatom y 1962 p. mogeni
O[HOLLApPOBOi HEWPOHOI Mepexi, HasBaHOi nepcenTpoHoMm. BoHa
Oyna BMKOpWCTaHa [AnNA Takoro LUMPOKOro Knacy 3ajay, sk
NPOrHO3yBaHHS MOroAu, aHania enekTpokapgiorpam i WTY4YHUR 3ip.

37



MepLui ycnixv BMKIMKanNM Cnaieck oNnTUMIi3My i NOCNYXUNKU CTUMYMOM
ONsl NpOAOBXeEHHS pgocnimkeHb. OgHak He3abapom 3'acyBanocs, Wwo
CTBOpPEHI Mepexi He 30aTHi po3B’sisyBaTh AedKi 3agadi, WO iCTOTHO
He BIAPI3HATLCA BiA4 TWUX, KOTPi BOHW pPO3B’A3yBany YCMilLHO.
MigHiwe MapBuH MiHCbKMI, BUKOPUCTOBYHOUM TOYHI MaTeMaTW4Hi
MeTogu, CTporo [OOBiB  psig  TeopeMm,  nokasaslin, WO
BMKOPUCTOBYBaHI OAHOLIAPOBI Mepexi TeopeTU4HO He 3[aTHi
po3s’sadyBaTu Garato npoCTMX 3ajad, Hanpuknag, peanisyBaTtu
noriyHy  dyHkuito  "Buknodatode ABQO". BbespgoraHHicTb  fokasiB
MiHcbkoro, nigkpinneHa WOro aBTOPUTETOM B YYEHUX Konax,
3'aBunaca OfHIEl 3 NPUYUH 3aTPUMKU PO3BUTKY HENpPOIHTEenekTa
Mamke Ha gBa gecatunitta. OgHak psg Hanbinbl Hanonernmeux
yyYeHux, Takux sik KoxoHeH, [poccOepr, AHOEPCOH MPOOOBXUIN
OOCNIIKEHHS, MOCTYMNOBO CTBOPKOKOYM TEOPETMYHI OCHOBU ANA
noOyaoBM i 3aCTOCYyBaHHSA LUTYYHUX HEWPOHUX Mepex. Ak
3'acysanocs, MiHcbkun 6yB 3aHagTo MNECUMMICTUMHUMIA Yy CBOIX
nporHo3ax i 6arato 3 3agay, onucaHux iM 9K He po3B'si3yBaHi, 3apas3
pO3B'A3YIOTECA  HEMPOHUMW  MepexamMmy 3 BUKOPUCTaHHAM
CTaHOapTHWUX npouedyp. B paHui yac Teopis npo HenpoiHTenekT
npuabana HoBWM noaux. byno 3anponoHoBaHo 6arato pi3HMX
po3poboK, Takux, HanpuKnag, K KOrHITOH, 34aTHUM 3 BUCOKOH
BIpOrigHICTIO po3ni3HaBaTM [OCUTb CKNagHi obpasu (Hanpuknag,
iepornidn) HesanexHo Bif MNOBOPOTY i MacwTaby 300pa)keHHs.
ABTOpPOM KOFHiTOHa € AnoHcbkMn ydeHun K. dykywnma (K.
Fukushima). ¥ 1982 poui amepukaHcbkuii 6iodpiamk k. Xondowung (J.
Hopfield) 3anponoHyBaB UikaBy MoAenb Mepexi, WO ofepxana B
ManbyTHbOMY noro iM's. MMigHiwe 6yno po3pobneHo pag edpekTUBHNX
anroputmiB: Mepexa 3yctpiyHoro notoky (R. Hecht-Neilsen),
ABOHanpasneHa acouiatuBHa nam'ate (B. Kosko) i iHwi. CborogHi
OBroBOPEHHS LITYYHUX HENPOHMX Mepex BiabyBalTbCA CKpi3b.
MepcnekTnBa iXHBOrO BUKOPUCTAHHA 30A€TbCA OOCUTb SIPKOK, Y
CBiTNi pO3B’A3aHHS HeTpaguuinHMx npobnem i € kmw4Yem [o
CTBOPEHHSI HOBUX TEXHOJOriN. B aaHuii yac gocnigkeHHs i po3pobku
crnpsiMOBaHi Ha mnporpamMHi 1” anapaTHi 3acobu peanisauii
Henpomepex. KomnaHii npautooTb Hag CTBOPEHHAM TpbOX TUNiB
Henpounnie: LMEPPOBUX, aHANOrOBUX i ONTUYHKX.
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2.3. HenpoH i noro mopeni

P0O3BMTOK LUTYYHUX HENPOHUX Mepex Haauxaetbcs Bionorieto.
Tob6To, po3rnagalyM MepexHi  KoHirypauii #n  anroputmu,
OOCMigHNKM pobnsaTh Ue, BUKOPUCTOBYIOUM TEPMIHU, SIKi XapaKTepHi
Ona onucy opradisauii Mo3KoBOT AisinNbHOCTI. Ane Ha LbOMY aHarnoris,
MabyTb, 3akiHYyeTbCcsA. Hali 3HaHHS Mpo poOOTY MO3KY HacCTiflbKu
oOMexeHi, Wo Mano 6 3HaMLWIIoCA OPIEHTUPIB ANS TUX, XTO cTaB Ou
nomy HacnigyBatu. Tomy pospobnioBadyam Mepex MNpUXOAUTbCS
BMXOLMTU 3@ MEXi Cy4acHMX BionoriyHMX 3HaHb y NoLuyKax CTPYKTYp,
30aTHUX BUKOHYBATN KOPUCHI QOYHKLLT.

HepBoBa cuctema i MO30OK MOAMHM CKNagaloTbCa 3 HEWPOHIB,
3'eAHaHNX MiX cOOOI HEPBOBUMMU BOMOKHamMu. HepBoOBi BONokHa
34aTHi nepefaBaTy E€NEKTPUYHI  iMNYAbCU MK HeWpoHamu. YCi
npouecu nepefadi po3gpaTtyBaHb Bif HaLWOi LKipW, ByX i o4en Oo
MO3KY, MPOLECN MUCMEHHS | KEPYBaHHA AiAMM - yCce Le peanisoBaHo
B JKMBOMY OpraHiami $K nepegada TEKTPUYHUX IiMAYNbCIB Mk
HEeMpoHaMMu.

baszoBMM enemMeHTOM MO3Ky NIAUMHU € cheundiyHi  KiTku,
BiJOMi §K HeWpoHW, 34aTHi 3anamM'dToByBatTW, Aymatn i
3aCTOCOBYBaTU MOMepefHii AOCBiO OO KOXHOI Aii, Wo Bigpi3Hsae ixX
Big iHWMX KMiTOK Tina. Kopa ronoBHOro Mo3Ky fOAUHW € MIOCKOi,
YTBOPEHOIO 3 HEWPOHIB MOBEPXHE, TOBLUMHOW Big 2 A0 3 MM
nnoteto 6nmsbko 2200 oM. Kopa ronoBHOro Mo3ky MicTuTb 6rM3bKo
10" HEeWpoHiB, WO NpMONM3HO AOPIiBHIOE 4Yncny 3ipok MonoyHoro
wnsaxu. KoxeH HENPOH 3B'dA3aHWK 3 10% - 10* iHWmnMK HenpoHamu. Y
LinoMy MO30K noguHn Mae npubnusHo Big 10" Jo 10"
B3aemMo3B'a3kiB. Cuna noAcCbKOro posymy 3anexuTb Big 4ucna
0©a30BMX KOMMOHEHTIB, Pi3HOMAaHITTS 3'e4HaHb MiXX HAMW, a TaKOX Big
rEHETMYHOro NPorpamyBaHHs i HaBYaHHS.

IHOMBigyanbHUA HEWPOH € CKrnagHUM, Mae CBOI  CKMNajoBi,
nigcucTeMn i MexaHiamMu KepyBaHHS i nepefae iHopmadilo Yepes
BEMKY KiNbKiCTb €NMeKTpoXiMiyHMX 3B'A3KiB. HapaxoByoTb 6inst COTHi
Pi3HUX KnaciB HeWpoHiB. Pa3om HeMpoHW i 3'€dHaHHA MDK HUMMU
GOpMYyIOTb HEeOBIMKOBWUA, HECTIMKUA | HECUHXPOHHMUI npouec, Lo
BiOPI3HAETLCS Bifg Npouecy obuncneHb TpaguLinHNX KOMN'IOTEPIB.
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PosrnaHemo 6yaisnto GionoriyHoro HerpoHa. ba3oBuii enemeHT
HEepBOBOI CUCTEMMU - Lie HEPBOBA KMiTKa, SIKy Ha3uBaHOTb HEUPOHOM
(punc. 2.2)

‘)

cuHanCol ABnXeHne uMIynsca

Puc. 2.2. CxemaTu4yHe 306pakeHHsi HepPBOBOT KNiTKN — HEMpPOHa.

Y HEeNpOoHi MOXHa BUAINUTU TiNO KNITKW, SIKEe Ha3MBalOTb COMOIO,
a TaKOX BUXiOHI 3 HBOro ABa BMAW BiAPOCTKIB:

a) No sIKMX Y HEMPOH HAAX0AMTb iHgopMaLis - deHOpumMu i
0) No AKOMY HEMPOH nepefae iHpOPMaLLto - aKCOH.

KoxxeH HerpoH Mae€ TiNbkW OAUH BUXIOHWIA BiAPOCTOK, NO AKOMY
BiH MOXe nepedaBaTW iMNynbC AEKINbKOM [HLWWM HeWpoHaM.
OOVHUYHUIA HEWPOH NpUAMae 30YMKEHHS BiO BENUYE3HOI KiNbKOCTI
HelpoHiB (IXHE 4uMcno moxe pocsaratu Tucsadi). KoxeH HenpoH
nepegae 30YAXEHHS iHWMM HEeWpoHaMm 4Yepe3 HepBOBi CTUKW,
HasuBaHi cuHarcamu, Npu UbOMY Mpouec nepefadi curHanis mae
cknagHy enekTpoximidHy npupogy. CuHanc € dyHKUiOHansHUM
BY3JIOM MiXX JBOMa HEMpOHaMK (BOJIOKHO akCOHa OAHOro HEeMpoHa i
AeHapuT iHworo). Konu iMnynbc gocarae CMHaNTUYHONO 3aKiHYEHHS,
BMPOBNSAOTLCS XiMiYHI PEYOBMHW, Ha3UBaHi HEMPOTPAHCMUTTEPAMMU.
HelpoTpaHCMUTTEPU NPOXOAATb Yepe3 CUHaNTUYHY LWinuMHY, | B
3anexHocTi Big Tuny cuHanca, 30ymkyun abo  ranbmyoumn
3[aTHICTb HenpoHa-npuMada reHepyBaTuM eneKkTPUYHI  iMIynbCwu.
Pe3ynbTaTMBHICTb CMHaMNca HaCTPOKETbCA CUrHanamu, siki yepes
HbOro MPOXoAdATb, TOMY CWUHAaNCKM HaBYalOTbCA B 3anexHocTi Big
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aKTMBHOCTI MpOLECiB, Y $SKUX BOHM ©OepyTb y4yacTb. HenpoHu
B3aEMOil0Tb  3a  AOMOMOroK  KOpPOTKOI  cepil  iMnynbCiB.
[NoBigoMNneHHs nepefaeTbCa 3a AOMOMOroK 4aCTOTHO-IMMYNbCHOT
Mo ynsuii.

CwvHancu BnnmBaloTb Ha cuny iMnynbcy. MoxHa BBaxaTu, WO
Npy NPOXOMPKEHHI CuHamnca cuna iMnynbCy MIHSETbCA Yy BU3HAYeEHe
yncno pas, Wwo Mu Byaemo HasvMBaTK Barok cuHanca. IMnynbcu, wo
HagiMWnNn [O HeWpoHa OOHOYaCHO MO AEKiNbKoX AeHapuTax,
NigCYMOBYIOTbCA. FAKWO CyMapHwWi iMNynbC nepeBullye OesKui
nopir, HEMpoH 30ymKyeTbCcs, POPMy€e BnacHWi iMNyneC i nepegae
Moro pani no akcoHi. BaxnmBo BiA3HauuTW, WO BaryM CUHAaMNCIiB
MOXYTb 3MiHIOBAaTUCS 3rogoM, a 3BiACKM BUXOLMWTb, WO 3MIHIETLCS i
MOBOKEHHS BIiAMNOBIAHOrO HerpoHa. CuHancu BigirpaloTb ponb
penuTepiB  iHdopmauii, y pesynbTaTi (YHKUIOHYBAHHA  SIKMX
30ymMKEHHs1 MOXe nigcuntoBatuca abo nocnabnaTtncs. Ak Hacnigok,
00 HeWpoHa NpuUXodsiTb CUrHamW, ogHa 4YacTMHa 3 AKX pobuTb
30yanuBni, a gpyra - ranbMytlouuin Bnnue. HelpoH nigcymoBye
30yanuei i ranbMmytodi iMaynbcu. AkWo ixHA anrebpaiyHa cyma
nepeBuLLYE AeSKE rPaHNYHE 3HAYEHHS, TO CUrHan 3 BUXo4y HeMpoHa
nepecunaeTbCs 3a JONOMOTOK akCOHa A0 iHLWWX HEMPOHIB.

Mobyayemo maTemaTWyHy MoOAefb OMNMcaHoro npouecy (puc.
2.3).

Puc. 2.3. CnpolueHa mogenb HepoHa.
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Ha pucyHky 3o0pakeHa Modenb HelpoHa 3 TpbOMa BXogamu
(oeHapuTamun), NPUYOMY CUHAMNCK LMX OeHOPUTIB MalOTb Barn wy, wp,
w3 Hexam po cumHanciB HagxogaTb iMNYNbCUM CUNU  Xi, Xo, X3
BiOMOBIAHO, TOoAi MiCNsA MPOXOMKEHHS CUHAaNCiB i AeHApuUTIB OO0
HENpoOHa HaaxoasaTb IMNYNbCU W; Xj;, Wo X, Ws Xsz. HenWpoH
nepeTBOpUTbL OTPUMAHNIA CyMapHUIA iMNynNbC

X= Wi X1+ Wo Xo+ W3 X3
BignoBigHO 00 Aesikoi nepepatHoi dyHkuii f(x). Cuna BuxigHoro
iMNynbCcy OOPIBHIOE

y=f(x)=f(Wixo+ W2 X2+ W3 X3).

Takum YMHOM, HEMPOH LINKOM OMUCYETLCHA CBOIMW Baramu Wy i
nepegatHow dyHkuieto f(x). OgepxasLum Habip Yncen (BEKTOP) Wy K
BXOOW, HEVPOH BMAA€E AesKEe YUCIO y Ha BMXOAI.

PosrnsiHemo y3araneHeHy Mofernb HenpoHa (puc. 2.4), 3B'Aa3aHy
3 nepwuMmn cnpobammn opmanisyBatm onuc  OYHKUiIOHYBaHHS
HepBOBOI KITITKN.

Puc. 2.4. Y3aranbHeHa Mmogenb HelpoHa.

YBeaemo HacTyMnHi NO3HaYeHHS:

uy, ..., Uy - BXigHi curHanu gaHoro HempoHa, Wo NpuxoaaTthb Big
iHLUMX HEWNPOHIB;

Wi.....Wy - CUHaANTUYHI Baru;

Y - BUXiOHWIA cUrHan HempoHa;

V- TP@HNYHE 3HAYEHHS.

dopmyna, Lo onucye yHKLiOHYBaHHS HEMPOHa, Mae BUrNsa
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N
1 npu ZWIMIZV,
i=1

y= ; (2.1)
0 npu Z:wlu1 <.
i=1
Mogenb (2.1) moxe OyTn npeacTaBrneHa y Bugi

N
y=rf (Zwiu,- ] 2.2)
i=0

ae

1 npu x>0,
f(x)= (2.3)
0 npu x<O.

aTakoX Wy =V, Up=1.

dopmyna (2.2) onucye moaenb HeENMpOHa, NpeacTaBreHy Ha puC.
2.4. Ua mogenb Gyna 3anpornoHoBaHa B 1943 p. Makkannokom i
[MuTtTCcom . B akocTi doyHKuUii f MOXxe npuimaTncs He TiNnbKM OAUHWYHA
dyHKLUiA (2.3), ane 1 iHWi rpaHnYHi YHKUIT BUOY

1 npu x>0,
f(x)= (2.4)
-1 npu x<0.

Abo

I npu x>1,
f(x)=9-1 npu x<-1, (2.5)
x npu |IxILL.

Ha novaTkoBin asi MogentoBaHHs OIOMOriYHNX HEWPOHUX
Mepex 3acTocoByBanucs rpaHudHi dyHkuii (2.3), (2.4) i (2.5). B
JaHni Yac HanyacTille BWKOPUCTOBYETbCS cCirMoiganbHa ¢yHKUis,
sika 0OyMoBneHa BMpa3om

1
l+e

flx)= > 0. (2.6)
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BigsHaunmo, wo npu B—~ xapakTepucTuka (2.6) nparHe [o
rpaHMYHOiI  yHinonapHoi  dyHKuii  (2.3). Ak anbTepHaTuBy
3aCTOCOBYETbLCS PYHKLSA rinepbonivyHOro TaHreHca

f(x)= th(@) 1=t o 2.7)

2 1+e™*

Y uboMy BMNagKy Xapaktepuctuka (2.7) nparHe OO rpaHuyHOl
GinonsapHoi yHKUIT (2.4) Nnpu a—. Mpuknagn dyHkuii fy  mogeni
(2.2) nokasaHi Ha puc. 2.5.

a) vt 6) v 4

B) v ) F 1&

) 4

Puc. 2.5. lMpuknagmn dyHkuii f.
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Y HasiBHMM 3apa3 naketax nporpaMm LTYy4YHi HENpOoHU
HasuBaloTbCA  "ernemMeHTamuM  0Opobkn" | MawTb  Binblue
MOXIMBOCTEN, YUM MPOCTUI LUTYYHMI HEWPOH, onncaHun Buwe. Ha
puc. 2.6 300paxeHa [eTanbHa Cxema ChpoLLEHOro LUTYYHOro
HenpoHa.

D YEELNI CWIAT Opa M epegaT fyRET

T asresc

——» Cryma rimep b omi v
I & & cornayma
Exogu M iminoyma Tlinitiea Buxig
—

] '@ . CepegHe

I CHrMoiga
e — Abo
1K Cinye

PDGK.JI&,?I HAFYAHHA TA
samam AT OBYE AHHA

3 H akuame HME IEET

Puc. 2.6. Cxema cnpoLLEHOro WTY4YHOro HENPOHA.

MogudikoBaHi BXo4u nepegarTbcs Ha dyHKUjO
NiJCYMOBYBaHHS, WO MEPEeBaXHO TiNbKM NiACYMOBYE [A0OYTKM.
MoxHa BuOpaTu pi3Hi onepaduii, Taki Ik cepeaHe apudpPMeTU4He,
Hanbinblwe, HanmeHwe, OR, AND, i T.n., wWo BUPOGNSOTL pPi3Hi
3Ha4yeHHs.  binbwicTb  KOMepuinHMX  nporpaMm  [O3BOMSTb
iHKeHepam-nporpamMictaMm CTBOpKOBaTWM BMNacHi yHKuUii cymmaTtopa
3a [OMNOMOrol mignporpam, 3akogoBaHMX MOBOK BMCOKOTO PiBHS.
IHOOI  dyHKUiA  NiQCYMOBYBaAHHSA  YCKMAAHETbCA  AO0AaBaHHAM
dyHKUIT akTuBaLii, Wo [03BONsE (PyHKUii NigCyMOBYBaHHS LiATU B
yaci. Y KOXHIM 3 uMX BMMagkiB, BuXig4 YHKUii MigCyMOBYBaHHSA
npoxoauTb Yepes nepegatHy dyHkuito Ha Buxig (0 abo 1, -1 abo 1,
abo ske-HeOyob iHWeE 4WMCNO) 3a [OOMOMOTOK  BM3HAYEHOro
anroputmy. B icHytoumx Herpomepexax sik nepefatHi PyHKLIT, 9K Mu
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BXE TrOBOPUIIM, MOXYTb OyTM BMKOPWUCTaHi CirmMoiga, CUHYC,
rinepboniyHnn TaHreHc i iH. Mpuknag Toro, SIK Mpaule nepegaTtHa
dyHKLUIA NoKasaHo Ha puc. 2.7.

SHAMEHHA B
1 -

=13

Mepemarn dyroada =
1/(1+Exp[—=um]]

SHAYEHHA
0.5 { PR

Puc. 2.7. CirmoigHa nepegatHa yHKLUis

Yci WTy4Hi HelpoMepexi KOHCTpYylolTbcA 3 6aszoBoro 6noky -
LWITYYHOro HeWpoHa. IcHyt4i po3maiTocTi i BigMIHHOCTI, € niactaBoto
ans  MucTeuTBa TanaHOBMTUX po3poOntoBadiB  npu  peanisauii
eEeKTUBHNX HENPOMEPEXK.

2.4. HenpoHi mepexi

ltyyHa HenpoHa wmepexa (LUHM) — ue wmaTtemaTuyHa
Modenb, a TakoX MNPWUCTPI napanenbHUX ob4yncreHb, LWo
NnpeacTaBnsalTb COO0K cUCTEMY 3’€AHaHMX i B3aEMOLIOUMX MiX
cob0Il0 NPOCTMX MPOLECOpPIB (LWUTYYHUX HEMPOHiB).AK mMaTemaTtuyHa
MoZenb LWTy4YHa HEMpPOHa Mepexa siBNse cobo OKpeMuin BUMagoK
MeToAiB pacnidHaBaHHA 00OpasiB abo AWCKPUMMHAHTHOrO aHanisy.
Taki npouecopu 3a3Bu4yar 4OCUTb NPOCTi, 0COBNMBO B MOPIBHSAHHI 3
npoLecopamu, BUKOPUCTOBYBAHUMM B MEPCOHANbHUX KOMM'lOTepax.
KoxeH npouecop nopibHoi Mepexi Mae cnpasy TiflbkK i3 curHanamm,
WO BiH NepioguMyHO oAepXkye, i curHanamu, Lo BiH NepioguvHo
nocunae iHwuM npouecopam. | npote, 6yayym 3'egHaHMMM B JOCUTb
BENUKY Mepexy 3 KepoBaHOK B3aeMOAIEt0, Taki foKanbHO MPOCTi
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http://ru.wikipedia.org/wiki/%D0%A1%D0%B8%D1%81%D1%82%D0%B5%D0%BC%D0%B0
http://ru.wikipedia.org/wiki/%D0%98%D1%81%D0%BA%D1%83%D1%81%D1%81%D1%82%D0%B2%D0%B5%D0%BD%D0%BD%D1%8B%D0%B9_%D0%BD%D0%B5%D0%B9%D1%80%D0%BE%D0%BD
http://ru.wikipedia.org/wiki/%D0%9C%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B0%D1%8F_%D0%BC%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C
http://ru.wikipedia.org/wiki/%D0%9C%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B0%D1%8F_%D0%BC%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C
http://ru.wikipedia.org/wiki/%D0%A0%D0%B0%D1%81%D0%BF%D0%BE%D0%B7%D0%BD%D0%B0%D0%B2%D0%B0%D0%BD%D0%B8%D0%B5_%D0%BE%D0%B1%D1%80%D0%B0%D0%B7%D0%BE%D0%B2_%28%D0%BA%D0%B8%D0%B1%D0%B5%D1%80%D0%BD%D0%B5%D1%82%D0%B8%D0%BA%D0%B0%29

npouecopy pas3oM 34aTHi BMKOHYBaTW [OCUTb CKNagHi 3agaui.
[MOHATTS BMHMKMIO MpW BMBYEHHI MpoOLUECiB, WO MNPOTiKalTb Y Mi3Ky
npyu MicneHi, i npn cnpobi 3mogentoBaTn Ui npouecn. OTpuMaHi
MoAeni HasMBalTbCHA LWTYYHUMU HEMpoHuMn Mepexamu (LUHM), y
AKX BUKOPUCTOBYETLCSA BEmNMKa KiNbKICTb 3B'A3KiB, $Ki 3B'A3Yy0Tb
OKpeMi HeWpoHW. pynyBaHHA B MO3Ky MOAMHW BigbyBaeTbcs Tak,
Wwo iHdopmauia 06pobnaeTbCa AMHAMIYHUM, IHTEPAKTUBHUM i
CaMOoOpraHi3yloumMM LWnaxom. bionoriyHi HEMPOHI Mepexi CTBOPEHi B
TPMBUMIPHOMY NPOCTOPI 3 MIKPOCKOMIYHMX KOMMOHEHTIB i 34aTHi Ao
Pi3HOMaHITHMX 3'€QHaHb, a ANA CTBOPEHOI NI0AMHOK MepEXi iCHYI0Tb
di3nYHi 0OMEXEHHS.

3 iHWworo 60Ky, WTy4YHa HerlpoHa mepexa — ue Habip WTy4HMX
HerpoHiB, 3'egHaHMX MiX coboro. Ak npasuno, nepegatHi YHKLUiT
BCiX HEMPOHIB Yy Mepexi ¢ikcoBaHi, a Barn € napameTpamn Mepexi i
MOXYTb 3MiHOBaTucS. [lesiki BXoan HEMPOHIB MO3HAYEHI SIK 30BHiLLHI
BXoan wMmepexi. [eski Buxoanm - €K 30BHIiWHI BMXOOM MeEpPEXi.
Mopatoun Byab-Ski yMcna Ha BXOAM MeEpEXi, MU OAEPXKYEMO SIKUICH
Habip uuMcen Ha BuMxogax Mepexi. TakMM 4YuHOM, poboTa
HenpoMepexi CKnagaeTbCsl B NEPEeTBOPEHHI BXIiAHOrO BeKTOpa Y
BMXiOHWI BEKTOP, MPMYOMY Le NEepeTBOPEHHS 3a0aeTbCs Baramu
Mepexi.

MpakTuyHo Oyab-sIKy 3agady MOXHa 3BEeCTUM A0 3ajadi, ska
pO3B'A3yETbCA HeMpomepexol. Y Tabnuui, ska npuBegeHa Huxye,
nokasaHo, $SKMM YMHOM BapTo cdopmyroBaTm B  TepMmiHax
Helipomepexi 3agadvy po3nisHaBaHHSA PYKOMUCHUX OYKB.

3agaya po3nizHaBaHHA PYKOMUCHUX BYKB

[aHo: pacTtpoBe 4opHO-6ine
300paxeHHs1 GyKBM PO3MipoM
30x30 nikceniB

Tpeba: Bu3HaAUUTKH, fKa Ue
6ykBa (B andagiTi 33 6ykBu)

dopmMynioBaHHS

Onsi Hepomepexi

[laHo - BXigHWin BEKTOP 3
900 gBoicTMX CMMBOIIB
900=(30%30)

Tpeba: nodynysatu
Herpomepexy 3 900 Bxogamu i
33 Buxogamu, WO MO3HAYEHI
OykBamu. AKLLO Ha BXOAi Mepexi
- 306paxeHHsa Oyksu "A", TO
MaKcumarnbHe 3HaYEeHHs
BUXiOHOIO CUrHany AOOCAraeTbecs
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http://ru.wikipedia.org/wiki/%D0%9C%D0%BE%D0%B7%D0%B3
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Ha Buxoai "A". AHanoriyHo
Mepexa npaute gna scix 33
OykB.

MosicHMmo, HaBilwo NoTpibHO BMOMpaTK BMXig 3 MakCUManbHUM
piBHem curHany. CnpaBa B TiM, WO piBEHb BUXIQHOrO curHany, siK
npaBuno, Moxe npunmatTn byab-Ake 3Ha4YeHHsA 3 SKOrocb Bidpiska.
OpHak, y gaHi 3agadi Hac UikaBuTb He aHanoroBa BianoBidb, a
BCbOrO Nue Homep kaTeropii (Homep OykBu B andasiti). Tomy
BUKOPUCTOBYETbCA  HACTYNMHUM  Migxig4 -  KOXHiN  kaTeropil
3iCTaBnsETbCA CBiMA BUXiO, a BIiANOBIOAK Mepexi BBaXaeTbCs Ta
KaTeropis, Ha u4uiM BuUXOAi piBEHb CuUrHany MakcumanbHun. Y
BM3HA4YeHOMY 3MICTi piBeHb curHany Ha Buxoai "A" - ue BiporigHicTb
TOro, Wo Ha Bxig 6yna nogaHa pykonucHa bykea "A". 3agadi, y akmnx
noTpibHO BigHECTM BXigHI OaHi OO OfHIiEl 3 BiOOMMX KaTeropiu,
Ha3nBalTbCA 3adavYamu knacudgbikauil. BuknageHun nigxig -
CTaHOapTHWUI cnocib knacudikauii 3a AONOMOrol HEMPOHUX MEPEX.

IcHyto4i Ha JaHWn Yac HerpoMepexi € rpynyBaHHAM LUTYYHUX
HenpoHiB, y BUAi 3'egHaHMX M coboto wapis.
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Baimrooi
MpOLAPOE

[ TpEoooEared] TPOIIAEOE
{moaze OVTH ORENBEA
T ECHOEAHED I OILAY KE)

MO0

Pwuc. 2.8. [liarpama npocToi HEMPOHOI MepeXxi

Ha puc. 2.8 nokasaHa TMnoBa CTPyKTypa LUTYYHUX HENPOMEPEXK.
Xova iCHYTb Mepexi, o MICTATb nvile oauH wap, abo HaBiTb OAUH
enemeHT, OinNblWiCTb peanis3auii BUKOPUCTOBYIOTb MeEpexXi, Lo
MICTATb SIK MiHIMYM TpY TUNW LWAPIB - BXiAHWUWA, CXOBaHWUA i BUXiIOHUN.
LWap BxigHUX HeWpoHiB oaepxye AaHi abo 3 BxigHuX dannis, abo
Oe3nocepeaHbO 3 eNEKTPOHHUX AaTyuKiB. BuxigHuin wap nepecunae
iHopmauito ©esnocepegHbO B 30BHIWLHE cepegoBuue, OO0
BTOPWMHHOIO KOMMN'IOTEPHOro npotecy, abo Ao iHworo npuctpoto. Mix
UMMM OBOMa LapamMy MoXe OyTu Kiflbka CXOBaHWMX LWapiB, LWO
MicTATb 6araTto pisHOMaHITHO 3B'I3aHWX HEWpOHIB. Bxoamn i Buxoau
KOXHOro 3i CXOBaHWX HEWPOHIB 3'edHaHi 3 iHWUMKM HepoHaMMU.
Hanpamok 3B'a3ky Big OAHOrO HeEMpoHa [0 (HWOro € BaXnNusum
acnektom Hewpomepex. Y OinblIOCTI Mepex KOXeH HeWpoH
CXOBaHOro Lapy ofepXye curHanu Big ycix HeMpoHiB nonepeaHbLoro
Wwapy i 3BMY4anHO Big HEMpOHiB BXigHOro wapy. llicna BUKOHaHHSA
onepauin Hag curHanamn, HeWpoH nepejae CBiM BUXig YycCiM
HelpoHaM HacTynHuWxX LwapiB, 3abes3nevyloun nepegady curHany
Brnepen (feedforward) Ha Buxig. lNMpun 3BOpoTHOMY 3B'A3Ky, BUXIA
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HENPOHIB LIapy HanpaBnaeTbCA OO0 HEWPOHIB MonepeaHboro Lapy
(puc. 2.9).

A IEOpOTE
3B 30K
—~< 0—
—()
Fonepesmin
{ raTE MY EAEHT)
3Jau:u]gcuu:u'l'x-lj.f{..q
3B ATOE

Pwuc. 2.9.

Bupg 3'egHaHHA Mk HEMpPOHaAMU Mae BENUKWUIA BNIMB Ha poboTy
Mepexi. bBinblWwicTb nakeTiB nporpaMHMUX peanizauin  HEMPOHUX
MepeX 003BOMATb KOPUCTyBaYveBi JodasaTh, BigHIMaTK i kepyBaTu
3'eQHaHHAMU sK 3aBrogHo. lNMocTinHO Koperyemi napameTpu 3B'A3Ky
MOXHa 3pobuTu Sk 36yaNMBMMM TaK i ranbMyUYUMN.

2.4.1. HannpocrTiwi moaeni wWTYy4YHUX HEUPOHUX
Mepex
2.4.1.1.MNMepcenTpoH
Mogenb MakKannoka-llitTca ctana BignpaBHOK TOYKOW Ans
noOyaoBM  HaWMNPOCTIWOi  OAHOCNPSMOBAHOI  HEMPOHOI  Mepexi,
Has3BaHoOW riepcenmpoHOM. Taky Mepexy 3arnpornoHyBaB i
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pocrnigpkyBaB Po3eH6natT  HanpukiHUi n'atmgecatnx - nodartky
wictgecatux pokiB XX crtonitta. Ha puc. 2.10 npeactaBneHa
CTPYKTYpa MepcenTpoHa, iHOA4I  Ha3uBaHOro  Hadnpocmiwum
rnepcernmpoHoOM.

uo(n)

u,(n)

g(n)

B b T L T [Seepepep

Axaropurm ofyuenHs mepcenTpoHa
w(n+1) = w(n)+n[d(n)~ y(n) Ju(n)
Puc. 2.10. lNepcenTpoH.

Ak dyHkuio  fy  wmogeni  MakKannoka-Nuttca (2.2)
3acTtocoByBanacs binonsipHa dyHkuia aktusadii (2.4). CurHan x Ha
BMXOZi NiHINHOT YaCcTMHU NepcenTpoHa 3a4aeTbCs BUPA3oM

N N
X = Zwiui -V :Z wu,, (2.8)
i=1 i=0

ne wg =V, Ug=-1.

3apava nePcenTpOHa nonsirae B knacudikauii Bektopa

i=[U......U\] Yy 3MICTi BigHECEHHS MOro A0 OAHOMY 3 ABOX Kracis,
Wo nosHavyarTbca cumBonamm Ly i L,. lNMepcenTpoH BigHOCKTL
BEKTOp / A0 Knacy Ly, AKLWO BUXiAHWA CUrHan y npunMae 3HayeHHs 1,
i 4o knacy Lo, 9KLWo BUXiAHWIA curHan y npuimae 3HadeHHs -1. Micns
LbOro nepcentpoH po3aainse N-mMipHMIA NPOCTip BXiAHWX BEKTOPIB i Ha
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ABa nienpoctopu, nogintoBaHi (N-1)-MipHOK0 rinepnnowmHo, LWo

3a/1a€TbCS PIBHAHHSAM
N N
Z wi; —v =Z wu, =0, (2.9)
i=1 i=0

lNnepnnowmHa (2.9) Ha3MBaETbCA BUpPIWAbHOK 2paHuUero
(decision boundary). Axwo N= 2, To BupiwanbHa rpaHuus - uUe
npsiMa niHis, Wo 3a4aeTbCsi PIBHSAHHAM
Wil + Wolo-v= 0. (2.10)
Touka (iy,iz), Wo NexunTb Hag uin npamin (puc. 2.11), BigHoCUTLCA
0o knacy Ly, toai Ak Touka (iy,ip), WO NEeXuTb Nig Uiel npsamoto,
BigHOCMTBCA A0 Kknacy L,. Touku, WO nexaTb Ha rpaHuli pilleHHs,
MO>XHa AOBINbHO BiAHECTM i Jo knacy L;i go knacy Lo.
Uzll

/ u1

Puc. 2.11. BupiwanbHa rpaHnus ana N=2.

Ons noganblwmx MipkyBaHb NpunycTumo, Wwo Barm w; i=0, 1, ...,
N y piBHSHHI rinepnnowuHn (2.9) Hesigomi, Toai AK Ha BXia
nepcentpoHa nocnifoBHO MoAalTbCs TaK Ha3MBaHi HaBYarlbHi
curHanm u(n), n=1, 2...., e

u(n) = [us(n), .... unl”

HeBigomi 3HadeHHss Bar OyayTb BM3Hayatuca B MPOLECi
HaBYaHHs nepcenTpoHa. Takui niaxia ogepXas Ha3By «HaBYaHHS 3
yuntenem» abo «HaB4YaHHA nig Harmsggom». Pomb  «yunTtens»
nonsrae B KOPEKTHOMY BiAHECEHHI curHaniB u(n) oo knacis Ly abo Ly,
He3BaXal4yuM Ha HEBIAOMICTb Bar PIiBHSAHHSA BUpIWAanbHOI rpaHuui
(2.9). Mo 3aBepLUeHHi MpouUecy HaBYaHHS MEpPCEenTPOH MOBUHHMUN
KOPEKTHO KnacucpikyBaTu curHanu, ski HagxoadaTb Ha MOro BXid, y
TOMy 4mcni i Ti, KOTpi OynM BiACYTHI B HaBYanbHiA NOCMIQOBHOCTI
u(n), n=1, 2..... Kpim TOro, npvnmemo, WO MHOXWHi BEKTOpiB u(n),
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n=1, 2, .., ONsa SKUX BUXig nepcenTtpoHa MpuUAMaEe BigMNoBigHO
3HadeHHa 1 i -1, NiHIMHO BigAineHi, TO6TO nexaTb y ABOX Pi3HMX
niBnpocTopax, po3dineHnx rinepnnowmHoto (2.9). IHwummn cnosamu,
OOMyCKaeTbCs MOAiN HaByanbHOi nocnigoBHocTi {u(h)} Ha [OBoOX
nocnigosHocTew {u;(n)} i {us(n)} Tak, wo {u;(n)} €L i{ux(n)} € Lo.

Y n-1 MOMEHT 4Yacy CWUrHan Ha BUXOAi NiHIMHOT YacTUHK
nepcenTpoHa BU3HAYaETbCHA BUPA3OM

N
x(n):Zwi(n)ui(n):wT(n)u(n), (2.11)
i=0
ae
u(n) = [-1,us(n), to().....un(N)]", . (2.12)
w(n) = [v(n), wy(n), wo(n).....wn(n)]". (2.13)

HaByaHHA nepcenTpoHa nonsrae B PEKYPPEHTHIN Kopekuil
BeKTOpa Bar w(n) BignoBigHoO Ao dopmyn
VT win), ﬂmqowT(n)u(n)ZOiu(n)eLl, 614
win), axuow (nju(n)<0iu(n)el,
i
Winil)= win)—nu(n), ﬂkwowr(n)u(n)ZOiu(n)eL,, (
win)+nu(n), ﬂKwowT(n)u(n)<0iu(n)eLl,

ae napameTtp n npu 0<n<1 - KPOK KOpeKUii, ToAi SK MOo4aTKOBi
3HaYeHHs KOMMOHEHT BEeKTOpa Bar YCTAHOBMOOTLCS PIBHUMU
Hynesi, TO6TO

2.15)

w(0) = 0. (2.16)

3anexHocti (2.14) i (2.15) moxHa npegcTtaButn B BinbL

ctucrniomy Bugi. Ons uboro BUM3HA4YMMO Tak HasvBaHWA €TanoHHWIA
(3apaHwuin) curHan d(n) y dpopmi

d(n):{-’_l’ akuyou(n)el,

-1, axkwou(n)elL,.
Kpim Toro, Big3Haunmo, LLO BUXiAHWA CUrHAN NepcenTpoHa Moxe
OyTu onmcaHu BUpasom
y(n) = sgn(w(n)u(n)). (2.18)
3 ypaxyBaHHAM yBedeHUX no3Ha4veHb pekypcii (2.14) i (2.15)
npuimaroTb BUS

(2.17)

w(n+ 1) = w(n) + [d(n) - y(n)] u(n). (2.19)
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PisHuuto d(n)-y(n) moxHa iHTepnpeTyBaTu $K MNOXUOKY Mix
eTanoHHUM (3agaHuM) curHanoMm d(n) i akTUYHUM  BUXIAHUM
curHanom y(n).

36ixHicTe anroputmy (2.19) pgocnigkyBas Po3eHbnatT, a Takox
iHWwi aBTOpU. 3 ypaxyBaHHAM MNPUAHATOI BULLE YMOBM TiHIAHOT
cenapabenbHOCTi BXigHUX curHanis anroput™ (2.19) cxogutbces,
TO6TO

w(ng) =w(ng+ 1) =w(ny+ 2) = ... (2.20)

Mo 3aBeplUeHHi HaBYaHHS BupillanbHa rpaHuUs nepcenTpoHa

BM3HAYa€TbCA BUPa3oM

N
> wi(ng Ju; =0, (2.21)
i=0

a nepcenTpoH KOPEKTHO Knacudikye Sk CUrHamu, LWo HanexaTb
00 HaByanbHoi BMGipkM {u(n)}, Tak i AKi He BXOOATb B L0 MHOXWHY,
ane BUKOHYKOTb YMOBY TiHiMHOI cenapabenbHocTi. Haragaemo, wo
YMOBI TiHiiHOI cenapabenbHOCTi He BignoBigae mnoriyHa YHKLis
XOR, 3agaHa Tabnuueto 2.1.
Tabnuusa 2.1. NoriyHa dyHkuia XOR

U4 Uo d=XOR (U1,
U2)

+1 +1 -1

+1 -1 +1

-1 +1 +1

-1 -1 -1
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Puc. 2.12. IntocTtpauis npobnemu XOR.

3 puc. 2.12 Bunnueae, WO He iCHye NpsMoi, Wo Bigokpemuna 6
TOYKM 3i 3HavyeHHsMM GyHKUiT XOR, piBHUMM - 1, Big TOYOK 3i
3Ha4YeHHAMM, piBHMMMK 1. Y LUbOMY BUMNAAKY POfb 3pasKoBOi rpaHuL
rpae eninc, i Tomy anroputm (2.18) He 6yB O1 Takum,LO CXOOUTBLCA.
Mpobnemy XOR moxHa po3B’sisaTu 3a OONOMOrol [BOLLIAPOBOro
nepcenTpoHa.

2.4.1.2. Cuctemu TNy AganavH

Cwuctemun Tvny AgananH (Adaptive Linear Neuron - aganTuBHWiA
NiHINHWI HelpoH) 6ynn 3anponoHoBaHi B 1960 p. Bugpoy i Xoddom.
Bugpoy i Jlep onucanu uine cimenctso cuctem Tuny AganaiH.
Mepen TMM sk NeperTn OO OeTanbHOro OBroBOPEHHS CUCTEM Tuny
AganavH (nn. 2.4.1.2.2 i 2.4.1.2.3) po3rnsHemMo MoJefb Tak
Ha3nBaHOro MiHINHOro 3BaXXEHOro cymartopa.

2.4.1.2.1. NiHinHWK 3BaXXeHM cymaTop

Ha puc. 2.13. npegcraBneHa CTpyKTypa MiHIMHOMO 3BaXXE€HOro
cymaTtopa (linear combiner).
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uy(n)

Puc. 2.13. JliHiiHMI 3BaXXeHWIA cymaTop.

Moro Buxia YTBOPIOETLCA CUrHANoOM y(n), WO SBnsie coboo
NiHiNHY KOMBiHaUio ycix BXxoAiB uq(n),us(n),...,u(n), n=1,2.... YBegemo
NO3HaAYEHHS

u(n) = [u,(n), us(n).....u(n)|". (2.22)

KOHKpeTHi  KOMMOHeHTM BekTopa u(n) 30iNblWyOTbCA Ha

KOMMOHEHTW BeKTOpa Bar
w=[w; Wo....w]". (2.23)

Y pesynbTaTti BUXiAHWI CUrHan niHINHOro 3BaXeHoro cymaropa

ONnCYeTbCS POPMYNOLD

M
y(n)="Y. w(n) =w'u(n). (2.24)

k=1
Buxig ~ niHiiHoro  3BaxeHoro  cymatopa  y(n)  Oyge
BMKOPUCTOBYBaTUCH K  peanisauia geskoro curHany d(n),
Has3MBaHOro eTanoHHum abo 3agaHum curHanom. Y pesynbTari
nopiBHAHHA peanisauii y(n) i3 curHanom d(n) ogepXyemo Moxubky

peanisauji

g(n) = d(n)-y(n). (2.25)
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Barn niHinHOro 3BaxeHoro cymmatopa Wi, Wo....w 0OyayTb
nigbupaTucs Tak, Wwob MiHiMi3yBaTn Mipy NOXnbkm

M

Q(w) = E[(n)’] = E[(d(n) -}, wiu(n))’]=

k=1

= El(d(n) - w'u(n))] (2.26)

MpunycTnmo, Wo BXigHWA curHan u(n) i eTanoHHMn cvurHan d(n) -
ue peanisadii AMCKPETHUX cTOXacTudeckmx npouecis {u(n)} i {d(n)},
CMiNbHO CTaLiOHApPHUX Y LUMPOKOMY 3MiCTi, TOBTO

1) {u(n)} - cTauioHapHUM y LUMPOKOMY 3MICTi CTOXaCTUYECKUN
npouec;

2) {d(n)} - cTauioHapHWIi Yy LUMPOKOMY 3MICTi CTOXacCTUYECKUI
npouec;

3) dyHKUis B3aeMHOI Kopensuii npouecis {u(n)} i

{d(n - k)} 3anexuTb TiNbKX Big 3HAYEHHS K.

Mipa noxmbkm (2.26) Ha3MBaeTbCs cepedHbOK8adpamu4HOK
rnoxubkoro peanizayii. No3Ha4ymmo [w*..... W*N]T=W* BEKTOP Bar, sKi
MiHUMI3YylOTb NOXMBKyY (2.26). MNpeacTtasneHa Ha puc. 2.13 cuctema,
Barm sKoi NpUAMalOTb 3HAYeHHs Ww™;, ..., W¥, HasuBaeTbCs
npocmoposum ¢hinbmpom BiHepa (spatial filter).

Mpouec dinbTpadii nonarae B MHOXEHHI BXOAIB U1(N).....u n(N) Ha
BIOMOBIOHY 1M MHOXWHY Bar W*...W*% 3  HacCTynHUMm
nigcyMOBYBaHHSAM OkpeMux JoByTKiB Ana ogepxaHHa peanisauii y(n)
eTanoHHoro curHany d(n). MNokaxemo, WO cepedHbOKBagpaTU4Ha
noxmbka peanisauii (2.26) - ue dyHKUiA Opyroro nNopsgky BekTtopa
Bar w.

Ockinbku

[d(n) - wu(n)l? = d2(n) - 2d(mw’u(n) + w'u(n)u(n)w (2.27)
TO (hbopmyna (2.26) npurimae Bug

Q(w) = E[dx(n)] - 2w E[d(n)u(n)] + w' Elu(n)u(n)] w . (2.28)

B octaHHbOMY AodaHKy Bupas (2.28) moxHa BMAINUTM MaTpULo
aBTOKOpEensLil KOMNOHEHTIB BXiQHOro BEKTOpa
R = Efi(n)u’(n)] =

E[(u*(n))] El(u(n)uy(n)]..E[( u(n)uy(n)]
=| Elluy(n)u(n)] El(w’2(n))]  .El(uw(nuy(n)] | (2.29)

El(uy(n)u(n)] E[( uy(nu(n)]...E[( uw'n(n))]

a TakoX BEKTOP B3aeMHOI kopensuii Mk curdanamu d(n) i y(n)
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Eld(n)(u(n))]

E[d
o= ey 4 (2.30
E[d(n)(uy(n))]
3 BUKOPUCTaHHSAM no3HaveHb (2.29) i (2.30)

cepefHbOKBagpaTuyHa noxmbka peanisaudii (2.28) moxe 6ytn
3anucaHa y BuAi

Qw) - E[P(n)]- 2w'p + w'Rw . (2.31)

3 Bupasy (2.31) BunnuBae, WO cepegHbOKBagpaTuiHa noxmbka

peanisauii Q(w) - ue yHKUis Apyroro nopsaky Bektopa Bar w. 3

reoMeTPUYHOI TOYKM 30py Q(w) npeacTaBnsaeTbCs
rinepnapabonoigom, Wwo Mae eauHuii rnobanbHuii akcTpeMym QF.
Llen rinepnapadonoig Ha3nBa€eTbLCS rogepxHero

cepedHboKgadpamuyHoi  nmoxubku. Pwuc. 2.14  npeacraensie
bparMeHT TUMOBOI NOBEPXHi cepeAHbOKBaApaTUYHOI Noxmnbkm ana N
= 2 (y ubomy BMNagKy ue napabonoig).

Qw,, W) 1

E[d* (n) |\

¥

W,

Puc. 2.14. MNoBepxHs cepeaHbOKBaAPaTUHHOT MOXNOKN.
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lMoBepxHa cepeAHbOKBAApPaTUYHOI MOXUOKM, SKa OMNUCYETHCS

piBHSHHAM (2.31), mMae eouHuyi rnobanbHMn akcTpemym QF, wo

JocAraeTbCs  NpU  ONTMMAarnbHUX  3HAYEHHAX Bar W™ ....W™.

O6umncneHHs onTUManbHUX 3Ha4YeHb Bar 3BOAMTLCSA OO BM3HAYEHHSA

BekTopa rpagieHta V dyHkuii Q(w) i NpUPIBHIOBAHHIO OTPMMAaHOrO
pesynbTaTy A0 Hyns:

v_0% _[e0 a0 a0

ow | ow ow,  ow,

ae 0 € N-mipHUn HynboBuin BekTop. MNpunycTMmo, Wo recciax

V2 — 0

- 2

ow

Lue goaaTHO BU3HaveHa maTpuus. Y LbOMy BMNagKy BEKTOp Bar w™

MiHiMi3ye cepegHbOKBaapaTW4HY noxvbky peanisauii (2.31). 3

piBHAHHA (2.32) BunNnuBae, WO ANS LbOro BeKTopa cnpaseanvea
PiBHICTb

—2Rw-2p=0,  (2.32)

=2R (2.33)

Rw*=p. (2.34)
PiBHicTb (2.34) Ha3MBaeTbCA HOPMarIbHUM PIBHAHHAM. SKLLO
det R #0, TO M1Oro po3B’si3KOM € BEKTOP
w*=RTp. (2.35)
Mpn w=w”* noxmbka npuiMae MiHiManbHe 3HaYeHHs, Lo
nosHavaeTtbcs Q* i piBHe
Qw*) = Q* = E[ds(n)] - 2w*'p + w* Rw*.  (2.36)
Axkwo nigctaBuTn piBHICTb (2.34) y BMpa3s (2.36), TO ogepnumo
dopmyny Ans  po3paxyHKy MiHiManbHOI cepeaHbOKBagpaTU4HOl
noxubku peanisadii

*

Q* = E[ds(n)] - w*'p. (2.37)
Ons  3Haxo[mKeHHs ONnTUMarnbHOrO BeKTopa Bar Ww*, wWo
3aJ0BOJbHAE HOPMarbHOMY PiBHSAHHIO (2.34), NoTpibHO iHBEpPTYBaTK
mMaTpuuto aBTokopensauii R. 3amMicTb LbOro MoXHa BMKOPUCTOBYBATH
MeTo, HauLWBUALLOIO CMYCKY, WO LUMPOKO 3aCTOCOBYETLCS B TeOpii
ontumisauii. Y ubOoMy MeTofi nepenbavaeTbcsl  iTepaTUBHUN
pO3paxyHOK MOCMiAOBHUX HaGNMKeHb OMTMMarbHOIO BEKTopa W*.
Mo3Haunumo w(n) HabnmxeHHs, po3paxoBaHe Ha n-n itepadii
w(n)=[w(n)..... WN(n)]T. (2.38)
UeproBi KOpekuil KOMMOHEHTIB BeKkTopa Bar Ww(n) MNOBUHHI
BVMKOHIBAaTUCA B HanpsiMKy, MPOTUNEXHOMY 3HaKOBi KOMMOHEHTIB
BeKTopa rpagieHTta
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aQ(w(n)){aQ(w(n)) aQ(w(n))T 239
owin)) [ ow(n) " dwy(n) '

ARNropuTM HanWBNALIOro CMYCKY MOXHa NPpeAacTaBuUTU y BUAI

win+ 1) = w(n)-+ 22N
2 ow(n)
Mpn nigctaHoBuUi dopmynu (2.32) y 3anexHictb (2.40)
00EPXKYEMO PEKYpCito
W(in+ 1) =w(n)+[p - Rw(n)], (2.41)
e KoHCcTaHTa N>0 B13Havae BENUYNHY KPOKY KOPEKLii.
MoxHa nokasatu , WO anropuTM HaWWBMALIOrO Crycky (2.41)
cxoauTbes, To6To

(2.40)

lim w(n) = w*. (2.42)
SKLLO KPOK KOPEKLUiT N NeXuTb y Mexax
1
O<n<—, (2.43)
/IWIZUC

ae Anax - Ue Hanbinblle BNacHe 3Ha4YeHHS MaTpuui aBTokopensuii R.
Kpim Toro, poBefeHo, WO LWBUAKICTb 3BPKHOCTI  anroputmy
HaWLWBMALWIOrO CMYCKY 3anexuTb Bi4 BiAHOWEHHSA HaWMEHLUX i
HanbinbLLIOro BNacHMx 3HavyeHb maTpuui R. Akwo

A
—mn ~1 (2.44)
/’Lmax

TO anropuUTM HaMLIBUALIONO CMYCKY CXOOAUTLCS LUBUAKO. SKLLO X
A
—mn ~ () (2.45)
ﬂ’max

TO anropuTM HaANLLIBUALWIOrO CMYCKY CXOAUTBLCS MOBISTbHO.
2.4.1.2.2. ABanTUBHWI NiHINHNI 3BaXXeHUN cymaTop

3actocyBaHHs anroputmy (2.41) npunyckae 3HaHHa matpuui R i
BekTopa O .Y BMNafKy, KON Ui BENUYMHU HEBIOOMI, BapTO 3aMiHUTK
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rpagieHT (2.39) noro HabnNWkKeHHAM. 3annwemMo pPeKypCUBHUA BUpa3
(2.40) y Buai
2
w(n + 1) = w(n)-~p SELE (T (2.46)
2 owmn)
Axkwo B uin copmyni 3amiHUTK rpagieHT KOro HabnKeHUM
nokaneHUM 3HaYeHHsM (instantaneous estimate), To6To

2 2
OE[ ¢ (n)]_)ag(n) (2.47)
ow(n) ow(n)
TO OAEPXKMMO PeKypCito Buay
2
whn+1)=w (n)—%n% . (2.48)
3 Bupasis (2.24) i (2.25) Bunnueae, Wwo
og’(n) _ ,  0g(n)
—5‘W(n) =2¢(n) ow(n) 2e(n)u(n). (2.49)

Mpn nigctaHoBui 3anexHocTi (2.49) y dopmyny (2.48)
ofepXyeMo Tak HasuBaHuin anroput™m LMS (Least Mean Square) y
BEKTOPHIN popmi

w(n + 1) = w(n) + u(n)[d(n) - w(n)u(n)] (2.50)
abo B ckanspHin popmi

W (n+1) = W (n)-udm)[ d(n)-) wi(n)u(n)] (2.51)
k=1

ana k=1.....N.

Ha puc. 2.15 npeacrtaBneHo aganTUBHWI MiHIMHWIA 3BaXXEHUN
cymaTop, BigOMWiA Yy niTepaTypi 3a HasBow ApganavH (Adaptive
Linear Neuron). BiH cknagaetbcs 3 ABOX OCHOBHUX YaCTUH:

1) niHiHOro 3Ba)keHOro cymartopa 3 afjanTMBHO Baramu, Lo
KOPEKTYHOTbCS

W 4(N)..... W n(n),

2) nigcmucteMu, NpusHayveHoi Ana aganTMBHOT KOpeKLii LmX Bar i

peanidytoyoi anroputm LMS.
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y(n)

N d(n)

&(n)

w(n+1)=w(n) +nu(n_)[d(n) - \"vT(n)u(n)]

Puc. 2.15. AganTvBHUWI NiHINHWIA 3BaXXKEHUI CyMaTop.

MapameTp n B anroputMi (2.50) nigbupaeTtbes Tak, Wob
BMKOHYBasnacs ymoBa

O<u< 2 = 2 (2.52)

TR S Eftu(n)p

ae TrnosHadvae cnig maTtpuui R.

2.4.1.2.3. ABanTMBHWA NiHINHWIA 3BaXX€HUM cymaTop i3
cirmoigoro Ha Buxogai

BuxigHuin curHan aganTMBHOrO MiHIMHOrO cymmaTopa i3
cirmoigoto Ha Buxogi (puc. 2.16) MmoxHa onucaT BUpa3om

N
y(n) = 1), wi(n)ux(n)), (2.53)
k=l

62



ae yHkuia f Bu3HavaeTbcss opmynot  (2.6). [Moxmnbka
peanisauji (2.25) gopiBHioe

N
e(n) =d(n) -1y, W k(njux(n)), (2.54)
k=l

‘1,(n)

u,(n)

uy(n)

E W(n+1) = W(n) + ne@)* (x(m))u(n)

Puc. 2.16. ApanTuBHMIA NiHINHWA 3BaXXeHWM cymaTop i3
CirMoif10t0 Ha BUXOA.

[Ona kopekuii Bar w k(k), k= 1..... N 3actocyemo anroputm LMS
y peKkypcuBHin popmi (2.48). Y uboMy BUNagKy ov4eBraHa pPiBHICTb

agf(n)ﬂg(n)af(n), (2.55)
a TaKoX
oe(n) __of(x(n)) _ _ ox(n)
onn)  owmn) f(x(n))éwn), (2.56)
ae
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N
X(m) =Y, W ()= v (o). @57)
k=1

Ockinbku
ox(n)
—u(n), 258
) u(n) (2.58)
TO
% —-F(x(n))i(n). (2.59)

Mpu nigctaHoBui piBHocTen (2.55) i (2.59) y pekypcrBHUIA BUpa3s
(2.48) ogepKMMO HACTYMHUIM anropuTM aganTUBHOI KOpeKLil Bar:

w (n+ 1) = W (n) +ne(n)f (x(n))u(n), (2.60)
abo B ckansapHin dopmi
W (n+1) = W (n) + (n)f(x(n))ux(n), (2.61)
ans k= 1.....N. Akwo g(n)=1, To dpyHkuisa (2.6) Bignosigae ymoB.i
f'(x) = (x)(1 - f(x)). (2.62)
Tomy anroputm (2.60) MmoxxHa 3anucat y popmi
W (n+ 1)= W x(n) + (M)F(x(m)(1 - f(x(n)uk(n) (2.63)

ansa k=1.....N, ge noxmbka £(n) BU3Ha4aeTbCA BUpa3oMm (2.54).
Anroputmn  (2.60) i (2.63) noknageHi B OCHOBY MeToAy
3BOPOTHOrO MOLUMPEHHS MOXUOKK, Lo AOKIagHO ONUCYETLCA B Aani.

2.5. Knacudikauia WTy4HMX HEMPOHUX
Mepex

Knacudikauis no Tuny BxigHoi iHdopmaduii
e AHanoroBi HeWpoHi Mepexi (BMKOPUCTOBYIOTb
iHcbopmauito y bopMi JiNcHUX Yncen);

e [IBOiCTi HeMpoHi Mepexi (onepyloTb 3 iHdopMauieto,
npeacTaBneHoi B ABOICTOMY BuUgi).
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Knacudikauis no xapaktepy HaB4YaHHA

e 3 yuntenem (BMXigHUIM NPOCTIp pO3B’A3aHb HENMPOHOI
MepeXxi BigoMnin);

e be3 yuutensa (HenmpoHa mepexa opMye BUXIOHWNA
NpPOCTip pO3B’si3aHb TifMbKM Ha OCHOBI BXigHUX BMAMAMBIB). Taki
MepeXi Ha3nBaKTb CaMOOPraHi3yuYnMu;

e 3 KpuTuMKOM (cucTeMa npusHadeHHs wTpadiB i
320X0YEHD).

Knacudikadis no xapaktepy HacTporoBaHHSI CUHANCcoB

. Mepexi 3  dikcoBaHuMKM  3B'A3kamMn  (BaroBi
KoeilieHTU HEMPOHOT Mepexi BUbMpalTbCs Bigpasy, BUXOOA4M
3 yMOB 3agadvi, npu upbomy: d/di=0, ne W — BaroBi koedilieHTn

Mepexi);
e Mepexi 3 OuMHaMiYHMMK 3B'A3KamMy  (ONA HUX Y
npoLeci HaBYaHHS BinOyBaeTbCs HaCTPOIBaHHS
CUHaNTU4YHMX 3B'A3KiB, ToOTO d/di#¥0, ne W — Barosi

koeilieHTn mepexi).
Knacudikauis no xapaktepy 3B'A3kKiB
Mepexi npsimoro nowupeHHs (Feedforward)

Yci 3B'A3KM cnpsAmoBaHi CTPOro BiA BXiAHWX HEWPOHIB [0
BuxigHoro. [lpuknagamun Takmx Mepex € OAHOLWAapoBUA i
GaraTolapoBuii NepuenTpoHu, Mepexi Bopaa.

PekypeHTHi Mepexi

CwvrHan 3 BuXigHMX HEeMpoHiB abo HEMpPOHIB CXOBAHOro Lwapy
YaCTKOBO NepefaeTbCca Hasaz Ha BXOAM HEMPOHIB BXIAHOMO wapy. Ak
Oyab-sika cucTema, LWo Mae 3BOPOTHUIM 3B’A30K, pEKYPEHTHa Mepexa
nparHe OO CTiNKOro cTaHy. fAK BigOMO, Hanbinbll CTiIKMA CTaH
3abes3nevyeTbCa MiHiManisauieto eHeprii cuctemn. PekypeHTHa
Mepexa «inbTpye» BXiAHI AaHi, NOBepTal4YMCb A0 CTIMKOro CTaHy i,
Takum YMHOM, [03BOMSE pPO3B’A3yBaTM 3adadvi KOMMPECii JaHUX i
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nobyooBn acouiaTMBHOI Mam’siTi.  ACKpaBUM  MPUKNAZOM  TaKMX
Mepex € Mmepexa Xondinaa.

[BoHanpaBneHi mepexi

Y TakMx mepexax MK Lapamu iCHYTb 3B'A3KN 9K Y HanpsMKy
BiA BXiQHOro Wapy A0 BUXIAHOrO, Tak i B 3BOPOTHOMY.

PagianbHo-6a3ucHi doyHKLii

LUTYy4Hi HenpoHi mMepexi, WO BUKOPUCTOBYIOTb Yy SKOCTI
aKTMBaUiHMX OYHKLiM pagianbHO-6a3ucHi (Taki Mepexi cKopoveHo
HasuBatoTbcss RBF-mepexamu). 3aranbHuii Bug pagiansHo-6asmcHoi

YHKLUT:

x2

f(or)=e0T
0e 0 — LWMpuHa BikHa QyHKLUT.

PapianbHo-6GasncHa  Mepexa  XxapakTepusyeTbCs  Tpboma
0COGNNBOCTAMMU:

1. €4nHnin cxoBaHWi Wap

2. Tinbkn HEWPOHW CXOBAHOrO LWapy MakwTb HEniHiiHY
aKTnsauiiHy YyHKL0

3. CuHanTuuHi Barm 3B'A3KIB BXiQHOrO i CXOBaHOro Lapis
OOPIBHIOOTb OANHULL

KapTu, Wwo camoopraHisyroTbCcA

Taki Mepexi sBNATbL C€oO0OO, £K NpaBuNo, ABOBUMMIPHY
CTPYKTYPY HeWpoHiB. [llepen HaBYaHHAM CTpyKTypa BWMNAOKoOBa,
HEeMpoHM po3nogineHi NpubnuaHo pisHoMipHO. Mpu HaBYaHHI, Ans
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KOXXHOFO  HaB4YalbHOrMO  3anMcy pPO3pPaxOBYETbCS  TOYKa, LO
BignoBigae i y CTpyKTypi Mepexi. HelpoH, Wwo 3Haxoautbcst onmxkye
YCbOr0 [0 LUYKaHOI TOYKM, HA3MBAETLCA HEUPOHOM-NEPEMOXKUEM.
Baru 3B'a3kiB, L0 3'€QHYIOTb Lie HEWPOH 3 iHWnMK, 36inbLUyoThCS,
TMM CaMMM TPOXUW YNOpSAKOBYHOUM CTPYKTypy. Baru Big HempoHdis,
WO € «cycigamm» HeMpoHa- NepeMOoXLUsi, A0 IHLWNX HENPOHIB TaKOX
30inbLyloTheA, ane cnabkiwe i T.4. Takum YMHOM, YMM yacTiwe
HENPOH «nepemaraey» MNpu MOPIBHAHHI 3 03HAKOK, TUM «LLifbHILWE»
[0 HbOro 3HaxXoAATbCA iHLWI HeMPOHW. HanpukiHui HaBYaHHS Mepexa
npeacTtaBnse i3 cebe KinNbka 30H 30CEepPeKEeHHS HEWpPOHIB,
Ha3MBaHUX Kracmepamu.

2.6. ETanun no6yaoBu mepex

Tenep, KONK CTano SICHO, WO caMe MK Xo4emo nobyaysaTu, My
MOXEMO NepexoauTn OO NUTaHHSA "dK CTBOPUTU HEOOXigHY HEMPOHY
mMepexy". Lle nuTtaHHA BMpILLYETHCS B ABa eTanu:

1. Ha nepwomy etani 3gincHowTbs BUBIp TUNy (apxiTekTypwu)
Mepexi.

2. Ha ppyromy eTani BUKOHYIOTb "HaBYaHHA" Mepexi.

Ha nepwomy eTani BapTo Bubpatu HacTymnHe:

* AKi HEMpOHM MU XOYEeMO BUKOPUCTOBYBATU (YMCIIO BXOAIB,
nepeaatHi yHkuii);

* AKMM YMHOM BapTO 3'€4HATM iX Mix cOBOIO;

* L0 B34TU 3a BXO4M | BUXOAN MepeXi.

Lsa sagaya Ha nepwumi nornsa 34aeTbCs Heo30pol, ane, Ha
LwacTs, Ham HeobOB'A3KOBO MpuayMyBaTh Henpomepexy "3 Hyna" -
iCHY€E Kinbka AeCATKIB Pi3HUX HENPOMEPEKOBUX apXiTEKTYP, NpUYoOMy
edekTMBHICTb HGaraTboX 3 HUX goBeAeHa maTemaTuyHo. Hanbinbu
nonynsipHi i BUBYEHi apxiTekTypu - ue baratowapoBuin nepuenTpoH,
HenpomMepexa i3 3aranbHo perpecieto, mepexi KoxoHeHa 1 iHLwi.

Ha pgpyromy etani Ham HeobxigHO "HaBuuTU" 0BpaHy Mepexy,
To6TO Mmigibpatn Taki 3HadeHHs Ti Bar, W06 Mepexa npautoBana
NOTPIGHUM YMHOM. HeHaBuyeHa Mepexa nogibHa AWTUHI - i MOXHa
HaBYMTU YOMYy 3aBrogHo. Y BUKOPWUCTOBYBAHUX Ha MpaKTUL
HenpoMepexax KifbKiCTb Bar MOXe CKnagaTth Kiflbka AecCATKiB TUCAY,
TOMYy HaBYaHHS - [oBofi cknagHwi npouec. [na 6aratbox
apxiTekTyp po3pobneHi creujanbHi  anropuTMU  HaBYaHHSA, Lo
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[03BOMSAIOTbL HACTPOITM Barn Mepexi neBHUMM 4MHOM. HaibinbL
NonynsipHAN 3 UUX anroputMiB - METO4 3BOPOTHOIO MOLUMPEHHS
noxmbkn (Error Back Propagation), BukopuctoByBaHui, Hanpvknag,
ONsi HAaBYaHHS NepuenTpoHa.

2.6.1. ApXxiTeKTypa LWTY4YHUX HEUPOHUX Mepex
Y 3aranbHOMy BUMNagKy MOHATTA “lWUTydHa HeWpoHa Mepexa”
OXOMnne aHcamMbni HeNMPOHIB Byab-AKOT CTPYKTYpW, OOQHAK NPaKTUYHE
3aCTOCYBaHHA 3HAWLWINU TiNbkM Aesiki 3 HUX. Lle noscHioeTbes Tum,
wo apxitektypa LWHM 6e3nocepegHbo 3B'A3aHa 3 MeTOoOOM i
HaBYaHHs. HaBiTb pi3Hi eTann po3suTtky LLIHM BM3Hayanuca nosisoto
HOBUX apXxiTEKTYp Mepex i cneuianbHO po3pobneHux Ans Hux
MeTOAiB HaB4YaHHA. MoXHa BWOINUTU YOTUPU OCHOBHI pi3HOBUAM
apxiTekTypu LLUHM.
1. OpHowapoBi npsAMoHanpaBneHi Mepexi. Llaposoto
HasmBaeTbcsa LUHM, wo cknagaetbcs 3 rpyn HEMpOHIB, PO3AineHnx
no wapax. WHM, wo mictute k wapiB, Ha3MBaeTbCS K-LLAPOBOLO.
Akwo curHanm B Mepexi NOLMPIOTLCA TiMbKM MO HanpsMKy 3
noyatky B KiHeup, To Taka LWUHM HasvnBaeTbCcs npsiMOHanpaBneHoto.
Ha puc. 2.17 306paxeHa ogHollapoBa npsmoHanpasneHa LHM.

BxigHun wap

r'd

BuxigHuin wap
Puc. 2.17. lNpaMoHanpasneHa Mepexa 3 OOHUM LLapOM HENPOHIB.
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BoHa MicTuTb y cObGi wWap BXigHWX HEMPOHIB i wwap BUXiOHUX.
HenpoHn BXxigHOro Lwapy nNpOCTO PeTPaHCNoTbL CUrHamM Ha
BUXIOHMW Wap, He npeyTBoploYM iX. Y BuxigHomy Liapi
BioOYBaETbCA MEpeTBOPEHHA curHaniB i (opmMyBaHHA peakuii
Mepexi. HeobxigHo Bia3HaumTh, wo Henpoun LWHM Ttakox iHogi
HasnBalTbCA By3namu abo obumcnoBansHUMN mogynamn. KinbkicTb
HEWPOHIB B OOHOMY Llapi Bu3Hayae po3mip wwapy.Ha BigMmiHy Big
NPUAHATOT METOAMKM No3HayeHHda, Taki LWHM HasusaioTbca
ofHOoWapoBMMK, a He pABolwlapoBumu. Linm nigkpecnioetbes, wWwo
O0YMCMNEHHA  BUKOHYHOTBCA  NUIE  OOHUM  LLIAPOM  Mepexi.
2. BaraTtowapoBi npsAMOHanpaBneHi Mepexi. BoHu
XapaKTepuU3ylTbCA HasIBHICTIO OgHOro abo [eKiNMbKOX CXOBaHWUX
WwapiB, WO 34IANCHIOITL NepeTBOPEHHA iHGopMauii. HenpoHu
CXOBaHOro Lapy Ha3uBalTbCA CXOBAaHUMU HelpoHamu abo
CXOBaHMMMK By3naMu. BukopucTaHHS CXOBaHWMX LlapiB [03BONSE
LIHM 3gincHioBaTM HeniHiHi nepeTBOpeHHA BXia-Buxig Oyab-sKoi
cknagHocTi abo BuTAratM 3 BXiOHWX OAHUX CTATUCTUYHI MOKA3HWUKM
BMCOKMX nopsagkie. Lli yHikanbHi BNnacTMBoCTi 6aratowapoBmx Mepex
0COBMMBO BUABMSIOTHCA MPU BUCOKIN PO3MIPHOCTI NPOCTOPY BXiAHUX
curHanis. Ha pwuc.2.18 npeactaBneHa cxema  TpULAPOBOI
npsimoHanpasneHoi WHM 3 ogHum cxoBaHum wapom. [ns onucy
Takoi mepexi BukopuctoByeTbcs 3anuc NN3-5-2. Tyt 3 — poamip
BXiZIHOrO LWapy Mepexi, 5 — cxoBaHoro, i 2 — BUXIAHOrO.

CxoBaHuw wap

BxigHui wap

Puc. 2.18. Llinkom 3B'a3aHa TpvwapoBa npsaMoHarnpasreHa mepexa.
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Y 3aranbHOMYy Bunagky npsmoHanpasneHa LLHM i3 g BxigHumun
HeMpoHamn, ¢ BUXIOHUMW HEWPOHaMXM i N CXOBaHWUMWU LLapamu
po3mipy h; no3HavyaeTbCA

NNg-hy-hy-...-hy-q.

HelipoHn BxigHOro wapy B Takux Mepexax npocTo
peTpaHCnoTb BXiAHI CUrHaNMM Ha neplun CXOBaHUW LWap, He
NPeyTBOpIOYM iX. Y CXOBaHWX HEWpoHax MOCNigoBHO, Liap 3a
LwapoM, BiabyBaeTbCA HeMiHiiHE NepeTBOPEHHS curHanie. CurHanu 3
OCTaHHbLOIO CXOBAHOro LWapy HaaxoAaTb Ha HEWpOHW BWXIOHOrO
Lwapy, Wwo opMyloTb peakLito Mepexi.

dopmanbHo, He iCHye 0BMeXeHb Ha TUMW akTUBALINHNX YHKLA
HeMpoHiB pi3HMx wapie LWHM abo HaBiTb ogHOro wapy, oAdHak
3a3BuUYan BCi CXxOBaHi HEMPOHM BUOUpatoTbCst OAHOro Tuny. BuxigHui
wap WHM moxe cknagatmca 3 HEWPOHIB 3 TUM Xe TUnom
aKTUBaUiMHOT CYHKLIT, WO W Yy HEWPOHIB CXOBaHOro Lapy, ane
HanbinbLL PO3NOBCIOKEHUM € MOAENb NPAMOHANpaBneHoi Mepexi 3
NiHIMHAMKM ~ BUXigHMMK  HenpoHamu. WHM  usoro Tuny 3
aKTMBALiHUMK (DYHKLiISIMU HEMpOHiB cxoBaHoro wapy (1.7, 1.10)
HasuBaloTbCcs Oaratowaposumu nepuentpoHamu (BLUM). BLM
3HaWLWINN LUIMPOKE 3aCTOCYBaHHA NPW PO3B’A3aHHi pi3HMX 3adad i €
OAHVM 3 TONOBHUX 06'EKTIB TEOPETUYHUX OOCHIIKEHD.

3o06paxeHa Ha puc. 2.18 LLIHM HasnBaeTbCA LINKOM 3B'A3aHOM0
npsimoHanpasneHo LWHM, ToMy WO KOXeH HEWMPOH 3 OAHOrO Lwapy
3B'A3aHMM i3 yciMa HeWpoHamu HacTynHoro wapy. LWwupoke
3acTocyBaHHS TaKoX 3HaxoOsTb 4YacTKOBO 3B'sI3aHi
npsmoHanpaeneHi WHM, y gkux HelpoHM oAHOro Lwapy 3B'A3aHi
TiNbKWU 3 BM3HAYEHOI YaCTUHOK HEWPOHIB HacTymnHoro wapy. Taka
apxitektypa possonde 3aknactm B LUHM anpiopHi 3HaHHS npo
GakaHWI 3aKkoH 06POOKM CUMrHaniB y Mepexi.

Tpuwaposi npsamoHanpasneHi LUHM wnpoko BUKOPUCTOBYHOTLCA
Ons po3B’s3aHHA 3agadv  knacudikauii, posnisHaBaHHs 00pasis,
anpokcumaldlii i kepyBaHHs.
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3. PekypeHTHi mMepexi. Len Ttun LWHM BigpisHaeTbcs
iCHYBaHHAM 3BOPOTHUX 3B'A3KIB i €fIEMEHTIB TMMYacoBOl 3aTPUMKK
curHany. Hambinblw npocTMM BUNAAKOM PEKYPEHTHOI Mepexi € oanH
lap HEenpoHiB, OXOMMEHWA 3BOPOTHMMK 3B'a3kamu. [lpu LbOMY
KOXXEH HENpOH OAepXye 3aTpumaHi BUXiOHI CWUrHamu BCiX iHLUMX
HenpoHiB. Ha pwuc. 2.19 npeacrtaBneHa pekyppeHTHa LWHM, wo
MICTUTb CXOBaHWI LLAp HEMPOHIB. Y LbOMY BUMAAKY KOXEH HEWpoH
OAepPXKYE, KpiM BXiAHWUX CUrHanie, Lie i yCi BUXiOHI curHann mepexi.
YactuHa LLUHM, sika oxonneHa 3BOPOTHMMU 3B'A3kaMu, MOXe MaTu i
OinbLUy KiNbKICTb CXOBaHMX LUAPIB.

Bxoaer
BeIXoan!

ICMCHT 3AACPKKH

Puc. 2.19. PekypeHTHa Mepexa 3 OQHUM CXOBaHUM LLapoMm

HasBHICTb 3BOPOTHUX 3B'A3KIB | €1EMEHTIB TUMYacoBOi 3aTPMMKU
CUrHanis 4oOa€e pPeKypeHTHUM Mepexam BracHi HeniHinHi AnHaMiyHi
BnactmBocTi. Lle TakoXk nosHavaeTbCA Ha iXHiM 3gaTHOCTI Oo
HaBYyaHHs.  TpEeHYBaHHA  PEKYPEeHTHUX  Mepex  BuMMaralTb
ypaxyBaHHs iXHiX AuHaMiyHux Bnactmsocterd. OOHUM 3 TONIOBHUX
3actocyBaHb pekypeHTHux WHM € HenpoemynsTtopu AvHaMiYHUX
06'ekTiB, TOOTO iXHi HempomepexHi Mogeni. Taki mepexi MOXyTb
TakoX BUKOPUCTOBYBaATUCA AONA PO3B’A3aHHS 3ajady anpokcumadil
TMMYacoBUX NOCMigoOBHOCTEN, knacudikauii, posnisHaBaHHs obpasis
i KepyBaHHS.
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4. Uinkom 3B'A3aHi Mepexi. XapaktepHoto o3Hakowo LWHM
LUbOro TUMY € HasABHICTb 3B'A3KIB MiX yciMa HelpoHamu. HaibinbL
BiJOMUM Pi3HOBMAOM LISTKOM 3B'A3aHUX Mepex € Mmepexi Xondinnaa
(amB. puc. 2.20). Y HUX KOXEH HENPOH Mae ABOCTOPOHHI 3B'A3KWU 3
BCiMa iHLWIMMWN HeWpoHaMu mepexi. Y 3aranbHOMYy BUNagky Mepexa
Xonginga Mae CUMETPUYHY KinbLEBY CTPYKTYPY, Y Hil HE MOXHa
BUAINWTU CXOBaHi HEWPOHW | €OMHUMI HanpsAMOK MNOLUMPEHHS
curHanie. Pob6ota uinkom 3B'ssaHoi WHM i o6miH gaHumum
KOHTPOIOETLCA OAHUM FONTOBHUM HENPOHOM.

.\Bhlxml

Bxo;

Puc. 2.20. Linkom 3B's3aHa mepexa Xondinga

Mepexa Xondinga siBnsie npuknag Uifikom 3B'a3aHoi AUHaMIYHOT
MepeXi, WO IPYHTYETbCA Ha NpUHUMNAX camoopraHisaLii, ogHak Yy
Hil He BUKOPUCTOBYIOTbCA B SIBHOMY BUAI €neMeHTW TUM4YacoBOIl
3aTpuMKU. |HWKM nNpuKnagom cnyxaTb PeLliTKOBI Mepexi (auB.
puc. 2.21). BoHu saBna0Tb CO60K0 MacuB HEMPOHIB, KOXHUMN 3 SIKUX
3B'A3aHUM i3 BXIOHUMW HelpoHamu. PO3MIpHICTbL MacuBy HEMpPOHIB
BM3Ha4yae pO3MIpHICTb pewiTkoBoi Mepexi. Taka WHM e
npsiMoHanpaeneHow, TOMYy WO B Hil HeMae 3BOPOTHUX 3B'A3KIB,
OfHaK Y Hili He MOXHa BUAINUTM CKPUTI eneMeHTn abo wapw.

72



i

| =0— (=0 [E=0—>
Puc. 2.21. OgHomipHa peLliTkoBa Mepexa 3 TPbOX HEMPOHIB

Llinkom 3B'A3aHi Mmepexi 3HaxogATb 0COBNMBO  LLUMPOKE
3aCTOCYyBaHHA Mpy pO3B’A3aHHi 3aday knacudikadii i po3nisHaBaHHSA
obpasi..

2.6.2. HaB4yaHHA HeMpomMepex

Ak i ixHi GionorivyHi npoobpasu, LWHM MoxyTb HaB4yaTucs, To6T0O
nominwyesaTu cBOW  poboOTy Mig  BMJMBOM  HABKOMWLUHBLOIO
cepefoBuLLa, WO 3MiHOE ii napameTpu. IcHye Gesniy BM3Ha4YeHb
TepMiHa “HaBYaHHSA”, opgHak cTocoBHOo pgo LWHM Haibinbwe
nigxoanTb HacTynHe, AaHe Mengenem i MaknapeHom:

HasuyaHHsi — Ue npouec, npu sSKOMYy 8ifbHi napamempu
HelpoHoi mepexi adanmyrombcs 8 pe3ynbmami ii 6e3nepepeHor
CcMuMyInsyii 308HIWHIM O0mMOYeHHSIM. Tun Has4YaHHs 8U3HayaembCs
mum criocobom, SKuUM 8upobrisiombCcsi 3MIHU napamMempis.

Y cydacHin niTepatypi KpiM TepMmiHa “HaBYaHHA” TaKoOX
BMKOPUCTOBYIOTbCS PIBHOMPAaBHI MOHATTA “TpeHyBaHHA Mepexi” i
“HacTpoloBaHHSA napameTpiB  Mepexi’. Y 3aranbHOMY MOXHa
BUAINWTU ABa OCHOBHMX BUAW HaBYaHHS : KOHTPONbOBAHE HaBYaHHS
(supervised learning) i camoHaBuaHHsi (self-organized learning).
Mepwnin BUO Mae Ha yBasi HasABHICTb “‘yuuTens”, WO crnocTepirae
peakuito Mepexi i Hanpaense 3MiHM ii mapametpis. B gpyromy
BUMaAKy Mepexa CcaMoopraHiayetbCs nif Ai€l0  30BHILLIHLOMO
cepefoBULLA i BMBYAE MOro camocTinHO, ©6e3 gonomorn “yumtens”.
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CamoHaByaHHA BracTuBe 3ajayam po3nidHaBaHHA obpasiB i
knacucpikauii. Tlpu po3B’aA3aHHi 3agay  KepyBaHHSA  3a3Buyan
BMKOPUCTOBYETLCA KOHTPONbOBaHe HaB4YaHHSA LLIHM.

IcHye f[Ba pi3HOBMAOW KOHTPONbOBAHOIO HaBYaHHSA: Mpsive
KOHTPOSIbOBaHE HaBYaHHS i CTUMYyIOYe HaB4yaHHs (reinforcement
learning). Tak sk mepwuvi BuA 3'9BMBCSA paHiw Apyroro i GinbLl
PO3MNOBCIOMPKEHUI, TO 3a3BMYaAl HA HLOTO MOCUMAIOTLCS MPOCTO SK
Ha KOHTPOJSIbOBaHE HaBYaHHS.

HenpoHi mepexi He nporpamyloTbCsl B 3BMYHOMY 3MICTi LbOro
CNnoBa, BOHU HaB4YawTbCA. MOXNUBICTb HaBYaHHA — oOfHe 3
FOMIOBHWX MNepeBar HEWpPOHUX Mepex nepen TpaguuiiHUMu
anroputmMamMu. TEeXHIYHO HaBYaHHA TMOMArae B 3HAXOMXKEHI
KoeiLieHTIB 3B'A3KIB MK HEMPOHaMW. Y NpoLeci HaBYaHHSA HEpPOoHa
Mepexa 34aTHa BWSBMATU CKMagHi  3aneXHoOCTi MK  BXigHMMUK
JaHUMK | BUXIOHMMMK, a TaKOX BWKOHYBATWM Yy3aranbHeHHd. Lle
3HaYUTb, WO, Y BUMAAKY YCMILHOMO HaB4YaHHSA, Mepexa 3MOoXe
MOBEPHYTU BiPHWI pe3ynbTaT Ha NiacTasi AaHuX, WO Bynu BiACYTHI B
HaBYanbHin BMOipuUi. HaBunT HellpoMepexy - 3Ha4YMTb, NOBIAOMUTHU
in, yoro mMu Big Hei gomaraemocs. Ller npouec AyXe CXOXWUA Ha
HaBYaHHS AUTUHM anda.iToBi. [MokaszaBWKM AUTUHI 306paXkeHHs
O6yksmn "A", mu 3anuTyemo Tii: "Axka ue OykBa?" Akwo BigNoBigb
HeBipHa, MW MOBIJOMIIAEMO AMTUHI Ty BiANoOBiAb, Ky My xoTinu 6 Big
Hei ogepxaTtu: "Lle BykBa A". [uTuHa 3anam'aToBye Len npuknag
pa3om 3 BipHOK Bignosigato, To6To B il nam'aTi BigdyBatoTbCA AeskKi
3MiHM B noTpibHoMy Hanpsmky. Mu Gyaemo noBToptoBaTW mpouec
npen'sasneHHs 6yks 3HOBY i 3HOBY A0TK, konu Beiei 33 Byksn 6yayTb
TBEPAO 3anam’AToBaHi. TakMi npouec HasnMBalwTb "HaBYaHHA 3
yyuTenem".

MNpn HaBYaHHi Mepexi MM OiemMo 30BCiM aHanoriyHo. Y Hac €
gesika 6asa gaHux, WO MICTMTb npuknagu (Habip pPyKONMUCHMX
300paxeHb 6ykB). MNpea'sBnsawoumn 306paxeHHss 6yksu "A" Ha BXifg
Mepexi, MU OfepXyeMO Big Hei gesky Bianosigb, He OOOB'SI3KOBO
BipHY. Ham Bigoma i BipHa (BaxaHa) BignoBigb - y AaHoOMy BUNagKy
Ham xoTinocs 6, Wwob Ha Buxodi 3 MiTkow "A" piBeHb curHany 0OyB
MakcumanbHun. 3asenyan sk 6axaHui Buxig y 3agadi knacudikauii
6epyTb Habip (1, 0, 0,...), Ae 1 cTiTb Ha Buxogi 3 miTkoto "A", a 0 - Ha
BCiX iHWuX Buxogax. OBuMCnoYM  PpPisHULUID MK  OaxaHor

74



BignoBiaalo i peanbHol BignoBigaw Mepexi, mu ogepxyemo 33
yucna - eekmop Mnoxubku. AMrOpuTM 3BOPOTHOrO MOLUMPEHHS
noxmbkn - ue Habip dopmyn, WO [O03BOMSE MO BEKTOPiI MOXMOKM
obuncnnTn HeobXiaHi BUNpaBNEeHHS AN Bar mepexi. Ty camy 6ykBy
(a TakoxX pi3Hi 300paxeHHs OfHiei i Tiel X OyKBM) MU MOXEMO
npea'ssnatn mepexi 6Garato pasiB. Y UbOMYy 3MICTi HaBYaHHS
CKopille Haragye NOBTOPEHHS BNpaB y CMOPTi - TpeHyBaHHA. Ha puc.
2.22 npuBegeHa cxema npoLecy HaBYaHHA Mepexi.

IIporec HaBYAHHSA MEDEXKI

Mepexa
Basa namax HaBYaHHS
A
IToxubxa
Maia
v
Bubip | 3acTocyBanus | Pospaxynox
MPUKIIATY Hellpomepexi "| moxubku
A
[TincTporoBanHs .
Bar Mepexi HoxuGka
BEJIMKA

Puc. 2.22. Cxema npouecy HaB4YaHHS Mepexi

Micna GaraTopa3oBoro npen'siBMEeHHs NPUKagiB Barm Mepexi
cTabini3ylTbcsa, NPUYOMY Mepexa Aae MpaBwuibHI BignoBigi Ha BCi
(abo mamke yci) npuknagn 3 6asn gaHux. Y Takomy BUMagKy
roBopATh, LLO "Mepexa BuBYMna BCi npuknagu”, " mepexa HaB4eHa",
abo "mMepexa HaTpeHoBaHa". Y nporpaMHMX peani3auisx MOXHa
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6aunMTn, WO B MpOUECi HaBYaHHA BenuuMHa noxmbkM (cyma
KBagpaTtiB Noxnbok no ycix BMXOA4ax) NOCTYMOBO 3MeHLIYeTbCs. Konu
BEnM4YMHa NOXMOKM gocsarae Hynst abo NPUAHATHONO Maroro piBHS,
TPEHYBaHHS  3YMUHAOTb, a OTpMMaHy Mepexy BBaxawTb
HaTPEHOBAHOIO | FOTOBOI 40 3aCTOCYBaHHS Ha HOBUX OAHUX.

BaxnvBo Big3HauMTK, WO BCA iHDOpMaLis, KKy Mepexa Mae npo
3agavy, yTpumyeTbca B Habopi npuknagis. Tomy SKiCTb HaBYaHHS
MepexXi NpsAMOo 3aneXxuTb Bi4 KiNbKOCTI NPUKNagiB y HaByarbHIN
BMOIpLi, @ TakoX Big TOro, HACKifbKM MOBHO Li NPUKIagM OnucytoTb
OaHy 3agady. Tak, Hanpwvknag, 6e3rny3go BUKOPUCTOBYBATU MEPEXY
AN NpopoKyBaHHsSI DiHAHCOBOI KPU3W, SIKLWIO B HaBYalbHin BMOIpL
KpM3 He npenctaBneHo. BeaxaeTbcs, WO Ans  NOBHOLHHOMO
TPEHyBaHHA MOTPIOHO Xxo4va 6 Kinbka OecATKiB (a Kpalle COTEeHb)
npuknagis. Sk My BXXe roBOpPUIN, WO HaBYaHHA Mepexi - CKNnagHum i
HayKkOMIiCTKMIA  npouec. ARrOpUTMM  HaBYaHHA  MalTb  Pi3Hi
napameTpu i HaCTPOWBaHHSA, AN KepyBaHHA SKUMW MOTPibHe
PO3YMiHHS IXHBOrO BNNBY.

2.6.2.1. ANropuT™M 3BOPOTHOIO NOLIMPEHHA NOXNOKMU

O6roBopnMO anropuTM 3BOPOTHOrO MOLUMPEHHS MOXUOKK, LWO
A03BoMse HaByaTu Garatowwaposi HeMpoHi mepexi. Lle anroputm
BBaXaeTbCA HaWbinblW BiAOMWMM i HaWyacTile 3acTOCOBYBaHUM Y
LWITYYHUX HENPOHUX Mepexax.

Ha puc. 2.23. npeacraeneHa 6aratowapoBa HelpoHa Mepexa,
Lo cknagaeTbea 3 L wapis.

Y KOXHiM wapi postawoBaHo Ny enemeHTiB, kK = 1.....L, wo
Nno3HayarTbCS ADk,-, =1, ..., Nr. EnemeHTun AD",- Oyaoemo HasuBaTtu
HelpoHaMu, NPUYOMY KOXHUIA 3 HUX MOXe OyTn cucTemoro Tumny
ApganainH i3 HeniHiHOW yHKuUietl (cirmoigoto abo rinepboniyHum
TaHreHCoOM) Ha BMXOZAi.
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Puc. 2.23. baraTowapoBa HeMpoHa Mepexa.

O6roeoptoBaHa HeWpoHHas Mepexa Mae N, BxogiB, Ha $Kki
noaarTbCs CUrHanm u,(n),...,uN (n), 3anucyBaHi y BEKTOpPHIiN opmi
0

AK
u=[un), .. u, n]', n=1.2. .. (2.64)

BUXigHWiA cUrHan i-20 HeiipoHa B k-M Lwapi nosHauaetbes y(n),
i=1.....N, k=1.....L.
Ha puc. 2.24 nokasaHa geTanbHa CTPYKTypa i -ro HempoHa B
k -m wapi.
) +1

‘ W
(k) il
X

(k)
i0

k k
Sf) y()

Puc. 2.24. CtpykTypa HeinpoHa ADk,.

7



HenpoH AD",-,Mae Ny BxogiB, WO yTBOPATb BEKTOP
X n)= (x$(n),... xX8) (ny,
)= D§0(n),. K ()] 2.65)
npuyomy x,-(k)(n)= +1onai=0ik=1...L.
3BepHeMO yBary Ha (oakT, WO BXiQHUA CUrHam HenpoHa AD
3B'A3aHWI 3 BUXiAHMM curHanom (k - 1)-wapy B Takun cnoci6:
u(n) pna k=1,
xj("’(n)= y*V ana k=2...L,

+1 ana i=0k=1..L. (2.66)

Ha puc. 2.24 W,,(k)(n) nosHavae Bary 3B'A3Ky /-TO HEMpOHa,
i=1, ..., Ny, po3TawioBaHoro B K-y Liapi, o 3'€QHye Luen HEMpPOH 3 j-M
BXiOQHWM CUrHanom x'(k)(n) =0, 1....Nx; B n AD;
{ , =0, 1..... k1 BexTop Bar HenpoHa i
No3Ha4YMmo

w(n) = w(n),..w ) () k=1, .., Li=1, ., N,.

Nkt (2.67)
BuxigHuin curHan HelpoHa ADk,- Yy N- MOMEHT 4acy,
n=1,2, ... BU3HA4YaETbCS AK . ’
y(n) = (s (n)), (2.68)
npuyomy
)y ey (k)
si"(n) = ZWU (n)xj (n).
= (2.69)
BigsHauumo, o BMXigHi curHanu HempoHiB y L-m wapi
L L L
yi(n),yz(n),....yn, (n)
2 ‘ (2.70)

OfHOYaCHO € BUXIOHUMUW CcurHanamu Bceiel Mmepexi. BoHm
MOPIBHIOKOTLCSA 3 TaK HA3MBAHUMUN ETANOHHUMY CUrHaNamm Mepexi

di(n),dz(n),....dg, (n),
y pesynbTaTi Yoro o4epXXyemo NoxXmoKy
L L -
el my=dn) -y (n) ,i=1, ... N,.

(2.71)

(2.72)

MoxkHa cdopmyntoBaTh Mipy NOXnbKM, 3aCHOBaHY Ha MOPIBHSIHHI

curHanis (2.70) i (2.71), y Buai cymn KBagpaTtiB pisHocTen (2.72),
TO6TO

N N,
am) =3 ¥ (n) =3 (@Bn) - ym)P |
i=1 =1 (2.73)
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3 BupasiB (2.68) i (2.69) Bunnmsae, Wo mipa Noxmbku (2.73) - ue
dyHKUis Big Bar Mepexi. HaBHaHHFI Mepexi 3acHoBaHe Ha
afanTuBHIN Kopekuil ycix Bar W,, (n) TakvM YMHOM, Wo6 MiHimMi3yBaTh
ii 3HayeHHs. [Ons kopekuii AOBINbHOI Barm MoXxHa BUKOPUCTOBYBATU
npaBuno HaMWBMALIOrO CNyCcKy, WO NpuiMae Bua

wii(n + 1) =wlF)(n)-n ac(i()n) ;
() (2.74)
ae KoHcTaHTa n>0 BU3Ha4ya€e BEMUYUHY KPOKY KOpekKLii. 3BepHemMo
yBary, Lo
aQ(n) _ aQ(n) 3s;m) _ 3Q(n) iy |
awi(n)  as{n) aw{O(n)  as{¥(n)

(2.75)
#KLL0 BBECTM NO3HAYEHHS
(K)(py< 1 _9Qn)
6;"(n) = 2 3™ (n) s 276
TO OOEPXKMMO PIBHICTb .
_9QN) _ 55k)pyylk)
=287 (n)x:"!(n) .
aw“‘)(n) [ y
(2.77)
Mpun ubomy anropuTt™ (2.74) npuimae Bug
wi(n+ 1) =w{f(n) + 208K/ (n)x{¥)(n) . o7

Cnoci6 po3spaxyHKy 3HaueHHsi 0;(n), 3agaHoro Bupasom (2.76),
3anexuTh Big HomMepa Lwapy. [ns OCTaHHEOTO IAPY OASPKYEMO

3 E(Lf

1.0Qn) _ 1
235 ny 2 as§L>(n)

8 ()=~

g (n) 1 adPn) -y
2 3sttn) 2 asit(n)

=&t >Zy’m(")-é”(n)f’(sf“(n» -
s;-'(n) (2.79)

[nsa posinbHoro wapy k#L ogepxyemo
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5K (ny=-1.9QM) __1 & aQ(n) sk Nn)
' 283}“(n) 2 as‘k”)(n) asf"’(n)

Nku
=Y s D mwie () (s)(n)) =
m=1

Ny _
=f(s*Um) Y. 85wl (n) .

m=1

(2.80)
BuaHaummMo noxmbky y k-y (He oCTaHHbOMY) Lwapi Ans i-ro
HelnpoHa y Bugi
Nk¢.1
ef)(ny= Y o5 N nwl(n), k=1,...L=1,
(2.81)

Axwo nigctasutn Bupas (2.81) y copmyny (2.80), To ogepxumo

88 (ny=e N n)f(s%)(n
M=t (mf(s;"(n)) | (2.82)
Y pesynbTaTi anroputm 3BOPOTHOMO MOLUMPEHHSI MOXMOKN MOXHA
3anucaTu y BuAi

y¥®(n) = £(s)(ny), s (n) = Zw(“ n)x“‘) ;

(2.83)
dn)- yH(n) s k=L,
sfk)(n) = Nicia
! Y o N nwkNn) ans k=1...L-1,
" (2.84)
58U n) = X nyr(sk(n)) 2.85)
W,(jk)(n+ 1)=w,§.“)(n)+znslﬁk)(n)xs,k)(n)_ 259

Hasa anroputMy 3B'd3aHa 3i cnocobom po3paxyHKy MOXubOoK y
KOHKpPeTHMX wapax. CnoyaTky poO3paxoBylOTbCS MOXUOKM B
OCTaHHbOMY LLapi (Ha OCHOBI BUXiAHMX | €TanoHHUX CUMrHanis), gani -
y nepefocTaHHbOMY | Tak ax [[o nepworo wapy. [loyaTKosi
3HaA4YeHHsA Bar, WO YTBOPATb Mepexy, BMOMpalTbCA BUMNAAKOBUM
YMHOM i, SIK NPaBWSO, YCTAHOBMOTLCA OGnM3bkumMn 00 Hyns. Kpok
KOpeKLii n Han4yacTilwe npunmMae BenuKi 3Ha4YeHHs (6rm3bki oanHuL)
Ha MoYyaTKOBUX eTanax npouecy HaBYaHHS, ane 3rogomM Moro BapTo
3MEeHLIyBaTM B Mipy TOro siKk BarM HabnuxkawTbCA OO0 [OEesKux
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3asganerigb BM3HAYEHUX 3HaAYeHHb. Y fniTepaTypi, NPUCBAYEHIN
HENPOHUM MepexXaMm, PEKOMEHAYIOTLCS Pi3HI Mogudikauii anroputmy
3BOPOTHOrO MOWWPEHHA noxmbkn. OpgHa 3 Hambinbw BigoOMMX
Moamdikaui nonarae y BBeAEHHI B pekypcito (2.86) popatkoBoro
yfieHa, Ha3aMBaHOro MOMEHMOM:

w,(jk)(n +1)= wfj")(n) 4+ Znsf")(n)f’(sfk)(n))xs.k)(n) +

+owlNn w“‘) n-

wif'(n) - wiin -] | 2.87)
y skomy napameTp ae€(0,1). EkcnepvmeHTanbHi OOCRImMKEHHS
nokasylTb, WO BBEOEHHA MOMEHmMY T[PUCKOPIOE  3BiKHICTb
anropuMTMy 3BOPOTHOIO MOLUMPEHHS NMOXMUOKMN.

2.6.2.2. 3acTocyBaHHA PEKYpPEHTHOro mMeToay
HaMMeHLUUX KBaapaTiB ANA HaBYaHHA HEMPOHUX Mepex

HaByaHHA Mepexi 3 BUKOPUCTaHHAM BukNageHoro B n. 2.6.2.1
anropuMTM  3BOPOTHOIO  MOLUMPEHHSA MOXMOKU  BMMarae BeJUKOT
KinbKOCTi iTepauin. Tomy B niTepaTypHUX DKepenax NpuBOASATbCA
BiJOMOCTI NpO pi3Hi CNpobM CTBOPEHHS Binblu LWBUOKUX anropuTmis
ONsl HaBYaHHA HEMPOHMX MepeX, OOHWUM i3 SKUX € PEeKyPEHTHWUW
memod HalmeHwux keadpamis (recursive least squares - RLS). Ak
Mipy MOXMOKM BVIKOpI/ICTOBleTb BMpa3

Z}t” ’ze L) ()=

n
=Y A 1) - w )R,

=1 4= (2.88)
Ae A - Tak Ha3uBaHun KoedpiuieHm 3abysaHHs (forgetting factor),
3Ha4yeHHs skoro BMbupaeTbea 3 iHTepBany [0, 1]. 3BepHeMo yBary Ha
Te, WO CTeniHb BMMMBY u4neHiB Bupasy (2.88) Ha MoOro 3HayeHHs
3pocTae 3i 30inblleHHsSM Homepa u4neHa. Y Xodi noganbLlunx
MipKyBaHb OyAemMoO BMKOPUCTOBYBATW MO3HAYEHHS, BBEAEHi B M.
2.6.2.1, 3 ypaxyBaHHSIM 0COONMBOCTEN, MOKasaHMX Ha puc. 2.25,
TO6TO

Ky — K epy — LK)

a TakoX
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bf(t) = £ a®(t)).

(2.90)
ae f- obpatuma dyHkuiq, t=1.....n, j=1, ..., Ny, k=1, ..., L.
f yik) s
2Ll
ﬁ i
+
4
-1 % i
b(k) f
i

Puc. 2.25. CTpykTypa HEMpoHa, 3aCTOCOBYBAHOMO AJ1s
peanisauii anroputmy RLS.

AKwo po3paxyBaTtu rpagieHT Mipy NOXUOKKM | NPUPIBHATM NOro 4O
HyNs, TO OAEPXKUMO PiBHAHHS

_9Q(n) z - z%: ae‘L)(f) (L) (1) =

awn) "= aw<">(n

N,

n L)( t) o

=23 X 2 (k) n) ! =9
EEENVEL (2.91)

Mpun BMKOpUCTaHHI 3anexHocTen (2.68) i (2.69) piBHAHHSA (2.91)

npunmae sug
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3 2 rz PO 3sit) yp O iy )

o Gastth) & ayst) owl(n) o

L-1)
_z - ’NL 1ay(L 1)(t)NL ay( ( ) (L) (L)(t)_
t=1 p=1 W(k)(”),- S(L)(t) Wie ')

Z - ‘NL 16yp (t) (L 1)() ZA’n t2 Yp () (k)(t)=0
t=1

(k) (k)
P (ny ? (n) (2.92)
ae
e ) (k1) \e k)
ep (t)= Zwlp (n)e; (L) .
e (2.93)

Bupas (2.93) 3agae cnocib nocnigoBHOro BU3HAYE€HHSA NOXMOOK Y
KOXHIM Wwapi, noyMHaiuM 3 ocTaHHboro. [lpy noganbLimx
NepeTBOPEHHAX OAEPXKYEMO MOCHIOOBHICTb PIBHOCTEN BUOY

n Nk By(’"(t) Wy
Yyt ——m e(t) =
=1a (n)

=1

i ps Ay Sty asit) )

= 9s¥(ny aw (n) b

I

z -t a0 (k—1)r(t)€,(k)(t)=

= “’( n)
n
d X
) ygk) Y Y (e - P =0
=1 as;"(n )
(2.94)
ae
y =1y
Mpun BMKOPUCTaHHI anpokcumalii
F(bf(1)) = F(s{(t) + F(s{UNB(t) = s (1)) (2.95)

oOepXyeEMO HopMaribHe PiBHAHHS
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n

3 s ) - x 0 (tw ) (1) =0

t=1 (2.96)
BEKTOpHa c*)opma AKOro Mmae surn4an

R =R (wn)

(2.97)
ae n
R = 3 (s )
1=1 (2.98)
r(k) Zzn g2 S(k)( ))b(k)(t)x(k)( t) .
t=1 (2.99)

PiBHAHHS (2.97) MoxHa posa 'A3aTn peKypeHTHUM cnocobom, 6es
inBepTyBaHHa Mmatpuui  R(n). Lle Bumarae BUKOPUCTAHHS
anroputmy RLS, BignoBigHO 0o siKOro aganTuBHa Kopekuis ycix Bar
w¥ BUpoBnsETLCS BiANOBIAHO [0 NpaBMn

d{)(n) - yFn) ansk=L,
ey =1 & k) (k1) k1)
Zf(s, (MWl Nn) ansk=1,..,L-1,
/=1 (2.100)
()= Fsm)PEn - 1)x*(n)
! T 1
A+ 2 (nx® Y (nPF(n - 1)x*%)(n
+ (s (m)x™ ! (m)PF(n = 1)x () (2.101)
PRy = 2711 = F(s9(n)g U (mx® (n)IP*)n - 1)
7 ()= A= F(s;7(n)g™ ( i (2.102)
wi(m) =wi")(n ~ 1) + g (me[(n) (2.103)
pei=1, ..., N, k=1, ..., L.
I'quaTKosl 3Hal-IeHHFI B anroputMmi RLS, sk npaswuno,
BCTaHOBIIIOIOTLCSA B TaKI/WI cn00|6
(0) = 6I 5»0, (2.104)
w2 (0) = (2.105)

MoyaTKOBI 3HaYeHHs Bar W/, )(0) HEVpPOHOI MepeXi MOXyTb TaKOX
BMOMpaTMCA BMNAOKOBMM YMHOM i3 3asgarnerigb yCTaHOBIIEHOMO
JianasoHy.

Mpuknag. MNopiBHAEMO PYHKLIOHYBaHHSA anropuTMy 3BOPOTHOIO
nowmnpeHHss noxubku (2.86), mogudikoBaHoro amnroputmy (2.87) i
anroputmy RLS (2.103). [Ins uboro ABoLlapoBy HEWPOHY Mepexy i3
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cirmoiganbHuMn yHKUisMn BygemMo BUKOPUCTOBYBATWM ANS iMiTauii
noriyHoi cuctemmn XOR i pekogepa 4-2-4. lNpouec imiTauii NOBUHHWIA
TpUBaTU OOCUTb JOBro ANs TOro, Wwob 3Ha4YeHHs noxmbku Q(n) ctano
MeHLLIe 3afaHoro nopora y, To61o

N
am =Y. @) -y <7,

= (2.106)
ae Ni=1 y Bunagky noriyHoi cuctemm XOR i N;=4 y Bunagky
aexogepa 4-2-4. Ha wmanioHkax, LWO inoCTpye pesynbTatu
MoZEnNtoBaHHS, Nif er1oxor (ep) po3yMieTbCs KinbKiCTb iTepauin, ska
piBHA 4YMCny pi3HMX Nap BEKTOPIB BXiOHUX i eTanloHHMX CUrHanie
(oQWH UMKN Npepn'sBNeHHs1 HaByarnbHOI BUBIpKM). B 060X npuknagax
KOXXHa enoxa CKnagaetbcs 3 YOTMPbOX iTepauil HaB4YanbHOro
anropuTmy.

a) JloziyHa cucmema XOR. HenpoHa mepexa mae 2 Bxoau, 2
HEMpPOHM B CXOBaHOMY wWapi i 1 Buxia. 3agaHuin nopir y OOpiBHIOE
0.02. B okpemi enoxu BUAINEHO HacTYNHi Napu BEKTOPIB BXiQHWX i
€TanoHHNX CUrHanis:

(0,0; 0), (0,1; 1), (1,0; 1), (1,1; 0).
PesynbTatv MogenioBaHHs npeacTaBneHi Ha puc. 2.26.

0) [ekodep 4-2-4. HelripoHa mepexa mae 4 BXoau, 2 HEMPOHU
B CXOBaHOMY LWiapi i 4 HENPOHW y BUXIAHOMY LWiapi. 3agaHuni nopir y
popisHioe 0,02. B okpeMmi enoxu BUAINEHO HACTYMNHi napu BEKTOpIB
BXiAHUX | eTaNloHHMUX CUrHani.:

(1,0,0,0; 1,0,0,0) (0,1,0,0; 0,1,0,0), (0,0,1,0; 0,0,1,0) (0,0,0,1;
0,0,0,1).
PesynbTatn MmogentoBaHHA npeactasneHi Ha puc. 2.27.

JNlerko nomiTUTK, WO MOAUMIKOBAHMN (3 ypaxyBaHHAM MOMEHMY)
anroputTM 3BOPOTHOrO MOLLMPEHHS MOXMOKM Mpautoe B Kinbka pasis
LBMALWe TpaauLinHOro anropuTMy, ToAi K 3aCTOCYBaHHS anroputMy
RLS posBonsie 36inbWwnTy Lo WBUAKICTD e Ha NOPsAoK.
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a) 0.50

B) .50

Qfep)

0.40

0.20

0.00
0 40 80 120 160 200
Puc. 2.26. Pesynbtatv mogentoBaHHs noriyHoi cuctemmn XOR: a)
anropuMTM 3BOPOTHOMO MOLUMPEHHS MNOXubku; 6) MopmdikoBaHWI
anroputM 3BOPOTHOrO MOLUMPEHHS MOXMOKM (3  ypaxyBaHHSAM
momeHmy); B) anroputm RLS.
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a)

6)

B)

120

Qiepl

0.00

1.20

Qlepi

Qlep)
0.80

0.60

oo

n=

B=100

099
——— 038
s—-= 09

2 4 % 1T %k %21

S0 100 150 200 ép 250

Puc. 2.27. Pe3ynbtat MogentoBaHHA gekogepa 4-2-4: a)
anropvTM 3BOPOTHOIO MOLLUMPEHHS NOXMBKK; 6) moandikoBaHUi
anropvTM 3BOPOTHOIO MOLLMPEHHS MOXMOKN (3 ypaxyBaHHSM

momeHmy); B) anroputm RLS.
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2.7.

3acTtocyBaHHA

HeMpomepex

Henpomepexi He MOXXHa BBaXaTu yHiBepcanbHUMMK OS5 PO3B’A3aHHSA
BCiX oOumcrnioBanbHuMx npobnem. Komn'totepy 1 obumcnioBasbHi
MeToaM € igeanbHummn ans Garatbox 3actocyBaHb. Komn'totepwu
nepeBepLUYOTb NIOAUHY MO 34aTHOCTI POOUTU YMCHOBI i CUMBOSILHI
obuncneHHsa. OgHak noguHa moxe 6e3 3ycunb BUpillyBaTW CKnagHi

3apavi

CMPUMHATTS  30BHIWHIX AaHuX (Hanpuknag,

nisaHaBaHHS

nognHn B opbi no i 0COBUCTOCTI) 3 TaKOK LWIBMAKICTIO | TOYHICTHO,
WO HaMMOryTHILWMIN KOMM'IOTEP Yy MOPIBHSAHHI 3 Hew 34aeTbcH
TyrogymoM. Y Tabnuui npuBeOeHO XapakTepuCTUMKU Komn'loTepa 3
apxiTekTypoto boH HemaHa B NOPiBHAHHI 3 HEMPOHOID MeEPEXEI0

*%

Mpouecop

MNam'aTb

O6uncneHH
A

Hapginrictb

Cneuianisay
i

Cepeposuiy,
e

dYHKUiIOHYBaHHSA
DyHKLT

MeTton
HaB4YaHHA

3acTtocyBsaH
HA
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Komn'totep

CknagHum
BucokowBugkicHum
OauH abo gekinbka

Okpemo Big npouecopa
JlokanizoBaHa
Appecauis 3a agpecoto

LleHTpanizoBaHi
MocnigoBHi
36epexeHi nporpamm

YpasnueicTb

Yucnosi onepauii

CTporo Bu3HaveHe
CTtporo obmexeHe

JloriuHo, Yyepes npasuna,
KOHLLenuii, o64YncneHHs

3a npasunamu

Yucnosa o0bpobka

HelipoHa mepexa

MpocTtuin
Hi3bKoLBMAKiCHWIA
Benwuka KinbkicTb

Y npouecopi
[MapanenbHi
Appecalis 3a 3MicToMm

MapaneneHi
MapanenbHi
CamoHaBYaHHs1

>Kuyuictb
Mpobnemu
CNPURHATTSA

MoraHo BM3HauyeHe
Bes obmexeHb

Uepes 306pakeHHs,
MartoHKK, KepyBaHHS

Mo npuknagax

Posni3HaBaHHs MoBY,
po3ni3HaBaHHA Opasis,



iHpopmauit po3ni3HaBaHHA TEKCTIB

PosrnsHemo poknagHiwe 3aCTOCyBaHHA Heﬂpomepem ansa
pO3B’H3aHHH NPakKTN4HMX 3agau.

PacnisHaBaHHs obpasiB i knacudikauis

Ak obpasn MOXyTb BUCTynaTW pi3Hi MO CBOI Npupoai o6'exTu:
CMMBOMM TEKCTY, 300pa)keHHsl, 3pa3ku 3BYKiB i T.4. [pu HaB4YaHHI
MepeXxi MPOMNOHYTLCS Pi3Hi 3pasku obpasiB i3 ykasiBKow TOro, Ao
AKOro  Kracy BOHM  BigHOcATbCA.  3pa3oK, SK  MpaBuio,
NpeacTaBnseTbCA K BEKTOp i3 MOro osHak. [py LbOMy CYKYMHICTb
BCiX 03HaK MOBMHHA OOHO3HA4YHO BuU3Ha4Yamu Kjac, [0 SKOro
BIOHOCUTbLCH 3pas3ok. Y BUMNAAKY, SKLWO O3HaK HeAOCTaTHLO, Mepexa
MOXe ChiBBiQHECTW TOW CamMuii 3pasok 3 AeKifbkoMa Knacamu, Lo
HeBipHO. [lo 3akiH4YeHHi HaBYaHHA Mepexi MOXHa npea'aBnaTu
HeBigoMi i paHiwe obpa3u I oaepXyBaTu Big Hel BiANOBiAb Mpo
NPUHaNEXHICTb 40 BM3HA4YEeHOro Kracy. Tomnonoria Takol Mepexi
XapaKTepusyeTbCa TUM, LLO KiflbKiCTb HEMPOHIB Y BUXIAHOMY LUapi, SK
npaBuIo, [OOPIBHIOE KiNbkoCTi 0O0ymoBneHux knaciB. [Mpu ubomy
YCTaAHOBMIOETLCA BIANOBIAHICTE MK BUXOAOM HEWPOHOI Mepexi i
Knacow, Lo BiH npeactaende. Konv mepexi npen'saBnseTbCca SKMNCb
obpas, Ha ogHoMYy 3 ii BMXOAiB MOBUHHA 3'ABUTUCA O3HaKa TOro, Lo
0obpa3 HanexuTb LUbOMY KNacoBi. Y TOM e 4Yac Ha iHLWMX BUXodax
NoBMHHa B6YyTK O3HaKa TOro, Lo o6pa3 AaHOMY KINacoBi HE HANEXUTb.
Axkwo Ha gBox abo Ginblw Buxogax € O3Haka MPUHANEXHOCTI A0
Knacy, BBaXaeTbCsl WO Mepexa «He yneBHeHa» Yy CBOIl Bignosigi.
BigsHauumo, wo 3agadi knacudikauii (Tuny po3snisHaBaHHA OGykB)
OyXe noraHo anroputMmsyoTcd. FAKWO y BUNAAKY po3ni3HaBaHHSA
OykB BipHa BigNoOBiAb OYeBMOHA ANs Hac 3asganerigb, 70 B OinbL
CKrMaZHMX NPaKTUYHUX 3alayax HaBYeHa Herpomepexa BUCTYNae sk
€eKCcnepT, WO BONOAIE BENMKMM AOCBIAOM i 34aTHUI AaTu BignoBigb
Ha Baxke 3anutaHHs. [puknagom Takoi 3afadi CnyxuTb MeaudHa
JiarHocTuka, [e Mepexa MOoXe BpaxoByBaTW BeNUKY KinbKiCTb
yncrnoBux napameTpiB (eHuedanorpama, TuCK, Bara i T.4.).
3BuyanHo, "OymMKy" Mepexi B LUbOMY BMNadKy He MOXHa BBaXaTtu
OCTaTOYHUM.
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3nopos

bonex

Knacudikauia nignpuemcTts no CTyNeHi IXHbOI NepcnekTUBHOCTI -
ue BXe 3BWYHWMA CNoCiO BMKOPUCTaHHA Herpomepex Yy npakTuui
Pi3HMX KOMNaHIW. [pn LbOMY Mepexa TakoX BUKOPUCTOBYE MHOXUHY
€KOHOMIYHMX NOKa3HWKIB, CKIMagHUM YMHOM 3B'A3aHMX Mk CODOL0.

— | nepcneKTuBHoe
: , npegnpuATHe

yObITOYHOR
: npeanpuaTHe

HenpomepexHuin nigxig ocobnuBo edeKkTMBHMI Yy 3agadax
€KCMepPTHOI OLiHKM 3 TiEi NpUYMHK, WO BiH crnonyyae y cobi 3aaTHicTb
koMmn'toTepa 4o 06pobkun Yncen i 34aTHICTb MO3KY A0 y3ararnbHEeHHs i
po3nisHaBaHHA. [0BOPATb, WO B rapHOro nikaps 34aTHiCTb Ao
po3ni3HaBaHHs y CBOIM obnacTi HacTiNbkM BeNUKa, WO BiH MOXe
npoBecTn Npubnu3Hy AiarHOCTMKY BXE MO 30BHILWHbOMY BUMMAgi
nauieHTa. MoXHa noroaMTUCa TakoX, WO [A0CBigYeHur Tpeunaep
noyyBae HanpsiMOK pyxy pvHKY no Buay rpadika. OgHak y nepLiomy
BMNaAKy yci akTopy Hao4Hi, TOOTO XapaKTepuUCTUKM nauieHTa
MUTTEBO CNpUMaloTbCst MO3KOM sk "Griga ocoba”, "énuck B oyax" i
T.O. Y OpyroMy >X BUNadKy BpPaxOBYETbCA TifMbKM OOMH dakTop,
nokasaHwin Ha rpaddiky - KypC 3a BMU3Ha4YeHUW nepiog 4acy.
Helpomepexa [o3Bonsie o6pobnaTn BenmyesHy KinbkicTb hakTopis
(0O [eKkinbKOX TWUCAY), HEe3amnexHo Big TXHbOI HAOYHOCTI - Ue
yHiBepcanbH1UN "rapHui nikap", WO MoXe NocTaBWUTU CBIiN AiarHo3 y
Oyab-Aakin obnacri.
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Knactepu3sauis

Kpim 3agad Knacudikaui, Henpomepexi LLNPOKO
BMKOPUCTOBYIOTbCA AN MOWYKY 3anexHOCTed y  JaHux i
Knactepmsallil.

Hanpuknag, Heipomepexa Ha ocHoBi metoamku MIOA (meTtog
rpynoBoro o6niky apryMeHTiB) [O3BOJSISE Ha OCHOBI HaBYalbHOI
BMOipKM noOyayBaTW 3anexHiCTb OOQHOroO napameTpa Bid iHLWKX Y
BUAi noniHoMa y= X;° - 4x3 2x85 + x32. Taka mepexa MoXe He TifnbKu
MUTTEBO BUBYUTU TaONULIIO MHOXEHHSA, ane i 3HaWTU cknagHi
CXOBaHi 3anexHoCTi B JaHux (Hanpuknag, ¢iHaHCOBMX), WO He
BUSBMNAOTECSA  CTAHAAPTHMMM  CTaTUCTUYHUMKM  MeTodamu. [lig
Knacmepu3saujieto po3yMieTbCsl po30MBKa MHOXWUHW BXiOHUX CUrHaniB
Ha Knacu, npu TiM, WO Hi KiNbKiCTb, Hi O3HaKW KnaciB 3asganerigb
HeBigomi. llicna HaBYaHHA Taka Mepexa 3faTHa Bu3HavaTu, [0
SAKOro Knacy BigHOCUTbCA BXigHWWA curHan. Mepexa TakoX Moxe
curHanisysatm npo Te, WO BXiAHWA cuUrHan He BigHOCUTBCA OO
)KOLQHOrO 3 BUAINEHNX KnaciB — Lie € O3HAKOK HOBWUX, BiACYTHIX Yy
HaByanbHin BMBIpUi, AaHMX. TakuMm 4nHOM, nodibHa mepexa moxe
8usI8/1IMU HOBI, He8IdoMI paHiule Knacu cueHasie. BignosigHicTb Mix
Knacamu, BWAINEHMMW Mepexer, | Knacamw, LWo IiCHYKTb Y
npegMeTHin obnacTi, yCTaHOBNIOETLCA NIOAUHOK. [pyn po3B’A3aHHI
3afavi knactepmsadii, MHOXWHA, O HaB4Yae, HE Mae MITOK Knacis.
Anroputm knactepwmsadii 3acHoBaHUn Ha nogobi obpasis i nomiwae
Cxoxi 0obpasu B oAuH knacTep. Bigomi Bunagku 3actocyBaHHSA
Knactepusauii gna gobyTKy 3HaHb, CTUCKY OaHMX i OOCHiIOXEHHS
BNacTuBoCTemn OaHuXx.
MporHo3yBaHHA i anpokcumauis
30aTHOCTI HEMPOHOI Mepexi 00 NPOrHO3yBaHHA MPSMO BUMNNNBAOTb
3 ii 30aTHOCTI OO y3aranibHEeHHS | BUAINEHHA CXOBaHMX 3anexHoCTen
MK BXIOHUMU | BUXigHUMU gaHuMn. lMicna HaBYaHHA Mepexa 3gaTHa
NpopoYUTN MaMByTHE 3HAYEHHS SKOICb MOCMIAOBHOCTI HAa OCHOBI
OEKINbKOX MonepeHix 3HayeHb i/abo SKMXOCb ICHYUMX Yy OaHUR
MOMEHT dakTopiB. Cnig 3a3HaunTi, WO MPOrHO3YBaHHA MOXMMBE
TiNbKM TOZi, KONW ronepedHi 3mMiHU OiliCHO 8 SIKOMYCb CMmereHi
gusHayarompb MalbymHi. Hanpvknag, nporHO3yBaHHHA KOTMpPYBaHb
aKLin Ha OCHOBI KOTUPYBaHb 3a MUHYMNWUA TWXAEHb MOXe BUSBUTUCA
ycniwHMM (a MoXe | He BUSABUTUCH), TOAI SK NPOrHO3yBaHHSA
pe3ynbTaTiB 3aBTpaLUHbOI NoTepel Ha OCHOBI JaHuX 3a ocTaHHi 50
pOKIB Malke HaneBHO He [JacTb Hisikux pesynbTaTtie. 3agadi
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MPOrHO3yBaHHA OCOOMMBO BaXnWBi AN MNPaKkTWKKW, 30Kpema, Ans
chiHaHCOBMX [JoAaTkiB, TOMYy MOSICHMMO Crnocobu 3acToCcyBaHHS
HeMpomepex Yy Uuin obnacti 6inbw goknagHo. PosrnsHemo
npakTU4Hy 3agady, BiAnNoOBiAb Yy $KiM HeoveBugHa - 3agady
NPOrHo3yBaHHs Kypcy akuii Ha 1 geHb ynepen. Hexanm y Hac € 6as3a
OaHuX, WO MICTUTb 3HayeHHs Kypcy 3a octaHHi 300 pgHis.
Hannpoctiwnin BapiaHT y pgaHoMmy Bunagky - cnpobysaTu
nobyayesaTu NPOrHO3 3aBTPALUHBOI iIEHN HA OCHOBI KYpCiB 3@ OCTaHHI
Kinbka AOHIB. 3pO3ymino, L0 NpOrHo3yt4va Mepexa MOBUMHHA MaTtu
BCbOrO OAMH BUXig i CTiNbKW BXOAiB, CKiflbKW NONepeaHix 3HadeHb My
XO4EMO BUKOPUCTOBYBATWM ANs MPOrHO3y - Hanpuknag, 4 OCTaHHi
3HayeHHs. CknacTu HaBYanbHWIA MpUKNag AyXe NpocTo - BXiOHWMM
3HayeHHsaMM OyayTb Kypcu 3a 4 nocnigoBHMX QOHi, a 6axaHum
BMXOAOM - BiJOMWW HaM KypCc Yy HaCTyMHUA [eHb 3a UMK
yoTMpma.AKWO HenpoceTb CyMiCHa 3 £KOK-HeOyab CUCTEMOLD
06pobkn enekTpoHHWMX Tabnuub (Hanpuknag, Excel), To migrotoBka
HaBYanbHOI  BMOIpKM  CKMagaeTbCad 3 HACTyMHUX  onepauii:
1. CkonitoBaTu cToBMNEUb AAHWX 3HAYE€Hb KOTUPYBaHb Y 4 CYCigHix
CTOBMUSA.

2. 3pywmTtn gpyrui ctoBneub Ha 1 O4KO Haropy, TPeTin cToBneup -
Ha 2 o4ku Haropy i T.A4.

Bxoasi Boixoa

1900
qﬁuu 20 149 341
[ e e
4349 341 442 410

442 418 31082349
410 30 249
310 249 . 2680 3
249 280 381 420
280 361 (470 430
361 420 14 228
420 430 479 460
A0 429 482 54| ;
423 463 541 582) Sai

3MiCT Ui€i NiAroToBKM Nerko NoGavymTn Ha PUCYHKY - Tenep KOXeH
psgok Tabnuui siensie cobol HaBYanbHWA MNpuknag, e nepuwi 4
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ymncna - BXigHi 3Ha4YeHHs1 Mepexi, a N'ate 4Yncno - GaxxaHe 3Ha4YeHHS
Buxody. BukniouyeHHsa cknagalTb OCTaHHI 4 psigka, ge AaHux
HedoCTaTHbO - Ui psgKM He BPaxOBYKTbCA MPU  TPEHYBaHHI.
MomiTumMo, WO B 4eTBepTOMY 3HM3Y PsSAKY 3adaHi BCi 4 BXigHi
3HaJeHHs, ane Hesigome 3HayeHHsi Buxody. Came OO0 LbOro psaka
MM 3aCTOCYEMO HaBYEHY Mepexy N O4ep>XMMO MPOrHO3 HACTYMHOro
OHS.

Ak BMAHO 3 UbOrO npuknaga, obcsar HaByanbHOI BUBIPKK
3anexuTb Big 00paHOi Hamu KinbKOCTi BXxoAiB. AKWo 3pobutn 299
BXOAiB, TO Taka Mepexa MNOoTeHUinHO morna 6 OyaysBaTun Kpalimn
MPOrHO3, Ynm Mepexa 3 4 Bxodamu, OgHaK y LUbOMY BUMagKy Mu
MaeMo BCbOro 1 HaByanbHUIM Npuknag, i HaB4yaHHa 6esrnysge. Npu
BMOOpI YMcna BXOAIB BapTO BpaxoByBaTu Le, BUOMpPaUun po3ymHuUi
KOMNPOMIC MK TMMOUHOK MPOPOKYBaHHA (YMCMNO BXOAiB) i SAKICTIO
HaB4YaHHs (obcsar TpeHyBanbHoro Habopy).

Anpokcumauiss pyHKuid. NpunycTuMo, Wo € HaB4yanbHa Bubipka
((X1,¥1), (X2,¥2)..., (Xn,¥n)) (N@apu gaHux BXig-BuUXid), O reHepyeTbcs
HeBigomol  dyHKuieto F, nepekpyveHoi wymoMm. 3aBOaHHs
anpokcumalii nonsirae B 3HaxXoMKeHi HeBigomoi yHkuii F.
Anpokcumauiss  yHKUin HeobXxigHa npu po3B’A3aHHI  YMCMEHHUX
iH)KEHEPHUX | HAYKOBUX 3a4a4 MOLEITIOBaHHSI.

MpUIUHATTA pilleHb i KepyBaHHA

Lis s3apgava 6nusbka g0 3apadi knacudikauii. Knacudikauii
nignaralTb CUTyaUil, XapaKTepUCTMKU SKMX HAOXOAATb Ha BXig
HelpoHOoI Mepexi. Ha Buxoai mepexi npu LUbOMYy MNOBUHHA 3'ABUTLCS
O3HakKa pilleHHs, Ky BoHa npumrHana. MNpu uboMy Ak BXigHi curHanm
BMKOPUCTOBYIOTBCS Pi3Hi KpUTEPIi ONUCY CTaHy KepoBaHOI CUCTEMMU.
PosrnsaHemo avHamiyHy cucTemy, 3agaHy cykynHictio {u(t), y(i)}, oe
u(t) - BxigHWA Kepylounin BNnuB, a y(t) - BUXiO CUCTEMW B MOMEHT
yacy t. Y cuctemax kepyBaHHs 3 €TanOHHOK MOAENM0 MEeTo
KepyBaHHS € pOo3paxyHOK Takoro BxigHoro BnnvBy u(t), npu sikomy
cuctema fie no OaxaHin TpaekTopii, sika 3agaHa eTaroHHOM
mogennto. MNprknagom € onTumMarnbHe KepyBaHHS OBUIYHOM.
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CTuck gaHux i acouiaTMBHa NnamMATb

30aTHICTb HelpoMepeXx OO0 BUSBMEHHS B3aEMO3B'SI3KIB  MiX
pisHMMK NapameTpaMmn [a€ MOXMBICTb BUPasvUTW [aHi BenuKoi
PO3MipHOCTI BinbLL KOMMNAKTHO, KO AaHi TICHO B3aeMO3anexHi ogHi
3 ogHUMKU. 3BOPOTHMI MpoLEeC — BIAHOBIIEHHSA BUXiAHOro Habopy
OaHNX 3 YacTUHW iHopMaLii — Ha3MBa€eTbCs (aBTO)acouiamugHO
nam'smmro. AcouiaTMBHa nam'saTb [A03BONSE TAKOX BiAHOBMOBATU
BUXigHMI curHan/obpas i3 3ayMmneHux/yLKopKeHNX BXiAHUX OaHUX.
Posg’isaHHA  3agadvi  reTepoacouiaTMBHOI  Nam'aTi  OO3BONsiE
peanisyBaTv nam'dTb, sika agpecoBaHa no BMICTY.

Y TpaguuinHux komn'toTepax 3BepTaHHA [0 naM'aTi 4OCTYMHO
TiNbKW 3a JONOMOroK afpecu, Lo He 3aneXuTb Big 3MICTy nam'sTi.
Binbw TOro, AKWO AonyLleHO NOMWUIKY B OBYMCREHHi agpecu, TO
mMoxe OyTu 3HamgeHa 30BCiM iHWa iHdopmauis. AcouiaTuBHa
nam'ate abo nam'sitb, WO agpecyeTbCa 3a 3MICTOM, OOCTynHa 3a
BKa3iBKOK 3a4aHOro 3MicTy. YMICT nam'aTi mMoxe OyTu BUKIMKaHO
HaBiTb MO YacTKOBOMY BX0g4i abo yLwKogkeHoMYy 3MicTi. AcouiaTuBHa
nam'atb Moxe OyTn BUKOPUCTaHa B MYNbTUMEAINHNX iHGOpMaLiiHMX
0asax gaHux.

OnTumisauis.

UucneHHi npobnemn B mMaTemaTuui, CTaTUCTULI, TEXHIUi, Hayui,
MeOMLUMHI W EeKOHOMILi MOXyTb po3rnsgatuca gk npobnemu
onTumisadii. 3agadveto anroputMy ONTUMI3aLii € 3HaXOMKEHHS
TaKoro pilleHHs, WO 3a40BOMIbHAE CMCTEMiI OOMEXeHb i MaKkcuMmisye
abo MiHiMi3ye LinboBY yHKUiHO.

HesBaxaloum Ha nepeBarn HEWPOHUX MEPEeX B OKPEMUX
obnactax Hag TpaguuiiHAMW  OOYMCMEHHAMM, WO  iCHYHKOTb,
HenpomMepexi He € AOCKOHanMMu pileHHsMKU. BoHW HaB4yaroTbCa i
MOXYTb pobutn "nomunkn”. Kpim TOro, He MOXHa rapaHTyBaTtu, L0
po3pobneHa Mepexa byae onTUManbHOK Mepexel. 3acTocyBaHHs
Helipomepex xafae Big po3pobntoBava BUKOHAHHS psiay YMOB:

- MHOXWHY [aHuX, WO MICTATb iHpopMaLito, sika xapakrepusye
npobnemy;
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- BiANOBIAHO BCTaHOBMEHa MO pPO3Mipax MHOXWHA OaHWX ANS
HaBYaHHS | TECTYBaHHS Mepexi;

- pO3yMiHHS 6a30BOI NpMpoaN po3B'A3yBaHOI NpobremMu;

- BuBIp pyHKUiIT cymaTopa, nepepatHOi pyHKUIT | meToais
HaBYaHHS;

- PO3YMiHHS iIHCTPYMeEHTanbHUX 3acobiB po3pobnioBaya;
- BignoBigHa NOTYXHiCTb 06pOGKN.

HoBi MOXnMBOCTi 0b4uMcreHb BMMarae ymiHb po3pobnioBava
nosa rpaHuusaMM TpaguuinHux ob4umcneHb. Cnoyatky oB4YMCreHHst
Oynn nuwe anapaTtHMMKU W iHXeHepu 3pobunu ix npauorYnMin.
MoTim, 6ynu caxiBui 3 nporpamHOro 3abesneveHHs: NporpamicTu,
CUCTEMHI iHXeHepw, caxiBLi 3 6a3 AaHWX | NpoekTyBanbHUKK. Tenep
3'ABMNMCA HEWpOHi apxiTekTtopu. Hosui npodecioHan MNOBUHHMI
MaTu kBanigikauito, BULY 4YiM Yy nonepeaHukie. Hanpuknag, BiH
MOBWHHUI 3HATK CTaTUCTUKY AN BUOOPY N OLIHIOBAHHA HaBYarbHUX
i TECTOBMX MHOXWH.

[Mpn cTBOpEHHI edEKTUBHUX HeNpoMepexX, BaXNUBMM ANs
Cy4yaCHUX iHXeHepiB nporpamMHOro 3abe3neyeHHA € JoriyHe
MUCIIEHHS1, eMMIPUYHE YMIHHA 1 iHTYiLiS.

2.8. OCHOBHi eTanu po3B'sAA3aHHA 3agay

36ip gaHuX Ans HaBYaHHS;

MigroTtoBka i HOpMmanisauia gaHux;

Bubip Tononorii mepexi;

ExkcnepuvmeHTanbHUin Nindip xapakTepucTmk Mepexi;
EkcnepuvmMmeHTanbHUin Nigbip napameTpiB HaBYaHHS;
BnacHe HaB4YaHHS;

MNepeBipka anekBaTHOCTI HABYaHHS;

KopekTyBaHHSA napameTpiB, OCTaTOMHE HaBYaHHS;
Bepbanizauis mepexi 3 MeTOW nodanbLIOro
BUKOPUCTAHHS.
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Po3rnaHemo goknagHiwe geski 3 uymMx etanis.
306ip gaHMX AnA HaB4YaHHA

Bubip gaHux gns HaB4aHHA Mepexi i ixHa obpobka € camum

CKNnagHMM eTanom po3e’aA3aHHsa 3agadi. Habip gaHux ona HaByYaHHS
NMOBWHHWUI 3a0BOMbHATY AEKINBKOM KPUTEPISIM:

e Penpes3eHTaTUBHICTb — [aHi MOBMWHHI iNOCTpyBaTH
JiiCHE NONOXEHHA peyen y npeameTHin obnacTi;

e HecynepeuyHicTb — cynepeunusi AaHi B HaBYasbHiIN
BMOipLi Npu3BeayTb A0 NOraHoi SIKOCTi HABYAHHS Mepexi;

e 0OO6car — gk npaBWo, 4Mcno 3anucie y BuMOIpU
MOBMHHE Ha Kinbka nopsagkiB nepeBepllyBaTM  KiNbKiCTb
3B'A3KIB MiX HerlpoHamu B Mepexi. Y NpoTUBHOMY BuNagky
Mepexa NpocTo «3anam'aTae» ycro HaBuvamnbHy BUBIpKY i He
3MOXe BMKOHATW y3aranbHEeHHs.

MigroroBka i Hopmanisauis AgaHux

BuxigHi gaHi nepeTBopATbCA 40 BUAY, Y AKOMY IX MOXHa nogaTu

Ha Bxoan Mmepexi. KoxeH 3anuc y dpanni gaHux HasuBaeTbCA
HaeyanbHOK napoto abo HasyanbHUM 6ekmopoM. HaevanbHui
BEKTOP MICTUTb MO OOHOMY 3HAYeHHI0 Ha KOXeH BXig Mepexi i, y
3anexHcTi Big TMNy HaByaHHA (i3 BYMTenem abo 6e3), no ogHomy
3HaYeHHIO [N KOXHOro BMXody Mepexi. HaBuyaHHsa mepexi Ha
«cumpomy» Habopi, K NpaBumo, He Oae SAKICHMX pesyrnbTaTiB. ICHye
psi4 cnocobiB NONINWNTY CMIPURHATTA» MepeXxi.
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e HopmMmyeaHHs1 BUKOHYETbCHA, KONMW Ha Ppi3Hi BXoau
nogaroTbCs AaHi pisHOT po3MipHOCTi. Hanpuknaa, Ha nepnn
BXiZl Mepexi NofatnTbCA BEMUYUHW 3i 3HAYEHHSMM Bif Hyns
00 oavHuui, a Ha gpyrum — Big cta o tucsadi. MNpu
BIACYTHOCTi HOpPMYBaHHSI 3Ha4YeHHA Ha [pYyromy BXofi
OyoyTb 3aBXauM pobuTh iCTOTHO OinNblUMIA BNAMB Ha BWXIg
Mepexi, YAM 3Ha4YeHHA Ha nepwomy Bxofi. [pyM HOpMYyBaHHI
PO3MIPHOCTI yCiX BXigHWX | BUXIQHMX AaHUX 3BOOATLCA
BOEOVHO;



e KeaHmysaHHs1 BWKOHYETbCA Hag ©GesnepepBHUMU
BENUYMHAMMK, [ONS SKUX BUAINSETbCA  KiHUEeBUA  Habip
ONCKPETHMX 3HaYeHb. Hanpwuknag, KBaHTYBaHHS
BMKOPUCTOBYIOTb AN 3aBAaHHSA 4YacTOT 3BYKOBUX CUrHanis
npu po3nisHaBaHHi MOBM;

o Qinbmpayis BWKOHYETbCA ONs  «3allyMIIEHUX»
OaHuX.

Kpim TOro, Benuky pornb rpae came NpeacTtaBneHHs 9K BXigHWX,
Tak i BuxigHMx JdadHux. [lpunyctmmo, Mepexa HaBYaeTbCs
po3ni3HaBaHHIO OYKB Ha 300paXKeHHsIX i Mae oauMH YMCNOBUIA BUXig —
Homep OykBM B andasiti. Y UbOMy BuNagky Mepexa oOepXutb
HenpaBUIbHE YSIBIIEHHS NMpo Te, Wwo 6ykBu 3 Homepamu 1 i 2 BinbLu
CXOXi, Ynm OykBu 3 Homepamu 1 i 3, wWo, 3aranom, HesipHo. [ns
TOro, Wo6 YHMKHYTU TaKoi CUTyalii, BUKOPWUCTOBYIOTb TOMOJIOri0
MepexXi 3 BENWKMM YUCIIOM BUXOAIB, KON KOXEH BUXi4 Mae CBin
3MmicT. Yum 6Ginblwe BuxoaiB y mepexi, TUM Ginblia BigCTaHb MiX
Knacamu i TUM cknagHiwe ix nonnyTaTtu.

Bubip Tononorii mepexi

Bubvpatn TMn Mepexi HeoOXiZHO BuXOOAYM 3 MNOCTAHOBKM
3afavi i HasgBHUX AaHUX Ons HaBYaHHA. [na HaBYaHHA 3 yyntenem
noTpibHa HasABHICTb ANA KOXHOrO enemeHTa BUBIPKM «EeKCNepTHOI»
OUiHKW. |HOAi ofepaHHA TaKol OUiHKW ANs BENWKOro MacuBy AaHuX
NPOCTO HEMOXNMBO. Y UMX BuUMNagkax MnpupoaHMM BuUGOpoOM €
Mepexa, WO HaByaeTbCca ©0e3 yuuTens, Hampuknag, Taka sk
camoopzaHizytoda Kapma KoxoHeHa abo HelipoHa Mepexa
Xongpinda. MNpn po3B’a3aHHi iHWKX 3a4ay, TakMx SK NPOrHO3yBaHHS
TMMYacoBUX PAAIB, eKCnepTHa OUiHKa BXe YTPUMYETHCH Y BUXIOHUX
AaHux i moxxe ByTu BuaineHa npwm ixHin obpobui. Y ubomy Bunagky
MOXXHa BMKOPWUCTOBYBATU MHO20Wapoesul nepuyenmpoH abo mepexy
Bopada.

EkcnepumMeHTanbHUM NigbGip XapakTepucTUK Mepexi

Micna Bnbopy 3aranbHoi CTPYKTYpU noTpiGHO
eKkcrnepumeHTanbHO nigibpatm napameTpu Mepexi. Ona mepex,
nogibHMX nepuenTpoHy, Le Oyae uucno wapie, 4ucrno OnokiB vy
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http://ru.wikipedia.org/wiki/%D0%9D%D0%B5%D0%B9%D1%80%D0%BE%D0%BD%D0%BD%D0%B0%D1%8F_%D1%81%D0%B5%D1%82%D1%8C_%D0%A5%D0%BE%D0%BF%D1%84%D0%B8%D0%BB%D0%B4%D0%B0
http://ru.wikipedia.org/wiki/%D0%9C%D0%BD%D0%BE%D0%B3%D0%BE%D1%81%D0%BB%D0%BE%D0%B9%D0%BD%D1%8B%D0%B9_%D0%BF%D0%B5%D1%80%D1%86%D0%B5%D0%BF%D1%82%D1%80%D0%BE%D0%BD
http://ru.wikipedia.org/wiki/%D0%9D%D0%B5%D0%B9%D1%80%D0%BE%D0%BD%D0%BD%D0%B0%D1%8F_%D1%81%D0%B5%D1%82%D1%8C_%D0%92%D0%BE%D1%80%D0%B4%D0%B0
http://ru.wikipedia.org/wiki/%D0%9D%D0%B5%D0%B9%D1%80%D0%BE%D0%BD%D0%BD%D0%B0%D1%8F_%D1%81%D0%B5%D1%82%D1%8C_%D0%92%D0%BE%D1%80%D0%B4%D0%B0

CXOBaHUX LWapax (ana Mepex Boppaa), HasiBHiCTb abo BioCYTHICTb
obxigHux 3'egHaHb, nepepaTHi  yHKUii HelpoHie. [lpu BubopI
KiNMbKOCTi WapiB i HEMPOHIB Y HMX BapTO BMXOAUTUM 3 TOro, LO
30amHocmi mepexi 00 y3azaslbHEeHHSI muM euuje, 4YuMm Obinbuwe
CyMapHe 4ucrio 38'd3kie Mix HelipoHamu. 3 iHWoro 60Ky, 4Mcno
3B'A3KiB 06MexeHe 3BepXy KifbKiCTIO 3anuCiB Y HaBYanbHNX AaHWX.

EkcnepumeHTanbHUM Nigbip napamMeTpiB HaBYaHHS

Micnas BuBOpy KOHKpPETHOI Tomnororii, HeobxigHo BMOpaTK
napameTpuM HaB4YaHHS HeWpoHoi Mepexi. Llem etan ocobnuso
BaXNMBWUWA AN Mepex, sKi Hagyarombcsi € yyumernem. Big
npaBuibHOro BMbopy napameTpiB 3anexaTb He TiNbKU Te, HACKiNbKu
WBKOKO BIiAMOBI4i Mepexi OyayTb cxoouTuca [0 nNpaBuibHUX
Bignosigen. Hanpuknag, Bubip HU3bKOI LWIBMAKOCTI HaBYaHHSA
30iMbWNTb  YaCc CXOMKEHHS, OAdHaK iHOAdi [03BOSIAE  YHUKHYTU
napasidy mepexi. 36inbLeHH MOMEHTY HaBYaHHsSI MOXE MpPUBECTU
AK A0 30inblueHHs, Tak i A0 3MeHWeHHA 4vacy 3b6ibkHocTi, Yy
3anexHOCTi Big dopmu rmosepxHi noxubku. Buxogsum 3 Takoro
CynepeuynMBoro BMivBY napameTpiB, MOXHaA 3p00OUTU BUCHOBOK, LUO
iX 3Ha4yeHHst NOTPIOHO BUOUpPaATU eKCnepMMEHTarbHO, KEepYYUChb
npyM UbOMY KPUTEPIEM 3aBEPLUEHHSI HaBYaHHS (Hanpuknag,
MiHiMi3aList Noxnbkn abo 0OMexXeHHs 3a YacoM HaBYaHHS).

BnacHe HaBYaHHSA MepeXi

Y npoueci HaBYaHHA Mepexa Yy BU3HA4YeHOMY MNOPSAKY
nepernsgae HaeyanbHy BuOipKy. lMopagok nepernagy mMoxe OyTu
nocnigoBHuM, BunagkoBum i T.4. Mepexi, ski Hasyarombcsi 6e3
yqyumens, nepernsgatoTe BUBIPKY Tinbkn oauH pas. [pu HaByaHHI 3
yuntenem mepexa nepernsgae BubipKy MHOXMHY pasiB, Npu LbOMY
OAVH MOBHMIA NpoXig No BUOIpLUi HA3MBAETbLCA E€MOXOK HagYaHHS.
3asBuyalit Habip BUXiAHMX AaHMX MOAINSATb Ha AOBi 4aCcTUHU —
BMnacHe HaB4yarnbHy BWOIpKY i TECTOBI AaHi; MPUHUMN noginy Moxe
OyTn goBiNbHMM. HaB4YanbHi gaHi NnogarTbCa Mepexi AN HaBYaHHS,
a nepeBipOYHi BUKOPUCTOBYIOTLCA ANS PO3paxyHKy NMOXUBKM Mepexi
(nepeBipoyHi  gaHi  HiKOMM NS HaBYaHHA  Mepexi  He
3aCTOCOBYHOTBCS). TakMM YMHOM, SKLO Ha MEepeBipOYHUX AaHUX
noxubka 3MeHLUYETbCS, TO Mepexa AiNCHO BUKOHYE y3aranbHEHHS.
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AKWOo noxunka Ha HaBYanbHUX AaHMX NPOAOBXKYE 3MeHLlyBaTUCA, a
noxmbka Ha TecToBUX JAaHux 30iMnblUyeTbCA, BUXOOAWUTb, Mepexa
nepectana BWKOHYBaTW Yy3araflbHEHHS i MPOCTO «3anaM'siToBye»
HaByanbHi AaHi. Lle aBMLe Ha3MBaeTbCA NepeHaBYaHHAM Mepexi
abo osephimmiHeom. Y Takux BuNagkax HaBYaHHA 3a3Buyan
NpunuHAITE. Y Npoueci HaB4YaHHA MOXYTb MNPOABUMTUCS  iHLUI
npobnemn, Taki sk napasiy abo BRyYeHHA Mepexi B JOKanbHWINA
MiHIMYM NOBepxHi Noxmbok. Hemoxnveo 3asganerigb MNpopoyvnTH
nposiB Tiei abo iHWOI npobnemn, Tak camMo K i gaTW OOHO3HAuHI
pekomeHaauii 4o X po3B’si3aHHI0.

MNMepeBipKa aaeKBaTHOCTi HABYaHHA

HaBiTb y BMNagky YycnilWHOro, Ha MEepLlunn nornsg, HaBYaHHA
Mepexa He 3aBXOW HaB4aeTbCqd came TOMY, YOro Big Hei XoTiB
TBOpELb. Bigomun BMNAOOK, Konm  Mepexa  HaB4vanacs
po3ni3HaBaHHIO 300paxeHb TaHKiB Mo doTorpacdisix, ogHak nisHiwe
3'AcyBanocs, Wo BCi TaHkM 6ynun cdoTorpadoBaHi Ha TOMy CamMoMy
Tni. Y pesynbTaTi Mepexa «HaBuunacs» posnidHasBaTu Len Tun
naHawadTy, 3aMicTb TOro, Wob «HaBUYUTUCA» PO3Mi3HABATU TaHKW.
TaknMm YMHOM, Mepexa «po3yMie» He Te, Wo Big Hel 6yno noTpibHo,
a Te, L0 HanUnNpocTile y3aranbHUTU.

2.9. KOMNOHEeHTH i NpUHUMNN po60TN HEMPOHUX Mepex

PesynbTatm  cydacHux  gocnigjkeHb  qoidionorii  MO3Ky
BiOKpMBalOTb nNuwe obBMexeHe pOo3yMiHHA pPOBOTU HEWpPOHIB i
npouecy MucrneHHs. [JocnigHnKM npauoTb SK Y GionoriyHin, Tak i B
iHXXEHepHIN obnacTsax Ans po3LWM@POBKU  KIHOYOBUX MeEXaHi3MiB
HelpoHoi 06pobkK, WO AonomMarae CTBOPIOBATU MOTYTHI i KOMMAKTHi
Henpomepexi. [NpuBegemMo onnc OESKUX KOMMOHEHTIB HEMPOHMUX
MepeX i iXHo poboTy.

2.9.1. Po3wupeHa moaenb WITYYHOrO HEMPOHa
3arnubneHi npegcTtaeBneHHsa wopo  OyaiBni GionoriyHoro

HeVIPOHa, 003BOJIAKTL NpeacrtaBntn Mmofesb LWTYy4YHOro He|7|p0Ha B
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po3LIMpEHOMY BUAi, AeTanizoBaHa CTPyKTypa SIKOro npuBedeHa Ha
puc. 2.28, ne

1. Cymartop, wo mogentoe yHKuii Tina GionoriyHoro
HenpoHa

2. dyHKUiOHaNbHUI NepeTBOpIOBaY, L0 BUKOHYE POrb
aKCOHHOro ropbka

3. 36yanueuii cMHanc

4. Manbmylo4ni cMHanc

5. BxigHun curHan

6. [lnxoToMivyHe po3sranyXeHHs BXigHOro curHany
7. BuxigHun curHan

8. dnxoTomiyHe po3ranyXeHHs BUXiAHOrO curHany

9. lpamun 3B'A30K, SKUW BiAnNOBIidae akcogeHOPUTHOMY
3B'A3KY MiX BiONoriYHMMM HeMpoHaMum

10. 3BOPOTHMIA (AKCOCOMaTUYHNIA) 3B'A30K.

Puc. 2.28. PoswunpeHa Mmogenb HEMPOHOro efieMeHTa
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MigcTaBoo p[na pgetanisauii mMoaeni HEMPOHOro ernemMeHTa
MOXHa BBaXaTuW BCTAHOBIEHHSA HOBMX (akTiB B obnacTi
Henpodisionorii, 30kpema:

1. HasBHiCcTb AEKINbKOX MiCLb CUHANTUYHOIO KOHTaKTY.
2. [uxoTomiyHe posranyXeHHsa AeHOPUTIB Pi3HMX NopsaKiB, LWO

BiONOBIAAlOTb Y TEXHIYHUX aHanorax noriyHm onepadism "I, "ABQO",
" Bukntoyatoue ABQO", BuaineHHs makcumansHoro abo MiHiManbHOro
curHany .

3. PisHi piameTpn cTOBOYPHUX AeHApWTIB, ranysen, LWo
6esnocepeaHbO NpunsralTb A0 Tifla HEeMpoHa, NPUYOMY BEnu4YMHa
JiameTpa BM3Ha4ae CTeniHb BaXIIMBOCTI iHGhopmaLlii, Lo NpOXoanTb
yepes AeHOpUT.

4. HasBHicTb "gOpPiKOK" HA NMOBEPXHi COMMU, sKi MPOXOAATb Bif
FOMNOBHUX CTOBOYPHMX AEHOPUTIB 4O akCOHa, 0OYMOBIHOE HAsIBHICTb
napanenbHUX LWNsaxiB 00pobku iHdopmadii i Hagae MOXNMBICTb
3aCTOCYyBaHHA NOriYHMX Onepauid Hag curHanamu, Wo HagxoasiTb
Bif Pi3HNX CTBONOBUX AEHOPUTIB.

5. OcobnuBocTi yHKUIOHYBaHHS aKCOHHOTO ropbka; came
aKCOHWM ropboK yCTaHOBIMOE NepeaaTtHy YHKLiK HEMPOHA, WO Mae
Ginbw cknagHy OpMYy, YMM TMPUWHATI B HENPOMEPEXHUX
TeXHOMOorisx cirmoiganbHi abo NiHinHI nepedaTHi yHKLIN.

6. HasaBHICTb OMXOTOMIYHOrO po3rarnyXeHHsi akcoHa; Yy Bya3rax
po3ranyXeHHsl BiaOyBaeTbCA KepyBaHHSI MPOXOMKEHHAM CUrHany,
LLIO 3anexXuTb Bif, CNiBBIAHOLEHHS AiaMeTpiB pi3HUX ranysen akcoHa;
npM MaTeMaTU4HOMY MOAENOBaHHI LI  0COGNMBOCTI  MOXHA
peanisyBaTu 3a JOMOMOrOK MOriYHUX onepadin.

7. HasBHiCTb 3BOPOTHOrO akCOCOMaTUYHOro 3B'A3KY, L0 BXe
3HaMWNO  CBOKW  peanisauito  npy  NobydoBi  PEKYPEHTHbIX
HENPOMEpPEX.

3arnubneHi 3HaHHA wWopo Oyaieni GionoriyHOro HeMpoHa, Sk
e(PeKTVBHOro NEPETBOPIOYOro iIHCTPYMEHTA, MOXHA PO3rnsigaTu sk
mkepeno 6a3oBuX igew i KOHUEeNLUin No CTBOPEHHIO HOBUX Napagurm
HeMpoMepex He TiMbKM B Cy4yaCHOMY 4aci, ane i Ha BigganeHy
nepcnekTuBy.
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2.9.2. KOMNOHEHTU LITYYHOro HEMPOHa

HesanexHo Big posTalwyBaHHS i pyHKUiOHaNbHOro
NPU3HAYEHHS, YCi LUTYYHI HEMPOHi eNemMeHTU MatoTb 3arasnbHi
KOMMOHEHTU. PO3rnsiHEMO CiM OCHOBHMX KOMMOHEHTIB LUTY4YHOrO
HenpoHa.

KomnoHeHT 1. Barosi koedildieHTH

Mpn dyHKUiIOHYBaHHI HEMPOH oaepXKye 6eaniy BXiAHWX CUrHanis
opHo4acHo. KoxeH Bxig Mae CBO BriaCHY CMHaNTU4HY Bary, Lo
BMAMBAE Ha HbOrO i HEOOXigHUIM Ansa yHKUIT cymaTopa. Bara €
MipOI0 BaXKNMBOCTI BXigHMX 3B'sI3KIB | MOAENOE NOBOAXKEHHS
cuHanciB GionoriyHMx HelpoHie. Barn BnnvBoBoro Bxony
NigcuNKTLCS i, HAaBMakKKW, Bara HECYTTEBOro BXoay NpMMYCOBO
3MEHLUYETLCH, L0 BU3HAYaE iIHTEHCUBHICTb BXiAHOMO curHany. Baru
MOXYTb 3MiHIOBaTUCA BiAMNOBIAHO 4O HaBYanbHUX NpuUKniagis,
apXiTEKTYpOI MepeXxi i NpaBunamMm HaB4YaHHS.

KomnoHeHT 2. ®dyHKLUiA cymaTopa

MepLuoto gieto HenmpoHa € 0B4YNCNEHHS 3BaXKEHOT CYMU YCiX BXOAIB.
MaTtemaTtunyHo, BXigHi curHanu i BignosigHi im Baru
NpeAcTaBnsATbLCA BEKTOPAMMU (X1g, Xog .- Xno) i (W10, Wag - - . Wo)-
HobyTok unx BeKTOpiB BiAnoBigae y3aranbHEHOMY BXiQHOMY
curHanosi. CnpoLeHoto (PyHKUIED cymaTopa € MHOXEHHS KOXXHOMo
3Ha4YeHHs KOMMOHEHTa BEKTOpa X Ha BiANoBiAHE 3HAYeHHS
KOMMNOHEHTa BeKkTopa W: BXia1 = Xqq » Wy, BXi2 = Xog » Wag, i
3HaxXoKeHHS cymu Beix JobyTkiB: Bxig 1 + BXig 2 + . . . + BXig n.
PesynbTatoMm Gyae ogHe 4nCro, a He MHOrO3MEMEHTHUIA BEKTOP.
PyHKUig cymaTopa moxe ByTu cknagHiwa, Hanpuknag, subip
MiHIMyMY, MakCUMyMY, cepeaHboro apnudmMmeTnyHoro, 4obyTok abo
iHWWA anropuTM. BxigHi curHanwn i Barosi KoedilieHTu nepen
HaAXOMKEHHAM y nepeaaTHy YHKLi0 MOXYTb KOMBiHYBaTMCA
Baratbma cnocobamu. Anroputmn ans KOMBiHyBaHHS BXO4iB
HEMpOHIB BU3HAYaloTLCS B 3aNeXHOCTI Bif apXiTEKTypu i npasun
HaBYaHHS. Y Oeskux HerpomMepexax o pyHKUiT cymaTopa AoaaroTb
OYHKL0 akTMBaUi, Wo 3millae BUXig yHKLUIT cymaTopa Lwoao vacy.
Mokn dyHKLUIT akTMBaLii BUKOPUCTOBYOTLCS 0OMEXeHO i BinbLuicTb
Cy4acCHUX HEMPOHUX peani3aLin BUKOPUCTOBYIOTb (OYHKL IO akTuBauii
"TOTOXHOCTI", L0 eKBiBaneHTHa ii BincyTHocTi. Ii kpale
BMKOPUCTOBYBATU SIK KOMMOHEHT MepeXi B LifoMy, UMM K
KOMMOHEHT OKpeMOoro HeripoHa.
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KomnoHeHT 3. NepenaTHa dyHKLiA
PesynbTat (yHKLUiT cymaTopa NpoxoanTb Yepes nepenatHy yHKLio
i NepeTBOPIOETLCA Y BUXIOHMI curHan. Y nepeaartHin qyHKUiT ons
BM3HAYEHHS BUXOOY HEMPOHA 3ararnbHa CyMa MOpiBHIOETLCS 3
OeskuM noporom. AkLo cyma binbLue 3Ha4YeHHS nopora, HENPOH
reHepye curHarn, y npoTMBHOMY BMNagky curHan 6yae Hynsosum abo
ranbmytounm. lNepeBaxHO 3aCTOCOBYIOTb HENiHIHY NepeaaTHy
DYHKLiH0, OCKINbKWU NiHINHI (MPAMONIHINHI) YHKLIT 0BMexXeHi i IXHin
BUXiZ nponopuinHui Bxoaosi. Ha puc. 2.29 3o06paxeHi HanbinbLu
PO3MNOBCIOAXKEHI NnepeaaTHi dyHKLT

FopeTra noporosa dyiIia JIirdHEaA 5 HACHUSHEHAM
v ¥
A 1
I B
1 %
1
x=0 =0
=0 y=-1 O=x=l w=x
w0 =1 =1 =
¥

-
y=141+" ) w0 y=1-10{1+x)
=0 y=-1+141-x)

Puc. 2.29. Hanbinbl po3noBctompkeHi nepeaatHi yHKLUii.
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[ns npocToi nepegatHOT oyHKLiT HEMpoMepeXxa MoXe BuaaBaTu
0i1,1i-1a60 iHwi Yncnosi kombiHauii. NepegaTHa OYHKLiS B TaKMX
BUMNagKax € "TBepaum obMexHUKom" abo rpaHMyHO OyHKLiE (pMc.
2.29,a). |lHWuM TMN nepepaTHOi PyHKUiT - NiHiiHA 3 HaCUYEeHHAM
BigA3epKantoe BXid ycepeauHi 3aaaHoro AianasoHy i gie sk TBepaun
obMeXHVK 3a mMexamu Uboro AianasoHy. Lle niHinHa dyHkuida, wo
BiATMHAETLCA MiHIMANbHUM | MakCMMarbHUM 3HAYEHHSIMKU, pobNAYmn
1T HeniHinHoo (puc. 2.29,6).

HactynHoto € S-nopibHa kpuBa, WO Habnwkae MiHiManbHe i
MakCMMarnbHe 3HayYeHHs B acuMnToTax i Ha3MBaeTbCH CirMOIAOH
(puc. 2.29,B), konu i gianasoH [0, 1], abo rinepboniyHUM TaHreHcoM
(puc. 2.29,r), npu gianasoHi [-1, 1]. BaxnuBol pUCO0 UUX KPUBKX €
BesnepepBHICTb OYHKLIN i IXHIX NOXigHUX. 3acTocyBaHHA S-yHKUIN
[Aac€ rapHi pesynbTaTy i Ma€ LUIMPOKe 3aCTOCYBaHHS.

Ons pisHuUX Henpomepex MOXyTb BuUbMpaTucsa pisHi nepegatHi
dyHkLUii. [Nepen HaaXOmMKEHHAM y nepefaTHy YHKUi A0 BXiAHOro
CUrHany 4acoM [oJalTb PIBHOMIPHO PO3NOAiNeHnn BUNaaKoBUN
LWYM, [DKEPENO i KiNbKICTb SIKOr0 BU3HAYaeTbCA PEXVMMOM HaBYaHHSI.
Y niTepaTypi Ueh LWyM TpaKTyeTbCa SK "Temnepatypa" LUTYYHUX
HEeNPOHIB, O A0OAE MaTEMATUYHIN MOoAeri eNeMeHT pearibHOCTI.

KomnoHeHT 4. MacwTabyBaHHA

Micna nepegaTHOi  YHKUii  BUXIQHWA CUrHaN nNPoOXoauTb
JopatkoBy 06pobky macwtabyBaHHsA, TOGTO pe3dynbTaT nepeaartHol
yHKLUii 30inbllyeTbCA Ha MacwTabHui koediuieHT | gogaeTbed
3CYB.

KomnoHeHT 5. BuxigHa cdyHKLiA (3maraHHs)

3a aHanorieto 3 6i0NoriYHNM HEMPOHOM, KOXEH LUTYYHUIA HEMPOH
Mae OAWH BUXIOHWW CUrHan, WO nepedaeTbCsd COTHAM  iHLIMX
HeWlpoHiB. [lepeBaxHo, BuWXi4 MPSAMO MPONOPUIMHWIA pesynbTaTy
nepegatHOI YHKLUii. Y OeAKNX MEePEXHUX apXMTekTypax pesynbTatu
nepegartHoi OyHKUiT 3MIHIOITbLCA ANs CTBOPEHHS 3MaraHHs Mix
CycigHiMM HenpoHamn. HenpoHam [03BOSISETLCA 3Maratucs Mix
coboto, OnokytouMm [Aii HEWpoHiB, WO MawTb cnabkui curHan.
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3maraHHa (KOHKYpeHLisi) Moxe BigOyBaTMUCs MK HeMpoHamu, Lo
3Haxo4sATbCHA Ha ogHOMY abo pi3HMX Wwapax. [o-nepLue, KOHKypeHLis
BM3HA4Yae, AKUA LUTYYHUI HEMpoOH Oyde akTMBHMM i 3abe3neunTtb
BMXigHWIM curHan. MNo-gpyre, BUXoaum, Wo KOHKYPYHOTb, AonoMaratTb
BU3HAYNUTU, SKUA HEMPOH Bi3bMe y4acTb Y NpoLeci HaBYaHHS.

KoMnoHeHT 6. PyHKLiAA NOXMOKM i pO3NOBCIOMAXKYBaHe
o6epHeHe 3Ha4YeHHs

Y OinbwocCTi Mepex, WO 3acTOCOBYOTb KOHTPOSbOBaHE
HaBYaHHS OOYMCMIOETLCA PI3HUUSA MK OTpUMaHuM i OaxaHum
BUXOO0M. MNoxunbka BiAXUNEHHS (noTokoBa noxmoka)
nepeTBOpPOETLCA  OYHKLIED MNOXMOKM  BignoBigHO [0 3agaHoi
apxiTektypu. Y 0asoBux apxuTektypax noxubka BigXMIEHHS
BUKOPUCTOBYETbCA  ©esnocepefHbO, Yy  Oeskux  napagurmax
BMKOPUCTOBYETBHCA KBagpat abo kyb noxmbku i 3i 30epexeHHsaM
3Haka. [licns npoOXOomKeHHs BCiIX LWapiB MOTOKOBa noxubka
MOLLMPIOETLCA  Has3ag 4O MonepeHboro wapy i Moxe 6ytu
besnocepeaHb0 noxubkoo abo noxmbkow, MacTaboBaHHOK
MEBHMM YMHOM Y 3aneXHOCTi Bif TUMy Mepexi (Hanpuknag, noxigHin
Bi4 nepepaTtHoi dyHKLUii). Lle po3noBclogXeHe Has3ag 3HaYeHHsI
BPaXOBYETbLCA B HACTYMHOMY LIMKIi HABYaHHSI.

KoMnoHeHT 7. PyHKLiA HaBYaHHA

MeTolo HaB4YaHHS € HaCTPOKBaHHA Bar 3'€¢QHaHb Ha BXxogax
KOXHOro HerpoHa BiAMNoBiAHO A0 BM3HAYEHOro anroputMy HaBYaHHSA
AN OoCArHeHHs OaxaHoro pesynbTaTy. ICHye ABa TUMM HaB4YaHHS:
KOHTpOrbOBaHe i HeKkoHTpornboBaHe. KOHTpOMnbOBaHe HaBYaHHSA
BMMarae HaB4yanbHOI MHOXMHW [aHux abo cnocTepiraya, WO
BigcnigkoBye edeKkTMBHICTb pesynbTaTiB Mepexi. Y Bunagky
HEKOHTPONbOBAHOIO HaBYaHHS CUCTEMa CaMOOPraHi3oBYETbCH 3a
BHYTPILLHIM KpUTEpIieM, KU 3aKnafeHo B anropMTM HaBYaHHS.

2.9.3. ApxiTeKkTypa 3'¢AHaHb WTY4YHUX HEUPOHIB

OOG’egHytouncb B Mepexi, HEeMpoHU YTBOPKOOTbL CUCTEMMU
06pobkun iHdbopMaLii, wo 3abe3nevyloTb edekTMBHY aganTauito
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MozZeni A0 NOCTiMHMX 3MiH 3 OOKy 30BHIWIHLOro cepegoBuwa. Y
npoueci YHKUiOHYBaHHSA Mepexi BiabyBaeTbCA MNEpPeTBOPEHHS
BXiOHOMO BeKkTopa curHanis y BuxigHun. KOHKpeTHWn Bug
NnepeTBOPEHHS BU3HAYAETLCH SIK apXiTEKTYpOK HEMpoMepexi, Tak i
XapakTepucTUKamMm HeEWpOHUX ernemeHTiB, 3acobamu KepyBaHHSA i
CVHXpOHi3aLieto iHbopMaLinHNX NOTOKIB MiXX HEMPOHaMK. Baxxnnsum
dakTopoM edEKTUBHOCTI Mepexi € BCTAHOBIIEHHS ONTUManbHOI
KiNIbKOCTi HEMPOHIB | TMNIB 3B'SA3KIB MiXK HUMW.

Mpn onuci HerpoMepexx BUKOPUCTOBYIOTb Kiflbka TEPMIHIB, LU0 Y
Pi3HUX [Kepenax MOXyTb MaTu pi3He TpakTyBaHHS, 30Kpema:

e CTPYKTypa HenpoMmepexi - crnocib 3B'A3KiB HEWPOHIB Y
Helripomepexi;

e apxiTekTypa Herlpomepexi - CTPyKTypa Hempomepexi i Tmnm
HENPOHIB;

e napapgirma HempomepexXi - cnocié HaBYaHHS | BUKOPUCTaHHS;
iHOAI MICTUTb | MOHATTSA apXiTEKTYPMU.

Ha ocHoBi ofHi€i apXiTeKTypu MOXYTb OyTW peani3oBaHi pi3Hi
napagurmm Hempomepex i Hasnaku. Cepefl BigOMUX apXiTEKTYpPHUX
pilleHb BUAINATL rpyny criabKo3B’A3aHUX HEMPOHUX MepEeX, KOmu
KOXXEH HENPOH Mepexi 3B'A3aHnn nuwwe i3 cycigHimm (punc.2.30).

SR
s
L LI XIXIXIX
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Puc. 2.30. Cnabkose’sizaHi Hermpomepexi

HaBnaku, aKWo BXoOM KOXHOroO HenpoHa 3B'A3aHi 3 BMXo4amu
BCiX IHWWX HEWpOHiB, TOAi MOBa WAe npo MNOBHO3B'A3aHi
Henpomepexi (puc. 2.31).
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Puc. 2.31. lNoBHO3B’A3aHa Mepexa

3po3ymino, WO TakMM pO3MNOAIN HOCUTb YMOBHWWA Xapaktep.
AHanisytoun HanbinbL BigOMi HA AaHMI Yac po3pOOKN HEMPOMEPEXK,
Cnig 3asHayuTu, WO HaNNOLIMPEHILLMM BapiaHTOM apXiTEKTypu €
GaratowapoBi Mepexi (puc.2.32). HelipoHu B JaHOMy BWMagky
NMOEOHYIOTLCA B LWApU 3 €OUHMM BEKTOPOM BXIOHUX CUrHanis.
30BHILWHIN BXiOHWA BEKTOP CUrHamiB nogaeTbCs Ha BXiOHWA Lap
HelpoHoi Mepexi (peuenTtopu). Buxogamu HempoHoi Mepexi €
BMXiOHI cUrHanu ocTaHHboro wapy (edekropu). Kpim BXigHOro i
BMXIQHOrO LuapiB, HeMpomepexa Mae oguH abo Kinbka CXOBaHWUX
lWwapiB  HEWPOHIB, WO He MalTb KOHTaKTIB i3 30BHILLIHIM
cepedoBULLEM.

Puc. 2.32. baraTowaposuin TUN 3'€eAHaHHA HENPOHIB
Tunwn 38'A3KIB:

e 3B'A3KM MK HeWpoHamMu pi3HWX LWapiB  Ha3uBalTb
NPOEKTUBHUMU.

e 3B'A3KM, LLO CNpAMOBaHI Big BXigHWX LWapiB OO0 BUXiOHOMO
HasnBalTbCH adPepeHTHUMN.
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e [lpn 3BOPOTHOMY HaMpPsIMKY 3B'A3KIB - e(bepeHTHUMMN.
e 3B'A3KM MiX HeWpoHamMuM oOfHOro wapy - OiyHuMK
(naTepanbHUMK).

Mo apxiTekTypi 3B'A3KiB, GINbLIICTbL BiAOMUX HENPOMEPEX MOXHA
3rpynyBaTu B Ba BEMNUKUX KNacCK:

1. Mepexi npsamMoro nmnowupeHHs (3 OAHOCMPSIMOBAHUMMU
NocniaoBHUMM 3B'A3KaMM).

2. Mepexi 3BOpOTHOrO MOWMPEHHS (3  PEKYPEeHTHUMU
3B'A3KamMu).

Hwkuye npuBOOATLCA HA3BW Mepex TUMOBUX apXMTeKTyp, Lo
MatoTb 6e3nivy Mmogmdikauin i MoXyTb ByTM CknagoBMMKM YacTUHaAMM
B IHLUMX Mepexax.

HenpoHi mepexi

Mepexi npsiMoro NoLMpeHHs
PekypeHTHi mepexi

MepuenTpoHn

Mepexa Xondinga

Mepexa Back Propagation

Mepexa aganTMBHOI pe30oHaHCHOI Teopii
Mepexa 3ycTpidHOro NoLIMPEHHS
[iBoHanpaBneHHas mepexa

Kapta KoxoHeHa

Mepexi npsmozo nowupeHHs1 BIGQHOCATb A0 CTaTUYHUX, TOMY LLO
Ha 3agaHi BXOOW HEWPOHIB HAOXoOMTb He 3anexHui Big
nonepeaHbLOro CTaHy Mepexi BEeKTOp BXIOHWX curHaniB. PekypeHTHi
MepeXi BBaXakTbCa ANHAMIYHMMW, TOMY LLO 32 PaxyHOK 3BOPOTHUX
3B'A3KiB (MeTenb) BXOAM HEWpPOHiB MoaudikyloTbCa B 4aci, LWwo
NpUBOAMUTL A0 3MiHN CTaHy Mepexi.
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OpwuriHanbHICTb HeMpoMepeX, sk aHarnora ©OionoriYHoro Mos3ky,
cknagaeTbCa B 34aTHOCTI OO HaBYaHHA MO MNpuknagax, Lo
cknagalwTb HaB4anbHy MHOXWHY. [Mpouec HaBYaHHS HEWpOMepeXi
po3rnsgaeTbCsd  sIK  HACTPOKOBaHHA  apxiTekTypu i BaroBux
KoedilieHTiB CMHAaNTUYHNX 3B'A3KIB BiANOBIOHO A0 AAHMX HABYarbHOI
YHOXWMHWN Tak, LWob edeKTMBHO BuMpillyBaTW MOCTaBMeHy 3agady.
Po3pi3Hal0Tb  BapiaHTM  KOHTPOMbOBAHOrO i HEKOHTPONbOBAHOroO
HaBYaHHS.

2.9.4. HaBYaHHSA WITY4YHOI HEMPOHHOWN MepeXi
KOHTpOﬂbOBaHe HaB4YaHHA

BinbLwicTtb piLleHb BUXOAUTb Bif Henpomepex 3
KOHTPONMbOBaHWM HaBYaHHSAM, A€ TMOTOYMHWMA  BWUXi4  MOCTINHO
MOPIBHIOETHCA 3 BaxkaHnm BUXOOOM. Baru croyarky
YCTaHOBMIOKTLCA BWMNAAKOBO, ane nig 4ac HacTynHuX iTepauin
KOPEKTYIOTbCA [ANs AOCATHEHHSA BigMNOBIOHOCTI MK OaxaHum i
NnoToyHMM BuUxogoM. CTBOpPEHi MeToaM HaB4YaHHSA HauineHi Ha
MiHIMi3aLito MOTOYHMX MOXMOOK YyCiX HEWpPOHiB, CTBOPIOBAHUX
Oe3nepepBHOI0 3MiHOKO Bar AN AOCATHEHHS NMPUAHATHOI TOYHOCTI
Mepexi. [epen BUKOPUCTaAHHSAM, HEMpoMepexa 3 KOHTPONbOBaHUM
HaBYaHHSAM MOBWMHHA OyTWM HaByeHa. Pas3a HaB4YaHHA Moxe OyTu
TpuBarnotw, 30Kpema, y cuctemax, 3 HeBignoBigHOK NPOLECOPHOD
MOTYXHICTIO, 3aWMaTn Kinbka roawH. HaBYaHHA BBaXaeTbCs
3aKiH4eHUM nNpu OOCATHEHHI HEeNpOMEepexol BU3HAYEHOro pPiBHSA
TOYHOCTI, KOnn BUAaTbCA 6axkaHi 3Ha4YeHHA BUXOAiB ANSA 3aAaHol
nocnigoBHOCTI BXigHWX curHanie. llicns HaB4YaHHA Barn 3'eaHaHb
dikcyloTbCA AnA nofanslloro 3acTtocyBaHHA. [eaki Tunu mepex
003BOMNSATb  BUKOPUCTOBYBaTM  OesnepepBHE HaBYaHHA  Onis
afjanTauii 4O YMOB, WO 3MIHIOTbCA. HaBYyanbHi MHOXWUHW MOBUHHI
OyTm pocutb BEMUKMUMW i MICTUTU HeobXigHy iHopmauilo ans
BUSIBIIEHHS] BaXJIMBMX OCOONMBOCTEN i 3B'A3KiB. Ane i HaBYanbHi
NPUKNagu NOBMHHI MaTu LLUMPOKE Pi3HOMAHITTS AaHUX. AKWO Mepexa
YUMTbCA NULLIEe ANs OAHOro Npuknaaa, Baru, ycTaHoBMEHi Ans 4aHOoro
npvknaga, pagvkanbHO 3MiHIOIOTBCS MPU HaBYaHHI ANs HACTYMHOro
npvknaga. lNMonepedHi Nnpuknagy NpuW HaBYaHHI HACTYMHWUX MPOCTO
3abyBaloTbCA. Y pesynbTaTi cucTeMa MOBMHHA HaB4YaTUCA BCbOMY
pa3oM, 3Haxogs4uM Haukpalli BaroBi kKoedilieHTU [ns 3aranbHoi
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MHOXWHW  npuknagis. Hanpuknag, 'y  HaByYaHHI  cucTemu
po3ni3HaBaHHs NMUKCeNbHUX 00pasiB aecATy undp, siki npeacTaBnieHi
JBagusaTbMa nNpuknagammn KoXHoI undopu, yci npuknagm umdpm "cim"
He BapTO npeAacTaBnaATM nocnifgoBHo. Kpalwe Hagatu Mepexi
crnoyaTky OauH TUN NpeacTaBneHHst BCiX uudp, noTim apyruin Tun i
Tak Aani. FonoBHMM KOMMOHEHTOM AMfs YyChilHOI poboTn Mepexi €
npeacTaBneHHs i KOAyBaHHSA BXiAHMX i BUXigHWX gaHuX. HemnpoHi
MepeXi NpauloloTb Nue 3 YUCNOBUMU BXiAHUMW OaHUMMK, OTXE,
HEe4YMCnoBi AaHi, WO HaaXoaaTh i3 30BHILLHBOro cepenoBumLLa NOBUHHI
nepeTBOptOBATUCS. JopaTkoBo HeobxigHo 3[incHioBaTU
MacwTabyBaHHsi, TOOTO  HOpmanizauito  gaHuX  BiAMOBIAHO
dianasoHoBi BCiX 3HaveHb. Hopmanisauia BWKOHYETBCA LUMISAXOM
pO3Mnodiny KOXHOroO KOMMOHEHTa BXIQHOrO BEKTOpa Ha [OBXWHY
BEKTOpA, WO NepeTBOpHOE BXiOHWIN BEKTOP B OAUHUYHKUIA. [TonepeaHs
00pobKka 30BHILLIHLOI JAHUX, OTPMMaHMX 3a OOMOMOrol CEHCOpIB, Y
MaLLWHHWI opMaT, 3aranbHa Ansg ctaHgapTHUX KOMM'loTepiB i nerko
AOCTynHa. AKWO Nicns KOHTPONbOBAHOIO HaBYaHHA HevpomMepexa
edekTMBHO 06pobnse faHi HaB4YanbHOT MHOXMHUW, BaXIIMBUM CTae
edheKTMBHICTb Npy poboTi 3 JaHUMMU, L0 HE BUKOPMUCTOBYBanNuUcsa Ans
HaBYaHHS. Y BUMNagKy ogepXaHHA He3adoBiNbHMX pes3ynbTaTiB Angd
TECTOBOI MHOXWHW, HaBYaHHA MPOAOBXYETbCA.  TeCTyBaHHS
HeobXxigHe Ons 3abe3neyeHHs 3anam'ATOBYBaHHA HEe TiNbKW OaHWX
3a0aHOro HaByanbHOI MHOXWHMW, ane i CTBOPEHHsI 3aranbHux
ob6pasiB, L0 MOXYTb YTPMMYBaTUCA B AaHWX.

HekoHTponboBaHe HaBYaHHSA

HekoHTponboBaHe HaB4YaHHA MoOXe OyTn BenukuMm HagbaHHAM
ManbyTHLOro, KONMM KOMM'IOTEPU 3MOXYTb CaMOHaB4aTucs. Y Hall
Yac, HEKOHTPONbOBaHE HaBYaHHA BUKOPUCTOBYETLCA B Mepexax
BiJOMMUX, K camoopraHizoBaHi kaptu (self organizing maps), wo
3HaxoAATbCs B AOCUMTb OOMEXeHOMY KOpPUCTYBaHHi, ane 4OBOAATb
MepCneKTUBHICTb CaMOKOHTPONbOBAHOrO HaB4vaHHA. Mepexi He
BMKOPWCTOBYIOTb 30BHILLHBOrO BMAUBY A4S KOPEKTYBaHHS CBOIX Bar i
BHYTPILUHBO KOHTPOSIOTb CBOK TOYHICTb, LUYKAlOTb PerynsipHicTb
abo TeHAeHUii y BXiOHWX cCurHanax i aganTyroTbCa BignoBigHO 00
HaBYanbHOI yHKLUii. HaBiTb 6e3 NoBigOMMEHHs npaBunbHOCTI abo
HEenpaBUIbHOCTI, Mepexa NoBMHHA MaTh iHopMaLito LWOAO BrACHOI
opraHisauii, WO 3aknageHo B apxiTeKTypy Mepexi i HaB4yambHi
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npasuna. ANropuTM HEKOHTPOSbOBAHOIO HaBYaHHS CNPAMOBaHWIA Ha
3HAXOMKEHHS1 OIM3bKOCTI MK rpynamMu HEWpOHIB, WO NpaLolTb
pa3oM. AKWO 30BHILLHIA CUrHan akTMBye Oyab-sIKMA By30Mn y rpyni
HenpoHiB, Aid BCIEl rpynu B LiNOMy 36inbLyeTbCsa. AHANOrM4YHO, SKLO
30BHILLHIA curHan y rpyni 3MeHWYeTbCs, Le npuMBoauTb A0
ranbmyto4oro edekty Ha BCto rpyny. KOHKypeHUis MK HerpoHamwu
opmMy€e OCHOBY AMsi HaBYaHHS. HaBYaHHS KOHKYPYHOUMX HEWPOHIB
nigcunioe BiArykKM BU3HAYEHWX rpyn Ha BU3HayeHi curHanu. Lle
3B'A3ye rpynu Mix coboto i Biarykom. MNpu KOHKypeHLUIT 3MiHIoITbCS
Barv nue HempoHa-nepemMoxus.

OuiHKM HaBYaHHA

OuiHka edeKTUBHOCTI HaBYaHHA HerpoMmepexi 3anexuTb Big
OeKinbkox KepoBaHuX cpakTopis. Teopis HaB4YaHHs po3rnsgae Tpu
dyHOaMeHTanbHUX BRAacTUBOCTI, 3B'A3aHi 3 HaBYaHHSIM: €MHICMb,
cknadHicmb 3paskie i obyucrniosasnibHa cknadHicms. Tlig emHicmio
PO3yMIil0oTb, CKiflbKM 3pa3KiB MOXe 3anaMm'staTi Mepexa, i ki rpaHui
NPUAHATTS pilleHb MOXYTb OyTW Ha Hin cdopmoBaHi. CkradHicmb
3paskiB BM3HaA4ya€e 4YUCIO HaBYanbHUX MpUKNagiB, HeobXigHWMX Ans
OOCArHeHHs 30aTHOCTI Mepexi A0 y3aranbHeHHs. ObyucrosarnbHa
CKnaZHiCTb 3B'd3aHa 3 NOTYXHICTo npouecopa EOM.

I'Ipanma HaB4YaHHA

€ 6esniy nNpaBun HaByaHHsA, ane OiNbLWiCTb 3 UUX MNpaBun €
OEeSKOH 3MiHO BiOMOro i HANCTapPLLIOro npasuna HaB4yaHHA Xebba.
JocnigpkeHHs pisHMX NpaBui HaBYaHHS NPOAOBXYHTLCS, | HOBI igel
perynsipHo nybnikytoTbCA B HAYKOBUX | KOMEPUIHMX BUOAHHSAX.
MpencTaBMMO KiNlbka OCHOBHUX NpaBuIT HABYaHHS.

lNpasuno Xebba

Onuc npaBuna 3'aBunoca B Woro  kHM3i  "OpraHisauis
nosogkeHHA" y 1949 p. "AKWO HENPOH OAepKYE BXiAHUA cUrHan Big
iHLLOro HempoHa n 060€ € BUCOKO aKTUBHUMWU (MaTeMaTU4HO MatTb
TOW e 3Hak), Bara MiX HempoHamu noBuHa 6yTu nocuneHa". lMpw
36yIKeHHi 0HOYaCHO [BOX HeMpOoHIB 3 Buxoaamu (x;, yi) Ha t-Tim
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KpOLji HaBYaHHSI Bara CMHaMTUYECKOro 3'€4HaHHS MK HAMU 3pOoCTae,
B iHLUOMY BMMaAKY - 3MEHLIYETLCS, TOGTO

L Wilk)=r x;(K) yi(K),
e r- koedilieHT WBMAKOCTI HaBYaHHS.

Moxe 3acTocoByBaTMCA MNpu HaByaHHi "i3 yuutenem" i "6es
yuntens".

lpasuno Xonginda

Cxoxe Ha npaBuno Xe66a 3a BUHATKOM TOroO, L0 BOHO BU3Ha4ae
BENNYMHY NOCUIEHHST abo ocnabneHHs. "AKLWo ogHo4YacHO BUXIAHWIA
i BXiAHWIA cUrHan HepoHa akTMBHI abo HeakTMBHI, 36inbyemo Bary
3'eqHaHHS OLIHKOK HaBYaHHS, iHaKLWe 3MeHLWYEMO Bary OLiHKO
HaB4YaHHSA".

lpasursno "denbma”

Lle npaBuno € 3miHol npaBuna Xebba i € ogHMM 3
BMKOpPUCTOBYBaHNX. BoHO 6a3yeTbcsa Ha npocTin inei 6e3nepepBHOi
3MiHW CUHaAMNTUYHUX Bar Ons 3MeHLWeHHsa pisHudi ("genbTa") Mix
3Ha4yeHHAM GaXxaHOoro i MOTOYHOrO BUXIGHOTO CUrHamny HerlpoHa.

L W= x;(di- ).

3a uum npaBuMOM  MIHIMI3yeTbCS  CcepedHbOKBagpaTU4Ha
noxuvbka mepexi. Lle npaBuno Takox 3ragyeTbCs $K NpaBuUIo
HaByaHHs Bigposa-Xodda i npaBuno HaeB4YaHHA HaWMEHLLMX
cepenHix ksagparis.

Y npasuni "genbta" noxmnbka, sika oTpumaHa y BUXiAHOMY Luapi,
NnepeTBOPIOETLCH MOXIAHOK nepenaTHO YHKUIE i NocnigoBHO
NOCMOMHO MOLUMPHOETLCA Hasad Ha nonepefHi wapu gnst Kopekuii
CYHanNTU4HUX Bar. lNMpouec 3BOPOTHOIO MOLLUMPEHHS NOXMOOK Mepexi
pyxaeTbCsi OO nepworo wapy. Big uboro metogy o64uMcrieHHs
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noxmbkn ycnagkyBana cBoe iM'a Bigoma napagurma Feed Forward
BackPropagation.

Mpn  BUMKOpUCTaHHI NpaBuna  "genbTa"  BaXnMBMM €
HEeBMOPSAKOBaAHICTb  MHOXWMHM  BXigHux gdaHux. [lpun  gobpe
yrnopsaKkoBaHin abo CTPYKTYpOBaHi HaBYasbHIN MHOXWHI pe3ynbTaT
Mepexi Moxe He pocartm OaxaHoi TovHOCTi i Mmepexa Oyane
BBaXXaTMCS He34aTHOI 4O HaBYaHHS.

MpaBuno rpagieHTHOro cnycky

Lle npaBuno cxoxe Ha npaBuno "genbta" BUKOPUCTaHHAM
noxigHoi Big nepepaTtHoi dyHKUii Ans 3MmiHM noxubkn "genbTa”
nepep 3actocyBaHHsM ii Jo Bar 3'egHaHb. [10 KiHLEBOro KoediuieHTa
3MiHM O0OAETbCS NMPOnopLUiHa KOHCTaHTa, sika 3B'd3aHa 3 OLiHKOK
HaBYaHHS. | xo4ya npouec HaB4YaHHS MparHe A0 TOYKM CTabinbHOCTI
Ay>xe NoBINbHO, Lie NpaBWSIo MOLUMPEHE | YacTe BUKOPUCTOBYETLCS.

[loBeneHo, Wo pi3Hi OLiHKKM HaBYaHHS ANSA Pi3HUX LWapiB Mepexi
Jornomarae npouecoBi HaB4YaHHA cxoauTbest weuawe. OuiHku
HaBYaHHSA Ona wapie, OnM3bkMXx [0 BUXOZY, YCTaAHOBMIOKTHLCS
MEHLUUMK, YUM AN wapis, 6rmM3bknx 4o Bxoay.

HaByaHHA MeTOAOM 3MaraHHsA

Ha BigmiHy Big HaB4aHHA Xebba, y AKOMy MHOXMHa BUXiOHUX
HerpoHiB Moxe 30ymKyBaTUCS OAHOYACHO, NPW HaBYaHHI METOAOM
3MaraHHs BUXiAHI HEMPOHM 3MararTbCcs Mk coOOl0 3a akTuBi3aLito.
Lle saBuwe, BigOMO $K npaBuno "nepemoxelb oJepxye Bce'".
MopibHe HaB4YaHHA Mae Micue B OiONOriYHMX HEMPOHHUX Mepexax.
HaBuyaHHA 3a [ONOMOrol 3MaraHHs [03BONSE KnactepusysaTtut
BXiOHI OaHi: cxXoxXi npuknagu rpynyroTbCca Mepexel BignoBigHO A0
Kopensuii i NpeacTaBnsloTbCA OOHUM €NTEMEHTOM.

Mpy HaBYyaHHi MOOUMIKYIOTBCA CUHaNTU4YHI Barm HenpoHa-
nepemoxusd. Edekt Lboro npaBuna OOCAraeTbCs 3a paxyHOK Takol
3MiHM 30epexeHoro B Mepexi 3paska (BekTopa CUHanTU4HUX Bar
HelpoHa-nNepemMoxus), Npu Skomy BiH cTae Onwkye OO BXigHOrO
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npvknaga. HerlpoH 3 HanbGinbWnM BUXIOHUM CUrHaNoM 3'ABMSIETLCS
nepemMoXuem i Mae MOXIMBICTb raribMyBaTW CBOIX KOHKYPEHTIB i
30ymKyBaTH cycigiB. BUKOPUCTOBYETBCS BMXIOHUIA CUrHam HewlpoHa-
nepemoxus i TiNbKn KoMy i MOro cycigam JO3BONAETLCA KOPEKTyBaTh
CBOI Baru 3'egHaHb.

Wi (ke1)= Wik)+r [x;- Wilk)]

Po3amip obnacTi cycigctBa mMoxe 3MiHIOBaTUCS Nig Yac nepiogy
HaB4YaHHsA. 3BMYaMHa napagurma MOBMHHA MOYMHATUCS 3 BENUKOI
obnacTi BM3Ha4eHHs1 cyciacTBa i 3MeHLlyBaTUCA Mig vac npouecy
HaB4YaHHA. OCKINbKM  eneMeHT-NepeMoXeLb BU3HAYaeTbCA MO
BMCOKiA BIiAMOBIOHOCTI  BXigHOMY 3pa3skoBi, Mepexi KoxoHeHa
MOEentoTbL po3noain Bxogis. Lle npaBumno BUKOPUCTOBYETHCS B
CaMOOpraHi3oBaHux KapTax.

2.10. OCHOBHI TMNN HEUPOHUX Mepex

OCKinbKM BCi LITYYHi HENPOHI Mepexi 6asdyloTbCa Ha KoHUenuii
HenpoHiB, 3'edgHaHb i nepegaTtHMX (YHKUIN, iCHYE MOAIGHICTL Mix
Pi3HUMK  CTpykTypamn abo apxuMTeKkTypamu HEWpOoHUX Mepex.
BinbLwicTb BiAMIHHOCTEN 3anexuTb Big Pi3HWX NpaBui HaBYaHHS.
PosarnaHemo gesiki Bigomi Mogeni WTy4YHUX HEMPOMEpPEX.

2.10.1. NepuenTtpoH Po3eHOnaTTa

MepLuoto Moaenno HEMPOMEpPEX BBaXXatTb NepLEnTPOH
PoseHbnatTta. Teopis nepLenTpoHiB € OCHOBO Ans 6aratbox Tunise
LWTYYHUX HEMPOMEPEXK NPSIMOrO MOLLUMPEHHS i KNacuKow ans
BMBYeHHS. OgHOLWapoBui NepLUenTpoH 34aTHUIN po3ni3HaBaTy
HannpocTiwi o6pasn. OKpeMuin HEMPOH OBYNCIIIOE 3BaXKEHY CyMY
ereMeHTIB BXiAHOro curHany, BigHiMae 3HauYeHHs 3pyLUeHHS i
nponyckae pe3ynbTaT Yepes TBepay rpaHnyHy yHKUi0, BUXia SKOT
JopiBHIoe +1 abo -1. Y 3anexHocCTi Bif 3Ha4YeHHs1 BUXiOQHOrO curHany
NPUAMAETBLCS PiLLEHHS:
+1 - BXigHMI curHan HanexuTb Knacosi A,

-1 - BXigHWI cMrHan HanexuTb Knacosi B.
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Ha puc. 2.33 nokasaHa cxema HEWPOHIB, BUKOPUCTOBYBaHMX B
OAHOLIapoBMX nepuenTpoHax, rpadik nepegaTHol OYHKLUIT i cxema
BUpilIANbHUX obnacTten, CTBOpeHMX Yy OaraTomipHOMYy mMpoCTopi
BXiOHMX curHanie. BwupiwanbHi obnacTti Bu3Ha4valoTb, $Ki BXigHI
obpasun 6yayTb BigHeceHi 0o knacy A, ski - oo knacy B. MNepuenTtpoH,
WO CKMafjaeTbCs 3 OOHOMO0 HenpoHa, dopmye ABi BUpiLLAnbHI
obnacTi, ski posgineHi rinepnnowmHol. Ha pucyHky nokasaHo
BMMAZOK, KONMW PO3MIPHICTb BXigHOro curHany popisHioe 2. [pwu
LUbOMY MoAiNgAYa NOBEPXHA ABMASE COOO0 NPsMY MiHil0 HA MMAOLUUHI.
PiBHSHHSA, WO 3agae noginawdy npamy, 3anexutb Bif 3HaveHb
CMHaNTUYHUX Bar i 3pyLUEHHSI.

x ITopir
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Puc. 2.33. Cxema HenpoHa, rpadik nepegaTtHoi yHKuUii i
noainsoya noBepxHs

ANropuT™M HaBYaHHSA O4HOLLIAPOBOrO MepLenTpoHa

1. [Hiuianisauis cMHanNTUYHMX Bar i 3pyLLIEeHHA: CUHaNTUYHi Barun
npuMaroTb HEBENWKI BUNAAKOBi 3HAYEHHS.

2. Tlpep'aBneHHsa Mepexi HOBMX BXiQHWUX i BaXaHoro BMXigHOro
curHanis:
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BxigHun curHan x=(xy, Xz, ..., X,) NPen'aBNA€TbCA HEMPOHOBI pasoMm 3
Oa)kaHUM BUXiOHWMM cUrHanom d.
3. O6uucneHHs BMXiQHOro cUrHany HempoHa:

v = F| Swie ) - b
=1

4. HacTtpotoBaHHSsI 3Ha4Y€Hb Bar:
wit+1)=w; ()+Aad(D)-y(D]1x (1), =1, ..., N

+ 1, BMXiaHMK Nach

ity = ey
-1, BMxigHuiK nack

ae wjf) - Bara 3B'A3Ky Big i-20 enemeHTa BXiQHOro curHany Ao
HelpoHa B MOMEHT yacy i, r - WBMAKICTb HaB4YaHHA (MeHwe 1); d(f) -
Oa)kaHU BUXiOHWIA curHan.

Axwo Mepexa npuiMae npasBuibHe PilleHHs!, CUHaNTUYHI Baru
He MoaUIKYHOTbCA.

5. Tlepexig oo kpoky 2.
Tun BXigHUX curHanis: 6iHapHi abo aHanoros.i.

PosmipHocTi Bxogy i Buxogy OOMexeHi npu nporpamHin
peanisauji TiNbKM MOXNMBOCTSIMU 004YMCOBaNbHOT CUCTEMU, Ha SKIlA
MOAESNIETLCA HEWpOHa Mepexa, Npu anapaTtHin peanisauil -
TEXHOMNOMNYHUMWN MOXITMBOCTSAMM.

O6nacrTi 3acTocyBaHHs: po3ni3HaBaHHsl 06pasiB, knacudikadisi.

Hedoniku. TpuMiTUBHI nofinstodi NoBepxHi (rinepnnoLwuHmn)
OalTb MOXIUMBICTb pO3B’A3yBaTM fuvWIEe HaWNpPOCTiWi 3agadi
po3ni3HaBaHHS.
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lepesazu. TlporpamHi 1 anapaTtHi peanisauii mogeni ayxe
npocTi. MpocTun i LWBMAKNIA anropuTM HaBYaHHS.

Modudgpikayii. BaraTtolapoBi nepLenTpoHM AalTb MOXIUBICTb
OyayBatM Oinbll CcKragHi noginsawdi noBepxHi i ToMy 6inbLu
NOLLMPEH.

Ha puc. 2.34 nokasaHa cxema nepuenTpoHa 3 [eKiflbkoMa
BMXO4aMM.

Ty B "

N —
n ¥
2 o

A |) z (I

Puc. 2. lNepuenTpoH 3 gekinlbkoMa BUXogamm

2.10.2. Heupomepexa 3BOPOTHOroO  MNOLUMPEHHSA
noxuobku (Back Propagation)

Apxitektypa FeedForward BackPropagation 6yna po3pobneHa
Ha no4vatky 1970-x poKiB [OeKinbkoMa He3aneXHUMu aBTopamu:
Bepbop (Werbor); MMapkep (Parker); Pymenbrapt (Rumelhart),
XuHToH (Hinton) i Binbamc (Wiliams). 3apas, napagurma
Backpropagation Hanbinbw nonynspHa, edekTuBHa i nerka Moaernb
HaBYaHHA Ans  cknagHwux, 6GaraTowapoBux mepex. BoHa
BVKOPUCTOBYETLCA B PI3HMX TuUnax AoAaTKiB i nopoguna Benukumn
Knac Hepomepex 3 Pi3HUMK CTPYKTypamu i MeToAaMmn HaBYaHHS.

TunoBa mMepexa Backpropagation mae BXigHWA Lwiap, BUXiOHWUIA
Wwap i NpUHaMMHI OOWH CXOBaHWW Lwap. TeopeTnyHo, ObMEexXeHb
WoAo YMcra CXOBaHWX LWapiB  He iCHye, ane npakTU4HO
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3aCcTOCOBYOTbL O0AMH abo aBa. Ha puc. 2.35 npegcrtaeneHa cxema
GaraTowapoBoro nepuenTpoHa.

Pwuc. 2.35. baratowaposuii nepLuenTpoH

HenpoHn opraHizoBaHi B MOWApPOBY CTPYKTYPY 3 MPSIMOL0
nepepaveto curHany. KoxeH HeNpoH Mepexi NPOoAYKYe 3BaKeHy
CyMy CBOIX BXOfiB, MpOMycKae L0 BENWYUHY 4vepes nepenatHy
dyHKUito | BUAAe BuxigHe 3HadveHHA. Mepexa Moxe mopentoBaTtu
yHKLiO NpaKTU4YHO ByAb-5IKOi CKNagHOCTi, MPUYOMY YMCIO LWapiB i
YMCNO HEMPOHIB Yy KOXHIM Lapi BM3HA4aloTb CKMNagHiCTb yHKUl.
Bu3aHayeHHsa ymMcna NpOMDKHUX LapiB i YMcria HEWPOHIB Y HUX €
BaXMBUM Npu MoAentoBaHHi Mepexi. binbwicTte JOCNIgHWKIB i
iH)XeHepiB, 3aCTOCOBYHYM apXiTEKTypy OO0 BM3HA4YeHMX npobnem
BMKOPUCTOBYIOTb 3arasbHi npasuna, 3okpema:

1. KinbkicTb BxoaiB i BUXOA4IB Mepexi BU3HAYarTbCSA KiNbKICTHO
BXiOHMX | BUXiOHWX napameTpiB [ocnimpKyBaHoro ob'ekta, sBMLLA,
npouecy, i T.n.. Ha BiAMiHY Big 30BHIlWLHIX LWapiB, YUCNO HEWPOHIB
CXOBaHOro Lapy BMOMpaAeTbCA eMNipUYHUM LWnssxom. Y OBinbliocTi
BUMNAKiB OOCTaATHS KifbKiCTb HENMPOHIB CKNadae NCKSNgy+Ngyx, O€ MNgx,
Newx - KINBbKICTb HEWPOHIB y BXigHOMY i, BiAMOBIgHO, Yy BUXiQHOMY
Lwapax.
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2. AKWO cKnagHicTb Yy BIigHOWEHHI MK OTpUMaHUMK i
OaxaHUMM OJaHMMKM Ha BMXO4i 30iNnbLUYETbCS, KiNbKICTb HEMPOHIB
CXOBaHOrO Llapy MNOBMHHA TaKoX 30iMbLUMTUCA.

3. Akwo mogentoemMun npouec Moxe pos3ginatuca Ha GaraTo
eTanis, NOTPiOHMI AOAATKOBUIA CXOBaHWIA Lwap (Lwapwu). Akwo npouec
He po3ainseTbCcsa Ha eTanu, ToAi 40AATKOBI Wapy MOXYTb AOMYCTUTH
nepesanam'aToByBaHHS i, BiANOBigHO, HEBIpHE 3aranbHE PilleHHS.

Micna Toro, $IK BM3HAYeHE YUCMO LUAPIB i YNCNO HEWPOHIB Yy
KOXHIM 3 HMX, NOTPIOHO 3HAWTK 3HAYEHHS ANS CUHANTUYHWUX Bar i
noporie Mepexi, 34aTHMX MiHiMi3yBaTM NOxXubKy CnpogyKoBaHHOIO
pesynbTaty. Came Ans UbOro iCHylOTb anroOpuTMU HaBYaHHA, e
BiabyBaeTbCA MpunacyBaHHA MoAerni Mepexi A0  HasiBHUX
HaByanbHuX AdaHux. [loxmbka [Ans KOHKPeTHOI Mogeni mepexi
BM3HAYaETbCA  LUMSAXOM  MPOXOMKEHHS 4Yepe3 Mepexy  BCix
HaBYanbHUX NPUKNAaZiB i MOPIBHSAHHS CNPOAYKOBAHHUX BUXIOHMX
3HayeHb 3 OGaxaHumu 3HayeHHaAMWU. MHoXuHa noxubok CTBOPHOE
OYHKLIH0 NOXMOOK, 3HAYEHHS SIKOI MOXHa po3rnsagaTtu, sik noxubka
Mepexi. Ak yHKUilo NOXMBOK 4acTille BMKOPUCTOBYIOTb CyMY
KBagpartiB MoxmoboK.

Ona Kkpalworo po3yMmiHHA anropuTMy HaBuyaHHA Mepexi Back
Propagation noTpibHO poO3'ACHUTU MNOHATTS MOBEPXHi CTaHIB.
KOXXHOMY 3HaYeHHI0 CUHANTUYHUX Bar i MOporiB Mepexi (BinbHUX
napameTpiB Mogeni kinekictio N) Bignosigae oguvH BuMIp Y
B6aratomipHomy npoctopi. N+1-1 Bumip Bignosigae noxmbui mepexi.
Onsa pisHnx 3'egHaHb Bar BiANOBIOHY MOXMOKY Mepexi MOXHa
306pa3nt TO4kOow B N+1-BUMIpHOMY MpOCTOpi, YCi Ui TOYKM
YTBOPIOIOTL OEeAKY MOBEPXHI - MOBEepXHA cTaHiB. Linb HaB4aHHA
Herpomepexi CckrnagaetbCd B nepebyBaHHi Ha HaraToMipHin
NoBepxXHi HambinbLl HWU3bKOT TOYKM. [MOBEPXHSA CTaHiB Mae cKnagHy
OymoBy i [oBOMi HEMPUEMHI BMAcTUBOCTI, 30Kpema, HasBHICTb
nokanbHUX  MiHIMyMiB  (TOYKWM, HaWbINbLl HU3bKI Yy CBOEMY
BM3HA4YeHOMYy OKoni, ane Buwe rnobanbHOro MiHiMyMy), NMOCKi
OiNsiHKKW, CignoBi TOYKW i JOBri By3bki Apyn. AHanNITUMHUMK 3acobamm
HEMOXIMBO BW3HAYUTW poO3TallyBaHHSA rnobanbHOro MiHiMymy Ha
NMOBEPXHi CTaHiB, TOMY HaBYaHHA HepoMepexi Mo CyTi CKNnagaeTbes
B [JOOCMigKeHHi uiei noBepxHi. BigwToBxywumucb Bifg NOYaTKOBOI
KOHdpirypauii Bar i noporiB (Big BMMagkoBo OOpaHOi TOYKM Ha
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MOBEPXHi), anropuTM HaB4YaHHS MOCTYMNOBO BiALIYKye rnobanbHuin
MiHiMyM. OBYMCNIOETLCA BEKTOP rpafdieHTa NoBepPXHi MOXMOOK, Lo
BKasye HarnpsiMOK HaWKOPOTLLUOrO CMyCKy MO MOBEpXHi 3 3agaHol
TOYKM. FAKLIO TPOLLKM MPOCYHYTUCS NO HbOMY, NOXMOKa 3MEHLUNTLCS.
3pewwTo, anroputM 3YMUHSETBCA B  HWKHIN TOuli, WO MOXe
BUSIBUTUCH NWLIE NOKarnbHUM MiHIMyMOM (B ideanbHOMY BUNagky -
rnobanbHUM MiHiMmymom). CKnagHiCTb TyT cknagaetbcs y BuBOpI
OOBXMHM KpokiB. [lpu Benukin OOBXMHI KPOKY 30ikHICTL Oyae
weuawa, ane € Hebeaneka nepecTpmbHyTM Po3B’A3aHHsA, abo niTu B
HenpaBUIbHOMY HanpsMKy. [pu ManeHbKOMy Kpoui, NpaBuibHWUIA
HanpsiMOK Oyde BWSIBNIEHO, arne 3pocTaEe KinbKicTb iTepauin. Ha
npakTuLi po3mip Kpoky 6epeTbCsi MPOMopLiiHMM KPYTOCTi CXuny 3
OESKOK KOHCTaHTOK - LUBMAKICTIO HaB4vaHHs. [MpaBunbHui BUOIp
WBMAOKOCTI  HaBYaHHA  3aneXxuTb Big  KOHKPETHOI 3agadi i
BM3HA4YaeTbCA AOCMIAHMLBbKMM LWNsSXoM. Ll KoHCTaHTa MoXe Takox
3anexaru Big 4acy, 3MEHLUYUYUCh Y Mipy NPOCYBaHHSA anropuTMmy.
AnroputMm Jje iTepaTtMBHO, MOrO KPOKW HasMBaloTbCA enoxamu. Ha
KOXHi enoci Ha Bxig Mepexi No 4yepsi nodalTbCHA BCi HaBYalbHi
npuknaan, BUXiOHI 3HAYEHHsT Mepexi MOPIBHIOKTLCA 3 BaxaHumm
3HAYEHHAMM N OBYNCIIOETLCA NOXMOKA. SHAYEHHSA NOXMOKK, a TaKoX
rpagieHTa noBepxHi CTaHiB BUKOPUCTOBYHOTb ANS KOpekuil Bar, i gii
nostoptoloTbcs. [pouec HaBYaHHA MpUNMHSAETBCS abo  SAKLWO
NPONOEHO BM3HAYEHY KiNbKiCTb enox, abo sKwo noxmbka gocsrae
BM3HA4YeHOro PpiBHSA Manocti, abo sAkwo noxubka nepecrae
3MEeHLUYBaTUCS (KOpUCTyBa4y MEepeBaXHO caM BMOUpae noTpibHMN
KpuTepih ocTaHoBa).

Anzopumm Hag4yaHHs Mepexi

1. IHiuianizauis mepexi: Barosi KOedilUiEHTH | 3pYLLUEHHST Mepexi
npunMatoTb Marsni BUNagKkoBi 3HAYEHHS.

2. 2. Bu3HayeHHA eneMeHTa HaBYanbHOI MHOXWHW: (BXig -
BMxig). Bxoam (Xq, Xo... X), MOBMHHI PO3PI3HATUCA AN BCiX NpyKnagis
HaB4YanbHOI MHOXUHN.

3. O64YMCneHHs1 BUXIGHOTO curHany:

T |
5, =

‘m : w"'mi:rn -1 F"'m 1 |b"-m-
fm—-1
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Yim= f(Sjm)
im=1,2, .oy Ny m=1,2, ..., L
ae S - Buxig cymartopa, w - Bara 3B'A3Ky, ¥ - BUXig HelpoHa, b - 3cyB,
i - Homep HerpoHa, N - YMCcno HEMPOHIB y Wapi, m - Homep wapy, L -
ymncrno wapis, f- nepegaTtHa PYyHKUAS.
4. HacTtpotoBaHHS CMHaNTU4YHMKX Bar:

wi(t+1)=w(t)+rgix’

ne wj; - Bara Bif HeripoHa i abo Bif enemeHTa BXiAHOro curHany i fo
HEeWpoHa j y MOMEHT 4acy I, X/ - BUXidA HEWpoHa i, I - WBWUAKICTb
HaBYaHHSA, g; - 3Ha4YeHHA NOXMBKN AN HerpoHa j.

AKLWO HEMPOH 3 HOMEPOM j HANEXUTb OCTAHHBOMY LLAPOBI, TOAI
gry(1-y)(dry)
Ae d; - 6akaHuin BUXiO HENMPOHa j, ¥; - NOTOKOBMWI BUXiM, HEMPOHa j.

AKwo HempoH 3 HOMEPOM | HanexuTb OAHOMY 3 LlapiB 3
nepLLoro No NnepeaocTaHHin, Toai

gy = XL = X50D G s
¥
ae k npobiraoTb yci HEVPOHWU LWapy 3 HOMEPOM Ha OAMHWLIIO
GinbLue, HiXX Y TOro, KOTPOMY HaneXuTb HEWPOH j.

30BHILLHI 3pyLlEeHHs HeNpoHIB b HabynoBylOTbCA aHanoriyHUm
YMHOM.

Tun exiOHuUX cueHarsie: uini abo AiicHi.
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Tun euxiOHUx cueHanie: [OiNCHI 3 iHTepBany, 3agaHoro
nepenaTHoO (OYHKLIED HENPOHIB.

Tun nepedammHoi yHKUiT: cirmoiganbHa. Y Henpoux mepexax
3aCTOCOBYIOTBCA Kiflbka BapiaHTiB CiMrmoiganbHux nepeaaTHux
dyHKLUIR.

@yHKuis ®epmi (EKCNOHEHTHa cirMoiga):

1

1 +em2F

f(S) =

e s - Buxig cymatopa HenmpoHa, a - Aesikuin napameTp.

PaujoHarnbHa ciamoida:

Eove 2
5[+ e
linepborniyHuli maHaeHc:
-
f(s)=th2 -2 "€~
[ o Ek
ell + e [

3ragaHi  pyHKUiT  BigHOCATbCA OO0  OAHONapamMeTpUYHUX.
3HayveHHs YHKLUii 3anexuTb Big apryMeHTy W OgHOro napametpa.
TakoX BMKOPUCTOBYIOTLCA GaratonapamMeTpuyHi nepegaTHi yHKLii,
Hanpuknaga:

S
H$=QEFE#ﬂ3
Z
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CirmoiganbHi  (yHKUiT € MOHOTOHHO 3pocTaruMMK | MalTb
BiOMiHHI Big Hyns noxigHi no Bcin obnacTi BuM3HayeHHs. Ll
XapakTepucTnku 3abe3nevyioTb MnpaBuiibHE  (PYHKLiIOHYBAHHA i
HaBYaHHS Mepexi.

O6rnacmi 3acmocysaHHsi. Po3nizHaBaHHS 0bpasis, knacudikadis,
MPOrHO3yBaHHS.

Hedoniku. BaratokputepinanbHa 3agada onTuMmisauii B MeTogi
3BOPOTHOIO MOLUNPEHHS po3rnsgaeTbes K Habip
OAHOKpUTEpIanbHMX 3afad - Ha KOXHIN iTepauii BigOyBatoTbCsA 3MiHK
3HadeHb MapaMeTpiB Mepexi, Wo noninwyTs poboTy nuwe 3
OAHVMM TMpUKNagoM HaBYamnbHOi BUOiIpkM. Takui nigxig icTOTHO
3MEHLUYE LUBUAKICTb HaBYaHHS.

lMepesazu. 3BOPOTHE NOLUMPEHHSA - €(DEKTMBHMIM i NONYNSPHUN
anropuMTM HaB4YaHHA OaraTowapoBMX HEWPOHMX Mepex, 3 WOoro
[OMNOMOrOI0 PO3B’A3YHTLCS YMCIEHHI NPaKTUYHI 3a4adi.

Modugpikauii. Moamdikauil anropuTmMy 3BOPOTHOrO MOLUMPEHHS
3B'A3aHi 3 BUKOPWUCTAHHAM pPi3HUX PyHKUIA NOXMOOK, pi3HMX
npouenyp BU3HAYEHHS HAaNPSAMKY | BENTMYUHN KPOKY.

2.10.3. Mepexa Delta Bar Delta

Mepexa Delta bar Delta ©yna po3pobneHa PobepTtom
Ixekobcom (Robert Jacobs), ona noninweHHs OUiHKM HaBYaHHSA
cTangapTHUx mepex Feed Forward i € mogmdikauieto mepexi Back
Propagation

Mpouenypa Back Propagation 6asyeTbca Ha nigxodi KpyToro
CMycKy, WO MiHIMi3ye noxmbKy Mepexi nig 4ac npouecy 3MmiHu
cvHanTU4HUX Bar. CTaHgapTHI OLHKM HaBYaHHSI 3aCTOCOBYIOTLCS Ha
6asnci "wap 3a wapom" i 3HAYEHHS MOMEHTY MpuU3HaYalTbLCS
rnobanbHo. MoMeHTOM BBaXaeTbCs hakTop, O BUKOPUCTOBYETLCH
ONs  3rmafpKyBaHHSA OUiHKM HaByaHHA. MomeHT popaeTbcs A0
CTaHAapTHOI 3MiHM Barun i NPONopLinHWin O NONepeaHbOoI 3MiHM Baru.
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Xoua Lel meToq ycnilHWA Y po3B’si3aHHi 6araTtbox 3agad, 30KHICTb
npoueaypu 3aHaAaTo NoBifbHA AN BUKOPUCTAHHS.

Delta bar Delta mae "HedopmanbHUR" nigxig A0 HaBYaHHA
WTYYHUX Mepex, Mpu $SKOMY KOXHa Bara Mae CBil BracHWn
camoaganToBaHui hakTop HaBYaHHS i MUHYMi 3HAYEHHsSI MOXMOKM
BMKOPUCTOBYIOTbCA AN O00YMCNEHHS ManbyTHiX 3HaYeHb. 3HaHHS
MMOBIPHUX MOXMOOK 0O3BOSSIE MEPEXi POOUTKM iHTENEKTYarnbHi KPOKM
npu 3MiHi Bar, ane npouec YCKNaaHETbCSA TUM, WO KOXHa Bara
MOX€e MaTWu 30BCiM Pi3HMM BNNMB Ha 3aranbHy Noxubky. [xekobce
3anponoHyBaB MOHATTA "300pOBOro rnysgdy", KOMM KOXHa Bara
3'eAHaHHs Mepexi NOBMHHA MaTu BNacHy OLiHKY HaBYaHHS, a po3mip
KPOKy, LIO NpuU3Ha4YeHnn OfHiN Basi 3'€dHaHHS He 3aCTOCOBYETbCSH
Ans ycix Bar y wapi.

OuiHka HaB4aHHA Oyab-AKOi BaruM 3'eQHaHHS 3MIHIETBCS Ha
OCHOBI iHdopMaLii NPo NOTOYHY NOXMBKyY, 3HaMAeHoI 3i cTaHAapTHOI
Backpropagation. Akwo nokanbHa noxmbka Mae OOHAKOBWUIA 3HaK
AN OeKinbkox MOChigOBHUX TMMYACOBUX KPOKIB, OLiHKA HaBYaHHS
Ons  uboro 3'eQHaHHS MNiHIMHO 30iNblIyeTbCA. AKLWIO NoKanbHa
noxmbka 4YacTo 3MiHIOE 3HaK, OLjiHKa HaB4YaHHSA 3MEHLUYETbCS
reOMETPUYHO i Lie rapaHTye, WO OUIHKM HaBYaHHA 3'eQHaHHSA OyaoyTb
3aBxgu gogaTtHumMn, OuiHKaM HaBYaHHSA A03BOJSIEHO MiHSATUCA B 4Yaci.
lMpu3Ha4YeHHs1 OLHKW HaBYaHHA 00 KOXHOro 3'€dAHaHHs, O03Bin Lin
OUiHLi HaB4YaHHS HenepepBHO MIHATUCA 3 4YacoM ODYMOBIOKTH
3MEHLLUEHHS Yacy 36iKHOCTI.

3 pO3pilleHHAM Pi3HUX OLIHOK HaBYaHHA Anst OyAb-siKoi Baru
3'eHaHHSA B MepeXi, NOLLYK KPYTOro CNycKy MOXe He BUKOHyBaTUCS.
3amicTb Uboro, BarM 3'egHaHb 3MIHIOTbLCS Ha OCHOBI 4acToOK
NoxigHMX MOXMBOK LOJO caMOi Barn W OUiHKM "KPMBWU3HW MOBEPXHi
noxubkn" nobnm3y noTo4yHOi Touku. 3MiHM Bar BignNoOBIgAKTL
OBOMeXeHHI0 MiCUEeBOCTI | BMMaralTb iHOpMaLilo Big HEMPOHIB, 3
SAKMMMW BOHN 3'€QHaHI.

lNepesazu. Mapagurma Delta Bar Delta € cnpoboto npuckoputu
npouec 30PKHOCTI anropuTMy 3BOPOTHOIO MOLUMPEHHST 3a pPaxyHOK
BMKOPUCTaHHA [04aTKOBOi iHopmalii npo 3MiHy napameTpiB i Bar
nig Yac HaBYaHHS.
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Hedoniku

e HaBiTb HeBenuke niHiNHe 30iNblleHHs1 KoedilieHTa Moxe
NpMBECTM OO0 3HAYHOrO POCTY LUBWAOKOCTI HaBYaHHS, LLUO BUKIMKAE
CTpMOKK B NPOCTOPI Bar.

e [eomeTpuMyHe 3MeHLUEHHA koedpilieHTa iHoai OyBae
He4OCTaTHLO LUBUOKUM.

2.10.4. Mepexa Extended Delta Bar Delta

Eni Munan (Ali Minai) i Pon Binesimc (Ron Williams) po3pobunu
anroputm poboTtn mepexi Eextended Delta bar Delta, sik npupogHe
npogoBxeHHss pobotn [kekobca. B anroputm ybyaoByeTbcH
nam'ate 3  OCOONMBICTIO  BiAHOBIIEHHA. Micna  KoXHOro
NnpeAacTaBrneHHs HaB4anbHi AaHi enoxu, OUIHIOETbCHA HakonuyeHa
noxmbka. Akwo noxmbka MeHLa 3a NonepeaHio MiHiMarnbsHy NOXmoKy,
Barn 36epiraloTbCa B Nam'dTi, AK Hankpawi Ha uew 4ac. MapameTtp
OOnycKy Kepye (pasol BiOHOBMEHHSA. Y BMNaAKy, SKLWO MNOTOYHA
noxunodka nepesuLLye MiHiMarnbHy nonepeaHo NoxXmnoky,
MoAndikoBaHy napameTpoM [OMycKy, YCi 3HayeHHs Bar 3'egHaHb
CTOXaCTUYHO MOBEPTAKTLCA A0 30epexeHoro B nam'aTi Halkpalloi
MHOXWHM Bar.

2.10.5. Mepexa cnpssMOBaHOro BUNaaKoBOro NOLwwyKy

Mepexa cnpsamoaHoro Bunagkosoro nolyky (Directed Random
Search), BukopucTtoBye ctaHgapTHy apxitekTypy FeedForward, wo
He 6asyeTbca Ha anroputmi BackProragation i kopektye Baru
BMNagKoBMM YMHOM. [ns 3abesneyeHHs NMOpSAKY B TAKOMY MPOLEC,
00 BMNAJKOBOrO KPOKY [0OAETbCA KOMMOHEHT HampsMKy, Lo
rapaHTye HanpsMoK Bar OO nonepedHbOo YCMWHOro HanpsaMKy
nowyky. Bnnve Ha HENPOHM 30iMCHIETLCS OKpeMo. [nsa 36epexeHHs
Bar ycepeavHi KOMNakTHOI obnacTi, ge anroputm npaue [oodpe,
YCTaHOBMIOTb BEPXHIO TPaHMLIO BENWYUHM Bar. YCTaHOBIIHOHOYM
rpaHuli Bar BENUKMMMK, Mepexa MoXe MpOoJOBXyBaTWU MpautoBaTw,
OCKiNbKM AiNCHWIA rnobanbHUin ONTUMYM 3anULLAETLCA HEBILOMUM.
IHWOoK 0Cco6MMBICTIO NpaBuna HaBYaHHA € NMoYaTKoBa BiAMIHHICTb Y
BMNaAKOBOMY po3nogini Bar. Y OinbLIOCTi KOMEPLUiMHUX NakeTiB iCHye
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pekoMeHAOoBaHe po3pobntoBayYemM YNCIo ANs NapaMeTpa NovaTkoBOi
BigMiHHOCTI. Mapagurma BMNagKkoBOro MoLwyKy Mae Kifibka BaXXnmBmx
puc. BoHa wBuaka i nerka y BUMKOPUCTaHHI, Harkpall pesynbTatu
BUXOOATb, KOMW MOYaTKOBI BarM 3HaxogatbcA ©Onu3abko 0o
Hanvkpawmx Bar. LBuakow napagurma € 3aBAgkM TOMYy, WO AnS
NPOMDKHUX HEWPOHIB NOXMOKM HEe OBYMCNIoITHECH, @ 00YMCHIOETHCS
nuwe BuxigHa noxmbka. AnroputMm gae edekT nuwe B HEBENUKIn
MepexXi, OCKINbKN nNpu 36inbLUEHHI Y1cna 3'egHaHb, NPOLEC HaBYaHHS
CTa€e OOBIMMM i BaXKUM. ICHYE YOTMPU KMOYOBUX KOMMNOHEHTU MepeXxi

3 BWMAZKOBMM  MowykoMm. Lle - BMNAgKOBUA  KPOK,  KPOK
peBepcyBaHHs, CMAPSIMOBaHUIN KOMMOHEHT | caMoKopuryBanbHa
BiAMIHHICTb.

Bunadkosuli kpok. o 6yab-sikoi Baru OOAAETbCS BMMNaOKoBa
BeNMYMHa. Ycs HaB4anbHa MHOXWHA NPOMYCKAETbCA Yepe3 MepeXxy,
CTBOPIOOYM " MOXMOKY MNPOPOKYBaHHA". HAKWO HOBa 3aranbHa
noxubka HaB4YanbHOI MHOXWHW MEHLUa HiK nonepegHs Harkpallia
noxmbka NPOPOKYBaHHS, TEKydi 3HAYEHHS Bar, LWO BKMOYal0Tb
BMNAOKOBUA KPOK, CTalOTb HOBOK MHOXWHOK "Hankpawmx" Bar.
[MoToyHa noxmbka NpopokyBaHHS 36epiraeTbcsa sk HOBa, Halkpalla
noxmbka NPoOpPOKyBaHHS.

Kpok pesepcysaHHs. FAKWO pe3ynbTaTtv BUNaaKOBOro KPOKY ripLui
nonepegHbOi Hamkpallol, BMNagkoBa BeNMYMHA BigHIMaeTbCsa Big
MoYaTKoBOrO 3HaYeHHs Baru. Lle CTBOpOE MHOXWMHY Bar, WO
3HaxoOsATbCA B MNPOTUNEXHOMY HampsMKy A0 fonepeaHboro
BMNagKOBOro KpOKy. AKWo 3aranbHa " noxubka npopokyBaHHSA"
MeHLLe nonepeaHbOol HanKkpalwoi MNOXMOKW, TeKyde 3HaJYeHHs Bar i
NoTOYHa noxmbka NPopoKyBaHHS 30epiraTbCcsa AK HarKpalli. AKWO i
NpsiMin - i 3BOPOTHUM KPOKM HE noninwylTb pesynbTtaT, [0
HaWkpalmMx Bar A0OAeTbCHA LUINIKOM HOBa MHOXWHA BMNagKOBMX
3Ha4veHb i NpoLec NOYMHAETLCSA CnoYaTKy.

CripsimosaHuli komroHeHm. [ns 36KHOCTI Mepexi CTBOPHETLCS
MHOXWHA CrPSIMOBAHMX KOMIMOHEHTIB, OTPUMaHUX 3a pes3ynbTtaTtamu
NpsMOro i 3BOPOTHOrO KpokiB. CnpssMoBaHi KOMMOHEHTU, LWO
BigoOpaxatloTb naHutor ycnixis abo HeBgad nonepeHix BUNaaKoBMX
KPOKiB, 004alTbCA A0 BMMNAAKOBMX KOMMOHEHTIB Ha KOXHIM Kpoui
npouenypu i 3abe3nevyoTb enemeHT "340pOBOro rny3ay" y noLuyky.
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JdoBegeHo, WO AogaBaHHA CNpsIMOBaHUX KOMMOHEHTIB 3abe3neuyye
pi3ke NiaBULLIEHHS €(DEKTMBHOCTI anropuTmy.

CamokopueysanbHa 8iOMiHHICMb. BusHayaeTbca napameTp
no4YaTkoBOIl BIOMIHHOCTI ANA KepyBaHHS MO4YaTKOBUM PO3MipOM
BMMNAOKOBUX KPOKIB, O A0OAa€ETbCA 4O Bar. AQanTMBHUK MeXaHi3m
3MiHIOE nMapameTp BIAMIHHOCTI, WO 6a3yeTbCA Ha MOTOYHIA OUjHLI
ycnixy abo HeBgaui. MpaBuno HaBYaHHS MPUNYCKaE, WO MOTOYHWUIA
pO3Mip KpOKiB AN Bar y nNpaBuiibHOMY HanpsamKy 36inbliyeTbea ans
BUNAAKYy OEeKiNbKOX  MOCNiAOBHUX  ycnixiB. Haenaku,  aKwo
BiOYBa€ETLCA KiNbka NOCMiJOBHMX HEBAAY, BIAMIHHICTb 3MEHLUYETLCS
ONS 3MEHLLEHHSA PO3MIpY KPOKY.

lNepesazu. [Ona HeBeNUKNX | CcepedHix Henpomepex,
CNpsSIMOBaHWI BUNaAKOBUM NOLLYK A€ rapHi pe3ynbTaTu 3a KOPOTKUN
yac. HaBuyaHHA aBTOMaTWM4HE, BMMAarae HeBENUKOI B3aemopgii 3
KOpUCTYBayeM.

Hedoniku. KinbkicTb Bar 3'egHaHb Haknagae MpakTUYHI
obMexeHHs Ha po3mip 3afdadi. Akwo mepexa mae Ginbwe Yum 200
Bar 3'edHaHb, CrNpPsIMOBaHUA BUNAOKOBMW MOLUYK MOXe BMMaratu
30iMbLUEHHS Yacy HaBYaHHS, ane NpoayKyBaTu NMPUNHSATHI PiLLEHHS.

2.10.6. HempoHa wmepexa Buworo nopsaaky ab6o
hbyHKUiOHaNbLHO - 3B'A3aHa HEMpPoOHa Mepexa

®dyHKLiOHaNLHO-3B'A3aHi Mepexi 6ynn pospobneni Mox-XaH Mao
(Yoh-Han Pao) i pgetanbHO onucaHi B noro kHu3i "AganTuBHe
po3nisHaBaHHA o0pa3iB i HelpoHi mepexi" (Adaptive Pattern
Recognition and Neural Networks). Hemnpomepexa poswwuptoe
cTaHgapTHY apxiTekTypy FeedForward BackPropagation
mMogudikauiero By3niB Ha BxigHOMy wapi. Bxogn KomGiHytoTbCS
MaTEMaTUYHUM LUMAXOM 3a JOMOMOro (PYHKLIA BULLIOTO MOPSiOKY,
TakMx SIK kBagpaTu, Kyou abo CMHYCK i pO3LLIMPIOTL CMNPUAHATTSA
Mepexelo 3agaHoi Nnpobnemu. 3 Ha3B UMX OYHKLIA BMLLOIO NOPSAAKY
abo  yHKUiOHanNbHO-3B’A3aHMX BXOAIB i BWMAMBaE Hasga
HepoMepex.
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IcCHye OBa OCHOBHMX CMocobu [ogaBaHHA BXigHMX ByaniB. Y
nepwomy, y MOAenb MOXYTb AoAaBaTUCA MNepexpecHi [o6yTku
BXiOHWX €fleMeHTIB, Le HasuBaeTbCs BXigHUM p[obyTkoMm abo
TEH30PHOK MOAENM, A€ KOXEH KOMMOHEHT BxigHoro obpasa
NEPEMHOXYETLCA 3 YyCiMa KOMMOHEeHTamMu BXiOQHOro BeKTopa.
Hanpwuknag, ons mepexi Backpropagation i3 Tpboma Bxogamu (A, B i
C), nepexpecHumn pobytkamm 6yayts AA, BB, CC, AB, AC i BC
(enemeHTM apyroro nopsaaky). TakoX MOXYTb A0AaBaTUCA €MEMEHTU
TpeTboro nopsaaky, Taki sk ABC.

Opyrum  mMeTogoM And  gofaBaHHA  BXiAHWX BYy3niB €
byHKLiOHanbHe po3wunpeHHsa 6a3oBux Bxodis. Y Bunagky mogeni 3
Bxogamm A, B i C, ii MOXHa nepeTBoputM B MOAENb HEWPOHOI
Mepexi suworo nopagky 3 sxogamu: A, B, C, SIN(A), COS(B),
LOG(C), MAX(A,B,C) i iH. MNMoBHUA edbeKkT NOBUHHUIA 3abe3neyntu
Mepexa 3 o6'edHaHHSIM Mopgerli TEH30pPHOro i (oyHKUiOHAIbHOro
po3wmnpeHHa. Higakoi HoBoi iHGopMauii He [ogaeTbcs, ane
po3LIMpeHe NpeacTaBeHHs BXOAiB poOUTb Mepexy NpocCTilow AN
HaBYaHHsI. ICHYOTb 0OMeXeHHs Ans uiei mogeni. [Ana nepeTBoOpeHHs
noyaTKOBMX BXO[iB HeobxigHa 00Opobka OinbLUOi KiNbKOCTiI BXigHMX
By3niB, WO BMMAMBAKTb Ha LWBMAKOAIID Mepexi, ToMmy npu
PO3LUMPEHHI BXOAIB MOBUHHO ByTn BpaxoBaHe 06'egHaHHS TOYHOrO
PO3B’sI3aHHS i NOPIBHAHO HEBENMNKOIO Yacy HaBYaHHSI.

2.10.7. Mepexa KoxoHeHa

Mepexa po3pobneHa Torneo KoxoHeHOM Ha noyaTtky 1980-x pp. i
NPUHUUNOBO BIAPI3HAETLCS Big PO3rMNsgHYTUX BULLE MepPeX, OCKINbKu
BMKOPUCTOBYE HEKOHTPOSIbOBAHE HABYaHHS i HaB4YanbHa MHOXWHA
CKNagaeTbCa nuile 3i 3HayeHb BXigHMX 3MiHHUX. Mepexa posnisHae
Knactepu B HaBYanbHWUX AaHUX i po3nodinsge Aadi no BignoBigHUX
KnacTtepax. AKWo gani mepexa 3yCcTpiyaeTbCsi 3 HabopoM [aHuX,
HECXOXMM Hi Ha OAWH 3 BigOMWX 3paskiB, BOHA BiAHOCUTb MOro A0
HOBOro Kknacrtepa. fAKWO B AaHUX YTPUMYKOTbCA MITKM Krnacis, TO
Mepexa 34aTHa po3B’dA3yBaTuM  3ajadi  knacudikauil. Mepexa
KoxoHeHa mae BCboOro Asa wapu (puc. 2.36): BXigHUi i BuxigHum, it
Ha3nBalTb CaMoOOpraHizoBaHot KapTow. EnemeHtn kaptu
pO3TaLlOBYOTBLCS B AeAKOMY MNPOCTOPI - IK NpaBuio ABOBUMIPHOMY.
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Exidwi neipony  Buxiowi nefiponu

Puc. 2.36. Mepexa KoxoHeHa

Mepexa KoxoHeHa HaB4aeTbCsi  METOAOM  MOCRIAOBHUX
HabnwkeHb. [NovnHaoun 3 BUNAgKOBUM YMHOM O0BpaHOro BUXIQHOMO
po3TallyBaHHsS LEHTPiB, anropMTM MNOCTYNOBO MOMIMWYETbCA ANS
Knactepwusauii HaB4anbHMX gaHux. OCHOBHMWI iTepauinHuin anropuTm
KoxoHeHa nocnigoBHO MpOXoauTb psd €noX, Ha KOXHIN  enoci
06pobnseTbca oauH HaBYanbHUM Npuknag. BxigHi curHanm (BekTopm
JiNCHNX Yncen) NocnigoBHO NPea'ABNSATLCA Mepexi, 6axaHi BUXigHi
cuUrHanu He Bu3HavarTbea. icns npen'sBNeHHs 4OCTaTHLOro Yncna
BXiOHUX BEKTOPIB, CUHANTU4YHIi Barn Mepexi BM3HaYaloTb KnacTepu.
Baru opraHisyloTbcst Tak, O TOMOMOriYHO GnM3bki By3nu 4yTTeEBi OO
CXOXWX BXIOHUX CUrHarnIB.

Ons peanisauii anroputMy HeobXigHO BU3HAYMTK Mipy cyciacTea
HeWpoHiB (okonuus HelpoHa-nepemoxus). Ha puc. 2.37 nokasaHi
30HU TOMOMOrYHOrO CYCIACTBA HEWPOHIB Ha KapTi O3HaK Yy PpisHi
MomMeHTU u4acy. NEj(t) - MHOXMHa HENpOHIB, WO BBaXalTbCS
cycigammn HempoHa j y MOMeHT yacy t. 30HM cyciacTBa 3MEHLUYOTHCS
3 4acom.
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Puc. 2.37. 3oHM TONONOrYHOro CyciacTBa Ha KapTi 03HaK y Pi3Hi
MOMEHTM Yacy

Aneopumm pyHKUiOHy8aHHS Mepexi KoxoHeHa

1. [IHiujianizauyia mepexi. BaroBum KoediuieHTam Mepexi
[alTbCA  HeBenuKi  BUNAAKOBI  3HAYeHHs. 3aranbHe  4Mcho
cvHanTuyHux Bar - M*N (guB. puc. 2.36). [lMoyatkoBa 30Ha
cyciacTea nokasaHa Ha pwuc. 2.37.

2. [pen'aBneHHs Mepexi HOBOro BXiQHOro curHany.

3. OO6uncneHHs BiacTaHi O BCiX HEMPOHIB MepeXxi:

BioctaHi d; Big BXigHOro cwrHanmy [0 KOXHOMO HenpoHa |
BM3HAYaoTbCsA No PopMyni:

a, = S, wy)F
=1

ne X; - I-uti eneMeHT BXiJHOro curHany B MOMEHT yacy 1, wil) -
Bara 3B'dA3Ky Bif /-20 enemeHTa BXiAHOro curHany OO HenpoHa jy
MOMEHT BpeMeHwut.

4. Bwubip HelMpoHa 3 HaMMEHLLO BiACTaHHIO:
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Bnbupaetbca HenpoH-nepemoxelb j, Ons fKOro BiAcTaHb d
HaMeHLua.

5. HacTtpotoBaHHs Bar HelpoHa j i noro cycigis:

BuKOHYETBCS1 HACTPOKOBAHHS Bar Anst HEMPOHa j i BCiX HEMPOHIB
3 roro okonuui NE. HoBi 3Ha4eHHs Bar:

wit+1)=w(t)+r(8) (x{8)-wi(1)

ae r(f) - WwBnAKICTb HaBYaHHS, LIO 3MEHLLYETLCA 3 YacoM (godaTtHe
4UCO, SIKE MEHLLE OOMHULL).

6. [loBepHeHHS 0O KPOKY 2.

B anroputmi  BUKOPUCTOBYETBbCA  KOEMIUIEHT  LUIBWOKOCTI
HaBYaHHS, LWO MOCTYNOBO 3MEHLUYETbCHA, ANA TOHKOI KOpeKuii Ha
HOBIM enoci. Y pe3ynbTaTi UEHTP BCTAHOBIIOETLCHA Y BU3HAYEHIN
no3uuii, Wo 3a40BiflbHUM YMHOM KracTepuaye npuknagu, ansg sikux
JaHUMM  HEenWpoH € nepemMoxuemM. BrnactmeicTb TOMONOriYyHoOI
yrnopaaKkoBaHOCTI  AocAraeTbCAd B anroputMmi  3a  JOMOMOrOH
BMKOPUCTaHHSA NOHATTA okonuui. Okonuus - Le Kinbka HeMpoHiB, WO
OTOYYIOTb HEWPOH-nepemoelb. BignosigHO LWBMAKOCTI HaBYaHH4,
pPO3Mip OKOMULi MOCTYNOBO 3MEHLUYETbCH, TakK, WO crno4yaTky Ao
HbOrO HamneXwuTb OOCUTb BENWKE YMCMNO HENPOHIB (MOXMMBO BCSH
KapTa), Ha caMux OCTaHHIX eTanax OKOMUUSA CTae HyNbOBOK i
CKrnagjaeTbCcs Nnuwie 3 HermpoHa-rnepemoxus. B anroputmi HaB4aHHS
KOpeKLisi 3aCTOCOBYETLCHA He TifMbKW OO HEMpOHa-NepeMoxus, ane i
[0 BCiX HEMPOHIB 3 MOro NOTOYHOI OKoMnuLi. Y pe3ynbTaTi Takoi 3MiHU
OKOMKLi, NOYaTKOBi JOCUTbL BENUKI OiNSAHKA Mepexi iMMIirpytoTb yoik
HaByanbHMX npuknagie. Mepexa dopMye rpyby CTPyKTypy
TONOSONYHOro NOPSAAKY, NPU KA CXOXi MpUKNagn akTUBYOTb rpynu
HEWMPOHIB, WO ONM3bKo 3HAXoOATbCA Ha TOMOMOriYHIA KapTi. 3
KOXHOI HOBOK €roxo LWBKAKICTb HaBYaHHA i poO3Mip OKonuui
3MEHLUYHOTBCS, | ycepeauHi OiNsgHOK KapTu BUSABMSOTLCS GinbLU TOHKI
pPO36GiKHOCTI, WO NPUBOAWUTL A0 TOYHOINO HACTPOKBAHHS KOXHOro
HelpoHa. YacTto HaByaHHA HaBMMCHO po3buBalTb Ha ABi dasu:
OinbLl KOPOTKY, 3 BEMMKOK LUBUAKICTIO HABYAHHST i BEJIMKNX OKOIULb,
i Ginbl TpMBany 3 ManeHbKO LWBWUAKICTIO HABYaHHSA i HyNbOBUMU
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abo mavixe HynboBUMUM okonuuamu. [licns Toro, ik Mepexa HaB4eHa
pO3ni3HaBaHHIO CTPYKTYpM AaHuX, 1I MOXHa BMKOPUCTOBYBATU $K
3acib Bidyanisauii npu aHanisi gaHux.

O6rnacmi 3acmocysaHHsA. KnactepHuin aHanis, po3ni3HaBaHHS
obpasiB, knacudikadisi.

Hedoniku. Mepexa moxe 6yTu BMKOpUCTaHa Ans KNacTepHOro
aHanisy Tifbkn B TOMY BMNagKy, AKWO 3asganerigb BigoMe 4mcro
Knactepis.

lNepesazu. Mepexa KoxoHeHa 3gaTHa (pyHKLiOHYyBaTh B yMOBax
nepewkoa, TOMY LWIO 4YUCMO  KnacTtepiB  bikcoBaHe, Baru
MOANMIKYIOTECS MOBINbHO, HACTPOKBAaHHS Bar 3aKiHYyeTbCs Mnicns
HaBYaHHSI.

Modudgpikauii. OgHa 3 mopgudikauin nondrae B TOMy, WO A0
mepexi KoxoHeHa popaetbca mepexa MAXNET, wo BusHadae
HENPOH 3 HAMMEHLLIOD BiACTaHHIO 4O BXiQHOro curHany.

2.10.8. Mepexa KBaHTyBaHHsi HaB4YaJflbHOro BeKTOpa
(Learning VectorQuantization)

Mepexa Oyna 3anponoHoBaHa TowBo KOXOHEHOM y cepeauHi
80-x pp., ni3Hiwe, Hix noro poboTta i3 camoopraHizoBaHMX KapT.
Mepexa 6Ga3yeTbca Ha wapi KoxoHeHa, 3gaTHOMY OO COPTYBaHHSA
npuknagis y BIiONOBIAHI KnacTepu i BUMKOPUCTOBYETLCA $K [ONS
npobnem knacudikauii, Tak i gna knactepu3auii  300paxeHb.
Mepexa MICTUTb BXigHUI LIap, caMmoopraHizoBaHy kapTy KoxoHeHa i
BuxigHui wap. MNMpuknag mepexi 3o6paxeHo Ha puc. 2.38. BuxigHun
Wwap Mae CTiNbKMW HEWPOHIB, CKiNMbKM € BiAMIHHMX KaTeropi abo
knacis. Kapta KoxoHeHa Mae psii HEWpOHiB, 3rpyrnoBaHWX Ans
KOXHOF0 3 UMX KnaciB, KiNbKICTb SIKMX 3anexuTb Big CKNagHOCTI
BiOHOWeEHHA "BXig-Buxia". 3BMYaniHO, KoXeH knac ©Oyge wmatu
OZIHaKOBY KiNbKiCTb enemMeHTiB nNo Bcbomy wapi. Wap KoxoHeHa
HaBYa€ETbCA Kracudikauii 3a AOMOMOro HaBYanbHOI MHOXMWHW.
Mepexa BMKOPUCTOBYE npaBufa KOHTPOMbOBAHOIO HAaBYaHHS.
BxigHui Wwap MiCTUTb CTifIbKM HEWPOHIB, CKINbKM € OKpeMUX BXiOHUX
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napameTpiB. KBaHTyBaHHA HaB4anbHOMo BeKTOpa Krnacuduikye CBOI
BXiOHI OaHi y BM3Ha4YeHi rpynyBaHHs, TOOTO Bigobpaxae n-MipHuiA
npocTip Yy m-MipHUiA npocTip (6epe n BXo4iB i CTBOPOE M BUXOAB).
Kaptn 36epiratoTe BigHOLIEHHS MK ©Onm3bknmun cycigamm B
HaBYanbHIM MHOXWHI Tak, WO BXigHi obpasn, wWwo He 6ynu
nonepefHbO BUBYEHi, OyayTb pO3MOAiNeHi No KaTeropisax IXHix
HanBMKXYMX CYCiaiB Y HaBYanNbHUX AaHWX.

Brooomm

Puc. 2.38. lMpuknag Mepexi 3 KBaHTYBaHHSAM HaB4anbHOro
BEKTOpa

Y pexumi HaB4YaHHS, KOHTPONbOBaHa Mepexa BUKOPUCTOBYE
wap KoxoHeHa, Oe o64YMCNIOETBCA BiACTaHb BiA4 HaBYanbHOMO
BeKkTopa A0 byab-AKoro HelpoHa i HaNBNWXKYMI HEMPOH 3'ABMNAETLCA
nepemoxuem. ICHye nuwe oOavH NepeMoXelb Ha Becb Lap.
MepemoxueBi 403BONEHO 30ymKyBaTH NyLIe OOUH BUXIOHUIN HENPOH,
noeigomnsouM knac abo knactep A0 SKOro Hanexutb BXIigHUNA
BEKTOP. AKWO HEWpPOH-NepemMoXelb 3HaxXOAUTLCA B OYiKyBaHOMY
Knaci HaB4YanbHOro BeKTopa, Moro Baru MigCUIolTLCA B HanpsMKy
HaBYanbHOro BeKTopa. AKWO HENPOH-NEepPeMOXeLb HE 3HAXOOAUTLCS
B Knaci HaB4anbHOro BeKTopa, Barn 3'€AHaHb 3MeHLWylTbes. Lis
OCTaHHA onepauia 3ragyeTbcs 9K BiglwToBXyBaHHsA (repulsion). Mig
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Yac HaBYaHHSA OKPEMi HEMPOHWU, O NPUMMCaHI 4O YaCTKOBOro Knacy
MirpytoTb 0o obnacrTi, 3B'd3aHoi 3 ixHIM cneundivyHum knacom. [ig
yac pexunmy yHKUiOHyBaHHsI, 06YMCNIOETLCA BiACTaHb Bifg, BXiQHOMO
BekTopa A0 OyOb-AKOro HempoHa i 3HOBY HaWbnwkyivi HEWpoH
3'aBnseTbCs nepemoxuem. Lle y cBoO 4depry reHepye oavH BuXxia,
BM3HA4Yal04M YaCTKOBUWN KIac, 3HaNOEeHWI MepPEXELO.

Hedoniku. [Ons cknagHoi  knacudpikauii  CXOXuX  BXIigHUX
npuvknagis, mepexa Bumarae Benukoi kaptn KoxoHeHa 3 Benukoro
KiNbKiCTIO HEMPOHIB Ha knac. Lle moxe ByTn nepebopeHo AouinbHUM
BMOOPOM HaB4YanbHWX Npuknagie abo posLwmMpeHHaM BXiQHOro Lwapy.
Jdeski HeMpoHn MalTb TEHAEHUilo A0 nepemMorn 3aHagTo 4acTo,
To6TO0 HabygoBYOTL CBOI Barv Ayxe LWBWAKO, Y TOW 4Yac K iHLWi
MOCTIVHO 3anuwalTbCcsa He3adigHumu. Lle yacto TpannseTbes, AKLWo
IX Barm MalTb 3HaYeHHs Janeki Big HaByanbHUX npuknagis. OAns
YCYHEHHS  LbOro, HEWPOH, WO TMepemarae 3aHaaTo 4acTo
wTpadyeTbCsi, TOOTO 3MEHLIYIOTLCA Barn MOro 3B'sI3KIB 3 KOXHUM
BXiAHUM HENPOHOM. Lle 3MeHLLEeHHs Bar NponopLinHO 40 Pi3HULi MK
4YacTOTOI MepeMor HeWpoHa | 4YacToTOW NepeMor CepefHbOoro
HenpoHa.

lepesaeau. ANropuT™M rpaHNYHOI KOPEKLii BUKOPUCTOBYETLCS AMNS
YAOCKOHarN€eHHsA pilleHHs HaBiTb SKWO Oyno 3HaWaeHo BiAHOCHO
rapHe piweHHs. ARNroputM  30aTHUMA  4iATW,  SKWO  HEWpPOH-
nepeMoXxelb 3HaAxXoOUTbCA B HeENpaBUINIbHOMY Knaci, a gpyrun
HavKpalmnin HEeWpoH Yy npaBunbHOMY knaci. Has4aneHUn BekTOp
NOBUHHUIM ByTK BNN3LKO Bi4 CepeaHbOi TOYKM NPOCTOPY, WO 3'€AHYE
Ui ABa HeNMpoHW. HenpaBunbHU HENPOH-NEPEMOXKeLb 3MILLAETbCS 3
HaBYanbHOro BEKTOpa, a HEeMWpOoH 3 iHWOro Micus npocyBaeTbCs A0
HaB4YanbHOro BekTtopa. Lis npoueaypa pobuTb YiTKOI rpaHuLIo MixX
obnactamn, Oe MoXnuBa HeBipHa knacudikauia. Ha noudatky
HaBYaHHA OGaxaHo  BiOKMYWTM  BigWTOBXyBaHHA.  HenpoH-
nepemoxelb NPOCYBAETLCA [0 HaBYanbHOro BeKTopa nuiie Tofj,
KONW HaBYanbHW BEKTOP i HEMpPOH-NepemMoXxeub 3HaX0AATbCA B
ogHoOMy knaci. Takui nigxig AouinbHWA, AKLWO HEeNpOH MOBUHHWIA
obinTm obnactb, fKa Mae BiOMIHHWMIA Knac And  JOCArHeHHs
HeobxigHoi obnacri.
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2.10.9. Mepexa 3ycTpiYHOro noLwnpeHHs
(CounterPropagation)

Pobept Xext-HunbceH (Robert Hecht-Nielsen) po3pobus
mepexy  Counterpropagation gk 3aci6 gna  ob6'egHaHHA
HEKOHTPONbOBaHOro wapy KoxoHeHa 3 KOHTPONbOBaHUM BUXiOHUM
wapoM. Mepexa npusHadeHa AN pPO3B’'AA3a@HHSA  CKNaaHMX
Knacudikauin, npu MiHiMisauii yucna HEWpOHIB i Yacy HaBYaHHS.
HaeuanHa ans mepexi Counterpropagation cxoxe Ha mepexi 3
KBaHTyBaHHAM HaB4anbHOro Bektopa. lMpuknag mepexi 306paxeHo
Ha puc. 2.39. OgHocnpsimoBaHa mepexa CounterPropagation mae
TPy Wwapun: BXigHWMW wWap, camoopraHizoBaHa kapTa KoxoHeHa i
BUXiOHMW LWap, WO BMKOPUCTOBYE MpaBuno "genbta" Ans 3MiHu
BXiOHMX Bar 3'egHaHb. Llel wap HasuBaoThb WwapoM 'poccbepra.

B i et [T onrapoe: [ ponrapor
TIpOLITap oF Koxomena ['pochepra

Bexrap w,

Bexrop

Baam

—E'rﬂ.. BECCIAEL
CHTHATTH

Puc. 2.39. Mepexa 3yCTpiYHOrO nowmMpeHHs ©6e3 3BOPOTHUX
3B'A3KIB

Mepwa Mepexa Counterpropagation cknaganacs 3
[JBOHanpaBrieHoro BigobpaXeHHs1 MiXX BXiAHUM i BUXiOHUM LLapamu.
[aHi HagxogaTb Ha BXigHMIK Wap And reHepauii knacudikauii Ha
BUXiAHOMY LWapi, BUXiOHMM LWap no 4epsi npuimae OOAAaTKOBUMN
BXiIHWN BEKTOP i reHepye BUXiAHY Knacudikauiio Ha BXigHOMY Luapi
Mepexi. Yepes Takuii 3yCTpiYHO-pacrnoBCOAKEHNI MOTIK iHGopmauii
Mepexa ofepxarna CBOW Ha3By. barato pospobGntoBayiB
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BMKOPUCTOBYIOTb OfHOCMpAMOBaHUA BapiaHT Counterpropagation,
KOMNK iCHye nuvLle OAMH LWASX NPSMOro MOLUMPEHHS Big BXiAHOMO OO
BUXIQHOMo wWapy. ¥ mepexi 3yCcTpiYHOro nowmpeHHs ob'eaHaHi aBa
anroputmun: camoopraHidoBaHa kapta KoxoHeHa i 3ipka ["poccbepra
(Grossberg Outstar). HenpoHi Mepexi, WO nNOegHYIOTb pisHi
HenponapagurMmu sk 6yaisensHi 6nokn, 6inbw 6nmM3bki 40 MO3KY MO
apxiTekTypi, YuM OOHOPIAHI CTPyKTypu. BBaxkaeTbCs, WO B MO3KY
came KackafgHi 3'egHaHHSa mMoAyniB pi3HOI cneuianisauii 403BONAKTb
BMKOHYBaTW HeoOXigHi o64mcneHHsa. KoxeH enemeHT BXigHOro
CUrHany nogaetbcsa Ha BCi HeMpoHu wapy KoxoHeHa. Baru 3B'a3kis
(Wmn) yTBOPIOOTE MaTpuuto W. KoxeH HenmpoH wapy KoxoHeHa
3'elHaHW i3 ycima HenpoHamu wapy Mpoccbepra. Baru 38'A3kiB (V,p)
yTBOpIOWOTL MaTpuuto Bar V. Y npoueci HaB4aHHA Mepexi
3yCTPIYHOrO  MOLWUMPEHHS  BXidHi  BEKTOpU  acouiloTbcd 3
BIANOBIOHUMW BUXiAHMMMW BEKTOPaAMM (ABOICTUMM ab0 aHanoroBMmMm).
Micna HaByaHHA Mepexa Qopmye BuXigHi  curHanu, LWo
BiONOBIAlOTh BXiAHWM CUrHanam. Y3aranbHio4da 34aTtHICTb Mepexi
0ae MOXIMBICTb OAepXKyBaTv NPaBUMbHUA BUXiO, KOMW BXIigHWNA
BEKTOP HEMoBHMIN abo nepekpyyYeHui.

Hae4yaHHsi mepexi

Y pesynbTaTi caMOHaBYaHHA wWwap 3pobyBae  3gaTHICTb
PO34iNATM HECXOXi BXiAHI BekTopu. Akun came HewpoH Oyge
akTmsyBaTUCA NpW Npen'sABrneHHi KOHKPETHOro BXiQHOro curHany,
3asganerigb Baxko nepeabauntu. MNpu HaB4aHHI wapy KoxoHeHa Ha
BXif MOOAETbCA BXIOHWA BEKTOP i OGYMCNIOTBCS MOro CKansipHi
AobyTkn 3 BekTOopamm Bar ycix HenpoHiB. CkanspHui Jo0yTOK €
MipoI0 NOAIBHOCTI MK BXiAHUM BEKTOPOM i BEKTOPOM Bar. HewpoH 3
MaKCUManbHUM  3HAYEHHAM CKansipHOro Ao0OyTKy BBaXa€TbCSH
"nepemoxuem" i MOro Barym nNiACUNIOIOTLCA (BaroBUW  BEKTOP
HabnwxaeTbCA OO BXiQHOrO).

W= Wt H(X-W,)

e W, - HoBe 3HayeHHs Baru, Wo 3'€4HY€E BXiOHWA KOMMOHEHT X 3
HEMPOHOM, LWO BUrpaB, W, - MOMNepedHe 3HadYeHHaA Baru, r -
KoeilieHT WBMAKOCTI HaBYaHHS, WO CrnoYyaTKy 3a3Bu4yan OOpiBHIOE
0,7 i Moxe nOCTynoBO 3MeHLyBaTUCHA B Mpoueci HaByaHHA. Lle
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003BOMsiE pobUTU BENWKI MOYATKOBI KPOKWM ANS LWBWAKOrO rpyboro
HaBYaHHS | MEHLUi KPOKM npW Migxodi A0 OCTaTOYHOI BENMYMHM.
KoxxHa Bara, 3B'a3aHa 3 HeWpoHoM-nepemoxuem KoxoHeHa,
3MiHIOETBCS NPOMOPLUINHO Pi3HULI MK MOr0 BENTUYUHOIO | BEMNYMHOO
BX0OAY, A0 SIKOro BiH NpueaHaHnin. Hanpsmok 3MiHW MiHIMi3ye pisHuMLA
MK Barow i BignoBigHWUM enemeHTOM BXigHOro wapy. HaByanbHa
MHOXMHA MOXe MICTUTKU ©Oarato CxXOoXmx Mk coboto BXiaHUX
BEKTOPIB, i Mepexa MnoBMHHA OYyTM HaBYEHO aKTMBYBaTU OAOWH
HerpoH KoxoHeHa Ana KOXHOro 3 Hux. Barm uboro HemnpoHa €
ycepeaHeHHAM BXigHMX BEKTOPIB, WO MOro aktuByoTb. Buxoawn wapy
KoxoHeHa nopatoTbCsl Ha BXoau HerpoHiB wapy Mpoccbepra. Bxoau
HEMpOHIB 00UNCIIOITLCA K 3BaXKeHa cyMa Buxogie wapy KoxoHeHa.
KoxHa Bara KOPEeKTyeTbCA nuwe B TOMY BWMAAKy, SIKWO BiH
3'egHaHMn 3 HenWpoHOM KoxOHeHa, WO Mae HEeHyNbLOBWUA BUXIA.
BennumMHa Kopekuii Bar nponopuinHa pi3HMUi MK Barok i
HeobxigHMM BuxoOOM HewpoHa [poccbepra. HaeuaHnHa wapy
'poccbepra - ue HaBYaHHS "i3 yuntenem", anroputM BUKOPUCTOBYE
3apaHi 6axaHi Buxoau.

PYHKUiOHYB8aHHS MepexXi.

Y cBoi HavnpocTiwin dopmi wap KoxoHeHa yHKUiOHYE 3a
npasunoMm "nepemoxeub ofepxye Bce". [Ons paHoro BXigHoro
BeKTopa OAWH i TiNbkM OAWH HenpoH KoxoHeHa BMAae norivyHy
OAMHMUIO, BCi iHWI BugawTb Hynb. Wap Mpoccbepra dyHkuioHye B
CXOXill MaHepi. Moro BuXig € 3BaXeHO CyMOK BUXOAB LUapy
KoxoHeHa. Akwo wap KoxoHeHa yHKUIOHYE Tak, WO nuwe OAWH
BUXig OOPIBHIOE OAWMHULI, a iHWI [OOPIBHIOKTbL HYMEBi, TO KOXEH
HenpoH wapy [poccbepra BMoae BeNMUYUHY Baru, WO 3B'A3YE Len
HENPOH 3 €OvHUM HenpoHoM KOXOHeHa, Ynin BUXi4 BiAMIHHWA Big
Hyns. Y noBHIM Modeni Mepexi 3YyCTpiYHOro MOWMPEHHS €
MOXMUMBICTb OAepXyBaTW BUXiAHI CUrHaNMM MO BXiIOHUM | HaBnaku.
Uum gBom giam BignosigaloTb npsiMe | 3BOPOTHE MOLUMPEHHS
cuUrHanis.

O6nacmi 3acmocysaHHsi. Po3nisHaBaHHs 06pasiB, BiAHOBMEHHS
obpasiB (acouiaTMBHa Nam'saTb), CTUCK AaHUX (i3 yTpaTamm).
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Hedorniku. Mepexa He pae MoxnuBocTi ©OyayBaTn TOYHI
anpokcumadii  (ToyHi BigobpaxkeHHs). Y UbOMy Mepexa 3Ha4HO
yCTynae wmepexam 3i 3BOPOTHMM MOWMPEHHSAM noxubku. [o
HeJonikiB Moeni TakoX BapTo BiAHECTW cnabkunm TeopeTU4HUK
6a3uc moandikaLin mepexi 3yCTpiyHOro NOLUMPEHHS.

lNepesazu

e Mepexa 3yCcTpidHOrO nowupeHHs npocta. BoHa pae
MOXIMBICTb OOEepXXyBaTW CTaTUCTUYHI BIIACTUBOCTI 3 MHOXMWHU
BXiOHUX curHaniB. KoxoHeH [OoBiB, WO ANd HaB4YEHOI Mepexi
MMOBIPHICTb TOro, WO BunagkoBo obpaHui BxigHui BekTop Oyae
Hanbnwx4yMm 0o 6yab-AKOro 3agaHoOro BaroBOro BEKTOPA, OOPIBHIOE
1/K, K - ymcno HerpoHie KoxoHeHa.

e Mepexa nigoaeTbecsa WBUOKOMY HaBYaHHIO. Yac HaBYaHHA B
MOPIBHSAHHI 3i 3BOPOTHMM MOLUMPEHHAIM Moxe Oytn B 100 pasiB
MeHLLE.

e [lo cBOIX MOXNUBOCTSIX OyaoyBaTu BigoOpalkeHHS Mepexa
3yCTPIYHOr0  MOLUMPEHHS  3HAYHO  MepeBepLllye  OAHOLIAPOBI
nepuenTpoHN.

e Mepexa kopucHa fAns popatkiB, ge noTtpibHa wBMaka
noyaTkoBa anpokcumadlis.

e Mepexa gae MOXNUBICTb OyayBaTV QOYHKLiIO | 3BOPOTHY A0
Hel, Lo 3HaxXo4MTb 3aCTOCYBaHHS NPU pilLleHH] NpakTUYHUX 3agau.

Moduepikauii.  Mepexi  3yCTPiYHOrO  MOLIMPEHHS  MOXYTb
po3pi3HATMCA cnocobamy  BM3HAYEHHS  NOYaTKOBWMX  3HaYeHb
CMHaNTWUYHUX Bar.

e [Ing nigBuLLIEHHA edEeKTUBHOCTI HaB4YaHHS 3aCTOCOBYETLCS
JoJaBaHHSA LWyMY 0 BXiOHUX BEKTOPIB.

e lle oanH metog nigBuLLEHHSA e€MEKTUBHOCTI HaBYaHHSA -
HaJaHHS KOXHOMY HEWpPOHOBi "Mo4YyTTd cnpasefnueocTi”. HAKLWO
HelpoH cTae nepemoxueM uyacTiwe, HiX 1/k (K - 4nucrno HewmpoHis
KoxoHeHa), TO MOMy TMM4acoBO 30inblUylOTb MOpIr, Aalyn TUM
CaMnM YYUTUCA 1 iHLLMM HEMPOHaM.

e Kpim "meTony akpeautauil", npu aKoMy [Ons  KOXHOro
BXiZIHOrO BEKTOpa aKTUBYETLCA nuLle O0aunH HepoH KoxoHeHa, Moxe
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OyTV BMKOPUCTaHWUI "MeTopn iHTepnonsauii", npyu BUKOPUCTAHHI SIKOro
Lina rpyna HelpoHiB KoxoHeHa, Wo MatlTb HanbinbLUi BUXoOn, MoXe
nepegaBaTu CBOI BMXigHi curHanm B wap [poccbepra. Llem meton
nigBULLLYE TOYHICTb BigobpaxeHb, peanisoBaHUX Mepexeto.

2.10.10. MmoBipHicHa HelipoHa Mepexa.

MmoBipHicHa HelipoHa mepexa 6yna pospobneHa [JoHanbaom
Cnextom (Donald Specht). Lis mepexHa apxiTektypa Oyna Bneplue
npeacTaBneHa B ABOX cTaTTax : "MMOBIpHiCHI HEMpOHi Mepexi Ans
knacudikadii” (Probabilistic Neural Networks for Classification) 1988,
"BigobpaxeHHss abo acouiaTvBHa Nam'aTb i WMOBIPHICHI HEWpPOHI
mepexi" (Mapping or Associative Memory and Probabilistic Neural
Networks) 1990 p.

Buxogn mepexi MOXHa iHTepnpeTyBaTh, K OLHKA MMOBIPHOCTI
NPUHANeXHOCTi enemMeHTa [0 Bu3HaueHoro knacy. MmosipHicHa
Mepexa Y4MTbCA OLiHIOBaTU (DYHKLIIO LWINBHOCTI WMOBIPHOCTI, i
BUXif PO3rNsAacTbCs sIK OYiKyBaHe 3HAYEHHs MoAerni B AaHi Touui
npoctopy BxofiB. Lle 3HayeHHA 3B'si3aHe 3 LUiNbHICTIO WMOBIPHOCTI
3aranbHOro po3noginy BXiAHMX i BUXIOHMX OaHux. 3agaya OuiHKK
LWiNbHOCTI  MMOBIPHOCTI  BigHOCUTbCA A0 obnacTi GaneciBCbKOi
cTaTUCTMKWN. 3BMYalHa CTaTUCTUKA MO 3afaHii Mofeni nokasye, sika
MMOBIpHICTb TOro abo iHLWOoro BuxoAy (Hanpuknag, Ha rpanbHin KicTi
6 oyok byge BunagaTn B cepegHbOMY B OOHOMY BUMALKY i3 LLECTM).
BaneciBcbka cTaTUCTUKa IHTEpnpeTye Mo iHWOMY: NpaBUMbHICTb
MoZeni OUIHIOETBCA MO HasiBHMM AOCTOBIPHMM AaHuWM, TOGTO Adae
MOXIMMBICTb  OUiHIOBATM  LWINbHICTE  WMOBIPHOCTI  poO3noAiny
napameTpis mMofeni no HassHUM daHuM. [lpu piweHHi 3agad
Knacudikauii MOXXHa OULHUTW LWINbHICTE MMOBIPHOCTI ANA KOXHOro
Knacy, NOpiBHATU MiX cOBOI0 MMOBIPHOCTI NPUHANEXHOCTI A0 Pi3HMX
knaciB i Bubpatm mMogenb 3 napameTpamu, MNpyu AKX LWINbHICTb
nmoBipHocTi 6yae B6inbioto. OuiHKa LWiNbHOCTI MMOBIPHOCTI B MEPEXi
3acHOBaHa Ha s4epHUX OLiHKax. FAKWOo npuknag pos3TalloBaHUn y
OaHin Touyui mpocTopy, ToAdi B Ui Touui € BU3HAyeHa LWinbHICTb
MMoBipHOCTI. KnacTtepu 3 nopyy posTalloBaHUX TOYOK, CBigyaTh, L0
B LIbOMY MiCLi LiNbHICTb MMOBIPHOCTI Benuka. bina cnocrepexeHHs
€ binbla goBipa 4O PiBHS LWiNbHOCTI, @ B Mipy BigAaneHHs Big HbOro
JoBipa 3MeHLWYeTbCS | NparHe A0 Hyns. Y MeToAi A4epHUX OUHOK Y
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TOuL, WO BiANOBIgAE KOXXHOMY MPUKNaAoBi, MiICTUTbCA Aedka npocTta
dyHKLUIA, NOTIM BOHW YCi A0OAI0TLCSA W Y pe3ynbTaTi BUXOOUTb OLiHKa
Ona 3aranbHol WiNbHOCTI MMOBIPHOCTI. YacTiwe Ak aaepHi dyHKUiT
BGepyTb KONOKoNonoAibHi yHKLUii (rayccoBcki). AKWO € [ocTaTHs
KiNbKICTb  HaBYanbHWX NPUWKNagiB, TakMA MeTon MQa€ rapHi
HabnuMXeHHs [0 AICHOT  WinbHOCTI  MMoBipHOCTI.  MMosipHicHa
Mepexa Mae Tpu Wapu: BXigHWi, pagianbHui i BuxigHuin. PagianbHi
ernemMeHTn 6epyTbCsl MO OQHOMY Ha KOXeH npuknag. KoxHui 3 Hux
Ma€ rayccoBy (YHKUilO 3 LUEHTPOM Yy LbOMy npuknagi. KoxHomy
KIacoBi BiAMNoBigae OAWH BUXiOHMA enemeHT. BuxigHun enemeHT
3'egHaHM nuwe 3 pagianbHMMW enemMeHTaMm, WO BigHOCATbCA A0
Noro knacy i nigcyMoBye BUXOOM BCiX €MEMEHTIB, WO Hanexatb o
Mnoro knacy. 3HadeHHs1 BUXiOHMX CUrHamniB BMXOASTb MPOMOPLIAHO
SAEPHNM OLiHKaM MMOBIPHOCTI NPUHANEXHOCTI BiNOBIAHNM Kriacam.

Brzan

CymaTop

Spasor

Puc. 2.40. CxeMa NMMOBIPHMUCHOI HEMPOHHOT MEpPEXi.

lMepesacu. HaB4aHHSA  WMOBIPHWCHOI  HEWPOHHOI  Mepexi
HabaraTo npocrTile, Hix BackPropagation.
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Hedoniku. Heponikom wmepexi € 1 po3mip, OCKiflbku BOHa
aKTU4YHO MiCTUTL y cOOi BCi HaB4YanbHi OaHi, BuMarae 6arato
nam'sTi i MOXe NOBINbHO NpaLoBaTy.

Modudpikauii. baszoBa Moaenb WMOBIPHUCHOI HEMPOHOI MepeXi
Mae mogudikauii. MpunycTumo, Wo nponopuil Knacis y HaBYasbHin
MHOXWHI BignosigalTb 1X nponopuigam y BCi  AocnigKyBaHin
MHOXWHI (anpiopHa WMMOBIpHICTb). Hanpuknag, SKkwo cepeg Ycix
nogen xsopumn € 2%, TO B HaB4YarbHIA MHOXWHI ANS Mepexi, o
JiarHoCTye 3axBOPIOBAHHSA, XBOPUX TaKOX MOBUHHE 6yTU 2%. Akwo
X anpiopHi WMOBIPHOCTI BiOPI3HAIOTLCA Bi4 Nponopuii B HaBYanbHin
BMOipui, Mepexa Oyde BuMaaBaTu HeBipHUMW pesynbTaT. Lle moxHa
BpaxyBaTu, YBOASHMN KOpUryBarbHi KoedilieHTN ONns pisHUX Knacis.

2.10.11. Mepexa Xondinga

[bxoH Xonaing yneplie npeactaByMB CBOKO acouiaTUBHY Mepexy
B 1982 p. y HauioHanbHin Akagemii Hayk. Ha yectb Xondpinga i
HOBOro nigxogQy QOO MOAENOBaAHHSA, LS MepexHa napagurma
3ragyeTbca sk Mepexa Xondinga. Mepexa 6asyetbca Ha aHanorii
disvkn guMHamiyHUX cuctem. [lodvaTkoBi 3acTOCyBaHHSA ANA LbOro
BMAY Mepexi BKknoyanu acouiatneHy, abo agpecoBaHy 3a 3MiCTOM,
nam'ate i posB’adyBanu 3ajadi ontumisauii. Mepexa Xondinga
BMKOPUCTOBYE TpW Lapun: BXigHUN, wap Xondinga i BuxigHui wap.
KoxeH wWwap Mae ofHakoBa KinbKicTb HeWpoHiB. Bxoau wapy
Xondinga npuegHaHi oo BUXOAiB BiAMNOBIAHWX HEWPOHIB BXigHOro
Wwapy 4epes Barnm 3'egHaHb, WO 3MiHIOWTLCA. Buxogu wapy
Xondinga npueaHyTLCA OO BXOAIB YCiX HENMPOHiB wapy Xondinaa,
3a BMHATKOM camoro cebe, a TakoX OO BiOMOBIAHUX €NeMEHTIB Yy
BUXiAHOMY Lwapi. Y pexumi yHKLIOHYBaHHA, Mepexa Harnpasnse
AaHi 3 BXigHOro wapy 4Jepes ikcoBaHi Barum 3'egHaHb [0 LWapy
Xondinga. Wap Xondginga konveaeTbes, Nokn He Byae aoBeplieHa
BM3HA4YeHa KifbKiCTb LMKMIB, | MOTOMHUN CTaH LWapy nepefaeTbca Ha
BUXigHUM  wap. Llen cran Bignosigae obpasoBi, yxe
3anporpamoBaHoMy B Mepexy. HaBuaHHa Mepexi Xondinga
BMMarae, Wob HaBYanbHWUIA 06pa3 OyB NpeacTaBNeHUn Ha BXIGHOMY i
BUXiAHOMY LWapax ofHouyacHo. PekypcuBHMI XxapakTtep Liapy
Xondinga 3abesneuvye 3acobwu Kopekuii ycix Bar 3'egHaHb.
HepgiikoBa peanisauis Mepexi NOBUHHA MaTW rPaHUYHUA MeXaHi3m
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y nepefaTHin  yHKUil. [Na npaBuUMbHOrO HaBYaHHA Mepexi
BigNoBigHI Napu "BXig-BuXig" NOBMHHI BiAPI3HATUCS Mibk cOOO0H0. AKLLO
Mepexa Xondinga BMKOPUCTOBYETbCA K Nam'aTb, agpecyema 3a
3MIiCTOM, BOHa Ma€ OBa rofioBHUX obmexeHHs. [lo-neplue, 4ymcno
obpasis, Wo MoxyTb ByTn 36epexeHi i TOUHO BIOTBOpPEHI € CTPOro
obmexeHum. Akwo 36epiraetbca 3aHaaTto 6arato napameTpis,
Mepexa MOXe CXoaUTbCs OO0 HOBOro HeicHyro4doro obpasa,
BiOMIHHOMY BiA ycCiX 3anporpamoBaHux o6pasiB, abo He cxoauTbCs
B3arani. 'paHvus eMHocTi nam'ati ons mepexi npubnusHo 15% Big
ymncra HerpoHiB y wapi Xondginga. Opyrum obMexeHHSM napagurmm
€ Te, Wo wap Xondinga Moxe cTaTu HecTabinbHUM, SIKLIO
HaByamnbHi NpuKNagun € 3aHagTo cxoxumn. 3pasok  obpasa
BBaXXaeTbCA HecTabiNbHUM, SKLIO BiH 3aCTOCOBYETBCS 3a HYIbOBUIA
yac i Mepexa cxoauTbCst OO AESsKOro iHworo obpasa 3 HaB4anbHOI
MHOXWHK. Lls npobnema Moxe ©OyTnm po3B’sisaHa BMOOpPOM
HaBYanbHWX NpUKnagis GinbLL OpTOroHarnbHUX M coboto.

CTpykTypHa cxemMa Mepexi Xondwunaa npuegeHa Ha puc. 2.41.

SEOpOTHIH 58'83 0K
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Puc. 2.41. CtpykTypHa cxema mepexi Xondinaa
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3apgava, posB'A3yBaHa [aHOK Mepexew §K acouiaTuBHa
nam'sTb, SK npaBuno, QOpMyNETLCA Tak. Bigomun geskuin
3pas3koBMi Habip ABoicTMX curHaniB (306paxkeHb, 3BYKOBUX
OUMPPOBOK, HLIMX [aHUX, WO OMNUCYHTb BM3HaYeHi ob'ektn abo
XapakTepucTuku npotiecis). Mepexa noBMHHa BMITU 3 3aLLyMIIEHOMO
curHany, npegctaBneHoro Ha i Bxig, suginutu ("sragatu" 3a
YaCTKOBOK iHGOpMaLi€eto) BignoBigHMN 3pa3ok abo "aaTtv BUCHOBOK"
npo Te, WO BXigHi OaHi He BignoBigaloTb XOAHOMY 3i 3paskiB. Y
3aranbHOMy BMWNagky, Oydb-gkui curHan moxe 6yTv onucaHun
BEKTOPOM Xy, Xj, Xp..., N - YACNIO HEWPOHIB Yy Mepexi i BenuunHa
BXiOHMX | BUXiaHMX BekTopiB. KoxxeH enemeHT X; oopiBHoe abo +1,
abo -1. MNo3Haunmo BekTOp, WO onucye K- 3pasok, yepes Xj, a Noro
KOMMOHEHTH, BiONOBIOHO, - X, k=0, ..., m-1, m - yncno 3paskis. AKLLO
Mepexa poasnisHae (abo "3ragye") BM3HAYEHUA 3pa30K Ha OCHOBI
npea'siBrneHux in gaHux, ii Buxoam 6yayTb MiCTUTM came horo, To6To
Y=X,, Be Y - BeKkTop BUXiOHUX 3Ha4yeHb Mepexi: Vi, Vi Vo Y
NPOTMBHOMY BUNAAKy, BUXIOHWA BEKTOP He 36iKUTbCA 3 XOOHUM
3pas3koM. AKWoOo, Hanpuknag, curHanuM sBnAlTb CcobOoK  SKecb
306paxeHHs1, To, BigobpasmeBLIKM B rpadpiyHOMy BUAI AaHi 3 Buxody
Mepexi, MOxHa Byae nobayunTn KapTUHKY, O LiNKoM 36iraetbes 3
OfHiei 3i 3paskoBux (y BUNaaky ycnixy) abo x "BinbHy iMnposisauito”
Mepexi (y Bunagky Hesaaui).

Anzopumm pyHKUIOHY8aHHS Mepexi

1. Ha cragii iHiuianisauii Mepexi cuHanTWYHI KoediuieHTH
BCT@HOBMIOIOTLCSA B Takvi cnocib:

m
Y s . .
EX."X_;'."I#_}
=1
W = 5
Y 0 i =

: ]

Tyt i i j - iHOekcn, BIONOBIAHO, nNepeacUMHaNTUYHOrO |
MOCTCUHaNTUYHOIO HENPOHIB; Xy, Xj - i-Ull i j-uli eneMeHTV BekTopa k-
oro 3paska.
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2. Ha Bxogn wmepexi nopaeTbca Hesigomwii curHan. Woro
nowwnpeHHss 6e3nocepefHbO  BCTAHOBIKOE 3HAYEHHS  BUXOZIB:
¥i(0) = X;, i = 0...n-1, TOMy NO3HAYEHHSI Ha CXEeMi Mepexi BXiAHUX
CUrHaniB y SBHOMY BUAi HOCUTb YNCTO YMOBHMW xapaktep. Hymb y
OYXUi y; 03Ha4yae HynbOBY iTepaLito B UMK poboTn mepexi.

3. Po3paxoByeTbCs HOBMIN CTaH HENPOHIB

S( +1) = Sw,y (D)
=1

, j=0...n-1

i HOBi 3Ha4YeHHSA BUXOAiB

+

y b+ 1)= f|5j-(t + 1)|

ae f - nepepatHa OYHKUIS y BWAI rpaHWYHOI, NpvBedeHa Ha puc.
2.42.

Y Y
H— F
X X
0
-1
a) 6)

Puc. 2.42. NepepatHi yHKLi
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4. TlepeBipseMO 4n 3MIHUNUCS BUXiOHI 3HAYeHHS BUXOAiB 3a
OCTaHHI0 iTepauito. AKWO TakK - nepexig A0 NYHKTY 2, iHaKwe (SKLWo
BuXoau crabinisyBanucs) - kiHeub. [Mpy UbOMYy BMXIOHWIA BEKTOP
s1BNsie co00oto 3pasok, Lo HanKpalle Bignosigae BXigHMM OaHUM.

IHOOI Mepexa He MOoXe MPOBECTW POo3ni3HaBaHHA | BMAae Ha
BMXO[i HeicHytoumMin obpas. Lle 3B'A3aHO 3 Npobnemoto 0OMEXEHOCTI
MOXnmBocTen mepexi. Kpim Toro, akwo asa obpasn A i b cunbHo
CXOXi, BOHW, MOXNUBO, BydyTb BMKNIMKATU B Mepexi nepexpecHi
acouiauii, T06TO npea'aBNeHHA Ha BxoAM Mepexi Bektopa A
npueene OO NosiBM Ha 1i BUXogax Bektopa b u HaBnaku. 3aBasku
iTepauiiHoMy anropuTMoBi, MallMHa NPOCYBaETbLCA OO0 HAWKPALLOoro
PiLLEeHHS

2.10.12. Mepexa «MawunHa bonbumaHa»

Mepexa «MawwnHa bonbumaHa» (Boltzmann mashine) cxoxa no
dyHKUii i aii Ha mepexy Xondinga i BKNHOYAE  MNOHATTS
"MoOenboBaHOro BiMkUry" Ans MowyKy B MPOCTOpI CTaHiB Lwapy
obpasiB rnobansHOro MiHiMymy.

Oknn  (Ackley), XuHtoH (Hinton) i CenHosckn (Sejnowski)
po3pobunn npaBuno OGOMbLMAHOBCKOrO HaB4daHHA B 1985 p.
MopibHo Mmepexi Xondinga, mawwHa bonbumaHa mae npocTip
CTaHiB, Wo 6asyeTbca Ha Barax 3'egHaHb Yy wapi obpasis. lNpouecu
HaBYaHHSA Mepexi, HanoBHeHOI obpasamu, BKNOYAE 3rnagkKyBaHHS
penbedy npocTtopy ctaHiB. MawwuHa BonbumaHa mogentoe Bigxur
MeTany, Wo [oJaeTbCca A0 Mpouecy HaByaHHa Mepexi. Ak i npu
i3MYHOMY BiXXUry, TemnepaTypa NOYNHAETLCH 3 BEMUKUX 3HAYEHD i
3MeHLIyeTbCs 3 YacoM. 30inblueHa TemnepaTypa goaae 36inbLieHni
LWYMOBUIA KoedilieHT [0 Oyab-sikoro HerpoHa B LwWwapi obpasis.
MepeBaxHo, KiHLEBOK TemnepaTypot byae Hynb. ONst 4OCATHEHHS
ONTUMArbHOIO PpIlEHHA [OOUIMbHO Ha HWKYMX TemnepaTypax
popasatu Oinblwe iTepauin. MawuHa bonbumaHa, HaB4Yal4MCb Ha
BMCOKiN TemnepaTypi, NMOBOAUTLCA $K BUMNagkoBa Modenb, a Ha
HU3bKNX TemnepaTypax BOHa $K AeTepMiHOBaHa mopenb. Yepes
BUMNAOKOBUA KOMMOHEHT B BIiJKMFOBOMY HaBYaHHi, HEMPOH MOXe
NMPUIAHATU HOBE 3HAYEHHS CTaHy, WO 36iNblIyeTbCs WBMUALLE, HiX
3MEeHLUYETbCS 3aranbHU NPOCTip CTaHiB. IMiTauis disnyHoro Bigxury
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[03BONSsiE MNpocyBaTUCA [0 rnobanbHOro MiHIMyMy, YHUKaK4u
nokanbHM. Ak i B Mepexi Xondinga, mepexi Moxe 0yTu
npeAacTaBrieHMin 4YacTkoBui obpas ans BiOHOBMEHHS BiACYTHLOI
iHchopmauii.

Anzopumm QQyHKUIOHY8aHHS Mepexi

1. BusHaumtm 3MmiHHY T, WO nNpeacTaBnse  LWTYYHY
TemnepaTypy.

2. Tlpen'saBuUTK Mepexi MHOXWHY BXOAIB i 064MCnNTM BMXOAN i
LiNnboBY (PyHKLHO.

3. [Hatn BunagkoBy 3MiHy Baram i nepepaxyBaTu BUXig Mmepexi i
3MiHY UinboBoi yHKLUIT BiANOBIgHO 4O 3MiHM Bar.

4. Axwo uinboBa YHKUiA 3MeHWwunacs, Togi HoBa MHOXMWHA
Bar 30epiraetbcs. AKWO 3miHa Bar nNpuBOAMTE OO0 36iMblUEHHS
LinboBOI  yHKUii, TO MMOBIPHICTb 30epexeHHsa  uiei  3MiHu
obuncneTbCA 3a 4ONOMOrol po3noainy bonbumana:

&
Plc)=exgd- —
koF
ae P(c) - IMOBIpPHICTb 3MiHW C Y LiNbOBIA PyHKLIT; kK - KOHCTaHTa,
aHanoriyHa KoHcTaHTi bonbumaHa, BUOMpaETbLCA B 3aneXHOCTi Big
3apavi; T - WTy4yHa Temneparypa.

BuburpaeTtbcst BUNagKoBe YMCIO © 3 piBHOMIPHOIO PO3NOAiny BiA
Hynsa 0o oamHuui. Akwo P(c) GinbLue, Hix r, TO 3MiHa 30epiraeTbes, y
NPOTMBHOMY  BUMNAAKy BenuuMHa BarMu nNoBepTaeTbCsd A0
nonepenHLOro 3HadeHHs. LA npouenypa Oae MOXMMBICTb CUCTEMI
pobuTU BUNAAKOBMIN KPOK Y HaMpAMKY, WO MCYE LinboBY (YHKLIIO,
O03BOMSAYM i BUPMBATMCA 3 JOKarnbHMX MiHiMymiB. Kpoku 3 i 4
MOBTOPIOKOTBCS AN YCiX Bar Mepexi, MOCTYNoOBO 3MEHLLYUN
TemnepaTtypy T, nokum He Oyge [OCATHYTO NPUNYCTUME HU3bKe
3HAYEeHHS LiNboBOi QOYHKLIi. Y Le MOMEHT npen'ssBnseTbCs iHWNUA
BXiOHWIN BEKTOP i MpoLleC HaBYaHHSA NOBTOPHOETLCA. Mepexa yunuTbes
Ha yCix BeKTopax HaB4anbHOT MHOXWHW, MOKWU LinboBa yHKLUiA He
cTaHe npunyctumoi Ans  ycix 3 Hux. LWBuakicTe 3MeHLLeHHA
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TemnepaTypu noBmHHa OyTn oOepHeHO nponopuiiHa norapudmoBi
yacy. Npu uboMy Mepexa cxoanTbca Ao rnobaneHOro MiHiMymy.

O6rniacmi 3acmocygaHHs.
PosnisHaBaHHs 0bpasis, knacudikadis.
Hedoniku. TNOBINbHUA anropuTM HaBYaHHS.

lMepesacu. AnMroputM Jae MOXNMBICTb Mepexi Bubupatuca 3
NoKanbHUX MiHIMYMIB afanTMBHOIO penbedy NPoCcTopy CTaHiIB.

Modudgpikauii. BunagkoBi 3MiHW MOXYTb MPOBOAMTUCSA HE TiNbKu
ONs OKpeMMX Bar, ane i Ans BCiX HEMPOHIB LWapiB y 6araTolapoBux
Mepexax abo ans BCiX HEMPOHIB Mepexi ogHo4vacHo. Lli mogudikauii
anroputMy OakTb MOXMMBICTb CKOPOTUTU 3araribHe 4YnMcno itepadin
HaBYaHHSI.

2.10.13. Mepexa XeMMiHra

Mepexa XemmiHra (Hamming) - poswimpeHHs mepexi Xondinaa.
Lis mepexa ©Oyna pospobneHa Piyapgom JlinnmaHom (Richard
Lippman) y cepeaunHi 80-x pp. Mepexa XemmiHra peanisye
Knacudikatop, Wwo 6a3yeTbCca Ha HaMMEHLUin NoxmbLi Ans BEKTOpiB
OBOICTMX BXOAiB, Ae MOxXubKka BM3HAYAETLCH BIACTAHHIO XeMMiHra.
BiactaHb XemMMiHra BM3Ha4aeTbCsl SK YMcno OiT, WO BiOPI3HATLCS
MK OBOMa BIignoBigHMMKM  BXiOHWUMKW  BekTopamy  iKCOBaHOI
noBxnHu. OOuH BXIiOHWMI BEKTOP € Hes3alyMeHUM NpuKnagom
obpasa, iHWwui - 3incoBaHnm obpa3om. BekTop BUXoAiB HaB4anbHOI
MHOXWHWN € BEKTOPOM KraciB, 40 SKMX HanexaTtb obpasn. Y pexumi
HaBYaHHS BXigHi BEKTOPWU PO3NOAINAITLCA MO KaTeropiax, ans skux
BilCTaHb Mi>XX 3pa3KOBMMU BXiAHUMMW BEKTOPAMM i NOTOUHUM BXigHUM
BEKTOPOM € MiHiManbHuM. Mepexa XemmiHra mae Tpu Lapu:
BXiZHWI LLap 3 TaKo KifbKIiCTIO BY3IiB, CKiflbKM € OKpeMuX ABOICTUX
0O3Hak; Wap kaTeropin (wap Xondinaa), 3 KinbKiCTIo BYy3iB, CKINbKK €
kaTeropi abo knacis; BMXigHWI Wap, WO BiANOBIgAaE Yicny By3niB y
wapi karteropin. Mepexa € npoCTO apXiTeKTypo npsMOoro
MOLMPEHHS 3 BXiOHWUM piBHEM, LINKOM nNpWeEAHaHUM [0 Lwapy
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kateropin. KoxeH enemMeHT ob6pobk/ B Liapi KaTeropin € 3BOPOTHO
NpUeaHaHNM O KOXHOro HEeMpoHa B TiM Xe camMoMy Liapi i Npsamo
npueaHaHnM O BUXiOHOro HenpoHa. Buxig i3 wapy kateropin go
BUXIZHOrO Wapy opMyeTbCs Yepes KOHKYpeHLito. HaBuyaHHa mepexi
XemmiHra cxoxe Ha Metogonorito Xondinga. Ha BxigHui wap
HagxoauTb HGaxaHui HaB4YaneHUN obpas, a Ha BMXig BUXiZHOrO Lwapy
HaaXO4MTb 3HA4YeHHs HGaxaHoro knacy, 4O SIKOTO HanexwuTb BEKTOop.
Buxig MiCTUTb NULb 3HAYEHHSA KNacy A0 SIKOrO HamneXuTb BXigHUR
BekTOp. PekypcusHuin xapaktep wapy Xondinga 3abesnedye 3acobu
KOpeKLUil ycix Bar 3'eaHaHb.

JEOPOTHIR 7527 0K
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Puc. 2.43. CTpykTypHa cxema mepexi XeMMiHra
Anzopumm pyHKUIOHYy8aHHS Mepexi XeMMiHea

1. Ha crtagii iHiuianizauii BaroBum koedilieHTamM MepLLoro
wapy i noporosi nepedaTHOl YHKUiI NPUBMACHIOIOTLCA TakKi
3HaYEeHHs:

Wi=x/72, i=0...n-1, k=0...m-1
by=n/2 k=0..m-1

Tyt x,k - [-M1 enemMeHT k-oro 3paska.
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BaroBi koediuieHTU ranbMyluMX CUHanciB y Apyromy Lwapi
OepyTb piBHUMK Jesikin BenuuuHi O<v<1/m. CwuHanc HemnpoHa,
3B'A3aHMI 3 AOro XX BUXOLOM Mae Bary +1.

2. Ha Bxogu mepexi nogaeTbCst HEBIAOMUIA BEKTOP X1, Xi, X, ...

Po3paxoBytoTbCsl CTaHW HEMPOHIB NEpLUOro wapy (BepxHii iHOeKC Y
OyXKax ykasye HoMep Liapy):

y® = 50 = S, + b,

n
i=1 , =0...m-1

Micnsa UbOro OoTpMMaHi 3HadYeHHs iHILiIOITb 3HAYEHHHA BUXOLIB
ApYyroro wapy:
2 1)
y,-”: y,-( ) j=0..m-1

3. OBuncniolTbCSA HOBI CTaHU HEMPOHIB APYroro wapy:
(2 $ (2) ;o
S +1) =y,0) - E.f;yk hk=77=1.m

i 3HaYEeHHS iXHiIX BUXOaiB:
y P +1) = FI5P( +1)

MepenatHa dyHKUia f Mae Burnsa4 nopora, npuyomy BenuymHa b
NOBMHHa OYTW AOCUTb BENUKO, OO Oyab-AKi MOXNMBI 3HaYEHHS
apryMeHTy He NpuBOAUMIY A0 HAaCUYEHHS.

4. T[lepeBipaeTbCa, UM 3MIHUNUCA BUXOOU HEWPOHIB OpYroro
LWapy 3a OCTaHHIo iTepaLito. AKLWLO Tak - nepenTn Ao Kpoky 3. IHakwe
-KiHeLUb.

Ponb neploro wapy € yMOBHOH: CKOPWCTaBLUMCb OOWH pa3 Ha
nepLIoMy Kpoui 3Ha4eHHAMU MOro BaroBux KoedilieHTiB, Mepexa
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Ginbllie He noBepTaeTbCs OO HbOro, TOMY MEepLUMiA Wap Moxe byTu
y3arani BUKItoYeHun 3 mepexi. Mepexa XemMmiHra mae psg nepesar
Hag Mepexeto Xondinga. BoHa 3gaTtHa 3HaWTK MiHiMarnbHy NOXmMoKy,
AKLLO NOXMOKM BXigHMX GiT € BUNagkoBUMM | HedanexHumu. Ons
OYHKUIOHYBaHHS Mepexi XemmiHra noTtpibHa MeHWwa KinbKicTb
HEWpPOHIB, OCKINMbKW CepefHii Wwap BMMarae nve oauH HENPOH Ha
Knac, 3aMmiCTb HelpoHa Ha KOXeH BXigHwn By3on. |, 3pelwToto,
Mepexa XeMMiHra He CTpaxgae Big HenpaBunbHUX Kracudikauin,
WO MOXYyTb cTatuca B Mepexi Xondinga. Y uinomy, mepexa
XeMMiHra wswngLa i TouHiwa, Hixk mepexa Xondinga.

2.10.14. Mepexa MepexHOi Moaerni 3 ABOHanpaBfieHO
acouiaTMBHOIO NamM’ATIO
Lis mepexHa mogeni 6yna pospobneHa Baptom Kosko (Bart Kosko) i
poswuptoe Mmogens Xondinga. MHOXMHa napHux obpasis y4nTbes
no obpasax, Lo npeactasneHi sk 6inonspHi sekropu. MNMoaidHo
Mepexi Xondinga, konu npeacTaBnseTbCs 3allyMeHa Bepcis
OfHOro obpasa, BU3HaYaeTbCs HaWbnkinin obpas, acouinoBaHuni 3
HUM. Ha puc. 2.44 nokasaHuin npuknazg ABoHanpasneHol
acouiaTMBHOI NaM'aTi.

wl W

Puc. 2.44. [1BoHanpasneHa acouiatMBHa nam'atb
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BoHa Mae cTinbkn BXOAiB, CKiNbKM € BuxoAiB. [lBa cxoBaHWUX
Lapu MICTATbCS Ha ABOX OKPEMMX acouiaTUBHUX efieMeHTax nam'aTi
i npencTaBnsAlTb NOABOEHUA PO3MIp BXiAHMX BekTopiB. CepegHi
LWwapu Linkom 3'egHaHi Mibxx coboto. BxigHun i BUXigH1in wapun noTpibHi
ons peanisauii 3acobiB BBeAEHHSA i BiATBOPEHHS iHdopMauii 3
mMepexi. CepeaHi wapwn po3pobneHi ans 36epexeHHsa acouinoBaHnx
nap BeKTopiB. AKLLIO Ha BXig Mepexi HaaxoauTb 3allyMMAeHUA BEKTOP
obpasa, cepefHi Wapu KONMBAKTbLCA A0 AOCATHEHHsI cTabinbHOro
CTaHy piBHOBaru, Lo BiaNoOBigae HanbNUXx4ii HaBYEHI acouiauii i Ha
BMXO[i reHepyeTbcsl 0bpa3s 3 HaB4YarnbHOI MHOXMHU. [ogibHO Mepexi
Xoncdinga, ABoHanpaBneHa acouiaTMBHa Mam'aTb CXunbHa 40
HenpaBUIbHOIO BiALIYKyBaHHS HABYEHOro obpasa, AKWo HaaxoauTb
HEBiJOMUI BXiOHWA BEKTOp, WO He OyB Yy cknagi HaB4anbHOI
MHOXXWHWN.

[lBoHanpaBneHa acouiatmBHa namMm'sTb  BigHOCUTBCA OO
reTepoacouiaTMBHol nam'siti. BxigHWn BekTop HaaxoauTb Ha OfMH
Habip HEeMpoHiB, a BiAMOBIAHWIA BUXiOHWA BEKTOP MPOAYKYETLCSA Ha
iHWoMy Habopi HelpoHiB. BxiaHi 06pasn acouiioloTbes 3 BUXIAHUMN.,

[ns nopiBHAHHA: Mepexa Xondinga asToacouiatMeHa. BxigHuin
obpa3 moxe OyTu BigHOBNEHW abo BUNPaBEHNA Mepexeto, ane He
Moxe OyTu acouiioBaHui 3 iHWKMM obpa3om. Y mepexi Xondinga
BMKOPUCTOBYETLCA OAHOLLAPOBa CTPYKTypa acouiaTUBHOT nam'aTi, y
AKI BUXIOHUA BEKTOP 3'ABMASETLCA HA BUXOAI TUX e HEWPOHIB, Ha AKi
HaaxoAuTb BXiAHWW BeKTop. [IBOHanpasneHa acouiaTMBHa nam'aTb,
AK | mepexa Xondinga, 3gaTHa A0 y3aranbHEHHs, BUPOBMAYM
npaBuUnbHi BUXiOHI CUrHaNu, He3BaXkatoun Ha YLIKOKEHI BXOOM.

PosrnsHemo cxeMy [BOHanpaBneHoi acouiaTMBHOI nam'aTi.
BxigHun Bektop A o06pobnsetbcs matpuueto Bar W mepexi, y
pesynbTaTi Yoro NPoaYKYETbCHA BEKTOP BUXIOHMX CUrHaniB mepexi B.
Bektop B o06pobnserbcs TpaHcnoHoBaHow matpuueto WT Bar
Mepexi, WO NPOAYKYE CuUrHanu, ski NpeactaBnsoTb HOBUA BXIOHWIN
BekTop A. Llen npouec nNOBTOPIHOETLCA AOTW, MOKM Mepexa He
JocsirHe cTabinbHOro cTaHy, y sIkomy Hi BekTop A, Hi Bektop B He
3MiHIOIOTBCS.
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HenpoHu B wapax 1 i 2 pyHKUiIOHYIOTb, SK i B iHLUMX Napagurmax,
00UMCIIIOYN CYMY 3BaXKEHUX BXOAIB i 3HAa4YeHHs nepenatHoi pyHKLUiT
F:

by =FY a;w;

7
abo y BEKTOpHI dhopmi:
B=F(AW)

Ae B- BekTop BuMXigHUX curHamiB HeEWpoHiB wapy 2, A - Bektop
BUXiOHUX curHanis HenpoHis wapy 1, W - matpuusa Bar 3B'si3KiB MixX
wapammn 112, F - nepegatHa yHKLis.

AHanorivyHo
A=F(BW"),
ae W e TpaHcnoauuieto maTtpuui W.

Ak nepepaTHy (YHKUIIO  BUKOPUCTOBYETLCA  EKCMOHEHTHa
cirmoiga. Wap O He BMKOHYe OB4YMCneHb i He Mae nam'ati. Biu
CMNyXWUTb nuwe 3acobomM po3noainy BMXiOHWX CUrHanis wapy 2 Ao
eneveHTiB matpuui W', dopmMmyna Ana OBYMCNEHHA 3HayveHb
CYHaNTUYHUX Bar:

W = ZA:.BJ,.
I

ne A;i B; - BXiOHi i BUXiOHi curHanu HaByansHOi MHOXUHM.

BaroBa wmatpuuss obumcnoeTbca  AK  cyma doOyTKiB  yCix
BEKTOPHWX Nap HaB4alnbHOI MHOXWHW. Cuctemm 3i 3BOPOTHUM
3B'I3KOM MatoTb TEHAEHLI0 0O KonvBaHb. BoHM MOXYTb NepexoanTu
BiJl CTaHy [0 CTaHy, Hikonun He gocsratoum crabinbHocTi. [JoBeaeHo,
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LLIO ABOHanpaBreHa acoliaTMBHa Nam'aTb 6e3yMOBHO cTabinbHa npu
OyOb-AKNX 3HAUYEHHSX Bar Mepexi.

O6nacmi 3acmocysaHHS.
AcouiaTuBHa nam'siTb, po3nisHaBaHHs obpasis.

Hedoniku. €MKiCTb [OBOHanpaBfneHoi acouiaTUBHOI nam'siTi
XOPCTKO OBMexeHa. AKLWO n - KiNbKICTb HEWPOHIB Y BXigHOMY LUapi,
TO YMCMNO BEKTOPIB, WO MOXyTb OYyTW 3anoOM’dATOBaHi B Mepexi He
nepesuwye L=n/2log,n. Tak, fkwo n=1024, To Mepexa 3aaTHa
3anam'atTatm He Ginbw 25 obpasis. [JBoyHanpasneHa acouiaTuBHa
nam'sitb Mae nesky HenepeabayyBaHiCTb y npoweci
YHKUIOHYBaHHS, MOXITMBI MOMUIIKOBI BignoBiai.

lNepesazu

e Y nMOpiBHAHHI 3 aBTOCOLUiaTMBHOK MNaMm'aTTi0 (Hanpuknag,
mMepexeto Xondinga), ABOyHanpaerneHa acouiaTupHa nam'atb Aae
MoxnuBeicTb 6yayeatu acouiauii Mk Bektopamu A i B, wo y
3aranbHOMYy BMNagKy MatloTb Pi3Hi pO3MIpPHOCTI. 3a paxyHOK Takux
MOXIMBOCTEN reTepoacouinatmeHa nam'sTb Mae Oinbll LUMPOKUIA
CMeKTp 3aCcToCyBaHb, Y4AM aBToacoLiaTuBHa NaM'aTb.

e [IBoHanpasrieHa acouiaTvBHa nam'aTb - MpoOcTa Mepexa, Lo
Moxe 6yTu peanizoBaHa y Bugi okpemoi CBIC abo onTtoenekTpoHum
cnocobom.

e [lpouec hopMyBaHHA CUHANTUYHUX Bar NPOCTUM i LUBUOKUNA.
Mepexa LWBMAKO CXOAUTBLCH B NPOLECi (YHKLIIOHYBaHHS.

e CurHann B Mmepexi MOXyTb OyTW K AMCKPETHUMU, TaK i
aHanorosumun. [Ins o6ox Bunagkie goBedeHa ctabinbHICTb Mepexi.

2.10.15. Mepexa apanTuBHOI pe3oHaHcHoI Teopil (ART)

Po3pobneHa CrtuBeHom [poccbeprom i KapneHtepom y
cepeavHi 80-x pp. lMapagurmMa BUKOPUCTOBYE HEKOHTPOMNbOBaHE
HaBYaHHS, aHanidye 3Ha4MMi BXigHi JaHi, BUSBNSIE MOXIMBI O3HaKWU i
Knacudikye obpasmu y BXigHOMY BEKTOPI.
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Mepexa aganTMBHOI pe30HaHCHOI Teopil CKknadaeTbcs 3 [BOX
B3aEMO3anexXHMX LWapiB HEWPOHIB, pPO3TalUOBaHMX MiXK BXiOHUM i
BUXigHUM wWapamMun. KoxxeH BXigHW obpa3s HMKYOro wapy pe3oHaHcy
CTUMYINIOE OYiKyBaHUM 06pa3 Ha BULLOMY LUApi, WO NepecunaeTbes
00 Hwx4oro wapy, wob BnnmBaTu Ha HacTynHuiM BXxig. Lle cTtBoproe
"pPEe30HaHC" MK HWXKYMM | BULLMM LWIApaMu AONs  NONerweHHs
MepEeXHOT apjanTauii obpaasis. Mepexa nepeBaXxHo
BMKOPUCTOBYETHCA B OioNoriyHOMY MoAerntoBaHHi, NPoTe iCHYTb
AesKi TexHiYHi 3acTocyBaHHS. [ONIOBHUM OBMEXEHHAM MEpPEXHOI
apxiTektypu € il WwymoBa 4yTnmBicTb. HaBiTb HeBenuka KinbKiCTb
WyMy Ha BXigHOMY BEKTOpi NnyTae Yy3aranbHIOW4i MOXIUBOCTI
HaB4yeHoi mepexi. Mepexa ART-1 peanisye anroputm Knacrtepisauil,
OyXe CXOXMA Ha anropuTMm "nocnigosHoro nigepa". [JoTpumMylounch
UbOro arnropuTMy neplimvi BXiOHWA CUrHamM BBaXKaETbCA 3Pa3KoM
nepLioro knacrtepa. HacTynHui BXiOHWMW CUrHam MOPIBHIOETLCS 3i
3pa3koM neplioro knacrtepa. [oBopATb, WO BXigHWMW curHan
"HanpaBnseTbCa 3a Nigepom" i HanexuTb NepLloMy KNacTeposi,
SKWO BiACTaHb [0 3pas3ka MNepLloro knacrepa MeHwa nopora. Y
NPOTUBHOMY BWNagky OPYrMiA BXiOHWWA CuUrHam - 3pas3ok Apyroro
knactepa. Llen npouec noBTOPKETLCS ANSA BCiX HACTYNMHUX BXigHUX
curHanis. TakuM YMHOM, YMCIIO KNacTepiB pocTe 3 YacoM i 3anexuTb
K BiJ 3HayeHHA nopora, TaK i Big MeTpUKM BiACTaHi,
BMKOPUCTOBYBAHHOI ANA MOPIBHAHHA BXiOHUX curHanis i 3paskiB
knaciB. OcHoBHa u4acTuHa Mepexi ART-1 cxoxa Ha mMepexy
XeMMmiHra. 3a [O0noMorol MOCHiAOBHUX 3B'A3KIB  0OYUCHOETHCS
Bi4MOBIAHICTb BXiQHMX curHanie i 3paskiB knacTtepis. MakcumanbHe
3HavYeHHs BiANOBIAHOCTI NIACUNIOETLCA 3@ AOMOMOrOK faTepanbHUX
3B'A3KIB BUXiAHUX HEMNPOHIB.

Mepexa ART-1 BigpisHaeTbca  Big Mepexi  XeMMiHra
3BOPOTHMMM 3B'A3KaMM Bif BUXiOHUX HENPOHIB OO BXiAHWX, KPiM TOro
€ MOXIUBICTb BUKIIOYATN BUXIOHWA HEWPOH 3 MakcMMarnbHUM
3HaYeHHAM BiONOBIAHOCTI i MPOBOAUTU TECTyBaHHSA BiAMNOBIOHOCTI
BXiIHOrO curHany i 3paskiB KnacTtepiB, ik TOro BMMarae arnroputm
"nocnigosHoro nigepa".
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Pwuc. 2.45. OCHoBHi KOMMOHEHTU Knacucikatopa
KapneHTep/I'poccbepra

ANroputM (PyHKUIOHYBaHHS Mepexi
1. IHiyianizauia mepexi:
vi{0)=1;Wj{0)=1/(1+N)
0/ N-1;0 /S M-1;0sb<1;

e wi(l) - cuHanTuYHi Bara 3B'A3KY Bif i-ro HEMpoHa NepLIoro Lwapy
[0 j-rO HEeMpoHa APYroro Lapy B MOMEHT Yacy t, vi(f) - cuHanTuyHa
Bara 3B'A3Ky Bif j-r0O HelpoHa Apyroro wapy Ao i-ro HerWpoHa
MepLUoro Lapy B MOMEHT 4Yacy t, b - 3HayeHHs nopora. Baru vi() i
wj(f) BM3HAYalOTb 3pasoK, WO BiANOBiAae HewpoHosi j. [opir b
nokasye, Hackifbku MOBWHEH BXiAHWIA curHan 36iratucst 3 OgHUM i3
3anam’aAToBaHMX 3paskiB, LWOG BOHW BBaXanucsa CXoXxumu. bnunsbke
00 OAMHWUI 3HAYEeHHs nopora BMMarae mawvixe nosHoro 36iry. lMpu
HEeBENVKUX 3Ha4YEeHHAX nopora BXiaHWA curHan i 3pasok, HaBiTb, AKLLO
BOHM CUIbHO PO3PI3HAIOTECS, BBaXKalOTbCA MNPUHANEXHUMU [0
OfHOrO Knactepa.

2. [pepn'aBneHHs mepexi HOBOro GiHapHOro BXiAHOro curHany:

BxigHi curHanu npea'saBnsiOTbCA BUXIOQHOMY LWIAPOBI HEMPOHIB
aHarnoriyHo mepexi XeMmiHra.

155



3. O6uncneHHs 3HayeHb BiONoOBIAHOCTI:
M
vy = 2wy,
=1

3HayeHHs1 BiANOBIAHOCTI OBGYUCNIOTLCA NapanenbHO AMfs BCiX
3paskiB, 3anamMm’aTOBaHNX Y Mepexi, aHanoriyHo mepexi XemmiHra.

4. Bubip 3pa3ka 3 HanbINbLIOK BiANOBIAHICTIO:

y=max(y))

Llﬂ onepau,iﬂ BUKOHYETbCA 3a AONOMOIok JnartepalibHOro
raribMyBaHHA.

5. TlopiBHAHHS 3 MOpPOroMm:

M M
Pl= 22 o Xll = 2vy <x;
i=1 . 7=1

’

VX,
e

AKLLIO ” " nepexig Ao KPoKy 7, iHakwe 00 KPoky 6.

Ha ubomMy Kpoui 0BYMCAETLCA BIAHOLWEHHS  CKarnsipHOro
0obGyTKy BXiAHOro curHany i 3paska 3 HanbinbWKMM 3HAYEHHAM
BiONOBIQHOCTI 4O YMcna OAUHNYHUX BiT BXiGHOrO curHany. 3HadyeHHs
BiJHOLIEHHSA MOPIBHIOETBCHA 3 MOPOroM, YBEAEHOMY Ha nepLiomy
Kpoui. AKWO 3HayeHHs1 BigHOLWIEHHs Oinblue nopora, TO BXiAHWIA
CUTHamn BBaXAa€ETbCSl CXOXMM Ha 3pa3ok HanbinboMy 3HaYeHHI
BignoBigHOCTI. Y LbOMY BMNagky 3pasok MOAMMIKYETbCS LUNAXOM
BvKOHaHHs onepadii AND (noriyHe "I"). HoBui 3pa3ok € 3pa3koMm Ha
nonepegHbLOMY Kpoui + BXigHUW curHan. SAKWo 3HaveHHs
BiJHOLLEHHA MeHLUe Mopora, TO BBaXAETbCH, WO BXigHWA cuUrHan
BiOPI3HAETLCA Bif YCiX 3pasKiB i po3rngafacTbes K HOBMIW 3pasok. Y
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Mepexy BBOAUTbCA HEMPOH, WO BiANOBiJae HOBOMY 3pPas3KoBi, i
0B4YMCMIOTLCH 3HAYEHHS CUHANTUYHUX Bar.

6. BukniodeHHs npuknaga 3 HaWbINbWWMM  3HAYEHHSM
BiOMOBIAHOCTI:

Buxio HempoHa 3 HaWGINbWKMM 3HA4YEeHHAM BiQMOBIAHOCTI
TMMYacoBO BCTAHOBJIETLCS PIBHUM HyneBi i Oinbll He npuiiMae
y4yacTi B Kpou,i 4.

7. ApanTtauis npuknaga 3 HanbinbLLM 3HaAYEHHAM
BiANOBIAHOCTI:

vi(t+1)=vi(f)x;
VLTTIX

i
B E v (0
=1

w10 =

8. BkmoyeHHA ycix BMKMIOYEHWX Ha Kpoui 6  3pa3kis.
[MoBepHeHHs 00 KPOKy 2.

BxigHi curHanu B uin mogeni GiHapHi.

PoamipHocTi Bxogy i Buxody OOMEXeHi npu nporpamHin
peanisauii TiNbKM MOXNMBOCTSIMU 0B4YMCOBANbHOI CUCTEMU, HA SAKIN
MOOENOETbCA HEeMpoHa Mepexa, npu anapaTtHii peanisauii -
TEXHOMOrYHUMM  MOXINMUBOCTSIMU. EMKICTb Mepexi  36iraetbca 3
YMCINIOM HENPOHIB OPYroro wapy i moxe 36inblwyBaTnCa B Npoueci
PYHKLIOHYBaHHSI Mepexi.

O6nacmi 3acmocysaHHsi. Po3nisHaBaHHA 006pasiB, kracTepHui
aHanis.
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Hedoniku. HeobmexeHe 36inbLUeHHs Yncna HEMPOHIB Y NPOLECi
PYHKLIOHYBaHHSI Mepexi. 3 MnosiBOK LYMY BWHUKAKTb 3HA4HI
npo6remu, 3B'A3aHi 3 HEKOHTPOSNILOBAHMM POCTOM YMCIia 3pas3KiB.

lNepesaeu. HaB4aHHs 6e3 yunTens.

Modudpikauii. IcHye mogenb ART-2 3 aHanoroBMMmn 3Ha4eHHAMM
BXiAHUMMW CUTrHaNamu.

2.11. Henpomepxi B 3agavax
BigoOpaxkeHHSA

2.11.1. Tunmn 3apay BigoOGpaxeHHA i nigxoan Ao
IXHbOro poO3B’A3aHHA

BigobpaxeHHs po3rnagaloTb gk dyHkuio f, aka BM3HayeHa Ha
MHOXWHI X, WO NpuAMae CBOI 3HAYEHHS cepeq efleMeHTIB
MHOXUHKN Y i KOXXHOMY eneMeHTOoBi 3 X MOXe BianoBigatv OauH i
nwe oavH enemeHT i3 Y. lMapm Bektopie X i Y HasuBaloTb
npuknagom abo peanisauieto.

Y 3apadax BigoOpaXeHHss  Helpomepexi  34iNCHIoTb
OLHIOBAHHSA | NPOrHO3yBaHHsSI MOBOMXEHHS 06'eKTiB, y TOMY 4uchi
cucTeM i npouecis, 3a4aHNX BU3HAYEHUMU 3aKOHaMW i CYKYMHICTIO
CBOIX peanisauin. KoxHa peanisauis noBuHHa MiCTUTK Habip o3Hak,
WO BM3HA4YalOTb OCHOBHUM 3MIiCT ob'ekTa. AKWO oAHMM 3 O3HaK
ob'ekta pocnigxeHHs € 4ac, Toai peanisauii MOXyTb 6yTn
npegctasneHi y BUAi roANHHUX pAAiB.

Y BinblocTi peanbHUX 00'eKTiB AOCNIMKEHHS MOXHA BUOINUTH
X OCHOBHI CKJ1a0BI:

e [eTepMmiHOBaHa cknagoBa, KoTpa B MpuHUuUNi nignarae
TOYHOMY NPOrHO3YBaHHIO;

e IIMOBIpHiCHa CKnagoBa, KOTPY MOXHa nporHosyBatn 3
3aaHnM cTeneHeM MMOBIPHOCTI;
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e 4Y/UCTO BUMNAZKOBa CKMNagoBa, KOTPY HEMOXMBO  Hi
BpaxyBaTu, Hi nepeabdbaunTu.

Y 3anexHocTi Big cTeneHs BNnuBy Tiei abo iHWWI CKNagoBoi,
MOXHa TOBOPUTU MNPO BU3HAYEHUA TUM  MHOXWMH  OaHuUX,
BMKOPUCTOBYBaHMX OJ1S1 HABYAHHS HEMPOMEPEX:

e [eTepMiHOBaHa MHOXWHA [OaHUX, i3 yciMa BpaxOBaHUMMU
OCHOBHUMM NapaMeTpaMu, BUKIMKAHUMMK i€ BiAOMUX MPUYMH.
BoHa xapaktepu3yeTbCa ManvMm piBHEM LUYMIB;

® MHOXWHA [aHUX 3 HasBHICTIO MMOBIPHICHOI CKNagoBoi, O
BUMMMBAE 3 €eKCNepuMEHTarnbHOI MOCTAHOBKM 3ajadi, 3 pi3HUM
CTENEHEM YypaxyBaHHSAM Aitloumx akTopiB i 3 BMMBOM MOXMOOK
OLiHIOBaHHS;

e MHOXWHaA [aHMX 3 HasIBHICTIO BWMAOKOBOI CK1adoBOi,
YHacnigok HEBpaxoBaHMX O3HaK sIBULLIA.

Takuin posnodin BapTo BBaxaTW NpPUONU3HMM, arne npu
OUiHIOBaHHI 06'ekTa AOCNiAXeHHs1 NOTPIOHO BUAOINATM Taki O3HaKM,
ONa SKUX MOXIMBE 3MEHLUEHHSI YMCTO BUNAAKOBOI CKNa[oBOIi,
OLHIOBaHHSA MMOBIPHOCTEN CKMAA0OBUX i MakcumarnbHe 36inbLUeHHA
OeTepMiHOBaHOI YaCTUHN.

3afnavi BinoGpaxeHHs MOXHa po3GUTK Ha ABa OCHOBHUX KIacu:

e Knacudikauis;
® perpecis.

Y 3apavax knacudikauii noTpibHO BM3HaAUUTKU, OO SKOro 3
3afaHuX KraciB HanexuTtb BxigHwui Habip. lMpuknagamm MOXyTb
CNYXUTWU  HafdaHHA  KpeauTy,  fOiarHocTMka  3axBOPHOBaHb,
po3nisHaBaHHS obpasi..

Y 3apgavax perpecii nepeabavaloTb 3HaYeHHsI 3MIHHOI, sika
npuimae ©OesnepepBHi YMCNOBI 3HAYEHHS: LiHA akuin, BuTpaTa
nanvea B aBTomobini, NpubyTok kamnaHii i T.M.

Mepen6adeHHs ABULL MOXHa PO3AiNUTK Ha:
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e nepeabayeHHs BMXOAIB ANS MHOXWHU OUCKPETHUX BXiOHUX
OaHnX, He 3B'A3aHNX YacoM (EKOHOMIYHI, COLLIOMNOriYHI OLLIHKN 1 iH.);
[OaHi NpeacTaBnsaoTbCsl TabNUYHO;

e MPOrHO3yBaHHA £BWLY, WO Oe3ynnHHO 3MIHIOKTLCA B 4aci
(dbisnyHi npouecu, NpuMpoaHi ABuMLa, i T.N.); AaHi NpeacTaBNNATCA
y BUAi TUMYacoBux psgis.

[ns pos3p’a3aHHA 3agadvi 3a OONOMOrOK HEMpPOHOI Mepexi,
HeobOxigHO 3ibpaTM AaHi And HaB4vaHHA. HaBuanbHa MHOXWHA
OaHux aBnsie coboto Habip Npvknagis, ANs SKMX BiZOMO 3HAYEHHS
BXiOHMX i BUXigHMX napameTpiB. Neplue, Wo NOTpPibHO BUPILLINTK, -
SIKi NnapameTpy BUKOPUCTOBYBATHU i CKiNbkK Npuknagie BuopaTu.

CnouaTky Bubip napameTpiB 3AINCHIOETLCS iHTYITMBHO. [JOCBIg
poboTn B NpeaMeTHin obnacTi gonomarae BU3HAYUTK, SKi 3MiHHI €
BaXnmeBuMn. [ns noyaTky Mae CEHC BKIIHOYUTU BCi 3MiHHI, KOTpi
MOXYTb BNIMBaTU Ha pe3ynbTaT - Ha HaCTyMHUMX eTanax LUt
MHOXWHY MOXHa ckopoTutu. [ns 3abe3nevyeHHs obrpyHTOBaHOro
BMOOPY i BWAANEHHS HECYTTEBMX O3HAK, WO BHOCSATb AOLATKOBI
nepeKkpy4YyBaHHSA MpW HaBYaHHi, MOXIMBE 3aCTOCYBaHHA METOAIB
MaTeMaTU4HOI CTaTUCTUKU.

dakTopHMI aHani3

BHecok koHOI BXigHOI O3HaKM MOXXHa OLIHWUTK MO i BMNAUBI Ha
cepefHe 3HaYeHHsA BUXIOHOT BenMYMHW. Hexal 30BHIWHIA BUXIg
MOAeni HempomepeXi 3aneXxnTb Big AEKINbKOX dakTopis

y=f(a1x1, anXo, ..., a,-x,-...)
Bubepemo peskui aktop ax. [Ona  Bcix peaniszauin
HaBYanbHOI MHOXMHM BU3HAYMMO 3HAYEHHSI BUXIOHOI BEJTMYUHU

MpuM HasfBHOCTI i BiACYTHOCTI uboro aktopa. OBuMcnMmo
Amncnepcito, BUKMNMKaHY BIACYTHICTIO dpakTopa aX;.

1 1 s * 2
S; =HS}§ - E;&xi B E"'le..-)
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ae Vi, VYx - BIiONOBIOHO 3HAYeHHA cepeaHboi BENWYMHKU MNpwU
BiOCYTHOCTI i HAABHOCTI (pakTopa axX;.

BusHavaemo iHTepBan Aa=+ 2S,, Kyou He NOBWHHA nonagaTu
OuiHKa koediuieHTiB a;. Npu Manmx koedpiuieHTax gaHunm dakTop
BUIYy4aETbCS.

KopensauinHnm aHanis

Heski 3 napameTpiB, NpUWHATI B yBary, MawTb HE3HaYHWUW
BMIIMB Ha (QOPMYBAHHA BUXOAIB | MOXYTb OyTu BigkuHyTi. fAK
MOKa3HUK B3AEMO3ANEXHOCTI MDK CUCTEMOK BXiOHWMX BENUYMH
X=(X;, Xo, ..., X,) i BuxigHmx BennuuH Y , MOxHa Bubpatu
KO3ULMEHT napHOoi kopensauii (Hanpuknag BXiAHWMW 3MiHHOT Xi i
BUXIiAHOro 3Ha4YeHHS Y)

k s =1
#i Y _
Z(le Xl.") z(.’ _V.')z
=1 =1 ,
v 1 [l 1 M
Xy _HZXL" v =HZH
ae i=1 : i=L . N-uucno peanisaduii.

3HauyeHHss k<0,6 BBaxaloTb rpaHW4HUM. Hanpuknag, npwu
3HAXOMXKEHHI KoeQilieHTiB Kopensuii MiX BMXOAOM i Bxogamu
MOXHa BU3HAYUTU CTEeYMiHb BMSIMBY KOXHOrO BXiAHOrO napameTpa
Ha BUWXifd, i BUKOPUCTOBYBATU AaHUN NOKa3HUK ANS paHXUpyBaHHA
BXOZiB.

PaHxupyBaHHs Bxoais

Mpn NpoOrHo3yBaHHi, iICTOTHUM AN AKOCTi € obnik peanbHOro
BMMAMBY KOXHOro napameTpa Bxoay x(Xj, ..., Xp) Ha BUXIOHUIA BEKTOP
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y. 3a ponomorol  KopensuiiHoro  aHanisy 3asganerigb
obumncnoTbes KoedilieHTM MapHOi Kopensuii Mk BuMxogoMm y i
KOXHMUM 3 napameTpiB BXOAY Xy, ..., Xj ... Xp LWO [JO3BONSAE
ccopmyBaTU BXigHY MaTpULIO BIiAMNOBIAHO [0 CTEneHs BMMAMBY
KOXXHOro napameTpa i 3acTocyBaTy MNPUHLWMN pPaHXUpPYBaHHSA
BXOAIB, WO Yy3romxyetbca 3 byaisneto BionoriyHoro HewpoHa. Y
HEMpOMepeXy YBOAUTLCA €OUHUIM napameTp And YCiX BXxoAis
Mepexi - koedilieHT 3BaxyBaHHA Kj; WO NpuAMae 3HaAYeHHs B
npiana3soHi Big 0 oo 1.

I]*Ku

1
b

m1
XH*K;F

Puc. 2.46. Bnnus koediuieHTa 3BaXKyBaHHS BXOAIB

Ona Bxopi 1 yci 3Ha4YeHHA napameTpa X; HE 3MIHIOKTbCS, ANnd
BXO4Y 2 3MEHLUYKTbCS B Kf pa3, a Ansg oCTaHHbLOro N-ro BXogy
Bara napameTtpa X, 3MEHLUYETbLCA B K™ pas (puc. 2.46). MNpn K=1
yCi BXoam piBHO3HauHi, npu K=0 BpaxoByeTbCS NULLE NepLunin Bxia,
iHWwi Bxogwn irHopyetbcsa, npu O0<K<1 3MeHWYyeTbCA BMUB
HecyTTEBMX NapameTpiB Ha BUXiOHY BenuuuHy y. Takun nigxig
BMMarae npoBeAEeHHA nonepeaHboro adanisy iHdopmadii, ane
3Ha4yHe noninweHHss TOYHOCTI NPOrHOo3y nNiATBEPOXYE WMOro
e(eKTUBHICTb.

2.11.2. Bubip paHux ansa oo6po6ku

byaob-aka HeMpoHa Mepexa npuruMae Ha BXOAi YUCHOBI
3HaYeHHSs | BUOae Ha BUXOAI TaKOX YMCIOBI 3HaYeHHs. MNepenaTHa
byHKLiA ANs KOXHOrO ernieMeHTa Mepexi 3a3Buyan BMOUpaeTbcs
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Takum YMHOM, WOO ii BXigHWI aprymeHT Mir npuiamatn AOBiNbHi
3Ha4eHHs, a BUXiOHI 3HA4YeHHs nexann 6 y cTporo obmexxeHomy
fdianasoHi. pu Oyab-akMX BXiOHUX 3HAYEHHSAX BUHUKAE edekT
HACUYEHHS, KON eNeMeHT YyTTEBUMA NULLIE A0 BXiOHUX 3HAYEHb, SKi
nexaTb B obMexeHin obnacti (Hanpuknag, S - dyHKuii). Y ubomy
BMNaAKy BUXigHe 3Ha4YeHHA 3aBxau byaoe nexatu B iHTepsani (0,1),
a obnacTb YyTNMBOCTI ANA BXOAIB NeAb LuupLue iHTepsany (-
1,+1). Jana dyHkuia € rmagkoto, a il noxigHa nerko ob4yncnioeTsLes
- ua obcTaBmHa BaxknmBa Ans poboTn anropuTMy HaBYaHHSA MepeXi
(Y ubOMY TaKOX KPUETLCS MPUYNHA TOrO, WO rpaHnYHa pyHKUia ans
Liei METU MPaKTUYHO HE BUKOPUCTOBYETHLCH).

Mpn BUKOPUCTaHHI HEMPOHUX MEpPEeX MOXYTb BUHMKATK AesKi
npobnemwu, 3okpema:

e [aHi MalTb HECTAHOAPTHMI MacLuTab,
e [aHi € HEeYNCNOBUMMN.
e Yy JaHuX € nponyuieHe abo HeOOCTOBIpHE 3HAYEHHS.

UucnoBsi gaHi MacwTtabyTbCsa B NPUAHATUI ONS  Mepexi
gdianas3oH. 3asBuMyan AaHi MacwTabylTbCca NO MiHINHIN wKani. Y
nakeTax nNporpamMHMX HeWnpomepex peanisoBaHi anroputMmu, LO
aBTOMATU4YHO  3HaxXoAdsTb  MacwTtabywudi  napameTpu  Ans
nepeTBOPEHHS YNCIOBMX 3HAYEHb Y NOTPIOHNIA AianasoH.

Binbw cknagHow 3agadeto € poboTa 3 A4aHMMMW HEYMCIOBOro
xapaktepy. Hexal noTpiGHO HaBYMTU HENPOMEPEXY OLiHIOBATU
BapTicTb 06'ekTiB HepyxomocTi. LliHa 6yanHky 3anexuTb Big TOro, y
AKOMY paloHi Micta BiH posTawoBaHun. Micto Moxe ©6yTu
posfineHe Ha Kinbka OecATKiB panoHiB, WO MaloTb BriacHi Ha3BW, i
NPUPOAHO BBECTW ANA NO3HAYEHHS PanoHy 3MiHHY 3 HOMiIHaNbHUMU
3HayeHHaMU. Ha >xanb, y UbOMYy BWMAAKy HaBYMTU HENPOHY
Mepexy 0Oyaoe Baxko, i 3aMmiCTb LbOro Kpalwie MpuBACHUTU
KOXXHOMY panoHOBi BM3HA4YeHWI paHr (basytumncb Ha eKcnepTHUX
OLiHKaXx).

Hanvactiwe Heuucnosi faHi npeacTaBngalTs Yy BuAi
HOMIHaNbHUX  3MiHHMX. HOMiHanbHi  3MiHHI  MOXYTb  OyTK
OBO3HayHMMu  (Hanpuknag, Cratb={Honosik, XiHka}) abo
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baraTo3HayHummn (To6TO npuimath  Ginblie [OBOX 3HA4YeHb).
[BO3HayHy HOMiHamNbHYy 3MiHHY ferko MnepeTBOpuTM B YUCIOBY
(Hanpuknag,  Yonoeik=0, KiHka=1). 3  GaraTo3Ha4YHUMMU
HOMIHaMNbHUMM 3MIHHUMM CKNagHile. IX Tex MoxHa npeacTaBuUTy
OHVMM 4YUCNOBUM 3HadeHHAM (Hanpuknag, Cobaka=0, Mwuwa=1,
Kiwka = 2), ogHak npu LbOMY MOXIMBE MOMUIIKOBE MPUCBOEHHS
3HayeHb HOMIHANbHOI 3MIHHOI: Yy pOo3rnsgHyToMy npuknagi Mwuwa
BUSIBUTBCS YMMOCH cepeHiMm Mixx Cobakoto i Kiwkoto. IcHye 6inbLu
TOYHUI cnocib, Bigomuh €Kk kodyBaHHA 1-i3-N, y skomy opfHa
HOMiHanbHa 3MiHHA NPeACTaBNAETbCA [OEeKiNbKoMa YUCITOBUMU
nepemMiHHUMK. KinbKiCTb  4MCNOBUX 3MIHHUX [OPIBHIOE 4uUCny
MOXIMBUX 3HA4Y€Hb HOMIHANbHOI 3MiHHOT, NPU LbOMY BCSKUA pa3s
Tinbkn ogHa 3 N 3MiHHMX npuAMae HeEHyNbLoBE 3HAYeHHS
(Hanpuknag, Cobaka={1,0,0}, Mnwa={0,1,0}, Kiwka =
{0,0,1}). Ha xamnb, HOMiHanbHa 3MiHHa 3 BENIMKUM YUCIIOM
MOXNUBUX CTaHiB BUMarae npu kogysaHHi metogom 1-i3-N gyxe
BEMNUKOI KINbKOCTI YMCNOBUX 3MIHHUX, @ L& NpMBOAMTb OO POCTY
po3MipiB Mepexi i CTBOPIOE TPYAHOLUI MpWU ii HaBYaHHI. Y Takmx
cuUTyauisx  Kpawe  crnpobyBaTty  3HaWTM  iHWWWA  cnoci6
npeAacTaBneHHs OaHuX.

Heuncnosi pgaHi iHWKX TuniB MoxHa abo nepeTBopuTU B
yncnosy ¢opmy, abo oronocuMTn HesHadyHuMK. 3HayeHHs gaT i
yacy, SKWO BOHW MOTPIOHI, MOXHa NEepeTBOpPUTU B YUCHOBI,
BiAHIMalOUM 3 HUX MOYATKOBY AaTy (4ac). 3HAYEHHS rPOLLOBUX CyM
nepeTBOpPUTU 30BCIM HecKnagHo. 3 [OOBIfIbHUMU TEKCTOBMMM
nonamu (Hanpuknag, npissvwamMmn nogen) npauoBaTti He MOXHa i
iXHIW NOTPIGHO 3pOOUTU He3HayHuMK. Y BaraTbox peanbHUX
3afjayax nNpuUXoauTbCA MaTu crpaBy 3 He 30BCIM AOCTOBIpHUMU
OaHuMKN. 3HAYEHHS OesKNX 3MIHHUX MOXYTb OyTu 3iNCoBaHi LyMOM
abo 6yTn YacTKOBO BiACYTHIMM. ICHYIOTb chneLianbHi 3acobu poboTu
3 NPOMYyLWEHNUMN 3HAYEHHAMWU (BOHU MOXYTb OyTWM 3amiHeHi Ha
cepefHe 3Ha4YeHHs Uiei 3MiHHOI abo Ha iHLWi ii cTaTUCTUKM), TakK Lo
SKWO AaHnx HebaraTto, MOXHa BKITHUUTW B PO3rnsg BuUNagkya 3
nponyLeHnMn 3HadeHHAMU. HenpoHi Mepexi B OCHOBHOMY CTilKi
0o wywmis. OgHak y Ui€ei CTINKOCTi € rpaHuusa. Hanpuknag, Bukuam,
TOOTO 3HaA4yeHHsl, WO nexaTtb pAyxe pJaneko Big obnacTi
HOpManbHUX 3HayeHb 3MiHHOI, MOXYTb CMOTBOPUTU pes3ynbTaT
HaBYaHHSA. Y TakMx BuNagdkax Haukpalwe nocrtapaTtucs 3HamTu Ui
BMKMAW (BUNYYMTW BigNOBIgHI npuknagn abo nepeTBOpPUTM BUKMOM
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B MponyLleHi 3HayeHHs). SKLUIO BUKMOW 3HAWTU BaXKO, TO MOXHa
CKOPUCTaTUCA MOXITMBOCTAMU 3pOGUTU NPOLEC HaBYaHHA CTINKMM
[0 BUKWUAIB, OQHAK Take HaBYaHHS, K NpaBuIio, MeHLl edeKTUBHE.

3rnamxyBaHHA OaHUX

Mo3nTnBHMIN edpekT gocAraeTbCs NPU BUKOPUCTaHHI 4OAATKOBOI
HenpoMepexi, O (YHKUIOHYE B pexuMi 3rnagkKyBaHHS BXigHUX
OaHUX HaB4YanbHOIT MHOXWHW. Y pPeXMMi HaBYaHHA O00aTKOBOI
Mepexi KOXHa peaniszauis HaB4yanbHOI MHOXWHM 34006yBae BuA;
BEKTOP BXigHUX 3HAa4eHb®BEKTOP BXiAHMX 3Ha4YeHb (puc. 2.42).

Bzingm sHayenns SroamEeH] BXITHI SHAYEHHA
HAEYANEHOI MHOXHHE HAEYANLHO MHO®E HHH
" ——
R R,
- -
— L -

Puc. 2.42. Tlpuknag 3acTtocyBaHHA Henpomepexi ans
3rnagKyBaHHs AaHnx

Y pexumi (yHKUIOHYBaHHSA Ha BXoAM MoAawTbCs BXiOHi
3Ha4YeHHs HaBYyarbHOI MHOXWHW, Ha BUXOAi OO4EPXKYEMO 3rraKeHi
3HayeHHs1, ©0e3 HasBHMX BWKMAIB, WO Hagani MOXHa
BMKOpPUCTOBYBaTW AN 06pobkn. MoxHa gaTn HacTyrnHe NOsiCHEHHS
edheKTy 3rnagkyBaHHs [aHuX. 3anexHicTb BUXIOHWUX 3HayeHb
Heripomepexi Big BXigHWX Moxe OyTu npeacTtaBneHa CymapHUM
CTeneHeBMM MOMIHOMOM, TaK $K nepedaTtHi (yHKUii HEeWpoHiB
CXOBaHOro LWapy - noniHomianeHi. lNpn He3Ha4YHOMY YUCTIi HEMPOHIB
CXOBaHOro LWapy i HEBUCOKMX CTeneHiB MOosiHOMIB CymMapHUi
noniHom Gye HEBUCOKOrO CTEMEHS, MPMBOOUTL OO 3rnaXyBaHHS.
lMWTaHHA Npo Te, CKiNbKU MPUKNadiB NoTpiOHO MaTu Ans HaBYaHHSA
Mepexi, JoBoni HenpocTuin. Bigomo pag npasun, WO NOrogXyloTb
4YMCNO HeOoOXigHUX NPUKNaiB 3 po3MipaMu Mepexi (HannpocrTiwe 3
HUX FOBOPMUTb, LLO YACNO MpUKNagiB NoBuUHHE OyTU B gecATb pasiB
Ginblue YMcna 3B'A3KiB y Mepexi). Hacnpaegi, ue 4yMcno 3anexuTb
TaKoX Bif CKNaAHOCTI BigobpaxeHHs, Wo HellpoHa Mepexa nparHe
BiOTBOPUTU. 3 POCTOM KiNlbKOCTI nMapamMeTpiB KifbKiCTb HEobXigHMX
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NpuKNagis pocte HesiHiNHO, TaK Lo BXe Mpu OOCUTb HEBENUKOMY
yncni  napamMeTpiB MOXe  3HagoOuUTMUCS  BENUYe3He  Yucho
npuknagis. [Ons OinbwocTi peanbHux 3apgady OyBae [OCUTb
OEKiNbKoX COoTeHb abo TucadY npuknagis. Ona cknagHux 3agad
MOXe 3Hagobutmca we Oinbwa  KinbkicTb, oOfgHaK  pigko
3ycTpiYaeTbCs 3agjava, e BucTauuno 6 MeHWw COTHi npuknagis.
Akwo pgaHux MeHwe, TO iHdopmauil ons HaB4YaHHA Mepexi
HeaoCTaTHLO.

2.11.3. 3apayi NnporHo3yBaHHS

OcobnmBe 3HayeHHs MalTb 3agadi  NPOrHO3yBaHHA i
MPOrHO3yBaHHS TUM4YaCOBMX pPSALiB, Cepea SKMX BULOINSATbCA
3agavi 3 Habopom BM3HAYEHMX creundidyHnX O3HaK, TOMYy BapTO
npoBecTn ixHIO Kknacudikauito. 3agadvi  AOCNigXKeHHs  SBMLL,
PO3BUTOK SIKMX 3ro4oM 3B'si3aHO, MOXHa MOAINMUTY Ha KiNbKa Knacis:

Mo xapakmepy OCHOBHUX 03HaK 06'ekma:

® MPOrHO3yBaHHSA SBULL, peanidauil akMx npencrasneHi y Buai
AeTepMmiHOBaHUX TUMYacoBux paAdiB. Taki 3agadi, 3okpema, MoXHa
po3B’A3yBaTU LUNAXOM 3aCTOCyBaHHA MeTOAiB MaTeMaTU4HOro
aHaniay;

e POrHO3yBaHHSA ABULL, peanisauii SsKux npeacTtaBneHi y Buai
iHOeTepMiHOBaHNX TuUMYacoBux psagiB. Po3B’sisaHHa umx 3agad
TPaauUINHO 34INCHIOETLCH LUMSAXOM 3aCTOCYBaHHS MeToAiB Teopil
QMOBIPHOCTEN i MaTtemaTWyHOi cTaTucTuku. 3okpema, peanidadii
Takux sIBMLY, MOXYTb MaTu BUrNaa:

a) cTauioHapHOro TMM4YacoBOrO psAy, WO XapaKTepuayeTbes
OfHOpIgHICTIO B Yaci, 6e3 iCTOTHMX 3MiH XapakTepy KONuBaHb i
IXHBOI CepefHbOi amnniTyan; BMBIp MpoMikKy Ons opmMyBaHHS
HaBYamnbHOI MHOXWHWU OOBIMbHWI; SIK MPUKNAA Takoro psay Ha puc.
2.48 npuBegeHnn rpadik cymapHoOro pidyHoro cTtoky [Hinpa 3a
nepioa 3 1810 go 1964 poky;
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Puc. 2.48. Posnogin piyHoro ctoky [Hinpa B yaci

6) HecTauUiOHapHOro TMMYacoBOro psAAy, WO XapaKTepu3yeTbes
BM3HAYEHOK TEHAOEHUIE pPO3BUTKY B 4Yaci ; Npu AOCHIOKEHHI
HecTauioHapHMX NPOLECIB MOXHA BUAINUTM LiNSAHKA, HA SKUX
npouec MOXHa BBaxaTW CTauioHapHUM; BUBIp MPOMDKKY Ans
hopMyBaHHS HaBYanbHOI MHOXMHW B TaKkOMy BuUnNagky obupaetbcs
3rigHO 3agadi nporHo3yBaHHA. Ha puc. 2.49 npuBegeHi LWOAEHHI
HOPMOBaHi AaHi MIKpOCENCMIYHNX KONMMBaHb 3eMni 3a BU3HAYEeHUN
nepioa vacy.

30

084
06 1
044
02

1 HHHHHHHHHHHHHHH R
1 M 2m m 4m &BM B0 T 2 90 10M 1M t

Puc. 2.49. Poanogin mikpoceicmivyHmMx KonmeaHb 3eMni B Yaci

Mo queny O3HaK ob'ekma 00CHiOKeHb:
OAHOMipHa 3agava; sBuLle NpeacTaBleHe Nulle OOHOK 03HaKOH,
3MiHM sKOi BigbyBalTbCcss B 4aci; Ha puc. 2.50 3o06paxeHi
JaHicnocTepexeHb BigHOCHUMX u4ucen Bonbga, ycepeaHeHi 3a
Micaub, 3a nepiog 3 1900 no 1924 pik;
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60 4
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1900[1] 1905[1] 1910[1] 1915[1] 1920[1]
Puc. 2.50. Poanogin uncen Bonbda B yaci

e OGaraTomipHa 3apgava; o6'ekt abo sBuWe npeacTaBreHi
JekinbkoMa o3Hakamu (puc. 2.51); 3agada MporHo3yBaHHA MOXeE
OyTn poswwmpeHa 3aBAsSKN NPeACTaBIIEHHIO AaHMX Y NpocTopi (puc.
2.52).

Fl(t)
0.3 Wﬁ\

O HHHHH

1 M 2m 30 400 SO0 B01 FOL &0 a0 100 1o t
F2(t)-
05 4
D 4
1 0 2m 301 401 SO1 BO1 FOT 801 301 1001 10 t
E S
05+
0
1 o 20 300 400 SO1 G01 FOL 8O0 a01 00 1 t
Faditir
0s 4
oA
1 o 20 300 40 S01 &O1 FOL SO0 a0l 001 0 t
T T
0.5
oA
1 o 20 301 40 S01 &O01 FOL SO0 A01 M 10 t

Puc. 2.51. OCHOBHi NPOBICHUKM CENCMIYHOT aKTUBHOCTI
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Ha puc. 2.51 npeacraeneHi WoAeHHI AaHi AeSKNX 3 OCHOBHUX
03Hak, Wo BU3HavatTb 3emneTpyc. [NpuBeaeHi gaxi, 3okpema:

F1 - akoicTtuka,

F2 - necbopmalii 3eMHOT NoBepXxHi,

F3 - mikpocencmiyHi konneaHHsa 3emni,
F4 - cymapHa eHepria 3emneTpycy,

F5 - Temnepartypa 3emni,

CKNnagalTb O3Haku, OOMiptoBaHi B OOHAKOBI Bigpi3ky 4dacy 3a
BM3HA4YeHW nepiog | Hagani  BMKOpUCTOBYBanuca  And
E€KCMNePUMEHTIB.

Ak npuknag 6araToMipHOi 3a4adi NoKaXXeMo OLiHKBaHHS Ynucna
rPyn COHSAYHUX MNNSIM, YCEepPeOHEHWMX 3a PpiK, WO BU3HA4alTbCA
OBOBUMIPHMM PO3MOoAifioM B obnacTi BOX apryMeHTiB - LIMpoTa-
yac (puc. 2.52).
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Puc. 2.52. lpoctopoBe BigobpaXeHHs KiNbKOCTi COHAYHMX
nasM y KoopauHaTax refliolwmpoTta-yac
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3 omsagy Ha  cneundivyHUn  XxapakTep  MPOrHO3yBaHHS
TMMYacoBUX PsiAIB i BU3HAYEHUI Pi3HOBIA y TepMiHonorii, bygemo
OOTPUMYBaTUCh psay 0O3HaYeHb.
lNepedicmopieto pssdy Ha3BeMO Habip enemMeHTiB TMMYacoBOro
psgy, WO BpPaxoBYETbCA AN OOHOIO KPOKY MNPOrHO3yBaHHSA
HacCTyNnHUX  enemeHTiB  Tumdacosoro  psagy. OpgHokpokoBe
NPOrHO3yBaHHs 3BOAUTLCA 00 3a4ad BigoOpaxeHHs y BuNagky,
KOMWM 3Ha4YeHHs ernemMeHTIB nepenicTopil MOXyTb BU3Ha4aTu nuile
OAWH OUCKPETHMM BigniKk BUXiAHWMX BenuuuH. baraTokpokose
MPOrHO3yBaHHSA  XapakTepuayeTbCs  36iNMbLUEHHAM  OUCKPETHMX
BigpaxyBaHb BUXiOHOI BENUYMHM i, BigNOBigHO, 36iNbLUEHHAM Yacy,
Ha SKUWA 3AINCHIOETBCA NPOrHO3 (4Yac BunepemxeHHa Tom). pwu
©araTokpoKkoBOMY MpOrHo3dyBaHHi Tor=a*R, ge R - KinNbKiCTb KPOKIiB
00YMCIIEHHS MPOrHO3yBaHHSA; a - KPOK AUCKpeTu3alii BUXigHoOro
napametpa (Hanpwuknag, pik, Micaub, AeHb, i T.N.).

3a vacom sunepedxeHHs1 po3pi3HAOMb 8UOU MPO2HO3IE:

3rnagxyBaHHs, R= 0;

KOPOTKOCTPOKOBWIA NPOrHo3, R=1 - 2;
cepefHbOCPOKOBUN NporHo3, R=3 - 7;
O0BrocTpokosui nporHos, R= 10 - 15.

OueBungHo, WO BMA MPOrHO3Y iCTOTHO BNNUBaE Ha BUBIP
3acobiB i MmeToamKy noro peanisauii.

2.11.4. ApanTtaudia Heupomepex Yy pexummax
NPOrHo3yBaHHSA A0 AAaHUX HaBYarlbHUX MHOXWH

[aHi npo noBomxeHHSA 00'eKTa, O3HAKUN SIKOTO 3B'A3aHi 3 YacoMm,
npeacTaBneHi sk pe3ynbTati CNoCTepPeXeHb Y PiIBHOMIPHI MOMEHTU
yacy. [Ina momeHTiB 4yacy t=1, 2, .., n pJaHi cnocTepexeHb
3gobyBatoTb  Bug Tumuacosoro psagy  x(t), x(k), ...,  x(t).
IHbopMaLiss NpO 3HAYEHHA TMMYacoBOro psay A0 MOMEHTY n
[o3Bonsie AaBaTu ouiHku napameTpam X(tn.1), X(th2), ..., X(them). ONA
NPOrHO3yBaHHsI enemMeHTIB TUMYaCcOBUX psgis LLUMPOKO
BUKOPUCTOBYHIOTb Tak Ha3nBaHUN METOA "TMMYacOBUX BiKOH".
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Y 3anexHoCTi Bif KifbKOCTI 03HaK, WO npeacTaBnsAlnTb
3HaYeHHs psaiB npy opMyBaHHI MHOXWH AaHWX, BUGINUMO 3agavdi
JBOX TUMIB.

OpgHonapameTpu4yHa 3agaya NPOrHo3yBaHHs

Hexan yvacosun psag x(t) sagaHun momeHTamu npouecy x(),
X(t),..., X(t) y BuCKpeTHi MomMeHTM 4acy t. 3agamo LWMPUHY
(KiNbKICTb OUCKPETHUX MOMEHTIB) BXiQHOMO TMM4YacOBOro BikHa m,
LWMPUHY BUXigHOro BikHa p. BxigHe i BuxigHe BikHa HaknagawTbCa
Ha fdaHi psgy, noYMHaum 3 nepLuoro enemeHTa (puc. 2.53).

BxigHe BikHo gna 1 peamiz ami

Bzinue pikne gna 2 peamzami

X6 / Buxipgre BixHo gna 1 peamsami
/ 2 / BuxzigHe BikHO Ana 2 peamizami
i K
2 | i
& iz o Bt 1o Evmtn i "
Puc. 2.53. dopMyBaHHs MHOXWH JaHux ans

ogHonapameTpuyHoi  3agadi NPOrHO3yBaHHS no  metogy
"TM4acoBuX BiKOH"

BxigHe BikHO popmye faHi Ansg BxoAdiB HEMpPOHOI Mepexi, a
BMXigHe, BignoeigHo, Ans BuxopiB. [logibHa napa BXigHOro i
BUXiOHOrO  BEKTOpPIB  MpUMAMaETbCad  3a  OOHY  peanisadito
TMMyacoBoro psay. [lpy  3pylleHHi TMMYacoBMX BIKOH MO
TMMYacoOBOMY psily 3 KPOKOM S, OAEpPXYEMO [pyry i HacTymHi
peanisauii. 3Ha4YeHHA LWWPMHM BIKOH | KPOKY 3CYyBY TOBUHHI
y3rogxyeatmcss 3 0COGNMMBOCTAMW  TMMYAcCOBOrO  psdy, Lo
3abe3nevyeTbCa LUNAXOM TMNPOBEAEHHS eKkcrnepuMeHTiB. Hexawn
BXiiHe BIKHO Mae LWMPUHY m, BUXiAHe BiKHO p=1, KpOK 3cyBy S=1.
Topni cdopmoBaHa MHOXMHA 3HaYeHb AN OgHOMapaMeTpPUYHOT
3apavi byae matu BUrnag, NpUBeAeHUn HUXKYE:
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Tabnuua 2.2. MHOXMHa gaHuX Ansa ogHonapamMeTpuYHOI 3agadi

Bxoau " Buxo
(t) g 2) X L X(tm) X(tme1)
(tg)x ) x(t - ) Xt X(tme2)
w Ly X(trvo)
A L Talnonbonoreokervin
BaratonapameTpuyHa 3agay4a NPOrHO3yBaHHS
M BaraToMipHUX (baraTonapamMeTpuU4HUX) 3agavax

NPOrHO3yBaHHA Nigxoam Ao piweHHsA npobnemun noaibHi (puc. 2.54).
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Bxzinue pikno gna 1 peanizamii
Bxigue Bixno gna 2 peanizami

Buxinue Bivuo gna 1 peamzami

\ Buxigne BikHo gna 2 peamszanii

LGN rPa—T I
P "'-/
#
»i)
i
#
() Pr“""— k] |
LA 2 Im fwap Emag Lwan %
Puc. 2.54. dopmyBaHHs MHOXWH JaHux ans

OGaraTonapaMeTpuyHOi 3agavi

Hexan HeoOXigHO cnporHo3yBaTuW B3aeMO3aneXxHi BenMYUHU
x(t), y(), ..., z(t). AKWO NPUAHATM LWMPUHY BXiOHOrO BikHA m,
BUXigHOro p=1, KPOKy 3CyBYy S=1, MOXHa CHOpMYyBaTV MHOXUHY
OaHWX y Takui cnocio:

Tabnuua 2.3

MHoXnHa pgaHux gnsa 6aratonapaMmeTpuyHOi 3agadi

Bxoan

x(t) X(tm) yt) | yE) Y(tm) 2t) | k) Z(tm)
Xt) | ) Wlmss
3 in+1 () | yt) j 2(k) | Zt) | Z(tne)

Xt) | xtwe) | vE) | it )y“M At) | At) | Ztwo)

X(tw1) | X(tim1) y(t) Y(ti1) | Y(tim) Z(t) Z(ti1) Z(tiem-1)
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x(t y(t Z(t
m+1 ) m+1 ) m+1 )

x(t y(t Z(t
m+2) m+2) m+2)

x(t y(t Z(t
m+3) m+3) m+3)

x(ti Wt Z(t
+m-1 ) +m-1 ) +m-1 )

DyYHKLiOHYBaHHS HeWpoMepeXxi 3OiINCHIOETLCA BiANOBIQHO A0
nokasaHoro MeTody TUMYacoBWMX BIKOH, 30epiraloum 3HaYeHHs
LUMPWHM BIKOH i KPOKY 3cyBY. KOHKpeTusauia nigxodis Ao peanisauii
MPOrHO3yBaHHA 3HAYHOK MIPOK 3anexunTb Big o0cobnmBocTen
JocrnigxKyBaHoro siBuLLa.

OnHOKpOKoBe NPOrHo3yBaHHA (nependayveHHs)

3agada OQHOKPOKOBOrO NPOrHO3yBaHHA 3BOAWUTLCHA OO0 3adadi
BiJOOpaXKeHHs1, KON OOWH BXIigHWMN BEKTOp BigobpaxaeTbca y
BMXigHWM (puc. 2.55).

Haamza Horrmpomsza
TR FIHA ShThEey
» HM = HM | | Peymrar
o . . CEEHOETOROECTO
Rl pexns | EpesHnal N
] HAFIEHHA SIHE I YEBH A TPCTECE Y
¥ —= ¥ —»
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Puc. 2.55. TocnigoBHICTb BMKOPUCTAHHA Henpomepexi ang
3agay nepenbaveHHs

Y Bunagky ogHomapaMeTpuyHOi 3agadvi  nepenbadeHHs
HaB4yanibHa MHOXMWHa OO0 MOMEHTY n, 3a ymoBu m=3, p=1, s=1,
Oyae matu BUrnsag npuBedeHbIn y Tabn. 2.4,

Tabnuusa 2.4
Bxoan in Bu
X( t X(lL X(t X( t
1) 2) 3) )
X(t X(t X(t X( t5
2) 3) 4) )
X(t.3) x(t,.2) X(tr1) ) x(t,

Y pexumi HaBYaHHA BCTaAHOBMOWTLCA KoedilieHTn Bar
3B'A3KiB, MiCMs 4YOro CTae MOXNUBMM nepexia [0 pexumy
dyHKUiOHYBaHHA. [Ona nepegbadveHHs Ha BXoAW HeMpomepexi
HaaxoAsTb 3HAYeHHS OCTaHHbLOI peanidauii HaB4anbHOI MHOXWHMU
X(tn2), X(tr1), X(t,). Ha Buxogi dhopmyeTbcst NpOrHo3oBaHa BENMYMHA
X*(tne1)-

[na GaraTonapameTpuyHOi 3agadvi nepenbadeHHs Ha BXxoau
HaBYeHOI Hempomepexi nofalTbCst BeKTopU X(fn2), ¥(th2), Z(fh2),
X(t1), Y(t1), Z(tq), x(t,), w(t,), z(t)). Ha Buxogm Herpomepexi
HagxoasTb nepepbaveHi BenuuuHU X*(tn.1), YV (ta1), Z°(fn1), WO
BiAKNagalTbCsa Y BUXIOHWIA BEKTOP NepenbavyeHnx gaHux.
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lMokasaHW pexmMM € OOHOKPOKOBMM, LLO Mpauloe B PeEXUMI
BigoOpaxeHHs1  (peanbHWA  BXig, - MPOrHO30BaHUM  BUXiA).
MepenbayeHHs 3acTOCOBYOTb AN MOAEMOBAHHA AWCKPETHMX
nocnigoBHOCTEW, WO He 3B'A3aHi Yacom. 3 ornsagy Ha crneuundiky
TMMYacoBUX PAAIB, TAKUM TN NPOrHO3Yy He 3aBXAW OOLUINbHUN, ane
Yy BM3HA4YEeHMX BMNagkax KOPOTKOCTPOKOBUX MPOrHO3iB iM MOXHa
cKkopucTaTucs.

BaraTokpokoBe NPOrHo3yBaHHA

BaraTtokpokoBe MNPOrHO3yBaHHA 3acTOCOBYIOTb fuwe Ang
ABMLL, O3HAKNW SKMX NpeAcTaBneHi y BuAi TUMYacoBuX psAaiB.
[nsa opgHomapameTpuyHOI 3agadi NPOrHO3yBaHHA HaB4asibHa
MHOXuHa 6yge matu Burnsag npwsegeHun y tabn. 2.3. [ig vac
HaBYaHHSA Mepexa HanawToBye KoediuieHTu Bar 3B'dA3KiB i
noniHOMIB nepedaTHUX MYHKUiA, WO Hagani i BU3Ha4ae pexum
yHKLUiOHYBaHHA. bBaraTtokpokoBe MpPOrHO3yBaHHA TMMYacOBOrO
pagy 34ificHEeTbCAa B Takuk cnocib (puc. 2.56). Ha Bxogu
HelipomMepexi MoOAETbCS BEKTOP BiOMMX 3HayeHb X(in2), X(fn1),
X(t,). Ha Buxogdi dopMyeTbcs nNporHo3oBaHa BenuuuHa x* (i, ), Wo
BM3Ha4a€e BEKTOP MPOrHO30BaHWX BUXOAIB i 0QHOYACHO AO0AAETbCA
OO0 3HayeHb HaBYamnbHOI MHOXMWHW, TOOTO, NPUAMAETbCA $K
pocToBipHa. [ani Ha Bxoaun nogaetbest BEKTOP X(t,4), X(fn), X*(th.1),
a Ha Buxofdi BUXOAUTb X*(I,,2) i HACTYMHI NPOrHO30BaHi 3HAYEHHS.

Hapeamza Korrrpome Ha
"NUECH FE FREEE
P |
N HM — A1 HBM o | Pez ymeTar Baramo-
N ¥ peuani I I BN E penyma | . FRCHSEOM
3 HAFTIHA | | oprwesyrama H TpTEOE ¥
L4 M 3

Puc. 2.56. TocnigoBHICTb BUKOPUCTaAHHA HenpoMepex ans
3agay 6araToKpOKOBOro NPOrHO3yBaHHS

Ons 6aratoMipHOi 3afadi NPOrHo3yBaHHA Ha BXOAW HaBYEHOI
Heﬁpomepemi noaaloTbCA BEKTOPU X(tn-z), }’(tn-z), Z(tn-Q)s X(tn-1)a }/(tn-1),
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Z(th1), X(t), (1), z(t,). Ha Buxoai NpoayKkyloTbCS BEMMYUHU X*(T,,1),
Y(the1), Z'(tae1), WO DOPMYIOTb BEKTOP BUXIOHWX 3HA4YeHb |
nocnifoBHO A04alTbCA A0 3HAYeHb HaBYarbHOI MHOXWHW. [lpu
3pYLUEHHI BiKHA Ha KPOK, BMXiOHI AaHi, AKi cCnpoayKoBaHHI Mepexeto,
CnpuiMaloTbCs AK peanbHi i 6epyTb ydacTb y MPOrHO3yBaHHI
HACTYNHOro 3Ha4YeHHsa BMxody, TOGTO Ha BXOoAW MOOAEMO BEKTOP
X(tn-1)7 Y(tn.1), Z(tn-1)a X(tn), y(tn)a Z(tn)s X*(tn+1)a y*(tn+1)s Z*(tn+1)r a Ha
BMXOAi 0OEPXKYEMO X*(fni2), ¥V*(fni2), Z*(fni2) | HACTYNHI NPOrHO30BaHiI
3HAYEHHS.

BaraTtokpokoBe NpPOrHO3yBaHHA [O3BOMSE POOMTU KOPOTKO- i
CepeaHbOCTPOKOBI MPOrHO3M, OCKISNTIbKM iCTOTHUI BNIIMB Ha TOYHICTb
Ma€e HarpoMapKeHHs NOXUOKM Ha KOXHIM Kpoui NPOrHo3yBaHHS.
Mpwn 3aCTOCYBaHHi JOBroCTPOKOBOIrO D©araToKpokoBOro
MPOrHO3yBaHHSA CMOCTepiraeTbCA XxapaktepHe ans  6araTbox
MPOrHO3Yyl4YMX CUCTEM TOCTYMNOBE 3aracaHHsa npouecy, ¢a3oBi
3pYLIEHHS M iHWIi NepeKkpydyBaHHA KapTUHW NPOrHo3y. Takun Tun
NPOrHO3yBaHHSA NiAXOAWTb ANsi CTauioHapHUX TUMYacoBWX psfiB 3
HEBENMKOI0 BMNAAKOBOK CKIaJoBO}0.

BaratokpokoBe  NPOrHo3yBaHHA 3  MepeHaBYaHHAM
HeMpomepexi Ha KOXHIM KpoLi NporHo3y

LWBnaki  HeiTepauinHi  anropuTMM HaBYaHHA  [O3BOMSATb
3anponoHyBaTh HOBWUIA TUN GaraTOKPOKOBOIrO MPOrHO3y, L0 MOXe
OyTm  3acTocoBaHWiA  MpU  [OBrOCTPOKOBMX  MPOrHO3ax  3i
306epeXeHHsIM 3a0BiNIbHOT TOYHOCTi NPOrHO3yBaHHSI.

AHanoriyHo 3 nonepeaHiM anropuTMOM MPOrHO3yBaHHA Ha
BXOOW Mepexi B pexuMi (OYHKUIOHYBaHHA HaOXOAWUTb OCTaHHA
peanisauis HaB4YanbHOI MHOXWHU X(t,.2),X(t.1), X(,). NporHo3oBaHe
3HauyeHHs BMxoay X*(f,.1) BiAKNagaeTbCa y BEKTOPi MPOrHO30BaHMX
BUXiOHUX 3HA4Y€eHb i B AKOCTi AOCTOBIPHOrO AOA4AETLCA A0 peanbHUX
3HaveHb HaBYanbHOI MHOXUWHW. HaB4anbHa MHOXWHa
30inblIYETbCS HA OAHE TMMYacoBe BikHO. BigbyBaetbca npouec
nepeHaBYaHHA Mepexi Ha 30iNbLUeHi HaBYanbHIN MHOXWHI, nig
Yyac SKOro BU3HA4aloTbCHA HOBi BaroBi koediuieHTN Kk cuHanTU4HMX
3B'A3KiB | MONIHOMIB NepegaTHMX OYHKLiA HENpPOHIB (puc. 2.57).
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Hapmamma Koermpomsa

TEDCCH FELA NEOMC B

Pemamrar
o ! GaraTo-
EOROECTD
* HM HM | F|  mporEOsY S

» E pENHDI T pened »| e penas
- HAETEHA O YHE LARCYE SHH A 3
4 - MepeEl

Puc. 2.57. TocnigoBHICTb BUMKOPUCTAHHA Henpomepexi ang
3apay 6araToKpoOKOBOro MPOrHO3yBaHHS 3 MepeHaBYaHHAM

Peanizauia x(f1), x(f), X*(t1.1), SK 3HAYEHHA HACTYMHOrO
BXiOHOMO BiKHa MNOAAETbLCS Ha BXOOAM Mepexi B  pexumi
dyHKUiOHYBaHHSA. Mepexa npoaykye HOBE BUXigHE 3HA4YeHHs
X*(tns2), WO TaKoX BigKNagaeTbCa Yy BEKTOP CNpPOAYKOBaHHUX
BMXOZIB i AOAAETHCS A0 pearnbHUX 3HaYeHb HaBYanbHOI MHOXMWHMU,
3 MeTOK MoAanbLIoro fnepeHaBYaHHA Mepexi i yCTaHOBMNEHHS
BiOHOBNEHMX KoediuieHTiB MoniHOMIB nepegaTtHUX  YHKUIA i
CMHaNTUYHUX 3B'A3KiB. ITepauiiHa npouedypa nepeHaBYaHHS
MOLUMPIOETLCA A0 MPOrHO30BaHOrO 3HayeHHs x*(f). Takunm nigxig
003BOMSE NPWU BENUKUX iHTepBanax BUNEPEIKEHHS YCYHYTU
3aracaHHsi MPOrHOCTUYHUX BNACTUBOCTEN Mepexi 3a paxyHOK
MOCTINHOIO KOPEKTYBaHHS BaroBux KoedilieHTIB CUHAMNTUYECKUX
3B'A3KIB. Biasnaummo, o anroputm ©araToKpoKkoBOro
NPOrHO3yBaHHS 3 NepeHaBYaHHAM Mepexi Ana TpaguuinHNX Mepex
NPsSIMOro MOLUMPEHHA 3 iTepauilHUM HaBYaHHAM € MpPaKTUYHO
HEe3aiNCHEHHUM Yepe3 BENuKi TMM4YacoBi 3aTPUMKWU, HEOOXigHi Ha
nepenaroaxyBaHHA KoedilieHTIB Mepexi.

2.11.5 Kpwutepil ouiHKM siKOCTi (pyHKUiOHYBaHHSA
Mepexi

Kputepii ouiHKM MOXHa pO34inUTW Ha BHYTPILWHI i 30BHILUHI.
BHyTpiLWHi kpuTepii dopMyoTbCA Ha OCHOBI iHpopMaLii MHOXWHK
OaHUX, BUKOPWUCTAHOI AN HaBYaHHSA, TOoAi SK 30BHIilLHI KpuTepil
BMKOPUCTOBYIOTb HOBY iH(DOPMALLil0O TECTOBOI MHOXWHU, €reMeHTU
AKX He BUKOPUCTOBYBanuWCs MNpuM  HaB4yaHHi. OnTumanbHa
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CKnagHicTb Mofeni Mepexi BCTAHOBIIOETLCA HAa OCHOBI 30BHILLHIX i
BHYTPILLHIX KpUTEpIiB.

[0 30BHiLWHIX KpUTEpIiB BUOOPY MOAENi MOXHa BigHECTMU:

Kpumepiti  peaynspHocmi -  30BHIWHIA  KpuTepin, ang
064YMCNEHHs BENMUYMHK SIKOTO NOTpiOHa TeCTOBa MHOXWHA OaHMX.

Ae A(1) - BennunHa KpuTepito; i - Homep Buxody; ®@;- 3HaYeHHs
BMXOAiB Mepexi; O; - TOUHi 3HaYeHHs1 BUXOLIB.

Qi3n4HUA  3MICT  3aCTOCYBaHHA  KPUTEPID  perynsapHocTi
cknagaeTbcs y BUbopi mogeni, wo 6yge MakcMmanbHO TOYHO Ha
eflemMeHTax TecTOBOI MHOXWHMW, WO He BXOAMTb [0 cKragy
HaBYyanbHOI MHOXWHW. KpuTepii MiHIManbHOro 3cyBy BUMarae
MakcuManbHOro 36iry 3HayeHb BWXIOHOI BENUYMHU Ans OBOX
mMogenew, Ae SK HaByanbHi npuknagum Oynu BMKOpPUCTaHi AaHi
Pi3HMX MIOMHOXWH HaB4YanbHOI MHOXWHW. KpuTepin MiHimanbHoOro
3CyBYy [03BOMsie BMOpaTu Mogernb, wWwo "cnabko pearye" Ha 3MiHy
HaBYanbHOI MHOXMWHW | 3awymrneHHi TecToBi pAaHi. Kputepin
3MiLLEHHOCTi MOKas3HWKIB Yy 4aci - gonomarae OUiHUTU piBeHb
B32a€MO3B'A3KY 3MiHHUX. OKpeMi MOoKa3HWKU MOXYTb MaTU pi3Hi
nicnagii, ToMy po3difibHe MNPOrHO3YBaHHA KOXHOMO 3 HUX MOXe
3abe3neunTn Kpawmi pesyneTtat. BignosigHo, npu HasiBHOCTI
TICHOrO B3a€EMO3B'A3KYy MK MOKa3HWKaMKW, MPOrHO3yBaHHS TXHbOI
CYKYNHOCTI MONiNwWye pesynbTaTty MpPOrHo3y KOXHOMo 3 HUX.
MOXNMBO TakoX BKMOYEHHA HOBOrO MapameTtpa, o Moxe OyTu
abo gopaTkoBOK 03HaKow abo MiHiMHOK KoMOiHaLiEo BXe HasiBHUX
03Hak. 3acToCyBaHHS LibOro KpUTepilo gonomarae B onTMMarnbHOMY
nigbopi o03Hak sBuUWaA, WO 3abe3nevyylTb BUCOKY TOYHICTb
MPOrHO3yBaHHS.
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Kpumepili  ¢hisuyHOI' 8ipociOHOCMIi - BUMMarae BWKIHOYEHHS
MoZenen, sk nig 4Yac NpPOBEOEHHsI EKCNEPUMEHTY, MOXYTb
NpoAayKyBaTM HepearnbHi pe3ynbTatm (BeNuKi  BUKMAM  ONs
NPOrHO30BaHOT MHOXWHM).

OuiHIOBaHHA TOYHOCTI NPOrHO3iB

Ak npaBuno, nicna HaBYaHHA HeENpoMepexi 34iINCHIoTb
KOHTPOIbHE BIiOTBOPEHHS [aHUX, WO CKNagalTb HaBYalbHY
MHOXMHY. FAKLWO TOYHICTb BIATBOPEHHS 3a4OBiNbHa i BiOXWNEHHSA
3HaxXoAsaTbCA B MPUNYCTUMUX  FpaHuUAX, BBaXawTb, L0
nobynoBaHo 3adoBiNbHY MoAeNnb i BapTO O4ikyBaTM [OOCTaTHIO
SKICTb BigoOOpa)KeHHs. AKWO Npu BiATBOPEHHI MepexXer AaHuX
HaBYanbHOI MHOXWHW CNOCTEPIraloTbCA BEMWKI PO3BIKHOCTI, MOXHa
NpUNyCTUTK LWLO L& BUKMMKAHO:

e HASABHICTIO HETOYHUX [OdaHuX 3 BEfIMKOK BUMNAOKOBOK
cknagoBsoto. [ns yCyHeHHS LbOoro niaBULLYOTb BUMOIM A0 TOYHOCTI
BMMIpIB; Y BUNaAKy TMMYaCoOBOro psfy, MOXIUBE 3MEHLLEHHSA KPOKY
OnckpeTmsauii, Hanpuknag BUKOPUCTAHHS LLUOMICAYHUX 3HAYeHb
3aMiCTb PiYHUX;

® HeBpaxOBaHMMW O3HaKaMW, L0 3HAYHOK MiIpOK BU3HaYaloTb
3aKOHOMIpHICTb; Usi npobnema moxe 6yTn BupilleHa PO3LUNPEHHSIM
Habopy 03HaK, NPUAHATKX B yBary.

Micns opgepxaHHst nepeabaveHUX 3HA4YeHb NPU  HasIBHOCTI
NpaBuUITbHNX MOXHA OAepXXaTu abCOMOTHI i BIAHOCHI BiOXMNEHHs Ha
BCil KOHTPOMbHIA MHOXWHI, ONA KOXHOrO KPOKY MPOrHO3yBaHHS.
Mpn HaaBHOCTI 3a00BiNbHUX pe3ynbTaTiB MPOrHO3yBaHHA Ha
KOHTPOSIbHIA MHOXWHI, MOXXHa BBaXaTW, LLO HanawToBaHa Mepexa
ONa  gaHol 3ajadi Mae onTuManbHY CKMagHicTb | rotoBa Ao
BiOTBOPEHHSA AaHUX, AN SKUX HEMAaE BiJOMUX BUXOiB.

2.12. CyyacHi HanpsAMKU poO3BUTKY
HENPOKOMM’IOTEPHUX TEXHOJSIOrIN

HetanbHun aHania po3pobOoK HEenpoKOMM'IOTEPIOB O03BOMSE
BUAINUTU OCHOBHI MEPCNEKTUBHI HampsIMKM CY4acHOTO PO3BUTKY
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HENPOKOMIMIOTEPHUX  TEXHOSOriA:  HenponakeTn, HeNnpoMepeEXHi
ekcneptHi cuctemu, CYB[ i3 BKMOYEHHSIM HEWPOMEPEXKHMUX
anroputmiB, o0bpobka 300paxeHb, KepyBaHHA  OUHAMIYHUMMU
cuctemamn - obpobka  curHaniB, KepyBaHHs  hiHAQHCOBOIO
LiSANbHICTIO, ONTWMYHI HEMpPOKOMM'OTEPW, BipTyanbHa peanbHICTb.
Po3pobkamn B Uin obnacti 3anmaetbcs Ginbw 300 3akOpAOHHUX
KOMMaHin, Nnpu4omMy 4mcno ix nocTinHO 30inbluyeTbes. Cepen HuUX
Taki riraHTn, 9K Intel, IBM i Motorolla. CborogHi cnoctepiraetbca
TEHOEHUis nepexoay Bid4 nporpamMHuMX peanisaudin 4o nporpamHo-
anapaTtHol peanisauii HEeNPOMEPEXHUX anropuTMiB 3  Pi3KUM
30iNblUEHHSIM 4yMcna po3pobOK HEMpoYMniB 3 HENPOMEPEXHO
apxiTekTypoto. Pi3ko BMpocna KinbKiCTb BIiICbKOBUX pPO3pobOK, B
OCHOBHOMY  CMpsIMOBaHMX Ha  CTBOPEHHS  HaALWBWAOKICHUX,
"po3ymMHUX" cynepobuncriroBadvis.

AKWO roBOpUTU NPO OCHOBHWUW HaMpPAMOK - iHTeneKTyanisauito
obuncnoBanbHUX CUCTEM, MPUAAHHSA M BMacTMBOCTEN MOACHKOro
MUCIIEHHS | CAPUMHATTS, TO TYT HEWPOKOMM'IOTEPU - MNPaKTUYHO
€OVHUIA LINSX PO3BUTKY 0B64YMCnIoBarnbHOT TeXHikM. BinbLicTe HeBgay
Ha LWIAXY YOOCKOHANEHHs LUTYYHOro iHTENEeKTy MpPOTAroM OCTaHHIX
30 pokiB 3B'A3aHe 3 TMM, LIO ONA PillEeHHS BaXNUBIN i CKNagHUX no
noctaHoBui 3agay Bubupanuca obuucnioBanbHi  3acobu, He
afileKBaTHi Mo MOXMMUBOCTAX PO3B'A3yBaHin 3agadvi, B OCHOBHOMY 3
yucra TpaguuinHux kommn'tlotepis. lMpu uUbOMy, SIK MNpasBuIio, He
BMpilWyBanacsa 3agaya, a nokasysanacs npuHUMNOBa MOXMMBICTb ii
pilleHHs. CborogHi akTMBHUA PO3BUTOK KOMMN'HOTEPHUX TEXHONOrIiN
CTBOpPIOIOTE OO'€KTUBHI yMOBM fAna nobygoBu ob4McrioBanbHUX
CUCTEM, ajeKBaTHUX MO MOXIMBOCTSIX | apXiTEKTypi NpakTu4Ho 6yapb-
AKUM 3aJavaM LUTYYHOro IHTENEeKTY.

Y Anonii 3 1993 poky npuiiHATa nporpama "Real world
computing program". [i ocHoBHa MeTa - CTBOPEHHS aJanTUBHOI
EOM, gka esonwouioHye. [lpoekt pospaxoBaHun Ha 30 pokis.
OcHOBOK po3p0bKM € HEMPOTEXHOIOTIS, WO BUKOPUCTOBYETLCS AN
po3nidHaBaHHsA obpasiB, 00pobkM cemaHTUYHOI  iHdopmauii,
KepyBaHHs iHdOpMaUiiHMMKM NOoToKamMu | poboTamu, 34aTHUX
afjanTyBaTuca OO HaBKOMULWHLOrO cepegoBula. Tinbkn B 1996 poui
Oyno npoBedeHo 6ing  COTHIi  MDKHApPOAHUX KOHMEepeHUin no
HenpokoMmn'loTepam i CYMDKHUM npobnemax. Po3pobku
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HEeMpOoKOMM'OTEPIB BeAyTbCs B HaraTbox KpaiHax CBiTYy, 30Kkpema, B
ABCTpanLi CTBOPEHO 3pa3oK KOMEPLIMHOIo CcynepHenpokoMmn’totepa.

Ona gdkoro knacy 3agad  edekTMBHE  3aCTOCYBaHHS
obuuncnioBanbHOro NPUCTPOIO, nobygoBaHoro 3a HOBOO
TexHonorieto? BigHOCHO HelpokoMM'ioTepiB BiAMOBIAb Ha LUe
NUTaHHA NOCTIMHO MIHSAETLCA NpoTarom 50 pokis.

B icTopii obuucnioBanbHOI TexHikn 3axau Oynu 3agadi, He
po3B'dA3yBaHi TpaguuinHMMKW KOMM'lOTEpaMM 3 apXiTeKTypow ¢oH
HeimaHa i gna HuX nepexia OO0 HEWpPOMEPEXHUX TEXHONOrin
3aKOHOMIpHUIA Yy BuNagkKy 30iNblUeHHS PO3MIpHOCTI mpoctopy abo
CKOpOYEHHA 4Yacy o6pobku. MoxHa BWUZINMUTU TpU  AiNSHKKU
3aCTOCYBaHHSA HEMPOMEPEXHMX TEXHOIMOTiN: 3aranbHUN, NpuknagH i
crneuiansHun.

3aranbHi 3agadvi

Lli 3apgauvi 3BogATbCs A0 O0OpOOKM HENPOHOK Mepexero
GaraTomMipHMX MacuBiB 3MiHHUX, HANPUKNaga:

e KOHTpOnb KpeauTHux kapTok. CborogHi 80% kpeanTHUX
kapTok y CLUA o6pobnstoTbca 3a [OMOMOrOK HEMPOMEPEXHMX
TexHonoriu;

e cuUCTeEMa BMSIBMIEHHSI CXOBaHUX pPEYOBMH 32 [OMOMOIOH
cuctemMm  Ha 6asi TennoBMX  HEWPOHIB i 3a  JOMNOMOroH
HerpokoMM’loTepa Ha 3aMOBMEHUX LMPPOBUX Herpodinax. MNogibHa
cuctema dipmm SAIC ekcnnyatyeTbes B 6aratbox aeponoptax CLUA
npu ornagi 6araxy Ans BUABNEHHS HApPKOTUKIB, BUOYXOBUX PEYOBVH,
SAEPHUNX | iHWNX MaTepianis.,

e cuctema aBTOMATM30BAHOTO  KOHTpomnk  Oe3neyHoro
30epexeHHs saepHMX BUpoOiB.

MpuknagHi 3apavi

Ob6pobka 306pakeHb
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lMepcnekTuBHUMHU 3agavamu 00pobKK 300paxeHb
HEMpOKOMM'OTEPIB € 0OpobKka aepoKOCMiYHMX 3006paxkeHb (CTUCK i3
BiJHOBNEHHAM, CcerMeHTauisi, o06pobka 306paxkeHb), MOLUYK,
BUAINEHHA | po3ni3HaBaHHs Ha 300paxeHHi pyxnuBux 0O6'ekTiB
3agaHoi opmu, 06pobka NoTokiB 306pakeHb, 06pobka iHbopmaLii
Yy BUCOKOMPOAYKTUBHUX CKaHepax.

O6bpobka cuesHanis

Y neplwy 4Yepry ue Knac 3agad, 3B's3aHWK i3 NPOrHO3yBaHHSAM
TMMYaCOBUX 3aNEXHOCTEN:

e POrHO3yBaHHA PiHAHCOBMX NOKA3HWUKIB;

e POrHO3yBaHHA HaLINHOCTI ENEeMEHTIB i CUCTEM;

e nepegbaveHHs noTyxHocTi AEC i nporHo3yBaHHSA HagiHOCTI
CUCTEM eNEKTPOXMBIIEHHS Ha NiTakax;

Mpn pos3B’A3aHHi uUMX 3agad  chnocTepiraeTbCs nepexig Big
HaWMPOCTIWMX  PerpecivHnx i iHWWX CTaTUCTMYHUX Mogenen
MPOrHO3y [0 HENiHIMHUX aganTUBHMX EeKCTPanonioymx QinbTpis,
peanizoBaHuX y BUAi CKNagHUX HENPOHUX MEPEX.

Cucmemu kepysaHHs1 QuHaMiYHUMU 06'ekmamu

Lle ogHa i3 camux nepcnekTMBHMX OOMNacTen 3acTocyBaHHS
HelipokoMn'toTepiB. Y CLIA i ®inngHgii Begytbca pobotn 3
BMKOPUCTaHHS  HEWpPOKOMM'IOTEPiB  AMNs  KepyBaHHA  XiMiYHUMMK
peakTopamu.

MepcnekTuBHOW BBaXaeTbCca po3pobka Heripokomm'ioTepa Ans
KEpyBaHHA  PyXNMBOK  YCTAHOBKOK  T[iNep3BYyKOBOrO  JiiTaka.
AKTyanbHOI A5iS pO3B’A3aHHA 3a AOMOMOrOK Hempokomm’loTepa €
3ajaya HaBYaHHA HENPOHOI MepexXi BWUIOTOBMEHHK TOYHOrO
MaHeBpy BMHULLYBa4ya, 3adada KepyBaHHa poboTamu: mnpsama,
3BOPOTHA KiHEMaTW4Ha i AUHaMiYHa 3agadi, nnaHyBaHHS MapLUpyTy
pyxy pobota. lNepexia A0 HEMPOKOMM'IOTEPIB 3B'A3aHUN y MepLuy
Yepry 3 o0OMexXeHicTio 06cAriB  po3MilleHHs obuncnioBanbHUX
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CUCTEM, a TaKOoX 3 HeOoOXigHICTIO peani3auil epeKTMBHOIO KepyBaHHSI
B peanbHoOMy macLuTabi Yacy.

HenpomepexHi ekcnepTHi cuctemmn

HeobxigHicTb peani3auii ekcnepTHUX CUCTeEM 3 anropuTMoMm
HEMpOMeEpEX BUHWKAE NPU 3HA4YHOMY 36inblUEHHI yucna npaBun i
BUCHOBKIB. [lpuknagammn peanisauii KOHKPETHUX HEeNpOMEPEKHUX
€KCMEePTHUX CUCTEM MOXYTb CMYXWUTKM cucTtema BUOOPY MOBITPSAHUX
MaHeBpiB Yy Xo4i MNoBiTpAHOro 60K i MeduMyHa pAiarHocTU4Ha
eKcrnepTHa cuctema ANns OUiHKM CTaHy NboT4yuMKa.

Hewnpouinu i Hepokomn’roTepum

[[ONOBHMM pe3ynbTaToM PO3pOBKM HENMPOMEPEXHUX anropuTMiB
pO3B’A3aHHA 3agadvyi € MOXNMBICTb CTBOPEHHS  apXiTekTypu
Herpodina, agekBaTHOro po3B'A3yBaHin 3apadvi. [ns peanisauii
HEpOMEPEXHUX anropuTMIiB 3 BUKOPUCTAHHAM YHiBepcarnbHKX
MiKpOMNPOLIECOPHNX 3acobiB  3EKTUBHIA CTBOPUTU apXiTEKTYpY,
OpiEHTOBaHY Ha BWKOHAHHA HENPOMEpPEXHW onepauin, Ynm
BMKOPUCTOBYBATW  CTaHOapTHi  anropuTMu,  OpieHTOBaHi  Ha
Moandikauito pilleHHs 3agaui.

Ha BigMmiHy Big iHWKWX HaNpsMKIB PO3BUTKY 3BEPXNPOOYKTUBHOI
obumncnoBanbHOi  TEXHIKW, HEMPOKOMIIOTEPU [Oal0Tb MOXIIMBICTb
BECTM pO3pOOKM 3  BUKOPUCTAHHAM  HasIBHOrO  MOTeHLiany
€IeKTPOHHOI NPOMUCOBOCTi. HeobXxigHO Big3HAYMTU psan BaXkMBMX
ocobnmeocTen gaHux pobiT:

e Uen HanpsiIMOK ~ J03BOMSE  CTBOPHOBATU YHiKanbHi
cynepkomMn'toTepU Ha HasABHIN enemeHTHIn 6asi;

e  po3pobkM Henpouinis i HEeWMpOKOMIT'I0TEPIB
XapakTepusyTbCs Nepexonom Big umndgpoBoi 06pobku o aHanoro-
LUMPOBOI 1 aHanoroeoi;

e HEeNpoMepeXHi apxiTeKTypym B MNOPIBHAHHI 3  iHWIMMK
npuBOOATb OO0 aKTuBi3auil BUKOPUCTAHHA HOBMX TEXHOMOTYHNX
HanpsAMKIB peanisauii: HeMpocucTeMM Ha NnacTMaci, ONTOeNeKTPOHHI
M OMTUYHI HEWPOKOMM'IOTEPWU, MOIEKYIISIPHI HEeMpokoMM'loTepu i
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HaHOHENpoeneMeHTH; BMHUKAe noTpeba B yHiBepcanisauii CAINP
Henpouini..

e CTBOPEHHA  TexHomnorii cuctem Ha  nnactMmaci i
HaHOTEXHOMOrIT MOXe NPUBECTM 40 NOSBM HOBUX 3BepxnapanenbHuX
apxuTtektyp. [louvMHaoum 3 HaHOHEWpPOEeNneMmeHTiB, MW BMAPUTYN
nigxoaMmMo A0 MNPUHLUMOBO HOBWUX apXiTEKTYPHUX €MeMEHTIB, Lo
YTBOPATH 3BEpXnapanenbHi  BUCOKONPOOYKTUBHI  0BuMCrOBanbHi
cuctemu.

[esiki BUCHOBKM

Henpokomm’ioTepn € NEepCrnekTUBHUM  HamnpsIMKOM  PO3BUTKY
Cy4YacHOi BMCOKOMPOAYKTUBHOI 0BYMCMOBanbHOI TEXHIKW, a Teopis
HEWPOHMX MEpEeX i HerpoMatemMaTtuvka SABNsATb COOOK MPiOPUTETHI
HanpsMKXU oBuymMcroBanbHOI Hayku, i Npu BiANOBIAHIN NiaTPUML
iHTEeHCMBHO  po3BuBaloTbCA.  OCHOBOK  aKTMBHOIMO  PO3BUTKY
HerlpoKOMM'lTepPIB € NPUHUMNOBA BIAMIHHICTE  HENPOMEPEXHMUX
anroputmis piLLEeHHS 3agad Big OAHONPOLECOPHUX i
MaronpouecopHux. Henpokomm'ioTepn € npeameToM AochigXeHb
BiApa3y  [OEeKiNbKoX  AMCUMMNIIH, TOMY  €OMHE  BU3HAYEHHS
HenpokoMn'toTepa MOXHa AaTu TifbKW 3 ypaxXyBaHHSM Pi3HUX TOYOK
30pYy, aAeKBaTHNX PI3HMM HaMpsMKaM HayKu.

MamemamuyHa cmamucmuka

Henpokomm’ioTepn - ue cuctemu, Lo OO3BONSATbL CHOpMyBaTH
ONUC XapaKTepUCTUK BMNAOKOBMX NPOLLECIB i CYKYNMHOCTI BMNagKOBMX
npouecie, WO MawTb CKnagHi, GaraTomoganbHi abo HeBigomi
dYHKUIT po3noginy.

MamemamuyHa nozika i meopis asmomamie

Henpokomn’ioTepm - Le CUCTEMMU, Y KX anrOpuTM pPO3B’si3aHHS
3afjadvi npenctaBreHnin JOrYHOK Mepexer eneMeHTIB OKPeMoro
BMAY - HENPOHIB, 3 NMOBHUM BiOMOBMEHHSM Bif GYNeBCKMX eneMeHTiB
Tviny |, ABO, HI, yHacnigok uboro BBefeHi crneuundidHi 3B'A3kM Mk
enemMeHTamu, LWo € NPeaAMETOM OKPEMOro po3rnsagy.

185



Teopisi kKepysaHHs

Ak ob'ekt kepyBaHHA BubUpaeTbcs Oobpe dopmanizoBaHui
00'ekT - BaraTowapoBa HeMpoHa Mepexa, a AUHaMIYHUIA npouec it
HaCTPOIOBaHHS MpeacTaBnse Mpouec pileHHa 3agadi. [pyn ubomy
MPakTU4YHO BeCb anapaT CUMHTE3y afanTMBHUMX CUCTEM KepyBaHHS
NepeHoCUTLCA Ha HENMPOHYy Mepexy, SK Okpemuh Bua ob'ekTa
KepyBaHHS.

ObyucntosanbHa MamemMmamuka

Heripokomn’toTepu peani3ytoTb anropuTtMu pO3B'si3aHHA 3ajad,
npeacTaBreHi y BUAI HENMPOHMUX Mepex. Lle oOMexeHHs A03Bonsie
po3p0obnsaATM anropuTMuK, NOTEHUINHO Oinblu napanenbHi, Y M iHwa
IXHA isnyHa peanizauis. MHOXWHA HENPOMEPEXHUX anropuTmis

pO3B’sA3aHHS 3apad cknapae nepcnekTUBHUM po3gain
ob4yncntoBanbHoOT MaTemMaTuKku, YMOBHO Ha3BaHUN
HerpomMaTeMaTUKOHO.

ObyucrnitosarnbHa mexHika

Herpokomn'totep - uUe obuncnioBanbHa cuctemMa, y SKin
peanizoBaHi ABa NPMHUMMNOBUX TEXHIYHMX PiLLEHHS:

e CrpOWEeHWn [0 PiBHA HenpoHa MpOLEeCOpPHUN ereMeHT
OAHOPIOHOT CTPYKTYpW i CKNagHi 3B'A3KM MiXK enemMeHTamu;

e MporpamyBaHHsi 064MCOBaNbHOI CTPYKTYPU NEPEHECEHO Ha
3MiHYy  BaroBux KoediUieHTIB  3B'A3KIB  MiX  NpOLLEeCOPHUMMU
erneMeHTamum.

3aranbHe  BU3HAYeHHA  HeMpokoMmm'ldTepa  MoOXe  OyTu
npencTaereHe B HACTYNHOMY BUZ;.

Helpokomn’toTep - Lie o64ncnoBanbHa cuctema 3 apXiTeKTyporo
anapaTHOro i MporpaMHoro 3abes3neyveHHsi, a4ekBaTHOTO BUKOHAHHIO
anropuTMiB, NpeacTaBneHnx y HeMpoMepeXXHOMY NoriYHOMY 6a3uci.
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e HenpokomMmn'toTepn AalTb CTaHOAPTHUIA CMOCIO pO3B’si3aHHS
OaraTtbOXx HeCcTaHOapTHMX 3adad. | HeBanMBO, WO creuianizoBaHa
MallMHa Kpalle po3B’A3ye OOWH Knac 3agad. Baxnueiwe, wo oavH
HeMpoKoMM'lOTEep PO3B’sKe i Lo 3agady, i gpyry, i TpeTio i He Tpeba
wopas npoektyBatu cneuianisoeaHy EOM, Henpokomn’iotep
3pobuUTb yce caM i Malxe He ripLue.

e BamicTb nporpamyBaHHsi HaBYaHHA. Henpokomm’'iotep
YUYMTbCH, NOTPIOHO Nuwe copmMyBaTh HaBYanbHi MHOXWHWU. PobGoTa
nporpamicta 3amMiHSETbCS HOBOK poboTo Buutens. Kpawe ue um
ripwe? Hi Te, Hi iHWe. MNporpamicT ykasye MaluuHi BCi geTtani poboTwy,
yumTenb  CTBOPIOE  HaBYanbHEe  CepefoBulle, OO0  SIKOrO
NMPUCTOCOBYETLCA Henpokomm'ioTep. 3'ABNSATbCA HOBI MOXIMBOCTI
ans pobotwu.

e Henpokomm’iotepn edekTMBHI Tam, Ae NOTPIOHUA aHanor
NOACLKOI iHTYILiT, 30KpeMa, Ans po3ni3HaBaHHSA obpasiB, YMTaHHS
PYKOMUCHMX TEKCTIB, MiAFOTOBKM aHamiTU4HMX NPOrHo3iB, nepeknagy
3 ofHiei MoBM Ha iHWwuK i T.n. Came AnNA Takux 3agady 3asBuyan
BaXXKO CKITACTU SIBHWUIA aniropuTMm.

3. I'eHeTHuHI
AJTOPUTMH

3.1. MpupoaHun BIAGip y npupogai
EBontouiiHa Teopis CTBEPOXYE, WO KOXeH 6GionoriyHum BuA
LinecnpsiMoOBaHO pO3BMBAETbCA | 3MIHIOETbCA And Toro, wob
LLIOHalKpallle NPUCTOCYBaTUCA OO HABKOMMULIHBOIO cepegoBuuia. Y
npoueci esonwuii 6arato Buaie komax i pub npugdanm 3axucHe
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(papbyBaHHs, Dkak CTaB HEBPA3NMBMM 3aBOSKW rofkam, noauvHa
cTana BRNacHMKOM [yXe CKnagHoi HepBoBOi cuctemu. MoxHa
ckasaTtu, WO eBosilouia - Ue npouec OnTMMI3auil BCiX XUBUX
opraHiamiB. Po3rnsHemo, gkumMu X 3acobamu npupoga BUpiLLYE Lo
3agayvy onTumisauii.

OCHOBHUIN MexaHi3M eBonioLii - Le npupodHull 8idbip. Moro cyTb
nonsrae B TOMy, WO O6inbWw npucTtocoBaHi ocobu MawTb bBinbLue
MOXXIMBOCTEN OS] BWKUBAHHSA | PO3MHOXEHHS i, OTXXe, NMPUHOCATb
Oinble HalwlaakiB, HiXX MOoraHo npucTtocoBaHi ocobu. lMpu ubomy
3aBASKM  nepefadvi  reHeTu4Hoi  iHopmauii  (2eHemu4yHomy
crnadKyeaHHI0) HallagKku YcnagkoBYKOTb Bif OaTbkiB OCHOBHI iXHi
SIKOCTi. Takum YMHOM, HaLLadKW CUMbHUX iHOMBIAYYMIB TakoX OyayTb
BIOHOCHO Aobpe MpMCTOCOBaHUMM, a iXHS YacTka B 3aranbHii maci
ocoben 6yae 3poctaTu. licna 3miHK OeKinbkox AecsaTkiB abo CoTeHb
MoKkosiHb cepeaHs NPUCTOCOBaHICTb 0cobelt JaHoro Buay MOMITHO
3pocTae.

Llo6 3pobutn 3posyminumu nNpvHUMNM  pobBOTU TreHEeTUYHUX
anropuTmis, MOACHMMO  TaKOX, $K YynawToBaHi  MexaHi3aMu
rEHEeTMYHOro CrnafKyBaHHS B MPUpOAi. Y KOXHIN KniTui Oyab-sikoi
TBapWHW YTPUMYETbLCHA BCS reHeTuMvHa iHcopmauia uiei ocobu. Lis
iHpopmauia 3anncaHa y Bugi Habopy Ayxke poBrux monekyn OHK
(de3sokcmpubo HykneiHoBa Kucnota). KoxHa monekyna OHK - ue
NaHUIOXKOK, WO CKNagaeTbCs 3 MONekyn Hykieomudie 4OTUPbLOX
TMniB, wo no3HavatTeca A, T, C i G. BnacHe, iHdopmauilo Hece
nopsidok rnpoxomkeHHs Hykneotugis y [OHK. Takum  yumHOM,
reHeTUYHUA KoA iHAMBIAyMa - Ue NpoCTo AyXe [O0BrMA  pspaok
CMMBONIB, A€ BMKOPUCTOBYIOTLCH BCbOro 4 GYKBU. Y TBapUHHIWA KNiTUi
koxHa monekyna [OHK oTtouyeHa o6GOMOHKOW - Take YTBOPEHHS
Ha3MBAETLCA XPOMOCOMOK).

KoxHa ypomxeHa sikicTb ocobu (konip oka, cnagkoeMHi XxBopobu,
TMN BOMoccs i T.4.) KOOYETbCH BU3HAYEHOK YaCTMHOK XPOMOCOMMU,
LLIO Ha3MBAETbLCA 2€HOM L€l BNacTMBOCTI. Hanpuknag, reH Konbopy
oKa MICTUTb iHbopMaLilo, Lo KoAYyE BU3HAYEHUN Konip o4vel. PisHi
3HaYeHHS reHa Ha3MBatTbCs NOro asuiesnsmu.

Mpyn  pO3MHOXEHHI  TBapuvH  BIigOyBa€eTbCs  3MUTTA  ABOX
BaTbKiBCbKMX MOMoBux KMiToK i ixHi AHK B3aemogioTb, yTBOPHOOYM
OHK Hawapaka. OcHoBHUI cnocib B3aemogii - kpoccosep (cross-over,
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cxpewysaHHsi). Mpn kpoccosepi AHK npeakie po3ginawoTbea Ha ABi
YacTUHK, a NOTIM OOMIHIOTLCSA CBOIMW MOMOBUHKAMM.

Mpn cnapgkyBaHHI MOXMMBI MyTauii 4Yepe3 pagioakTUBHICTL abo
iHWi BNAMBKW, Yy pes3ynbTaTi SKMX MOXYTb 3MIHUTUCA AesKi reHn B
NonoBuX KriTkax ogHoro 3 6GartbkiB. 3MiHEHI reHn nepegarTbes
HallagdKoBi i [ofdalTb WMOMY HOBi BRacTMBOCTI. AKWO Ui HOBI
BNAcTUBOCTI KOPWCHI, BOHU, LUBMALLE 33 BCe, 36epexyTbCca B JaHOMY
BuAi - npu ubomy BiabyoeTbca cTpubkonodibHe nigBULLIEHHS
NPUCTOCOBaHOCTI BUAY. KntoyoBy ponb B €BOMIOLiNHIN Teopii rpae
npupogdHwii  BinGip. WMoro cyTb nonsrae B TOMy, WO HaibinbL
npucTocoBaHi ocobu Kpalwe BWXMBalOTb | MPUHOCATL Ginblue
HallaaKiB, YMM MeHLW npuctocoBaHi. MomiTumo, wo cam no cobi
npupoaHui Bigdip Wwe He 3abe3nevye po3BUTOK GionoriyHoro BuAay.
Tomy [yXe BaXnMBO 3pO3yMiTW, $KMM 4YMHOM BigOyBaeTbCA
cnagkyBaHHsi, TOOTO $K BRAcTUMBOCTI Hallagka 3anexaTb Big
Bnactmeocten 6atbkiB. OCHOBHWMI 3aKOH CNadKyBaHHS iHTYiTUBHO
3PO3YMISIMN KOXXHOMY - BiH nonsrae B TOMY, WO HalladKu CXOXi Ha
BaTbkiB. 3okpema, Hawaakv Binbw npuctocoBaHux HaTbkiB 6yayTh,
wBualwe 3a BCe, OOHMMU 3 HanWbinbLl MPUCTOCOBaHMX Yy CBOEMY
nokoniHHi. o6 3po3ymiTn, Ha YoMy 3acHoBaHa UsS NOAIOHICTb,
NOTPIGHO TpOXM NornMmMbuTnca B NobyaoBy NPUPOAHOI KITiTKN - y CBIT
reHiB i xpomocoM.  Mawixe B KOXHil KniTui 6yab-sikoi ocobu € Habip
XPOMOCOM, LLIO HECYTb iHbopmaLito npo uto ocody. OCHOBHa YacTuHa
xpoMocomu - HuTka OHK, wo Bu3Hayae, ki XiMivHi peakuii 6yayTb
BiabyBaTUCA B AaHin KniTui, K BOHa Oyae po3smBaTucs i Aki pyHKUiT
BMKOHYBaTMW.

leH - ye sidpisok naHyroza AHK, eidnosidanbHull 3a 8usHa4yeHy
eracmusicmb ocobu, Harnpuknad 3a Konip o4el, mur 80/10CCS, KOJTip
wkKipu i m.o.

Ycs cykynHicmb 2eHemuYyHuUX o3HakK JIIOOUHU KOGyembCsl 3a
donomozor npubnusHo 60 muc. 2eHie, doexXuHa sIKUX ckiadae
6inbw 90 MnH. Hykneomudie.

PospisHaloTe ABa BMAM KNiTOK: r1o108i (Taki, ik cnepmaTosoig i
ANLEKNITUHA) | coMamuyHi. Y KOXHOI COMaTWUYHIA KNiTui NoaMHU
yTpumyeTbea 46 xpomocom. Lli 46 xpomocom - Hacnpasgi 23 napw,
NpM4OMy B KOXHi/i mapi ogHa 3 XpOMOCOM OTpumaHa Big 6aTbka, a
apyra - Big martepi. NapHi xpomocomMu BignoBigaloTb 3a OAHAKOBI
0O3HaKM - Hanpuknag, G6aTbkiBCbka XpoOMOCOMa MOXe MICTUTU TreH
YOPHOrO KONbOPY OKa, a napHa i MaTepuHCbKa - reH GnakuTHoro
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Konbopy. ICHYIOTb 8U3Ha4Y€eHi 3aKOHU, W0 Kepyromb y4acmio mux
abo iHwux zeHie y po3eumky ocobu. 3okpema, y Halomy
npuknagi Hawagok 6yae YOPHOOKNM, OCKINbKW reH BNakuTHUX oyen €
"cnabkmum" i npyayLwyeTbCA reHoMm 6yab-AKOro iHLWOro Konbopy.

Y nonoBux KniTkax XpOMOCOM Tifibkn 23, i BOHM HenapHi. Npu
3annigHeHHi BiOOYBaETLCA 3MUTTA YOMOBIUMX | KIHOYOI MONOBMX
KNITOK i BMXOOWTb KMiTKa 3apogka, Wo MiCTUTb 46 XpomocoM. Aki
BNaCTMBOCTI HalWlagoK oAepXuTb Big 6aTbka, a ski - Big matepi? Lle
3anexutb Big TOro, Aki came nonosi KMiTkm 6panu y4dactb y
3annigHeHHi. lpouyec 8upobrieHHs1 MOI08UX KIIMOK (mak Ha3usaHull
melio3) 8 opzaHiami niddaembcs UMOBIPHOCMSAM, 3a80SKU SIKUM
Hawaoku bazamo e YoMy 8iOpi3HsrombCcsi 8i0 cgoix bambkie. pn
Menosi, BigOyBalOTbLCA HACTyMHE: MapHi XpPOMOCOMW COMaTUYHOI
KNiTKM 30nmxkarTbes BNPUTYA, NOTiM ixHI HUTKM OHK pospuBatoTbes
B AEKINbKOX BMNAAKOBUX MICLSIX i XpOMOCOMWU OOMIHIOIOTLCS CBOIMM
YactuHamu (puc. 3.1).

| iR | )
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Puc. 3.1. YMoBHa cxema KpociHroBepa

Llen npouec 3abesneyye nosiBy HOBWX BapiaHTiB XPOMOCOM i
HasneaeTbcs "KpociHrosep". KoxHa i3 3HOBY 3'ABMBLUNXCS XPOMOCOM
BMSIBUTBLCS MOTIM ycepeauHi OAHIEl 3 MOMNOBUX KMITOK, i il reHeTu4Ha
iHpopmauis moxe peanidyBaTucs B Hawagkax gaHoi ocobu.

Opyrvii Baxxnnenin bakTop, WO BRAAMBAE Ha CNaAKOBICTb, - Ue
MyTaLii, WO BuUpaxalTbCa B 3MiHi gesknx ginsHok OHK. Mytauii
TakoX BWNAAKOBi i MOXYTb OyTW BUKMIMKaHI Pi3HUMKU 30BHILLHIMM
hakTopamu, Taknmu, K pagioakTUBHE ONPOMIHEHHA. AKLWO MyTaLis
BigOynaca B MOMOBIA KMiTWi, TO 3MIHEHMI TeH MOXe nepefaTucs
HalLlaZKOoBI i MPOABUTUCS Y BUAI CNagKoeMHOT XxBopobu abo B iHLWIMX
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HOBMX BMaCTMBOCTAX Halwlagka. BBaxaeTbcs, WO came myTtauii €
NMPUYNHO NMOSIBU HOBUX BionoriYyHNX BMAIB, a KPOCIHIOBEP BU3HAYaE
BXEe MIiHNUBICTb  ycepeauwHi Buay (Hanpuknag, reHeTUYHI
PO3XOMKEHHA MK MOAbMU).

3.2. lLlo TaKke reHEeTUYHUIN anropuTMm

Hexan paHa pesika cknagHa OyHKUIS (Yinbosa ¢byHKUis), WO
3anexunTb Bid OEKiNbKOX 3MiHHMX, i NOTPIOHO 3HAMTWU Taki 3HAYEHHS
3MIHHUX, NPU AKMX 3HAYEeHHSA yHKUii MakcumanbHe. 3agadi Takoro
pody HasuBaloTbCA 3adavyamu onmumidayii i BOHW 3yCcTpivaloTbCcs Ha
npakTULi ayxe 4acro.

OavH 3 HambinbWw HaoYHMX NpUKNagiB - 3agada posnoginy
iHBeCTUUiN. Y Uin 3agadvi 3MiHHUMK € 0DCArM iHBECTULIA Yy KOXEH
npoekt (10 3miHHMX), a yHKuUi€el, SKy MOTPIBGHO MakcumiyBaTtu -
cymMapHui  poxig  iHBecTopa. TakoX NpuBEAEHi  3HAYeHHS
MiHiManbHOro i MakcuMmanbHoro o6’eMy BKNAOEHHS B KOXHUA i3
MPOEKTIB, LLO 3a4alTb 06N1acTb 3MiHN KOXKHOI i3 3MIHHUX.

Cnpobyemo po3B’A3aTn L 3agady, 3acTOCOBYHUM BiJOMi Ham
npupoaHi cnocobu onTumisauii. Byaemo posrnsgatv KoXeH BapiaHT
iHBeCTyBaHHA  (Habip 3HayeHb 3MiHHMX) $K iHAMBIOYM, a
NPMOYTKOBICTb UBOrO BapiaHTa - $£K MPUCTOCOBAHICTb  LbOrO
ingusigyma. Togi B mnpoueci eBoniouil (SKWO MU 3yMIEMO KNOro
opraHisysaTh) MpUCTOCOBaHICTb iHAMBIAYMiIB Oyae 3poctatn, a
BUXOAUTb, ByayThb 3'aBnaTuca yce Oinbll i Ginbl AoxigHi BapiaHTu
iHBECTyBaHHS. 3ynMHMBLUX €BOSIOLI0 B OESKUA MOMEHT i BUOpaBLLM
HaWKpalloro iHAMBIOYMa, MW OOEPXUMO [OCUTb rapHe pilleHHs
3agadi.

FeHemuyHul anzopumm - ue npocma MoOesib €egoNuyii 8
npupodi, sika pearizoeaHa y 8udi KOM'toMepPHOI npoepamul.

Y HbOMY BMKOPMUCTOBYIOTLCH SIK @Haror MexaHiamy reHeTU4HOro
cnagKkyBaHHsA, Tak i aHanor npupogHoro Bigbopy. [lpu ubomMy
36epiraeTbca GionoriyHa TepMiHomnoria B cnpoiweHomy Bugi. OT sk
MOLENMETHCS reHeTUYHE CMafKyBaHHSI

BekTop (MOCNiQOBHICTL) 3 HYNIB i
Xpomocoma OAVHMLb.

KoxxHa nosuuis (6iT) Ha3MBaETLCA reHOM.
lauBigym= Habip xpomocom= BapiaHT pilleHHs
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reHeTUYHUIA KOop, 3agadi

Kpocosep Onepauis, npu skiA ABi XpOMOCOMM
OOMIHIOOTHCHA CBOIMM YaCcTUHAMM
MyTtauia BunapgkoBa 3miHa oaHiel abo Aekinbkox

Nno3unuinn B XPOMOCOMI

LLlo6 3mopentoBati eBOMOLIMHMI NPOLEC, 3reHepyeEMO crnoyaTtky
BMMAZKOBY NOMyNSAUiO - Kifnbka iHAMBIAYMIB 3 BMNAgKoBMM Habopom
XPOMOCOM  (YMCNOBUX BEKTOPIB). [EHEeTUYHUN anroputm iMiTye
€BOMOUi0  uiel nonynauii 9K  UMKMiYHMA  npouec  CXpeLlyBaHHS
iHAMBIOYMIB | 3MiHM NOKOMiHb.

i

ANCOPUATM OBYMCNEHE

i —g- CXPEULYBAHHA BIINOBIL
CTBOPEHHS : :

NOMATKOBOT o e Sy ] x L
nonyaAw t
Ly ¢ W =
! i :
i I= ! MYTALIA [ * : BIIEIP ‘E

NEPEX] 00 HOBOIQ NOKONIHHA

KutteBumm Lumkn nonynsuii - Le Kinbka BUNAgKoBUX CXpeLlyBaHb
(3a ponomorow kpoccosepa) i MyTauid, y pesynbTati Skux Ao
nonynauii 4oOaeTbCA sKacb KinbKiCTb HOBUX iHAMBIAyMiB. Bigbip vy
reHeTUYHOMY anropuTMmi - Le npouec PopMyBaHHsi HOBOI NONynALiT 3i
cTapoi, micnsa yoro crapa nonynsuia ruHe. licnga Bigbopy A0 HoBoOI
nonynsuii 3HOBY 3aCcTOCOBYKOTbCS onepaudii KpocoBepa i MyTadii,
noTiM 3HOBY BigOyBaeTbCs BiAbip, | Tak gani.

Big6ip y reHeTMMHOMY anropuTMmi TiCHO 3B'A3aHUN i3 NpUMHLUMNaAMM
npupogHoro Biabopy B Npupogdi B Takui cnocib:
MpucTocyBaHHSA 3HayeHHs LinboBOT (PyHKUIT Ha LIbOMY

iHavBigyma iHOMBIAYMI
BuxunsaHHs Monynsuig HacTynHOro NOKOMIHHS
HanbinbLL dopMyeTbCH Yy BIANOBIAHOCTI 3 LiNbOBO

NPUCTOCOBAHNX dyHKuie0. Ym npncTocoBaHiWnN
iHOMBIgYM, TMM BinbLua NMOBIPHICTb NOrO
yyacTi y KpocoBepi, TOGTO PO3MHOXEHHI
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Takum 4MHOM, MoAernb BigOOpy BM3Hayae, SKMM YMHOM BapTo
OyoyBaTy  MONynsAUil0  HACTYMHOrO  MOKOJMiHHA.  fAK  npaswuno,
MMOBIPHICTL  yyacTi iHOMBiAymMa B  cxpellyBaHHi  bGepeTbcs
NponopLuiiHO MOro NPUCTOCYBaHHIO. YacTO BUKOPUCTOBYETbCA Tak
HasuMBaHa cmpameeia efimu3sMa, nNpu  SKIA - Kinbka  Kpawiux
iHOMBIOYMIB NepexoasaTb y HaCcTyrnHe NOKOMiHHA 6e3 3MiH, He Bepyun
yyacTi y kpocoBepi i Aobopi. Y 6yab-akomMy BUNaaKy KOXHE HacTyrnHe
nokoniHHa 6yge B cepedHbOMy Kpawe nonepegHboro.  Konwu
NMPUCTOCOBAHICTb iHAOUBIOYMIB nepecTae noMiTHO 36inbLuyBaTUCS,
npouec 3ynNuHSTbL | SIK PO3B’A3aHHsA 3agadvi onTuMmisauii 0epyTb
HaNKpaLLOro 3i 3HanaeHnx iHauBIaAyMmiB.

MoBepTatoumcb 40 3agadvi ONTMManbHOrO Po3noginy iHBecTuUin,
NOSICHMMO OCODJIMBOCTI peani3auii reHeTUYHOro anropuTMy B LibOMY
BMNaaKYy.

1. IHgMBiaym = BapiaHT pilweHHs 3agadi = Habip 3 10 xpomocom X;

2. XpomocomMa X= 0o6cAr BKNageHHA B MpoekT j = 16-po3psagHui
3anmc uboro Yymucna

3. Tak gk obcarn BknageHb OOMeXeHi, He BCi 3HAYEHHS XPOMOCOM
€ npunyctummmu. Lle BpaxoByeTbCs Npu reHepadil nonynsauiv

4. Tak dk cymapHui obcdr iHBecTumuin pikcoBaHMIM, TO pearnbHO
BapitlolTbCA TiNbkM 9 XpOMOCOM, a 3HaveHHs 10-0i BU3Ha4aeTbCH no
HWX OAHO3HaYHO.

Hwx4ye npuBeneHi pesynbtatm poboTM reHETUYHOro anropuTmy
AN TPbOX Pi3HWX 3Ha4eHb CymapHoro obcsary iHBecTuuin K (puc.
3.2). Keagpatamu Ha rpacpikax npubyTKiB Bia3HaveHo, skuin obcsar
BKNAAEHHA B [JaHWA  MPOEKT PEKOMEHAOBAHO  FEHETUYHUM
anroputmoM. BugHo, wo npu manomy 3HadeHHi K iHBecCTylTbCS
TiNbKW Ti NPOEKTU, SKi NPUBYTKOBI NPY MiHIManNbHUX BKNageHHsX.
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MPMBYTOK K= 800, npuevTok= 1391.18
900 +—— - -

800 +
700 +
600 +
500 +
400 -

0 100 200 300 400 500
KANMTANOBKNAOQEHHA B NPOEKT

Puc. 3.2

AKwo 36inbWwnTN cymapHuin obcsar iIHBECTULIN, cTae NpuOYTKOBUM
BKnagaTtu rpowi n y 6inbw gopori npoektn (punc.3.3).
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nPrEYTOR K = 400&, nrveviok = B§T25.60

KANMTANOBKNALOEHHA B NPOEKT

Puc. 3.3.

Mpun noganbwomy 36inbLieHHi K JocaraeTbCcs nopir MakcumarnbHOro
BKITAAEHHSA B NpUOYTKOBI NPOEKTH, i iIHBECTYBaHHSA B ManonpuobyTKoBI
NPOEeKTN 3HOBY HabyBa€E CeHCy.

3.3. OcobnmnBOCTi reHeTUYHUX anropmuTMiB

[eHeTUYHN anropuTM - HOBITHIN, ane He €ONHO MOXITMBUMN
crnocib po3B’sisaHHA  3agad  onTuMmisadii. BigmaBHa Bigomi aBa
OCHOBHMX LUMASIXM pPO3B’AI3aHHS  TakMxX 3agady - rnepebopHul i
JnloKasibHo-2padieHmHud. Y unux MeTOAIB CBOi AOCTOIHCTBA i HEJOMIKK,
i B KOXXHOMY KOHKPETHOMY BMNagky BapTo noaymaTtu, SKUWA 3 HUX
Bnbpatn. Po3rnsHeMo [JocCTOiHCTBA | Hedoniku CTaHAapTHUX i
reHeTUYHNX METOAIB Ha MpuKnagi Knacu4yHoi 3adayvi Komigosikepa
(TSP - travelling salesman problem). CyTb 3agadi nonsirae B Tomy,
o6 3HANTWN HAWKOPOTLLUMI 3aMKHEHUI LWINAX 06XxoQy AeKiNbKOX MICT,
3afjaHux CBOiMM koopauHaTtamu. Busiensetbcs, wo xe ans 30 mict
MOLIYK OMTUMAanbHOrO LWNSAXY SABMASE COOOK CcKnagHy 3agady, Lo
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CMOHyKana poO3BWUTOK PIi3HMX HOBUX MeTodiB (y TOMy uyucni
HENPOMEpPEX i TEHETUYHNX anropuTMmiB).

KoxxeH BapiaHT po3e’a3aHHs (ans 30 micT) - ue uncnosun psg, ae
Ha j-OMy MicuUji CTOITb HOMep j-0ro No nopsaKky obxoay micta. Takum
YuHOM, Yy Ui 3agadi 30 mapameTpiB, Npu4oMy He BCi KOMOGiHauil
3HadeHb npunyctumi. NpupoaHo, nepLuoto igee € nosHu nepebip
yCix BapiaHTiB 06xoay.

MepebopHun meTon Hambinbw MPOCTMMA NO  CBOIA  CyTi |
TpuBianbHWA Yy nporpamyBaHHi. [Ond nowyky oOnTMMarbHOro
pO3B’sI3aHHSA  (TOYKM MaKCUMyMy LifnboBOi  (pyHKUi() noTpibHO
MOCniA0OBHO 0OYMCINTY 3HAYEHHS LinboBOT OYHKLIT Y BCIX MOXITMBUX
ToYKax, 3anam'aToBYHOHYN MakcMMarbHe 3 HuX (puc.3.4).

.-*"\"1\

Puc. 3.4.

Heponikom uUbOro metogy € Benuka obuucnioBarnbHa BapTiCTb.
3okpema, Yy 3anaq| KOMiBomKepa Oyoe noTtpibHO npopaxyBaTtu
JOBXWHU OinbLu 10%° BapiaHTIB LWNSAXiB, WO 30BCIM HepearibHO.
OpHak, sKwo nepebip ycix BapiaHTiB 3@ PO3YMHUI YaCc MOXINBUIA, TO
MoxHa Oyt abCcomnTHO YyneBHEHWM Yy TiM, WO 3HangeHe
pO3B’A3aHHSA AINCHO ONTUMarbHe.

Opyrvii nonynsipHuii cnocib 3acHoOBaHWMI Ha MeTOAi rpafieHTHOro
cnycka. [pu ubomy cnovaTky BuOUpalTbCs [Oesiki BUMNAAKOBI
3Ha4yeHHA napameTpiB, a NOTIM Ui 3HA4YEHHA MOCTYNOBO 3MIHIOIOTb,
JoMaralumcb HambinbLIOi  WBWMAKOCTI  POCTY UiNboBOI  cpyHKUi
(pnc.3.5).
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Puc. 3.5.

[ocarwm nokaneHOro MakCMMymy, Takmii anroputm 3ynUHAETbCS,
TOMY AN NOLWyKy rnobansHOro onTuMymy 6yayTb NOTPiOHI 4oaaTKOBI
3ycunnsi.

[pagieHTHi MeToan NpautolTh OYXe LBUAOKO, arne He rapaHTyloTb
ONTMMarbHOCTI 3HAN4EHOrO PO3B’A3aHHS.

BoHn igeanbHi Ans 3acTocyBaHHS B TaK 3BaHUX yHiMOOasibHUX
3ajavax, e uinboBa (PyHKUiS Mae €OuHUIA NOKanbHUA MakCUMyM
(BiH >xe - rnobanbHui). Jlerko 6aunTn, WO 3agadva KOMiBOsbkepa
YHiMoganbHoto He € (puc. 3.6).

o
¥ 3

\\
o

v

Puc. 3.6.

TunoBa npakTM4yHa 3agada, SK NpaBuno, MysabmumodarbHa i
GaraTomipHa, TO6TO MicTUTL GaraTto napameTpiB. [ns Takux 3agad
He iCHY€E XXOAHOrO YHiBepCcanbHOro MeToay, Lo 003BonsAB 6u gocuTb
LUBMAKO 3HaNTN abComMTHO TOYHE po3B’A3aHHs (prc.3.7).
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A LINbOBA OYHKLIA

U ?j \

-

NapaMeTp

Puc. 3.7.

OpHak, komBiHyuM nepebopHUM | rpagieHTHUN MeToau, MOXHAa
cnogisatmuca otpumaty xoda 6 HabnumkeHe pO3B’A3aHHSA, TOYHICTb
sKkoro 6yge 3pocTtaTy npw 36inbLUEHHI Yacy po3paxyHKy (puc.3.8).

i
P

\
b 4

Puc. 3.8.

FeHeTMYHM anroputm aBnde coboko came Takuih KOMOGIHOBaHMN
metod. MexaHiamu cxpellyBaHHS i MyTauii B SKOMYCb 3MIiCTi
peani3yloTb nepebopHy 4YacTuHy MeTody, a pgobip Kpawmx
pO3B’si3aHHb - rpafieHTHWn cnyck. Ha pucyHKy nokasaHo, WO Taka
koMOiHaLis p[o3Bonsie 3abe3neunTu CTiNKO rapHy edgeKTUBHICTb
reHeTUYHOro NoLyky Ans dyab-siknx Tvunie 3agad (puc. 3.9).
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ETEKTMBHICTE
rEHETMqHHH
AJ'II'UPMTM
" o
NOKANEHI
METOOMA
I'IEPEEIP
—--w.... _‘,.-*-'-— ot
- s i i . w—)-
KOMBHATOPHA YHIMOOANBHA MY NETMMOOANEHA
TN 3A044I i
Puc. 3.9.

OTxe, AKWO Ha OesKin MHOXMHI 3afjaHa cknagHa yHKUia Big
OEKINbKOX 3MIHHUX, TO FTEHETUYHUIM anropuTM - Lie nporpamMa, Lo 3a
PO3YMHUI 4Yac 3HaxXoO4uUTb TOYKY, Ae 3HaYeHHsa YHKUiT JocuTb
6rm3bKke 4O MaKCMMarnbHO MOXIMBOrO. Bubupatoum NpunHATHUIA Yac
pO3paxyHKy, MW OOEPXMMO OOHE 3 Kpalux po3B’A3aHHb, WO y3arani
MOXITMBO ofepxaTu 3a Len yac.

3.4. 3apayi onTumisaduil i 3acTocyBaHHA
anroputmise

["eHeTWYHi anropuTMK - Lie AyXe NonynsipHi B 4aHWA Yac cnocobu
poO3B’sI3aHHA  3agad  onTuMmizauii. Y  iXHIW  OCHOBI  NEXuTb
BVKOPUCTaHHA €BONIOLIMHMX NMPUHUMMIB AN MOLIYKY OMTMMarbHOro
po3B’A3aHHA. Yxe cama iges BWUrmsgae [OCUTb iIHTPUTYIOYOH i

uikaBow, WOO6 nepeTBOpPUTU ii B XUTTS, @ YUCIEHHI MNO3UTMBHI
pes3ynbTaTty TiNbK1 po3nantooTb iHTepec 3 6OKy JOCNIAHUKIB. Tyt
He ©Oyge posrnagaTvcs  iCTOpiss  CTaHOBMEHHS | BU3HAHHS

€BONNOLIMHNX 0B4YMCnNeHb B3arani i reHeTUYHMX anropuTMiB 30KpeMa.
3amicTb UbOro My Bigpasy nepenay 4o po3rnsgy caMmmx anropuTmis.
Ak MM BXe TrOBOPUNK, TEHETWYHi anroputMm B OCHOBHOMY
3aCTOCOBYHOTbLCS ANt PO3B’si3aHHA 3af4ad onTumisadii, To6To 3agay, y
AKX € aesKka pyHKUia OeKiNbKoX 3MIHHUX F(Xi, Xa, ... ,X,) | HEOBXigHO
3HanTKM abo ii Makcumym, abo ii MiHiMym. ®PyHkUis F HasmBaeTbeA
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uinbo8or hyHKUieo, a 3MiHHI - napamempamu yHKUIT. eHeTUYHI
anropuTmu "npuwmBatoTbCs" OO AaHOi 3agadvi B Takui  Cnocio.
MapameTpu 3agadi € reHeTUMHUM MaTepianoM - reHamn. CyKynHiCTb
reHiB cknagae xpomocomy. KoxHa ocoba mMae CBOK XpOMOCOMY, a,
oTXe, cBoi Habopu napameTpiB. ligcTaBuBLLM NapaMeTpu B LiNbOBY
OYHKLIIO, MOXHA ofepXaTu SKeCb 3Ha4yeHHda. Te, Hackineku ue
3Ha4YeHHA  3aJ0BOfMbHSAE  MOCTaBfEHUMM  yMOBaM,  BMU3Ha4vae
XapakTepucTnky ocobu, WO Has3MBaeTbCA  PUCMOCO8aHICMI0
(fitness). ®yHKUisA, WO BW3HA4Yae MPUCTOCOBAHICTb MOBMHHA
3a[I0BOSIbHATM HACTYMHIA YMOBi: uYuMm "Kpawa" ocoba, TM BuLlE
NPUCTOCOBAHICTb. [eHEeTUYHI anropuTMn NpauoloTb 3 NONynsUiel K
npaeuno ikcoBaHOro po3mipy, WO cknagaeTbcs 3 ocoben, 3agaHux
3a gonomorot crnocoby, onucaHoro Buwe. Ocobu "cxpewyoTbea”
MK coDOl0 3a JOMOMOroK 2eHemuYHUX onepamopig (Npo Te, SK
BiAbyBaeTbCA Lew npouec — byge onMcaHo OKpeMmo), i B Takuii cnocid
BUXOOATb HaWAOKTW, MNpUYOMY YacTMHa HawagkiB 3aMiHIOTb
npeacTaBHUKIB  Binbll  CTApOro MOKOMIHHA Yy BiAnOBiAHOCTI  3i
cmpameeziero _hopMyeaHHs HO8020 MOKOJiHHS. Bubip ocoben ans
CXpeLlyBaHHA NPOBOANTLCA BIAMOBIOHO A0 CEIeKMUBHOI cmpameaii
(selection strategy). 3aHoBO cdopmoBaHa MoNynsauid 3HOBY
OLHIOETBLCS, MOTIM BMOUPAIOTLCHA HaWBINbLL TigHi ANs cXpeLlyBaHHS
0ocobu, L0 CXpeLLyTbCs Mk cobot, BUXOOATb «AiTU» i 3aimaloTb
Micue «cTapux» iHOuBIAYMIB i T.4. YCi Ue NpoooBXYETbCHA OOTU MOKK
He 3HampeTbcsl ocoba, reHu sKoi NpeacTaBnsAlTb ONTMMAarbHUR
Habip napameTpiB, NpY AKX 3HAYEHHS LiNbOBOI YHKLUii 6nm3bke Ao
Makcumymy abo MiHimymMy, abo gopiBHtoe nomy. 3ynmHka pobotu A
MOXe BigbYyTUCA TakoX y BUNAAKy, AKLWIO NOMynsuis BUPOOKYETHCS,
TOOTO $SKWO NPaKTMYHO HEeMae po3MaiToCTi B reHax ocoben
nonynsAuii, abo SKWO MpPOCTO BWWLWIOB MNiMIT 4acy. BupomkeHHs
nonynsauii  HasvBalTb  nepeddyacHowo  36ixHicmio  (premature
convergence).

Moxe cTBOpPUTUCA BpaKeHHs, Wo A € npocTo nepekpyyYeHuM
BapiaHTOM BMMNAAKOBOro mnowyky. Amne npucTocoBaHiCTb Oyna
BBE4EHa 30BCiM He pgapemHo. CnpaBa B TiM, WO BOHa
Oe3nocepeaHbO BMMMBAE Ha LWAHC 0COOM B3ATUM y4yacTb Y
CXpEeLlyBaHHi 3 HaCTYMHMM «HapPOMXEHHSAM fAiTen». Bubuparoun
Liopa3s Ansa cxpeLlyBaHHS HanbinbLl NPUCTOCOBaHMX 0cobew, MOXHa
3 BU3HAYEHVM CTeneHeM YMEeBHEHOCTI CTBepaAXyBaTu, LU0 Hallaaku
6ynytb abo He HabaraTo ripwi, Hix 6aTbku, abo kpaui ix. NpubnunsHo
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http://qai.narod.ru/GA/genoperators.html
http://qai.narod.ru/GA/strategies.html#newgen
http://qai.narod.ru/GA/strategies.html#selection
http://qai.narod.ru/GA/strategies.html#selection

L0 BEMWUYMHY BMNEBHEHOCTI MOXHA OUIHUTM 3a AOMNOMOIOK TEOPEMU
LIabnoHiB (TeopeMu LIKUM).

TeopeTunyHi acnektn A, WO BUNNUBAOTb:

[] MNpeacraBneHHs AaHHMX B reHax

[1 [eHeTW4YHi onepaTopu

[1 MogenilA
[ DyHKUiT
[1 Crparterii Bigbopy i dopmMyBaHHS HOBOroO NOKOMiHHS

e x 3actocoBytoTbecst FA? Ycboro 3actocyBaHb gyxe b6arato, Tomy
NpUBEAEHUI CMIUCOK HE € BUYEPMTHUM.

EkcTpemanbHi 3agadi (NowykK TOYOK MiHIMYMY i MiHIMyMY);
3agadi Nnpo HAMKOPOTLUWIA LWINSX;

3agadi KOMNOHYBaAHHS;

CknagaHHsi po3knagis;

Anpokcumauiss yHKLiN;

Hobip (inbTpauis) BXigHUX JaHKX;

HacTpotoBaHHS LUITYYHOT HEMPOHHOT MepeXi;

MogentoBaHHA wty4Horo xuTTs (Artificial life systems) ;
BioiHpopmaTuka (3ropTaHHs 6inkis i PHK);

IrpoBi cTparerii;

HeniHinHa ginbTpadis;

AreHTun, o PO3BMBaKOTHCS/MaLLNHU (Evolvable
agents/machines);

OnTrmumsauus 3anpocis B 6asax gaHHMX

PisHomaHiTHIi 3agadvi Ha rpadax (3agaya KoMmiBOsbkepa,
po3capbyBaHHSA, 3HAXOXOEHHSI MAPOCNONTyYEHHb)

HaByaHHS LUTYYHOT HEMPOHHOI Mepexi

LUTy4He XunTTA

Oeski po3ginn MOXyTb MICTUTU NignyHKTW. Tak, Hanpuknag,
eKkcTpeMarnbHi 3afadi BKNYaTb Y Mebs Linun knac 3agady niHinHoro
i HENiHIMHOro NpPorpamyBaHHs.
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http://qai.narod.ru/GA/schema.html
http://qai.narod.ru/GA/schema.html
http://qai.narod.ru/GA/encoding.html
http://qai.narod.ru/GA/genoperators.html
http://qai.narod.ru/GA/gamodels.html
http://qai.narod.ru/GA/testfunc.html
http://qai.narod.ru/GA/strategies.html
http://ru.wikipedia.org/wiki/%D0%9E%D0%BF%D1%82%D0%B8%D0%BC%D0%B8%D0%B7%D0%B0%D1%86%D0%B8%D1%8F_%D0%B7%D0%B0%D0%BF%D1%80%D0%BE%D1%81%D0%BE%D0%B2_%D0%A1%D0%A3%D0%91%D0%94
http://ru.wikipedia.org/wiki/%D0%93%D1%80%D0%B0%D1%84_%28%D0%BC%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D0%BA%D0%B0%29
http://ru.wikipedia.org/wiki/%D0%97%D0%B0%D0%B4%D0%B0%D1%87%D0%B0_%D0%BA%D0%BE%D0%BC%D0%BC%D0%B8%D0%B2%D0%BE%D1%8F%D0%B6%D0%B5%D1%80%D0%B0
http://ru.wikipedia.org/wiki/%D0%98%D1%81%D0%BA%D1%83%D1%81%D1%81%D1%82%D0%B2%D0%B5%D0%BD%D0%BD%D0%B0%D1%8F_%D0%BD%D0%B5%D0%B9%D1%80%D0%BE%D0%BD%D0%BD%D0%B0%D1%8F_%D1%81%D0%B5%D1%82%D1%8C
http://ru.wikipedia.org/wiki/%D0%98%D1%81%D0%BA%D1%83%D1%81%D1%81%D1%82%D0%B2%D0%B5%D0%BD%D0%BD%D0%B0%D1%8F_%D0%B6%D0%B8%D0%B7%D0%BD%D1%8C

3.5. IcTopisi nosiBM eBONOUIMHUX anNropuTMIB

[eHeTMYHi anropuTMm € 4YacTuMHOK Oinbl 3aranbHOi  rpynu
MeTodiB, SKi Ha3uMBalwTb E€80JIFOUIHUMU  OBYUCIEHHSIMU,  LLIO
NOEOHYIOTb Pi3HI BapiaHTU BUKOPUCTAHHS €BOMIOLINHUX NPUHLMMIB
ONa JOCArHEeHHs noctaBreHoi mMeTu. CTUMYMNOM BUHUKHEHHST LINX
MeToAiB CcTanu kKinbka BigkpuTTiB y OGionorii. Yapne3 [JapsiH
onybnikysaB y 1859p. cBoto 3HameHUTy poboTy "lMoxomkeHHs BMaiB",
ae O6ynu nNporonolleHi OCHOBHI MPUHUMMM  €BOMOLUINHOT  Teopii:
cnadkogicmb, MiHugicmb i npupodHuli eidbip. Tum camum 6yno
NoKasaHo, L0 BUKOPUCTaHHA JaHUX MeXaHi3MiB 30aTHO NpUBECTU A0
BM3HaA4YeHOro pesynbTaty nig BMVBOM HaBKOMULLHBbOIo
cepegoBuwia. OgHak OOBMMA Yac 3anuvwianocs BigKpUTUM MUTaHHA
npo Te, SIK Xe BCe-Taku nepefaeTbCcs reHeTuyHa iHdopmauia Big
OaTtbkiB Hawagkam. Y 1944 poui Oneepi, Makneog i MakkapTi
onybnikyBanu pesynbTaTu CBOIX OOCHiAXeHb, WO AOBOAWMM, WO 3a
CMagKoeEMHI npouecu BignosiganbHa "KMcnota Ae30KCMpPUBO3HOro
Tmny". OgHak npo Te, sk npautoe AHK, ctano Bigomo 27 kBiTHA 1953
poky, Konu B Homepi ypHany "Nature" Bunwna ctatta YoTcoHa i
lNlemeHTy, sKi Bnepwe 3anpornoHyBanuM MogeNb ABONAHLIOroBoOl
cnipani QHK. Y Takuin cnocib ctanu Bigomi BCi HEOOXiAHI KOMMOHEHTU
ansa peanisauii mogeni esonouii Ha komn'totepi. TyT BapTO TPOXU
3yNMMHUTUCA Ha HacTynHomy. CnpaBa B TiM, LU0, HaneBHO, €AuWHa
MeTa iCHyBaHHS MPUPOLHOrO KOMMMEKCY - BWXMBAHHSA B MOCTIMHO
3MiHIOBAHHUX YMOBax HaBKOMULUHBbOro cepefosuila. | xouya ceHc
iCHYBaHHS - CMOKOHBIYHE MUTaHHA Ansa dinocodis, ane sKWo TPOoXu
abctparyBatuca Big rnobanbHMx 3agymiB HayebTo 36arHeHHs
CyTHOCTi BcecBiTy, OOCArHeHHA TpaHCLUEHOEHTHOCTi, 3nuTTa 3
KoCcMiYHUM A i nowyky Bignosigi Ha nutaHHs "LLlo Byno paHiw, Kkypka
abo anue?", TO MOXHa 3pOBUTM NPUNYLLEHHS, WO CEHC Xummsi - y
caMoMy ummi. 3aranomMm, MOXHa ckKasaTu, WO Yy 8CiX WMmy4yHUX
cucmemMax € Take NOHATTA, SK MPU3HaYeHHs, IHaKLe Kaxydun, 3micm,
mema. Ui napameTpun € n B €BOMOLINHNX anrOpuTMIB, 3@ BUHATKOM,
Moxe, cuctem wrtyyHoro xutta (Artificial Life (A-Life) Systems).
. Mepwa nybnikauis, SsKy MoXHa BigHECTM OO reHETUYHUX anropuTmis
3'aBunaca B 1957m, aBTopom 6yB Bapivenni H.A. (Barricelli N.A.), i
Ha3uBanacs BoHa "Symbiogenetic evolution processes realised by
artificial methods". ¥ 1962 poui 3'sBunacs we ogHa noro pobota
"Numerical testing of evolution theories". MpnbnuaHo B TOK Xe 4ac
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we oguH gocnigHuk ®pensep A.C. (Fraser A.S.) Takox onybnikysas
aBi crati: "Simulation of genetic systems by automatic digital
computers: S-linkage, dominance, and epistasis" (1960) i "Simulation
of genetic systems" (1962). Hessaxatoum Ha Te, WO poboTn 060X
aBTopiB Oynu cnpsmMoBaHi Hacamnepea Ha PO3yMiHHA NPUPOAHOro
deHoMeHa cnagkoBocTi, poboTa Pperzepa mae 6araTo 3aranbHOro
i3 CbOroAHiLWHIM 6a4yeHHsIM reHeTUYHMX anropuTtMmie. BiH mogentoBaB
esontouito  15-6iTHMX pagkiB | nigpaxoByBaB MNPOUEHTHUA BMICT
ocobelt i3 BAanMm eHoTMNOM B YCMiLLHWUX NOKOMIHHSAX. Vloro po6oTy
HaragyloTb ONTUMI3aUito yHKUIN, ogHakK y poboTax Ppensepa Hemae
XKOAHOro 3ragyBaHHSA MpPO MOXNMBOCTI BuKopucToByBatn A ans
WTY4YHMX 3agad. Y Baratbox mxepenax came XonnaHga HasvBalTb
B6aTbkoM cy4yacHoi Teopii FA. OagHak, Xonnang 3aiMaBcsl HUMKU He i3
camoro noyaTtky. Moro uikaeuna, Hacamnepes, 3AaTHICTb MPUPOAHUX
cucTeM Ao aganTadii, a Moro Mpieto 6yno CTBOPEHHS Takoi cuctemu,
wo morna 6 npucrocyBatmucs 0o Oyab-sSIKMX YMOB HaBKOMULLHBOIO
cepeposuLla. 3acnyra XonnaHga B TiM, WO BiH YCBI4OMUB 3HAYEHHSI
€BOJIOLIMHUX MPUHUUNIB B aganTauii i po3BMB CBOI NPUMYLLEHHS.
Pasom 3i cBOIMM CTygeHTamu, L0 criyxanu Kypcu no aganTUBHUX
cuctemax B YHiBepcuteTi wrtaty MivuraH, BiH po3pobnse Te, wWo
3rogoM HasBe '"reHeTUYHUM nnaHoM", a HaM LUe BiAoOMO $K
"reHeTu4YHUn anroputm". [lpo Te, HACKINbKAM CEPMO3HO BeENUCS
pobOoTN B LIbOMY HanpsIMKy rOBOPWUTbL YXKe Te, L0 OOUH 3i CTYAEHTIB
XonnaHga - KenHer [e Wowr (Kenneth De Jong) 3saxuuias
anceprTadito Ha cteniHb JokTtopa ®inocodii (Doctor of Philosophy) y
1975 poui! OucepTauia HasmBaeTbea "An Analysis of the Behavior of
a Class of Genetic Adaptive Systems" i moxe crtatm nepwum
NyTIBHAKOM AN9 TuUX, XTO Xode 3avmaTtuca A. Y Tomy X poui
BUXOOUTb 3HaMeHuTa kHura Xonnanga "AganTtaudis B NpUpoOaHUX i
wTy4yHmx cuctemax" ( "Adaptation in Natural and Artificial Systems",
1975). MNMicna yboro A novnHaoTb NpuBepTaTn 4o cebe yce Ginblue
yBarn, HUMKM 3aMaeTbesl yce Binblue JOCMIOHMKIB, WO 3HAXOAATb iM
HOBi cdpepu 3actocyBaHHs. Y 1992 poui, 3a gaHumu Gibniorpadii
Apmo AnaHngepa (Jarmo T. Alander, 1994), uucno nyGnikauin
nepesanuno 3a 500, wo, y3arani x, Hebarato, ogHak y 1982 poui ix
oyno Bcboro 15! Ha 3akiHyeHHs MoOxHa ckasatu, wo A pasom 3i
WMy4YHUMU HEUPOHHUMU MepexaMu € HarpsMKaMmu Cy4yacHo20
wmy4Hoeo iHmenekmy. Cnpaea B TiM, WO € e KIMACUYHUNA LUTYYHUR
iHTenekT, Ha 9komy nobyAoBaHi BinbLWICTb ekcnepTHUX cuctem i 6as
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3HaHb, WOro BigMiHHAa puca B TiM, WO BiH, B OCHOBHOMY,
BMKOPUCTOBYE JOriKy Ansi nobynoBu BUCHOBKIB.

OCHOBHI NOHATTA reHeTUYHUX anropuTmise

FeHeTMYHMIW anroputm (anrn. Genetic  algorithm)—ue
espucmuyHuUl aneopumm fowykKy, suKkopucmosyeaHuli 0nsi PilueHHS
3al0ay4 onmumizauii i ModesiroeaHHs WIsAXOM rocnidoeHoz2o nidbopy,
KOMbGiHysaHHS | eapiauii wykaHUX fapamMempie 3 8UKOPUCMAaHHIM
MexaHismie, wo Hazadyromps b6ioni02iyHy 380/1UUK. € PI3HOBMAOM
9BONIOLIIHNX YucneHb (aHrn. evolutionary computation). BigMiHHO0O
pUCOID TEHETUYHOrO anropuTMy € aKkUeHT Ha BUKOPWUCTaHHS
onepaTopa «CXpellyBaHHsA», WO pobuTb onepadito pekombiHauii
pilleHb-kaHanAaTiB, ponb SKOI aHamnoriyHa porni CXpellyBaHHs B
XuBIiN Npupoai. «baTbkoM-3aCHOBHUKOMY» FEHETUYHUX anropuTMmiB, SK
MW BXe kasanu, BBaxaeTbcs [hkoH Xonnang (aHrn. John Holland),
KHUra skoro «AganTtauis B MNPUMPOOHMX | LWTYYHUX CUCTEMAX»
(aHrn.AdaptationinNaturalandArtificialSystems) € OCHOBHOM Mpaueto
B Uit obnacTi gocnigxeHb.

Mpn onuci reHeTUYHUX anropuTMiB BUKOPUCTOBYIOTBCH O3HAYEHHS,
3anosnyeHi 3 reHeTukn. Hanpuknag, moBa Wae npo  nonynsuii
ocobel, a sk Ga3oBi MOHATTA 3aCTOCOBYKTBLCH 26H, XPOoMOocoma,
eeHomun,  ¢eHomun,  annesb.  TakoX  BUMKOPUCTOBYIOTbCH
BiOMOBIAHUM UMM TEepMiHaM O3HAYEHHA 3 TEeXHIYHOro JIEKCMKOHA,
30KpeMa, J1aHuyroe, 08oidHa nocriGosHicmb, cmpykmypa.

TMonynsuyis - Le KiHueBa MHOXWHa ocobed.

Ocobu, o BXOAATb Yy MONyNsiUilo, Yy FEHETUYHUX anropuTMmax
nNpeacTaBnstoTbCA XPOMOCOMAaMM 3 3aKO4OBaHUM Y HUX MHOXUHAMU
napamempie 3adayi, TOOTO pilleHb, $SKi iHaKWe Ha3MBalTbLCS
moykamu 8 rpocmopi nowyky (search points). Y pesiknx poboTtax
0cobu Ha3nBalTLCS op2aHizmamu.

Xpomocomu (iHWi Ha3BW - TaHUtoXXKU abo Kkodoesi nocsiidogHocmi)
- Lie ynopsiaKoBaHi rocrido8HOCMI 2eHie.

eH (TakoX Ha3uBaHWW erracmuesicmio, 3Hakom abo demexkmopom)
- e aToOMapHWI enemMeHT 2eHomury, 30Kpema, XpOMOCOMM.

FeHomun abo cmpykmypa - Le Habip XpOMOCOM [aHoi ocobw.
Omxe, ocobamm nonymnsauii MOXyTb OyTu reHoTMnu abo OAMHWYHI
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http://ru.wikipedia.org/w/index.php?title=%D0%A5%D0%BE%D0%BB%D0%BB%D0%B0%D0%BD%D0%B4%2C_%D0%94%D0%B6%D0%BE%D0%BD&action=edit&redlink=1
http://ru.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9_%D1%8F%D0%B7%D1%8B%D0%BA
http://ru.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9_%D1%8F%D0%B7%D1%8B%D0%BA

XpOMOCOMM (y AOCUTb PO3MOBCIOAKEHOMY BWUMAOKy, KONU FeHOTMN
CKINafaeTbCs 3 OOHIEi XxpOMOCOMN).

®eHomun - ue Habip 3HauyeHb, WO BIAMNOBIAATb [AHOMY
reHoTunoBi, TOOTO OdekodosaHa cmpykmypa abo MHOXMHa
rnapamempig 3adadi (pileHHs, MoyKa rpocmopy rnowyKy).

Annesnb - Ue 3HAa4YEeHHS KOHKPETHOro reHa, Takox obymoBneHe
AIK 3HaYeHHs enacmueocmi abo eapiaHm enacmugocmi.

Jlokyc abo nosuuyis Bkasye Micue pO3MILLEHHS OaHOro reHa B
XPOMOCOMi (NaHLXKY). MHOXMHa NO3ULLi TeHIB - Lie JIOKU.

Oyxe BaxnMBMM MOHATTAM Yy TEHETUYHMX  anropuTmax
BBaXXAETbCA QyHKUiss npucmocoeaHocmi (fitness function), iHakwe
HasmBaHa  @pyHKyiero  ouiHku. BoHa npeactaBnse  mipy
NMPUCTOCOBAHOCTI AaHoi ocobu B nonynauii. Lia dyHkuis Bigirpae
HanBaXnuBilWly pPoOfb, OCKINIbKA  [O3BOMSE  OLHWTM  CTeniHb
NMPUCTOCOBAHOCTI KOHKPETHMUX ocoben y nonynsuii i Budpatn 3 HUX
HanbinbWw npucTocoBaHi (TOH6TO HambinbLi 3HaYeHHS YHKLUIi, Lo
MalTb NPUCTOCOBAHOCTI) BIiANOBIAHO OO €BOJOLIMHOIO MAPUHLMNY
BWKMBAHHA «HaMCUNbHIWMX» (Hankpawe npuctocyBanucs). ®yHkuis
NMPUCTOCOBAHOCTI TaKOX OAepXxana CBOK Ha3By 6GeanocepedHbo 3
reHeTukn. BoHa BnnMBae Ha  (PYHKUIOHYBAHHA  FEHETUYHMX
anropuTMiB i NOBMHHA MATU TOYHE i KOPEKTHE O3HAYeHHs. Y 3agavax
onTumisadii dyHKUiS NPUCTOCOBAHOCTI, K NPaBuIo, ONTUMI3YETLCA
(TOYHiWe KaxXyyn, MaKCUMI3yeTbCH) | Ha3UBAETLCHA UiIbOBOHO
yHKuyiero. Y 3agadax MiHiMisauii LinboBa dyHKLiS NepeTBOpETLCS,
i npobnema 3BoANTLCH A0 MakcuMisauii. Y Teopii kepyBaHHsSI OyHKLiS
NMPUCTOCOBaHOCTI MOXe MpuumaTtu BUA PyHKUiT noxubku, a B Teopii
irop - eapmicHoI ¢hyHKUii. Ha KOXHIN iTepauil reHeTUYHOro anropuTmy
MPUCTOCOBAHICTb KOXHOI 0CoBM AaHoi nonynsauil OUHIOETBCA 3a
A0MNoMOro YHKLUii NPUCTOCOBAHOCTI, | Ha L OCHOBI CTBOPHETHLCS
HacTynHa nonynsuis ocoben, Wo CKnagaTb MHOXUHY NOTEHLINHUX
piLleHb Npobnemu, Hanpuknag, 3agadi onTumisawii.

Ueproa nonynsuis B reHeTUYHOMY anroputMmi HasuMBaETbCA
MOKOJIIHHSAM, a [O 3HOBY CTBOpHBaAHOI nonynsauii ocoben
3aCTOCOBYETLCA TEPMiH «HOBE MOKOSMiHHA» abo  «MOKOMiHHSA
HallaaKiB».

Mpuknapg 3.1

PosarnaHemo cyHkLito
f(X) = 2xX°+1 (3.1)
i IpMNycTMMO, WO X NPUNMaE uini 3HavyeHHA 3 iHTepsany Big 0 go 15.
3apava onTtumisadii uiei yHKUil nondrae B nepemilweHHi no
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nNpocTopy, WO ckrnagaetbecs 3 16 TOYOK 3i 3HaveHHsamu 0, 1.....15 gns
BUSIBNEHHS TiEl TOYKM, Yy SKiA PYHKUIA npuimMae MakcumarnbHe (abo
MiHiMarnbHe) 3HaYeHHS.

Y ubomy BuMagKy Sk rnapamemp 3adadyi BUCTYNae 3MiHHA X.
MuoxuHa {0, 1.....15} cknagae npocmip nowyKy W OOHOYaCHO -
MHOXWHY MOTEHUinHMX piweHb 3agadi. KoxHe 3 16 uucen, wo
HanexaTtb [0 Uiei MHOXWHW, Ha3MBAETbCA MOYKOK [POCmopy
MOWyKY, PIilWWeHHSIM, 3Ha4YeHHsIM napamempa, eHomurnom. Cnig
3a3HaunNTK, WO PpIlIEHHs, fKe ONTUMI3ye (YHKLUil0, HasMBaeTbCA
Halikpawum abo onmumanbHUM pilleHHAM. 3HayYeHHs napameTpa x
Big 0 0o 15 MoXHa 3akoayBaTyh B Takui cnocib:

0000 0001 0010 0011 0100 0101 0110 0111
1000 1001 1010 1011 1100 1101 1110 1111

Lle wupoko Bigomun crnocié gBOIYHOrO KoayBaHHS, 3B'A3aHWI i3
3anMcomM [OecAaATkoBMX undp Yy ABOIYHIA cucTemi. [peacTtaBneHi
kodoei rnocridoeHOoCMi TaKoX Has3WBalTbCA JlaHUroeamu abo
Xpomocomamu. Y pOo3rnaHYTOMY NpUKNaai BOHW BUCTYNalOTb i B poni
eeHomunig. KoxHa 3 XpOMOCOM CcKnagaetbcs 3 4 reHiB (iHakwe
MOXHa ckasaTu, WO ABOIYHI MNOCMiAOBHOCTI cknagawTbcd 3 4 BiTiB).
3HayeHHs1 reHa B KOHKPETHI Mo3uuii Ha3MBaETbCA annenblo, Lo
npMnmMae B [JaHOMy BuNagky 3HaveHHs 0 abo 1. [lonyndayis
cknagaetbca 3 ocobeli, Aki obuparlTbea cepep umx 16 xpomocom.
MpuknagoMm nonynsuii 3 4ucenbHicTio, piBHOW 6, Moxe OyTu,
Hanpuknag, MHoXuHa xpomocom {0010, 0101, 0111, 1001, 1100,
1110}, wo npeActaBnsAwTbL COOOK 3akodoBaHy (hopMy HACTYMHUX
deHoTuniB: {2, 5, 7, 9, 12, 14}. ®yHKuia npucmocosaHocmi B LbOMY
npuknagi 3agaetbca Bupasom (3.1). [MpucTocoBaHiCTb OKpeMux
XpPOMOCOM y MOnynsuii BU3HAYaETbCA 3HAYEHHAM Uiei yHKUil Ans
3HadeHb X, WO BignoBigalTb UMM Xpomocomam, TobTto ans
geHomunig, WO BigNOBIAaTb BU3HAYEHUM 2eHOmMunam.

Mpuknapg 3.2

Po3rnsHemMo HacTynmHMI NpuKnag MOCTaHOBKM ONTUMI3aLiiHOI
3apavi. ns cuctemn, 306paxeHoi Ha puc. 3.10, BapTo 3HaNTK

T
minJ = [ (. y,u )t
0

kl’ 2

ne ki,koe [kmins kmax]-
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Puc. 3.10. Cxema onTMMm3aUiiHOi ABONapamMeTpUYHOI CUCTEMN.

Y poni napameTpiB uUi€i 3agadi BucTynawTb k; i kp. lpocTip
NOLIYKY MOBMHEH MICTUTU KIHLEBY KiNbKICTb TOYOK, SKMA MOXHa
3akogysaTu y Bugi xpomocoM. lMapameTpu k; i ko ANCKPETM3OBaHi;
MHOXWHA TXHiX 3HAa4YeHb Y BCbOMY Aiana3oHi Big MiHiManbHOro Ky, 4o
MaKCUManbHOTO Kn.x BifoOpaatoTbCA Ha BiAMOBIAHI ABOIYHI KOOOBI
nocnigoBHocTi. [MpyM UbOMY 3HA4YeHH K., 3icTaBneHa KkogoBa
MOCNIAOBHICTb, WO CKNagaeTbCs 3 OOHUX HYIiB, @ 3HAYEHHI Kyay -
KogoBa MOCHiQOBHICTb, WO CKMaAaeTbCcs 3 OAHUX oaMHMUb. [JoBXMHA
LMX KOOOBMX MOCNIAOBHOCTEN 3aneXxuTb Big 3HauYeHb K; i K, a Takox
Big YacToTh anckpeTtmaauii iHtepBany [Kmin, Kmaxl-

Mpunyctnmo, Wwo Knn = -25, @ Knax = 25 i AN KOXHOroO 3
napameTpiB K; i ko 3aCTOCOBYIOTbLCSA KOAOBI MOCNIAOBHOCTI AOBXMHOK
10. MNpwuknag nonynsuii, wo cknagaetsca 3 10 ocobelr, NpuBEAEHO Y
Tabnuui 3.1.

Mepwi 10 reHiB KOXHOrO reHOTMNY BiANOBIAATL NapameTpoBi K,
a octaHHi 10 reHiB - napameTpoBi k.. TakMM 4YMHOM, [OOBXMHA
xpomocom gopisHioe 20.

Cnocib kogyBaHHsA 3Ha4YeHb NapameTpiB K; i ko y BUAi XpoMocom
Oyae OoknagHo BMKNageHun gani.

Tabnuusa 3.1. MNMonynsuia ocoben (ans npuknaga 3.2)
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MeHoTUNb i deHoTUNLI
00000000000000000000 -25,00 -25,00
10100010010011001011 6,72 -15,08
01101000101111010010 —4 57 22,8.
11011010011110000111 17,67 19,13
00011011000000010001 -19,72 -2417
00110000101011111010 -15,52 12,24
11111111111111111111 25,00 25,00

Mpuknag 3.3

PosrnaHemo HenpoHHY Mepexy, npeacTtasneHy Ha puc. 3.11, ans
sKOI HeobxigHO nigibpaTtv onTumanbHi BarM Wys, Wio, Waq, Wao, Waq,
W32 i Wyg, Wog | W3g, LLLO MiHIMI3YOTb 3HAYEHHSI MOXMOKM

1< )
Q:ZZ(di_yi) .

le

£ = (a'l _J’.)

Puc. 3.11. HenpoHHa mepexa, wo peanisye onepadito XOR
Lle mepexa, wo peanisye cuctemy XOR, ToOMy 3Ha4YeHHA U4 ;i Us; a

Takox d; ansa i = 1.....4 npuiAMaloTb 3HAYEHHS, IO NMPUBEOEHI Y
Tabnuui.
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Uy up d = XOR(uy,uy)

+1 +1 -1
+1 -1 +1
-1 +1 +1
=4 -1 4

B sakocti napameTpiB pO3rNAHYTOI 3agadvi  BUCTynakTb
nepepaxoBaHi Buwe Barn, T06TO 3agavya mae 9 napametpis. Y
AaHoMy npuknagi Habip 3 uuMx 9 napameTpiB BM3HAYaE TOYKY
NpoOCTOpY MOLYKY i, OTXe, 4BMAs€ COOOK MOXNMBE PilLEHHS.
MpunycTnmo, Wo Barn MOXyTb NPUAMATK 3HAYEHHS 3 iHTepBany
[-10, 10]. Toai koxkHa xpomocoma Oyae kombGiHauieto 3 9 OBOIYHUX
nocnigoBHOCTEW, WO KOAYTb KOHKpeTHi Baru. Lle, mabytb, i €
reHoTunu. BignoBigHi HUM deHOTMNM nNpeacTaBneHi 3HaAYEHHSMU
OKpemux Bar, TOOTO MHOXMHaMMW BIQMOBIOHMX AINCHUX 4ncen 3
iHTepsany [-10, 10].

Y npuBegeHux npuknagax (3.1 - 3.3) xpoMocomu i reHoTunm
nosHavarTb Te came - peHOTMNM ocober nonynsuii, 3ako4oBaHi Y
dopMi  ynopagkoBaHWX  MOCHIQOBHOCTEN TEHIB  3i  3HAYEHHAMM
(annensamwu), pisHmm 0 abo 1.

Y reHeTuui reHoTUn 3agae reHeTUYHY CTPYKTYpy 0cobu, Lo MoXxe
BkNtoYaTM OBinblw ofgHiei xpomocomu. Hanpuknag, KniTkM noguHu
MiCTATE 46 XpomocOM. Y TrEeHEeTUYHUX anroputMax reHoTUn
BM3HAYa€ETbCA  aHanoriyHMM 4YMHOM, OfHaK HandacTiwe BiH
CKMafaeTbCsl YCbOro 3 OAHIEl XpOMOCOMM, WO i BUCTyNae B poni
ocobu nonynsauii.

[oBxXnHa XxpomMocoM 3anexunTb Bid yMOB 3agauvi. Bapto nomitutuy,
Wo B MNPUPOAHMX OpraHiaMax XpoMocoMa MOXe cknagaTtuca 3
[JEKiNbKOX COTeHb i HaBiTb TUCAY reHiB. Y noanHu € 6nmnssko 100 000
reHiB, xo4a iXHA TOYHa KiNbKiCTb JoTenep Hesigoma.

3.6. Onuc anroputmy

3agaya KkoOyeTbCs TakMM YMHOM, Wo6 ii piweHHa morno 6ytu
npeacTaBrieHe y BUAi BekTopa («xpomocomay). BunagkoBum 4mHOM
CTBOPIOETLCH [edka KiMbKICTb MOYaTKOBUX BEKTOPIB («Mo4aTKoBa
nonynauisa»). BoHM  OUiHIOITECA 3  BUKOPUCTAHHAM  «DYHKUIT
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MPUCTOCOBAHOCTI», Yy pe3ynbTaTi 4O0ro KOXHOMY  BEKTOPOBI
MPMBNACHIOETLCA BU3HAYEHE 3HAYEHHsI («MPUCTOCOBAHICTbY»), LWO
BM3HA4Ya€ WMOBIPHICTb BWXMBAHHA OpraHiamy, npeacTaBfieHoro
JaHnm  BekTopoMm. [licnsa uboro 3 BUKOPUCTAHHAM  OTPUMAHUX
3HayeHb NPUCTOCOBAHOCTI BMOWpPaKTbCS  BeKTopu  (cesnekuii),
JonyuleHi 00 «cxpelyyBaHHs». [1o LMX BEKTOPIB 3aCTOCOBYIOTLCSA
«reHeTu4Hi onepaTopu» (y 6inNbOCTi BUMNAAKIB «CXPeLLyBaHHS»-
crossoveri  «myTauig»-mutation), cTBoptoouM B Takum cnoci6
HacTynHe «nokomniHHA». Ocobu HacTynHOro MOKOSMIHHA  TaKoX
OLHIOITBCS, MOTIM BUPOBNSAETBCA CEenekuisi, 3acTOCOBYHTLCSA
reHeTUYHi onepatopn i T.4. Tak MOLENIOETbCS «EBOSOUINHWIA
npouecy», WO MNPOAOBXYETHCA Kiflbka XWUTTEBUX UMKIIB (MTOKOMIHB),
NMokn He Oyde BUKOHAHUW KpUTEPIA 3YNUHKMA anroputMmy. Takum
KpuTepiem moxe ByTu:

e  OTpVMMaHHS rnobanbHoro, abo cyGonTMManbHOro PilleHHs;
e  BMYEpnaHHA Yncra NOKoMiHb, BiANYLLEHNX HA EBOJIOLIO;
e BUYepnaHHs Yacy, BignyLeHOro Ha eBosoLito.

FeHeTUYHi anropuTMu crnyxaTb, FOMIOBHUM YMHOM, AFis MOLUYKY
pilleHb y AyXe BENUKUX, CKNagHUX MPOCTOpax NoLUyKy.

TakMmM YMHOM, MOXHa BUAINWTU HACTYNHi eTanu reHeTUYHOro
anropuTMy:

—_

CTBOpEHHS noyaTkoBOI nonynsauil
2. OOuMcneHHst  pyHKUiIM npucTocoBaHOCTI Ana  ocoben
nonynsAuii (OuiHIBaHHS)

o (MovaTtok umkny)

1. Bwubip iHOuBMAIB 3 NOTOYHOI Nonynsuii (cenekuisi)

2. CxpeluyBaHHs i\abo myTauis

3. O6GuMcneHHs pyHKUiIA NPUCTOCOBAHOCTI Ans  BCiX
ocobei

4. ®opmyBaHHsI HOBOrO MOKOMiIHHS

5. AKwo BWKOHYIOTbCA YMOBW iHWOrO, TO (KiHeuUp

LMKIY), iHaKwe (MoYaToK LMKIYy).
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CTBOpEeHHs1 no4yaTKkoBOi nonynauil

lMepen NepwvM KPOKOM MOTPIOHO BMNAAKOBMM YMHOM CTBOPUTU
AKyCb MOYaTKOBY MOMYMSALi0; HaBiTb KO BOHA BUSBMTHCA 30BCIM
HEKOHKYPEHTOCMPOMOXXHOI, FTEHETUYHUI anropuTMm yce piBHO AOCUTb
WBMAKO nepeBefe i B XUTTe3daTHY nonyndauito. TakuMm YMHOM, Ha
nepLliomMy Kpoui MoxHa ocobnvMBo He HamaraTucs 3pobuTu 3aHagTo
ayxe npucTocoBaHMx ocoben, focuTtb, WoO BOHM Bignosiganu
dopmaToBi ocober nonynauii, i HaA HUX MOxHa Gyno nigpaxysBaTu
dyHKUito npucTtocoBaHocTi (Fitness). lligcymkom nepLuoro Kpoky €
nonynsauia H, wo cknagaetbcs 3 N ocobein.

Binbip

Ha eTani Bigbopy notpibHo 3 yciei nonynsuii BubpaTtn BU3HaveHy
11 yacTky, Wo 3anuwunTtbeda "y XmBux" Ha LbOMY eTani esontouii. €
pi3Hi cnocobu npoBoauTH BIAGIp. IMOBIpHICTL BMXMBaHHSA 0cobu h
MOBWHHA 3anexaTu Big 3HaveHHs yHKuii npucTtocoBaHocTi Fitness
(h). Cama 4acTka WO BWXMNa S 3asBM4aln € napameTpoMm
reHeTUYHOro anroputMy, i ii mpocTo 3apaloTb 3asganerigb. 3a
nigcymkamu Bigbopy 3 N ocober nonynauii H NOBWHHI 3anvwmTucs S
ocoben, Wwo BBiNgyTb y niacymkoBy nonynsuito H. [Hwi ocobu ruHyTb.

Po3MHOXeHHA

PO3MHOXEHHSI B reHETUYHUX anroputmax 3a3Buyan norioee -
wob 3pobutn Hawagka, NoTpibHO [Oekinbka OGaTbkiB; 3a3BUYaN,
3BUYalHO, NOTPIOHO piBHO ABa. PO3MHOXEHHSI B Pi3HMX anroputMmax
BM3HA4YaeTbCA MO-Pi3HOMY - BOHO, 3a3BuMYan, 3anexuTb Big
npeAacTaBrieHHs gaHux. [onoBHa BUMoOra A0 PO3MHOXEHHS - W06
Hawanok abo Halagku ManuM MOXIUBICTb ycnagkyBaTu pucu obox
6aTbkiB, "3MmiwaBWwmn" ix AKMM-HeOyOb OOCUTH PO3YMHMM Crnocobom.
Y3arani roeopsiuum, ans Toro wob npoBecTu onepadilo PO3MHOXEHHS,
noTpi6bHo BMbpaTtn (1-s)p/2 nap rinote3 3 H i NMpoBecTM 3 HUMKU
PO3MHOXEHHSI, O4epXXaBLUM MO ABa Halagka Bif KOXHOI napu (SIKLWo
PO3MHOXEHHSI BM3Ha4eHe Tak, Wob p[aBaTm OOHOrO Hallagka,
noTpibHo BMOpaTtu (1 - s)p nap), i gogatM umx Hawagkie y H. Y
pesynbtati H ©Oyge cknapgatuca 3 N ocobein. Yomy ocobu ans
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PO3MHOXEHHST 3BMYaNHO BMOMpaloTbCcsa 3 yciei nonynauii H, a He 3
€NEMEHTIB, WO BWXUIM Ha nepwomy Kpoui, Hy (xoya ocTaHHin
BapiaHT TeX Ma€ MpaBo Ha icHyBaHHA)? Cnpasa B TiM, O rofioBHA
KpuTuka GaraTbOX reHeTUYHMX anropuTMmiB - HeJosnik po3MaiToCTi
(diversity) B ocobsx. [ocuTb LWBWAKO BUAINSETLCA OAMH-EOMHUN
reHoTun, Wo sBNge cobOolo nokanbHUA Makcumym, a noTiM BCi
eneMeHTn nonynsauii nporpawTe WOMy BMOGIp, i BCA nonynsauis
"3abuBaetbca" konisimu Uiei ocobu. € pisHi cnocobu 6opoTbbu 3
Takum HebakaHUM edeKTOM; OAUNH 3 HUX - BUBIP ANsi PO3MHOXEHHSA
He camux NPUCTOCOBaHUX, arne y3sarari Bcix ocobe.

MyTauii
[o myTauin BigHOCMTLCS BCE T€ X came, WO i 4O PO3MHOXEHHS: €
Jedka 4YacTka MyTaHTiB m, WO € napameTpoM TreHEeTUYHOro
anropuTmy, i Ha Kpoui MyTauin noTpibHo Bubpatn m ocoben, a NnoTim
3MIiHMTM iX BigANOBIAHO 00 3a3ganerigb BU3Ha4YeHUX onepadin myTauii.

Mpuknap peanisauii reHeTUMHOro anropuTMmy Mook C++
Mowyk B 0AHOMIPHOMY NpOCTOPI, 6€3 CXpeLLyBaHHSI.

#include <iostream.h>
#include <algorithm.h>
#include <numeric.h>
using namespace std;
int main ()
{
const int N = 1000;
int a[N];
//3aMoOBHIOEMO HYJIAMU
fill(a, a+N, 0);
for (;7)
{
//MyTanis y  BUNAIKOBY  CTOPOHY  KOXHOTO
eJleMeHTa :

for (int i = 0; i < N; ++1i)
if (rand()%2 == 1)
ali]l += 1;
else
ali]l] -= 1;

212



//Tenep BUOMpPAEMO KpallMxX, BlICOPTyBaBUM 10

3POCTAHHD. . .
sort (a, a+N);
//... 1 momi xpami BuUABIATLCS B OPyTin

IOJIOBMH1 MacCuUBY.

//CKOMineMO Kpammx Yy I[epmy [OOJOBUHY, KyIM
BOHM SBaJIMIIMIM HamagkiB, a nepmi BMepJn:

copy (a+N/2, a+N, a /*ryou*/);

//Tenep IOOMBUMOCS Ha cepenHim cTaH
nonynsiii. fAx Gaummo, BOHa ycCe Kpale 1 Kpaime.

cout << accumulate(a, a+N, 0) / N << endl;

3.7. Knacn4HMM reHeTUYHUU anropuTMm
OCHOBHMWI (KNacWM4HWN) TEHETUYHWIA anropuTM (TaKoX Ha3nBaHWUA
enemeHtapHuMm  abo NpoCcTNM reHeTUYHUM anropMTMom)
CKNagaeTbCs 3 HACTYMHUX KPOKIB:
1) iHiuianisauisi, abo B1bIp BUXIAHOI NONyNsALii XpOMOCOM;
2) ouiHKa MPUCTOCOBAHOCTI XPOMOCOM Yy MOMNynsLii;
3) nepeBipka YMOBW 3yMUHKX anropuTmy;
4) cenekuist XpoMOCOM;
5) 3acTocyBaHHSA reHeTUYHUX onepaTopiB;
6) (bopMyBaHHS HOBOI NONynALi;
7) BUBIp «HaMKpaLLoi» XPOMOCOMMU.

Brnok-cxema OCHOBHOIO reHeTMYHOro anroputMy 3ob6paxeHa Ha
puc. 3.12.
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‘ NOYATOK I

Y

HILANISALA - BABIP

NOYATKOBOI NONYNALT XPOMOCOM

¥ ¥

OUHHBAHHA NPICTOCYBAHHA
XPOMOCOM ¥ NOMYNALT

¥MOBY JABEPLIEHHA
BMKOHAHO?

X
CENEKLIA HUER
XPOMOCOM HAMKPALLIOF
XPOMOCOMA
3ACTOCYBAHHS

TEHETHHHIAX
ONEPATOPIE KIHELE

CTBOPEHHA
HOBOI
nonynaAwi

Puc. 3.12. bnok-cxema reHeTU4YHOro anropuTmy.

Po3rnsHeMoO KOHKpeTHi eTanu ubOoro anroputmy 6inbll OOKNagHo 3
BMKOPUCTaHHAM [J04aTKOBUX Nogpobuvub, NpeacTaBneHMX Ha puc.
3.13.
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1) Hunnuaauiauns 20 p L
k=0
Tonynsuma P(O) °"‘°“§Z
xpomocona 1: fo1...1] A st
XpaMOcoMa 2: (10....0] "‘
xpamocoma N: (1.0
1234 NIN XPOBIOCOMEL
lokus 12,1  nonyna Pk)

3) Vcionme 3aBepiueHHA: €CIIH OHO BLITIOMHEHO,

To pribpat "Hanttysmyo" xpomocomy u KOHELL

4) Ceaexuns:

Tlonymams M(k)

Pk
Fonmrpin (ponTenbeKHii nys)

Cenexups
(RanprMep, 11O METORY FyNeTKH)

5) TeneTHdeckHe oneparophl:

. Cxpemmanite 8 To4Ke |y @

OIH3 Napa XpoMOCOM, 101..10..1)] cxpenmeanne o110}
suibpannas 13 [1..01..0} 11 .00.1]
norrynaurr M(K)

€ BEPOSTHOCTRIO P lokus: 12.4.L

MyTarms 8 TOuke |y

OJHA Mapa XPOMOCOM,
pHOpanHas H3
nomyssinm M(k)

¢ BEPOSTHOCTBIO Dy

lokus:

[10...1. 0] —2THE_ . [10...0..0]
12,41

6) Hosas nonyaauns:

Tlepexan & wary 2

Tonmynawwa Pk + 1)

xpomocoma 1:
Xpomocoma 2

xpouécma N

Tokus:

Puc. 3.13. Cxema BUKOHAHHSA reHETUYHOrO anropuTmy.

IHigiani3auin, T00To hopMyBaHHA BUXiQHOT nonynsuii, nonsrae
y BMNagkoBOMY BMOOpPI 3agaHOi KinbKOCTi Xxpomocom (ocoben), Lo
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npeacTaBnAlTbCA  ABOIMHMMW — NOCAIAOBHOCTAMM  (PiKCOBaHOI
OOBXUHM.

OuiHOBaHHA NPUCTOCOBAHOCTI XpPOMOCOM y  nonynsuii
CKNafaeTbCsl B pO3paxyHKy (YHKLIl NPUCTOCOBAHOCTI AN KOXHOI
Xpomocomu uiei nonynsuii. Yum Binblue 3HaYeHHA uiel dyHKUii, TUM
BULLE «SIKICTb» Xpomocomu. dopma yHKUiT NpUCTOCOBAHOCTI
3anexuvTb Bif XapakTepy po3B'adyBaHOi 3apadvi. lNepepbavaetbcs,
Wo dyHKUIA NPUCTOCOBAHOCTI 3aBXAW MNPUNMAE HeHeraTuBHI
3HAYeHHs i, KpiM TOro, WO AN pilleHHs OnTMMI3auinHOI 3agadi
NoTpiGHO MakcUMI3yBaTU Lo OYHKL. AKWO BUXigHa dopmMa doyHKLiT
NMPUCTOCOBAHOCTI HEe 3aJO0BOJSIbHSE UMM YMOBaM, TO BUKOHYETbLCS
BiANOBigHE NepeTBOpeHHs (Hanpuknag, 3agadvy MiHimisauii dyHKuii
MO>Ha Nerko 3BecTu 4o 3afadi Makcumisadii).

MepeBipka yMOBM 3yNMUHKM anroputMmy. BusHadeHHs ymoBwU
3YMWHKN TEHETUYHOrO anropuTMy 3aneXuTb Bif MOro KOHKPETHOro
3acTtocyBaHHA. B ontumisauiiHMx  3agavax, AKWO  BiAOMO
MakcumarnbHe (abo MiHiManbHe) 3HayYeHHS PyHKLiI NPUCTOCOBAHOCTI,
TO 3ynuHKa anroputMy Moxe Bigbytncsa nicna  JOCArHEeHHS
OYiKyBaHOrO OMTUMANbHOrO 3HAYEeHHsl, MOXIUBO - i3 3aJaHoM
TOYHICTIO. 3ynuHKa anroputMy TakoX Moxe BigbyTucsa y Bunagky,
KONMM MNOr0 BWKOHAHHS HE MpuBOAUTE [0 MOMIMNWEHHA BXe
OOCSITHYTOrO 3HayeHHdA. AnroputM Moxe OyTu 3ynuHeHWn nicns
3aKiHYEHHS BM3HAYEHOr0 Yacy BMKOHAHHA abo nicnsi BUKOHAHHSA
3aflaHol KinbKOCTi iTepauin. AKWO ymoBa 3YMWHKWM BWKOHaHa, TO
BMKOHYETbCA  Nepexig [0  3aBepwarnbHoro etany  Bubopy
«HaMKpaLloi» XpoMocoMMu. Y MPOTUBHOMY BUMNAAKy Ha HACTYMHOMY
KpoLi BUKOHYETLCSA Cenekuis.

Cenekuisi xpomMocoM nonsirae y Bigdopi (No po3paxoBaHHUM Ha
ApyroMmy eTtani 3Ha4YeHHAM OYHKLii NPUCTOCOBAHOCTI) TUX XPOMOCOM,
wo 6ygytb 6paTM yyacTb y CTBOPEHHi HalwagkiB Ans HacTynHoi
nonynsauii, TOOGTO ANs 4YeproBoro MOKOMiHHA. Takuid  Bigdip
BMKOHYETLCA BIAMOBIAHO OO MpuUHUMNY npupogHoro Biabopy, no
AKOMY Hambinblui WaHCM Ha y4acTb Yy CTBOPEHHI HOBWUX ocobel
MaloTb  XPOMOCOMM 3  HalbiNbWUMKU  3HAYEHHAMM  DYHKLT
NPUCTOCOBaHOCTI. ICHYylOTb pi3Hi  meTogu cenekuii. Hanbinbw
NnonynsapHMM BBaXXA€ETbCS Tak HasMBaHUM Memod pyrnemku (roulette
wheel selection), W0 CBOIO Ha3BY ofepXaB 3a aHarorielo 3 BiJOMOI0
a3apTHOK rpoto. KOXHiN XpoMOCOoMi MoXe OyTu 3iCTaBMEHUN CEKTOP
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Koreca pyrneTKkud, BenuuuHa SKOro BCTaHOBIOETBCS MPOMOPLINHO
3HAYEeHHI0 QOYHKLIT MPUCTOCOBAHOCTI 4aHOi XpOMOCOMMU. ToMy 4uMm
Oinble 3Ha4yeHHS yHKLUii NPUCTOCOBAHOCTI, TUM binblle CeKTop Ha
Koneci pynetku. Yce Koneco pyneTkM BignoBigae Cymi 3HadeHb
OYHKLIT NPUCTOCOBAHOCTI BCIX XPOMOCOM PO3IMAHYTOI nonynsuii.
KoxHin xpomocomi, wo nosHavaetbcss ch; gna i=1,2,..., N (pe N
no3Havae 4YMcernbHiCTb nonynsuii) Bignosigae cektop koneca v(ch),
BMPaXeHUI Yy BiACOTKax BiANOBIAHO A0 hopMynu

v(ch;) = ps(ch)100% , (3.2)
oe
F(ch
ps(ch,-)=N(;’) (3.3)
2 F(ceh)
i=1

npuyomy F(ch;) - 3Ha4yeHHa YHKLii MPUCTOCOBAHOCTI Xpomocomu ch,
a ps(ch) - dmosipHicmb cenekuii xpomocomn ch,. Cenekuis
XpoOMOCcOMM MoOxe OyTu npeacTaBrneHa Sk pesynbTaT MOBOPOTY
Koreca pyneTKW, OCKiNbku «Burpasliay (To6Tto obpaHa) xpomocoma
BIJHOCUTBLCS A0 TOrO CEKTOpa Koseca, wo sunas. O4YeBMOHO, Lo YUM
Oinble cektop, TMM Oinblue MMOBIPHICTL «MepemMorny» BiAMnoBiAHOI
XpomocomMu. Tomy WMOBIpHICTb BMOOpPY [OaHOi  XpOMOCOMM
BMSIBNAETLCH MPOMNOPLIMHOK 3HAYEHHI0 i YHKUiT NPMCTOCOBAHOCTI.
AKwo Bce KOMo koreca pyneTku NpeacrtaBuTu y Buai LncpoBoro
iHTepsany [0, 100], To BUGIP XPOMOCOMM MOXHA OTOTOXHUTU 3
BMOOpOM uucna 3 iHTepBany [a, b], e a i b no3Ha4alTb BiAMNOBIOHO
noyaTok i 3akiHYeHHs dparmMeHTa Komna, Lo BiAMOBIAAE LbOMY
ceKkTopoBi Koneca; oyeBuaHo, WO 0<a<b<100. Y ubomMy BuNagky
BMOip 3a JOMOMOro Koneca pyneTku 3BOAWTLCS 40 BUOOpyY ymcna 3
iHTepsany [0, 100], wo BignoBiaae KOHKPETHIM TouYLi Ha Koni Koneca.
IHWi meToam cenekuii 6yayTh po3rnagaTncs garni.

Y pesynbTaTi npouecy cenekuii CTBOPHETbCA bambKigCbka
ronynsyisi, sika TakoX Ha3uBaHa bambKigCbKuM riyriom (mating pool)
3 yncenbHicTio N, piBHOK YMCENbHOCTI NOTOYHOT NOMyNALil.

3acTtocyBaHHA TeHeTUYHUX onepaTopiB [0 XPOMOCOM,
BigiOpaHMM 3a JOoMoOMOrok cenekuii, npuBoguTb OO (hopMyBaHHS
HOBOI Monynsuii HawagkiB Bid CTBOPEHOI Ha NonepeaHbOMY KpOL
GaTbKiBCbKOI Nonynsuii.

Y KIacM4YHOMY TeHEeTUYHOMY anropuTMi 3aCTOCOBYIOTBHCS [Ba
OCHOBHUX TEHETUYHUX OfnepaTopu: ornepamop  CXpeuwysaHHs
(crossover) i onepamop mymauii (mutation). OgHak cnig 3a3HaunTu,
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Lo onepaTop MyTauil rpae SABHO APYropsaHY Pofb Y MOPIBHSHHI 3
onepaTopoMm cxpellyBaHHA. Lle o3Havae, WO cxpelwyBaHHSA B
KNacU4HOMY TEeHETUYHOMY arnropuTMi BUKOHYETLCA MPaKTUYHO
3aBXau, ToAi AK MyTauia - AoCcUTb piako. IMOBIpHICTL cxpellyBaHHs,
K npaBuno, Aocutb Benuka (3assuyanm  0,55p.<1), TOOI K
MMOBIPHICTb MYyTaLjii BCTAHOBMOETECS OOCUTbL Marok (HamdyacTtiwe
0< p,, £ 0,1). Lle BunnuBae 3 aHanorii 3i CBiTOM XMBMX OpraHiamie, ge
MyTauii BigbyBalTbCsA HaA3BMYAMHO pigko. Y  reHeTUYHoMy
anropuTMi MyTaLis XpOMOCOM MOXEe BMKOHYBATUCS Ha nonynsuii
OaTbkiB nepen cxpellyBaHHsM abo Ha nonynsuii  Hallagkis,
YTBOPEHUX Y pesynbTaTi CXpeLLyBaHHS.

OnepaTtop cxpeuwyBaHHA. Ha nepwomy eTani cxpellyBaHHSA
BMOMpalTbca  MmapuM  XpoMocom 3 BaTtbkiBCbkoi  nonynsuii
(baTbKiBCBKOrO nyna). Lle TumyacoBa nonynsuisi, WO CKnagaeTbcs 3
XPOMOCOM, BifibpaHux y pesynbTaTi cenekuii i npuaHavyeHux ans
noganblunx nepeTBOpeHb onepaTtopamMm CXpeLlyBaHHSA i myTauii 3
MEeTOl (hOPMYBaHHsSI HOBOI MonynAuii Hawaakis. Ha pgaHomy eTtani
XpoMocomMmn 3 BaTbkiBCbKOI Mnonynsuii noegHyroTeca B napu. Lle
BMKOHYETBCA BWUMAAKOBMM Cnocobom BignoBigHO [0 WMOBIPHOCTI
CXpeLlyBaHHA p.. Oani ans KoXHOi napu BigibpaHux y TakuiA crnocio
OaTbKiB pO3irpyeTbCsi MO3ULiS reHa (JIOKyC) Yy XPOMOCOMi, Lo
BM3HAYa€e TaK HasMBaHYy MOYKY CXpewysaHHs. FKLWO XpomMocoma
KOXXHOro 3 6aTbkiB CknagaeTbcsl 3 L reHis, T0 OYEBMOHO, LWIO TOYKa
CXpeLlyBaHHs k aBnsie cobolo HaTypanbHe 4ucno, meHwe L. Tomy
dikcauis TOYKM CXpeLlyBaHHA 3BOAMTBCS OO BUMAAKOBOro BuGOpY
yncna 3 iHTepBany [1, -1]. Y pesynbraTti CXpellyBaHHs napu
DaTbKIBCbKMX XPOMOCOM BUXOAUTH HACTyMHa napa HallagkKis:

1) Hawapok, XpoMocoMa $KOro Ha no3uudisx Big 1 go kK
CKnagaeTbes 3 reHiB neplioro 6atbka, a Ha no3uuisax Big k+1 go L - 3
reHiB gpyroro 6aTbka;

2) Hawagok, XpoMocoMa $KOro Ha no3uuisax Big 1 go kK
cknagaeTbcsa 3 reHiB gpyroro 6aTtbka, a Ha no3uuiax Big k+1 go L - 3
reHiB nepworo 6artbka.

[ia  onepaTtopa  cxpeLyyBaHHs Oyne  npointoctpoBaHa
npuknagamun 3.4 i 3.5.

Onepartop myTaudii 3 NMOBIPHICTIO p,, 3MIHIOE 3HAYEHHS TeHa B
XpoMOcoMi Ha npoTunexHe (Tobto 3 0 Ha 1 abo Hasag). Hanpwuknag,
akwo B xpomocomi [100110101010] myTauii nigoaeTbca reH Ha
nosuuii 7, To MOro 3HaveHHs, piBHe 1, 3MmiHeTbcs Ha 0, WO
npu3BoauTb A0 YTBOPEHHs xpomocomu [100110001010]. Ak yxe
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3ragyBanocsd Bulle, MMOBIPHICTb MyTalil 3a3Buyan Ayxe mana, i
caMe BiO Hei 3anexutb, Oyae OaHUMM TreH MyTUpoBaTU 4YM  Hi.
MMOBIpHiCTb P MyTauii MOXe emynioBaTUCH, Hanpuknag,
BMMNaZKoBMM BMOOPOM uuncna 3 iHTepsany [0, 1] AN KOXHOro rexHa i
[o6opoM Ans BUKOHaHHS Uiel onepadii TUX reHis, ans skux posirpaHe
YMCINO BUSABMAETHCS MEHLLUM abo PIBHUM 3HAYEHHIO Py,

dopMyBaHHA HOBOiI nonynsauii. XpomMocoMu, OTpuUMaHi B
pe3ynbTaTti 3acTOCyBaHHA TFEHETUMYHUX ornepaTopiB A0 XPOMOCOM
TMMYacoBOi BaTbKIBCbKOI MonynsLii, BKMNOYaOTbLCA 40 CKnagy HOBOI
nonynsuii. BoHa cTae Tak HasMBaHOK MNOTOYHOK MONynAUiEld Ans
JaHol iTepauil reHeTU4YHoro anropmutMmy. Ha KOXHIin YeproBin itepauii
pO3paxoBYyOTbCA 3HA4YeHHS MYHKUIT MNPUCTOCOBAHOCTI [Ans  BCiX
XPOMOCOM Ui€l nonynsuii, nicna 4oro nepesipseTbCAa YMOBA 3YMNMUHKN
anroputmy " abo dikcyeTbca pes3ynbTaT Yy BMAI XPOMOCOMU 3
HanBIiNbLLMM 3HAYEHHAM YHKUIT NPUCTOCOBAHOCTI, abo
3OIACHIOETLCA  nepexig A0  HACTYMHOTO  KPOKY — FeHEeTUYHOro
anroputmy, TOBTO [0 cenekuii. Y KNacUYHOMY TEeHEeTUYHOMY
anropuTMi BCA nonepeaHs nonyrnsiwis XxpoMOCOM 3aMilLlyeTbCs HOBOIO
nonynsuielo Hawaakise, WO Mae Ty X YNCENbHICTb.

Bubip «HaMkpawoi» XpOMOCOMMU. HAKWO yMOBa 3YMUHKK
anropuTMy BUKOHaHa, TO BapTO BMBECTU pes3ynbtat poboTu, To6TO
npeacTaBuUTM  LUyKaHe  pileHHs 3agadi. Kpawum  pilleHHAM
BBaXaeTbCA XpPOMOCOMA 3 HaWbINbMM  3HAYEHHAM  YHKLi
NPUCTOCOBAHOCTI.

Ha 3aBepleHHa BapTO BM3HATW, WO TEHETUYHI anropuTmu
ycnagkysanu BriacTMBOCTI NPUPOAHOrO €BONIOUIMHOrO npoLecy, Lo
CKIafalTbCs B reHeTUYHMX 3MiHax nonynsuin opraHiamis 3 4acom.
"onoBHMI hakTop eBontoLii - Le npupogHui Biadip (To6To npmpogHa
cenekuis), WO nNpuBOAUTL [JO TOrO, WO cepes TrEeHEeTMYHO
po3pi3Hsunxcss ocoben ofHiei i Tiei x nmonynauii BUXKMBAKOTL |
3anuwarTb  HalaacTBO  TiNMbkM  HaWbINblW  NPUCTOCOBaHI A0
HaBKOMULLIHBLOIO  cepefoBulla. Y reHeTUYHUX anropuTMax TaKoX
BUAINSAETbCA eTan cenekuil, Ha H9koMy 3 MOTOYHOI nonynsauil
BiaOupatoTbCa i BKMNoYaTbea B GaTbKiBCbKY nonynsuito ocobu, wo
MaloTb  HaWbinbLWi  3HayeHHs  dyHKUii  mpucTocoBaHocTi. Ha
HacTynHoMmy  eTani, wo  iHoAi Ha3UBAaETbLCH €860JTI0UJEI0,
3aCTOCOBYIOTbCS FEHETUYHI onepaTtopu CXpeLlyBaHHS i MyTauii, Lo
BMKOHYIOTb PEKOMOIHaLLit0 reHiB y XpOMOCOMaX.

Onepauisa cxpellyBaHHss nonsarae B OOMiHi  doparmeHTamm
NaHLOXKIB MK gBOMa BGaTbKiBCbKMMUK XxpomocoMamu. [Mapu 6aTtbkis
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ONs cxpellyBaHHSA BMOMpaoTbesl 3 6aTbKiBCbKOrO nyna BUMA4KOBUM
UMHOM TakK, LWOO MMOBIPHICTb BMOOPY KOHKPETHOI XPOMOCOMWU AOns
CXpeLLyBaHHA gopiBHoBana 6 MMoBipHoOCTI p.. Hanpuknag, akuwo B
SKOCTi BaTbKiB BUNaAKOBUM YMHOM BUBUMPAOTbCA OBi XPOMOCOMU 3
OaTbkiBCcbKOI nonynsauii uncenbHicTio N, T0 p. = 2N. AHanoriyHo,
SKWO 3 OartbkiBCbkoi nonynsuii umncenbHicTio N Bubupaetbcs 2z
xpomocom (zsN/2), siki yTBOpsiTb z nap 6OartbkiB, TO p.=2z/N.
3BepTaemo yBary, LU0 SKWO BCi XPOMOCOMW MOTOYHOI nonynsauii
ob'egHaHi B Mmapu [o cxpelwyBaHHs,, To p.=1. T[licns onepaduii
cXpeLlyBaHHSA 6aTbkn B BaTbKIBCBKIN Nonynsuii 3amilaloTbCsa iXHIMK
HallaKkamu.

Onepauis MyTauii 3MiHIOE 3HAYEHHS1 TEHIB Yy XpoMocomax i3
3agaHo MMOBIPHICTIO p, cnocobom, npeacTaBneHUM Mpu OMNWUCI
BignoBigHoOro onepartopa. Lle npuBoantb A0 iHBEPTYBAHHSA 3HAYEHb
BigidbpaHmx reHiB 3 0 Ha 1 i 3BOPOTHO. 3HAYEHHs1 P, SK NpaBuno,
ayxe Mane, TOMy MyTauil niggaeTbCa NULIEe HEeBEeNWKa KinbkKiCTb
reHiB. CxpellyBaHHA - LUe KMIOYOBMMA ONepaTop FeHeTUYHUX
anropuMTMmiB, LO BM3HAYa€E iXHW MOXMIMBOCTI N edEeKTUBHICTb.
MyTauis rpae 6inbw obmexeHy ponb. BoHa BBOAuTb Yy nonynsuito
Aesky pos3MaiTicTb | nonepegxae BTpatu, Wwo mornm 6 Bigbytucs
yHacnigok BUKMOYEHHSA AKOro-Hebydb 3Ha4yHOro reHa B pesynbrarTi
CXpeLLyBaHHS.

OCHOBHMI (KMACWMYHMIN) TEHETUYHUI anropuTM, SK MU BXe
BigMiyanu, BigoMun Yy niTepaTypi $K IHCTPYMEHT, Yy SKOMY
BUAINAITLCA TPU BWAWM onepauin: penpodykuyii, cxpeuwlyeaHHs i
mymauii. TepMmiHn cenekyiss | pernpodykuid B [aHOMY KOHTEKCTI
BVKOPUCTOBYIOTBCH SIK CUHOHIMU. [Mpy LibOMY penpoaykuisi B JaHOMY
BUMaAKy 3B'A3YETLCA CKOpille 3i CTBOPEHHAM KOMi XPOMOCOM
DOaTbKiBCbKOro nyna, ToAi SK Oinbll pO3NOBCHMIKEHUN 3MICT LbOro
MOHATTS O3Hayae npouec OPMyBaHHSA HOBUX 0Ocoben, LWo
BiAOyBalOTbCH BiA KOHKPETHWUX BaTbkiB . AKWO MW NMPUUMAEMO Take
TAyMadeHHs,, TO ONepaTtopu CXPEeLlyBaHHSA i MyTauii MOXyTb
BBaXkKaTuca orepaTtopamu penpoaykuii, a cenekuis - [obopom
ocoben (xpoMocoMm) Anst penpogykLuii.

leHeTU4Hi onepaTopu
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YacTkoBO NpO TrEHEeTUYHi onepaTtopu MW BXe T[OBOPWIIN.
3ynnHMMoca Ha iXxHbOMy onuci Oinbl  AoknagHo. [eHeTWuYHI
onepaTtopu HeoOXxiaHi, Wwob 3acTtocyBaTW MPUHUUNN CMAAKOBOCTI i
MIHAMBOCTI A0 BipTyanbHoi nonynsdii. KpiM BigMiHHUX puc, Npo SKi
Oyae po3kasaHO HWX4Ye, Y HUX € Taka BMacTUBICTb K UMOGIpHICMb.
Tob6To onucysaHi onepatopu He OOOB'A3KOBO 3aCTOCOBYIOTHCS [0
BCiX 0CODiB, SIKi CXpeLllyTbCH, WO BHOCUTL AOAATKOBUN eremMeHT
HEeBM3HaAYEeHOCTi B MpoLEC MOLYKY pilleHHs. Y JaHoMy BMNagky,
HEBM3HAYEHICTb HE Ma€E Ha yBasi HeraTUBHUIN hakTop, a € Takum cobi
"cTeneHem Bofi" pobOTM reHeTUYHOro anropuTMmy. TyT OMUCYHOTHCS
TiNbkW OBa HaMMNoLWMpeEHiLi i HeobXigHMX onepaTopu. ICHYOTL i iHLWI
reHeTW4Hi  onepatopu  (Hampuknag, iHeepcis), ane  BOHU
3aCTOCOBYHOTbLCS AYXKE PIiAKO i TOMY MW MPO HWUX roBOpUTK He Byaemo.

OnepaTtop KpociHroBepa

Onepamop KpociHzogepa (crossover operator), TakoX HasmBaHUn
KPOCOBEPOM, € OCHOBHMM TFE€HETMYHMM OMNepaTopoM, 3a paxyHOK
AKOro BMKOHYETBCA OOMIH TreHEeTUYHMM MartepianomMm Mk ocobamm.
OnepaTop Mopgente npouec cxpellyBaHHsi ocobein. Hexam € fOBi
GaTbkiBCbki 0cOOM 3 xpomocomamu X={x;, i=1,L} i Y={y;,, i=1,L}.
BunagkoBUM YMHOM BM3HAYAETLCSA TOYKa YCepeauHi XpOMOCOMMU, Y
AKin obuasi XpoOMOCOMU AiNATbCA Ha ABi YaCTUHW i OOMIHIOTBCA
HAMK. HasBeMO LI TOYKY TOYKOKH PO3puBY. Y3arani rosopsyuv, B
aHrNMoOMOBHIN NiTepaTypi BOHa HA3MBAETLCS MOYKOK KpociH2oeepa
(crossover point), npocTto, Touka po3puBy binbl 06pasHa Has3Ba i Ao
TOrO X J03BONAE B AeAKMX BUNagKax YHUKHYTU TasTonoril. OnnucaHui
npouec 3o00paxeHo Ha puc.3.14.

BATBRIBCEKI OCOBI HALLLAOKIA

Yi¥o¥3 Yo X, X
X Xohg X 1 ViYL

XXXy Xy X%
Y Yo¥a Yo Y- Yo

Puc.3.14. KpociHrosep
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[aHun Tnn KpociHroBepa Ha3MBa€ETbCA OOHOMOYKOBUM, TaK SIK
npy HbOMY OaTbKIBCbKi XPOMOCOMW pO3pi3atoTbCsl TiflbKM B OAHIN
BMMNAOKOBIN Touui. TakoX iCHYOTb 2-X | n-moykoeuli onepartopu
KpociHroBepa. Y 2-Xx TOYKOBOMY KPOCIHrOBepi TOYOK po3puBy 2, a
N-TOYKOBUN KPOCIHrOBEP € CBOEPIAHUM Yy3aranbHeHHsam 1- i 2-
TOYKOBOIO KpOCiHroBepiB ans n > 2.

Kpim onucaHuMx TuniB KPOCIHFOBEpiB € Le OOHOpiOHUU
KpociHzogep. WMoro ocobnueicTb MNonsrae B TiM, WO 3HAYEHHN
KOXHOro ©OiTa B XpOMOCOMi Hallagka BU3HAYaETbCA BUMNAAKOBUM
ynHoM 3 BignosigHMx 6iTiB 6aTbkiB. [ANs LbOro BBOAUTHLCSA Oesika
BenumumHa O<pgp<1, i AKWO BMNagkoBe umcno Binblie pg, TO HA N-y
Mo3nLMI0 MEPLUOro Hallagka notpannsie n-n 6iT nepworo 6aTeka, a
Ha n-y no3uuilo gpyroro - n-n 6iT gpyroro 6aTbka. Y MNPOTMBHOMY
BMNaKy 4O MEepLUOro Hawaaka notpannse 6iT gpyroro 6atbka, a oo
apyroro - nepuworo. Taka onepauis npoBoguTbcs Ans Bcix bGiTiB
XPOMOCOMM.

VIMoBIpHIiCTb KpociHroBepa HaiiBuLIa cepea FeHeTUYHNX onepaTopis i
OopiBHOe 3a3Buyain 60% i OinbLue.

OnepaTtop myTauii

OnepaTtop wmyTauii (mutation operator) HeoOxighun pgns
"BMOMBaHHA" nonynauii 3 JOKanbHOro 3KCTpeMyma i Ccrpusie
3aXMCTOBI Bid nepeayacHoi 30hkHOCTI. [locaraloTbCa Le 3a paxyHoK
TOro, WO iHBEPTYETbLCA BUMNAAKOBO OOpaHuii GiT Y XPOMOCOMI, WO i
nokasaHo Ha puc. 3.15.

MICNHA MYTALT

00 MyTALT
X KXo Koy Koo X L:,,_é—“ p AR & 5 00 W S Y

Puc. 3.15. MyTauis

Tak caMo §iK i KpOCiHroBep, MyTaLis NPOBOANTLCS HE TiNbKM MO OAHIN
BMNAAKOBiN Touui. MoxHa BMOMpaTM [esKy KinbKiCTb TOYOK Y
XpOMOCOMi Ons iHBepCii, MpU4oOMy TXHE 4YMCMNO TakoX Moxe 6yTu
BMNaZKoBMM. TakoX MOXHa iHBepTyBaTu Bigpasy Aesky rpyny niapsg
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idyunx Toyok. VIMOBIpHICTb MyTalii 3HAYHO MeHLa MOBIPHOCTI
KpociHroBepa i pigko nepesuilye 1%. Cepen pekomeHaadin 3 Bnbopy
MMOBIPHOCTI MyTaLil Hepigko MOXHa 3ycTpiTu BapiaHTu 1/L abo 1/N,
ae L - poexuHa xpomocomu, N - po3mip nonynsuii. HeobxigHo Takox
BiA3HAUMTK, LLO OesKi aBTOpWM BBaxaroTb, WO onepaTtop MmyTauii €
OCHOBHUM MOLUYKOBMM OMEepaTtopoM i BiAOMi anropuTtMu, WO He
BMKOPUCTOBYIOTb HLUMX onepaTopiB (KpOCiHroBep, iHBepcia i T.4.)
KpimM myTauii.

Mpuknap peanisauii

3asBnyanv npu peanizauii A go ocobiB, WO CXpeLlyoTbCs,
crnoyaTKy 3aCTOCOBYIOTb OMnepaTop KpoCiHroBepa, a NoTiM oneparop
MyTauii, xo4a MOXNuBi BapiaHTW. Hanpuknag, onepaTtop MyTauii
MOXHa 3aCTOCOBYBATWU TifbKM SKWO A0 OaHOi napu OaTbKiBCbKMX
ocobelt He ByB 3aCTOCOBaHWUI ornepaTop KpociHroBepa. Y npuHUumni,
HIXTO He 3aBaxae B3arani He BWKOPUCTOBYBATM WMOBIPHICTb
NMPOBEAEHHS [AHOro TreHEeTUYHOro onepatopa i 3acTocoByBaTy
KpOCiHroBep 4o ycix BigidpaHux ocobam, a MyTtadito 4o koxHoMy 100
HalLllaKoBI.

Hwkye npuBegeHun npuknag nignporpaMm, WO peanisyloTb
onepaTopu KpociHroBepa i MyTtauii moBoto C++ ana nonynsauii, wWwo
MiCTUTb 16-po3psagHi xpomocomu. Posmip nonynsuii: 50 ocobewn.
Monynsuia TyT npeAcTasneHa yMOBHO .

#include <stdlib.h>

unsigned short MutationMask[] = {0x1, 0x2, 0x4, 0x8,
0x10, 0x20, 0x40, 0x80,
0x100, 0x200, 0x400, 0x800,
0x1000, 0x2000, 0x4000, 0x8000};

unsigned short Inds[50], // Monynsuia
Sellnds[50]; // Ocobw BigibpaHi Anst cxpeLlyBaHHS

// onepatop 1-TOYKOBOro KpociHroBepa

void Cross (int p1, p2, c1, c2) {
unsigned short left, right;
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left =(unsigned short)(15.0 * (double)rand()/(double)RAND_MAX+ 1);
left = ((unsigned short)0xffff>>left)<<left;
right = (unsigned short)Oxffff * left;

Inds[c1] = (Sellnds[p1] & left) | (Sellnds[p2] & right);
Inds[c2] = (Sellnds[p2] & left) | (Sellnds[p1] & right);
}

// onepaTop TOYKOBOI MyTaLii

void Mutate (int j) {
int i, L = Inds[j].GetChromosomeLength();
double rnd;

for (i=0; i&ItL; i++) {
rnd = (double)rand()/(double)RAND_MAX + 1);
if (mutationRate > rnd) { // mutationRate - nmoBipHicTb myTauii
Inds [j] = Inds [j] » MutationMask [i];

3aCTOCYBaHHH onepartropa KpOCiHFOBepa AnsA KoayBaHHA

Mpunyctumo, wo C1={c1,,..,c1,} i C2={c2;,..,c2,} - BBIi XxpOMOCOMMU
0O SKMX 3acTOCOBYETbCA onepatop KpociHroBepa. bygemo
nosHayatn Hawapgkie sk H71 i H2. Hwxk4ye KOpPOTKO onucaHi LesKi
onepaTopy  CXpellyBaHHA Onsi  TEHETMYHUX  anropuTtMiB - 3
KOAyBaHHAM.

e [IBoToukoBuUM KpociHroBep (Two-point crossover).
BunagkoBum 4nMHOM BMOUMPAOTbCS OBi TOYKM pO3puBY i j 3
fianasoHy [1, n-1]. Hexan npu ubomy i<j. Togi Hawagku
BM3HAYaKTbCA  WIAXOM  OOMiHY  BignoBigHMX  YaCTWH
BGaTbKiBCbKMX XPOMOCOM:
H1 = {C11, cl,.., €2, C2,‘+1,.., C2j, C1j+1,.., C1n},
H2 = {c2,, ¢2,,.., c1;, C1js1,.., €1}, C2}11,.., C2p).
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e OpHopigHun KpociHroesep (Uniform crossover).
Mpautoe 9k opHOpigHWIA  KpociHroBep Ans  GiHapHoro
KOAYBaHHA 3 Ti€l0 NULLE Pi3HULELD, WO AingHKa XpOMOCOMU,
ONs SKOro posirpyeTbCst NMOBIPHICTL NOTPaANUTK 4O NEPLUOro
abo Jo Apyroro Hallagka He OKpeMuin po3psid, a 3HaYeHHs
napameTpa uinkom. Tob6To posirpyeTbcst He 6iT, a BeCb reH.
[HWUMKM cnoBamu, AONS KOXHOro reHa, SKWO BuMMNagkosa
6iHapHa 3miHHa Rnd=0, To reH Big 1-ro 6aTtbka nonagae 0o
nepLUoro Halwaaka, a reH gpyroro 6atbka - 4o Apyroro. AKwo
X Rnd=1, To HaBnaku.

Br1KopmnCTOBYIOTECS TAKOX KPOCIHrOBEPU:

ApudmeTnuHmun kpociHrosep (Arithmetical crossover).
FeomeTpuyHui kpocinrosep (Geometrical crossover,).
BLX-a kpociHrosep (BLX-a crossover).

ImiToBaHMn 6GiHapHui KpociHroBep (Simulated binary
crossover).

e HeuiTka pekombiHauis (Fuzzy recombination).

Crtparerii ¢oopmyBaHHA HOBOro NOKOJIiHHA

MMicna cxpelyBaHHA ocobert HeobxigHO BUPILLIMTY Npobnemy nNpo
Te, SKi 3 HOBMX 0cobeln BBINAYTb Yy HAcTyMHe MOKOMiHHA, a siKi - Hi, i
Lo pobuTK 3 ix npegkamn. € aBa cnocodwu:

1. Hosi ocobu (Hawaakm) 3armMaloTb Micud cBoix BaTbkiB. icns
YOro HacTae HacTynHWiA eTan, Yy SKOMY HallafKku
OLLiHIOIOTbCH, BioOMpatoTbCA, JawTb NOTOMCTBO i
nocTynawTbCs MicLueM cBOIM "AiTam".

2. CrtBOploeTbCA NpoMiKHA MONynsuis, WO MIiCTUTb Y cobi Ak
GaTbkiB, Tak i ixHiX Hawagkie. YneHu uiei nonynsauii
OUiHIOTLCSA, a MOTiIM 3 HMX BuUbMpatoTbess N Hamnkpawux,
KOTpi i BBIAYTb Y HACTYMHE MOKOMIHHA.

Ti XTO 3HaMOMMIA 3 €BOSNOLINHUMMK CcTpaTeriaMmm, TO 3 LMMWU
cnocobamu BM Bxe 3ycTpivanucs. Akui 3 LUMX OBOX BapiaHTIB Kpalle
— BIgnNoBicTM OAHO3HAYHO Baxko. BouyeBuab Apyrmin  BapiaHT

225



NPaKTUYHIWKIA (TaK SIK He 403BOIISIE 3aMiHATM NPUCTOCOBAHNX bGaTbkiB
Ha "HeBigOMO koro"), ane TyT Moxe OyTu OGinbwe npobrnem 3
nepeayacHor 30iKHICTIO, UMM Yy nepLlioMy BapiaHTi. [Jo TOro X BiH
BMMarae COPTYBaHHA MacuBy PO3MipoM (sk MiHimym) 2*N. Y3sarani
roBopsiyM, MoOXHa KombiHyBaTu cTparterii Biabopy i dopmyBaHHs
HACTYMNHOro NOKOMNIHHA K 3aBrOAHO - OOMEXEeHb HEMAE HisIKMX.

TMpunyun "animusma”

CyTb UBOrO MpPUHUUMNY MONSArae B TiM, WO B HOBE MOKOMiIHHSA
BKIIOYAIOTHCA Kpallli 6aTbKiBCbKi 0cOBM. IXHE uncno moxe ByTu Bia 1 i
Oinbwe. BukopucTaHHsA "aniTusamy" [O03BONSIE He BTPaTUTU rapHe
NPOMDKHE pIlLIEHHs1, ane, y TOM Xe 4ac, Yyepe3 ue anroputM MOXe
"sacTpartn" y  nokanbHomy — akcTpemymi.  OpgHak,  gocBig
BMKOPUCTaHHSA MNpUHUMNY "aniTnamy" , 4O3BONSE 3pobuTM BUCHOBOK,
Wo B BinbLocTi BUNagkiB "aniTmaM" aHITPOXW He LUKOOWUTb MOLUYKOBI
PilLeHHs,, i TrOMoBHEe - LUe Hagatu anropuTMoBi MOXIMBICTb
aHanisyBaTu pi3Hi PAAKK 3 MPOCTOPY MOLLYKY.

Y Knacu4yHoMmy Onuci reHETUYHOro anropuTMy MaeTbCs Ha yBasi
CTBOPEHHS Nonynsuii HawaakiB i 3amileHHa 6aTbkiBCbKNX ocoben ix
"oitbMu".  Takui nigxig gocutb rapHui, ane He o0cobnueBo
ePeKTUBHNIN, TOMY LLIO HaLWaAKW, OTPUMaHi B pe3ynbTaTi reHeTUYHUX
nepeTBOpeHb, MOXYTb ByTH ripwi 6aTbkiBCbknx ocoben. Y pesynbrari
3'ABMIOCSA Kinbka nigxoAis, "BuUnpaBnsatoumnx" gaHe siBuLLE, siKi MOXHa
o6'egHaTN, BUKOPUCTOBYIOYM, SK MW Kasamnu, MNOHATTS "anitmam"
(elitism) (iHopi "cTpateria amituama" (elitist strategy). Hwxue Gyae
npuBegeHO KOPOTKUI onuc uuMx nigxogis. BiasHaummo, WO KOPOTKUIA
onuc anituama Bxe 6yno 3pobneHo paHiw (ane. CTparerii Bigbopy i
dopMyBaHHS HOBWUX HaLUaAKiB), OAHAK BBa)aeMo 3a HeobOXxigHe
nNpuainMTU NOMy OKpemy yBeary.

YMOBHO 3MiTM3M MOXHa po3ginuTn Ha [f[Ba Kracu-nigxoawm,
Ha3BEeMO X KOHKYPEHMHUM i HEKOHKYpeHmHUM. KOPOTKO iXHsl CyTb Y
HaCTYMHOMY:

1. KoHkypeHmHul ni0xid. BaTbkiBCbki 0cobu "smarawoTbca" 3

HawagkaMu i nepemMoxui (abo nepemoxelb) NepexopaTb y
HacCTynHe NOKOMiHHS.
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2. HekoHkypeHmHul nidxid. Y uUbOMYy BWMNAgKy 4acTuHa
OaTbkiBCbKOI nignonynsuii (BunagkoBa abo BM3HayeHa 3a
3afaHMM MpaBUIIOM) MNepexoauTb Yy HOBE MOKOIMiHHS 0e3
AKMX-Hebyab 3anepeveHb 3 6oKy enekropary.

[HWKMK crnoBamu, y NepLIOMY Kraci Haladkn nicns CTBOPEHHS
MalTb, 3aranom, piBHi npaea 3 6aTbkamu Ha Te, WoO6 nepentn B
HOBE MOKOMIHHA | BW3HAuarnbHy ponb TYT rpae NPUCTOCOBAHICTb
ocobu, a He Ti MONMOXEHHS Ha reHeanorivHomy Aepesi. B gpyromy
Knaci ctapi iHOMBIOW MaloTb BU3HAYEHUIN NPIOPUTET i HaBITb AKLLO BCi
Hawagkm 6yayTe Kpawe 6yab-Akoro 6aTbka, skacb YacTuHa
BaTbkiBCbKOI nignonynsAuii HemyvHyde 6yge npuCYTHS Y HOBOMY
MOKOMiHHi.

PosrnsiHemo koxeH knac 6inbw goknagHo. Mpu ubomy 6yaemo
no MOXNUBOCTI ©GpaTM [oO yBaru HamnpauloBaHHA B obnacTi
eBonoLUinHuX cTpaTerin (evolutionary strategies). Caoto icTopito
€BOMOLiNHI cTpaTerii BeayTb 3, K MiHIMyM, cepeanHu 60-X pokiB i
MPUNHATI B HUX MO3HAYEHHS AOCUTb 3pYYHi AN nokasy pisHMX
niaxonis Ao anitusmy.

1. KoHKypeHTHMI nigxig

Buginumo B knaci KOHKYpeHTHUX nigxoAdiB 2 nigknacu (y gyxkax
NpUBEOEHI XaproHHi HasBu, LLO PEKOMEHOYITLCA ONS BXMBaHHA B
ncesno-, KBasi- i MeTa-HayKkoBiv nitepaTtypi):

e rnobanbHe 3maraHHa (macoBe noboille, XOpCToke |
HellagHe)
e fiokanbHe 3MaraHHs (00i MOMICHUX KHA3LKIB Ha Kynadkax)

Mpwn rmo6anbHOMY 3mMaraHHi cnodaTky CTBOPHKTLCS YCi HaLankm
(kmtoyoBe cnoBo  "yci"), ki NOTIM 3MaralTbCs Ha 3aranbHUX
nigctaBax 3 ycima 6GaTtbkamu (krovoBe crnoBo "ycima") i Ti, XTO
BUSIBNATLCS KpaLLMMW, HEe3anexHo Bif BiKy, NepexoisiTb y HOBEe
nokoniHHs. ToGTo nicns CTBOPEHHSsI HalWaOkiB BU3HAYAETLCS IXHS
NPUCTOCOBAHICTb i, 3HAOUYN MPUCTOCOBAHICTb Yy NOTOYHIA nonynauii
(Tob6TO B nmonynsuii, 3 skoi BUGUpanucs 6aTbkiBCbki 0COOM), MOXHA,
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BigcopTyBaBwM ocoben 3 MNOTOYHOI nonynaAuii i Hawagkis,
chopmyBatM nonynsauilo Ans HACTYMHOrO MOKOMIHHA. Y AaHomy
BMNaAKy OMTUMICT CKaxe, Lo BMOpanu kpawy YacTuHy, a necumict
CKake, LU0 BIOKMHYNW riplly YacTuHy, i obuasa ByayTb npasi, TOYHO
TaKoX SK i y BUNaaKy 3i CKIsHKOK 3 BoAok. Hawaakm He 060B'A3KoBO
3MaralTbCcd 3 yciMa ocobamu 3 MOTOYHOI MOnymnsAuii, MOXHa
ynawTyBaTu YemMnioHaT y3sBLUN Tinbku 6aTbKiBCbKMX OCOBEN i iXHix
Hawapakis. lonoBHe B rnobanbHUX 3maraHHsax, wWob ocobu
3maranmcs pasom.

Tpoxu iHWWA Nigxig BUKOPUCTOBYETLCH B NIOKANbHMX 3MaraHHsX.
PosrngHemMo  OocuTb  pO3NOBCIOMKEHUA  BUMAAOK, KOMW OB
BGaTbKiBCbKi  0COBM  BMKOPUCTOBYIOTLCA  AONA  CTBOPEHHA  OBOX
Hawagakis. Togi, 6e3nocepedHbO MNiCNA CTBOPEHHS, BUKOHYETHCS
OLiHKa HawagkiB, a noTiM Hawagku 3mMararoTbCA TiNbKM 3i CBOIMMU
6aTtekamu. TyT NpobrnemMn pogauHW BUPILLYIOTLCS YyCEPEAWHI POLAVHW.
Y TakMl cnocid nonynsuis HOBOro MOKOMIHHA (OpPMYeETbCS 3
nepemMoXLuiB YNCITEHHMX NOKarlbHNX 3MaraHb.

3 nornsay eBOSOUIMHUX  CTpaTerii  KOHKYPEHTHUI  nigxia
Bignosigae (mu + lambda) cTpaTerii (Aka Ha3uBaeTbcA "mntoc-
ctpateria” (plus strategy)), Ae mu -- KinbkicTb 6aTbKiBCbKMX 0coben,
a lambda -- kinbkicTb CTBOpPEHNX HalLaaKiB.

2. HekoHKypeHTHUM nipxia

Y HEKOHKYPEHTHOMY Migxoai Bce 3Ha4HO npocTiwe. icnsa ouiHkm
NOTOYHOI MonynsAuii BUBMpaloTbCsa Kinbka Hankpawmx ocoben (TobTo
ocoben ki MOKWTb MaKCMManbHy MPUCTOCOBAHICTb) | BOHMU
"aBTOMaTMYHO" NonagaloTb Y HacTymnHe NOKOMiHHA. [1pu LboMYy eniTHi
ocobu MOXyTb OpaTu y4acTb Yy CXpELlyBaHHi HapiBHi 3 iHWMMM
ocobamu. Y cuny TOro, Lo, TakMM YMHOM, BaTbKiBCbki 0CcOBWM He
3MaraloTbcsl B Til abo iHWin dopMi 3 Hawagkamu, Takuin nigxig i
oflepXaB Ha3By HEKOHKYpPeHTHMW. B eBonwouiiHux cTparerisx
HEKOHKYPeHTHMA  nigxig Bignoeigae (mu, lambda) cTparTerii
(mocniBHUM nepeknag Burnggae Ak "koma-ctpaTteris"  (comma
strategy)), 3MiCT 3MiHHUX mu i lambda 3anuwWaeTbCsl KONMULLIHIM.
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TyT MM npoaHamnisyeMo Hacrigku BUKOPUCTaHHA, abo He
BMKOPUCTAHHA Toro abo iHworo nigxogy Ao anitmamy. Wo x tarHe
BUKOPUCTAHHA 3aniTuamy? O4eBMAHO, LIO MNpU 3MiTU3MI NOBINbHiWeE
0BOHOBNSAETLCA reHeTUYHa iHdopmalis B nonynsuii, Tak K YyacTuHa
ocoben, TouHiWwe X reHoOMW, 3anuwialTbCs HE3MIHHUMW Mpu 3MiHi
nokoniHb. | xoya Take MoOxnmBo i 6e3 aniTMama (Hanpuknag,
CXpeLLyBaHHA ABOX "CXOXuMX" BaTbKiBCbKMX 0COBen MoXe npuBecTu
00 CTBOPEHHS IAEHTUYHUX 3 HUMM HaLLaaKiB) ¥ BUNAAKY 3 dniTM3MOM
MMOBIPHICTb Uiel noaii icTOTHO 36inbluyeTbCsA, Hacamnepen, y cuny
crneumdikn camoro nigxogy Ao anitusamy. [dobpe ue u4m noraHo?
Cnpobyemo npoaHanisyeaTtu.

Ons uboro HeobXxigHO 3pO3yMiTW, KOMKW (He)BUrigHE IHTEHCUBHE
BiJHOBNEHHA reHoMiB nonynsauii. O4eBMOHO, WO SKWO NONynsuis
"HabnwkaeTbcs" oo rnmobanbHOro onTUMymy (TO6TO 3HaXOAMTLCS Ha
MOPIBHSIHO HEBENMMWKOMY Bif HBOIO BUAASEHHI), TO Pi3ki 3MiHM ocoben
(BinbLiCTb 3 AKMX MaloTb BUCOKY MPUCTOCOBAHICTb) HeGaxaHi, Tomy
WO MOXYTb MNOripLWWTM BIiAMOBIAHI UMM 0cobsM piweHHs. Towmy, y
AaHoMy BUNagKy, aniTuam, sik cnocid 36epexeHHs "rapHux" ocoben,
HeobxigHui. [MoTpibHO BiA3HaAYUMTM, WO ONUcaHa cuTyauis, $K
npaBumo, He CMNOCTEpIraeTbCa Ha MoYyaTKy €eBOMILil, 32 BUHSTKOM
BMMNaKiB, KONW BUPILLYETLCA OyXe NpocTa 3agdada, ane ansa Hux A,
Mo BEJIMKOMY paxyHKy, He MOTPIiOHi. AKWO X eBOMUiNHWIA NOLUYK
3HAXOAUTbCA Ha CaMOMy no4aTky, To, MabyTb, HEOOXiOHO aKTMBHO
AocnigKyBatu NPoCTip NOLWWYKY, Wob BUAINUTA B HbOMY MOTEHUiNHI
obrnacTi, mpu BNy4YeHHi B AKi, nonynAuia ©Oyae maTtM  BUCOKY
npuctocoBaHicTb. OpHak, $SKWO B pe3ynbTaTi  FeHeTUYHMX
NnepeTBOpeHb BMXOAUTb ocoba, Wo 3HaxoAuTbCsl B OAHIN 3 Takux
obnacten (i gonycTMMO Mae MakcMMarbHy MNPUCTOCOBaHICTL Y
MOPIBHSIHHI 3 iHWKMMKM ocobamu B nonynsuii) To HeobxigHo, wWwob
XapaKTepHi Ansa uiei ocobu reHoTunivHi (i, BianoBigHO, beHOTMNIYHI)
O3HaKM 3akpinunucsa B nonynsuii, iHakwe pJgaHa obnacte Ha
HeBM3Ha4eHuWI Yac byae "sarybneHa".

Heeenukuli eidcmyn. eHomun ocobu - ue, sk npasuso, it
2eHemuyHa iHghopmauis, a peHomurnn ocobu - 8idnosidHe yiei ocobu
pileHHs nocmasneHoi 3adayqi, mobmo, y Halifpocmiwomy eurnadky,
eHomun - dekodoeaHuli 3 2eHEemMuU4Ho20 rpedcmasrieHHs Habip
napamempis, ki onMUMI3ytombCs. [HWUMU criogamu, 2eHomur - ue
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AHK. 3mina eeHomuny, odepxxyeaHa 6 pe3yribmami cxpeulysaHHs i
mymaujii, mseHe 3MiHy 8i0nogidHozo ¢heHomuny i Ons eunadky
npsiMo2o KodQyeaHHI mym ece o04yegsudHO, maK SK eeHomun
00HO3Ha4YyHO eidrosidae ¢heHomurosi (i 380pPOMHO, O KOXHO20
geHomuny mMoxHa 3Halmu eGuHuld eeHomuri). [ns kodyeaHHs [pesi
8i0obpakeHHs1 2eHOMUIN-GheHOMUIN MmakoX OOHO3Ha4yHe, xo4a | He
mak HaoyHe. OOHaK npu HeOOHO3Hau4HiIl 8idrnosiOHOCMi aeHomuny i
geHOmMuUny MOXymb 6UHUKamu rnpobremu 8 adeksamHili OuiHUj
ocobu.

CnpaBa B TiM, WO i npuctocoBaHa ocoba MOXe 3HUKHYTH,
Hanpuknag, TOMYy WO reHepaTop BWMAOKOBUX 4Yucen BuAas
"HeBgany" ons uiei ocobu NocnigoBHICTb, y pesynbTaTi Yoro BOHA
abo B3arani He NpuMHANA y4acTi B CXpeLlyBaHHi (30Kpema, MOXYTb
"3a4aBuUTK YMCIOM" HEMPUCTOCOBaHI ocobu), abo ii Hawagku Ha Hel
He "cxoxi", abo >X BOHM CUNbHO 3MYTOBaHi. [MpyM BUKOPUCTAHHI
aniTMama  WaHcK, WO TEeHEeTUYHi  BNacTMBOCTI  PO3rnsHyTOl
(noTeHuiiHO  GaratocTpaxganbHoi)  ocobu  30epexyTbca i
nowmnpATbCS B NONynsuii, BUrnsgarTb 00Haginnneo. BuxoanTb, Wwo
i Ha NoYaTKOBUX eTanax aMiTU3M NOTPIOHNIA.

Binbw cknagHa kapTMHa Ans HEOOHO3HA4YyHOro BiAOOpPaXkeHHs
reHotTun-coeHoTUN. Hanpuknag, konu B reHoTuni  3akoJoBaHa
CTPYKTypa LWWTYy4HOi HenpoHHoi mepexi (LUHC). Toai ogHin i Tl X
ocobn  (ctpyktypi WHC) wMoxyTe Bignosigatm  pi3Hi Mo
xapaktepuctukax LLIHC y Hacnigok pi3HuMx 3HayeHb Bar 3B'A3kiB. Y
LUbOMY BMMNAAKy, HaBiTb SKLLIO NMPUCTOCOBAHOCTI AesiKoi 0CobU BUCOKI,
ue He p[ae pJocTaTHiX YMOB [nsi nepeeBarn nepes MeHLW
NpucTocoBaHMMM 00’eKTamMn, TOMY L0 BCi MIPKYBaHHS npo
MPUCTOCOBAaHICTb BedyTbCsA B YMOBax HenoBHOI iHdopmadii. [do
OesKoi Mipy cuTyauilo MOXHa BMMNPaBUTU, AKLIO ANsi KOXHOI 0cobm
JocnigxyeBaTn TpoXu pisHUX BigNoBigHWX i deHoTuniB (y gaHoMy
npuknagi WHC i3 pisHUMM Baramn, ane OAHAKOBOK CTPYKTYPOLO).
lMpoTe, HeBM3HAYEHICTb, XO4 i MeHLla, 3anuaeTbes. Y cuny Lnx
MipKyBaHb HEOOXIOHICTb Y aniTM3Mi B 4aHOMY BUNAAKy 3anuULLIAETbCS
nig cymHiBoM. Llinkom moxnuBo, wo Kpaiie B3arani 3abopoHWTU
KOHKYp€eHLjlo MixX ocobamu, WO MakwTb iCTOTHO Pi3Hi No cknagy
reHotTunu (skMM BignosigatoTe cTpykTypn LWHC, wo cunbHO
BiOpi3HAIOTECS). 3pobuTM Le MOXHa, Hanpukniag, 3a AOMoMOrow
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"HiwiHra (niching)". Y Oyab-akoMy BMNagKy, He BapTo 3abyBatu
npo "doopmyny ycnixy" y TreHeTUYHUX anroputmax, sKy MOXHa
ccopmynioBaTtu B Takui cnocib: "HeobxiOHo dompumyseamu 6anaHc
MK OocrniOXeHHsM — npocmopy  nowyky  (exploration) i
B8UKOpUCMAaHHAM 3HalOeHUX eapHux piweHb (exploitation)”. TobTo
SKLLIO BMKOPUCTOBYETLCA 3MiTU3M, iHWIUMK cnoBamu, Binbll akTMBHO
BMKOPUCTOBYIOTBCH BXe 3HaWAeHi rapHi ocobu, To HeobXxigHi mipw,
wo 6yayTb KOMMeHcyBaTu BMMAMB 3MNiTU3Ma, Hanpuknag, 36inbLlweHHs
MMOBIpPHOCTI MyTauii, abo 36inbleHHs po3mipy nonynsauii, abo
3abopoHa Ha icHyBaHHA "ocobewn-6nmsHiokiB" y nonynauii. Y
NPOTMBHOMY BWMNAAKy iCTOTHO 30iNbLUYETbCSA PU3UK MepeayacHoi
30iKHOCTI. BukopuctaHHs anituama, y Uinomy, 4O3BOMSE ICTOTHO
noninwutn pesynbtatn pobotn [A. [lpoTe, BMKOPUCTOBYBATU
aNiTM3M HeoOXiOHO 3 BM3HA4YEeHOK OBEPEXHICTIO, OO YHUKHYTU
nepeayacHoi 36ixHOCTI. Y pesynbTarTi knacudikadii BigoMmnx meTtogis
3NiTM3Ma NPOMNOHYETLCH BUAINATU HACTYMHI NiOXOAM:

1.1. KoHKypeHTHWI nigxig 3 nokanbHUM 3MaraHHsIM.
1.2. KOHKypeHTHWUI nigxig i3 rmobanbHUM 3maraHHsIM.

1.3. HekoHKypeHTHWUI nigxia.

3.8. NMpuknag BUKOHaHHA KNaCUYHOIo

reHeTU4Horo anropuTtmy

PoarnsHeMO  BWKOHAHHA  OMWCAHOro  paHille  KrnacWMYHOro
FEHETMYHOro anropuTMy Ha SIK MOXHa Oinbll nNpocToMy npuknagi.
lMpocTexxMmo  NOCMIQOBHICTL  BUMKOHAaHHA  WMOro  eTtaniB, WO
BignoBigaloTb OMNok-cxemi Ha puc. 3.12.

Mpuknap 3.4

Po3rnsgHemMo CunbHO CNpPOLEHUn i 4OCUTb WTYYHUIW NpuKnag, Wwo
CKNafaeTbCsl i3 3HAXOKEHHS XPOMOCOMM 3  MaKCUMAaIbHO
KinbkicTio oanHULb. [MpMnNycTUMO, WO XPOMOCOMU CKragarTbes 3 12
reHi, a nonynsuia HapaxoBye 8 XpomocoM. 3po3ymifno, Lo
Halkpawot Oyge Xxpomocoma, WO Ccknagaetbcs 3 12 oguHUUpb.
MoguBumMocs, SIK NpoTiKae NpoLeC PilleHHA Liei 4OCUTb TpUBianbHOI
3afjadi  3a  OONOMOroK  FEeHETUYHOro  anroputMmy.  3MICTOBHY
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iHTepnpeTaLito MOCTaBMEeHOI B Takui CMocid 3agadi MOXHa 3HaWTK,
30Kpema, y npuknagi 3.29.
IHidianizauwin, ab6o BuGIp BuxXiAHOI nonynsAuii Xxpomocom.
HeobxigHO  BMMaAgKOBMM  YMHOM  3reHepyBatM 8  ABOIYHMKX
nocnigoBHocTen aoBxumHo 12 GiTie. Lle MoxkHa gocartu, Hanpuknag,
nigkngaHHam  moHeTn (96 pasiB, npu BuUNagaHHi  «opna»
NPUNNCYETbCS 3HadveHHs 1, a y Bunagky «pewku» - 0). Y Takun
cnocié MoxxHa copmyBaTh BUXIOHY NONYnALi0

chy, =[111001100101]

ch, =[001100111010]

chz =[011101110011]

ch, =[001000101000]

chs =[010001100100]

che =[010011000101]

ch; =[101011011011]

chg =[000010111100]

OuiHKa MNpPUCTOCOBAHOCTI XpoMocoM Yy nonynsauii. Y
PO3rNAHYTOMY  CMAPOLLEHOMY MpuKNagi  BupilyeTbcs  3agjada
nepebyBaHHA TaKOi XPOMOCOMMW, Sika MICTUTb HanbinbLly KinbkicTb
OoAavHWMUb. TOMy (YHKUIA MPUCTOCOBAHOCTI BU3HAYa€E  KiNbKiCTb
OAMHWUbL Yy XpOMOCOMi. [lo3Ha4yMMO PyHKUiIO MNPUCTOCOBaHOCTI
cumBonoMm F. Togi i 3Ha4YeHHA Ons KOXKHOI XpOMOCOMM 3 BUXiOHOI
nonynauii 6yayTb Taki:

Xpomocomun chs i ch; xapakrtepusyoTbcs  HanbinbwUMu
3HaYeHHAMM YHKUIT NpUHanNeXHocTi. Y Uuih nonynsauii  BOHM
BBaXXalOTbCA HaWKpalLMMKW KaHOuAaTaMu Ha pilleHHs 3agadi. AKwo
BIiANOBIOHO [0 OnOK-CXeMW reHeTu4Horo anroputmy (puc. 3.12)
YMOBa 3YNUHKN anropuTMy He BMKOHYETLCS, TO HAQ HACTYMHOMY KpOLli
BMKOHYETbCS CeNeKLisi XpPOMOCOM 3 MOTOYHOI Nonynsuii.

Cenekuisi xpoMmocoM. CernekLisi BUKOHYETbCSH METOAOM PyneTKu.
Ha nigctasi dopmyn (3.2) i (3.3) 4na KOXHOI 3 8 XpOMOCOM MOTOYHOI
nonynauii (y Hawomy Bunaaky - BuxigHoi nonynsauii, ans akoi N = 8)
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OEPXKYEMO CEKTOpW Koreca pyneTku, BUpaXKeHi y BiacoTkax (pwc.
3.16)
v(chy)= 15,22
)

v(chy) = 13,04
v(chs)= 17,39
v(chy)= 6,52
v(chs)= 8,70
v(chg) = 10,87

v(ch;)= 17,39
v(chg)= 10,87
Posirpuw 3a pgonomMoroto Komeca pynetku 3BOAWUTLCA OO0
BMMNagKkoBoro Bubopy umcrna 3 iHtepsany [0, 100], wo Bkasye Ha
BiONOBIOHUA CEKTOP Ha Komneci, TOOTO Ha KOHKPETHY XPOMOCOMY.
Mpunyctnmo, Wwo posirpaHo HacTynHUX 8 Yncen:
7944 974 44 86 48 23
Lle o3Hayae Bnbip xpomocom
Ch7 Ch3 Ch1 Ch7 Ch3 Ch7 Ch4 Chg
Ak BugHO, xpomocoma ch; Byna obpaHa Tpudi, a xpomocoma chy -
agivi. TomiTMMoO, WO came Ui XpoMOCOMM MalTb HanbinbLie
3HaveHHa yHKUii npucTocoBaHocTi. OgHak obpaHa i xpomocoma chy
3 HaNMeHWNM 3HayveHHAM yHKUiiT npucTtocoBaHocTi. Bcei obpaHi B
TakMi cnoci®é XpoMOCOMWM  BKMYAKTLCA B TaK  HasvBaHWN
GaTbKiBCbKUIA Nyr.

v (ch,)

28,26

v (Chg)
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Puc. 3.16. Koneco pyneTkn gns cenekuii B npuknagi 3.4.

3acTocyBaHHA TreHeTU4YHUX onepartopiB. [lpunyctumo, Lo
XoOHa 3 BigibpaHux y npoueci cenekuii XxpOMOCOM He MifAaeTbes
MyTaLii, i yCi BOHM cknagaroTb NOnynsuitd XpoOMOCOM, MpU3HaAYeHUX
Ons cxpelyyBaHHs. Lle o3Havae, Lo MMOBIPHICTb CXpeLLyBaHHSA
pe=1, a WMOBIpHiCTb MyTauil p,=0. [MpunycTumo, WO 3 uux
XPOMOCOM BUMAAKOBUM YMHOM chopmoBaHi napu 6aTbkis

ch 2 i Ch7 Ch1 i Ch7 Ch3 i Ch4 Ch3 i Ch7
[ns nepwoi napy BUNagkoBMM YMHOM obpaHa TOYKa CXpeLLyBaHHS
k = 4, pna gpyroi k = 3, gna TpeTboi k = 11, anga yetBepToi k = 5.
Mpun LubOMy NpoLEec cxpeLLyBaHHA NPOTIKAe Tak, K NOKa3aHo Ha puc.
3.17. Y pe3ynbTaTi BUKOHAHHSA onepaTopa CXpeLlyBaHHA BUXoOATb 4
napu Hallagkis.

Ak ©Ou npu BunagkoBoMmy nigbopi nap XpomocoM  Anis
cxpellyBaHHA 6ynn o6'egHaHi, Hanpuknag, chs 3 chs i chy 3 chy
3amicTb chz 3 chy i chy 3 chy, a iHWI napu 3anuwnnucsa 6e3 3miHu, To
cxpeLlyBaHHSA chz 3 chy gano 6 ABi Taki >k XpPOMOCOMM HE3amNeXHo Bif
posirpaHoi Touku cxpellyBaHHs. Lle o3Hayano 6 opepxaHHA OBOX
HallaaKiB, ideHTMYHMX cBoiM BaTbkam. MMomiTumo, Wo Taka cutyauis
HanbinblW WMOBIpHA AN XPOMOCOM 3 HamnbinbWWM 3HAYEHHSM
dbyHKLii NpMcTOCOBaHOCTI, TOGTO caMe Taki XPOMOCOMU OOEPXKYIOTb
HanbiNbLUi WaHCcK Ha Nepexia y HOBY MONYyIsALit.
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NEPLLIA NAPA BATBKIB: NEPLLLA MAPA HALLATKIB:

[001100111010] xeeuyeamn  |001111011011]
[101011011011} = [101000111010]
l,=4

OPYTA NAPA BATBKIB:

FYTA MAPA HALLAOKIE
[111001100101) oxeuyeanns (111011011011]
{101011011011] } = [to1001100101]
=3
TPETA NAPA EATBKIE: TPETH NAPA HALLATKIE:
[o11101110011] ] oxpeeana 1011101110010]
[0o1000101000] [001000101001]
=1

YETBEPTA NMAPRA BATEKIB: YETBEPTA MAPA HALATKIB:
[o11101110011] } oxeuyeannn | 011101011011]

[101011011011] 6ji [101011110011]
=3

Puc. 3.17. MNpouec cxpelyyBaHHA XpOMOCOM Yy npuknagi 3.4.

®dopmMyBaHHA HoBoi nonynsauil. [licns BWKOHaHHSA onepadil
CXpeLLyBaHHs MM OAepXXyeMO (3rigHo puc. 3.17) HacTynHy nonynsuito
HallaaKiB:
Chy =[001111011011]
Ch, =[101000111010]
Chsz =[111011011011]
Ch, =[101001100101]
Chs =[011101110010]
Chg = [001000101001]
Ch; =[011101011011]
Chg =[101011110011]
Ona  BiAMIHHOCTI  Bi XpOMOCOM MonepeaHboi  nonynsuii
MO3HAYeHHS 3HOBY CHOPMOBAHMX XPOMOCOM MOYMHAKTLCHA 3
3aronoBHoi 6yksu C.
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BignosigHo oo ©nok-cxemu reHeTu4Horo anroputmy (puc. 3.12)
BMKOHYETbCA MOBEPHEHHs OO0 ApYyroro etany, TOOTO [0 OUiHKKM
NPUCTOCOBAHOCTIi XPOMOCOM 3i 3HOBY CdopMoBaHOl nonynauii, Lo
CTa€e NOTOYHOK. 3HaAYEeHHSA (PYHKLIN NPUCTOCOBAHOCTI XPOMOCOM Lii€i
nonynsauii cknagarTb

F(Chy) =8
F(Chy) = 6
F(Chs) = 9
F(Chs) = 6
F(Chs) = 7
F(Che) = 4
F(Ch,) = 8
F(Chg) = 8

3.9. NpeacraBneHHA AaHUX y reHax

Ons piweHHa gesakoi 3agadi 3a gonomoroto A Ti gaHi HeobxigHo
npeacTaBvTu y BUAI reHiB ocobu. [ins uboro Hacamnepen HeobxigHO
BM3HAYNTK SIKi NapaMeTpu 3agadvi HeobxigHO HacTpoiTu. Hanpuknag,
AKWO MW Hamaraemocs anpokcumysaTu 3a gonomoroto A Habip
Tovok doyHkuieo Bugy f(x)=A*exp(k’x), pe A, k - KOHCTaHTW, X -
HesanexHa 3MiHHa, TO 9K napameTpu ByayTb BucTynatm A i k, Tomy
Wo Big TXHbOro 3HaYEeHHS 3anexuTb BUA | MOBOMKEHHSA YHKUI.
Omxe, Maemo ABa napameTpu i, 0TXe, ABa reHu.

HacTynHui kpok - ue BMOIp yYncna po3psifiB y KOXHIM reHi. Tyt
HeobXxigHO BpaxoByBaTu, LIO 3 OAHOro GOKy, YuM Binblue po3psais,
TUM Kpalle, TOMY WO BWWE TOYHICTb i T.A4., ane 3 iHworo Goky -
BENuKe 4YWUCno po3psadiB TArHe 36iMbLUEHHSA Yacy MOLUYKY PilleHHS
(36ixHOCTI). BapTo Big3HauMTK, WO 3 POCTOM 4ucna napameTpis (y
OesKnx 3agadax BOHW OBYMCMIOTBCSA COTHAMM) "3auBi" po3psau
Mo3HaYyalTbCA yCe CUIbHIWe i cumbHiwe. Tomy HeobxigHO 3HanTu
KOMNPOMIC MK TOYHICTIO | wBMAKiCcTIo. BisbmMemo pgns 3apaui
anpokcumadii  16-po3psgHi reHu, npu UbOMYy napameTpu OyayTb
3MiHoBaTmKCA Big -32,768 po 32,767 i3 kpokom y 0,001. OaHi uncna
OTpVIMaHI BMXOASAYM 3 TOrO, WO 16-po3psgHe YMCNo MOXe MpunmaTm
opHe 3 2'°= 65536 3HaueHb Big 0 Ao 65535. AKLLO npunycTuTn, wo 0
Oyoe B cepeauvHi LbOro iHTepBany, MPUYOMY KOXHE 3HaYeHHs
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po3ginuteca notim Ha 1000, TO ofepXKMMO iHTepBan 3MiHK
napameTpiB i Kpok 3MiHW. [licrna Toro, sk o6paHo napameTpu, iXHE
4mcno i po3psigHiCTb, HeobxigHO BUpPIWMTKM, sk BGe3nocepeHbo
3anucyBaTu pgaHi. MoxHa BMKOPUCTOBYBaTM 3BUYAVHE KOLYBaHHS,
konu 1011=1011,=1145, abo kogn [pes, konn 1011=1110,=144,.
HesBaxaloum Ha Te, wWwo koan [pes TArHyTb HeEMUHy4e
KoAyBaHHA/AekoayBaHHS AaHUX, BOHU A03BONSAOTE YHUKHYTU OEAKMUX
npobrniem, WO 3'9ABMAAIOTLCA B pesynbTaTi 3BMY4ANHOrO KOAyBaHHS.
MoxHa nuwe ckasaTu, Wo nepesara kogy ['pes B TiMm, WO AKWO ABa
ymcna po3pisHAKTLCA Ha 1, TO i IXHi ABOIYHI KOAW PO3PI3HAIOTLCA
TiNbkM Ha OOWH po3psid, a B OBOIYHMX KOAAx He BCe TaK MpOCTO.
BapTto Big3HaunTi, WO kogyBaTu i gekogysatn y kogu pes gocutb
3pY4YHO, OnucaTM Le MOXHa TakK: CrnoyaTKy KOMIleETbCs caMui
cTapLumi po3psag, noTiMm:

3 pgBoivHoro koay B kof pes: G[i] = XOR(B[i+1], B[1])
3 kopy 'pest B aBoiuHmi koa: B[] = XOR(B[i+1], G[f])

Tyt, G[i] - i-n po3psg koay pes, a B[] - i-n po3psig GiHapHoro koay.
Hanpwuknag, nocnigosHicTeb umncen Big 0 oo 7 y ABOIYHOM KoAi:
{ooo0, 001, 010, 011, 100, 101, 110, 111}, a B kogax 'pes: {000, 001,
011,010, 110, 111, 101, 100}.

Omxe, Tenep 3agaHO BCi HeOOXigHI XapakTepUCTUKM TeHiB,
3anNULIAETbCA TiNbKM NPEACTaBUTU BCe LUe Ha skii-HeOydb MOBI
nporpamyBaHHs. Hanpuknag, Ha C++ ogHa ocoba i3 XxpoMOCOMOto 3
OBOX 16-po3psagHMX reHiB Moxe "BurnagaTtun” Tak:

short int Individual [2];

1. class Individual {

2. short int Genes [2];

3. %

4. unsigned char Individual [32];

OcTaHHin npuknag Ha nepwui Normsag 30a€TbCsA K MiHIMyM
OVBHMM: HaBILLO ANS 3aBAaHHs OQHOro GiTa BUKOPUCTOBYBATU LINUNA
6ant? OgHak GyBaloTb BUNAAKKU, KON BMKOPUCTOBYIOTLCHA HEBiHapHi
andasiTn, TOB6TO KOXEH po3psia MOXe NPUINMAaTU He 2 Pi3Hi 3HaYEeHHS
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"0" abo "1", a Oinbwe, Hanpuknag, "1", "2", "4", "8". Came ons Takmx
CUTYyaUill OCTaHHIM Npuknag i 3pyvyHuin. Hagani moBa 6yae NTu Tinbku
npo OiHapHuiA andaBiT. KpiMm Toro, B OCTaHHbOMY crnocobi nerwe
BYKOpUCTOBYBaTK koan ped. Ons Toro wob 3agatu nonynsdito 3 50
ocoben, MoXHa NOCTYNUTN OAHMM 3 HaCTYNHUX cnocobis:

—_

short int Population[50][2];

2 class Population {

3 Individual Inds[50];

4, b

5. unsigned char Population[50][32];

Cnig Takox 3as3HaunTW, WO B 3agadi anpokcumadii, y3aToi sik
npuknag, y npoueci "esontouii” 6yayTe npunmaTtn yyacTb YCi reHu
ocobun, TOBTO reHeTuyHi onepatopu OyayTb 3acToCcOBYyBaTUCHA A0
KoxkHoro reHa. OpHak, Le He 3aBxauM HeobXxigHo, Hampuknag,
po3rnsiHeEMO 3afady KOMMOHYBaHHSA, TOOTO KONMKM Ha Aesikii Bigomin
noBepxHi NOTpibHO po3micTuTM N enemeHTiB pi3HOI nowi Tak, wob
BOHM HE Haknaganuca OoouH Ha oaHui. [Ona npoctotun Oyaemo
BBaXaTW, WO BCi €efeMeHTM MalTb NPAMOKYTHY dopmy.
MapameTpamu, WO HacTpowlTbCA  (ONTUMI3yOTbCA), OyayTb
KOOpAMHaTU KOXHOTO enemeHTa, TOOTO KOXHa Xpomocoma Oyae
MICTMTMK OBa reHun, WO BiANOBigal0Tb KooOpAnHATaM fliBOro BEPXHLOIo
KyTa enemeHTa. Ane KpiM LbOro HeOoOXiAHO 3HaTWU, SKMN eremMeHT
npeactaesnse gaHa ocoby. [na uboro HeobxigHO popaTtu B Habip
reHiB 0cobu LWwe OauH reH, Wo MIiCTUTb Homep enemeHTa. [pu ubomy
HaM NoTpiBHO 36epertTn 3Ha4yeHHs LbOoro reHa He3MiHHUM Ha MpoTA3i
BCbOrO NpoLEeCy MOLIYKY PilUEeHHS. TaknMm YMHOM, OAEpP>KYEMO OCOBY
i3 TpbOMa reHamu, OBa 3 sKUX 0OPOGNATECA TEHETUYHUMMU

onepaTopamu, a O4UH Hi.

KpiMm po3rnaHyTMX 3agay anpokcumauii i KOMNOHYBaHHA MOXHa
NpuUBECTM BapiaHTN KOAYBaHHA ANA OEAKNX iHWNX 3adad:

e OnTtuMmisauis PyHKLIA: reHn - He3aneXHi 3MiHHi;

e HacTtpotwoBaHHA Bar LWTY4YHOI HENPOHHOI Mepexi: reHn -
CUHaANTUYHI Barn HENPOHIB;
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e LUTyyHe xutTA (Artificial Life): reHn - xapaktepuctunkm ocodum
(cvna, WBKAKICTb, i T.A4.), TAKOX NOBUHHI BYTU HE3MIHHI reHu,
LLIO NO3Ha4alTb TUMN 0cobu (pocnvHa abo TBapuHa);

e 3agavya nMpo HaMKOPOTLWMA  LWIASX: TFEHW -  MNYHKTK
nepecyBaHHs. Ycsa XxpoMocoma LUinkom npeacrtasnsie i3 cebe
MapLUPYT 3 NOYaTKOBOI TOYKU B KiHLEBY, MPUYOMY HE 3aBXAu
iICHYHOUUIA.

| ocTaHHe, po3psaHICTb reHiB HeOobOB'A3KOBO MOBUHHA 6yTK
dikcoBaHolo, baraTo CyyacHux anroputmis CaMOCTINHO
nigéyaoBYOTb YMCNO PO3PSAIB AN KOXKHOMO reHa B 3aneXHOCTi Bif
NPOMDKHUX pe3yribTaTiB NOLUYKY PiLLEHHS.

3.10. NMpuknagu KoayBaHHA NapamMmeTpiB

3agadvi B reHeTUMHOMY anropuTMmi

Bubip BuxigHOT nonynsauii  3B'A3aHMM i3 nNpeacTaBnNEHHAM
napameTpiB 3agadvi y ¢opmi XpomMocom, To6TO 3 Tak HasMBaHUM
XPOMOCOMHUM npefcTaBneHHs M. Lle npeacrtaBneHHa BU3HaYaeTbCA
cnocobom koaoyBaHHSA. Y KNAaCUMYHOMY FEHETUYHOMY anroputmi
3aCTOCOBYETbCS [ABOIYHE KoAyBaHHs, TOOTO annenu BCiX TeHIB Yy
xpoMocomi piBHi 0 abo 1. [JoBXMHa XpPOMOCOM 3anexuTb Big YMOB
3aavi, TOYHiWe Kaxy4du - Bif KinbKOCTi TOYOK Y NPOCTOPI NOLLYKY.

[eHeTnYHi anropuTMM 3HaxXO4ATb 3aCTOCYBaHHSA  TOJNTIOBHUM
YMHOM Yy 3agadax ontumisauii. MNpuknag 3.5 4eEMOHCTPYE BUKOHaHHA
KNacU4yHOro reHeTUYHOro anropuTMy, aHaroriyHOro pPo3rnsHyTOMYy B
npuknagi 3.4, ane Ansa Bunagky ontumisadii dyHKuii. [ns npoctoTtu
npuAMEMO, WO uUe yHKUIS OAHIEl 3MIHHOI. Y HOBOMY npuknagi
XPOMOCOMM BUCTYMNaKTb Y POJi 3aKOAOBaHOi opMM BiANOBIAHUX
deHoTMNIB, a ONTUMI3yeTbCA cama (YHKUiA MpuUcTocoBaHOCTI. Y
npuknagi 3.6 onTUMI3yeTbCA Ta X (YHKUiA, OfHaK ysara u4utaya
aKLUEHTYETbCS Ha iHWOMY crnocobi kKogyBaHHA XPOMOCOM A1 iHLWOT
obnacTi BU3Ha4YeHHsI 3MiHHOI X.

Mpwvknap 3.5

PosrnsHemo ayxe NpocTUi nNpuknag - 3agadvy 3HaXOMKEHHS
MakcumMymy pyHKUiT, 3agaHoi Bupasom (3.1) ang UiNOYMCnoBOI
3MIHHOI X, L0 NpuimMae 3HadeHHs Big 0 oo 31.

Ons  3acTtocyBaHHA  TEHETUYHOrO  anroputMmy  HeobXxigHo
Hacamnepeq 3ako4yBaTuM 3HaAYeHHS 3MIHHOI X Yy BuAI OBOIYHUX
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nocnigoBHocten. O4eBMAOHO, WO UiNi ymucna 3 iHTepBany [0, 31]
MOXHa NPeAcTaBUTM  MOCMIOOBHOCTAMM  HyniB i OAWMHUUP,
BMKOPUCTOBYHOUM iXHE NpeacTaBrneHHsa B ABOIYHIA CUCTEMI YNCIIEHHS.
Uumcno 0 npu ubomy 3anucyetbesa gk 00000, a uncno 31 - ak 11111, Y
JaHoMmy  Bunagky Xxpomocomu  306yBaloTb  BUO — ABOIMHUX
NnocnigoBHOCTEN, WO cknagarTbea 3 5 6iTiB, TOGTO NaHUtOXKamMK
OOBXMHOW 5 (aHanoriyHo npuknagosi 3.1).

Takox 04eBMAOHO, WO B poni MYHKLUii npuctocoBaHOCTi byae
BMCTYNaTu UuinboBa @yHKUia f(x), 3agaHa Bupasom (3.1). Togi
npucTocoBaHicTb xpomocomu ch, i = 1,2.....N, 6yae Bu3HavaTucs
3HaJYeHHAM pyHKUiT f(x) ons x, piBHOro )eHOTMNOBI, WO BianoBigae
reHotunoBi ch; o3Hauumo ui cbeHoTunn ch/. Y Takomy Bunagky
3Ha4YeHHA YHKUIT npucTtocoBaHOCTi xpomocomu ch; (To6to F(ch))
6yne popisHioBaTu fich*).  Bubepemo BMnagkoBMM YMHOM BUXiOHY
nonynsuito, WO cKnagaetbCsd 3 6 KOOOBMX MOCMigOBHOCTEN
(Hanpuknag, moxHa 30 pasiB MigKMHYTU MOHETY); npu ubomy N=6.
MpunycTtnmo, wo obpaHo XpOMOCOMM

chy; =[10011]

ch, =[00011]

chs =[00111]

chy, =[10101]

chs = [01000]

chg =[11101]
BignosigHi HUM cpeHOTMNN - Le npeAcTaBneHi Hwxk4e uucrna 3
inTepsany Big 0 oo 31:

chy*=19
Chg* =3
chsy*=7
chy* =21
Ch5*, =8
chg* =29

Mo dopmyni (3.1) po3paxoBYeEMO 3HAYEHHA  PYHKUi
NPUCTOCOBAHOCTI 41151 KOXHOI XpOMOCOMM B Nonynsuii 1 oaepXxyemo

F(chy) = 723
F(chy)= 19
F(chs) = 99
F(ch,) = 883
F(chs) = 129
F(che)=1683
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Cenekuia xpomocom. MeTogom pyneTku (TakoxX, SK i B
npuknagi 3.4), Bubmvpaemo 6 xpomocom Ans penpopykuii. Koneco
pyneTku npeacTaBneHo Ha puc. 3.18.

v (chs)

v (chy)

24,97%

20,45%

Pwuc. 3.18. Koneco pyneTku ans cenekuii B npuknagi 3.5.

Mpunyctnmo, wo obpaHo vncna
97 26 54 13 31 88.
Lle o3Hauae Bnbip xpoMocom
ch6 ch, chg chy chy chg
Hexai cxpelyyBaHHSI BUKOHYETLCSA 3 UMOBIPHICTIO pe=1. MNpunyctmumo,
Lo Anga cxpellyBaHHs ccpopMOBaHi napu
chyichschyi Che Che i Che
Kpim TOro, npuyctMmo, WO BWMNAAKOBUM 4YMHOM obpaHa Touka
CXpeLlyBaHHs, piBHa 3 ana xpomocoM chy, i chy, a Takox TOuYka
CXpeLlyBaHHs, piBHa 2 gnsa xpomocom chy i chg (pnc.3.19).
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chl =z [10011] CHPELLYBAHHA []0001]
ch, =[10101] [10111]

ik= 3
ch, =[10101] } CEEEATA - [10101]

chy = [11101] [11101]
=2

Puc. 3.19. MNpouec cxpelyyBaHHA XpoMocoM y npuknaai 3.5.

3a ymoBK, WO WMOBIpHICTL MyTauil p,=0, y HOBY nonynsuito
BKITOMAOTbCSt XPOMOCOMM

Ch; =[10001]

Chy, =[10111]

Ch; = [10101]

Ch, = [11101]

Chs = [11101]

Chg = [11101]

[Ona pospaxyHKy 3HayeHb (YHKUii MNPUCTOCOBAHOCTI  LUX
XpPOMOCOM HeobXigHO AekoayBaTh iXHi OBOIYHI MOCMIQOBHOCTI, LWO
npeacTaBnaAlTb, | ogepXatun BignosigHi im doeHoTmnun. MNo3Haummo ix
Ch*. Y pesynbTaTi AekogyBaHHS ogepXXyeMo Yucna (3 iHTepsany Big
0 po 31)

Chy*=17
Chy* =23
Chg* = 21
Chy* =29
Chg* =29
Chg* =29

BignoBigHo, 3Ha4YeHHSA OyHKLiT NPUCTOCOBAHOCTI XPOMOCOM HOBOI
nonynsuii, po3paxosaHi no dopmyni (3.1), cknagyTtb
F(Chy)= 579
F(Ch,)=1059

Chs) = 1683

(Chy)
F(Chs)
F(Ch,)=1683
F(Chs)
F(Che)=1683
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Jlerko nomiTMTW, WO B ULOMY BUNAAKy CepedHE 3HaYeHHS
npucTocoBaHoCTi 3pocno 3 589 go 1262.

3BepTaemMo yBary, WO SKWO Ha HacTynHin itepauii OyaoyTb
chopMoBaHi ANs CxpellyBaHHS Mapu XpoMocoM, Hanpuknag, Chy i
Chy, Chs i Chy, abo Chg i Ch, i3 Toukow cxpellyBaHHsA 2 abo 3, TO
cepep iHWKx Oyne oTpumaHa xpomocoma [11111] 3 deHoTMnoM,
piBHMM 4ucny 31, nNpy SkOMy OnNTUMI3yeMa (yHKLiS JocsArae CBOro
MakcumMymy. 3HayeHHA  yHKUii NpMCTOCOBaHOCTI  Ans  Ui€i
XPOMOCOMM BUSBNSAETbCA HaMbinbwum i cknagae 1923. Akwo Take
CMONyYeHHs nap y AaHiv iTepauii He BigOyaeTbcsi, TO MOXHa Oyae
OMiKyBaTW YTBOPEHHSI XPOMOCOMM 3 HaMBINbLUMM 3HAYEHHAM DYHKLUIT
MPUCTOCOBAHOCTI Ha HaCTymHMX iTepadisx. Xpomocoma [11111]
Morna OyTn oTpMMaHa i Ha NOTOMHIN iTepalii Y BUNaaky popmyBaHHS
ans cxpewyBaHHA napy Chy i Chg i3 Toukoto cxpelyBaHHS 3.

BiasHaunmo, Lo Npu OOBXWUHI XpOMOCOM, piBHIl 5 GiTamM, npocTip
Mowyky JdyXe Manui | HapaxoBye BCbOro 2°=32  TOuKM.
MpeactaBneHnMin nNpuknag Mae  BUMHATKOBO — AEMOHCTPaLinHUR
xapaktep. 3acToCyBaHHsi TEHETUYHOro anroputMy [fnsi Takoro
MPOCTOr0  MpUKMagy npPakTU4HO HedouinbHe, OCKIMbKA  MOro
onTuUmarbHe pilleHHa Moxe OyTn oTpumaHe MuTTeBO. OpHak Lewn
npuvknag npuvaaTtHUN NS BMBYEHHSA (PYHKUIOHYBAHHS TF€HETUYHOro
anropuTmy.

Takox BapTo 3ragatm, WO B ManuMx nonyndauigx 4yacTo
3yCcTpivalTbCA CUTyaLii, KoM Ha MOYaTKOBOMY eTani Kinbka ocoben
MatoTb 3HAYHO OinblUi 3HAYEHHA (PYHKUIT NPUHANEXHOCTi, YUM iHLUi
ocobu pgaHoi nonynsuii. 3acTtocyBaHHss MeTody Cenekuii Ha OCHOBI
«Kkoneca pyneTku» [O03BOMSE B LbOMY BWUMNAAKy AyXKe LIBUAKO
BMOpaTM «Hamkpalli» ocobwu, iHoAi - MPOTArOM «KUTTS» OAHOrO
nokoniHHs. OJHaK TakMn PO3BUTOK MOAIN BBAXKAETLCS HebaxXaHUM,
OCKifIbKM BiH CTa€ TOMOBHOK MPUYUHOIO MnepeaqacHoi 36iKHOCTI
anropuTmy, Ha3MBaHOK 36DKHICTIO 4O HEONTMMANbHOrO pilleHHs. 3
Liei MPMYMHU BUKOPUCTOBYIOTBCA W iHWI MeToauM cemnekuii, Lo
BiOpi3HAIOTECA  BiA  Komneca pyneTkM, abo  3acTOCOBYETbLCS
MaclwTabyBaHHSA OYHKLUii MPUCTOCOBAHOCTI.

Mpwvknap 3.6

PosrnsHemo 3agavy, aHanorivyHy 3agadi 3 npuknaga 3.5, Tob6to

Oyoemo LykaTtu makcumym dyHkuii, 3agaHoto dopmynoto (3.1), ane
Ona 3MIHHOI X, WO NpuiMae AincHi 3HaveHHs 3 iHTepBany |[a, b, oe
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a =0, b=3,1. lNpunycTnmo, WO HaC UiKaBNTb PiLUEHHSI 3 TOYHICTIO A0
OAHOrO 3HaKa nicng KoMu.

Mowyk piweHHa 3BoAUTLCA [0 nepernsgy npocTopy, LWo
cknagaetbes 3 32 To4ok 0,0;0,1;...;2,9;3,0;3,1. Lli Touykm (dpeHoTmnu)
MOXHa MpeacTaBuTM Yy  BUAOI  XPOMOCOM  (FeHOTUniB),  SKLLO
BMKOPUCTOBYBATM OGiHapHi  MATUNAHKOBI MaHLOXKM, OCKINbKM 3a
gonomoroto 5 6iTiB MOXHa ofgepxaTu 2°=32 Pi3HNX KOOOBI
kombBiHauii. OTXe, MOXHa BUKOPUCTOBYBATU TaKy X MHOXWUHY
KOAOBMX NOCMiAOBHOCTEN, SIK | B npuknagi 3.5, npnuyomMy xpoMmocoma
[00000] 6yme Bignosigatn umcny 0,0, xpomocoma [00001] - umcny
0,1iT1.4., ax go xpomocomn [11111], wo Bignosigae uncny 3,1.

TakuM YMHOM, MW MOXEMO BIATBOPUTM MOCHIQOBHICTL eTaniB
reHeTUYHoro anroputMmy (Tak camo, $K Yy npuknagi 3.5), He
3abyBaroun, WO KOHKPETHMM XpOMOCOMam (reHoTunam) y AaHoMy
npuknagi BignosigatoTb iHWI peHoTnnn. Ti KOQOBI NOCAIQOBHOCTI, WO
y npuknaai 3.5 npepcrasnsanu deHotunm 0, 1, ..., 29, 30, 31, y
PO3rMnAHYTIN CUTyalii No3HavalTb 3Ha4YeHHs X, pisHi 0,0; 0,1;...;2,9;
3,0; 3,1. Y 3B'dA3Ky 3 TUM, O rEHETUYHWUI anropuTM 3aCHOBaHWM Ha
BMMAZKoOBOMY BMOOpiI  BMXigHOI nmonynsauii i xpomocom  Ans
HACTYNHOro MNepeTBOPEHHS METOAOM Koneca pyneTku, a TaKox
BaTbKiBCbKMX Map Ans CXPEeLLyBaHHS | TOYKM CXPELLYBaHHS, TO
reHeTUYHUIA anropuTM y NOTOYMHOMY Npwknagi 6yoe BUMKOHyBaTUCSH
aHanoriyHo, ane He iAeHTUYHO nonepeaHbOMY NPUKIaaoBi.

Y pesynbTaTti BWKOHaHHA LbOro anroputmy Oyge obpaHo
HalKkpalle pilleHHs, WO npeacTaBnseTscs Xpomocomoro [11111] 3i
3HadyeHHAM  dpeHoTuny 3,1. O®yHKUiA npucTOcOBaHOCTI  Uiel
XpomMocomu aopiBHioe 20,22; Lie MakCUManbHO MOXINBE 3HAYEHHS.
MomiTumMo, wWwo €Axkbu B npuknagi 3.6 Hac uikaBuno piweHHa 3
TOYHICTHO, L0 NEepEBMILLYE OOUH 3HAK Micnsa Komu, To iHTepean [0; 3,1]
HeobxigHO 6yno 6 po3buTn Ha BinbLuy KiNbKICTb NigiHTEpBanis, i 4ns
KOAyBaHHS BignoBiaHO BinbLUOi KiNbKOCTI Yncen NoTpibHi 6ynu GinbLu
OOBri XpOMOCOMM (3 OOBXMHOLD, Lo nepesuLlye 5 GiTiB). AHanoriyHo,
po3LWMpPEHHsT obnacTi BM3HAYEHHS 3MIHHOI X TakOX 3axadae
3acTocyBaHHS BinbLl JOBrMX XPOMOCOM. 3 LIMX CMOCTEPEXKEHb MOXHA
3p06MTN BUCHOBOK, LLIO AOBXMHA XPOMOCOM 3aneXuTb Bifd LUMPUHK
obnacTi BU3Ha4eHHs x i Big HEOOXiAHOI TOYHOCTI PiLLEHHS.

MpencraBMmMo Tenep 3agadvy 3 npuknaga 3.6 y Ginblu 3aransHoMy
Buai. Mpunyctumo, Wwo wykaetbcs Makcumym yHKuii f(x4,X5.....X;)>0
ansa x€ [a, bJc R;i=1,2, .., ni noTpibHO 3HaWTN pilUEeHHs 3
TOYHICTIO OO0 @ 3HaKiB Nicns KOMW AN KOXHOI 3MiHHOT X;. Y Takin
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cuTyauii  HeobxigHO po3Butu iHTepBan [a, b] Ha (bi-aj)+10°
ofHakoBMX nigiHTepsanis. Lle o3Hayae 3acTocyBaHHA AUCKpeTu3auil
3 KpokoM r= 109, HaimeHLLEe HaTypanbHe YACno m; WO 3a0BOMNbHSE
HEepIiBHOCTI

(bi-ai)» 109<2™ -1, (3.4)
BM3Ha4Yae HeobOXigHy i AOCTaTHO AOBXMHY OBOIYHOI MOCNIAOBHOCTI,
HeoOXigHOI Ansg KogyBaHHA uucrna 3 iHTepBany [a;, b] i3 Kpokom r.
KoxHoi Takoi [ABOIYHOI MOCHIAOBHOCTI  BiANOBiOa€e [OECATKOBE
3HA4YeHHA uucna, LWo npeacTaBnaAeTbCd  [aHUM  Kogom (3
ypaxyBaHHsIM MpaBun nepeknagy LEeCSATKOBUX Yucen Yy ABOIYHY
dopmy). Hexah y; - no3Hayae [OeCATKOBE 3HAYEHHSI [ABOiIYHOI
MOCNIAOBHOCTI, LLIO KOAYE YMCIO X, 3HAYEHHS X; MOXXHa NPeACcTaBUTU
B/pPa3oM
X, =a, + b—a, (3.5)
i i yl 2’“1’ _1
Takum cnocobom 3agatroTbCs  (PEeHOTUNM, WO BiANoBi4AKTb
KOOOBMM MOCNIAOBHOCTAM 3 AoBxuHOW m; [lpuknag 3.6 - ue
OKpeMUn BUMaZOK 3aJadi B AaHin NOCTaHOBLi 3@ YMOBMU, WO /=1 i
g=1. Bupas (3.5) - ue Hacnigok i3 NpoCToro MiHIMHOro BiJOBPaKEHHS

iHTepBany [a; b] Ha inTepean [0,2" -1], ne 2™ - pecaTkoBe uKCnO,
3aKo4oBaHe [OBOIYHOK MNOCMIOOBHICTIO AOBXWHOK m;, i CKrnageHe
BMHATKOBO 3 oAauHuub, a 0 - ue, mMabyTb, OECATKOBE 3HAYEHHS
ABOIYHOI MOCMIQOBHOCTI AOBXMHOK m;, CKMNaaeHoi TiNbku 3 HyniB.
3BepTaemo yBary, Wo AKLWO a; = - 25, b; = 25 i 3aCTOCOBYETLCHA KPOK
r=0,05, To BignosigHo o copmynu (3.4) ogepxyemo m=10, a 3a
gonomoroto dopmynu (3.5) MoxxHa nepesipuTH 3Ha4YeHHA PEeHOTUMIB
ONs reHoTunie, NpeacTaBneHmx y Tabn. 3.1.

3.11. OcHOoBHa TeopemMa Npo reHeTUYHi
anroputmu

Ons Toro wob kpaie 3po3ymiTh (PYHKLIOHYBaHHSI reHETUYHOrO
anroputmy, OyOemMO  BUKOPUCTOBYBATM  MOHATTA  cxema i
CHOPMYNIOEMO OCHOBHY TEOpeMy, L0 BiOHOCUTLCHA OO FeHETUYHMX
anropuTMiB i Ha3MBaETbCA TEOPEMOK MNpo cxemu. lNMoHATTS cxema
O6yno BBeAeHO XonnaHAoOM i BUKOPUCTOBYETBHCS ONA aHanidy poboTu
'A. 3okpema po3rnsagaTbCa NPOLECcU KOHCTPYHOBaHHS i pyNHYBaHHS
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BM3HAYEHOi CXemMu MpOTAroM po3BUTKY nonynsuii  (schema
dynamics).

Cxemoro Ha3nBa€eTbCs pPAOOK BUAOy

(31, aoy ceuy Ay vuny a,), aj € {0, 1, *}.
CumBonom ™" y geskoMy po3psifi NMo3HayaeTbCcs Te, WO TaMm
mMoxe 6ytn ak 1, tak i 0. Hanpuknag, ana gBox 6iHapHWX psiakiB
"111000111000" i "110011001100" cxema Gyae BurnagaTn B Takui
cnoci6: "11*0****1*00". TobTo 3a AOMOMOrod CXeM MOXHa sik ou
BUAINATX  3aranbHi  OiNSHKWM  OBOIYHMX psgKiB i MackyBaTu
po3xomkeHHa. Matoum B cknagi cxem m cumBoniB ™" MOXHa
sakoaysatu (ysaranbHutv) 2" ABOIMHUX psAKiB. Tak, Hanpuknag,
cxema "01*0*1" onucye Habip paakis

{"010001", "010011", "011001", "011011"}.

BusHavanbHolo 0oexuHoto cxemu (schema defining length)
Ha3MBaETbCH BiACTaHb MK ABOMa KparHiMm cumBonamu "0" i/abo "1".
Ona cxemn "01*0*1" BM3HavanbHa [OBXWMHA OOPiBHIOE 5, a Ans
cxemun Bl Vel Bl BU3Ha4anbHa OOBXWHa OOopiBHIOE 3.
lMopsidok cxemu (schema order) - ue We OQHa XapakTepucTuka
CXeMu i JOpiBHIOE BOHA 4Yncny DiKCOBaHUX MO3WLIA y paaKy, TOOTO
3aranbHomy umcny "0" i "1". Ana cxem "01*0*1" i "**0**1*" nopsaku
piBHi 4 i 2 BignoBigHo.

Tenep nNpo Te, sKe BIOHOLIEHHS CXemMa Ma€ A0 FeHEeTUYHMX
anroputmis. Cnpasa B TiM, WO XpoMOcOMa, MO CYTi, € ABOIYHUM
psiakoM. Y Tow e vac ocobi, sikii HaneXnTb XpoMOCOMa, LLIO MICTUTb
Habip reHiB-napameTpiB 3agadyi, MOCTaBneHa Y BiAMNOBIOHICTb
BeNnnuuHa, Lo XapakTepusye 1 MpUCTOCOBaHICTb. Tak sk cxema €
y3aranbHEHHAM AeKiNbkox BiHapHMX psagKiB (XPOMOCOM), TO MOXHa
ropoput, Wo ocobu, ki BOMOAIIOTE XPOMOCOMaMu, LU0
BiONOBIgalOTb OAHIM  cxeMi OBinbl NpucTOocOBaHi, a ocobu 3
XpOMOCOMaMu, SKi BiANOBIgaOTh iHLWIN CXeMi - MEHLL MPUCTOCOBaHI.
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MoxHa ckasaTn, wo 3micT pobotm A nonsrae B MNOLUYKY
OBOIYHOrO psiika BW3HAYEeHOro BMAY 3 YCi€Ei MHOXMHI BiHapHMX
pagkis. [lpocTip nowyky cknagae 2  psgkiB, a Moro MipHICTb
popiBHoe L (L-mipHuin npocTip), Aae L - goBxuHa xpomocomu. Cxema
BignoBigae pedkin rinepnnowmHi B UbOMy npoctopi. [aHe
TBEPXKEHHS MOXHaA MpoincTpyBatn B Takum cnocib. Hexawn
PO3psAHICTE XpPOMOCOMM AOPIBHIOE 3, TOAI YCbOro MOXHa 3aKoA4yBaTu
2°=8 pagkis. Npeacrtasumo ky6 y 3-mipHomy npocTtopi. Mo3Haummo
BepLWUHN LUboro kyba 3-po3psagHumu GiHapHUMKM pagkamn Tak, Lwob
MITKM CYCIOHIX BepLWH BIgPI3HANUCA pPiBHO Ha OAVMH po3psf,
npuvyomy BeplwmHa 3 MiTkoo "000" 3Haxogunaca © Ha noyaTky
koopauHaT. BapiaHT no3HauyeHHs 306paxeHo Ha puc. 3.20.

110 i |
010 011
100 101
000 001 |
Puc. 3.20. 3-MipHuI1 Ky6

Axkwo B3aTM cxemy Buay "**0", TO BOHa onuwe niBy rpaHb Kyba, a
cxema "10" - BepxHe pebpo uiei rpani. O4yeBMaHO, WO cxema "***"
BiANOBIigAae BCbOMY MPOCTOPOBI. HAKWO B3ATU OBOIYHI  pagku
OOBXMWHOW 4 po3psian, TO po3buBKa NPOCTOPY CXeMaMu MOXHa
300pasMTn  Ha npuknagi 4-mipHoro kyb6a 3 MONMEHOBAHMMM
BepLumMHamu (puc. 3.21).
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Puc. 3.21. 4-mipHun ky6

Tyt cxemi "™ 1**" BignoBigae rinepnnoLwmMHa, Wo BKMOYae 3agHi rpaHi
30BHILUHBOrO i BHYTPIiWHbLOro Kyba, a cxemi "*10" - rinepnnowmHa 3
BepxHiMu pebpamu niBux rpaHen obox kybiB.  Posbuska npoctopy
MowyKy MOXHa npeacTtasutm i no iHwowmy. [lpeacraBumo
KOOPAMHATHY MMOLLMHY, Y SKIM N0 OOHIA OCi Mn Byaemo BigknagaTtu
3HaAYeHHA OBOIYHMX PSAKIB, @ NO iHLWININA - 3HAYEHHSA LinboBOi PyHKLT
(puc. 3.22).

FCO

° X8 K/4 K2 ) K
x
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Puc. 3.22. Po3buBka npoctopy

LinaHkn  npocTtopy, AKi  3aWTpPUXOBaHi  pPidHMM  CTUNEM,
BigMoBigalTb pi3HMM cxemaMm. Yucno K B npaBoi 4YacTuHMU
ropusoHTanbLHOI  OCi  BiANOBIJAE  MaKCUManbHOMY  3HAYEHHIO
GiHapHoro psagka - "111...111". 3 pucyHka BUAHO, WO cxema "0***. . *"
NMoKpMBae BCHO NiBY MOMOBMHY Bigpi3ka, cxema "**1*...*" - 4 ginsgHku
LUMPUHOK B OOHY BOCbMY 4acTuHy, a cxema "0*10*...*" - niBi
MOMOBMHU AINSAHOK, L0 3HAXOOATbCH Ha MEPEeTUHHI neplunx OBOX
cxem. Y Takuin cnocib i BigbyBaeTbcsi po3bmBka NpPOCTOPY B LbOMY
BMNaaKYy. Ak MW BXe roBopunu, NOHATTS cxema Oyno BBeOeHO
ONA  BU3HAYEHHS MHOXMHM XPOMOCOM, LLO BOJIOAIOTh OESAKAMMU
3aranbHMMKU BNacTUBOCTAMM, TOOTO MNoAdibHMX oaHa oAHin. Akwo
annenu npunmaroTb 3HavyeHHs 0 abo 1 (po3rnsaarnTbCs XPOMOCOMM
3 [BOiYHUM andasiTom), TO cxema 4ABfsie COOO MHOXUHY
XPOMOCOM, LWO MICTATb Hyfni W oOuMHMUI Ha Oeskux 3asganerigb
BM3HA4YeHuX nosuuisax. [pu po3rnsgi cxem 3py4yHO BUKOPUCTOBYBATM
poswupenuni andgasit {0, 1, *}, y gkun kpim 0 i 1 yBegeHo
OoJaTKOBUA CMMBON  *, WO no3Hadyae Oyab-sike npunyctume
3Ha4deHHs, T06To 0 abo 1; cMMBOM * y KOHKPETHIN Mo3uuii o3Havae
«yce piBHO» (don't care). Hanpwuknag,

10*1 ={1001, 1011}
*01*10 = {001010, 001110, 101010,101110}

BBaxaeTbcs, WO xpomMocoma Hanexums 00 daHoi cxemu, KO0
ONsl KOXHOI j-i moawdii (nokycy), j = 1, 2, ..., L, ae L - goBxuHa
XpOMOCOMM; CUMBOSM, WO 3alMae j-y MNo3uulito XpOMOCOMM,
BiANOBIgAe CUMMBOMOBI, WO 3aWMae j-y MO3uULil0 CXeMU, NMPUYOMY
cumBornoBi * signosigatoTb sk 0, Tak i 1. Te X came 03Ha4valTb
TBEPAXKEHHA  XpomMocoma  eidriogidae cxemi i  Xxpomocoma
npedcmasrisie cxemy. Big3Haummo, WO AKWO B CXEMi MPUCYTHBO M
cumBoniB *, To ua cxema MicTuTb 2" xpomocoMm. Kpim Toro, KoxHa
XpOMOCOMa (NaHUKOK) OOBXWHOK L HanexuTb OO0 2" cxemam. Y
Tabnmusx 3.2 i 3.3 npeacTtaBneHi cxemu, 00 SKUX HanexaTtb
naHutoXKKa JOBXMHO 2 i 3 BignosigHo.

Tabnuua 3.2. CxeMun, A0 AKMX HanexaTb NaHLOXKU JOBXUHOW 2
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Tabnuusa 3.3. Cxemu, 40 AKNX HanexaTb NaHLOXKA JOBXUHOK 3

CXEMK
TNAHUHOA
.1z [ al4l% |6 |7 |8
000 | |*0 | *0* | 0= | *00 | 0*0 | 00* | 00O
001 o Lo || dgF | g | e | D | 0ot | oo
010 . 171 | =ik = | o= | #o J oo .| o1 | 810
011 s | 4 QLR H @l by V] ol | BE1P ¢ g
190 AL | #90-Lan | oA | ane | 10
101 s | wpUigell fpe Plnyl Uil 1400 < 101
WAV | 285l A8 U B Hloidy b B 8% | 18
{i8 wp | S| e ey L T

JTaHuoXKM JOBXMHOIO 2 BiAMNOBIAAOTb YOTUPBLOM Pi3HUM CXemam,
a NaHLIoXKKN OOBXMHOK 3 - BICbMOM CXxemMaM.

FeHeTnYHMIA anropuTM 0a3yeTbCsA Ha MPUHUMMI TpaHcdopMauii
HanbinbL npuctocoBaHmx ocoben (xpomocom). Hexan P(0) o3Havae
BMXigHy nonynsauito ocoben, a P(k) - noTo4yHy nonynsuito (Ha K-#
iTepauii anroputmy). 3 koxHoi nonynsuii P(k), k = 0, 1, ... meTogom
cenekuii BMbnpatTbCcs XpOMOCOMM 3 HAMBINbLLOK NPUCTOCOBAHICTHO,
SKi BKIMHOYAlOTbCS B Tak HasuBaHui GaTbkiBCbku nyn (mating pool)
M(k). Oani, y pesynbtaTi o6'egHaHHa ocoben 3 nonynsuii M(k) y
GaTbKiBCbKi Mapu i BUKOHAHHS onepaLii CXpeLlyBaHHsS 3 NMOBIPHICTIO
P, @ Takoxk onepalii MmyTauil 3 NMOBIPHICTIO p, POPMYETLCA HOBa
nonynsuia P(k+1), y siky BXoasaTb Hawlagkm ocoben 3 nonynauii M(k).
Omxe, ona 6yaob-sikoi CXemu, WO NpeacTaBnsie rapHe pileHHs1, 6yno
6 GakaHum, OO KiNbKICTb XPOMOCOM, LLO BigNOBigaOTb Uil CXeMi,
3pocTano 3i 36iNbLEeHHSM KinbKOCTi iTepadin K.

Ha BignoBigHe nepeTBOPEHHs CXeM Y reHeTUYHOMY anropuTMi
BMNvBalOTb 3 PaKTopu: Ceriekuisi XPOMOCOM, CxpewlysaHHs |
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mymaujis. [lpoaHanisyemMo BNAMB KOXHOrO 3 HUX 3 Mornsagy
30iNbLUEHHST O4iKyBaHOI KiNbKOCTi NpeACTaBHMKIB OKPeMO y3ATOl
CXEeMMU.

[Mo3HauMMO pO3rNSHYTY CXeMy CUMBOMIOM S, a KifbKiCTb
xpomocom nonynsuii P(k), wo BignoeigawTb Ui cxemi - ¢(S, k).
Omxe, c(S, k) MOxHa BBaXaTu KiNbKiCTIO enemeHTiB (TO6TO
NOTYXXHiCTI0) MHOXMHK P(k) M S.

MoyHemo 3 pocnimkeHHsA ernuey cenekuii. Tpu BUKOHAHHI Uiel
onepauji xpomocomu 3 nonynsadii P(k) konitoloTbCa B OaTbKIBCbKNIA
nyn M(k) 3 nimoBipHicTio, o6ymoBneHoto Bupasom (3.3). Hexan F(S, k)
nosHavae cepefHe 3Ha4YeHHA OYHKLIT NPMCTOCOBAHOCTI XPOMOCOM 3
nonynsuii P(k), wo signosigatoTb cxemi S. Akwo

P(k)S = {ch;.....ch¢s.)],

TO

c(S,k)

2 F(ch)

c(Sk)=—"=——— (3.6)
o S,k )

BenununHa F(S, k) Takox Ha3aMBaETbCA NPUCTOCOBAHICTIO CxeMu S Ha
k- iTepauii.

Hexait J (k) nosHauyae cymy 3HayeHb (PYHKLii MPUCTOCOBAHOCTI
xpoMocoM 3 nonynsauii P(k) notyxHictio N, To6T0

N
Sw=) F(ch") (3.7)

i=1

MosHaunmo uepes F (k) cepegHe 3HauyeHHA  dpyHKUii
NMPMCTOCOBaAHOCTI XpOMOCOM L€l nonynsii, To6To

_ 1
F (k)= — 3T (k). 3.8
( NJ() (3.8)

Hexait ch¥ nosHauae enemeHT GaTbKiBCbKOMO nyna M(k). Ons
KOXHOro ch,(k)e M(k) i pnsa koxHoro i = 1,..., ¢(S, k) AIMOBIpHICTb TOrO,
wo ch,(k)=ch,- BM3HavyaeTbCca BigHoweHHaM  F(ch))IF(k). Tomy
oviKyBaHa KinbkicTb XpoMocom y nonynsuii M(k), wo pisHi ch;, cknage

y F(ch) _F(ch)
(k) F(k)
TakvM YMHOM, O4iKyBaHa KifnbKiCTb XPOMOCOM 3 MHOXWHU
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P(k) ™ S, BigibpaHux gnsa BknoveHHsi B 6aTbkiBcbkmin nyn M(k), 6yne
JopiBHIOBaTH

‘&) F(ch )

1
o F(k)
Lo sunnueace 3 supasy (3.6).
Ockinbkn KoXHa Xxpomocoma 3 6atbkiBcbkoro nyny M(k)
OfHOYacHO HanexuTb nonynsauii P(k), To XxpomMocomu, L0 CKrnagaTb
MHOXUHY M(k)\S - ue Ti X cami ocobu, wo 6ynu BigibpaHi 3
MHOXUHM P(K)MS pna BknoveHHs B nonynsaudito  M(k). Axwo
KinbkicTb XpomMocom OGaTbkiBcbkoro nyny M(k), wo BignosigatoTb
cxeMi S (ToBTO KinbKiCTb eneMeHTiB MHOXUHWU M(k) M S), no3Hauntm
b(S, k), TO 3 NpuBeOeHUX MipKyBaHb MOXHa 3pOOUTM HACTYNHWUIA
BMCHOBOK:
BucHosok 3.1
OuikyBaHe 3HauyeHHA b(S, k), ToOTO oOuvikyBaHe 3HAYEHHSsI
KiNnbKOCTi Xxpomocom ©OaTbkiBcbkoro nyny M(k), wo BignoBigalTb
cxeMi S, BU3Ha4aeTbCs BUPa3oM

F(S,k)

S,k — ,
C(S,K) Fk)

F(S,k)
F(k)

3 UbOro BMMMMBAE, WO SKWO CxemMa S MICTUTb XPOMOCOMMU 3i
3HaA4YeHHAM (YHKLUii NPUCTOCOBAHOCTI, WO MEepPeBULLYE CepeaHe
3HayeHHs (TOOTO npucTOCOBaHICTb cxeMu S Ha k-n iTepauii
BUSBNSAETLCA  OiNbLIOK, HK  CepegHe  3HAYeHHA  QOYHKUil
MPUCTOCOBaHOCTI XpoMocoMm 3 nonynsauii P(k), i Tomy F(S, k)IF(k)>1),
TO OuiKyBaHa KinbKicTb xpomocoM 3 6atbkiBcbkoro nyny M(k), wo
BignoBigaloTb cxemi S, 6yae BinbLue KinbKoCTi XpOMOCOM 3 Nonynsiuii
P(k), wo BignoeigaoTe cxemi S. TOMy MOXHa CTBEPKYBaTH, LLUO
Cenekuis BUKITMKAE MOLUMPEHHSA CXEM i3 MPUCTOCOBAHICTIO «Kpalye
cepeaHbOi» | 3HUKHEHHSI CXEM 3 «TipLLOI» NPUCTOCOBAHICTIO.

Mepw HiX npucTynMTM [0 aHanisy BMMBY TEHETUYHUX
onepaTopiB CXpeLlyBaHHs i MyTauii Ha XpOMOCOMMU 3 BaTbKIBCLKOro
nyny, BM3HauMmo HeoOXxigHi Ans noganbluxX MipKyBaHb MOHATTH
rnopsidky W oxorneHHs cxemu. Hexan L no3Hayae [JOBXUHY
XPOMOCOM, L0 BignoBigaloTb cxemi S.

O3HaueHHs 3.1

lMopsidok (order) cxemn S, iHaKwe Ha3MBaHWWA paxyHKOICMIO
CXeMu i WO no3Ha4yaeTbCst O(S) - Le KiNbKiCTb CTanuMx nosuuin y

ETb(S,k)] = ¢(S,k) (3.9)
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cxeMmi, ToO6TO HymiB i ogwHuub y Bunagky andasity {0, 1, *}.
Hanpwuknag,
0(10*1) =3 0(*01*10) =4 o(**0*T") =2 0o(*101**) = 3
Mopsgok cxemn o(S) OOPIBHIOE AOBXWHI L 33 BUHSATKOM KifIbKOCTI
C/MBOMIB *, O Nerko nepesipMTU Ha NpeAacTaBfneHuMX npukriagax
(ana L = 4 3 ogHym cumBonom * i ana L = 6 i3 gBoma, 4yotupma i
TpbOMa cumBonamu *). Jlerko nomiTUTW, WO MNOPSOOK CXeMu, Lo
CKNafaeTbCsl BUHATKOBO i3 CUMBONIB *, 4OPIBHIOE HYNEBI, TOBTO
o(*™**) = 0, a nopsiAoK cxemn 6e3 eaMHOro CMMBONY * OOpPIBHIOE L;
Hanpuknag, o(10011010) = 8. Mopsiaok cxemu o(S) - Le 3aBxau Line
yucno 3 iHtepsany [0, L].
O3HaueHHs 3.2
OxonneHHsi (defining length) cxemun S, sike Ha3MBaETbCH TaKOX
O0B8XUHOK CXemMun (He nnyTatv 3 JOBXWHOK L) i Wo no3HavaeTbes
d(S) - ue BiaCcTaHb MiX NEPLUMM | OCTaHHIM CTanMmM CMMBOSOM (TOBTO
Pi3HULA MK MpaBUMM i MiBOI KparkHiMK NO3ULISIMY, O MICTSATb cTani
cumBonun). Hanpuknag,
d(10*1) = 4-1 =3
d(**0*1*)=5-3=2
d(*01*10) =6-2=4
d(*101*) =4-2=2
OxonneHHs cxemu d(S) - ue uine uucno 3 iHtepsany [0, L - 1].
Big3Haunmo, WO OXOMnneHHs cxemu 3i cTanMMyM CUMMBOMaMu Ha
nepwin i OCTaHHIW no3uuii gopiBHoe L-1 (9K y nepwomy 3
npvBedeHux npwuknagis). OXONMEHHS CXeMU 3 E€AMHOK CTasnot
nosuuielo OOpIBHIOE Hynesi, 3okpema, d(**1%)=0. OxonneHHs
XapaKkTepusye 3MIiCTOBHICTb iHpopMalLiii, Aka MICTUTBCS B CXEMI.
Mepergemo o MipKyBaHb NPoO BNAUB onepawii cxpeLlyBaHHSA Ha
00OpobKy cxem y reHeTU4HOMy anroputmi. Hacamnepep, Big3Haummo,
WO OAHI cxeMn BUABMATbCA Oinbll MiggaHUMKU  3HULLEHHIO B
npoueci cxpeLlyBaHHS, HiX iHWi. Hanpuknag, po3rnsgHemMo cxemu
Sy = 170" i S, = **01™*, a Takox xpomocomy ch=[1001101], wo
Bianosigae obom cxemam. BuaHo, Wwo cxema S, mae Ginblue WaHciB
«MepexnTy» onepauilo CxpellyBaHHS, Hbk cxema S;, wo bGinbwe
nigaaHa «po3sLlenneHHio» Yy Toukax cxpeltyBaHHa 1, 2, 3, 4 i 5.
Cxemy S, MOXHa po3ainuTK TifbKM Npu BMOOPI TOYKN CXPELLyBaHHS,
piBHOT 3. 3BepTaemo yBary Ha OXOMfeHHS 000X CXeMm, Wo - ue
0YEBUAHO - BUSIBIISIETLCS ICTOTHUM Y MPOLIECI CXPELLYBaHHSI.
Y xopi aHanidy BNNuBY onepauii cxpellyBaHHs Ha 6aTbKiBCbKUN
nyn M(k) po3rnsHemo gesiky XpoOMOCOMY 3 MHOXMHU M(k) M S, To6TO
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XpoMocoMy 3 6GaTbkiBCbkOro nyny, LWo BignoBigae cxemi S.
MmoBipHicTb Toro, wWwo us xpomocoma 6yge Bigibpana ans
CXpELLYBaHHA, [OOpPIBHIOE p.. SFKWO >KoOeH 3 Hawagkis Uiei
XpoMocoMn He Oyge Hanexatm o cxemum S, TO Le O3Hayae, Lo
TOYKa CXpeLlyBaHHSA MOBUHHA 3HAXOAUTUCHA MiXK NEPLUMM i OCTaHHIM
cTanMM CWMBONIOM JaHoi cxemu. VIMOBIpHICTb LbOro [JOpiBHIOE
d(S)I(L-1). 3 uboro MoxHa 3pob1TN HACTYMHi BUCHOBKMW:

BucHoBok 3.2 (BNnMB cxpellyBaHHS)

Onsa pgeskoi xpomocomn 3 M(k) S AMOBIpHICTb TOro, LIO BOHA
Oyoe BigidbpaHa Ans cxpellyBaHHS i XodeH 3 i Hawagkie He byae
HanexaTun o cxemu S, obmexxeHa 3BepXy BENNYNHOLD

a(s)
Pec -1
Lls BennunHa HasmBaeTbCs UMOBIDHICMIO 3HULWEHHST cxemu S.

BucHoBok 3.3

Onsa peskoi xpomocomu 3 M(k) M S AMOBIPHICTb TOrO, IO BOHA He
Oyne BigibpaHa ana cxpewyBaHHs abo, wo xova 6 oguH 3 i
HalwagkiB nicnsa cxpellyBaHHs Oyae Hanexatym Jo cxemu S,
obmMexeHa 3HM3Y BENUYMHOK

o d(s)
_pc —_—
L-1
Lis BennunHa Ha3mBaeTbCs UMOBIDHICMIO 8UXUBAHHS cxemu S.
Jlerko nokasaTw, WO SKLWO AaHa XpOMOCOMa HaneXxutb A0 CXeMu

S i BigbOupaeTbca OnNs  cxpellyBaHHs, a Apyra 6artbkiBcbka
XpOMOCOMa TaKoX HanexuTb OO0 cxemn S, To obuasa ix Hauwagka
Tex Oyayte Hanexatm o cxemu S. BucHoBkn 3.2 i 3.3

NiagTBEPOXYIOTE 3HAYMMICTb NMOKa3HMKa OXOMIeHHs cxemu d(S) ans
OLiHKM MMOBIPHOCTi 3HULLEHHA ab0 BUXKMBAHHS CXEMU.

PosrnaHemo Tenep BnnvB myTauii Ha 6aTbkiBCbkun nyn M(k).
OnepaTtop myTauii 3 NMOBIPHICTIO p,, BUMNAOKOBUM YMHOM 3MIHIOE
3HAYeHHS B KOHKPETHIN noauuii 3 0 Ha 1 i 3BopoTHO. O4eBMAHO, LWLO
cxema nepexwuBe MyTauilo TiNbkM B TOMY BMNagky, Konu Bci Ti cTani
no3uuii 3anuwaTtbca Nicnsa BUKOHAHHSA Liel onepauii He3MiHHUMM.

XpomocomMa 3 6aTbKiBCbKOro nysny, WO HanexuTb OO Cxemu S
(TobTo XpomMocoma 3 MHOXMHWU M(k)M\S) 3anuwmnTbCca B Ui cxemi
TOAI i TINMbKM TOAI, KONMW >XOOEH CWUMBOS ULjiel XpPOMOCOMM, LLO
BignoBigae crtanMm cuMBoniaM cxemu S, He 3MIHUTbCS B MpPOLECI
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myTaLii. AIMoBipHicTb Takoi noaji AopisHioe (1-pm)"(s)' Llen pesynbTtar
MO>XHa NpeAcTaBnTM y OPMi HACTYMHOIO BUCHOBKY:

BucHoBok 3.4 (BnnvMB myTauir)

MmosBipHicTb TOro, WO pAeska xpomocoma 3 M(k)N\S 6yne
Hanexatn OO0 cxemn S nicns onepauii MyTauii, BM3HA4YaETLCSA
BMpa3oM

(1-pm)*®.
Lis BennumMHa Ha3nBaeTbCs UMOBIPHICMIO 8UXUBaHHSI cxemu S nicrist
mymauir.

BucHoBok 3.5

Akwo NMMoBIpHICTE MyTauii p, Mana (p, « 1), TO MOXHa BBaxaTw,
L0 MMOBIPHICTb BUXMBAHHA cxeMu S micnst MyTaluii, sika BU3HayeHa y
BMCHOBKY 3.4, NnpubnunsHo JopiBHIOE

1 - pmo(S).

EdpexT cninbHOro BnnmBy cenekuii, cxpeLyBaHHS i MyTaLii (BUCHOBKM
3.1 - 3.4) 3 ypaxyBaHHAM haKTy, LIO AKLIO XPOMOCOMA 3 MHOXWUHMU
M(k)\S pae Hawapgka, wo Bignosigae cxemi S, To BiH 6yge
Hanexatm po P(k+1)MS, Bege [o NoOydoBM HACTYMHOI CXeMu

penpoaykuii :
Elc(Sk + 1)]2¢(S,K) Ffs’k ) (1-p; a(S)
F(k) L-1
3anexHictb (3.10) nokasye, sk 3MiHIOETbCSA Bifg nonynAuii go
nonynauii KinbkiCTb XpOMOCOM, IO BiAMNOBigalTh AaHin cxemi. Ll
3MiHa BUKMNWKaETbLCA TpbOMa pakTtopamu, NpeAcTaBrneHMm B Npasin
yactuHi Bupasy (3.10), 3okpema: F(S,k)IF(k) Binbusae ponb
cepefHbOro 3HaveHHs yHKUii npucTtocoBaHocTi, 1-p.d(S)/(L-1)
nokasye BMMUB CXpeLlyBaHHA i (1-pm)°(s) - BNAMB MyTauii. Yum
Oinblue 3HayYeHHA KOXHOro 3 uumx dakrtopis, TuM Binbwum
BMSIBNAETLCA OYiKyBaHa KiMbKiCTb BignosigHocTen cxemi Sy
HacTynHin nonynauii. BwucHoBok 3.5 pgos3sonse npeacraBvTU

3anexHicTb (3.10) y Buai
F(S,k)(1_p a(s)
F(k) & L-1

Onsa Benukux nonynsuii 3anexHicte (3.11) mMoxHa anpokcumysaTu
B/pPa3oM

)(1-pm)® . (3 10)

E[c(S,k+1)] 2¢(S,K) -pmo(s)).  (3.11)
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F(S,k)(1_ ais) ]
F(k) = L-1
3 dopmyn (3.11) i (3.12) BunnuBae, WO OYiKyBaHa KiNbKiCTb
XPOMOCOM, LLO BigMNoOBigalTb CXeMi S y HACTYNMHOMY MOKOJiHHI,
MOXHa BBaXXaTW (PYHKUIE Bia (PaKTUYHOI KiNIbKOCTI XPOMOCOM, LLO
HanexaTtb Uil CXeMi, BiOHOCHIN NPUCTOCOBAHOCTI CXEMU, a TaKOX
nopsioaky 1M oxonneHHa  cxemu. [lomiTHO, wWo cxemun 3
NPUCTOCOBAHICTIO BULLE cepeagHbol i 3 ManuM nopsgkoMm i
OXOMSIEHHAM  XapaKTepU3YylTbCA  3POCTaHHSAM  KifIbKOCTi  CBOIX
NPeACTaBHMKIB Yy HaAcTynHMX nonynsuisx. [MogibHui pict  mae
NMOKa3HMKOBUI XapakTep, Lo BUMnMBae 3 Bupasy (3.9). [ins Benukmx
nonynsauin Lo dopmyny MoXxHa 3aMiHUTU PEKYPEHTHOID 3aNEXHICTHO
BMAy

(S, k+1)2¢(S,K) Pmo(s)). (3.12)

F(S,k)
F(k)
AKwo gonycTuTh, Wo cxema S Mae MpUCTOCOBAaHICTb Ha €% BuLle

cepenHboi, TO6TO

c(Sk+1) = ¢(S,K) (3.13)

F(Sk)=F (k) +¢F (k), (3.14)
TO Npw nigcTaHoBui Bupa3sy (3.12) y HepiBHicTb (3.11) y npunyLLeHHi,
LLIO € HE 3MIHIETBCS B Yaci, npu ctapTi Big k = 0 ogepxyemo
(S, k) = ¢(S, 0)(1 +¢€),
e = (F(Sk)- F (k) F (k), (3.15)
TO6TO € > 0 4N CXEMM 3 NPUCTOCOBAHICTIO BULLE CepeaHboi i €<0 -y
NPOTUBHOMY BUNAAKY.

PiHictb (3.15) onucye reomeTpuyHy nporpecito. 3 LbOro
BMNNMBAE, WO B MpoUECi penpoaykuii cxemu, sKi BUSBUINCS
Kpawmmu (ripwimmm) cepefHix, BUbnparoTbCa Ha YeproBux irepadisx
FEHEeTUYHOro anropuTMy B MOKa3HMKOBO 3pocTaroumx (YOyTHMX)
KinbKocTsX. 3BEpHiTb yBary, o 3anexHocTi (3.9) - (3.13) 3acHoBaHi
Ha NpUMyLeHHi, Wo YHKUiA NpUCTOCOBAHOCTI F npuiMae Tinbku
popatHi 3HadeHHsa. Mpyu BUKOPUCTAHHI FEHETUYHUX anropuTMIB Ons
pilleHHs ONnTuUMI3auioHWX 3ajay, Yy SKMX UinboBa (YHKUIA MOXe
npuimMatn i Big'€eMHi 3HayYeHHsi, HeoOXigHi 4esiki [404aTKOBI
CMiBBIOHOLWIEHHS MDK  OMNTMMI3yEMOK  DyHKUiEl | dyHKLUiED
npuctocoBaHocTi. KiHueBUin pesynbTaTt, OAepXyBaHUM 3 BMpa3iB
(3.10) - (8.12), mMoxHa cdpopmyrnioBatn y opmi Teopemu. Lle
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OCHOBHa TeopemMa [reHETUYHMX anropuTMiB, iHaKWwe Ha3uBaHa
meopeMoro npo cxemu .

Teopema 3.1

Cxemu Mmarnoeo riopsioky, 3 MaluM OXOMJIeHHaM | 3
rpucmocosaHicmio  euuie CcepedHbOi OopMyomb  MOKa3HUKOBO
3pocmarody  KifbKicmb  €80iXx npedcmasHUKie y  HacmyrnHuUx
[OKOJTIHHSIX 2eHEMUYHO20 anz2opummy.

BignosigHO 00 npuBeneHOi TeopemMu BaXKNMBUM MUTAHHSAM CTae
KOAyBaHHSA, WO MOBMHHEe 3abe3nevyBatu nobygoBy cCxeM Manoro
nopsaaky, 3 ManuM OXOMfEHHAM | 3 MPUCTOCOBAHICTIO BuULLE
cepegHboi. Henpsamum pesynbtatom Teopemn 3.1 (Mpo cxemu)
MOXHa BBaXaTW HACTYMHy TrinoTe3y, HasuBaHy &ainome3or po
yeanuHku (abo npo 6ydieesibHi 6:10KU).

FinoTtesa 3.1

[eHeTM4YHMA  anroputm nparHe  gocartm  6nu3bkoro Ao
ONTUMAarnbHOro pesyrnbTaTy 3a paxyHOK KOMOiHyBaHHSI rapHuUX CXem
(i3 npucTocoBaHICTIO BULLE CepedHbOl) Manoro nopsaky i manoro
OXOonnieHHs. Taki cxemu  HasuBalTbCs  yeeruHKkamu  (abo
bydisenbHUMU briokamu).

lnotesa npo GyaisenbHi 6rokM BUCYHyTa Ha migcTasi Teopemu
MpO CXEeMU 3 YypaxyBaHHAM TOrO, WO TEeHEeTUYHI anropuTMmu
OOCniaXKy0Tb NPOCTIp NOLIYKY 3a JONOMOrO CXeM Manoro nopsigky i
Masioro OXonsneHHs, siki 3rogoM 6epyTb yyacTb B 0OMiHi iHbopmaLlieto
npu cxpellyBaHHi. HesBaxatoun Ha Te, WO ANA OOBeAeHHdA Uiel
rinoTe3an BUKOHYBanMCs 3HAYHi OOCNIMKEHHs, OOHaK Yy OinbLIoCTi
HeTpuBianbHUX OOAAHKIB MPUXOOUTLCS CNUPaTUCA Ha €eMMipUYHi
pe3ynbtatu. [lpoOTArOM OCTaHHIX POKIB OMNybMikoBaHO YWCIEHHI
poboTN, MPUCBSAYEHiI 3aCTOCYBaHHAM TEHETUYHUX anropuTMmiB, LWO
NigTBEPOXYIOTb L0 rinoTesdy. AKLWO BOHA BBaXaeTbCs MPaBUIbHOIO,
TO npobnema KoayBaHHA 3400yBae KPUTUYHE 3HAYEHHA Ans
FEHETMYHOro  anropuTMy; KOAYBaHHS  MOBUHHE  peanisyBaTtu
KoHLenuito Manux OypisenbHUx 6nokiB. AkicTb, sika 3abesnevye
reHeTU4HUM  anropuTMam  sBHY nepesBary nepea  iHWWMMU
TpaguuinHMMM MeTogamu, 6e3CyMHIBHO nonsirae B 0Opobui Benukoi
KiNbKOCTIi pi3HMX CXeM.

3BepHemMocs 3HoBY Ao npuknagis 3.4 i 3.5 i Ha iXHiN OCHOBI
npoaHaniayeMo obpobKy CXeM reHeTU4YHMM anropUTMOM.

Mpuknap 3.7

B ymoBax npuknaga 3.4 po3rnsHeMo cxemy Sg =

**********1 1
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i MOKaXXeMo, K 3MIHIOETbCS KiflbKiCTb MpPeACTaBHUKIB LIEi CXeMU i
MPUCTOCOBAHICTb Y NpoLEeci BUKOHAHHS TFEHETUMYHOro anroputmy.
OoBxnHa L=12, a oxonneHHs i NOpsiAoOK cCxemMn S, cknagawTb
BignoBigHo d(Sp)=1 i 0(Sy)=2. Y BuxigHi nonynsauii 3 npuknaga 3.4
cxemi Sy BiAnoBigaTb ABi HACTYMHI XPOMOCOMMU:

ch; =[011101110011]

ch; =[101011011011]

3 dopmynu (3.10) Bunnueae, WO Nicns cenekuii i cxpeLlyBaHHSA
KiNbKICTb XpOMOCOM, LWO BignoBigalTb cxeMi Sy, MOBUHHA OyTu
Oinbwe abo pgopiBHioe 2,5. Haragaemo, WO NMOBIPHOCTI
CXpeLLyBaHHS i MyTauii BBaXalTbCA PiBHUMM BigMNOBIAHO P = 1 i
pm = 0. lMpuctocoBaHicTb cxemn Sy y BUXIgHIN nonynsuii, wo
nosHavaetbca F(S,, 0), popiBHIOE 8 | nepeBuUlye CcepeaHio
NMPUCTOCOBAHICTb YCiX XpoMocoMm Uiei nonynsauii F=5,75, wo nerko
pospaxyBaTtu no dopmynax (3.6) - (3.8).

Y npuknagi 3.4 nicna cenekuii i cxpellyBaHHS B HOBIN nonynsAuii
OTPUMaHi YOTUPY XPOMOCOMMU, L0 BiANOBIgatOTb cxeMi Sy:

Ch; =[001111011011]
Chy =[111011011011]
Ch; =[011101011011]
Chg =[101011110011]

MpuctocoBaHiCTb cxeMu S; y HOBI nonynsuii, To6to F(Sy, 1),
cknage 8,25, Toai AK cepegHsl MPUCTOCOBAHICTb XPOMOCOM Ui€i
nonynsuii F(1)=7, wo Takox Bunnueae 3 cdopmyn (3.6) - (3.8). Hoea
nonynsauis xapakTepusyeTbCH BENMUKUM cepeiHiM 3Ha4YEeHHAM YHKUiT
NPUCTOCOBaHOCTI 0coben y MOPIBHAHHI 3 MONepeaHbOK (BUXiAHO)
nonynsuieto, WO yxe Bia3Havanocs B npuknagi 3.4. Kpim Toro, y
HOBIlN NoNynsLii NPUCTOCOBaHICTb CXeMU Sy BUABMSIETLCA KpaLLoto, a
KINbKICTb NPEACTaBHUKIB LIET CXeMW - BENUKMM Y MOPIBHSAHHI 3
nornepeaHbLO0 Nonyrsuieto.

Mpuknagp 3.8

B ymoBax npuknaga 3.5 po3rnsHemo cxemy S;=1""**

i npocTexumo ii 06pobKy NpU BUKOHAHHI FEHETUYHOIO anropuTMy.

Y upomy Bunagky L=5, a oxonneHHs i nopsgok cxemu Sy,
cknagatTtb d(S;) = 0i o(S;) = 1 BigNOBIAHO. Y BUXiOHIN nonynsuii 3
npuknaga 3.5 uin cxemi BignoBigaTb TPM XPOMOCOMM

chy =[10011]
chy =[10101]
chg =[11101]
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MpuctocoBaHicTb cxemu S, y BuxigHin nonynsauii F(S;, 0)=1096 i
nepeBULLYYE CEPEAHIO MPUCTOCOBAHICTL 0cobel uiei nonynsauii
F(0) = 589, wo sunnusae 3 Bupasis (3.6) - (3.8). Ha ocHoBi hopmynu
(3.9) nerko pospaxyBaTW  OuYiKyBaHy  KiNbKiCTb  XpOMOCOM
OaTbKiBCbKOro nyny, ski BignoeigatoTe cxemi S;. BoHa cknage
C * 1096/589 = 5,58. ¥ npuknagi 3.5 3a pesynbTatamu cenekuii B
BaTbKiBCbKMI MyNn BKMOYEHi 6 Takux xpomocoMm: chg, chy, chg, chy,
chy, chg. OuikyBaHa KinbKiCTb XpOMOCOM, SIKi BignoBigawTb cxemi Sy,
nicns cXpeLlyBaHHS 3 MMOBIPHICTIO p.=1 (MMOBIpHiCTbL MyTauii p,,=0),
AK fierko pospaxyBaTtu no dopmyni (3.10), noBMHHA NepeBuLLyBaTK
5,58. Y HoBy nonynsuito BKNoYeHO 6 npeacTtaBHUKIB cxemu Sy Lle
BCi XpOMOCOMM AaHOT Nonynsuil.
Mpuknag 3.9
B ymoBax npuknaga 3.5 po3rnsHemo cxemy S, = 11***
i NPOCTEXUMO Ti 06POOKY NPY BUKOHAHHI FEHETUYHOIO anropuTmy.
HoBxunHa L = 5, a oxonneHHs i nopsiaok cxemn S, cknagatoTtb
d(Sz)=1i 0(Sz)=2 BignosigHo. Y BuxigHin nonynauii 3 npuknaga 3.5
uim cxemi Bignosigae opgHa xpomocoma chg=[11101]. Tomy
MPUCTOCOBAHICTb CXeMM S, y BUXiAHIM nNonynsauii JopiBHIOE yHKLi
npucTocoBaHoCTi Xxpomocomu chg i cknagae 1683. BoHa nepesuulye
cepefH0 MPUCTOCOBaHICTbL ocoben BMXiQHOI monynsuii, piBHYy 589.
Mo dhopmyni (3.9) po3paxoBYyeMO O4iKyBaHy KiflbKiCTb XPOMOCOM
GaTbkiBCbKOro nyny, ski BignosigatoTb cxemi S,. BoHa cknage
1683/589 = 2,86. Y npuknagi 3.5 3a pesynbratamu cenekuii B
GaTbKkiBCbkM Myn BkMtoYeHi 3 opHakoi xpomocomu [11101], ski
BignosigaloTb cxemMmi S,. OdikyBaHa KinbKiCTb XPOMOCOM Yy HOBIW
nonynaAuii, ki BignoeigawTb cxeMi S,, nicns cxpellyBaHHA 3
MMOBIpHiCTIO  p,=1  (AMOBipHiCTb  MyTauii  p,=0), NoBMHHA
nepesuwiysatu 5,58. Y npuknagi 3.5 y HOBY nonynauito BKOYeHi 3
XPOMOCOMMU, SIKi BignoBigaTb cxemi S,. Lle
Chy=Chs = Chg = [11101].
Mpwuknap 3.10
B ymoBax npuknaga 3.5 po3rnsHemo cxemy Sz = ***11
i mpocTexmnmo ii 06pobKy Mpu BMKOHAHHI FEHETUYHOrO anropuTMmy.
[oBxunHa L= 5, a oxonneHHs i NopsiAok cxemun S; cknagarTb
d(Ss) =11 0(S;3) = 2 BignosigHo. Y BMxigHin nonynsauii 3 npuknaga 3.5
L cxemi BignoBigaTb TP XPOMOCOMM
chy =[10011]
ch, =[00011]
chs =[00111]
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Ha BigmiHy Big npuknagis 3.8 i 3.9 npuctocoBaHiCTb CxeMu Ss y
BUXiOHIM nonynauil BUABNAETbLCA MEHLLE cepedHbOi MPUCTOCOBAHOCTI

ocobeit uiei nonynsauii F (0)=589 i cknagae F(Ss, 0)=280. OuikyBaHa
KiNbKICTb XPOMOCOM BaTbKIBCLKOIo nyny, Lo BianoBigatoTe cxemi S; i
po3paxoBaHa no dopmyni (3.9), gopiBHioe 3*280/589=1,426. Y
npuknagi 3.5 y 6aTbkiBcbkui nyn Gyna BkrOYeHa ogHa XpoMocoMa
[10011], wo Bignoeigae cxemi S;. Ha ocHoBi copmynm (3.10)
ofepXyeMo 3HayeHHst 1,068, W0 BM3HAYaE KinbKiCTb NpeacTaBHUKIB
cxemu S; y HOBIM nonynadii. Y npuknagi 3.5 nmicnsa cxpellyBaHHS 3
MMOBIpHICTIO p.=1 (MMOBIpHICTb MyTauii p,=0) y HOBY nonynsuito
OGyna BknYeHa ogHa XpoMocoma, Lo Bignosiaae cxemi Sz, TO6TO
Chy=[10111].
Mpuknag 3.11
B ymoBax npuknaga 3.5 posrnsaHemMo cxemy
S4 - *1 O**
i npocTexmnmo ii 06pobKy MpU BUKOHAHHI FEHETUYHOrO anroputmy.
[oBxunHa L = 5, a oxonneHHs i Nopsigok cxemn S, cknagatTtb
d(S;) =1 i 0(Ss) = 2 BignosigHo. Y BWXigHIN nonynsauii 3 npuknaga
3.5 uin cxemi Bignoeigae Tinbkn ogHa xpomocoma
chs =[01000]
Tomy NpUCTOCOBaHICTb CxemMu S; y BUXIOHIN nonynsauii OOpiBHIOE
3HayeHH (YHKLUIT NpMcToCcoBaHOCTI XpoMocomu chs i cknagae 129.
AHanorivyHo NpWKNagoBsi 3.10, BOHa MeHLe cepenHboil
NPMCTOCOBaHOCTI 0cobel MoYaTKoBOi nonynsuii, Wwo gopisHe 589.
OuikyBaHa KinbKiCTb NpeacTaBHUKIB cxeMu S, y BaTbkiBCbKOMY nyni
cknagae 129/589 = 0,22, wo sunnueae 3 doopmynu (3.9). Y npuknagi
3.5 OartbkiBCbkuii nyn (micna cenekuii) He MICTUTb Hi  OAHieEl
XpoMOcoMM, WO Bignosigae cxemi S,. lNMpu po3paxyHKy oYikyBaHO!
KINbKOCTi NpeAcTaBHWKIB CXemMn S, y HOBIM nonynsauii no dopmyni
(3.10) Ansa VMOBIPHOCTI cxXpeLuyBaHHA p. = 1 | IMOBIpPHOCTI MyTauii
pPm=0 opepxyemo 3HadeHHa 0,165. Y npuknagi 3.5 nicna
CXpeLlyBaHHA B HOBY nonynsuito He 6Oyna BKMAYEHa XoAaHa
XpOMOCOMa, Lo Bignosigae cxemi Sy.

3 npuknagie 3.7 - 3.11, npucBsyeHnx o6pobLi cxem, MoXHa
3pobuTK HacTynHi BucHoBkW. Lli npuknagm inocTpyloTb OCHOBHY
TEOPEMY TEHETUYHUX anropuTMiB - Teopemy npo cxemu. BoHu
TOPKaKTLCA OOPOOKM CXEM HM3BbKOrO (Maroro) nopsgky 3 mManum
oxonneHHam. [Mpuknagn 3.7 - 3.9 OeMOHCTpylTb 36inbLUeHHS
KiNbKOCTI NpeaCcTaBHUKIB JaHOT CXeMU B HaCTYMHOMY MOKOMiHHI Anis
BUMAAKY, KON MPUCTOCOBAHICTb L€ CXEMU MEPEBULLYE CEPEnHI0
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NMPUCTOCOBaHICTb BCiX ocoben nonynauii. MNMpuknagn 3.10 i 3.11
nokKasylTb CWUTyaLilo, KOMM MNPUCTOCOBAHICTb CXEMWU BUSIBMSETHCA
MEHLIa cepeaHbOoi NpucTocoBaHOCTI ocoben nonynsauii. KinbkicTb
NPeACTaBHMKIB  TaKMX CXEM Yy  HACTYNHWX  MOKOMIHHAX  He
30inbLUYETHCA, @ HaBMaku - CMOCTEPIraeTbCA 3MEHLUEHHS KiNbKOCTI
BianoBigHUX iM xpomocom. [lpu aHanisi nogibHMx npuknagie Ans
cxeM bGinbworo nopsaky i BiNbLIOro  OXOMMEHHA TakoX He
peecTpyeTbCs  30iNbLUEHHA  KIMbKOCTI  iXHIX NpeaCcTaBHUKIB Y
HaCTYNHOMY MOKOMiHHI, L0 NOroaXyeTbCs 3 TEOPEMOIO MPO CXEMM.

NpadivHa iHTepnpeTauisa cxem, Wo obroBoproBanuncs B Npuknagax
3.8 3.11, npeacraeneHa Ha puc. 3.23; aHanoriYHMM YNHOM MOXHa
npointocTpyBatn cxemu 3 npuknagis 3.9 i 3.10.
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S GLRI SR -

’e .".'; wA

i1 5 10 15 25 30 32 t 5 10 15 20 25 30 32
Cxema ***"* Cxema 0°***
{uenme yucna 0, 1,2, ... 31) {uenpe wncrma 0,1, 2, .. 15)
fix) A fx) A
2500 2500
2000 2000
1500 1500
1000 1000
500 500
2 PE id ; w b b
1 5 10 15 20 25 30 32 1 5 10 15 20 25 30 32
Cxema 1°*** Cxema 10°**
{yenwe wicna 16,17, ... 31) {uyenwe uucna 18,17, ... 23)
) 4 ) A
2500 2500
2000 2000
1500 1500
1000 1000 [
500 500f
50 Lanet > 50 L il
1 5 10 156 20 25 30 32 1 5 10 15 20 25 30 32
Cxema ****1 Cxema *10**
(uenwie wcna 1,3, 5, ... 31) (uenbie uncna 8,98, 10. 11 u 24, 25.26.27)

Puc. 3.283. lpachiuHe npenctaBneHHs CXem Ans  Uino4YnmcrnoBux
3HadeHb x Big 0 go 31, 3akogoBaHMX y opmi 5-BiTOBMX ABOIYHMX
nocnigoBHocTen Ans onTumisdadii dyHkuii f(x) = 2x% + 1 (npuknagu
3.5, aTakox 3.8 3.11).
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Ha pwuc. 3.23 BngHo, wo o cxemn 1*** (npuknag 3.8) y BuxigHin
nonynauii 3 npuknaga 3.5 Hanexatb xpomocomu chy chy i chg 3
eHoTvnamm 19, 21, 29 BignoBigHO, a Nicnsa cenekuii i cxpeLyyBaHHs
00 Ui€el CxeMy BXe HanexaTb YCi BKMOYEHi B HOBY MNOMynsuito
xpomocomu, To6To Ch; Chy,, Chs, Chy, Chs, i Chg 3 dbeHoTnnamm 17,
23, 21, 29, 29, 29 BignoBigHO. Y TOM Xe 4yac Ao cxemum *10**
(npuknag 3.11) y BuxigHin nonynsauii 3 npuknaga 3.5 HanexuTb
TiNbKM ogHa xpomocoma chs, dheHoTUN SKOoT OOPIBHIOE 8; Yy HACTYMHIN
nonynsuii BXXe HeMae X04HOI XPOMOCOMMU, WO HaneXuTb Uil CXeMi.
3BepHiTb yBary (puc. 3.23), WO onTUMarnbHe pilleHHs, LWo
MakcuMMi3ye yHKUilo, 3agaHy Bupasom (3.1), HanexuTb OO CXemu
1**** | He Bignosigae cxemi *10**.

BuWKOHaHHA reHeTUYHMX anropuTMiB 3acHOBaHO Ha 0OpobLi cxem.
Cxemn manoro nopsgky, 3 Manmm OXOMSEHHAM i NPUCTOCOBAHICTIO
BULLE cepeaHbOoi BUOMPAaKOTLCS, PO3MHOXYIOTLCH i KOMOIHYOTLCS, Y
pesynbTati Yoro hopMytoTbCH BCi KpaLli KO4OBI NOCNIAOBHOCTI. TOMy
onTuManbHe pileHHsa ByayeTbesa (BiANOBIAHO OO FiNOTE3W LEernmHoK)
wnaxom ob'egHaHHA HavKpawmux 3 OTPUMAHMX Ha OaHWA MOMEHT
YaCcTKOBMX pileHb. [MpocTe cxpeLlyBaHHA He 3aHAATO YacTo 3HULLYE
CXeMy 3 MarnuM OXOMMEHHSAM, OfHaK fiKBiOye cXemn 3 [O0CUTb
BEMWKMM OxomnneHHsaM. OgHak He3Baxaluu Ha 3rybHiCTb onepauiv
CXpeLLyBaHHA i MyTauii ANg cXemM BUCOKOro Mopsiiky W OXOMMeHHs,
KiNbkicTb 0OpOOMOBaHUX CXEeM HAacTINbKUM BENWUKe, WO HaBiTb Npu
BIJHOCHO HM3bKil KifbKOCTI XPOMOCOM Yy Nonynsuii gocsaratTbes
O0CUTb HenoraHi pe3ynbTaTtv BUKOHAHHA FEHETUYHOIO anropuTmy.

KinbkicTe  edpekTuBHa 0OpobnoBaHMX Cxem, po3paxoBaHe
XonnaHaom, cknagae O(NS). Lle os3Havae, wo pgna nonynsaui
NOTYHicTo N KinbKicTb 06pOOMOBaHMX Y KOXHIM MOKOMIHHI CxeM Mae
nopsimok NP,

3.12. byaiBsenbHi 6noku (Building blocks)

BbygisenbHui 6nok (BB) (building block (BB)), sk mu Bxe
BiA3Hayanu, - Ue odHe 3 KMYOBUX MOHATb Y Teopil reHeTUYHUX
anropuTmiB, nopsg 3i cxeMow i Teopemoto cxem. [Jo OyaiBenbHUX
O6nokiB  (AK nNpaBwuoO) MPUAHATO BIGHOCUTM CXEMUM 3  Mariow
BM3HAYaNbHOK  OOBXWHOK, ManMM  MOpPsSiOKOM i BMCOKOH
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npuctocoBaHicTio. pucTtocoBaHicTe BB HanyacTilwe BU3HaYaeTbCs
AK CepefHs MNPUCTOCOBaHICTb 0OCOOEn, XPOMOCOMU SIKMX MICTATb
AaHun BygisenbHWIA 6nok. Y rinotesi npo 6yaisensHi 6noku (building
blocks hypothesis) BBaxa€eTbcs, WO B Npoueci podboTu reHeTU4HOro
anropuTtmy, y Mipy HabnmkeHHsa 0o rnobanbHOro onTMMymy, NopsaokK
i mpucTtocoBaHicTb bGyaiBenbHoro 6noky 36inblwyoTbes. ToBTO Ha
noyaTKy €BOSIOLii BiHOCHO BMCOKOK MPUCTOCOBAHICTIO BOMOAIOTh
OypiBenbHi  6NMokM  Manoi  BM3HAYyanbHOI  AOBXMHW, MOTIM, Y
pe3ynbTati 4o6opy i pekombBiHaLii, 3'aBNsaTbCA BinbLl NPUCTOCOBAHI
i "goBri" OygiBenbHi Onoku. TakMm YMHOM, TrOBOPSATb NPO 0B6pPOOKY
OyaisenbHux 6nokiB (building blocks processing) y pesynbTari
poOOTU FEHETUYHOIO anropuTMy.

BuginsaoTb HacTynHi npobnemu B 06pobui 6yaisensHnx 6nokis:
1. lgeHTudikauiq.
2. 3MilwyBaHHs.

Mig ideHmudbikayiero  po3ymitoTb  NPoBNemMy  3HaXOAXKEHHS
(nokaniszauii) 6yaisenbHoro 6noky. IHWWUMK croBamu, $SKy came
OiNSHKY  XpOMOCOMM  MOXHa BBaxaTu OyaiBenbHUM  Griokom.
OueBMaHO, WO MiHiManbHMIA no poamipax Bbb npegctaense oauH
po3psii, a MakcMManbHWiA - yclo Xpomocomy. Arne ue B
HaWMNpoCTiLLOMY BapiaHTi, a y BUNagaKy "He rpaHn4yHMX yMOB" KinbKiCTb
"npeTeHAeHTIB" Ha 3BaHHA OyaiBenbHOro OMOKy AyXKe Benuvka.
3oKkpema, Ons XpOMOCOMM [OBXMHOW N Moxe icHyBatun C(n, 2)
pi3HMX Mo3uuin ansa oyaisenbHux 6nokie 2-ro nopsaky, C(n, 3) pisHmx
noauuin ansa 6yaisenbHux O6MNokiB TPeTbOro Nopsaky i T.4., ae C(n, m)
- KiNbKIiCTb cnofnyyeHb 3 n no m (obuncneteca gk nl/(m!(n-m)!), ne
"I' - cpaktopian, T06T0 Nn!/ = 1°2*..%n-1)*n, pe "" - nosHadvae
onepawito MHOXEHHS).

Mpobnema 3miwysaHHsI nonsirae B TiM, LLO, HaBiTb AKWO OyaiBenbHi
OnOKVM 3HaWAEeHi, BaXKO BU3HAYUMTW, SKi 3 HMX BapTO 3MillyBaTh
(rpybo roBopsium, nomiwiatv B OgHY XpPOMOCOMY), a siKi — Hi, TaK fK
BMCOKa MPUCTOCOBAHICTb Pi3HUX OyaiBenbHUX ONOKIB He rapaHTye
BMCOKOI MPUCTOCOBAHOCTI XPOMOCOM, OTPUMaHUX Yy pe3ynbTaTi iXHbOI
KoMOiHaL,i.

Y cuny nosHadeHux npobrnem npuainseTbcsi Jocutb Barato ysarum
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po3pobui onepartopiB i migxoaiB, WO Ao3Bonunu 6 3abesneynTu
edektnBHy (BB-wise) obpobky 6yaiBenbHWx 6nokiB. Takox icHye
OyMKa, Wo edekTuBHa igeHTUdikauia i 3MillyBaHHSA € KPUTUYHUMMU
ymoBamMu And  3abesnedeHHs  ycnilwHol poBoTW  FeHeTUYHOro
anropuTtmy.

Kpim iaeHTndikauii i 3MillyBaHHSA iCHye npobnema
HegusHa4yeHocmi rpucmocosaHocmi bydigenibHo2o 650Ky (building
block fitness noise). Ockinbkn To camun ByniBenbHU GrIOK MoXe
BXOOUTW SK y rapHi (3 mornagy posB'a3yBaHOi 3agadi) XpomMocoMmM,
Tak i B He Ayxe, TO MPUMCTOCOBAaHICTb LbOro byaisenbHoro 6moky
NPaKTUYHO 3aBXAW BU3HAYaETbCA 3 Aesknm "wymom". Lie ycknagHoe
3agavy Bmbopy Mixk agBoma OyaisensHMMn Brokamu, TOMY LWO HaBiTb
SIKLLO MPUCTOCOBAHICTb OOHOMO 3 HUX BULLA, HXXK NMPUCTOCOBAHICTb
iHWOro, 3aBXaW € WMOBIPHICTL 3pobuTn HenpaBwuibHU BUBIP.
[oBopsuM no-iHWOMYy, y pesynbTaTti cenekuii moxe 6yTn obpaHa
ocoba 3 MeHW npucTtocoBaHMM GyaiBenbHUM Grokom. [padpiyHo ue
MOXXHa NpPeAcTaBUTK B Takui cnocib (puc.3.24)

e, Ml

fo. i fr

Puc. 3.24.

Hexan H1 i H2 gBa 6ypgiBenbHUX GMoku, MPUCTOCOBAHOCTI SIKUX
po3noAineHi No HopManbHOMY 3aKOHY, MPUYOMY fH] i fH2 BignoBiAHO

cepegHi  npuctocoBaHocTi  6nokie 1 i 2. Hexam Takox
npuctocoBaHicTb H; 6Ginblua, Hik npuctocoBaHicTb H,. Akwo €
HeBeNnunke YMCro XPOMOCOM, L0 MICTATb PO3rMsHyTi GroKkM, TO iX
NMPUCTOCOBAHOCTI BM3HAYEHI 3 JOCUTb BENUKOK MOXMOKOW, iHLIMMMU
cnosamu, Aucnepcis posnoginis Benvka. Takum YMHOM, MroLa
B3aEMHOro "HaknagaHHs" po3noAiniB TakoX 3Ha4yHa, i, OTXe, 3Ha4yHa
MMOBIpHICTb BMOpaTh B pe3ynbTaTi cenekuii MeHLW MpUCTOCOBaHUM
OyniBenbHun ©6nok. Y Bunagky, nNpeacTtaBneHoMy Ha puc. 3.24,
MMOBIpHICTb BUBpaTn XpOMOCOMY 3 MPUCTOCOBaHICTIO BinbLue f'i saka
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yTpumye cxemy H, popiBHioe nnowi 3adapboBaHoi 4YacTHU
pO3MoAiny NPUCTOCOBAHOCTI 2-i cXxemMu. AKWO 30iNbWNMTN KiNbKiCTb
XPOMOCOM SIKi YTPUMYIOTb PO3rNsHyTI 6yaiBenbHi 6roku (Hanpuknag,
36iNbWMBLIX PO3MIp NOMynsauii), TO ToAdi po3noginn NpUCToCyBaHb
obox OnokiB "CTUCKYyIOTbCH", TaK £K 3Ha4YeHHA MpUCTOCYBaHb
BM3Ha4aTbCcA Binbl TOYHO (puc.3.25). Tum caMuMMm 3MEHLLYETLCS
MMOBIpHICTb BUBOPY MeHLL NpucTocoBaHoro 6yaisensHoro 6r1oky.

e fm

Pwnc. 3.25.

HesBaxaloum Ha Te, WO CMNOKOHBIYHO OyaiBenbHi  610KK
BM3HA4Yanucst sk CXeMn 3 BU3HAYEHMMW BRAcTUBOCTSAMU, TOOTO
cTtocoBHO Ao A 3 GiHapHMM KOOyBaHHSAM, aHasnorM CXeM, a OTXe i
OyaiBenbHMX GMNoKiB, MOXXHA 3HAWTU N B iHWWX BMAAX €BOSIOLINHMX
obuncneHb (He TiNbKM B TeHEeTUYHWX anroputmax). Bouesugpb,
KoHLenuiss GyaiBenbHMX ONOKIB AaBHO BXe XMBE "CBOIM XUTTSAM",
OKpeMO Bif TeopeMu cxem, Tak sk 3a Bb moxHa BBaxatu Byab-sKy
OINAHKY XpOMOCOMW BU3HAYEHOro BuAy Mo3a 3anexHiCTio Big Toro,
4N MOXITMBO OMUCaTM XPOMOCOMM, LLO MICTATb Lie OnoK, ofHieto
CXEMOH0 YN Hi.

3.13. Moaudikauii Knacu4YHOro reHeTUYHOro
anroputmy
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Y KnacuyHOMy TreHeTUYHOMY anroputMmi (NpeacTtaBneHoOMy B
pa3g. 3.4 - 3.6 i B npuknagax 3.4 i 3.5) BUKOPUCTOBYETLCS OBOIYHE
NpeacTaBreHHs XPOMOCOM, Cenekuis MeTO4OM Koreca pyrneTku i
TOYKOBE CXpellyBaHHA (3 OAHOK TOYKOK CcXpellyBaHHs). [na
niaBMWEHHS edEeKTUBHOCTI 1oro poboTM CTBOPEHA MHOXMHA
mMoamdikauin OCHOBHOrO anroputmy. BoHu 3B'A3aHi 3 3acTocyBaHHAM
iHLIMX MeToiB cenekuii, 3 moaudikalieo reHeTUYHUX onepartopis (y
nepLly 4epry oneparopa CxXpeLlyBaHHs1), 3 NepeTBOPEHHAM OYHKUii
NMPUCTOCOBaHOCTI (LWNAXOM i MacwTabyBaHHs), a TakoX 3 iHWWUMU
cnocobamn KooyBaHHS napameTpiB 3adadvi y ¢opMi XPOMOCOM.
ICHYIOTb TakOX BEpCii FeHEeTUYHUX anropuTMmiB, WO [OO3BOSISAKOTb
3HaxXOAWUTU He TiNbku rrnobanbHuiA, ane i nokanbHi onTumymu. Lle
anroputMu, WO BUKOPUCTOBYIOTb TaK Ha3MBaHi Hili, BBeaeHi B
reHeTUYHi anropMTMM 3a aHamnorielo 3 MPUPOAHUMM EKOMOTiYHUMU
Hiwamn. |HWI BepcCii reHeTUYHUX anropuTMiB cnyxatb Ans
BaraTokpuTepianbHoi onTumidadii, TOBTO ANA O0AHOYACHOrO MOLUYKY
ONTUMAanbHOro PpIlleHHs Ans AeKinbKox YyHKUin. 3ycTpivaloTbes
TakoX cneuianbHi Bepcii reHeTUYHOro anroputMy, CTBOPEHi Ans
pilleHHs npobnem Manoi po3MipHOCTI, He NOTPEBYIYNX Hi BENUKMX
Nonynsuii, Hi AOBMMX XPOMOCOM. IX HasvBawTb 2eHemuyHUMU
MiKpoanzopummamu.

3.13.1. MeToau cenekuii

3acHOBaHMIM Ha NPUHUMMI Koneca pyneTkn MeToh cenekuii, akun
npeacrasneHo y pasa. 3.4 i npoaeMoHCTpoBaHMM y npuknagax 3.4 i
3.5, BBaXaeTbCa ANA reHeTUYHUX arropuTMiB OCHOBHUM MeETOOOM
nobopy ocobert ana 6aTbKiBCbKOI MONynsUii 3 MeToK HacCTYNHOro
IXHBOrO NEpPETBOPEHHHA TEHETUYHUMWU ofnepaTtopamMu, TakuMmu $iK
CXpellyBaHHA i MyTauis. HesBaxalouuM Ha BUNAOKOBUN XapakTtep
npouenypu cenekuii, 6aTbkiBCbki 0cOBU BNOMpalOTLCA MPOMOPLINHO
3HaYeHHAM iXHiX (pyHKUiIN npucTocoBaHOCTI, TOGTO BIAMOBIOHO OO0
MMoBIpHOCTI cenekuii, obymosneHoi no dopmyni (3.3). KoxHa ocoba
ofepxye B OaTbKiBCbKOMY Mymni TaKy KifbKiCTb CBOIX KOMil, Ska
YCTaHOBOETLCS BUPA30OM

e(chi) = ps(ch) N, (3.16)
ae N - kinbkicTb xpomocowm ch;, i=1,2.....N y nonynsuii, a ps(ch))
- MMOBIpPHICTb cernekuii xpomocomn ch;, WO pPO3PaxoOBYETbLCS MO
dopmyni (3.3). CTporo roBopsuu, KinbKiCTb KOMi gaHOi ocobu B
GaTbkiBCbKOMY Nyni  OOpiBHIOE UWinin 4YactuHi Big e(ch). MMpu
BuKopucTaHHi copmyn (3.3) i (3.16) HeobxigHO 3BepTaTy yBary Ha
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Te, wo e(chy)=F(ch)/F, ne F - cepeoHe 3HauyeHHs doyHKLii
npucTocoBaHocTi B nonynsuii.  O4eBMAHO, WO METOA PYNETKM MOXHA
3aCTOCOBYBATWU TOAj, KON 3HAYEHHS] QOYHKLT NPMCTOCOBAHOCTI OOAATHI.
Llei meToq MOXe BWKOPUCTOBYBATMCS TiflbKM B 3adayax Makcumisauil
YHKUIT (arne He MiHimi3aulii).

OueBuaHo, WO npobriemy MiHiMi3aLii MOXHa nerko 3Bectn Oo
3a4adi  Makcumisauii - pyHKUiT | 3BOPOTHO. Y Jesdkux peanisauisx
reHEeTUYHOrO anropuTMy MEeTOA PYNEeTKM 3aCTOCOBYETbCH AN MOLUYKY
MiHiMymMy dyHKUT (@ He makcumymy). Lle pesynbtat BignosigHoro
NepeTBOPEHHS!, BUKOHYBAHOIO MPOrpaMHMM LUMNSIXOM AN 3pYYHOCTI
KOpUCTyBaYiB, OCKiNbkM B OiNbLUOCTI NpUKNagHMX 3adadvy BUPILLYETHLCS
npobnema MiHimizadii (Hanpuknag, BATPaT, BigcTaHi, Moxmbkn i T.n.). Ak
npuknag Takoi peanisauii MmoxxHa HassaTu nporpamy FlexTool. OgHak
MOXIUBICTb 3aCTOCYBaHHS METOAY PYMETKM YCbOro nuile Ansi O4HOro
Kracy 3agad, To0TO Tifnbkv AN MakcuMisadii (abo Tinebku aons MiHimizadii)
MOXXHa BBaXaTW Moro 6e3cyMHIBHMM Hedosikom. IHwa cnabka ctopoHa
LUpOro MeTody nonsarae B TiM, WO 0COOWM 3 OyXe ManMM 3HAYEHHsIM
(OYHKLI MPUCTOCOBAHOCTI 3aHaATO LUBMAKO BUKIOYAOTHCA 3 MOMynswji,
LLIO MOXe MPU3BECTM A0 NepeayacHoi 36KHOCTI FEHETUYHOIO anropuTmy.
Ons 3anobiraHHsa Takoro edekTy 3aCTOCOBYETHCA MacluTabyBaHHSA
dbyHKUii npucTocosaHocTi (n. 3.13.5).

3 ypaxyBaHHAM Bif3Ha4YeHUX HeJonikiB mMeToda pyneTku
CTBOPEHI i BUKOPUCTOBYIOTECA anbTepHaTUBHI anropntMu cenexuii. OgvH 3
HWUX Ha3VBaEeTbCs MypHipHUM Memodom (fournament selection). Mopsa 3
MEeTOOOM PYNETKW i paHroBMM METOOOM BiH 3aCTOCOBYETLCA SIK OOVH 3
OCHOBHMX anropuTtmis cenekuii B nporpami FlexTool. MNpeacrasumo L
MeToau AoKnaaHille.

Mpy mypHipHit cenekyii Bci ocobwn nonynsuii posbueatoTeCcs Ha
Niarpynn 3 HacTynHUM BUOOPOM Yy KOXHIN 3 HUX OCOBW 3 HaWKpaLloo
MpPUCTOCOBaHICTIO.  Po3pisHAlOTbCA  gBa  cnocobwm  Takoro  Bubopy:
OemepmiHosaHHuli  eubip  (deterministic  tournament selection) i
sunadkosuti 8ubip (stochastic tournament selection). [eTepMiHOBaHHWI
BMOIp 3AIMCHIOETLCS 3 MMOBIPHICTIO, piBHOIO 1, a BUNagkoBuin BUGIp - 3
MMOBIPHICTO, MeHLUoo 1. IMigrpynu MOXyTb MaTu AOBIMLHUIA PO3MIp, ane
HamyacTiwe nonynsauia po3ginserbca Ha nigrpymv no 2 - 3 ocobu B
KOXHIA. TypHipHUA MeTon, npuaaTHUM Ons  pilleHHs  3ajad sk
MakcumizaLii, Tak i MiHimisauii dyHkuji. Kpim Toro, BiH Moxe OyTu nerko
PO3MNOBCIOKEHNIA Ha 3apadi, 3B'\AsaHi 3 OaratokpuTepianbHO
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onTUMi3aujieto, TOOTO Ha BUMAOOK OOHOYACHOI OMTMMI3aLi AeKiNbKox
GYHKUIA. Y TYpHIpHOMY MeToZi AonycKaeTbCa 3MiHa Po3Mmipy nigrpyn, Ha
ki nigposginsgeteca  nonynauis  (fournament  size).  OocnimkeHHs
NiATBEPHKYIOTb, L0 TYPHIPHUN MeToq, Ai€ edeKTUBHILLe, HidK MeToa
pyneTku.

Ha puc. 3.26 npefcraBneHa cxema, LUO inNOCTPye MeTOR, TYPHIPHOT
cenekuil ona nigrpyn, WO ckrnajatTeCs 3 ABOX ocoben. Taky cxemy
nerko ysaraneHWUTY Ha nigrpyny GinbLworo poamipy. Lie ognH 3 Moxnmeux
O0OaHKIB PO3rNsHYTOro anroputMmy cenekuii (BiH BUKOPUCTOBYETHCSA B
nporpami FlexTool ).

N ocobeit
nomyuun P(k)

g

I 2 ocobu J | 2 ocobu |

} :

1 "nHammyymas 1 "Hawmyamas
0co0p" 0cobs"

I_++_l

Ponurennckuii myn
M(k); N ocodeit

Puc. 3.26. Cxema TypHipHOI cenekuil gns nigrpyn, wWwo
CKIadalTbCs 3 ABOX 0Coben.

Mpw paHzosili cenekuii (ranking selection) ocobwu nonynauii
ParXMPYIOTCA 3@ 3HaYEeHHSAMM iXHBOI OYHKLUil npucTocoBaHocTi. Lle
MOXHa ysiBUTM COBIi SIK BiACOPTOBaHMWI CIMCOK 0COBEN, ynopsaKoBaHMX
MO HaNpPsIMKY Bid HAaNBINbLL NPUCTOCOBAHMX 40 HAMMEHLLI MPUCTOCOBAaHMX
(abo HaBMmakwn), y SIKOMY KOXHili 0COBi MPUMNMCYETLCS YMCIIO, LLO BU3HAYaE
ii micue B cnu1cky i HasvBaHe paHzom (rank). Kinbkicte konii M(k) koxHoT
ocobu, BBedeHVX Yy OGaTbKiBCbKY MONynsAuilo, po3paxoByeTbCA MO
anpiopHO 3agaHin yHKLUiT B 3aneXHOCTi Big paHry ocobu. Mpuknag
Takol yHKLii nokasaHo Ha puc. 3.27.
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Konnuecrso
KOTH#

? 3
Panr

Puc. 3.27. Mpuknaa doyHKLUIT, L0 BU3HAYaE 3anexHiCTb KiflbKOCTi KOril
0cobu B 6aTbKIBCbKOMY Myri Bif, IOFO paHry Npu paHroBsin cenexuii.

[ocToiHCTBO paHroBoro MeTogy nMonsdrae B MOXIMBOCTI  MOro
3aCTOCYyBaHHA AK AN MakcuMisadii, Tak i na MiHimizauii dpyHkuii. BiH
TakoX He BMMarae macwTtabyBaHHsS 4yepe3 npobnemy nepegyvacHoi
36iXKHOCTI, aKTyanbHOI A8 METOAY PYNETKM.

IcHyloTb pi3Hi BapiaHTV anroputmiB cenekuii. [MpegcTasneHi
paHiwe MeToan (PyneTku, TYPHIPHWA i paHroBWUI) 3aCTOCOBYHOTLCSH
HanyacTiwe. IHwi meToam sBnsATE coboto abo ix moaudikadii, abo
koMBiHaLii - Hanpuknaa, MeToA pyneTkn 3 TYPHIpPHUM MeTo4OoM, KOMnu
napy 6aTbKiBCbKMX XPOMOCOM BMOMPAKOTbCA BUNAOKOBMM YMHOM,
nicns 4Yoro 3 KOXHOI napu BUBMpaETbLCH XpoMocoma 3 HanbinbLIMM
3Ha4YeHHAM CYHKUiT npucTtocoBaHOCTI. BinbwicTe MeToaiB cenekuii
3acHoBaHO Ha dopmynax (3.3) i (3.16), No AKMX PO3PaxoBYETLCS
MMOBIPHICTb CenekKL,ii i KiNbKIiCTb KOMil, Lo BBOAATLCH B 6ATbKIBCbKUNA
nyn. Y Tak Ha3nBaHOMYy [eTepMiHOBaHHOMY MeTofdi KoxHa ocoba
OflepXXye 4YMCNO KoM, piBHe Wuini 4actuHi Big e(ch;), nicns 4yoro
nonynsuis ynopsgkoByeTbCA BignoBigHo Ao apoboBoi yactuHu e(ch;),
a iHWi XxpomocomMu, siki HeOOXigHiI Ans NOMOBHEHHS1 HOBOI Nonynsuii,
nocnigoBHO BMOUPAKTLCSA 3 BEPXHbOI YacTUHM CHOPMOBAHOIO B
Takui cnocibé cnucky. B iHWwomMy meTogi (HasuBaHOMy BMNAOKOBUM)
apoboBi yacTuHKM e(ch;) po3rnagarTbCa sIK MMOBIPHOCTI yCnixy Mo
BbepHynni i, Hanpuknag, xpomocoma ch;, ans skoi e(ch)=1,5,
OZlepPXKY€E OLHY KONl rapaHTUPOBAHHO i Lie OAHY - 3 MMOBIpHIcTiO 0,5.
Y e ogHOMY MeTofi ANnst YCYHEHHS po36iXKHOCTI MiXK pO3paxXyHKOBUM
3HayeHHaAM e(ch;) i kinbkicTio komin xpomocom ch;, obupaHunx no
MeToay pyneTkn, BUpobnseTbcs Mopudikauis e(ch) wnsaxom
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306inblUeHH ab0 3MeHLWeHHSs WOoro 3Ha4eHHs AOnsd  KOXHOT
XPOMOCOMM, 06paHOi ANs CXpeLlyBaHHs i/abo myTalii.
3.13.2. Oco6nuBi npoueaypu penpoaykKuii

Ak ocobnuei npoueaypu penpoaykuii MOXHa po3rnsgatv Tak
HasnMBaHy enimapHy cmpameeilo | 2eHemuyHul an2opumm i3
4acmkKogoHo 3aMiHOH Moy nsAyir.

EnimapHa cmpameeis (elitist strategy) nonarae B 3axuCTi
HanKpalmMx XPOMOCOM Ha HACTyMHMX iTepauigx. Y KnacuyHomy
reHeTUYHOMY anropuMTMi came MpPUCTOCOBaHI 0cobu He 3aBxau
nepexogdTtb y HAcTymnHe NokoriHHA. Lle o3Havae, wo HoBa nonynsuis
P(k+1) He 3aBXgu MIiCTUTb XPOMOCOMY 3 HanbiNblMM 3HAYEHHAM
dyHKLUii npucTtocoBaHocTi 3 nonynsAuii P(k). EnitapHa cTpareris
3aCTOCOBYETHCA ANdA 3anobiraHHa BTpatu Takoi ocobu. Lla ocoba
rapaHTMPOBAHHO BKMIOYAETLCS B HOBY NOMYMALit0.

leHemuyHul anzopumm (3 4acmKOBOK 3aMiHO  ronyaauil,
iHaKWe HasMBaHWUN 2eHemuyHUM an2opummomM i3 3achikcoeaHum
cmaHom  (steady-state), xapakTepusyeTbCAa TuUM, WO YacTuHa
nonynsuii nepexoanTb Yy HacTyrnHe NOKOJiHHA 6e3 SKnx-Hebyab 3MiH.
Lle o3Hayae, WO XpomMocomu, SAKi BXOOATb B LK 4YacTUHY, He
niagarTbCa onepauisM cxpellyBaHHs i MyTauil. HacTo B KOHKPETHUX
peanizauisx anroputMy OaHOro TWUMY Ha  KOXHIM  iTepauii
3aMiHIOIOTbCA TiNbkM ogHa abo ABi 0cobw 3amiCTb CXpEeLLyBaHHS i
MyTauii B macwTabi Bciei nonynsuii. Came Takum nigxig NpURHATURA,
Hanpuknag, y nporpami Evolver. B iHwWux nporpamax, 3okpema, Yy
FlexTool, kopuctyBay MOXe caM YyCTaHOBUTM - sKa 4acTuHa
nonynAuii (y BiagNnoBigHOCTI 3i 3HAYEHHAMW PYHKLii MPUCTOCOBAHOCTI)
noBmHHa nepegaBaTuca 6e3 3MiH y HacTynHe MOKOMiHHA. Lig
NigMHOXMHA XPOMOCOM He MiadaeTbCs perynsipHin cenekuii i 6e3
3MiH BKMHOYaETLCA B HOBY NOMYMsILtO.

3.13.3. N'eHeTn4YHi onepaTopun

Y Knacu4yHoOMy reHeTU4HOMY anropuTMmi onepais cxpeLlyBaHHS
saBNse cobol Tak Ha3MBaHe TOYKOBE CXpellyBaHHSA, sike Oyno
po3rnsHyto B pa3g. 3.4 i B npuknagax 3.4 i 3.5. Takox
3aCTOCOBYOTbCA W iHWI BMAW  CXpellyBaHHSA:  OBOTOYKOBE,
GaraToTo4KoBE | piBHOMIpHE.

Jleomoukose cxpeuwiysaHHs (two-point crossover), ik BUNnnBae 3
MOro HaseM, BiAPI3HAETHCH Bi TOYKOBOrO CXpELLYyBaHHA TUM, LLO
HawaakM ycnagkoByloTb parMeHTU OaTbKiBCbKMX  XPOMOCOM,
obymoBneHi ABOMa BWMMNAOKOBO OOpPaHMMKM TOYKAMWU CXpeLLyBaHHS.
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Ona napu xpomocom i3 npuknaga 3.4 cxpellyBaHHSA B Todkax 4 i 6
nokasaHo Ha puc. 3.28. 3BepTaeMo yBary, Lo Take CXpeLlyBaHHS He
NPUBOOAMTL OO0 3HULWIEHHS CXEeMU 1*7*******{ = gy npegcTaBnsie
6aTtbko 2.

BATBKO | @ [001100111010] | ©PELMBAHHA [001111111010] : Hawanok 1
satbko 2 @ [101011011011] [101000011011] : HAWANOK 2

fk.'4 6

Puc. 3.28. lNMpuknag ABOTOYKOBOIO CXpPELLyBaHHS.

Bbacamomoykosge cxpewysaHHs (multiple-point crossover) aBnsie
cobOoI0 y3aranbHEHHs MnonepegHix onepauin i XxapakTepusyeTbcs
BiQNOBIOHO BEMMKOIO KiMbKICTIO TOMOK CXpeLlyBaHHA. Hanpuknag, ons
TPbOX TOYOK CXpeLlyBaHHS, piBHUX 4, 6 i 9, i Takol X KiNbKOCTI
BaTbkiB, AK Ha puc. 3.28, pe3ynbTaTi CXpELLyBaHHSA MOKa3aHi Ha puc.
3.29.

BATEKO ] : [001100111010] CXPELIYBAHHA [001111111010] :  HAWANOK]
BaTek02 : [101011011011] [101000011011] : HAWAROK2

I’kl4 6 9

Puc. 3.29. lNpuknag TpbOXTOYKOBOro CXpeLLyBaHHS.

AHarnoriYHo BUKOHYETbCS CXPELLyBaHHS Ans n'atM abo GinbLuoi
HenapHoi  KifbKoCTi  To4yok.  O4eBMOHO, WO  OOHOTOYKOBE
CXpeLLyBaHHA MOXe BBa)kaTucs YaCTKOBUM BUNaaKoOM
6araToTOYKOBOrO CXpeLLyBaHHS.

Mpyvknag ABOTOYKOBOrO CXPELLYBaHHSA, SIKMA MPEACTaBfeHO Ha
puc. 3.28, MOXHa npointcTpyBaT cnocobom, nokasaHUMm Ha puc.
3.30.
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TOYKW CXPELYBAHHA 1, 4, 6, 9

[001111111010] : Hawsnok1
[101000011011] : Hawanok2

nE 2ok

8 6

BATBHO 1 BATBKO 2

Puc. 3.30. [IBoTOYKOBE CXpeLlyBaHHA 3 TOYKaMu cxpeLlyBaHHA 4 i 6.

BaraTtoToukoBe cxpellyBaHHsS AMst YOTUPLOX TOYOK, piBHUX 1,4,6, 9 i
4, 6, 9, 11 gna Tiei X napu 6aTbkiB 3 MnonepegHix npuknagie
intocTpyeTbes Ha puc. 3.31.

BaraTtoToukoBe CXpeLlyBaHHS 3 BENNKOI MapHOK KiNbKICTIO TOYOK
CXpeLLyBaHHA NPOTiKae aHanoriyHo nokasaHomy Ha puc. 3.31.

CxpeLlllyBaHHS 3 HEMAPHOHO KiMbKICTIO TOYOK MOXXHa NPeACTaBUTY B
TaKW Xe cnocib, SAKWOo [odaTu We OAHY TOYKYy CXpeLlyBaHHS B
nosuuito, ska pisHa 0. lNpuBegeHnin BuLLle NpUKaa NS TPbOX TOYOK
MOXHa npeacTaBUTM Takox, £K Ha pwuc. 3.31, i3 Toukamu
cxpewlyBaHHs 0, 4, 6, 9. lNpu NapHin KiNbKOCTI TOYOK Xpomocoma
po3rnsgaeTbes 9K 3amkHeHe kinbue (aue. puc. 3.30 i 3.31), a Toukn
CXpeLlyBaHHsi BUbMpalTbCs 3 PIBHOK MMOBIPHICTIO NO BCbOMY 1T KOSTi.
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TOHKM CXPEWLYBAHHA 1, 4, 6,9 TOHKM CXPELVBAHHS 4, 6, 0, 11
0

]

BATHKO 1 BATBKO 2 BATEKD | BATBKO 2
[001100111010] [101011011011] [001100111010) [101011011011]

HALLANOK ] HALLATOK 2 HALWANOK | HALLAMOK 2
[001000011010] [101111111011] [o01111111010] [101000011011]

Puc. 3.31. BaratoTouykoBe cxpellyBaHHA 3 4oTUpMa To4yKamu
cxpeLllyBaHH4, pisBHuMn 1,4, 6,914, 6, 9, 11.

PisHomipHe cxpewysaHHs (uniform crossover), iHaKwe Ha3vBaHe
MOHoNIMHUM abo odHocmadiliHUM, BUKOHYETbCS Y BignoBiOHOCTI 3
BMMAQKOBO OOpaHWM eTarioHOM, WO BKa3ye, $Ki FeHW MOBUHHI
ycnagkoByBaTucs Big nepworo 6artbka (iHWi reHn 6GepyTbcsa Big
apyroro 6aTtbka). MpunycTtumo, Wwo and napu 6aTbkiB i3 Npuknagis Ha
puc. 3.28 - 3.31 obpaHo etanoH 010110111011, y Akomy 1 o3Hauae
NPUAHATTA reHa Ha BignoBiagHin nosuuii (locus) Big 6aTtbka 1, a 0 - Big
GaTeka 2. Y Takui cnocibé copmyeTbCca neplwunii Hawagok. Ons
Opyroro Hawagka eTanoH HeoOXigHO 34uTyBaTU  aHamnoriyHo,
npuyomy 1 03Hayae NPUAHATTA reHa Ha BIAMNOBIAHIM no3uuil Big
Gateka 2, a 0 - Big GaTtbka 1. Y uUbOMYy BMMNaAKy pPiBHOMIpHe
CXpeLlyBaHHS NPOTIiKae Tak, K nokasaHo Ha puc. 3.32.
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BATEKO | : [001100111010] | CXPELVBAHHA  [101101111010] : HAWAMOK 1
BATEKO 2 : [101011011011] [001010011011] : Hawamok 2
mokyc:123456789101112
eranon: 0101101110 11

Puc. 3.32. lNpuknag piBHOMIPHOIo CXpeLlyBaHHS.

Oniepamop iHeepcii. XonnaHa 3anponoHyBaB TpW TeXHomnorii ans
OAdepXaHHS  HallagkiB, WO Bigpi3HAOTbLCA Big OaTbKiBCbKUX
xpomocoMm. Lle yxe Bigomi Ham onepauii cxpellyBaHHs i MyTadil, a
TakoX onepauis iHBepcii. |HBepCis BUKOHYETbCSA Ha OAMHOYHIN
XPOMOCOMi; nNpw i 34iINCHEHHI 3MIHIOETLCA MOCMIQOBHICTL annenewn
MK OBOMa BUNagKoBO ObupaHMMu no3udigmun (locus) y XpoMocomi.
HesBaxaloun Ha Te, WO LuUen onepaTop OyB BU3HAYEHUN 3a
aHanorieto 3 GioNnoriyHNMM MpPoLEecoOM XPOMOCOMHOI iHBepCii, BiH He
3aHaATO 4acTO 3aCTOCOBYETbCS B TEHETMYHMX anroputmax. fAk
npuknag BWKOHaHHSA iHBepcil po3rnsiHemMo XpPOMOCOMY
[001100111010] i npunyctumo, wo obpaHo mo3wudii 4 i 10. Toai B
pesynbTaTi iHBepcii ogepxvmo [001101110010].

3.13.4. MeToau KoayBaHHs

Y Knacu4yHOMy reHeTU4HOMY anropuMTMi 3aCTOCOBYETHCH OBOIYHE
KogyBaHHS XpomocoM. BoHO 3acHoBaHO Ha BigOMOMY €nocobi
3anucy OecATKOBMX 4ucen Yy [ABOIYHIA cucTemi, e KoxeH OiT
OBOIYHOrO KOOy BIAMOBIAAE 4eproBoMy CTeneHw uuncpu 2.
Hanpwvknag, aoBoiyHa nocnigosHicTb [10011] aBnsie coboto kog uncna
19, ockinbkn 12°40*2° + 0*2° + 1*2' + 1*2° = 19. Takuit cnoci6
KoAyBaHHSA 3acTtocoByBaBcs B npuknagax 3.1 i 3.5. [Anga kogyBaHHs
JincHuX yncen x;€ [a;, b] € R peanidyetbcsa BigobpaxeHHs (3.5) Tak,
Sk ue pobunocs B npuknagax 3.2 i 3.6.

Y reHeTU4HUX anroputmax MoXHa, Hanpwknag, BUKOPUCTOBYBaTU
koA pes, kUil xapakTepusyeTbCs TUM, LLO ABOIYHI MOCNIAOBHOCTI,
WO BignoBigaloTb ABOM MOCAIAOBHMM LiSIMM YUCnaMm, Bigpi3HAOTLCS
Tinbkn opgHuM 6iToM. Takmi cnocid KoayBaHHS XPOMOCOM MOXe
BMSIBUTUCS BUNpPaBAaHMM NP BUKOPUCTaHHI onepawii myTaLii.

JlozapugpmidyHe kodysaHHs (logarithmic coding) 3acTtocoByeTbCA
B FEHEeTUYHUX anroputMax Anst 3MEHLEHHS OOBXWHU XPOMOCOM.
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BOHO BMKOPUCTOBYETHLCS, FONMOBHUM YMHOM, Yy 3adadyax OaraTomipHOi
onTMMI3aUil 3 BENIMKMMM NPOCTOPaMM MOLLYKY pilleHb.

Mpn norapudpmiyHOMy KoAayBaHHi nepwuin 6IiT (a) KOOOBOI
MOCniAOBHOCTI - Lie OIT 3Haka Nokas3HMKOBOI OyHKUiT, apyrun 6iT (B) -
6iT 3Haka cTeneHs uiei dyHkuil, a iHWi 6iTn (bin) npeacTtaensAlTL
3HaYeHHs CaMoro CTENneHs:

[aB bin] = (_1)|3 e(*l)“[bin]m
ae [bin]yo 03Ha4Yae AecATKOBE 3HAYEHHS YMcna, 3aKO40BAHOrO y BUAI
[OBOIYHOI nocnigoBHOCTI bin. Hanpuknag,
[10110]
ABnNsie cobolo KOAOBY MOCMIQOBHICTL Yucna

X; =(-1)% "V 111000 _g® _g 002478752 ,
a
[01010]
ABNsi€ COOOI0 KOAOBY MOCMIQOBHICTL Yncna

xz - =(-1)'e 100N __e? _ 7 389056099 .

[NMomiTMMO, Lo B TakuiA cnocid 3a gornomorot n'atu BiTiB MOXHa
3akofyBaTM uucna 3 iHTepsany [-e’, e’]. Lle 3HauHO GinbLuwii
iHTepsan, yum [0, 31] i3 npuknaga 3.5. JlorapudmiyHe kogyBaHHS
6yno peanizoBaHo B nporpami FlexTool sk gogaTtkoBy onuito ans
3a4ad nigBuLLEHOT CKNAaAHOCTI.

Lle ogHa moaudikauis KNacMYHOro reHeTUYHOro anropuTMy
3acHOBaHa Ha KOAyBaHHi OiNCHUMW, a He ABOIYHMMMU 4Ymucnamu. Lle
03Hayvae, Lo reHn XpoMOCOM MPUNMaloTb AIACHI 3HaYeHHs (anneni €
dincHumn  uncnamn). Takulm cnoci® KoayBaHHs 3aCTOCOBYETHCS,
30Kpema, y nporpami Evolver.

3.13.5. MacwTtabyBaHHSs1 hbyHKLUiT NPUCTOCOBAHOCTI

MacwTabyBaHHa  YHKUii  MPUCTOCOBAHOCTI  BMKOHYETbCS,
HanyacTiwe, No ABOX NpuynHax. MNo-nepLe (Npo Le BXe roBopunocs
nig 4ac o6roBopeHHs MeTofiB cenekuii), Ana 3anobiraHHA
nepegyvacHoi 30DKHOCTI reHeTudHoro anroputmy. [lo-gpyre (y
KiHUEBIN hasi BUKOHAHHA anropuTtmy), y BUNagky, Konu B nonynsauii
30epiraeTbCsi 3HaA4YHa HEOOHOPIOHICTb, OOHAK CepeaHE 3HaYeHHs!
NMPUCTOCOBAHOCTI HeHabaraTto BiOpi3HAETbLCA Bid MakcMMarbHOro
3HayeHHs. MacwTtabyBaHHA yHKUIT NPUCTOCOBAHOCTI [J03BOMSE
nonepeavTn BUHWKHEHHS CUTYaLii, y SKi cepefHi i Havkpalli ocobu
hOPMYIOTb MPaKTUYHO OOHAKOBY KiMbKiCTb HaLLaAKiB Yy HaCTYMHUX
MOKOMIHHAX, WO BBaXaeTbCs HebaxaHum saBuwiem. [lepepyacHa
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30DKHICTb anroputMmy nonsirae B TiM, WO B MNOMNynsAuil No4YMHaOTb
OOMiHYBaTM HaWKpalli, ane Lie He onTuManbHi XpomMocomu. Taka
MOXINUBICTb XapakTepHa Ans anropuTMiB i3 cenekuieo no metoay
Koneca pynetku. Yepes kinbka MOKOMiHb MpM Ccenekuii, dka
npornopuiiHa 3Ha4YeHH YHKLii NPUCTOCOBaHOCTI, nonynsuia dyae
CKNagaTuCsl BMHATKOBO 3 KOMiM HaWKpalloi XPOMOCOMU BUXIQHOT
nonynauii. lNpeactaBnseTsCa  ManonMoBipHUM, WO came LS
Xxpomocoma Oyae BignoBigaTM ONTUMArbHOMY PiLLEHHIO, OCKIMbKM
BMXiZHA nonynsayia - ue, Sk NpaBuro, HeBenuka BmMnagkosa Bubipka 3
YyCbOro NpocTopy noLuyky. MacltabyBaHHA pyHKLiT NpMCTOCOBaHOCTI
OXOPOHSIE NONynALil0 Big AOMIHYBaHHS HEONTUMAarbHOI XPOMOCOMM i
TMM camMuMM 3anobirae nepegyvacHin  30DKHOCTI  reHEeTUYHOro
anropuTmy.

MacwTtabyBaHHs nonsirae y BiAMOBIAHOMY NepeTBOPEHHI OYHKLi
NPUCTOCOBAHOCTI. Po3pisHsoTb 3 OCHOBHUX MeToau
MacwTabyBaHHs: NiHilHe, cirma-BiAcikaHHS | cTeneHese.

JliHiiHe ~ macwmabysaHHs  (linear  scaling) nonsrae B
nepeTBOpPeHHi dyHKUii npucTtocoBaHocTi F go cdopmmn F’ yepes
NiHINHY 3anexHicTb Buay

F=a F+ b,

Oe a i b - KOHCTaHTW, siki BapTO nigbvpaTn TakuM YUHOM, LL06
cepefHe 3Ha4YeHHs (OYHKLUii NpMCTOCOBAHOCTI Micns maclTabyBaHHSA
JopiBHioBano 6 ii cepegHbOMY 3HayeHHIO OO0 MacwTabyBaHHA, a
MakcumarnbHe  3HaYeHHS @YHKUIT  MPUCTOCOBAHOCTI nicns
MacwTabyBaHHA ©Oyno 6 kpaTHUM T cepegHbOMY 3HAYEHHIO.
KoediuieHT kpaTHOCTI HanvacTile BnbupaeTbcsa B Mexax Big 1,2 oo
2. HeobGxigHO cTexutn 3a TuMm, wob dyHkuia F° He npunmana
Bil’€MHi 3Ha4YeHHS.

Ciema-eiOcikaHHs1 (sigma truncation) - meton MacwTabyBaHHS,
3aCHOBaHWUI Ha NepeTBOPEHHI GOYHKLi MpucTocoBaHoCTi F Jo hopmm
F’ BignoBigHO g0 Bupasy

F=F+(F-c-o),

fe F nosHavyae cepedHe 3Ha4YeHHS (OYHKLUiT NPUCTOCOBAHOCTI MO
BCi nonynsauii, ¢ - mane HaTyparnbHe 4ucno (gk npaswno, Big 1 0o
5), a 0 - cTaHgapTHe BigxuneHHs nNo nonynsuii. AKWO po3paxyHKOBI
3HayeHHs F’' Big’€MHi, TO BOHW NPUAMAOTLCS PiIBHUMW HYMEBI.

CmeneHese macwmabysaHHs (power law scaling) siBnse coboto
mMeToa MaclTabyBaHHs,, nNpyu AKOMY pyHKUiS npucTocoBaHoCTi F
nepeTeBopuTbcsa A0 dopmu F’ BignosigHo Ao BUpa3y
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F=F,

ae k - udncno, 6nmsbke 1. 3HayeHHs K 3a3Buyal nigdvpaeTbes
EMMIPUYHO 3 ypaxyBaHHAM creundikm pos3s'adyBaHOi 3agadi.
Hanpuknag, moxHa BukopuctoBysatu k = 1,005.

3.13.6. Hiwi B reHeTU4YHOMY anroputmi

Y PpisHUX ONTMMI3aUiMHMX 3afadax 4YacTo MPUXOLAUTbLCS MaTu
crnpaBy 3 YHKUiAMKM, WO MalTb Kifnbka OMNTUMAanbHUX pilleHb.
OCHOBHUIN TEHETUYHUI anropuTM Yy TakMX BuNagkax 3HaxoouTb
Tinbkn rnobanbHWiA ONTUMYM, arne SKWO € Kiflbka ONTUMYMIB 3 TUM
CaMNM 3HAYEHHAM, TO BiH BiAWYKYE TiMlbKM OOWH 3 HUX. Y OESKUX
3apjavax OyBae BaXMMBUM 3HAWTK HE TiMbKW rnobanbHUn ONTUMYM,
ane i nokanbHi onTumymmn (He 060B'A3koBO Yci). KoHuenuia peanisauii
B TEHETUYHWX anropuMTtMax mniaxody, 3acHOBaHOro Ha BigOMMUX 3
Bionorii NOHATTAX Hiw i 8udig, AO3BOMNSE 3HAXOAUTW BENUKY YaCTUHY
onTumymiB. [pakTUYHO 3aCTOCOBYBaHWU Y FEHETUYHOMY anropuTmi
MEeTOA YTBOPEHHS Hill i BUAiB 3aCHOBaHWUI Ha Tak Ha3uBaHin yHKUii
criigyqacmi  (sharing function). Lsa dyHkuia Bu3Ha4ae piBeHb
©GrM3bKOCTI | CTeNiHb CniBy4acTi ANS KOXHOT XpPOMOCOMM B NOMNyIsiLji.
®yHkuUia cniByyacTi nosHadaetbeca s(dj), Ae d; - mipa BigcTaHi mix
xpomocomamu ch; i ch. Y nporpami FlexTool Uus BiOCTaHb
BM3Ha4YaeTLCA No hopmyri

d,= [y
L 2
k=1 (kaux _‘xk,min )
e p o03Hayae poO3MIpHICTb 3afadi, Xgmn | Xkmax BW3HAYaOTb
BiONOBIAHO MiHIMAnbHE i MakcMMaribHe 3Ha4YeHHS K-ro napameTpa, X
i X, - nosHavalTb BIQNOBIAHO k- napameTtp i-i i i ocobew.
OueBMaHO, WO BiACTaHb MK XPOMOCOMaMM pPO3PaxOBYETbLCA Ha
OCHOBI BiAMNOBIAHMX iM heHoTMNIB.
®yHKUiA crniByyacTi S(d;) NOBUHHA MaTW HACTYMHI BNACTUBOCTI:
0 < s(d;) £ 1 ansa koxHoro d,

s(0) =1,
lim S(dij) =0

—>0

d.

1

-X,

i ,J

OgpHa 3 doyHKUiN, ANs K0T Li YMOBU BUKOHYKTLCS, Ma€E BUMMSAS
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1-(d;/0,)’, akxwod;>o,,
s(dy)=
8 NPOMUBHOMBUNAOKY
0e Og i W - KOHCTaHTW.

Y nporpami FlexTool 0,=0,5 * ¢'", ge g nosHayae 3paskoBy
KinbKiCTb MiKiB QyHKUii, ika onTuMidyeTbcs. Lia dyHkuis 3apaetbea
KopucTyBayeM. 3HayeHHs w NPUAMAETbCA piBHMM 1, WO O3Havae
O[HaKOBWIW CTeniHb cniBy4vacTi cycigHix ocoben. Y LbOMYy BUMNaaky
HOBE 3HayeHHs  (YHKUii NpUCTOCOBaHOCTI  xpomocomu  ch;,
po3paxoByeTbCs Mo opmyni

-1/p

F(ch)
N
2.s(d;)
i=1
Ae N no3Havae KinbkiCTb XpOMOCOM y nonynsuii.
Akwo xpomocoma ch; 3HaXoAUTbLCA y CBOIN Hilli Ha camoTi, TO
Fs(ch)=F(ch;). Y npotmBHOMYy BMNagky 3Ha4yeHHs  YHKLUil
NPUCTOCOBAHOCTI 3MEHLLYETLCA MPOMOPLINHO KiNbKOCTI i cTeneHesi
6rm3bKoCTi XpomMocom, Wwo € cycigamu. 3 Bupasy (3.17) Bunnueae,
Wo 30inblUEHHs1  KINbKOCTI  CXOXMX oOfgHa Ha opgHy (TobTto
NPUHaNEXHWX A0 OAHIEI i Til XKe Hilli) XpOMOCOM OOMEXEHO, OCKISNIbKM
Take 36inbleHHs MNPUBOAMTL [0 3MEHLUEHHS 3HayeHHs yHKUii
npuctocoBaHocTi. ¥ nporpami FlexTool npu peanisauii reHeTu4Horo
anroputmy 3 HiLlamu mMeToz, Lo npeacTaBnsieTbes,
BMKOPUCTOBYETBCA Ha 3aBepluanbHOMY eTani 0BpobKM KOXHOro
NMOKONIHHS.
€ Takox i pisHi Moaudikauii npouenypu YTBOPEHHS Hiw Ans
reHeTUYHOro anroputMy. Hanpuknag, MOXHa BW3HAYMTU MipY
BiACTaHi MiX Xpomocomamm He Ha PpiBHi deHoTuny (To6TO
napameTpiB 3ajavi), a Ha piBHi reHoTuny. Y UbOMYy BMNagky
aprymeHToM (yHKUii cniByyacTi Oyge BigcTaHb XemMmiHra Mix
KOAOBMMM nocnigoBHOCTAMKU. Bigomi i iHWi nigxoan oo mopudikauii
yHKLii NPUCTOCOBAHOCTI ANsi FeHETUYHOIO anropuTMy 3 Hillamu.
3.13.7. N'eHeTHYHi anropuTmun ans

GaraTokpuTepianbHOI onTUMI3auii
BinbwicTe 3agay, pos3B'A3yBaHUX 3a [AOMOMOrOK TEeHEeTUYHUX
anropvTMmiB, MawTb OOWH KPWUTEpin onTumisadii. ¥ CBOW uyepry,
OaraTokpuTepianbHa OMNTMMI3alis 3acHOBaHa Ha  BiglyKaHHI
PilLUEHHS, $IKE OOHOYACHO OMTMMI3ye Oinbll HiXXK OOHY (YHKUi0. Y

Fs(ch)= (3.17)
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LUbOMY BMWMNAAKy LUYKAeTbCA AEsKAN KOMMPOMIC, Yy pOJii  SKOro
BUCTYNae pileHHs, onTtumanbHe B  3micti  [lapeto. [lpu
OaraTokpuTepianbHin  onTuMi3audii  BMOMpaeTbcA  He  eauHa
XpoMocoma, LWo npeactaensde cobow  3akogoBaHy  hopmy
ONTUMArbHOrO pilLIeHHS B 3BU4ANHOMY 3MICTi, @ MHOXWUHY XPOMOCOM,
onTumanbHMX Yy 3MmicTi [lapeto. KopucTyBay Mae MOXIUBICTb
BMOpatM onTumarnbHe pileHHA 3  Uiei MHOXuHW. PosrnsaHemo
03Ha4YeHHS pilLeHHs, onTMManbHOro B 3micTi [NapeTo (cumBonamm
X, y 6yaemo nosHavatu oeHoTUNK).

O3HaueHHs 3.3

PiweHHs x HasMBaeTbCa GOMIHYHOYUM, SKLLIO iCHYE PIilLLEHHS y, He
ripwe 4ymm x, To6T0 AN 6yab-AKoT ONTUMI3YEMOI DYHKLIT
fi=1,2, ....m,

fi(x) < fi(y) npn makcumisauii byHKuii £,
fi(x) Z fi(y) npn miHimi3auii yHKuUji £

O3HayveHHnA 3.4
AKLIO pilLEHHA HE JOMUHYEME HIKMM iHLUMM PilLUEHHSIM, TO BOHO
HasnBaeTbCcs HedoMUHyeMuM abo onmumarnsHum y 3amicmi [Napemo.
IcCHye Kinbka  KnacuyHMX  MeToAdiB, WO  BigHOCATLCA [0
GaraTokpuTepianbHoi onTuMisauii. OAuH 3 HUX - Le MEeTOA 38aXeHOI
QyHKuii (method of objective weighting), BignoBigHO [0 SKOro
onTuMisyeMi OyHKUIT f;, 3 Baramun w; yTBOPIOKOTb €QUHY (DYHKLIO

Fx)=3wfi(x),

m
ne w;e [0,1]i Zwl. =1
i=1
PisHi Barn gatoTb pisHi pilueHHs B 3micTi [NapeTo.
[HWuR nigxig BigomMwnin 9k Memod ¢yHKUii eidcmaHi (method of
distance function). |aest UbOro meToAy nonsrae B NOPiBHsIHHI 3Ha4YeHb
f{X) i3 3agaHMM 3Ha4YeHHAM y;, TOBTO

flx)=| D2 fix )=y !
i=1
Mpun uboMy, SK NpaBuno, NpunmaeTbcs r= 2. Lle meTpuka 3Bkniga.
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e oguH nigxin oo 6aratokpuTepianbHOi onTuMisauii 3B'a3aHnin 3
noainom nonynsuii Ha Nigrpynn ogHakoBoro po3mipy
(sub-populations), koxHa 3 SIKMX «BigNoBiAaE» 3a OAHY ONTUMI3yEMY
dyHKuito. Cenekuist BAPOBNSETECSA aBTOHOMHO AN KOXHOT GyHKU,
OfHaK onepauia cxpellyBaHHs BUKOHYETbCA 6e3 ypaxyBaHHA
rpaHuub nigrpyn.

Anroputm GaraTtokpuTepianbHOi OnTMMI3auil peanisoBaHo Yy
nporpami FlexTool. Cenekuist BAKOHYETbCA TYPHIPHUM METOAOM, Npu
UbOMYy «Kpalla» ocoba y KOXHiin nigrpyni BUOMPAETLCA Ha OCHOBI
OYHKLIT NPUCTOCOBAHOCTI, sika yHikanbHa ans gaHoi nigrpynu. Cxema
Takol cenekuii y Bunagky onTuMmisauii ABOX (OYHKUIN npeacrasreHa
Ha puc. 3.33; Ha ubomy pucyHky Fy i F, no3HavatoTb OBi pisHi yHKLUi
npuctocoBaHocTi. Lia cxema aHanoriyHa cxemi, 300paXxeHoi Ha puc.
3.26, 3 Tieto pisHMUEl, WO Ha Oinbl paHHin cxemi Bci nigrpynu
OUiHIOBaNMCA NO OAHIM | T Xe dYHKUIT NPUCTOCOBAHOCTI.
«Hankpawa» ocoba 3 KOXHOI Nigrpynu 3millyeTbCa 3 iHLWMMKU
ocobamu, i BCi reHeTU4Hi onepauii BMKOHYIOTbLCA Tak camMo, K Y
reHeTMYHOMY anropuTMi AN onTumisauii ogHiel yHkuii. Cxemy Ha
puc. 3.33 MOXHa nerko ysaranbHUTM Ha Binblly  KiNbKIiCTb
onTtumisyeMmx dyHkuin. Mporpama FlexTool 3abe3neuye ogHoyacHy
ONTMMIi3aLilo YOTUPBLOX PYHKLIN.
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N ocobeit

nonynawd P(k)
I [
3 v
IMoprpymma 1 IToarpynna 2
2 ocobu 2 ocobu
Pacuer 3naqenus F, Pacuer 3nayenns F,
Ui 0cobei i ocobei
13 noarpymus: 1 U3 OArpyInsI 2
v v
Bribop onro# Bri6op oanoik
"Hawryameii ocobu" "HamTy4wiei ocobu”
M3 NONrpymnns 1 M3 IIOATPYIIIEL 2
LL |
A 7
Popurensckuit myn

M(k) n N ocobeit

Pwuc. 3.33. Cxema TYPHipHOI cenekujii y BUNaaKy
GaraTokpuTepianbHOi onTUMiI3aLii Mo ABOX YHKLISAX.

3.13.8. NeHeTUYHi MikpoanropuTmMm

FeHeTU4YHUA MiKpoanroput™M - uUe Moaudikauia KnacuyHoro
reHeTUYHOro anropuTMy, fka npusHayeHa Ons pilleHHs 3ajad, Wwo
He BuMaralTb BenWKMX MNOoNynaAuin i JOBrMX XpOMOCOM. Taki
anropMTMKM 3acCTOCOBYHTBLCS MNP OOMEXEeHOMYy 4vaci obyucneHb y
BMNaAKy, KON pilleHHss (He 000B'A3KOBO rnobanbHe) HeobxigHo
3HanWTK wBugko. MoBa 1ge npo Te, Wob He pobuTu TPYOOMICTKUX
obuncneHb, 3B'A3aHUX 3 BENWKOK KINbKICTIO iTepauin. [eHeTuyHi
MIiKpOanropuTMun 3asBuvyan 3HaxoAAaTb TPOXW TipLi pilLeHHsA, ofHaK
3a0LaKyloTb ODYMCIOBanbHI pecypcu komm'ioTepa. Ak npuknag
MOXHa MPUBECTU FeHEeTUYHU Mikpoanroputm nporpamu FlexTool.
BiH nigpo3ainaeTbcsa Ha WiCTb KPOKIB.
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1. CdhopmyBaTu nonynsuito 3 4McrioM ocoben, piBHUM N'ATW.
MoxHa abo BMNagkoBMM YMHOM BMOpaTW BCi N'ATb XpoMocoMm, abo
30epertm OfHy «rapHy» XpOMOCOMY, OTPUMaHy Ha nonepeaHix
iTepauisix, i BUNagkoBMM YMHOM «400paTM» YOTUPK iHLLI XPOMOCOMMN.

2. PospaxyBatn 3Ha4yeHHs (OYHKLii NPUCTOCOBAHOCTI XPOMOCOM Y
nonynsauii i Bubpatn Kpawy xpomocomy. [NosHaumTh ii Homepom 5 i
nepeHecTV B HAaCTyMHe NOKOIiHHA (eniTapHa cTpareris).

3. Bubpatn gna penpogykuii iHWi YOTUPU XPOMOCOMM Ha OCHOBI
OeTepMiHOBaHHOrO  MeToAay  TYpHIpHOI  cenekuii  (Hawvkpalia
XpomMocoma Takox 6epe yyacTb Yy 3maraHHi 3a NpaBoO BKITOYEHHS il
konii B BaTbkiBCbkMW nyn). Y XxoAi TYPHIPHOI cenekuil XpoMocomM
rpynyloTbCs BUMNAAKOBMM YMHOM, MPU LbOMY Mapwu, WO 3HAXoOATbCH
Mo CycCiaACTBY, 3MaratoTbCs 3a YOTUPKM MicLs, WO 3anuwunucs. Bapto
3BepTaTy yBary Ha Te, Wob 6aTbkiBCbka Napa He cknaganacs 3 OBOX
KOMin OgHI€l i TIiET XK XpomMocomM.

4. BukoHaTn cxpeLlyBaHHS 3 MMOBIPHICTIO 1; MMOBIPHICTE MyTauil
NpUHATK piBHY 0.

5. TlepeBiputn 30iKHICTE anroputMy (3  BMKOPUCTaHHAM
BignoBigHOiI Mipn 30iKHOCTI reHoTUniB abo deHoTuniB). Y BunNagky
BUSIBMEHHS 36iXKHOCTi NOBEPHYTUCS 0 KPOKy 1.

6. MNepewnTn 0O KPOKY 2.

MOoMITUMO, WO B reHEeTUYHOMY MIKpOanropuTMi po3mip nonynsauii
nepegbavaetbCcs  HeBenukuMm i pikcoBaHMM.  3acTOCOBYETHLCSH
enitapHa cTparTeria, wWo 3anobirae BTpaTi «rapHMX» XPOMOCOM.
Ockinbkn  po3mip  nonynsAuii  HeBenuWkurM, TO  BUKOHYETLCS
JetepmiHoBaHa  cenekuisa.  CxpellyBaHHA  nNpoBOAUTbLCA 3
nvoBipHicTio 1. MyTtauis He noTpidbHa, ToMy WO AOCTaTHSA
po3MaiTicTb 3abes3nevyeTbca (QOPMYBaHHSAM HOBOI MonynsAuii npu
KOXHIM «pecTapTi» anroputMmy, To6TO y BUNagKy nepexogy 40 KpOKy
1 npu BusiBNEHHi 306ikHOCTI. lMpouenypa «CcTapTy» i «pectapTy»
anropuTMy npu3HadeHa And 3anobiraHHs nepegyacHol 36iKHOCTI;
reHEeTUYHUA  MIKPOAnropuTM 3aBXAW LUYKae HavKpalli pilleHHs.
[onoBHa MeTa WNOro 3aCTOCyBaHHA MNONArae B SIKHAWLIBUAOLWIOMY
3HaxXO4KEHHI ONTMMarnbHOro (abo mMawxe ONTMMarbHOrO) PiLlEHHS.
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3.14. Moperni reHeTUYHUX anNropuUTMIB i
cTparerii Binobopy i dopmyBaHHA HOBOIro
NOKOMIiHHSA

Hwkye npuBeoeHO HeBeNWKMKA  OMMC  Oesikux  Moaenen
reHeTuyHMx anroputmis. [lpu peaniszauii BRNacHoro anroputmy
OOoTpuMyBaTUCh UMX Modenen He OOOB'A3KOBO, TOMY LWO AyXe
Barato 4Yoro 3anexuTb BiO PO3B'A3yBaHOI 3ajadi, ogHaK, OMUCYBaHi
NPVHUMNKM (Hanpuvknag, napaneniam) MOXyTb BUSBUTUCSA KOPUCHUMM.

1. Canonical GA (J. Holland)

HOaHa wmopgenb anropuTtmMy € knacuyHow. BoHa ©Oyna
3anponoHoBaHa [xoHom Xomnnangom y woro poboti "ApganTtauis B
NPMPOAHUX i WTYYHUX cepegoBuwax” (1975). Yacto moxHa 3ycTpitu
onuc npocmoeo A (Simple GA, D. Goldberg), BiH Bigpi3HaeTbCS Big
KaHOHIYHOrO TUM, LLO BUKOPUCTOBYE abo pPyneToYHUA, abo TypHipHUIA
BiAbip. Mogenb kaHoHiYHOro 'A Mae HacTynHi XxapakTepUCTUKK:

dikcoBaHU po3mip nonynsuii.

dikcoBaHa po3psaHICTb reHiB.

MponopuiiHui Biaodip.

Ocobu ansa cxpellyBaHHs BUOUPaOTLCS BUNAAKOBUM YNMHOM.
OQHOTOYKOBUI KPOCOBEP | OAHOTOYKOBA MyTaLis.

HacTtynHe nokoniHHA ¢opMyeTbCA 3 HalladkiB NOTOYHOrO
nokoniHHs 6e3 "eniTnamy". Hawanky 3anmatoTb MiCLsi CBOIX
OaTbkKiB.

2. Genitor (D. Whitley)

Y paHin  mopeni BUMKOPUCTOBYETLCHA creuudiyHa cTpareria
nobopy. Cnouatky, K i NoKnagaeTbCs, NONynsauis iHiyilerses i ii
ocobu ouiHwoTbeA. MoTiM BMOMpalOTbCA BUMNAOKOBUM YMHOM ABI
0cobu, CXpeLLyThCS, NPUYOMY BUXOOUTL TiflbKM OOMH HaWadok, Lo
OUIHIOETbCS | 3aiMae Micue HalMeHLU NpucTocoBaHoi ocobu. MMicns
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LUbOro 3HOBY BMNAgKOBMM YMHOM BMOMparoTbCca 2 ocobwu, i iXHin
HalllaloK 3aMae Micle 0cobM 3 HaMHWXK4YOK MPUCTOCOBAHICTHO. Y
Takum cnoci® Ha KOXHiM Kpoui B nonynsiuii 0GHOBNSAETbCA TiNbKM
ogHa ocoba. [ligBoasum nigCyMKM MOXHA BWUAINWTM  HACTYMHI
XapakTepHi pucu:

dikcoBaHUIN po3Mip nonynawii.

dikcoBaHa po3psiAHICTb reHis.

Ocobu ans cxpellyyBaHHs BUBUPaOTbCS BUNAAKOBUM YUHOM.
O6wmexeHb Ha TuM KpocoBepa i MyTaLii Hemae.

Y pesynbTaTi CcXxpelwlyBaHHA ocobein BMXOOUTb OAMH
HawagoKk, LWo 3aMMae Micue HaWMeHW MpUCTOCOBAHOI
ocobu.

3. Hybrid algorithm (L. "Dave" Davis)

BukopuctaHHa ribpugHoro anroputmy [o3Bonsie 06'egHaTtu
nepeearn A 3 nepeBaramu krnacuyHux metogie. Cnpasa B TiM, WO
A € pobacTHUMM anropuTMamm, TOGTO BOHM LO3BONAOTbL 3HAXOAUTU
rapHe piWeHHs, ane 3HaxXOMKEHHS ONTUMAnbHOTO  PillEHHS
HanyacTiwe BMABMAETLCHA HabaraTo Binbll BaXKKOO 3agayvelo B cuny
CTOXaCTUYHOCTI MpuHUMMIB poboTn anroputmy. TOMy BUHWKNA iges
Bukopuctoysatu A Ha nodyaTkoBOMYy eTani Ansd egekTMBHOro
3BYXXEHHS MPOCTOPY MOLUYKY HAaBKOMO rrnobanbHOro aKkcTpemyma, a
MnoTiM y3aBLWIKX Kpally ocoby, 3acTtocyBaTv OAMH 3 "KNacuyHux"
MeTofiB onTUMiI3aLii. XapakTepuUCTUKK anroputmy:

e  ®ikcoBaHui po3mip nonynsuii.

e ®ikcoBaHa pO3pPSAHICTb reHiB.

e byab-aki kombGiHauii cTpaterii Bigbopy i opmyBaHHS
HaCTYMHOrO NOKOJTiHHA
O6mexeHb Ha TUN Kpocosepa i MyTauii HeMae.
"A 3acTOCOBYETBLCSA Ha NOYATKOBOMY eTani, a NoTiMm y poboTy
BKJTH0YAETbCA KNAacUYHMN MeTon onTuMi3au;i.

4. Island Model GA
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YaBumo cobi HacTynHy cuTyauito. Y OesikoMy OKeaHi € rpyna
OnmM3bKoMeXaunx OCTPOBIB, Ha SAKMX >XMBYTb nonynsuii ocoben
oAHoro Buay. Lli nonynsuii po3sMBaloTbCA He3anexHo i TifbKK 3pigka
BiabyBaeTbca 0BMiH nMpegcTaBHMKaMu Mk nonynsauigmu. OcTpiBHa
mogenb 'A BUKOPUCTOBYE OMUCaAHWIA NPUHLMUM A51A NOLWYKY PiLEHHS.
BapiaHT, 6€3yMOBHO, LikaBUi i € ogHUM 3 Pi3HOBUAIB NapanenbHuX
FA. [JaHa w™Mopgernb reHeTUYHOro anroputMy Mae HacTynHi
BNacTUBOCTI:

e HagBHICTb OekinbKOX MONynsuin, SK npaBuno OAHaKOBOro
chikcoBaHOro posmipy.

e ®ikcoBaHa pO3PSAHICTb reHiB.

e byab-aki kombiHauii cTpaTterin gobopy i dopmyBaHHs
HaCTYMHOrO MOKOMIHHA B KOXHi nonynsuii. MoxHa 3pobutu
Tak, WO B pi3HMX nonynsauisx 6yoyTb BUKOPUCTOBYBATUCA
pi3Hi kKombiHaUii cTpaTeri, xo4ya HaBiTb OAMH BapiaHT Aae
Pi3HOMaHITHI pilLeHHs Ha pi3HMX "ocTpoBax".

e OO6mMexeHb Ha TUN Kpocosepa i MyTauii HeMae.

e BunagkoBuii 0OMiH ocobamyn M "ocTpoBamu". AKLIO
Mirpauis 6yae 3aHagTO akTUMBHORK, TO OCOBMBOCTI OCTPIBHOI
mogeni 6yayTb 3rmapkeHi i BoHa 6yde He AyXe CUMbHO
Bigpi3HATUCA Big Mmogenen A 6e3 napaneniamy.

5. CHC (Eshelman)

CHC poswudgposyetbca sk Cross-population  selection,
Heterogenous recombination and Cataclysmic mutation. OaHun
anropuMTM OOCUTb LUBMAKO CXOOUTLCS Yepes Te, WO B HbOMY HEMaE
MyTaLill, BUKOPUCTOBYIOTLCA NONynsiLii HEBENWKOro po3Mmipy, i [obip
ocobeln y HacTynHe MOKOMiHHA BedeTbCA | MK OaTbKiBCbKUMM
ocobamu, i MiX iX Hawagkamu. Y cuny UbOro nicna 3HaXOOKEHHSA
OEesKOoro pilleHHs anroputMm nepesanyckaeTbCs, MpUYOMy Kpalia
ocoba KomitoeTbCA B HOBY MOMNynsuito, a ocobu, Wo 3anuwuunnucs, €
CUIbHOIO MyTauieto (MyTye nNpubrn3Ho TpeTuHa BiTiB y Xpomocomi)
iCHYIOUYMX i moLWyK NoBTOPIOETLCS. e ogHieto cneumdivyHow pucoto €
cTparTeris cxpellyBaHHs: BCi 0coOKU po3buMBaloTbCA Ha napu, Npu4omy
CXPELLYITbCSA TiMbKMA Ti Mapw, Yy SKUX XpPOMOCOMK OcoBen iCTOTHO
pi3Ha (XxeMMiHroBa BigcTaHb Ginblua AesKOT FPaHUYHOI NC MOXNKUBI
obOMexeHHs Ha MiHiManbHy BiACTaHb MK KpalHiMu 6GiTamu, Lo
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po3pi3HATbCSA,). [lpy  cxpellyBaHHi  BMKOPUCTOBYETBCA  Tak
Ha3mBaHun HUX-onepatop (Half Uniform Crossover) - ue pisHoBug
O[HOpIOHOro KpOCoBepa, ane B HbOMY A0 KOXHOMO Hallaaka nonagae
piBHO NOMOBMHA BiTIB XPOMOCOMMU Bif KOXXHOro 6aTbka. Takvm YMHOM,
MoAenb Ma€ HaCTYMHi BNacTUBOCTI:

dikcoBaHUIN po3Mip nonynawii.

dikcoBaHa po3psiAHICTb reHis.

Mepesanyck anropntmy NiCNA 3HaXO4KEHHS PiLLEHHS.

Hesenuka nonynsauiq.

Ocobu pans  cxpelwyBaHHA po30MBalOTbCsl Ha napu i

CXPELLYIOTBCSA 3@ YMOBU iCTOTHMX BiAMIHHOCTEN.

e Bigbip y HacTynHe NOKOMIHHA  MNPOBOAWUTLCH  MiXK
GaTbKiBCbKMMK 0cobaMM i HaLLagKamu.

e BukopuctoByetbcs  NOMOBMHHMA  OAHOPIOHWMIA  KpOCOBEP
(HUX).

e MakpomyTauis npu nepesanycky.

Crparerii Biabopy (selection strategies)

A npeacraense i3 cebe iTepauinHuiA npouec, y sikoMy ocobu
crnoyaTtky BigbupalTbCa ANA CXpeLllyBaHHS, MOTIM CXPeLLyoTbCs,
noTiM 3 iXHIX Hawagkis ¢OPMYETLCA HOBE MOKOMiHHA W yce
nounHaeTbcsa cnovatky. Ctparerii Bigbopy € cknagoBo 4acTUMHORK
A i Bum3HavawTb "rigHMx" AN cxpellyBaHHa ocoben. Hwxkue
po3rnagaTbCa Aekinbka HanbinbL po3noBCIOAXKEHMX CTpaTerin.

lMponopuitinut eid6ip (Proportional selection)

Mpn paHomy Bwai  Bigbopy cnoyaTky  nNigpaxoByeTbCA
NMPUCTOCOBAaHICTb KOXHOT 0cobu f. icnsa Uboro 3HaxoAsiTb cepenHio
npuctocoBaHicTe Yy nonynsuii f,, AK cepegHe apudMeTnyHe
3HaA4YeHHs NMPUCTOCOBAHOCTI BCix ocoben. oTiM ansa KoxHoi ocobu
064MCNIoETLCA BiAHOWEHHS f/f,. AKLWO Le BiaHoWweHHs binblue 1, TO
ocoba BBaxaeTbca [oOpe NpUCTOCOBAHOK | OOMycKaeTbCa Ao
CXpELLyBaHHA, Y MNPOTMBHOMY BuMnagky ocoba, wBualwe 3a Bce,
3anuwntbes "3a 6opTom". Hanpuknaa, sikwo apidé gopieHioe 2.36, To
AaHa ocoba Mae NOABIHUIA LlaHC Ha cXpellyBaHHA i O6yae matu
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nMoBipHicTb  piBHY 0.36 TpeTboro cxpewyBaHHA. AKWO X
npucTocoBaHicTb AgopiBHoe 0.54, To ocoba Bi3bMe y4acTb Y €OQUHOMY
cxpewyBaHHi 3  KmosipHicTio 0.54. PeanisyBatm uUe MOXHa,
Hanpuknag, y Takum cnocib. Hexam € macuB [BOIYHMX pPsiOKiB
(nonynsauis) i pgopaTtkoBMM MacueB  Ang ocoben [onyweHux Ao
CXpeLlyBaHHA. BuaHauMmo gns KoxHOI ocobu nonynsauii 3HayYeHHsi
onucaHoro Buwe BigHoweHHs. Jani, 6yaemo 3anucysaTn psaku B
NPOMDKHMI MacuB BIANOBIAHO OO HACTYMHOrO MpaBwna: Bi3bMeMO
Liny 4acTMHY 3pO3YyMINno-AKoro-BigHWEHHS i pPIBHO CTinNbku pasiB
3anMwemMo AdaHuh psagok y AOMNOMDKHMM MacumBe, nicna LbOro 3a
JOMoOMOrow BuNaakoBoi BenuumHu (BB) BusHaummo, unm bygemo mu
3anucyBaTu AdaHWA psaoK We pas: sikwo BB Ginbwa gpobosoi
YyacTUHM BigHOLWIEHHs, To "TaK", akwo Hi, To "Hi". Hagani, ocobu ans
CXpeLlyBaHHs  BUOMpaloTbCA  TiNbKM 3  MPOMIKHOrO  MacuBy
BMNAJKOBMM YMHOM, TaK LWO, SKWO PSAOK MPUCYTHIM B HbOMY B
OEKINbKOX eKk3eMnnsipax, To B Hel BGinblue LWaHCiB 3anuwmnTtK cnig B
icTopii. OAna BXe po3rnaHyTux npuknagis 3 ymcnamm 2.36 i 0.51
cuTyauia 6yge BumggatM B Takui  cnocib:  nepwuni  pagok
3anvweTbCca B MPOMDKHUA MacuB ABa pasu i 3 KmMosipHicTio 0.36
3anvweTtbcs B TpeTin pas. [Opyrui xe psaok Mae MMOBIPHICTb PiBHY
0.51 Toro, wo BoHa B3arani byae NPUCYTHS Yy AONMOMDKHOMY MacuBi.
HaHa cTtpareria Bigbopy 3HaMmeHuMTa TUM, Lo came Afis Hel CTBopeHa
KnacuyHa Teopema cxeM (0T 3Bigku Tam gpid).

TypHipHuti eid6ip (Tournament selection)

TypHipHun BigGip Moxe OyTM onucaHwi y Takum cnocid: 3
nonynsauii, wo mictute N pagkis, BMOMpaeTbCcst BUNAAKOBUM YMHOM |
PSOKIB | Kpawumhi psagok 3anucyetbCA B MPOMDKHMA MacuB (MK
obpaHuMM  psgkamm  npoBoauTbCs  TypHip). LA onepauis
nostoptoetbcss N pas. Psgkum B oTpumaHOMy MpPOMIKHOMY MacwuBi
NOTiM BMKOPWUCTOBYIOTbCA ANS CXPeLlyBaHHSA (TakoX BMNaAKOBUM
4YnHoM). Po3Mip rpynu psigkie, Wwo BiabuparoTeca Ans TypHIpY YacTo
OOpiBHIOE 2. Y UbOMYy BuUMNagKy roBopATb nNpo deoiyHul/napHul
mypHip (binary tournament). Y3arani X t Ha3VBa€ETbCA YUCESIbHICTIO
mypHipy (tournament size). Yim GinbLue TypHip, TUM BinbLL >XOPCTKUIA
BapiaHT cenekuii, To6To TMM MeHLe WaHciB B ocober noTpanuti B

BiaGip.
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lNepeBaroto pfgaHoi cTpaTterii € Te, WO BOHAa He BuMarae
000aTKOBUX OB4YMCIieHb | YyNopsiAKyBaHHA pPsiAKiB Yy nonynsuii no
3POCTaHHIO MNPUCTOCOBAHOCTI. TakoX, BOYEBMAb, TaKW BapiaHT
cenekuii 6nvxynin 4o peanbHOCTi, TOMY WO YCNILHICTb Tiel abo iHWwoi
ocobu BaraTto B YOMYy BM3HAYaETbCS i OTOYEHHSIM, HACKIMbKN BOHO
Kpawie abo ripwe ii

Ho6ip ycikaHHsam (Truncation selection)

HdaHa cTpaTeria BWKOPWUCTOBYE BiACOPTOBAHY MO 3POCTaHHIO
nonynsauito. Ymcno ocober gna cxpellyBaHHA  BUOMpaeTbCS
BignosigHo go nmopoza T[0; 1]. MNMopir BU3Ha4ae sika yactka ocoben,
noyvMHaw4M 3 Haunepwoi (=camoi npucTtocoBaHoi) byaoe Opatu
yyacTb y Biabopi. Y npuHumMni, nopir MoXHa 3agatu i uicnom GinbLue
1, Togi BiH Oyge nNpocTo OOpiBHIOBATM 4ucny ocoben 3 MOTOYHOI
nonynsAuii, gonyweHmux Ao sigbopy. Cepea ocobewn, Lo notpanunu
"nig nopir" BunagkoBum 4mHoM N pa3 BMOMpaEeTbCs cama Besyua i
3anncyeTbCs B MPOMIXHMI MacuB, 3 SKOro NoTiM BUBUparoTbes ocobm
6esnocepedHbO ans CXpeLLyBaHHs.
Uepe3 Te, WO B Ui cTpaTterii BUKOPUCTOBYETBCHA BigcopToBaHa
nonynsauis, 4ac ii poboTn Moxe OyTM BenUKMM Ans NOMynsuin
BEMMKOro Po3Mipy i 3anexaTtu TakoX BiJ anropuTmy COpPTYBaHHS.
IcHytoTb i iHWIi cTpaTerii Bigbopy, Hanmpuknag, 3 MNiHIAHUM i
€KCMOHEHTHUM PaHXMPYBaHHSAM.

Crparerii hopMyBaHHA HOBOro NOKOSiHHA

MMicna cxpelyBaHHA ocobelt HeobxigHO BUPIWNTK Npobnemy npo
Te, SKi 3 HOBMX 0coGen BBiNOYTb Yy HAcTyMHe MOKOMiHHA, a siKi - Hi, i
Lo pobuTK 3 ix npegkamn. € aBa cnocodwu:

1. Hogi ocobu (Hawagku) 3armMaroTb Micusa cBoix 6aTbkiB. lMicns
YOro HacTae HaCTynHWA eTan, Yy SKOMY HallajKku
OLLiHIOIOTbCH, BinOGMpatoTbeA, JawTb NOTOMCTBO i
nocTynatTbCs MicLueM CBOIM "aiTam".

2. CTBOpHOETLCA MPOMIKHA MONynsuis, WO MIiCTUTb y cobi sk
OaTtbkiB, Tak | IxHiX HawapgkiB. YneHn uiei nonynauii
OUiHIOTLCSA, a MOTiIM 3 HMX BuUbMpatoTbess N Hamnkpawux,
KOTpi i BBIAYTb Y HACTYMNHE MOKONIHHSA.
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3.15. MNepeBipka ehekTnBHoCTI A 3
BUKOPUCTaAHHAM TECTOBUX (PYHKLIiN

Micna Toro sk HanucaHuKh cBi BrnacHu A BaM X0o4eTbCsa 3HATU
HacKinbkW BiH rapHui. Hwkye npuBeaeHi geski TecToBi yHKUiT Ans
I'A. Yci TectoBi (OyHKUiT MOXYTb MaTW pi3He 4ucrno napameTpiB (n).
ToMy Mae ceHc 3anycTUT anropuTm Ass onTUMisauil AesKol pyHKUii
cnoyaTky 3 HeBenukum n (Hanpuknag, 10 aéo 20), a notim 3 n=50,
100, 200,... Lle pactb MOXNMBICTb NepeBipuTy MaclTabyBaHHICTb
anroputmy. EcdekTnBHicTb poboTn A NPUAHATO OLHIOBATY KiNbKICTHO
obuuncneHb UinboBoi dyHKUiT. Ynm MeHwe, Tum kpatde. lMicna gesknx
dyHKUiM npuBedeHi pe3ynbtatu  pobotn QGA  reHeTU4HOro
anroputma. Pesynbtat  uUinboBoi dyHkKUii MeHwi 0.001 Tex
3apaxoByBanuca K 3HauWgeHun  rnobanbHui  MiHimMym.  OT
xapaktepucTtukm QGA:

o  ®dikcoBaHM po3Mip NoNynsLi;

o dikcoBaHa pO3psIAHICTb reHi.;

KinbKicTb TOYOK po3puBY KpOCOBeEpa AOPIBHIOE YMCIY FEHIB
(Ha KOXXEH reH NpMXoauTbLCA PIBHO OAHA TOYKA);

[ns cxpelyBaHHs BigbupatTbea 50% nonynsauin;
MmoBipHicTb MyTaLii 95%;

[gi "eniTHi" ocobu;

BuaaneHHs ogHakoBux ocober 3 nonynauii (3a 4ONOMOro
myTauii);

TouHicTb 004mMcneHsb: 0.001;

e PesynbTat nigpaxosaHun no 50 3anyckam anroputmy;

Tak Ak reHeTUYHi anropuTMm BUKOPUCTOBYIOTb CTOXaCTUYHICTb, TO
ansa Toro, wob BU3HAYMTK, Hackinbkn ecekTnsHmi Baw A noTpibHo
3anycTUTM MOro Ha OfHIW i Til Xe TecToBi (OyHKUiT Kinbka pasiB i
TiNnbkn nicna uboro aHanisysatu pesynbTat. Hanpuknag, QGA TA
ans dyHkuii PactpuriHna Big 50 3MiHHMX 3HaxoguTb rnobanbHun
MiHiMym y ~40% Bunagkis, BMKOpucTOBYyOUM He 6inbw 10000
obuncneHb yHKUii. Ons geakux dyHKUin € rpadiku gna sBunagky
OBOX 3MiHHMX. ["padikn npeacTaBnaoTb "NepeTuH" NoBepxHi yHKLUT
MMOWMHOK, WO  MpOXoaUTb  4Yepe3  rnobanbHUA  MiHIMyM,
nepneHAaVKynApHOI OHIET 3 0cer KoopauHar.
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Hwxue npuBoanTbesa Habip TeCTOBUX pyHKLN.

Sphere model.
BBaxkaeTbcs nerkoro yHKuUieo anga 6yab-aKkoro MeToay onTuMmisadii.

fx)= 2’,: %2

i=]

x0(-5,12; 5,12)
OavH MiHimym piBHui 0 y Toudi, ae x=0.0.

PesynbTtat QGA:

n=10, KiNbKICTb HaxoXAeHb rMobanbHOro MiHiMyMy (BiH TYT O4WH)
86%, uucno obuucneHb UiNboBOI pyHKUiT He 6Ginbw 1250,
MakcumarnbHe 3HaYeHHs 0,008325.
n=30, KiNbKiCTb HaxoxaeHb rnobanbHoro miHiMymy 34%, yucno
obuncneHb UiNboBOI  pyHKUil He 6Ginbw 1250, makcumanbHe
3Ha4YeHHs 0,108851.
n=50, KiNbKICTb HaxoXxgeHb rnobanbHoro MiHiMymy 46%, 4ucno
obuncneHb UinNboBoi  yHKUii He OGinbw 2500, MakcumanbHe
3HauyeHHs 0,016291, onsa cxpeltyBaHHs Bigbupanocsa 40% nonynsuii.

Rosenbrock's saddle

n-1
S =3 A00(x,,, — %) +(x,~ 1)

i=] |

x0(-2,048; 2,048)
Minimym piBHui 0 y Touui, Ae x=1.0. PyHKLiS Mae Benvke NOBINbHO
ybyTHe nnaro.

Pesynbtat QGA:

n=2, KinbKiCTb HaxoXxaeHb rnobaneHoro MiHiMymy 92%, 4ucno
obumucreHb UinboBOI  yHKUii He Oinbw 1250, mMakcumanbHe
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3HaYeHHS YHKUT 0,00169118.

n=4, KinNbKiCTb HaxoxaeHb rnobanbHoro MiHimymy 86%, uucno
obumucneHb UiNboBOI  yHKUii He Oinbw 1250, MakcumanbHe
3HAYEHHS PyHKUiT 0,00504982.

n=10, KiNbKiCTb HaxoxgeHb rnobaneHoro MiHiMymy 0%, umcno
obuucneHb UiNboBOi  dyHKUiT He OGinbw 10000, makcumansHe
3HadeHHa QyHkuii  0,0186537, MiHiManbHe 3HayYeHHs QYHKUii
0,0019092, pna cxpewyBaHHs Bigbupanoca 50% nonynsuin.

n=10, KiNbKICTb HaxoXAeHb rnobanbHoro MiHiMymy 8%, 4mcro
obumucneHb UiNboBOI  dyHKUii He Oinbw 10000, MmakcumanbHe
3HauyeHHs dyHkuii 0,0127758, ona cxpellyBaHHs Bigbupanocsa 40%
nonynsuin.

Step function

J@=3x]]

x0(-5,12; 5,12)
|[x]] - mogynb Uinoi YacTnHm
MiHimym piBHumi 0 y Touui, ae x=0.0.

Gaussian quartic

j =3 G + gauss(01)

i=]

(- |

x0O(-1.28; 1.28)

gauss(0,1) - doyHKLUis, WO NoBEpPTaE BMNAOKOBY BEMMYNHY 3
HOpMarnbHUM PO3MOAifioM 3 MaTeMaTUYHUM OYiKyBaHHAM Y O i
avcnepcieto pisHotol 1.

MiHimym piBHun O y Touui, ae x;=0.0.

Rastrigin's function

dyHKuis 31 cknagHuM  penbedom. BBaxaeTbca cknagHow Ans
onTumisadii.
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Jx)= 10n+2(x —-10cos(2mc »

i=1

x0(-5,12; 5,12)

MiHimym pisHuMi 0 y Touui, ae x;=0.0.

JlokanbHWMn MiHIMYM y TOuUi, e ogHa KoopauHaTta gopisHioe 1.0, a
iHwWi piBHi 0.0

Pe3ynbtat QGA:

n=20, KiNbKiCTb HaxoxaeHb rnobansHoro MiHimymy 16%, yucno
obuncneHsb UinboBoi dyHKLUii He Binbw 5000, makcumansHe
3HayeHHs dyHkuii 19,8992,

n=20, KiNbKiCTb HaxXoXaeHb rnobanbHOro MiHiMymy 26%, 4yncno
obuuncneHb LinboBoi yHKLUii He 6inbw 10000, MakcuManbHe
3Ha4YeHHsA dyHKUiT 17,997.

n=50, KiNbKiCTb HaxoXxaeHb rnobansHoro MiHimymy 38%, uncno
obuuncneHsb LinboBoi yHKLii He Ginbw 10000, MakcMMarnbsHe
3HavYeHHs yHKUiT 49,869.

Moxnu1Bo, Taki AnBHI pe3ynbTaTtv 06yMoBneHi penbedom yHKUIT
Pactpurina Big 20 i 50 3miHHKX, a moxe 6yTu, i poboToto TA.
Hanpwvknag, 3 BUKOPUCTaHHAM reHeTuyHoro anroputmy QGA Hisik He
BAAETbCHA TOYHO anpOKCUMYBaTU KBagpaTUYHO (OYHKLIE (BCbOro
Tpu napameTpu) Habip 3 N'ATN TOYOK, LLO CTPOro HanexaTb rpadikosi
napabonu.

Schwefel's (Sine Root) Function

P(x) 418,9829 n+ Z(—x sin(,f| x, [)) W

i=l

xO(-500; 500)

MiHimym piBHUi O y TouLui, Ae x;=420.9687.

JlokanbHWin MiHIMYM Y TouYUi, e oAHa KoopauHaTa AOPIBHIOE -
302.5232, a iHwi piBHi 420.9687. Tak 9K nokanbHUA MiHIMyM
3HaxoaAMTbCs ganeko Big rmobanbHoro, TO6To € Hebeaneka, Lo
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anroputm "3i6’eTbes 3i WwWnaxy”. KyT nig 3HakKOM CMHyca BUXOAUTL Y
pagiaHax.

Grlewangk S Functlon

=1 — cos—
/&) +. 4000 H

xO(-600; 600)

MiHimym piBHU O y Touui, ae x;=0.0.

Mpu n=10 € we 4 nokanbHUX MiHiMymn piBHUX 0,0074 npubnun3HoO B
Touui (+-P;, +-Pi*sart(2), 0, ..., 0).

Ackley S Functlon

T

-0,2 g;Zx, —Z cos(2mx;) | 1
f(x) 20+e 20e o gt l

x0O(-30; 30)
Minimym piBHuin O y Touui, ae x;=0.0.

3.16. Mpuknagu ontumisadii ¢pyHKUil 3a

aonomoroto nporpamm FlexTool

3acTocyBaHHSA FEeHETUYHOro anropuTMy Ans onTuMmisauii pisHUX
dyHKUi ByaemMo incTpyBaTy npuknagamu, peanisoBaHumu Ha |IBM
PC cymicHomy koMn'toTepi 3 BUkopucTaHHsim nporpamu FlexTool.
Mporpama FlexTool no3sonsie BUGUpaTu pisHi BapiaHTU reHETUYHOTO
anropuTMy - Taki, SIK KnacuyHun (regular), 3 4aCTKOBOK 3aMiHOO
nonynsuii (steady-state) abo wmikpoanroputm (micro). Kpim TOro,
HagaeTbCAd MOXMMBICTb BubBpaTm MeTod cenekuii  (pynetka,
TYPHipHUIA abo paHroBuUi), a TAKOX KiNbKICTb TOYOK CXPELLyBaHHS i
cnoci® KoayBaHHA (ABOIYHe abo norapudmivHe). Y gaHomy Bunagky
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nig ABOIYHMM KOAYyBaHHSAM PO3YMIETbLCS CMOCIO, WO 3acTOCOBYBaBCS
B npuknagax 3.1, 3.5 i 3.6, a norapudmiyHe KoayBaHHs Oyno
npeactasneHo B n. 3.13.4. lporpama FlexTool Takox nossonsie
OfHOYaCHO ONTMMI3yBaTW KinNbka YHKUIN | MICTUTE anroputm
CTBOPEHHS Hill ANS 3HAXO4KEHHS Binblu HiXX O4HOro oNTUMyMY (Kpim
eavHoro rnobaneHoro piweHHs). FlexTool B3aemogie 3 nporpamoto
MATLAB i 3anyckaembcsi e ii @ikHi. [Nsi BW3HAYEHHS
ONTUMI3yEMUX (PYHKLIN BUKOPUCTOBYIOTLCHA (paninm 3 pacLlUMpeHHSIM
.m (TaKk Ha3uBaHi m-ghalinu), AKi cnyxaTb N8 3anucy MateMaTUYHUX
dyHkuin y nporpami MATLAB. Y po6oyomy BikHi MATLAB'a Takox
MOXHa 34MTYBaTWU 3HAYEHHS Pi3HMX 3MIHHUX, SIKi BUKOPUCTOBYHOTBLCS
nporpamoto FlexTool, wo pae, 3okpema, MOXNMBICTb nepernagy
nonynsiuin XpoMocom.

lMpoepama FlexTool eumazae 8i0 Kopucmysaya esecmu
po3MipHicmb  rionynAyid, UMO8IPHOCMI CXpewysaHHs | Mymauir,
iHmepsanu 3miHU napamempig 3adadyi (Mpocmopy NowyKy), a makox
ymMosu ocmaHosa arnzopummy. Hagaetbcsi MOXNMBICTb nepepBaTy
BMKOHAHHS anroputMy B [OOBIMTbHUA MOMEHT 4acy 3 HaCTYMHUM
MOHOBMEHHSIM MOro poboTu 3 TOYKM NepepuBaHHs (Tak Ha3nBaHWM
warm-start) abo 3 noyaTkoBOi TOuKM (cold-start).

PosansiHemo npuknadu onmumisayii ¢pyHkUii oOHiei, dsox i
dekinbKkox 3MiHHuUx. Fk inocTpauii 6epyTbca rpadiku OGinbLOoCTi
onNTUMI3yeMmX OYHKUiA (oTpumaHi 3acobamm nporpamn MATLAB) i
COOpMOBaHi nporpamMoto FlexTool rpadikm dyHKUiN
NPUCTOCOBAHOCTI A1 KOHKPETHMWX ITEpaLin FTeHETUYHOIO anropuTmy.
Mpuknag 3.12 geMoHcTpye cnocib pilleHHa 3adadi, po3rnsiHyToi B
npuknagi 3.5, ane npu BUKOPWUCTAHHI FEHETUYHOro anropuTmy,
peanizoBaHoro B nporpami FlexTool. [Ons Takoi npoctoi 3agadi
Hankpalle nigxoauTb reHeTUYHUIA MIKpOoanropuTM, NnpeacTaBneHnn y
n. 3.13.8. Ha Bigminy Big npuknaga 3.5, y npuknagi 3.12 wykaeTbcs
MiHiMym cbyHKUiT, 3agaHoo popmynoto (3.1).

Mpuknapg 3.12

3a [OMNOMOrold reHeTMYHOro  MIKpoanroputMy  mnporpamu
FlexTool 3HarnTu MiHimym dyHKLUii, 3agaHoto doopmynoto (3.1), TobTo

f(x) = 2x° + 1
Onsa uinux 3HadveHb x B iHTepsani Big 0 go 31.

"eHeTnyHWI Mikpoanroputm nporpamu FlexTool BukoHyeTbCs Ha
nonynauii 3 po3MmipHicTio, piBHOW N'ATU. Cenekuid BUKOHYETLCA
OEeTEePMIHOBaHUM TYPHIPHMM METOAOM i3 3aCTOCYBaHHSAM erliTapHOi
cTparerii, 3aBASKM SKi Kpallia XpOMOCOMa MOTOYHOI nonynauii
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3aBXOM NepexoauTb Yy  HacTynHe MOKOMiHHA.  BukoHyeTbes
OLHOTOYKOBE CXpELLYyBaHHS. MOBIpHICTb CXpeELLyBaHHs
npuiMaeTbCa piBHOKW 1, a MMOBIPHICTL MyTaUii - piBHOtO 0.

[oBXnHa XpoMOCOM AOPIBHIOE N'ATU, WO OYEBMOHO BUMNIMMBAE 3
MOXNMBOCTI kKoAyBaHHA 32 Uinux Yvcen (4nsa 3asHavyeHoro iHTepsany
3MiHW 3MiHHOT X) N'aTbMa GiTaMu ABOIYHOT NOCNIAOBHOCTI. Y nporpami
FlexTool 3actocoByeTbCs  OBOIMHE  KOAYBaHHS,  aHanoriyHe
npeacrtasneHoMmy B npuknagax 3.1 i 3.5, ogHak Ang 3py4qHOCTI
nporpamMHOi peanisadii BUKOPUCTOBYETbLCS 3BOPOTHMI KoA, TOOTO Ha
nepLin nNo3uuii 3HaxoaMTbCA HAaNMEHLL 3Ha4yLWwui BT, @ Ha OCTaHHIN
- HambinblWw 3Hauywun. Takuik cnocié 3anucy NpsiMo NPOTUIEXHUIA
NOBCIOAHO PO3MOBCIOIKEHOT hopMi 3anmcy ABOTHHMX YnCen.

[CTOTHUM €enemMeHTOM BWKOHaHHSI FeHETMYHOro MIKpOanropuTMy
BBaXaeTbCA Mpoueaypa «pecTtapTy», TobTo 3anycky Woro 3
MoYaTKOBOI TOYKW MPW BUSIBNEHHI 30ibxHOCTI (N. 3.13.8). Y nporpami
FlexTool pectapT BWKOHYETbCA NEPIOANYHO MICNA  BMKOHAHHS
BCTAHOBIEHOI KifbKOCTI iTepauin. 3a 3aMOBYYBaHHAM BOHO JOPIBHIOE
7, NpYKNaan BUKOHYBaNMCA came Npuv LibOMY 3HAYEHHI.

BuxigHa nonyndAuis -  Ha nepwin iTepauii  reHeTU4HOoro
MIKPOaNropuTMy - CKNagaeTbCs 3 HACTYMHUX XPOMOCOM:

[01100][11000][01111][10101] [11001]
3i 3Ha4YEeHHSAMU heHoTUNIB
63302119,
AKi € AiINCHUMK LinuMu Yncnamu 3 iHTepeany Big 0 go 31.

HalimeHwe 3HayeHHA yHKLUIT npucTocoBaHOCTI B Ui nonynauii
Ma€e XpoMOCOMa, Lo CTITb Ha ApYroMy MicLi, 3 peHOTUNOM, PiBHUM
TpbOM. BoHo popiBHioe 19. Hambinbwe 3Ha4YeHHs  yHKUil
NMPUCTOCOBAHOCTI B XPOMOCOMMW, L0 CTiTb Ha TpeTiMm Micui, 3
deHoTunom, piBHum 30, cknagae 1801. Jlerko nigpaxyBaTu, LWO
cepefHe 3HaveHHs yHKUiT npucTtocoBaHocTi Gyne [OopiBHIOBATM
699,8.

Monynsuisa, Ska oTpyMaHa B pe3ynbTaTi cenekuii i cxpeLuyBaHHs,
CTae MNOTOYHOKW  AnA  HacTynHoi  (gpyroi) iTepauil. BowHa
XapakTepusyeTbCcs cepefHiM 3HayeHHs M (YHKLIT NpUCTOCOBaHOCTI,
piBHMM 173,8. MNMOMITHO, WO Le 3HAYEHHA MEHLUE, HiXX po3paxoBaHe
ONns nepworo  NokomniHHaA.  Hanbinbwe  3HaveHHs  dpyHKuii
NPUCTOCOBAHOCTI, piBHe 723, Mae xpomocoma 3 ceHoTunom 19. Lle
Hauripwa ocoba gaHoi nonynsauii. «Harnkpalla Ha cy4acHUiA MOMEHT»
XpomMocoma 3 (peHOTUMNOM, PiBHUM OBOM, Ma€ MiHiMarnbHe 3Ha4YeHHSA
byHKLii NPNCTOCOBAHOCTI, LLO AOPIBHIOE AEB'ATH.

296



Y TpeTiM MOKOMiHHI cepeaHe 3Ha4YeHHs PYHKLiT NPUCTOCOBAHOCTI
3ameHwyeTbcss Ao 13. Hawnbinblwe 3HadeHHs Anst XpomMocoMu 3
deHOTMNOM, piBHMM TpbOM, cknagae 19, a HanMeHLe 3HaYeHHs
YHKLUIT NPUCTOCOBAHOCTI AnA uiei nonyndauii, Takox, £K i Ans
nonepenHbLOi, [OOpiBHIOE AeB'aTW. «Halkpawow Ha cyyYacHun
MOMEHT» NPOJOBXKYE 3anuLLIaTUCA XpOMOCOoMa 3 (PEeHOTUMOM, PiBHUM
OBOM.

Y HacTyNHUX YOTUPLOX MOKONIHHAX (Bid4 YeTBEpPTOro 4O CbOMOrO)
cepefHE 3HaA4YeHHa  PYHKUil NpMCTOCOBAHOCTI NO  nonynsuii
30iraetbCsl 3 HaMbINbWMM | HANMEHLUMM 3HAYEeHHSMW, PiBHUMU
aes'aTn. Lle o3Havae, Wo nonyndauia cknagaetbcs 3 OAHaKOBUX
XpoMocoM 3 dheHoTunamm, piBHUMKM oM. OTxe, cnocTepiraeTbes
30KHICTb A0 PILLEHHS, WO HE € ONTUMarbHUM.

o uboro MOMEHTYy anroput™M BUKOHYBABCHA aHanoriyHo
KNacu4HOMy TreHEeTUYHOMY  anropuTMoBi, NPUYOMY  Cernekuis
npoBoaunacs geTepMiHOBaHUM TYPHIPHUM METOAOM 3i 36epexeHHsIM
HarKpaLol XpoOMOCOMM 3 MoNynsuii (enitapHa cTpareris).

Micns cemn iTepauin NOYMHAETBCS HOBWUWA LMK BUKOHAHHS
reHeTUYHOro Mikpoanroputmy. BukoHyeTbcs noro «pectapt», To6TO
MOBTOPHWUI 3anyCcK anropuMtMy 3 MOYaTKOBOI TOYKM - BMMALKOBOro
BNOOPY YOTUPBLOX HOBUX XPOMOCOM AMsi BKIHOYEHHS B nonynsdito. 3
ocobel nonepegHbOro MOKOSiHHA 30epiraeTbcsl TiNbkM ogHa -
«HavKpalla Ha Cy4aCHUA MOMEHT» XpoMocoMa 3 EHOTUMNOM,
PiBHUM OBOM.

Micna cenekuii i cxpelwyBaHHS B 4YeproBoMy (OeB'ATOMY)
MOKOMiIHHI oAepXyeMO Monynsuio i3 cepedHiM 3HaAYEHHAM YHKLUIT
npuctocoBaHocTi, piBHUM 481,4. Hanbinbwe 3HaJYeHHs QyHKLii
npucTocoBaHoCTi, piBHe 1579, Mae xpomocoma 3 ceHoTunom 28, a
HaMeHLLe 3Ha4YeHHs, piBHe AeB'ATH, - 3 PEHOTUNOM, PIBHUM [BOM.

Ha HacTynHux n'aTbox iTepauisx ApYyroro UKy reHeTUYHOro
MIiKpOanropuTMy My 3HOBY OAEPXYEMO NOMYNALU, WO CKNafaeTbes
3 O[HAaKoBMX XPOMOCOM 3 (EHOTMNOM, PIBHUM [BOM, A51A SKUX
cepegHe, HanbinbLLe i HanMeHLle 3Ha4Y€eHHS dyHKUjiT
npucTocoBaHOCTi piBHI AeB'aTu. OTXe, 3HOBY CMoCTepiraeTbcs
30KHICTb A0 PILLEHHS, WO He € ONTUMAarbHUM.

3 nN'aTHagUATOro MOKOMIHHSA MOYMHAETLCA 4YeproBuin (TpeTii)
UWKN  BMKOHAHHA FEHETMYHOro Mikpoanroputmy. BiH  Takox
BiAKPMBAETLCA BMMNAAKOBMM BUOOPOM YOTMPBOX HOBUX XPOMOCOM i
hbopmMyBaHHSIM Monynauii 3i 30epexxeHHAM «HaMKpaLLoi Ha cyvacHuin
MOMEHT» 0cobu 3 HeHOTUMOM, PIBHUM ABOM.
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Ha geB'aTHaguaTin iTepadii reHeTUYHOro Mikpoanropmutmy, To6To
B M'ATOMY MOKOMiHHI TpeTboro umkny ( WO CKnagaeTbcsa i3 cemu
iTepauin) BMHMKAE 30DKHICTb OO0 ONMTUMANbHOIO pIlLEHHS, SIKUM
BUSIBNSIETLCA XpomMocoMa 3 dpeHoTunom, pisHum 0. CepefHe,
HanbinbLue i HaMeHLWwe 3Ha4YeHHs1 PYHKLUiT NPUCTOCOBAHOCTI NO BCIN
nonynauii 3 19 no 21 NOKONIHHSA 3anMLwaeTbCa piBHUM 1.

[ani BUKOHYIOTbCA 4eproBi LMKNM NO CiMOX iTepauisx, LWo
MOYMHAIOTBCS  «PECTaApPTOM»  anropuTMy, | B KOXHIM 3  HUX
cnocTepiraeTbca 36DKHICTL OO0 ONTMMAarbHOrO pilleHHs, To6To Ao
XpOMOCOMU 3 HEHOTUNOM, pPiBHUM O.

3BuMyanHo, 3agadyy 3 npuknaga 3.12 MOxHa BupIWUTM 3
3aCTOCYBAHHSAM FEHETUYHOrO anroputMy 3 AOBINbHOK PO3MIPHICTIO
nonynsuin, Npu 3aBOaHHi KOPWUCTyBayeM 3Ha4yeHb WMOBIpHOCTEN
CXpeLLyBaHHS i MyTauii, a TakoX npu BUOOpi iIM OOHOro 3 MeToAiB
cenekuii (pynetku, TypHipHOro abo paHroBoro). Takum YMHOM,
3aMiCTb MIKpOoanroputMy MOXHa 3acTocyBaTu peanisoBaHun Yy
nporpami FlexTool 3Bu4aliHWin reHeTu4HUMI anroput™m (regular).
OpHak HeoOXxigHO Big3HAYMTK, WO MNPU MO0 BUKOPUCTaHHI Ha
nonynsuigx masnoi po3MipHOCTi 3 KMMOBIPHOCTSIMW CXpeLLyBaHHS i
MyTaLii, BignosigHo piBHMMK 1 i 0, a TaKOX MPU BUKOHAHHI cenekuii
mMeTogoM pyneTtku (Tak, 9K y npuknagi 3.5) goBoni 4yacto BCTae
npobnema nepegyacHoi 36DKHOCTI uboro anroputmy. PesynbTat
3HAYHO MOMIMWYETHLCS, AKWO MMOBIPHICTE MyTauil BigPI3HAETLCS Big
Hyns (Hanpvknag, SKWO BOHa npuimaeTbcs  piBHow  0,1).
HesBaxaloum Ha Te, WO MyTauis rpae BUMpasHO ApPYropsiaHy porb
CTOCOBHO CXpELLYyBaHHA, BOHA BUSBMNSAETbLCA HEOOXiQHOW, OCKINbKM
3abe3neyvye po3mMaiTiCTb XPOMOCOM Y NMOMynsiLii.

HeobxigHo wWe pa3s nigkpecnuTtu, Wo npu BUKOHAHHI rEHETUYHOIO
MiKpoOanroputMy posmaiTicTb Yy nonynsauil JocAraeTbCs  3aBAsiku
npoueaypi pecrtapty anroput™My Yy BUNagKy BUSABMEHHS WOro
36iKHOCTI. Y LbOMY BUNAAKy MyTaLis BUSBNSETLCA 3aMBOIO.

HactynHuii npuknag BigHOCUTBCS OO0 3afadi, CXOXOi Ha 3agady
npuknaga 3.12. MiHimisyeTbca Ta X QYHKUiA, OfHAK 3MiHHa X
npuMmMmae AincHi 3HadeHHs 3 iHTepsany [-5, 5]. 3 uiei npnymMHU NpocTip
MOLyKy BUSIBNSAETbCA Binbwnm, HiX y npuknagi 3.12. Ons pileHHs
JaHOi  3afadi  3acTOCyeEMO 3BMYAMHWUIA  TEHETUYHMI  anropuUTMm
nporpamu FlexTool i cenekuito metogom pynetku. NMomitumo, Lo
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Len meton, Wo npuaatHuK i Ana cenekuii y BMNnagky Makcumisauil
dyHKUil, y nporpami FlexTool moxe BUKOPUCTOBYBATUCA TiNbKK AN
3apad MiHimisauii. Lle obymoBneHo aganTauieto nporpamu 4o BUMOT
KOpMCTyBauiB, WO 4acTilwe BuUPiWYTb 3adadi  MiHimisauii
(Hanpuknag, noxmbok, BUTpaT i T.1.), Y4AM 3agadi Makcumisadii.

Mpuknap 3.13

3a ponomorot reHeTuyHoro anroputmy nporpamu FlexTool
3HaWTK MiHIMYM dOYHKLIi, 3agaHoto copmynoto (3.1) anda xe [-5, 5] 3
TouHicTio go 0,1.

lMocTaBneHa 3agaya BUPIWYETbCA LUMSXOM  BMKOPWCTAHHS
3BMYAMHOrO reHeTUYHOro anropuTMy (regular) i3 cenekuieto MeToaom
pynetku. [omiTUMO, WO MOWYK MPOBOAUTLCS B MNPOCTOPi, LWO
cknagaetbca 3 100 mMoxnuBmx piweHb. [JOBXWHA XPOMOCOM
(BignoBigHo o dopmynu 3.4)) noBuHHa GyTW piBHOK cemu. Hexan
po3MmipHicTb nonynsauii cknagae 11 ocobeir. byoemo 3actocoByBaTu
O[HOTOYKOBE CXpellyBaHHA 3 nmoBipHicTio 0,9, a WNMOBIpHICTb
MyTauii yctaHoBumo piBHoi 0,1.

BuxigHa nonynsuia cknagaetbca 3 11 XpOMOCOM AOBXUHOK CiM
OiTiB, WO BigNOBIgAOTL HACTYNHUM heHoTUNam:

3,424205,01,40,13,0-2,32,35,0-4,8
Hankpale piweHHs, To6To xpomocoma 3 dheHoTunom, pisHum 0,

Ons AKol 3HaYeHHA YHKLUIT NpUCTOCOBaHOCTI cknagae 1, oTpumMaHo
Ha CbOMiIlM iTepauii anropuTmy. Ha nepwin iTepauii Hanbinble
3HavYeHHS YHKLUIT MpUCTOCOBaAHOCTI MO BCiM nonynsuii gopisHioe 51,
cepefnHe - 22,0745, a HanmeHwWwe - 1,02. OgHaK y CbOMOMY MOKOMiHHI
Hanbinble 3HavyeHHs (YHKUii NPMCTOCOBaHOCTI AOpiBHIOE 45,18,
cepegHe no nonynaudii cknagae 5,9909, a HanMeHLle 3Ha4YeHHs!
Bignosigae kpauin xpomocomi i gopisHioe 1. padik Ha puc. 3.34
nokasye HariMeHLle 3HayeHHs OyHKUiT MPUCTOCOBaHOCTI B nonynsuii
Ha MOCNIAOBHUX iTepauisix FreHeTUYHOro anropuTmy.
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Puc. 3.34. HanmeHwe 3HaveHHS YHKUii NpPUCTOCOBaHOCTI B
nonynsuii Ha NOCNIAOBHMX iTepauisaX reHeTUYHOro anropuTmy Ansi
npuknaga 3.13.

AHanoriyHo MoXHa 3acTOCOBYBaTU FEHETUYHWA anroputMm Ans
3HAXOMXKEHHSA pilleHHs 3 LWe BiNblIo TOYHICTI, Hanpuknag, Ans
OBOX abo Tpbox 3HakiB micns komu. pu uybomy Gyae BianoBigHO
pO3LLMPIOBATMUCA MPOCTIp MOWYyKy i 36inbllyBaTUCSA [OOBXMHA
XPOMOCOM.

HacTynHui npuknag BigHOCUTLCA [0 3adadi  3HaXOOKEeHHS
MakcuMyMmy pyHKUIT, WO Mae nokanbHi Makcumymu. NMokaxemo, Lo
reHeTUYHUA  anropuTMm 3HaxoguTb rnobanbHuii  onTumym. [ns
MowyKy Makcumymy Oydemo 3acToCOBYBaTW — peartisoBaHum vy
nporpami FlexTool TypHipHuin mMeToad, OCKinbku MeTod Korneca
PYNETKN B Hili Npautoe TiNbkW ANs 3agad MiHimisauii.

Y nporpami FlexTool 3a 3amoBYyBaHHSIM MPUUAHATI HACTYMHI
(Hamkpawi gna  OiNbWOCTi  pO3B'A3yBaHMX 3agay) 3HAYEHHS
napameTpiB reHeTUYHOIO anropuTMy:

- PO3MipHicTb nonynsuii = 77,
- MMOBIpHICTb cxpellyBaHHs = 0,77,
- MMOBIpHicTb MyTauii = 0,0077.
Y npuknagax, wWo Adani nNpuBOASATLCH, BUKOPUCTOBYIOTLCS
3a3Ha4eHi MMOBIPHOCTI CXpellyBaHHs i MyTauii, 0AHaK PO3MipHICTb
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nonynauin 06yae BuMOMpaTUCA B 3aneXHOCTi Big PO3MIPHOCTI
pO3B'A3yBaHMX 3a4au.

Mpwuknapg 3.14

3a ponomorolo reHetuyHoro anroputMmy nporpamu  FlexTool
3HaNTKU MiHIMYM (PYHKLIT, 3aaaHo0 HopMyoto

1
x)= + -6
F(x) (x—03)+001 (x—09)"+0,04

ansa xe [-1, 2] 3 ToynicTio go 0,01.
"padhik onTnmisyemoi dyHKUii npeactasneHo Ha puc. 3.35.

100
80
60

_20 A L - 1 &
-1 -0,5 0 0,5 1 15 2

Puc. 3.35. 'padpik dyHkuii f(x) i3 npuknaga 3.14.

3BepTBEMO yBary Ha Te, WO (OYHKLiS Ma€E He TinbKy rnobanbHuin
MakcumyM™m, ane i nokanbHi ontumymun. [Ong 3HaxXOOKEeHHS
rnobanbHOro MakCMMyMmy 3aCTOCOBYETbCS FEHETUYHUA anroputMm i3
TYPHIpHOIO cenekuielo B nigrpynax no Asi ocobu. Po3mipHicTb
nonynsAuii  JOpiBHIOE 21; WMOBIPHOCTI CXpellyBaHHs | MyTauii
cknagarTb, BignosigHo 0,77 i 0,0077; BUKOPUCTOBYETLCSA OAHa TOYKa
CXpeLLyBaHHS. XpoMOCoOMM CKMagarTbCa 3 AEB'ATU reHiB 3i
3HayeHHaMM 0 abo 1. Ha pucyHky 3.36 6inbw cBiTNOW niHie
nokasaHa guHaMmika 3MiHW «HaWKpaLloro», y po3rnsaHyToMy BUNaaky -
MaKCUMarnbHOro 3Ha4YeHHs1 PyHKLIT NpucTocoBaHOCTI B Nonynsawii npu
36inbLUEHHi KiNbKOCTi MOKOMiHb.

301



80 T T T T T
3
g 60} ]
8 wl ]
s
o 20 L L 2
20 30 40 50 60 70 80
Number of Function Evaluations
g 100 T T 2 T T
= +
g 0 _/ o
a &
@ (o] 0} *
£ +
L 5 1 I 1 : 2
1 2 3 4 -1 0 1 %

Puc. 3.36. [padikM, WO NOKa3ylTb 3HAYEHHA  OYHKUiT
MPUCTOCOBAHOCTI AN MEpPLUMX YOTUPbOX MOKOSMiHb Y FeHETUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.14.

Binblwl TemMHa niHiA Ha pgpyromy rpadiky intocTpye  3miHy
KHaNripLworo» 3HayeHHs (PyHKLUii NpMCTOCOBaHOCTI B Nonynsuii npu
nocnigoBHiM 3MiHi nokoniHb. Ha oci opanHaT 060ox rpadikis 3a3HaveHi
3HayeHHs dYHKLii npucTocoBaHocTi (fitness value). Ha oci abcunc
Apyroro rpacdpika 3asHayeHi HOMepu MOKOSiHb, WO BiAMNOBIAATb
yncnam Ha oci abcumc nepworo rpadika, NOMHOXEHUM Ha
pO3MipHiCTb nonynsuii, TO6To Ha 21.

3 rpadikis BUOHO, LLO «HaWKpawa» XpoMocomMa B MepLlomy i
OPYromMy  MOKOMIHHAX  XapaKTepu3yeTbCs  3HaYeHHAM  (PyHKLUIT
npucTocoBaHoCTi, 6nmM3bkuM o 20. Y TON Xe Yac 3HavYeHHs pyHKLii
NMPUCTOCOBAHOCTI «HaWripLwoi» XpOMOCOMU NPUBNN3HO JOpPiBHIOE -5.
Y 4eTBepTOMY MOKOMiHHI L& 3HadeHHa Habnuaunoca fo -4, a
3HayeHHs YHKUIl MNPUCTOCOBAHOCTI  «HaMKpaLLOi» XPOMOCOMM
3pocrno Ao 70. Y HWXHIM npasin YacTuHi puc. 3.36 nokasaHi 3Ha4YeHHd
napameTpa 3agadi, To6To 3MiHHOI X 3i 3Ha4YeHHsAMM B iHTepBani Big -1
00 2; iHWMMK crnoBamu, ue eHoTunu, WO BianoBigalTb OKpeMuMm
XpoMocoMaM po3rngHyToi nonynduii. [omiTHO, wWo nonynsuida
XapakTepusyeTbCcs 3Ha4HOK po3maiTticTio. Ha puc. 3.37 nonynsuis
Oinbw opgHopigHa, a Ha puc. 3.38 3adikcoBaHO TiNbKM OaHEe
3Ha4YeHHs napameTpa, piBHe 0,3; LUe 03Havae, Wo BCi XpOMOCOMU B
nonynsauii pieHi Mi>x coboto.

302



8

3
5 80 1
wn
£ o ‘
(e
2 80 100 120 140 160
66 Number omeorzlEvahdms

50 / 1

0} = oo 4 Q& 0 #
K -1
502 4 6 8 A 0 1 2
# of Gens P1

Puc. 3.37. [padiku, WO nNOKasylTb 3HAYEHHA  PYHKLUIi
MPUCTOCOBAHOCTI 3 TPETbLOro MO BOCbME MOKOSIHHS B FEHEeTUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.14.
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Puc. 3.38. [padiku, WO nNOKasylTb 3HAYEHHA  OYHKLUIi
MPUCTOCOBAHOCTI ANSl OCTaHHIX YOTUPbOX MOKOMiHb Y FEHETUYHOMY
anroputmi nporpamu FlexTool y npuknagi 3.14.

Y po3rnsgHyToMy npuknagi MM Maemo cnpasy TiflbkKM 3 OOHUM
napameTpoMm 3agaudi P1, wo 36iraetbcs 3 P2, TomMy BCi TO4KkM
pPO3TaLLOBYIOTBLCS Y3O0BX NMPSAMOI Tak, siK Lie nokasaHo Ha puc. 3.36 i
3.37.

Mpadikm Ha puc. 3.37 4eMOHCTPYOTb 30iMbLUIEHHS «HaNKPaLLLOroy»
3HayeHHs pyHKUii npucTocoBaHOCTI Big 6nu3bko 47 y TpeTim
NOKOMiHHI A0 npubnuaHo 70 y 4eTBepTOoMy i MpubnusHo 93 - vy
N'ATOMY MOKOSiHHI, @ B CbOMOMY MOKOSMiHHI JOCAraeTbCA 3HaYeHHS,
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piBHe 96,5. Lle wmakcMmanbHa BenWYMHA, WO 3anNULWAaeTbCs
HE3MIHHOIO B HACTYMHWUX MOKOMIHHAX, 9K BUAHO Ha puc. 3.38. Takum
YMHOM, Ha CbOMiIM iTepauii anropuTMy 3HaNOEHO «HanKpalle»
pilleHHA - XpOMOCOMa 3i 3HayeHHAM deHoTuny, pisHum 0,3, aons
SIKOr0 3Ha4eHHs yHKUii npucTocoBaHOCTi cknagae 96,5. HwxHi
rpacpikn Ha pwuc. 3.37 i 3.38 TakoXkK NOKa3ylTb, SK 3MIHIETbCS
«Havripwe» 3HaveHHs1 yHKUil npuctocoBaHocTi Big 3 go 16
MOKOMIHHA. Y LWICTHaAUATOMY MOKOMiHHI Le 3Ha4YeHHs OOpPiBHIOE
92,81. CepedHe 3Ha4eHHs1 (DYHKUiT NPUCTOCOBAHOCTI B NOMynsauisix
YeproBux MOKOMiHb 3MIHIOETLCA B4 2,24 Ha nepwin iTepauii
anroputmy o 96,32 Ha WicTHagusTin iTepauii, Wo nokasye Tabnuus
3.4.

Tabnuusa 3.4. CepegHe 3HayeHHA YHKUIT NPUCTOCOBAHOCTI B
nonynsilisix 4YeproBux MOKOMiHb FEHETUYHOrO anroputTMy nporpamu
FlexTool ansa npuknaga 3.14

HOMEP NOKOMIHHA 1 2 3 4 5 6 7 8
e 2,24 7,76 |14,15|20,08{32,49|50,59 | 65,47|75,89
NPACTOCOBAHOCTI

HOMEP NOKOMIHHA 9 10 11 12 13 14 15 186

CEPEJJ,I:!EEHAHEHHH
i — 85,66| 89,61 {93,39|96,15|86,08|91,66 | 95,86/96,32

Mpuknap 3.15
3a ponomorolo reHetuyHoro anroputmy nporpamu  FlexTool
3HaWTK MiHIMyM PyHKLii, 3agaHol hopmynoto
f(x)=-x- sin(10zx)+ 1
ans x€ [-1, 2] 3 TounicTio go 0,0001.
padhik onTumizyemoi yHKuUii npeactaBneHo Ha puc. 3.39. Us
yHKLis Mae BaraTo foKanbHUX ONTUMYMIB.
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Puc. 3.39. Npadpik doyHkuii f(x) i3 npuknaga 3.15.

[nsa 3HaxomkeHHs rnobanbHOro MiHiMyMy Ha iHTepBani Big -1 Ao
2 3acTtocoByeTbCs (Tak camo, Ak i B npuknagi 3.14) reHeTudHun
anropuTm i3 TYPHIPHOK cenekuielo B nigrpynax no Agi ocobw.
BUKOHYETBLCA OAHOTOYKOBE CXpeLlyBaHHSA 3 MMOBIipHicTio 0,77;
MMOBIpHICTL  MyTauii gopisHioe 0,0077. PosmipHicTe nonynsauii
3binbLweHa 0o 55. [loBxnHa XpoOMOCOM Y LIbOMY BUMaAKy ckrnagae 15
6iTiB. [padikv, WO AEMOHCTPYIOTb 3MiHW 3Ha4YeHb  YHKLi
NPUCTOCOBAHOCTI NPW  3MiHI Mepwux YOTUPbOX MOKOMiHb, 3a
aHanorieto 3 npuknagom 3.14 300paxeHi Ha puc. 3.40, a rpadiku

HacCTYMHUX 3MiH - Ha puc. 3.41.

-04
3
3 -06
’ém -
w
% 100 150 200 250
3 Number of Funcﬂorza Evaluations
% 2 \\/ o+
> 1 o
v 1 o
&
é 0 ~ 0 +
s '.p
-1 =
1 2 3 4 1-1 0 1 2
#of Gens P1

Puc. 3.40. Tpadiku, WO nNOKa3ylTb 3HAYEHHA  PYHKLUIi
MPUCTOCOBAHOCTI AN MEepPLUMX YOTUPbOX MOKOSMiHb Yy FeHEeTUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.15.
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Puc. 3.41. [padikM, WO NOKa3ylTb 3HAYEHHA  YHKUil
MPUCTOCOBAHOCTI 3 TPETbOro MO BOCbME MOKOMIHHA B F€HETUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.15.

«Hankpawe» piwleHHa gae xpomocoma 3i 3HayYeHHAM deHoTuny
1,85, ona skoi dyHKuia npuctocoBaHocTi AopiBHoe -0,8503. Lle
PilLEHHST OTpPMMaHe B OEeCATOMY MOKOSiHHI. Y Tabnuuto 3.5 3ibpaHi
«HaMKpalli» 3Ha4YeHHs YHKUIT MNPUCTOCOBAHOCTI Ha nNepLmnx
DEecsTbOoX iTepauigax anroputmy.

Tabnuusa 3.5. «Hankpalie» 3HavyeHHs pyHKLiT npucTocoBaHOCTI Ans
nepwmnx [OecaTM MOKOMiHb TEHETUYHOro anropuTMy nporpamu
FlexTool ansa npuknaga 3.15

HOMEP NOKONIHHA 1 2 3 4 5
"HAF‘IKEAIJJ,E" IHAMEHHA
D OEAHOCT -0,4197 | -0,6247 | -0,6256(-0,8498 | —0,8499
HOMEP NOKONIHHA 6 T 8 9 10
"HALT‘II{I?ALLI,E" 3HAYEHHA
AR -0,8499 | -0,8502 | —0,8502|-0,8502 | -0,8503

3HayeHHss EHOTUMY XPOMOCOMU 3 «HaWKpaLUM» 3HAYEHHAM
OYHKLIT NpUCTOCOBaAHOCTI ANA APYroro nokomniHHS gopisHioe 1,645, a
ONs 4eTBEepTOro i HaCTYMHOro NokoniHe - 1,85.
Mpuknap 3.16
3a ponomorow reHetudHoro anroputmy nporpamu FlexTool
3HaWTM MiHIMYM YHKLii ABOX 3MiHHNX
f(X1,X2) = X12+ X22
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ans x; xo € [-10, 10] 3 TouHicTio go 0,0001.
"pacpik onTmmisyemMoi pyHKUIi NnpeacTasneHo Ha puc. 3.42.

<10 .10

Puc. 3.42. 'padpik dyHKLii f(x4, X2) i3 npuknaga 3.16.

Lis doyHkuis mae oguH MiHimym, piBHui 0, y Touui (0, 0).
3acTOCOBYETHCA TEHETUYHWUIA anropuUTM i3 TYPHIPHOKO Cenekuielo B
nigrpynax no pAgi ocobu, 3 OfHOK TOYKOK CXpEeLlyBaHHS i
NPUAHATUMM 3@ 3aMOBYYBaHHSM  3HAYEHHSMW  WMOBIPHOCTEN
cxpewyBaHHa 0,77 i myTtaudii 0,0077, a TakoX 3 pPO3MIPHICTIO
nonynsii, pisHoto 77.

HoBxunHa xpomocom cknagae 36 GiTiB, MpU LbOMY KOXHY 3MiHHY
X1, Xo npeactaensaoTs 18 reHiB. 'padiku, WO AEMOHCTPYIOTb 3MiHU
3HadYeHb YHKUIT NPUCTOCOBAHOCTI MpWU 3MiHI Neplmx YOoTUPbLOX
MOKOSMiHb MPU BMKOHAHHI FTEHETUYHOTO anropuTmy, 300paxeHi Ha puc.
3.43, a rpadikm HacTyrnHUX 3MiH - Ha puc. 3.44 -3.47.

1]
£
w
%0 100 150 200 250 300 350
Number of Function Evalkations
400 10
3300 sle,
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Puc. 3.43. [padikv, WO NOKa3ylTb 3HAYEeHHA  OYHKUiT
MPUCTOCOBAHOCTI AN MEepPLUMX YOTUPbOX MOKOSMiHb Yy FeHEeTUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.16.
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Puc. 3.44. [padiks, WO NOKa3ylTb 3HAYEHHA  OYHKLUiT
NMPUCTOCOBAHOCTI 3 APYroro No BOCbME TMOKOJIHHS B F€HETUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.16.
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Puc. 3.45. [padikv, WO NOKa3ylTb 3HAYEHHA  OYHKUil
MPUCTOCOBAHOCTI 3 [OEecAToro Mo LWiCTHaausaTe TMOKOJMHHA B
reHeTuyHomy anroputmi nporpamu FlexTool i3 npuknaga 3.16.
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Puc. 3.46. [paddiku, WO NOKa3ylTb  3HAYEHHA  OYHKLIi
NMPUCTOCOBAHOCTI 3 [ABadusiTb LIOCTOr0 MO TPUAUSATLOX Apyre
MOKOMIHHSA B reHeTu4yHomy anroputmi nporpamu FlexTool i3
npvknaga 3.16.
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Puc. 3.47. Tpadiku, WO nNOKa3ylTb 3HAYEHHA  OYHKLUIi
MPUCTOCOBAHOCTI 3 M'ATAECATLOX AEB'ATOro No LWIiCTAECATU YeTBepTe
MOKONIHHA B reHeTuyHomy anroputmi nporpamu FlexTool i3

npuknaga 3.16.

3a rpacdikom BMOHO, HAK 3MIHIOETBCS «HaKWKpawe» 3Ha4YeHHs
dyHKLUii npucTocoBaHOCTI - Big 3HayeHHs 4,3543 y nepwomy
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NOKOMiHHI (MO 77 po3paxyHKOBUX TOYKax) A0 HYNbOBOro 3HayeHHs. B
Opyromy i TpeTiM MOKOMIHHAX Us dyHKUia mana 3HadeHHa 0,0608, y
yeTBepToMy i n'atomy - 0,0586, y wocTtomy - 0,0421; y cbomomy -
0,0397, y Bocemomy - 0,0278, y pges'atomy - 0,0192, y gecatomy i
oavHagusitomy - 0,0191, y asaHaguatomy - 0,0119, y TpuHagusTtomy
- 0,0105, 3 yvoTtupHaguaTtoro no wictHaguate - 0,0050, vy
ciMHaguaTomy i BicimHagudatomy - 0,0011, y ges'aTHaguatomy -
0,0001, a B ABaguUATOMY i HACTYMHOMY MOKOMIHHAX - 3HAYEeHHS
0,0000. Becb komnnekc 3miH nokaszaHo Ha puc. 3.49, a nepepaxoBaHi
«HaMnKpalli» 3Ha4YeHHs YHKLiT NPUCTOCOBAHOCTI BUAINEHI Ha pwuc.
3.48. Takum u4umHOM, Yy pesynbTaTi BWKOHAHHS [EHETUYHOro
anroputMy  «Hamkpawie» pilleHHa 3HangeHe B ABaAUATOMY
MOKOSiHHI.
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munt -

Columns | through 7

43543 00608 0.060B 00386 0.0586 0.0421 0.0397
Colurmnns 8 through 14

0.0278 00192 0.0i91 00191 00119 0.0105 00050
Cohurnt 13 through 21

0.0050 00050 0001} 0.0011 ©.0001 0.0000 0.0000
Columns 22 through 28

0.0000 00000 0.0000 0.0000 0.0000 0.0000 0.0000
Columns 29 through 3$

0.0000 0.0000 00000 0.0000 0.0000 0.0000 0.0000
Colurmns 36 through 42

00000 0.0000 00000 0.0000 0.0000 0.0000 0.0000
Colurmns 43 through 49

0.0000 0.0000 0.0000 0.0000 0.0000 0,0000 0.000Q
Columns 30 through 36

0.0000 00000 0.0000 00000 0.0000 0.0000 0.0000
Columns 37 through 63

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 ¥.0000
Colurnn 64

0.0000
Puc. 3.48. MNepenik Hankpalimx 3Ha4YeHb (PyHKLii NPUCTOCOBAHOCTI B
nonynauigx 3 nepworo no LWiCTAeCATU YeTBepTe [MOKOMiHHA B
reHeTnyHomy anroputmi nporpamu FlexTool i3 npuknaga 3.16.
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Puc. 3.49. [uHamika 3MiHW «HalKpaliMx» 3Ha4YeHb QYHKLi
NPUCTOCOBAHOCTI NPW MNOCMIQOBHIM 3MiHI MOKOMiHb Yy FEHETUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.16.

HwxHi  nisi  rpadikm Ha puc. 3.43 - 3.47 nNoOKasylTb 3MiHK
HaNWripworo» (BepxHa KpuBa) i CepeaHbOro 3HayYeHHsA YHKLi
NnpuUcTocoBaHOCTI ocober nonynsauii nNpyu 3MiHI  NOKONiHb. 3MiHa
«HaMKpaLLoro» 3Ha4YeHHs OYHKLii NPUCTOCOBAHOCTI Ha UMX rpadikax
Malxe HEMOMITHA, OCKINbKM BiANOBiAHA KpUBa NPaKTUYHO 36iraeTbcs
3 TOPM3OHTANbHOK BiCCIO, TOMY WO 3HayeHHsa Onusbki go O.
KomnnekcHa gvHamika cepefHix 3HavyeHb OyHKLii NpUCTOCOBAHOCTI
NPOTAroM YCiX NOKONiHb AEMOHCTPYETLCA Ha puc. 3.50.
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Puc. 3.50. [OuHamika 3MiHM cepefHiX 3HavyeHb  OYHKUil
NPUCTOCOBAHOCTI NPW MOCMIQOBHIM 3MiHI MOKOMiHb Yy FEHETUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.16.

3BepTaemo yBary Ha Te, WO 3Ha4YeHHS YHKLIT NPUCTOCOBAHOCTI
KHaWripLwmMx» XpOMOCOM B OKpeMMX MONynsauiax AOCUTb BEMUKi i,
MabyTb, 3HA4YHO BIOPI3HATECSA B4 ONTUMANbHOIO 3HAYEHHS.
[OunHamika 3MiHN «HaWripLwmMx» 3Ha4YeHb PyHKLUIT NPUCTOCOBAHOCTI Npu
3MiHi MOKONiHb Noka3aHa Ha puc. 3.51.

1 2 0 0 % e 70

[Hoxonenun
Puc. 3.51. [OunHamika 3MiHM «HaWripwux» 3Ha4YeHb  OYHKLiT
NPUCTOCOBAHOCTI NPW MNOCMIQOBHIMA 3MiHI MOKOAMiHb Yy FEHETUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.16.

Ha npaBux HWxHiX rpadikax pucyHkiB 3.43 - 3.47 nokasaHi
3Ha4YeHHs napameTpiB 3agadi P1 i P2, wo BignosigaoTb 3MiHHUM Xi,
Xo, TOOTO cbeHoTMnn (B iHTepBani Big -10 go 10). HambGinbwa
po3MaiTiCTb 0cober CrnocTepiracTbCst B MOYATKOBMX MOKOMIHHAX. Y
HacTynHOMY B CKnafi nonynsauin 3'aBnsetbca yce binblie ogHakoBmx
XPOMOCOM.

Haragaemo, o «Hankpalue» piweHHs, pisHe 0,0000, oTprmaHo B
ABaguaToMy nokoniHHi (puc. 3.48). OgHak BapTo 3BEPHYTU yBary Ha
ONHaMIKY 3MiHW «HaWKpaLoro» 3HayeHHa (yHKUIT NPUCTOCOBAHOCTI,
nokasaHy Ha puc. 3.46. Lle 3Ha4yeHHs 3Haxoawmnocs B iHTepsani Big 0
no 0,0002, nounHatoum 3 27 i no 32 nokoniHHA (Tob6To 3 27*77 fo
32*77 po3paxyHKOBOI TOYKM PyHKUii npucTocoBaHocTi). [Ons
«HanKpaLloi» XpOMOCOMM 3i 3HayeHHAMWU eHoTuniB (micna 64
nokoriHb), piBHuMu 0,0000 i 0,0001, 3HauveHHA dYHKUIT f(X; Xo)
cknagae 0,00000001.

Mpuknag 3.17
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3a ponomoroto reHeTudHoro anroputmy nporpamu FlexTool 3Hantun
MiHIMyM (PyHKLiT ABOX 3MiHHUX
f(X1,X2) = X1 °+(1/2)%,°+3
ansa x4, xo€ [-10, 10] 3 TouHicTio go 0,001.
[aHa 3apava aHanoriyHa nonepefHin (npuknag 3.16). Mpadik
onTumisyemoi pyHKLUiT npeacTaBneHmi Ha puc. 3.52. Ls dyHkuia mae
OAVH MiHiMyM, piBHUIA 3, y Touui (0, 0).

<10 .10

Puc. 3.52. padpik dyHKLii f(x;, X2) i3 npuknaga 3.17.

3acTOCOBYETHCA FEHETUYHUI anroOpuTM i3 TYPHIPHOIO Cemnekuieto
B nigrpynax no pAsi ocobu 3 opgHiei abo pgBoma Touykamu
CXpeLLyBaHHs, a TakoxX i3 cenekuielo no mMetogy pyneTkM 3 OAHOH
TOYKOK CXpellyBaHHA. TakoX €K i B nornepegHbLOMYy npuknagi,
BMKOPUCTOBYIOTbCA  MPUAHATI 3@ 3aMOBYYBaHHSAM  3HAY€HHS
NMoBipHOCTen cxpewlyBaHHa 0,77 i myTtauii 0,0077, a Takox
PO3MipHIiCTb nonynsuil, piBHa 77. Y ubOMy BUNagKy 3 ypaxyBaHHAM
MEHLLIOI HeobXigHOT TOYHOCTI AOBXMHA XPOMOCOM ckragae 22 Oita -
no 11 reHiB Ha KOXHY 3MiHHY.

Yepes nofibHicTb po3rnsaHyTOro i nonepeaHix npuknagis rpadikv
3MiHW 3HayYeHb YHKLUIT NPUCTOCOBAHOCTI ANA KOHKPETHUX MOKOMiHb
He npuBoasTbCcs. BoHu aHanorivHi rpadhikam Ha puc. 3.43 - 3.47.
MpuHUMNOBE PO3XOMKEHHA MONArae B TiM, WO B AaHOMY BUMNaAKy
«HaNMeHLWe» 3HaYeHHs (YHKUil NpUCTOCOBaHOCTI MparHe Ao
3Ha4eHHs, piBHOMY 3.

Y paHoMmy BUNagKy CTaHOBNATb iHTepec rpacpikv 3aranbHoi
OVHaMIKNU 3MiHW «HaMKpaLoro» 3Ha4eHHs1 PyHKLUii MPMCTOCOBAHOCTI
(nomibHi po rpadpika Ha puc. 3.49) ONsS BMKOPUCTaAHWX METOAIB
cenekuii. [padik Ons TypHIpHOI cenekuii 3 OOHOK  TOYKOK
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cXpeuwlyBaHHA TMNMOKa3aHO Ha pwucC. 3.53, a 3 pgBoma TO4YKamu

CXpeLLyBaHHS - Ha puc. 3.54.

6.00 —

5.00 —

400 —

Konuvecrso
[OKOJIeHHH

300
0.00

Puc. 3.53. [uHamika 3MiHK

1
10.00

| 1
20.00 30.00

KHaNKpaLLmX»

. 1
40.00

3HayeHb  PYHKLIT

MPMCTOCOBAHOCTI NPW MOCAIQOBHIA 3MiHi MOKOMiHb Y reHeTUYHOMY
anropuTMmi 3 TYPHIPHOIO Cemnekuieto N OOHOK TOYKOK CXPeLLyBaHHA 3

npuknaga 3.17.
6.00 —

5.00 —

400 —

300

Konuuecrso
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4 1
4000
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Puc. 3.54. [uHamika 3MiHW «HalKpaliMx» 3Ha4YeHb QYHKLi
NPUCTOCOBAHOCTI NPW MOCMIQOBHIM 3MiHI MOKOMiHb Yy FEHETUYHOMY
anropuTMi 3 TYPHIPHOIO CeNeKLUielo | ABOMa TOYKaMM CXPELLYBaHHSA 3
npuknaga 3.17.

MomiTHO, WO B Apyromy BMNAAKy «Haukpalle» piweHHsa (TobTo
3HavyeHHA YHKUii npucTocoBaHOCTI, piBHe 3) Oyno 3HamaeHo
weuawe. AHanoriyHUM rpadpik Ana cenekuii MeTogoM pyneTku
npeacTaBneHui Ha puc. 3.55.

6.00 —
4

500 —

400 —
Konuuectso
NOKONeHHH

e T 1 ! T t 3]

0.00 20.00 40.00 80.00

Puc. 3.55. [uHamika 3MiHW «HaWKpaliMx» 3Ha4YeHb QYHKUii
NPUCTOCOBAHOCTI NPW MNOCAIQOBHIN 3MiHI MOKOMNiIHb Y FEeHEeTUYHOMY
anropuTmi i3 cenekuieo MeToaom pyneTku 3 npuknaga 3.17.

MoxHa 3poOWUTM BUCHOBOK, WO TYPHIPHMI MeTon [03BOJIsiE
wBualle 3HaxoAuMTU MiHiManbHe 3Ha4YeHHs OMTUMI3YEMOT QYHKU,
YUM METOA PYNeTKM.

Mpuknag 3.18
3a ponomorow reHeTuyHoro anroputmy nporpamu  FlexTool
3HaWTK MiHIMYM PYHKLii ABOX 3MiHHNX
f(x1,%2) = (X% + Xo-11)%+(x1 + Xo°-7)
ans x; xo€ [-10, 10] 3 TouHicTio go 0,001.

2
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Mpadhik onTnmisyemoi cyHKUii npeacTtaBneHunin Ha puc. 3.56.

x 10*

254

-10 .10

Puc. 3.56. Mpadpik coyHKLii f(x4, X2) i3 npuknaga 3.18.

Lis doyHkuia mae miHimym, piBHUiA 0, y HacTynHUx Toykax: (3, 2),
(3,58, -1,85), (-2,80, 3,13), (-3,78, -3,28).

Y BUNagKy, konu yHKUis Mae MiHimanbHe (abo mMakcumarnbHe)
3HAYeHHs1 B OEKiNbKOX Pi3HUX ToYKax, i Lie 3HA4YeHHs1 € rrnobanbHUm
ONTUMYMOM, FT€HETUYHUIN anropuTM 3HaxoAuTb, sIK NPaBWIO, OOHY 3
UMX TOYOK. [NMOBTOPHMI 3anycK anropuTMy MOXe MPUHECTU TOW Xe
camuii pesynbtat abo 3HAWTVM KOOPAMHATM iHLLIOI TOYKM 3 TaKUM Xe
ONTUManbHUM 3HaYeHHAM OYHKLT.

Y npuknagi cnoyaTtky 3acTOCOBYBABCS MEHETUYHWIA arropuTm i3
TYPHIpPHOKO cenekuielo B nigrpynax no ABi ocobu 3 OOHOK TOYKOH
CXpellyBaHHA | MPUUHATI 332  3aMOBYYBaHHAM  3HAYEHHs
MMoBipHOCTen cxpelwlyBaHHa 0,77 i mytauii 0,0077, a Takox
PO3MipHiCTb NnonynsAuii, pisHa 77. Hankpawum pilleHHAM, 3HangeHUm
y LUMX YMOB, CTana To4yka 3 koopauHatamm (-3,78, -3,28).

OnHamiyHi 3MiHM «HaKKpaLloroy» 3Ha4YeHHs dyHKUiT
NPUCTOCOBAHOCTI NOKa3yTb rpadikn Ha puc. 3.57 - 3.59.
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Puc. 3.57. [padikM, WO nNOKasylTb 3HAYEHHA  OYHKUiT

NMPUCTOCOBAHOCTI AN MEPLUMX YOTUPbOX MOKOMiHb Y TFEHETUYHOMY
anropuTMi 3 TYPHIpHOIO cenekuieto 3 npuknaga 3.18.
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Puc. 3.58. Tpadiku, WO nNOKa3ylTb 3HAYEHHA  PYHKLUIi
NPUCTOCOBAHOCTI 3 [OEecAToro no WiCTHaguUsaTe MOKOMiHHA B

reHeTUYHOMY anropuTMi 3 TYPHIPHOI cenekuieto 3 npukraga 3.18.
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Puc. 3.59. T[padikn, WO nNOKasylTb 3HAYEHHA  OYHKLUIi
MPUCTOCOBaHOCTI 3 [ABadudaATb LIOCTOr0 MO TPUAUATBOX Apyre
NOKONIHHS B TEHETUYHOMY arnropuTMi 3 TYPHIPHOK cenekuiel 3
npvknaga 3.18.

Ons 32 nokoniHb uUe 3HaveHHs popiBHioe 0,0474, a B 46
nokoniHHaX gocsaraetbca BenmyuHa 0,0005. Ha umx xe pucyHkax
npeacTaBneHa i 3aMiHa «HauWripLoroy i cepegHboro 3HavyeHb yHKLi
MPMUCTOCOBaHOCTI MO nonynsauil Npy NOCAIQOBHINA 3MiHI NOKOMiHb, a
TakoX po3nogin ocoben y nonynsuii (napametpn P1i P2).

Hapgani anroputm OyB BWKOHaHUM LWe oAWH pas, Mpu4omy Ans
eKCnepuMeHTY 3acTocoByBanacs Ccenekuia MeTogoM pyneTku, a
MMOBIPHOCTI cxpeLlyBaHHS i MyTauii 0ynu BcTaHoBneHi piBHUMK 0,6 i
0,001 BignosigHo. Npadiku, WO iNIOCTPYOTb 3MiHY 3Ha4YeHb (OYHKLIT
NPUCTOCOBAHOCTI NPW NOCNIAOBHIN 3MiHIi NOKOSiHb, NpeacTaBneHi Ha
puc. 3.60i 3.61.
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Puc. 3.60. [padiks, WO NOKa3ylTb 3HAYEHHA  OYHKUil
MPUCTOCOBAHOCTI 3 TPETbOro MO BOCbME MOKOMIHHA B r€HETUYHOMY
anropuTmi i3 cenekuieo MeToaom pyrneTku 3 npuknaga 3.18.
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Puc. 3.61. [padiks, WO NOKa3ylTb 3HAYEHHA  OYHKUiT
MPUCTOCOBAHOCTI 3 [OEecAToro Mo LWiCTHaauaTe TMOKOMIHHA B
reHeTUYHOMY anropuTMi i3 Cemnekuielo MeToqoM pyneTku 3 npuknaga
3.18.

«Hankpaiie» 3HadeHHA  doyHKUil  npuctocoBaHocti B 70
nokoniHHax gopieHioe 0,0038, a noumHaroum 3 83 MOKOMIHHA BOHO
cknagae 0,0009. «Hankpawoto» ocoboto BUSIBUNAcsi Xpomocoma 3i
3HaJYeHHAMM peHoTuniB -2,80 i 3,13. TakuMm YMHOM, Yy LbOMY
ekcrnepumeHTi Obyna 3HangeHa iHwa Todvka 3 koopauHatamu (-2,80,
3,13), y Sk MiHiMiZyeMa DyHKLiS NPUIMAE HYNbOBE 3HAYEHHS.

Cnpoby nowyKy iHWKMX ONTMMarbHUX TOYOK, WO BiANOBIAAaTb
«HaVKpaLLloMy» PilLeHHI0, MOXHa MPOAOBXYBAaTWU i3 3aCTOCYBaHHAM
TOro X anroputMy abo 3 BUKOPUCTAHHAM anbTepPHAaTUBHUX METOZIB
cenekuii. lHogi Taki cnpobu NpMXOAMTLCS MOBTOPKOBATM MO Kiflbka
pasiB, KO BOHU NPUBOAATL 40 OTPUMAHOIO paHille pPilleHHAM.

Mpwuknap 3.19

3a pgonomorow reHetudHoro anroputmy nporpamu  FlexTool
3HaNTU MiHIMYM | MaKkCUMyM OYHKLT
f(X1,X2)=2(1-X1)267X127(X2+1)2 _7(% X _x22)67X127X22 _l ef(xl+1)27x2

5

2

ansa x4, xo€ [-3, 3] 3 ToyHicTio go 0,01.
padhik onTUMizyemoi coyHKUiT NnpeacTaBneHo Ha puc. 3.62.
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Puc. 3.62. Mpadpik dyHKLii f(Xx4, X2) i3 npuknaga 3.19.

Lis dyHKUia OBOX 3MIHHUX Mae aekinbka Tak 3BaHux nikie. [i
KOHTYpHWI rpadoik 300paxeHo Ha puc. 3.63.

-1 -2 -1 c 1 2

Pwuc. 3.63. KoHTypHui rpadpik doyHKLii f(Xq, Xo) i3 npuknaga 3.19.

3acTOCOBYETBCS TEHETUYHWUIA anropuTM i3 TYPHIPHOK Cernekuieto B
nigrpynax no pABi 0cobuM 3 OOHOK TOYKOK CXpeLlyBaHHSA; 3a
3aMOBYYBaHHAM MPUWHATI 3HAYEHHS MMOBIPHOCTEN CXpeLlyBaHHS
0,77 i myTauii 0,0077, a TakoX pO3MipHICTb nonynsuii, pisHa 77. Y
Touui (-1,4, 0,17) s3HangeHnin MiHimyMm, pisHun -1,907, a B TouLi
(-0,39, -0,99) - makcumym, piBHUIA 5,638. TouHiwe Kaxy4yu, npu
MiHiMi3aUil Hankpalwmm pilleHHAM BusIBUNIaca XpoMocoma  3i
3HadYeHHAMU ceHoTuniB -1,4 i 0,17, Ana AKkol 3Ha4YeHHs YHKLUIT
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npuctocoBaHocTi cknagae -1,907, a npu mMakcumisauii - xpomocoma
3i 3HadYeHHaAMU eHoTuniB -0,39 i -0,99 3i 3HayYeHHaAM yHKLUIT
npuctocoBaHocTi  5,638. [OuHamika 3MiHM 3Ha4eHb  OYHKLUIT
NPUCTOCOBAHOCTI MNPV MOCNIQOBHIN 3MiHi MOKOMiHb ANA BunNagky
MiHimMi3auil nokasaHa Ha puc. 3.64 - 3.68, a pgna BunNagky
Makcumisadii - Ha puc. 3.69 - 3.71.
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Puc. 3.64. [padikM, WO NOKa3ylTb 3HAYEHHA  OYHKUiT
NPUCTOCOBAHOCTI ANS MNepLUMX [BOX MOKOMiHb Y BUMAAKy MOLUYKY
MiHiMyMmy 3 npuknaga 3.19.
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Puc. 3.65. [padiks, WO nNOKa3ylTb 3HAYEHHA  OYHKLUiT
NMPUCTOCOBAHOCTI A1 MEPLUNX YOTUPLOX MOKOSiHb Y BUMAAKY MOLUYKY
MiHiMyMmy 3 npuknaga 3.19.
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Puc. 3.66. [padiku, WO nNOKa3ylTb  3HAYEHHA  OYHKLUIi
MPMUCTOCOBaHOCTI 3 APYroro N0 BOCbME MOKOMNIHHS Y BUNAaAKy MOLUYKY
MiHiMyMy 3 npuknaga 3.19.
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Puc. 3.67. [padikM, WO NOKa3ylTb 3HAYEHHA  OYHKUil
MPUCTOCOBAHOCTI 3 AECATOro Mo LWiCTHAAUsATe MOKOMiHHA Yy BUNaaKy

noLyKy MiHiMmymy 3 npuknaga 3.19.
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Puc. 3.68. [padiks, WO NOKa3ylTb 3HAYEHHA  OYHKUiT
NPMCTOCOBAHOCTI 3 ABaALUSITb LLOCTOro No TPUALATE APYre NOKOMiHHS

y BMNagKy noLuyky mMiHimymy 3 npuknaga 3.19.
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Puc. 3.69. [padikvu, WO NOKa3ylTb  3HAYEHHA  OYHKUiT
NMPUCTOCOBAHOCTI ANsi NEPLUNX YOTMPbLOX MOKOMiHb Y BUNAAKy MOLUYKY
Makcumymy 3 npuknaga 3.19.
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Puc. 3.70. [padikM, WO NOKa3ylTb 3HAYEHHA  YHKUiT
NMPUCTOCOBAHOCTI 3 TPETbOro MO BOCbME MOKOMIHHA Yy BUMALKY
noLLyKy Makcumymy 3 npuknaga 3.19.
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Puc. 3.71. [padikM, WO NOKa3ylTb 3HAYEHHA  OYHKUil
MPUCTOCOBaHOCTI 3 [ABagusATb CbOMOIO MO TPUAUATBOX Apyre
MOKOSMIHHSA Y BUNaaKy noLuyky Makcumymy 3 npuknaga 3.19.

3BepTaemo yBary Ha posnogin ocoben y nonynsuii B 3aneXHOoCTi
BiZ HOMepa nokoniHHA. Cnoyatky (puc. 3.64) nomiTHa JOCUTL BEMnWKa
pO3MaiTiCTb | BiAHOCHO PIBHOMIPHWI PO3MOAIN OKPEMMX TOYOK Ha
nnowwuHi, 3agaHoi ocamm P1 i P2 B iHTepBani Big -3 oo 3. Ha puc.
3.65 (4eTBepTe MOKOMIHHS) CMOCTEPIraeTbCA BUPA3HWUIA IXHIA 3CYyB Y
HanpsIMKy 3HayeHb P1, 6nunsbknx go -2, a Ha puc. 3.66 - rpynyBaHHs
nobnuay 3HauyeHb P2, npnbnumsHo pisHux 0,5. Ha puc. 3.67 GinbLicts
TOYOK 3HAXoOUTbCA B  OKOMUUiI  ONTUMAnbHOrO  pilleHHs 3
koopamHatamm P1 = -1,4 i P2 = 0,17. 3 puc. 3.68 Bunnueae, L0
BinblWwicTb XpomMocom Yy nonynsuii 36iraeTeCa 3 «HaWKpaLLO»
ocoboto, Ana AKoi PYHKLUIA NPMCTOCOBaAHOCTI NpUIAMae MiHiManbHe
3HadeHHs1, piBHe -1,907. Takox HeobXigHO AoAaaTu, WO Lboro
MiHIManbHOro 3HauyeHHs YHKLUIA NPUCTOCOBAHOCTI Jdocsarna B
WICTHAOUATOMY MOKOMiHHI  BMKOHAHHS T[EHETUYHOro anroputMmy.
BepxHi rpadiku Ha puc. 3.64 - 3.68 inlOCTPYIOTb 3MiHY «HaKpaLLOoro»
3Ha4YeHHA YHKLIT NPUCTOCOBAHOCTI NPWU MOCMIAOBHIA 3MiHI NOKOMiHb
(yucna Ha oci  abcumc BIigMoBIgalTb HOMEpPaM  MOKOSiHb,
MOMHOXEHUM Ha 77). Hwxui niBi rpadikn Ha uMx pucCyHKax
BigobpaxaloTb AMHaMiYHi 3MIHW «HaMKPALLOro» i «HaWripLworo»
3Ha4eHb PYHKLii MPUCTOCOBAHOCTI MPW NOCIAOBHIN 3MiHi MOKOMIHb.
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AHanoriyHi rpadpikn npuBegeHi Ha puc. 3.69 - 3.71; BOHM
OEMOHCTPYIOTh, SIK 3MIHIOIOTbCSA «HaMKpaLLe» i «Hauripe» 3Ha4yeHHs
dYHKLUIT NPUCTOCOBAHOCTI NPV NOCAIAOBHIN 3MiHi NOKONiHb Y BUNAAKy
MOLyKy Makcumymy. Ha uMx pucyHKkax MOXHa MPOCTEXMTU
3MEHLUEHHs1 pPO3MaiTOCTi XpomocoMm Yy nonynauii. Ha pwuc. 3.71
NPaKkTUYHO BCi OCOOM OOHAKOBI i PiBHI «HAWMKpaLLin» XPOMOCOMi 3i
3HavYeHHAMMU deHoTuniB -0,39 i -0,99. dyHKUia NpUCTOCOBaHOCTI Liel
XpoMocomu gopiBHioe 5,638. Lis Touka makcumymy dbyHKuii f(x; Xo)
3HavgeHa (TakoxX, K i y BMNagKy MiHimi3auii) y wicTHagusaTomy
MOKOMiHHI BUKOHAHHS FTEHETUYHOIO arropuTMmy.

Mpuknag 3.20

3a gonomoroto reHeTnyHoro anropmutmy nporpamu FlexTool
3HaUTN ONTUManNbHUA Ha6ip Bar Wyy, Wia, Woy, Woo, W3y, Ws3o, Wig, Wop,
W3 Y AianasoHi Big -10 go 10 ans HEMPOHHOT Mepexi, 306paxkeHoi Ha
puc. 3.11.

Omxe, HeOBXiAHO BMPIWNTK 3agadvy, NocTaBneHy B npuknagi 3.3,
TOOTO 3HAWTW 3HAYEHHS AEB'ATU 3MIHHMX, L0 MO3Ha4yalTb Baru
HEMPOHHOI Mepexi, Ona sakux QYyHKUis noxmbkn Q pocsirae
MiHiManbHOro 3HadeHHs, piBHoro 0. [Ona mepexi, Wo peanisye
noriyHy cuctemy XOR, pyHKLUi0 NOXMOKM MOXKHA BU3HAYUTKW Y BUA]

0-13s
ae

€= 0;- (1/ (1 + exp((-B)(wa1(1/ (1 + exp((-B)(Wy1Uy,i + Wi2Uz; + W10)))) +
+ Wap(1 /(1 +exp((-B)(WarUy,i + Waollzi + Wap)))) + W3o))))
ans i=1,2,3, 4. 3HayeHHsa Uy, Uy, i dy;- NpUBeAeHi B Tabnuui

uy Uy d = XOR(uy,uy)
+1 +1 -1
+1 -1 +1
-1 +1 +1
ot -1 =1

MepenbavaeTtbes, wo B =1.

3acTOCOBYETHCS FTEHETUYHUIA anropuTM i3 TYPHIPHOIO Cenekuielo B
nigrpynax no pAgi ocobw 3 OOHOK TOYKOKW CXpellyBaHHs. 3a
3aMOBYYBaHHAM MPUNHATI  BcTaHoBneHi B nporpami FlexTool
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3Ha4YeHHs KMOBIpHOCTEN cxpellyBaHHa 0,77 i mytaudii 0,0077, a
TaKoX PO3MIpHICTE nonynsuii, piBHa 77. [JOBXWHa XpomMocoM Ans
po3B'A3yBaHOi 3agadvi gopiBHe 99 Gitam - o 11 reHiB Ha KOXHY
3MiHHY.

OuHamika 3MiHM  3Ha4YeHb  PYHKUii NPUCTOCOBAHOCTI  Npwu

MOCNIAOBHIM 3MiHi MOKOMiHb INKOCTPYETBCS rpadikamu Ha pucn. 3.72 -
3.80.
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Puc. 3.72. [padikM, WO NOKa3ylTb 3HAYEHHA  OYHKUiT
NMPUCTOCOBAHOCTI AN MNepuX TPbOX MOKOMiHb Y TEeHETUYHOMY
anroputmi nporpamu FlexTool i3 npuknaga 3.20.
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Puc. 3.73. Tpadiku, WO nNOKasylTb  3HAYEHHA  OYHKLUIi
NMPUCTOCOBAHOCTI 3 [EeB'ATOro No 4YOoTMpHAOUATE TMOKOMiHHA B
reHeTnyHomy anroputmi nporpamu FlexTool i3 npuknaga 3.20.
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Puc. 3.74. [padikM, WO NOKa3ylwTb 3HAYEHHA  OYHKUiT
NMPUCTOCOBAHOCTI i3 CIMHAQUATOro No ABafUATbOX ApYyre NOKOSiHHA B
reHeTnyHomy anroputmi nporpamu FlexTool i3 npuknaga 3.20.
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Puc. 3.75. Tpadikn, WO nNOKa3ylTb  3HAYEHHS  OYHKLIi
NMPMCTOCOBaHOCTI 3 ABaAUSATb CbOMOro MO TPMAUATb APYre NMOKOMNiHHS
B reHeTu4HoMy anropuTtmi nporpammn FlexTool i3 npuknaga 3.20.
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Puc. 3.76. [padikM, WO NOKa3ylTb 3HAYEHHA  OYHKUiT
NPUCTOCOBAHOCTI 3 TPMALATL CbOMOro MO COpoKa Apyre MOKOMiHHA B
reHeTuyHomy anroputmi nporpamu FlexTool i3 npuknaga 3.20.
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Puc. 3.77. [padikn, WO nNOKa3ylTb 3HAYEHHA  OYHKLUIi
MPUCTOCOBAHOCTI i3 COPOK CbOMOIO MO M'ATAECAT ApYre MOKOMiHHA B
reHeTnyHomy anroputmi nporpamu FlexTool i3 npuknaga 3.20.
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Puc. 3.78. [padikM, WO NOKa3ylTb 3HAYEHHA  OYHKUiT
NPUCTOCOBAHOCTI 3 M'ATAECAT LOCTOro MO LWICTAeCAT nepLue
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MOKOMiHHA B reHeTu4yHoMy anroputMmi nporpamu FlexTool i3
npuknaga 3.20.
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Puc. 3.79. [padikn, WO nNOKa3ylTb 3HAYEHHA  OYHKLUIi
NPUCTOCOBAHOCTI i3 WICTAECAT N'ATOro No ciMAecaTe MOKOSiHHA B
reHeTnyHomy anroputmi nporpamu FlexTool i3 npuknaga 3.20.
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Puc. 3.80. [padiks, WO NOKa3ylTb 3HAYEHHA  OYHKUil
NPUCTOCOBAHOCTI i3 CiIMOECAT APYroro no CiMaecaT CbOMe MOKOSiHHSA
B reHeTu4HOMY anroputmi nporpamu FlexTool i3 npuknaga 3.20.

Ha Hux TakoX nokasaHo po3nofin ocoben y 3anexHocTi Big
HOMepa NOKOSIIHHA, NPMYOMY Bifg3HaA4YeHo Tinbkn napameTtpu P1 i P2,
Lo BigNoBigaTb 3MIHHUM Wis | Woy. «Hakpalue» 3HayeHHsA OyHKLii
NPUCTOCOBAHOCTI 3MIHIOETLCS Big 3HA4YeHHs, NPUMONU3HO PiBHOrO
0,21, po 0,00007. Haragaemo, WO yHKLIA NPUCTOCOBAHOCTI
Bignosigae dyHKUii Noxnbkn Q, 3HAYEHHs1 sIKOi MOXe 3MiHBaTUCS
Bia 1 no 0.

HwxHi niBi rpadiku intoCTpyloTb AMHAMIYHI 3MIHW «HaNKpaLLoro»
(HWKHS1  KpuBa), «Hauripworo» (BepxHS KpuBa) | CcepeaHboro
(cepenHst KpmBa) 3Ha4eHb (PyHKLIT MPUCTOCOBAHOCTI B nonynsauii npu
nocnifgoBHin  3MiHi  nokoniHb. Ha puc. 3.72-3.80 «Havkpawe»
3Ha4YeHHS YHKUIT NPUCTOCOBAHOCTI MpUMAMAaE HacTiNbKM Mane
3HaAYeHHS, L0 BOHO CTae HEMOMITHMM Ha rpadikax. Y 75-M NOKONiHHI
BOHO CTae piBHUM 7*10°, To6TO TakuM, KOTpe MpUUMaETbCa §K
MiHiMarnbHe 3Ha4YeHHsl. Takum YMHOM, LS BENUYMHA MOXE BBaXKaTUCSA
3HaYeHHAM YHKLUiT MPUCTOCOBAHOCTI «HAaMKpaLLOi» XPOMOCOMMK 3
HaCTyNHUMKU EHOTMNAMM - 3HAYEHHAMW OKPEMUX 3MIHHMX, LLO
no3HayatTb Bar HEMPOHHOT MepeXxi:

Wi1= 7,65
wyo = - 8,43
woy =-10,00
Woo= 9,98
Wy = - 4,28
Wso = - 3,96
Wio = - 4.28
Wop - - 3,96
Ws3o = - 4,96

O6uncneHHsa 6ynu 3aBeplueHi nicna 77 iTepauii anroputmy. Y
BMNaAKy iXHbOro NMPOAOBXEHHSA MOXHa Byno 6 odikyBaTn ogepKaHHS
pe3ynbTaTty 3i 3HAYEHHAMMW ANS Wyq, Wis, Way, Was, Wiy, Wap, SKi
BusiBunucsa 6 npnbnusHo pisHi BignoeigHo 10, -10, -10, 10,

-10, -10, a wyg, W, Wz, - BenMYMHi -5. Takox O4YeBMOHO, WO
3MeHwunoca © i 3HayeHHs noxumbkui Q; WBMALIEe 33 BCe, BOHO
Habnuaunocs 6 40O BENWYMHKU, OTPMMAaHOI 3a AOMOMOroK Mporpamu
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Evolver (npuknag 3.24). Po3paxoBaHi 3HayeHHs SBNSATbL CobOKo
OAHY 3 MOXMMBUX KOMOIiHaUih Bar Anss HEMPOHHOI Mepexi, Lo
peanisye noriyHy cuctemy XOR i 306paxeHoi Ha puc. 3.11.

3.17. 'eHeTH4YHI AJITOPUTMH | MATEMATHYHUI
anmapar

Ak Ham BiZOMO, reHeTUYHI anropuTMun NPu3HayeHi, B OCHOBHOMY,
Ans piweHHs 3agad ontumisauii. Mpuknagom noaibHoi 3agadvi moxe
CMNYXUTN HaBYaHHA Helpomepexi, To6To nigbopa TakMx 3Ha4YeHb Bar,
npu SIKMX OOCAraeTbCsl MiHiManbHa noxubka. Mpu UbOMY B OCHOBI
FEHETUYHOro anropuTMy §eXuTb MEeTo4 BUMNAZKOBOrO MOLLYKY.
OCHOBHMM HeOMIiKOM BUMagKOBOroO MOLUYKY € Te, WO HaM HeBigOMO
CKiNnbkM 3HagobuTbcA 4Yacy Ansa piweHHA 3agadi. Ons toro, wob
YHUKHYTWU TakuxX BUTPAT Yacy Mpu pilleHHi 3adadi, 3aCTOCOBYIOTbCSH
MeToau, Wwo npossunmcsa B Gionorii. [py LbOMY BUKOPUCTOBYHOTHCA
MeToOu BIiOKpUTI MpW BMBYEHHI €BONIOLiI i MOXOMXeHHs BuAiB. Ak
BiJOMO, Yy mpoueci eBonoLuil BMXMBaKTb HaMbinbLW NPUCTOCOBAHI
ocobu. Lle npvBoguTb OO TOroO, WO NPUCTOCOBAHICTL MonynsAuil
3pocTae, [OO03BONAKYM i Kpalle BwXMBaTM B yMOBaX, LWO
3MIHIOIOTBCA.

Ak mMum  Bxe 3Haemo, ynepwe noaidbHun anroputm 6yB
3anponoHoBaHun y 1975 poui xoHom XonnaHgom (John Holland) y
MidviraHcbkoMy yHiBepcuTeTi. BiH ogepxaB Ha3By "penpoayKTUBHUN
nnaH XonnaHga" i nir B OCHOBY MPakTUYHO YCiX BapiaHTiB reHeTUYHUX
anroputmis. OpfHak, ANA  BWKOHaHHSA TEHETUYHOro  arnropuTMmy,
HeoOXigHO 3akogyBaTu iHpoOpMauilo, WO BBOAUTLCA B HbLOTO.
PosrnsHemMo nuTaHHA Npo Te, SIKUM YMHOM OO'EKTUM pearbHOro CBIiTy
MOXYyTb OyTW 3akogoBaHi [ONA BUKOPUCTAHHA B TEHETUYHUX
anroputmax. [nsa uinicHocTi Buknagy martepiany, onvwemo AesiKi
enemMeHTapHi 3BeAEeHHS NPO FeHEeTUYHi anropuTMmu, Wo Bxe 6ynu
HaMW po3rnsHyTi paHilue.

MpenctaBneHHA 06'eKTiB
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3 OGionorii Mn 3Haemo, WO Oyadb-sIKMI OpraHiaM Moxe OyTn
npeacTaBneHui cBoiM heHomunom, o PakTUYHO BU3HAYAE, YNM €
ob'ekT y peanbHOMY CBIiTi, i eeHomurnom, WO MICTUTb BCIO
iHdbopmauito Npo 06'eKT Ha piBHI XPOMOCOMHOro Habopy. Mpu Lbomy
KOXeH reH, TOOTO enemeHT iHdopmauii reHoTuny, Mae CBOE
BigoGpaxeHHs1 y cbeHoTuni. Takum YMHOM, ONs pilleHHsA 3agad Ham
HeobXidHO NpeacTaBUMTM KOXHY O3Haky ob'ekta y dopmi, Lo
nigxoanTe ANS BUKOPUCTAHHA B TEHETMYHOMY anropuTtmi. Yce
noganblle MYHKUIOHYBAHHA MEXaHi3MiB reHEeTUYHOro anroputmy
BMKOHYETLCA Ha PpPIiBHi reHotuny, Qgdossonstun obinTuca 0e3
iHdopmaLlii Npo BHYTPILWHIO CTPYKTYpy 00'ekTa, WO W OOYyMOBIOE
MOro  WMpOKe 3acTOCyBaHHA B  CaMMX pPi3HMX  3ajadvax.
Y HamnbGinblle 4acTto 3ycTpidalyorocsi pisHOBWUAI TFEHETUYHOro
anropuTMy Ans NpeAcTaBlieHHs reHoTuny 06'ekTa 3acTOCOBYHOTLCS
6iToBi psgkn. Mpu LbOMY KOXHOMY aTpuMOyTOBI 00'ekTa y deHoTMNI
BignoBigae oavH eeH y reHotuni ob'ekta. ['eH siBNsie coboto GiToBun
PSOOK, HamyacTiwe iKCoBaHOi OOBXWMHW, WO Bnse coboto
3HaAYEHHS L€l O3HaKu.

KOAYBaHHSI O3HakK, npeactTaBlieHNX uinumm yncnamm

[na koOyBaHHS TakMX O3HAK MOXHa BMKOPWUCTOBYBaATU CaMuii
npocTuin BapiaHT — GiToBe 3Ha4yeHHs Uiei o3Haku. Toai Ham Oyne
JOCUTb  MPOCTO BUKOPUCTOBYBATW TEH BU3HAYEHOI [OBXMWHMU,
OOCTaTHbOI ANd MpeacTaBfeHHs BCiX MOXMIMBUX 3HaYeHb TaKoi
03Haku. Ane, Ha arnb, Take KOAyBaHHS He no3baBrneHe Heaonikis.
OcHoBHMI HegoMik nonsrae B TiM, WO CYCiAHi Yncna Bigpi3HAOTLCS B
3HauYeHHAX AekinbKox BiTiB, Tak Hanpuknag yucna 7 i 8 y 6itoBomy
npeacTaBneHHi  po3pisHAITECA B 4-X MO3uuisX, WO  YTPYOHIE
YHKLiIOHYBaHHA  reHeTu4yHoro amnroputMmy i 36inblye yac,
HeoOXxigHWM ans noro 36ibkHocTi. Ons Toro, wWob YHWUKHYTW Uiei
npobrnemun Kpaile BMKOPUCTOBYBaTU KOLYBAHHS, MPU AKOMY CYCiOHi
yucna BIOPI3HAITbLCA MEHLIOK  KifbKiCTIO  Mo3uuin, B igeani
3HadyeHHAM ogHoro GiTa. Takum kogom € koa [pesi, sikMIn OOLiNbHO
BMKOPUCTOBYBATM B peanisauii reHeTU4HOro anroputMmy. 3HaudeHHs
kogiB 'pes posrnsHyTi B Tabnuui 3.4.

TakMM 4YMHOM, nMpW KOOYBaHHI  LINOYMCNOBOI O3HaKM MU
po30GMBaEMO MOro Ha TeTpaau i KOXHy TeTpady nepeTBOPHEMO MO
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kogy [pes. Y NpakTU4YHUX peanisauiax reHeTUYHUX anropuTMmiB
3a3BM4all He BWHMKAE HEOOXIOHOCTI MNepeTBOPHOBATU 3HAYEHHS
03HaKku B 3HaYeHHS reHa. Ha npaktuui mae micue 3BOpoTHa 3agauva,
KONMM 3a 3HAYeHHAM reHa HeobXiAHO BM3HAYUTM  3HAYEHHS
Bi4NOBIAHOT NOMY O3HaKW.

TakMM 4MHOM, 3aJaya [OeKOAyBaHHS 3HAYeHHsI TEHIiB, SKUM
Bi4MOBIAalOTb LiNOYMCIIOBI O3HAKW, TpMBiasnbHa.

Tabnuvuga 3.4. BignosigHicTb gecsaTkoBMX kogiB i kogis [pes.

[Boi4YHe KoayBaHHs KogyBaHHs no kogy Npes
HecaTk [BoivHe LWictHaau- Hecark [NeoiuHe WictHagus-
o- 3HayeH- ATepuyHe o- TEepUYHe
BUI KO HA 3HayYeHHs BWUIA KoL SHEFISHIS 3HaYeHHs
0 0000 Oh 0 0000 Oh
1 0001 1h 1 0001 1h
2 0010 2h 3 0011 3h
3 0011 3h 2 0010 2h
4 0100 4h 6 0110 6h
5 0101 5h 7 0111 7h
6 0110 6h 5 0101 5h
7 0111 7h 4 0100 4h
8 1000 8h 12 1100 Ch
9 1001 Sh 13 1101 Dh
10 1010 Ah 15 1111 Fh
11 1011 Bh 14 1110 Eh
12 1100 Ch 10 1010 Ah
13 1101 Dh 11 1011 Bh
14 1110 Eh 9 1001 9h
15 1111 Fh 8 1000 8h

KogyBaHHA O3HakK, AKMM BiAMOBIJalTbL 4ucna 3 TOYKOM, LLO
nnaBae
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HamnpocTiwunn cnocid KogyBaHHs, WO JNEXUTb Ha MOBEpPXHi —
BMKOPUCTOBYBaTK BiTOBE NMpencTaBrieHHs. Xoya Takui BapiaHT Mae
Ti XX HeJonikv, Wo i gnga uinux ymcen. TomMy Ha npakTuui 3assudai
3aCTOCOBYIOTb HACTYMNHY NOCMIAOBHICTb Aii:

1. PosbuBatoTb Becb iHTepBan NpPUNYCTUMUX 3HAYEHb O3HAaKM
Ha AiNAHKN 3 HEOOXiAHOK TOYHICTIO.

2. [MpuimaloTb 3HAYEeHHs reHa K LifIOMUMCIIOBE YMCO, LWO
BM3Ha4Yae HoMep iHTepBany (BUKOPUCTOBYOUM koA [pes).

3. Ak 3HayeHHs napameTpa nNpUAMalOTb YUCIO, WO €
cepeavHoIo Lboro iHTepBaarny.

PoarnsHemo BuweonucaHy NOCNIAOBHICTL Aii  Ha npuknagi:
Mpunyctnmo, Wwo 3HayeHHsA o3Haku nexatb B iHTepsani [0,1]. MNpu
KOAyBaHHi BMKOpUCTOBYBanacs po3bueka AinsHku Ha 256 iHTepBanis.
[ns kogyBaHHs IXHBOro HOMepa B Takui cnocib Ham byae noTpibHO 8
6iT. Mpunyctumo 3HayeHHs reHa: 00100101b (3aronosHa GykBa G
nokasye, WO BWKOPUCTOBYETbCH KoAyBaHHA no kogy [pes). Ona
noyaTKy, BUKOPUCTOBYOUM Kog [pes, 3Hangemo BignoBigHMI MOMY
HoMep iHTepBany:

25h->36h->54d.

Tenep nogmeBuMmocs, SKUMW iHTepBan Womy Bignosigae. [licna

HecknagHux nigpaxyHkiB ogepxyemo iHTepsan [0,20703125,
0,2109375]. 3HaunTb 3HadyeHHa Haworo napameTpa 6yge
(0,20703125+0,2109375)/2=0,208984375.

KOAyBaHHH He4YncnoBux gaHuX

Mpn KogyBaHHI  HEYMCNOBMX [AaHUX HeobXigHO nonepeaHbo
nepeTBOpUTH iX y Yncna.

BusHa4vyeHHA dpeHOTMNY 06'€KTa NO MOro reHoTUNY

Takmm 4umHOM, Ans Toro, wob BM3HAUMTM eHoTMn ob'ekTa
(TOO6TO 3HAYEHHSA O3HAK, LLO OMUCYTb 0B'EKT) HAM HEOBXIOHO TiNbKK
3HaTM 3HA4YeHHs TreHiB, Lo BiAMOBIAAOTbL UMM O3HakaMm, TOOTO
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reHotun ob6'ekta. Npn LbOMY CYKYMHICTb FeHiB, WO ONMUCYTb FEHOTUN
ob'ekta, aBnsge coboto xpomocomy. Y peskux peaniszauiax il Takox
Ha3nBalTb 0cobot. TakMm 4YMHOM, Yy peanis3audii reHeTU4Horo
anroputmy Xxpomocoma sBnsie cobor 6iToBuA pagoK ikcoBaHOI
JoBxunHW. [lpyM UBOMY KOXHI AingHUui psgka BignoBigae reH.
[oBxunHa reHiB ycepeauHi xpomocomu moxe OyTn ogHakosow abo
pisHOt0. HanuyacTiwe 3acTOCOBYOTb TFEHW OAHAKOBOI [AOBXMWHMU.
PosrnaHemo npuknag XpoMOCOMW W iHTepnpeTauii ii 3Ha4eHHs.
Jonyctumo, wo B ob6'ekta € 5 03HaK, KOXHUN 3aKOAOBaHUN reHOM
OOBBXMHOW B 4 enemeHTW. Todi goBXMHaA Xxpomocomu byae 5*4=20
oiT

0010 1010 1001 0100 1101
Tenep MY MOXEMO BU3HAUYUTU 3HAYEHHSI O3HaK

3HayeHHA [BoiyHe 3Hau4eHHSA [ecATKOBe 3HAYEHHSN

O3Haka

reHa O3HakKu O3HaKu
OsHaka 1 0010 0011 3
Osvaka 2 [1010’ 1100 12
OsHaka 3 1001 1110 14
OsHaka4 0100 0111 7
Os3Haka 5 1101 1001 9

Be3nepepBHi reHeTH4YHi AJITOPUTMH - MaTeMaTHYHUI amapart

dikcoBaHa AOBXMHA XPOMOCOMM i KOLYBAaHHA pPSOKIB ABOIYHUM
andasiTom nepesaxanu B Teopil A 3 MOMEHTY noyaTky ii pO3BUTKY,
Konum Oynu oTpuMaHi TeopeTWyHi pes3ynbTaTu Mpo  OOUNbHICTb
BMKOPUCTaHHA caMe ABoivHoro andasiTy. [o Toro >, peanisauis
Takoro A Ha EOM 6yna nopiBHsHO nerkoto. | Bce-Taku, HeBenuka
rpyna gocnigHukiB Muna no wnaxy 3actocyBaHHs B 'A BigMiHHKX Bif
OBOIYHMX andasiTiB ANA pilleHHSA 4YacTKOBUX NPUKNagHWX 3agad.
OpHiel 3 Takmx 3afad € 3HaXOMKEHHS pilleHb, NpeacTaBneHunx y
opMi AINCHUX yuMcen, L0 Ha3MBaETbCA He iHakwe $K "noLlykoBa
onTumisauis B 6e3nepepBHUX npocTtopax”. BuHUkNa HacTynHa iges:
pilueHHs1 8 xpoMmocomi npedcmaesnsamu rpsmo y audi Habopy dilicHUX
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qyucen. [pupogHo, wWwo noTpibHi 6ynu cneuianbHi  peanisauii
GionoriyHMx onepartopiB. TakMl TUM TEHETUYHOrO  anropuTMy
opepxaB HasBy besnepepsHoeo [A (real-coded GA), abo
2eHemu4Hoz0 anzopummy 3 OiticHum KOOy8aHHSIM.
CnoyaTtky 6Ge3nepepBHi reHun cTanuM BUMKOPUCTOBYBaATUCA B
crneumdiyHnx goaaHkax (Hanpuknag, XemoMeTpuka, OnTUManbHUin
ninbop napameTpis onepartopis ctaHAapTHUX A 7 iH.). MMi3Hiwe BOHU
NMOYMHaOTh 3aCTOCOBYBATUCA AMNS PillEHHs iHWKNX 3agay onTuMisauii
B 6GesnepepsBHux npocTtopax (pobotu pocnigHukisa Wright, Davis,
Michalewicz, Eshelman, Herrera y 1991-1995 pp). Ockinbkn go 1991
TeopeTU4HUX oOrpyHTyBaHb poboTn Ge3anepepBHUX A He icHyBano,
BMKOPUCTAHHS LibOro HOBOroO NiaBMAay Oynun cnipHUMU; y4YeHi, 3HaoMi
3 (hyHOaMeHTanNbHOK TEOpIED eBOIOLIMHMX 0BYNCTIEHD, Y SKiA Byna
JoBefeHa nepesara [BOIYHOIO andasiTy nepeq iHWUMK, KPUTUYHO
cnpuimann ycnixu real-coded anroputmi. [Micna Toro, sk 4vepes
OesKkni Yac TeopeTudHe obrpyHTyBaHHS 3'aBurnocs, 6esnepepsHi A
LinKOM BUTUCHYNW ABOIYHI XPOMOCOMU Npu NoLyKy B 6e3nepepBHUX
npocTopax.

[ani B TeKCTi 3a aHanorieto 3 aHrIOMOBHOI TepMiHOJOriED Ans
A 3 gBOiYHUM KoAyBaHHAM Oyade BMKOpMCTOBYBaTUCA abpesiaTypa
BGA (Binary coded), ansa I'A 3 6e3nepepHumy reHammn — RGA (Real
coded).

MNMepeBaru i Hegoniku ABOIYHOro KOAyBaHHA

Mepw HiX BUKNagatTm ocobnMBOCTI MaTemMaTM4HOro anapara
6e3nepepBHuUx A, 3ynMHMMOCS Ha aHani3i JOCTOIHCTB i HegoniKiB
[JBOIYHOI cXem KOAyBaHHS.

Ak BigOMO, BUCOKa eeKTUBHICTb BigLWyKaHHA rnobanbHoro
MiHiMymMy abo MakCUMyMy reHeTUYHUM anropuTMOM 3 [OBOIYHUM
KOQyBaHHAM TeopeTMyHO obrpyHToBaHa Yy yHOAMEHTanbHin
TeopeMi reHeTU4HUX anroputMmis ("Teopemi npo cxemy"), JOBeAEHOI
Xonnawxaom. Ii qoknagHe BUCBITNEHHS | J0BeAEHHs Byno NpuBeaeHi
Hamu paHiwe. Haragaemo, wWo ii CyTb nonsrae B TiM, LIO ABOIYHUN
andasit go3Bonsie 06pobNATM MakcMMarnbHY KinbkicTb iHopMaLii B
MOPIBHAHHI 3 iHWMMW CXemMaMu KOOyBaHHS. OpHak pgBoivHe
npeAcTaBneHHs: XpOMOCOM CMPUYUHAE 3HAYHI TPYAHOLL NpU NOLUYKY
B Oe3nepepBHMX NPOCTOpax BENMKOI PO3MIpHOCTI, i KOnnM NoTpibHa
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BMCOKa TOYHICTb 3HangeHoro piweHHs. Y BGA ans nepeTtBopeHHs
reHoTuny y eHoOTUNn BUKOPUCTOBYETLCS creuianibHUN MNpUAOM,
3aCHOBaHWA Ha TiM, WO 8ecb iHmepeas npunycmumMux 3Ha4YyeHb
O3Haku ob'ekma [a,b] po3busacmbcs Ha OinsiHKU 3 HeObXiOHOH
moyHicmo. 3agaHa TOYHICTb P BU3HAYAETLCS BUPa3oM

b, —a,

P=

ae N — kinbkKicTb po3psaaiB Ans kogyBaHHS 6iToBOro psigka.

Lis dopmyna nokasye, wo p cunbHo 3anexuTb Big N, T06TO
TOYHICTb MPEeACTaBMEeHHA BU3HAYaETbCs  KiMbKICTIO  po3psagis,
BMKOPUCTOBYBaHUX ANS KOAYBaHHSA OAHIEl xpomocomu. Tomy npu
30inbLeHHi N npocTip NOLyKy PO3LMPHETLCS | CTae BENMYE3HUM.
Bigomun npuknaa: Hexam ana 100 3MiHHMX, WO 3MiHIOOTECA B
iHTepBani [-500; 500], NOTPIGHO 3HAWTU IKCTPEMYM 3 TOYHICTIO A0
LLOCTOro 3Haka nicnst KoMu. Y LbOMy BMNAAKy nNpu BUKOpUCTaHHI A 3
OBOIYHMM KOOyBaHHSAM AoBXMHaA psaka cknage 3000 enemeHTis, a
NpPOCTip MOLWYKY — BnM3bKo 10'0% xpomocoMm. EdpektuBHicTe BGA y
ubOMy BuNagky Oyde HeBMCOKOW. Ha nmeplumx iTepauisx anroputm
BUTPaTMTb Oarato 3ycurb Ha OUIHKY MOSMOALIMX po3psgiB 4vucna,
3aKkofoBaHMX Yy dparMeHTi ABOIYHOI XpoMocoMu. Arne onTumarbHe
3HayeHHs Ha neplux iTepauisx Oyade 3anexaTn Big CTaplmx
pospsgie uncna. OTxe, NOKM B NPOLECi €BOMIOLiT anroputMm He BUiae
Ha 3HAYEHHSA CTapLIOro po3psiay B OKOMMWUi ONTUMYMYy, ornepauii 3
MOSOALUUMM PO3psgaMu BUABNATLCA MapHUMK. 3 iHWOro GoKy, Konu
ue BigOyoeTbcs, CTaHyTb HenoTpibHi onepadii 3i cTapwumu
po3psigamMmun — HeoOXiAHO NOMIMNWYBaTU TOYHICTb PILLEHHS] MOLUYKOM Y
MonoAwmux po3psgax. Take "igeanbHe" NOBOMKEHHSI He 3abe3nevye
cimenctso anroputmie BGA, TOoMmy WO Ui anroputMu onepyrTb
BITOBUM psOKOM LIMNKOM, i HA NepLInX e ernoxax MosodLi po3psau
yucen "sacTuraloTb", NpUMaoYM BUNaaKoBe 3HAYEHHS. Y KNnacuyHUX
A pospobneHo cneuianbHi NpuoMKM MO Buxody 3 Ui€Ei cuTyauii.
Hanpwuknag, nocnigoBHWUI 3anyck aHCambIio reHETUYHMX anropuTmiB
3 MOCTYMOBUM 3BY)XEHHSIM MPOCTOPY MOLWYKy. € 1 iHwa npobnema:
npu 306inblIEeHHi AOBXMHM BiTOBOro psgka HeobXxigHO 36inbLiyBaTH i
YMCenbHICTb Nonynsuii.
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MaTtemaTtnuHui anapat 6e3nepepBHux NA

Ak yxe Big3Havanocs, npy poboTi 3 onTUMi3aUinHUMK 3agadvyamu B
0Oe3nepepBHUX MNPOCTOpPax LUIIKOM NPUPOAHO MNPEeACTaBMsATM TeHU
NpsIMO  AINCHUMKU YMcnamun. Y LUbOMy BUNagKy XPOMOCOMa € BEKTOP
[IMCHMX uucen. IxHA TOYHICTb 6yde BU3HAYATUCH BUHATKOBO
pospsgHoto citkoro Tiei EOM, Ha skin peanidyetbcsa real-coded
anroputm. [oBxuMHa Xxpomocomu Oyge 36iratucss 3 OOBXMHOW
BEKTOpa-pileHHs oNTUMI3auiiHOI 3agadi, iHaKWe KaXyyn, KOXeH 2eH
byde gidnosidamu 3a O0OHy 3MmiHHy. [eHoTuMn ob'ekta cTae
iJEHTUYHMM Horo cpeHoTuNoBi. BuieckasaHe BM3HaA4Yae CMAMCOK
OCHOBHUX nepesar real-coded anropntmis:

1. BwukopuctaHHa 6e3nepepBHUX FEHIB YMOXIMBIIIOE MOLWYK Y
BENMKNX NpocTopax (HaBiTb y HEBIAOMMX), LLO BaXKO pobuTH
y BUMAZKy [ABOIYHWUX TEeHiB, KON 36ifblUeHHA npocTopy
MOLLYKY CKOPOYYE TOYHICTb PilLIEHHS NPU HE3MIHHIA OOBXMHI
XpOMOCOMM.

2. OgpgHieto 3 Baxnmeux puc 6esnepepBHux MA € iXHS 30aTHICTb
[0 NoKanbHOro HaCTPOKBAHHSA PilLEeHb.

3. BwukopuctanHs RGA pns npeacrtaBneHHs pilleHb 3py4qHo,
OCKiNbKM 6fM3bKO [0 MOCTAHOBKM OiNblIOCTi MpUKNagHuX
3agau. Kpim TOro, BiJCYTHICTb onepauin
KoQyBaHHsA/gekoQyBaHHSA, WO HeobxigHi B BGA, nigBuye
LWBUAKICTE pOBOTU anropuTMmy.

Ak BigoOMO, nosiBa HOBMX ocobew y nonynsauii KaHoHiYHoro A
3abesnevytoTb Kinbka BionoriyHnx onepatopis: 00bIp, cxpewly8aHHs i
Mymauis. B akocTi onepatopiB fobopy ocoben y 6aTbKiBCbKy napy
TYT nigxogate Oyab-aki BigoMmi 3 BGA: pynemka, mypHipHud,
sunadkosuli. OpHak onepaTopy CXpellyBaHHA | MyTauii He
NigXoasiTb: Y KNacu4yHMX peanisauisx BOHM NpauiooTb 3 GiToBUMMU
psokamu. MNoTpibHi BnacHi peanisadii, WO BpaxoBylTb crneundiky
real-coded anroputmiB. Onepartop cxpellyBaHHs 6e3nepepsHoro A,
abo kpocoBep, NOpPogKye o4HOro abo OeKiNbKOX HallagkiB Big ABOX
XpoMOcoM. BriacHe kaxxyun, noTpiOHO 3 4BOX BEKTOPIB AiINCHUX Yncen
ofiepXaTu HOBi BEKTOPM 3a AKMMU-HeOYAb 3akoHamu. binbwicTtb real-
coded anropuTmiB reHepyloTb HOBi BEKTOPU B OKONULi OaTbKiBCbKUX
nap. [Ang noyaTtky po3rnsiHeMo NpOoCTi i NONYNsSAPHi KPOCOBEPMU.
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Hexai C1=(c11,cz1,...,c,,’) i ng(c,z,cf,...,c,,z) — OBi XPOMOCOMMU,
siKi obpaHi onepaTtopoM cenekuii Ana cxpelyBaHHs. Micna dopmynu
ONs 0esKuX KpOCOBEPiB NPMBOOUTBCA MartoHOK — reomeTpuyHa
iHTepnpeTauis noro pobotu. [lepeabavaerbcs, WO ck1<=ck2 i
f(C1)>=1(C2).

IMnockuli kpocoeep (flat crossover): cTBOpOETECA HaLAOOK
H_(h,,.. N ..hn) b, k=1,...,n — BuNagkoBe 4ucno 3 iHTepBany
[Ck ,Ck]

Hatnpocmiwuli kpocoeep (simple crossover): BuNagkoBuUMm
YMHOM BMBMpaETbCa Yncno k 3 iHtepsany {1,2,...,n-1} i reHepyroTbCA
ABa Hawagku

1 1 1 2 2y 2.2 2 1 2
H1=(C7 3C25..4Ck sCs1 5--,Cn ) | H2=(C1 3€2 5 .,Ck sCks1 5. 5Cp )

ApugpmemuyHuli Kpocoeep (arlthmetlcal crossover) CTBOPIOIOTbCA
nBa Hawaakn He=(h',...h,"), H=(h{ .. h0), e h'=w*c+(1-w)*cs,
hé=w ck2+(1 -w) e/, k=1,...n, w - abo KOHCTaHTa (piBHOMIPHWMIA
apndmeTnyHMA kpoccoeep) 3 iHTepsany [0;1], abo 3miHlOETbCA 3i
36iMNbLIEHHSIM €nox (HEPIBHOMIPHUIA apUPMETUYHUI KPOCCOBEP).

w=142
L i |
I Vit weaby, l
B ¢ ¢’ by
reomempu4Huli Kpocoeep (geometrlcal crossover):
CTBOpIOIOTbCFI Ip,Ba Hau.l,ap,KM H, (h,,.. h, ) Hg—(h1,...,h,72), ae
hd= (e )"*cE)"™, (cé)"*(c')"™, w— BunagkoBe uucno 3 iHTepeany
[0;1].
w=1/2
| —e—t-e—i1 i
w=2/3 w=1/3 ,
3 ¢! Gk by

3miwaHut kpocoeep (blend, BLX-alpha crossover): reHepyeTbcs
oavH Hawapok H=(hy,...,hy...,h,), oe h, — BuNagkoBe 4UCrO 3
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iHTepeany [Cmin—1*alpha, Comax+ I*alphal, Cmin=min(c’,c’),
Cmax=Max(Cx ,Cx" ), I=Cmax—Cmin- BLX-0. 0 KkpoccoBep nepeTBOPHETLCSA
B NJTOCKUMN.

alphael alphas]
| L ] |
] 1 1 I
e & ol b,

JlinitiHuti  kpocosep (linear crossover): CTBOPKKTLCA TpU
Hawagk  Hp=(h'.. .S, ...h,),q=1,23, pe h'=0.5%+0.5%,
hé=1.5%c-0.5"c, h’=—0.5c,'+1.5%c°. Ha eTani cenekuii B LboMY
KpocoBepi BiabupaoTbcsa ABa HanbinbLL CUIbHI Halaaku.

{ | [ |
I d T . Fre i

% o ¢ by

HuckpemHul kpocoeep (discrete crossover): KoXeH reH hy
BMOMpPAETbCA BUMNAAKOBO MO PIBHOMIPHOMY 3aKOHY 3 KiHLEBOI
MHOXWHM {c, ¢}

i 4 §
f ? ‘# 1
3 G ¢’ by
Po3wupeHut ninitivamut kpocoeep (extended line crossover):
reH hk=ck1+w*(ck2—ck7), W — BWMNagKoBe u4ucno 3 iHTepBany
[-0.25;1.25].
1/4w w 1/4w
| 4 4 |
f k T ]
% & ol by
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Eepucmu4Huli kpocosep (Wright's heuristic crossover). Hexaiw
C, - 0;1le2 i3 EI,BOX OaTbkiB i3 Kpallow npucTocoBaHicTio. Toai
h=w*(c, - )+Ck , w— BunagkoBse 4mcno 3 iHtepsany [0;1].

2.l
I% c‘il | |
i i i 1
A g ¢’ b

Hedimkuti kpocoeep (fuzzy recombination, FR-d crossover):
CTBOPIOIOTLCS  ABa  Hawaakm  Hy=(h,,...h,"), Hs=(h,,..,h.7)...
MMOBipHiCTb TOro, WO B /-TiM TeHi 3'ABUTbCA YUCNO V; , 3ada€eTbCH
posnoginom p(v){F(c'), F(cé)}, ne F(c), F(c’) — poanoginu
MMOBIpHOCTEW  TPWKYTHOI  pOpMM  (TPUKYTHI  HEiTKi c})yHKu,iT
MPUHAaNEeXHOCTI) 3 HAaCTYNHUMMW BNACTUBOCTSAMU (ck’=ck2i I=[ck —ck2|):

Po3nogin nmoeipHocTern MiHimym LleHTp Makcumym
F(cd) c—d*l ¢ i +d*1

F(Ckz) Ckz—d*l Ck2 Ck2+d*|

MapameTp d BM3Hayae CcTeniHb NEPEeKPUTTA TPUKYTHUX YHKLIN
NMpUHanexHocTi, 3a 3amoBYyBaHHAM d=0.5.

{ // 1 \/ | \ }
i L | 1 b
1 Ckz b

a G

X

B skocTi onepaTtopa myTauii Hanbinblue NOLMPEHHsST oaepXanu:
BMNagkoBa i HepiBHOMipHa wMyTauis (random and non-uniform
mutation). lNpu BunagkoBin MyTauil reH, WO poO3aAnsrae 3MiHHi,
npuiMae BUMNAAKOBE 3HAYEHHA 3 iHTepBany CBOEi 3MiHHOI. Y
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HEepiBHOMIpPHIA MyTauil 3Ha4YeHHs reHa nicna onepaTtopa MyTauil
po3paxoByeTbCS Mo GopMyni:

* Ck+A(t,bk—Ck),W=0
¢, - Alt,b, ¢, ), w=1"

Alt,y) =Y i-r[ Ut

CknagHo ckasaTu, Wo OBinbll ePeKTUBHO B KOXHIM KOHKPETHOMY
BUMAKY, ane YNCIeHHi JoCnigKeHHa 00BoAATh, Wwo 6e3nepepsHi A
He MeHW edeKTuBHO, a Yacto Habarato edeKTuBHile
CrpaenslTbCA 3 3agadvamMu OnTUMi3aLii B GaraToMipHMX npocTopax,
npu Lbomy Oinbll NpocTi B peani3auii Yepe3 BiACYTHICTb npoueayp
KOQyBaHHS i AeKoAyBaHHS XPOMOCOM.

PoarnsHyTi KpocoBepu icTOpnYHO Oynu 3anponoHOBaHi NepLuInmu,
ofHak y OaraTbox 3agayax IixHA edqEeKTUBHICTb BUSIBNAETLCSA
HeBucokoto. BuknioueHHs cknagae BLX-kpoccoBep 3 napameTpom
alpha=0.5 — BiH nepeBepLllye No edeKTUBHOCTI OiNbLIICTb NPOCTUX
KpocoBepoB. [lisHiwe Oynu po3pobneHi noninweHi onepaTtopu
CXpellyBaHHA, aHaniTmyHa dopmMmyna SKkux |  edeKTUBHICTb
obrpyHTOBaHi TeopeTnyHo. Po3rnsaHemMo AOKNagHiwe oAWH 3 TaKux
kpocosepoB — SBX.

SBX kpoccoBep
SBX (aHrn.: Simulated Binary Crossover) — kpocoBep, Lo iMiTye
OBOiYHUIA. ByB po3pobnenun y 1995 poui gocnigHMLbKO rpynoto nig
kepiBHuutBoM K. Deb'a. Ak Bunnmeae 3 Moro HasBu, LiEW KPOCOBEP

MoAentoe NpUHLMNM PoGOTU ABOIYHOrO onepaTopa CXpeLLyBaHHS.

SBX kpocoBep OyB OTpMMaHui y Takui cnoci6. Y ABOIYHOro
KpocoBepa 6yna BusiBNeHa BaxnuBa BnacTUBICTb — cepeHe
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3HAYeHHSA (PYHKUiT NPUCTOCOBAHOCTI 3anuwanocsd He3MiHHUM Yy
OaTbKiB i iXHIX HawagkiB, OTPUMAHUX LUMSXOM CXpeLlyBaHHs. [oTim
aBTopom Oyno BBedeHe MOHATTS CUNM MOLUYKY KpocoBepa (search
power). Lle kinbkicHa BenunuuHa, WO XapakTepusye po3noain
MMOBIpHOCTEN MnosiBU OyAb-AKOro Hallagka Big [OBOX [OBIMbHUX
baTtbkiB. Cnouvatky ©Oyna pospaxoBaHa cuna Mowyky Ans
OAHOTOYKOBOrO ABOIYHONO KpocoBepa, a noTim ByB po3pobneHuin
JincHuin SBX kpocoBep 3 TakOK Ke CUIOK MoLlyKy. Y HbOMY cuna
MOLLYKY XapaKTepu3yeTbCsl PO3MnoAinioM NMOBIPHOCTEN BMNALKOBOI
BENNYUHMN B:

0S(n+1)8", B =1

P(8) =
) 0.5(n+ 1)8~{™2, g 51,

[ns reHepauii HawwaakiB BUKOPUCTOBYETLCSA HACTYNMHWUI
anropuTm, Lo BUKopucToBye Bupa3 ansa P(B). CTeoptotoTbes ABa
rawaakn H=(h/, ..., hf ..., ), k=1,2,
ae h,-1=0.5- [(1- Bk)c,-1 +(1- Bk)c,-z] - 4yucno, oTpumaHe no opmyni:

(2™, L(01) <05

1 Y
(mT ’ U(O,l) »>05.

Y copmyni wu(0,1) — BMNagKoBE 4UCIO, PO3NOAiNeHe no
piBHOMipHOMY 3akoHy, n [2,5] — napameTp kpocoBepa. Ha pucyHky
npvBeAeHa reoMeTpuyHa iHTepnpeTauis pobotn SBX kpocosepa npu
CXpeLLyBaHHi JBOX XpOMOCOM, L0 BiANOBIAATb AINCHUM Yucnam 2 i
5.

B) =
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MAOTHOCT BEPOSTHOCTY 2
1.01 cmemw nef

0.51

3 pucyHKa BUOHO, SIK napaMeTp N BNAMBaeE Ha KiHLEBUN pesynbTar:
30iMbLIEHHS N CNpUYMHAE 36inblLEeHHI0 MMOBIPHOCTI NOSIBM Hallaaka
B okonuui 6aTbka i HaBnaku.

ExkcnepumeHT aBTopa SBX KkpocoBepa nokasanu, WO BiH Y
baratbox Bunagkax edekTuBHiwe BLX, xova, mabyTb, He icHye
XOOHOro KpocoBepa, eekTUBHOro y BCiX Bunagkax. [ocnigxeHHs
MoKasyloTb, LO BWKOPUCTAHHA [EKifbKOX pPi3HUX onepaTtopis
KpocoBepa [03BONA€E 3MEHLNTN MMOBIPHICTb nepegvacHoi 36iKHOCTI,
TO6TO noniNWUTU edeKkTUBHICTL anropuTMy ONTMMI3aLuii B LiNoMy.
Ons uboro MOXyTb BMKOPUCTOBYBATUCS CreuianbHi cTpaTerii, WO
3MiHIOIOTb  MMOBIPHICTb  3aCTOCYBaHHA OKPEMOro €eBOSOLiMHOMo
onepaTopa B 3anexHoCTi Bif MOro «ycrilHOCTi», abo BUKOPUCTaHHSA
ribpnaHMX KpOCOBEpIB, AKMX Yy AaHMW 4ac HapaxoByeTbcHA Oinblue
aecsatkiB. Y 6yab-akoMmy BMNagky, sikwio nepeq Bamu cToiTh 3agava
onTumisadii B 6e3nepepBHMX nNpocTopax, i Bu nnaHyeTe 3actocyBatu
€BONOLiAHI  anropuTMKM, TO BapTo 3p0obOUTM BUBIp Ha KOpPUCTb
6e3nepepBHOro reHETUYHOIO anropuTMmy.

3.18. EBonouinHi anroputmMmun
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leHemuyHi aneopummu  (genetic  algorithms) pasom 3
€B80/1I0YilIHOI cmpamezielo W e8OMIUIUHUM  fpo2paMy8aHHIM
NPeacTaBnalTb  MPU  20/I08HUX — HaMpPsIMKU — pO38UMKY  mak
Ha3ugaHOo20 egosIroUiliHo20 ModestoeaHHs (simulated evolution).

Hes3Baxaloum Ha Te, LLO KOXEH 3 LUMX METOAiB BUHUK He3anexHo
Bif iHLWMX, BOHU XapakTEPU3YHTbCA PSLOM BaXKIMBUX 3aranbHUX
BnacTuBocTen. [iNss KOXHOro 3 HUX POPMYETBCS BUXiAHA NONynsauis
ocoben, Wo y HacTynmHOMY MiggaeTbCcsa cenekuil i BNnMBOBI Pi3HMX
reHeTUYHNX OonepaTopiB (HamyacTile cxpeLlyBaHHo i/abo myTauii),
LLIO O03BOSISIE 3HAXOANTM BinbLU rapHi piLleHHs.

Eeonrouitini cmpameeii - ye anzopummu, cmeopeHi sk Memodu
piweHHs1 onmumizauitiHux 3aday | 3acHoeaHi Ha npuHyuUnax
npupodHoOI esornouji.

EsontouinHe nporpamMmyBaHHS ABIsiE coboto nigxig,
3aMnpornoHOBaHUN aMEPUKAHCBLKUMW BYEHMMMK CcrioyaTky B pamkax
meopii KiHUyesux asmomamig i y3aranbHEeHWn ni3Hiwe Ana gopaHkis
0o npobnem ontumisadii. O6bnasa HanpsiMKa BUHMKIW B LLICTAECATUX
pokax XX cTonitTs.

CKOHLEHTPYEMO yBary Ha HaWBaXnuMBIlUMX NOAIBHOCTAX i
PO3XOMKEHHAX MK €eBONIOUINHMMK  CTpaTeriiMn i reHeTUYHUMM
anroputmamu. O4eBnAHO, WO rofioBHa NoAiBHICTL nonsrae B TiM, WO
obuaBa MeToaM BUKOPUCTOBYHOTb MONYMAUii MOTEHUINHMX PilleHb i
peani3yloTb  MPUHUUN  Cenekuii i MNepeTBOPEHHSA  HanbinbLu
npucrtocoBaHmx ocoben. OpgHak 0OroBoptoBaHi Nigxoau CUIbHO
BiPI3HAOTLCA OAMH Big O4HOrO.

MepLue po3xomKeHHs nonsarae B cnocobi npeacTaBneHHs 0coben.
EeonroyitiHi cmpameeii onepyromb eekmopamu JGilicHUx 4yucern,
TOAi Ik 2eHeMuUYHi anzopummu - 080IYHUMU 8eKmopamu.

[pyre po3XOomKeHHs MK  eBOSIIOUINHUMKM  cTpaTteriaMmm i
reEHEeTUYHUMU anropuTMamMuM KpUETBCS B OpraHisauii npouecy
cenekuii. [llpu peanisauii esonwouinHOI cTpaterii  HPOpMyeTLCH
NpoMikHa nonynsauia, LWo cknagaetbca 3 ycix OGaTbkiB i geskoi
KINbKOCTI  HawlaakiB, CTBOPEHUX Yy pes3ynbTaTi 3acTOCyBaHHSA
reHeTU4YHMX onepaTtopiB. 3a Aonomorok cenekuii po3mip uiei
NPOMDKHOT nonynsuii  3MeHWYeTbCA [0 BeNUYMHW  BGaTbKiBCbKOI
nonynauii  3a paxyHOK BUWKMIOYEHHS HaWMeHLW MpUCTOCOBaHUX
ocoben. CchopmoBaHa B Takuii cnocié nonynsuis yTBOPKE Yeproee
NOKONiHHA. HaBnpoTn, y reHeTu4HMX anropuTtmax nepenbdbavaeTbces,
Wo B pesynbTaTti cenekuii 3 nonynsAuii 6aTbkiB  BigbupaeTbcs
KiNbKiCTb 0coben, piBHa pO3MIpHOCTI BMXiQHOI nonynsuii, Npy LboMy
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aeski  (Hambinblw npuMcTocoBaHi) 0cobuM MOXyTb  BigbupaTucs
GaratopasoBo. Y TOM e 4ac, MeHLW MNpUCTOCOBaHi 0cobu Takox
MalTb MOXIMBICTb 3'ABUTUCSA B HOBIM nonynsuii. OgHak LwaHcK
IXHBOro BigGOPY NPOMOPLUINHI BENWYMHI NPUCTOCOBAHOCTI ocoGen.
Hes3anexHo Bif 3aCTOCOBYBAHOrO B reHETUYHOMY anropuTmi Mmetoay
cenekuii (Hanpuknag, pynetku abo paHroBoro) BinbLU NPUCTOCOBAHI
ocobn MmoxyTb Bigbupatuca 6aratopasoBo. [lpu peanizauil
e.oJToyitiHUX cmpameeili ocobu sidbuparombcsi 63 noemopeHb. B
€BOMOLIMHNX cTpaTerisix 3aCTOCOBYETLCS AetepmiHoBaHa
npoueaypa cenekuii, ToAi SK y reHeTUYHUX anropMTmMax BOHa Mae
BMNagKOBWIA XapakTep.

TpeTe pO3XOMKEHHA MDK  €BOMUIMHMMK  cTpaTeriaMn i
reHeTUYHUMWN anropuTMammn CTOCYETbCH MOCNIOOBHOCTI BMKOHAHHS
npouenyp cenekuii i pekombiHauii (TO6TO 3MiHK reHiB y pesynbTarTi
3acTocyBaHHs reHeTUYHNX oneparopiB). Mpun peanisauii
€BOMOLIMHNX CTpaTerii  cnoyaTky BUKOHYETbCHA pekombiHauid, a
MoTiM cenekuis. Y BvnagKy BUMKOHAHHS FEHeTUYHMX anropuTMiB LS
nocnigoBHICTL  iHBepTyeTbCsa.  [lpy  3A4IMCHEHHI  3acTOoCyBaHHS
€BOMOLIMHNX CTpaTerin - HawadoKk YTBOPKETLCA B pes3ynbTari
CXpeLlyBaHHs ABoXx 6atbkiB i myTauii. PopmoBaHa B Takui cnocib
npoMikHa nonynsuis, Wo cknagaertbcs 3 ycix 6aTbkiB i OTpUMaHmx
BiO HWUX HawagkiB, Hagani NiggaeTbca cenekuii, Wo 3MeHLLYe po3Mip
uiel nonynauii go posmipy BuxigHol nonynauii. [py  BUKOHaAHHI
FeHEeTUYHUX anropuTMIB CMNoYaTKy BUKOHYETbCS Cenekuid, Lo
npuBoAMTbL [0 YTBOPEHHS nepexigHoi nonyndauii, nicna  4oro
reHeTUYHi onepaTopu CXpellyBaHHS i MyTauii 3acTOCOBYHOTbCA [0
ocobiB  (0bupaHMx 3 WNMOBIPHICTIO CXpellyBaHHS) i [0 TreHiB
(0BupaHmx 3 MMOBIPHICTIO MyTaUiil).

HacTynHe po3xOmKeHHs MK eBOMuUiHAMK  cTpaTeriaMmn i
rEHeTUYHUMKU  anropuTMamMuM nondrae B TiM, WO MapamMeTpu
FeHeTUYHUX anropuTMiB (Taki, SK WMOBIPHOCTI CXpeLlyBaHHS i
MyTauil) 3anuwalTbCs CTanMMuM  MPOTSAroM  YCbOro  npouecy
eBonouil, Toai AK npu peanisauii eBOMOUIMHMX CTpaTerii Ui
napameTpu nigoawTbes Oe3nepepBHMM 3MiHaM (Tak HasvBaHa
camoapjanTaLisg napameTpis).

LUle ogHe pO3XOMKEHHS MK €eBOMoUIHAMK CcTpaTeriaMmm i
reHeTUYHUMW anropMTMamMmn CTOCYETLCS TPaKTyBaHHSA OBMEXEHb, Lo
HaknagawTbCA Ha po3B'd3yBaHi ONTUMI3aUinHI 3agadi. Akwo npu
peanisauii eBOMnOLUINHMX CTpaTerin Ha OesKin iTepauii Hawagok He
3a0BOJbHSAE BCIM OOMEXEHHSAM, TO BiH BiAKMAAETLCS i BKITHOYAETHCA
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B HOBY MOnNynsuito. AKWO TakMx HallagkiB BUSBNAETbCA Oarato, TO
€BOSOUiHA CcTpaTeria 3anyckae npouec aganTauii napameTpis,
Hanpuknag, LWAsSXoM 30iNblUeHHs MMOBIPHOCTI CXpellyBaHHsA. Y
reHEeTUYHNX anropyTMax Taki napameTpy He 3MIHIHTbCHA. Y HUX
MOXe 3aCTOCOBYBaTUCA WTpadHa PyHKUis Ana Tux ocoben, Wwo He
3a[10BOSIbHAOTL HaKNageHnMm OOMEXEeHHsIM, OfHaK Ls TexHororida
Mae 6araTo HeJoniKiB.

B Mipy po3BuTKY €BONIOLIMHUX CTpaTerii | FEHETUYHNX anropuTMmiB
NPOTArOM OCTAHHbLOrO POKIB ICTOTHI PO3XOMKEHHA MK HUMMK
NoCcTynoBO 3MeHLYTbCA. Hanpuknag, npu peanisauii reHeTUYHuX
anroputmiB  OnNs  pilleHHs OoNnTUMI3auiHUX 3agad  yce 4acTiwe
3aCTOCOBYETbCA MNpeAcTaBneHHs XPOMOCOM AiMCHUMW 4Yucramu i
pi3Hi MoaudikaLii «reHeTUYHMX» onepaTopiB, WO Mae Ha MeTi
nigBUWNTM edekTUBHICTb Uux anroputmie. [ogibHi meToamn, WO
3HaYHO BIAPI3HATLCA Bif KMACUYHOrO reHeTUYHOro anroputMy, 3a
Tpaguuieto 36epiraloTb KONULLHIO Ha3By, xo4a binbLl KOpeKkTHO 6yno
6 HasuMBatTM IX «EeBOMOUINHUMW  anroputMamuy». [lpobnemy
TepmiHonorii My 6yaemo obrosoproBaTy TPOXM MisHiLLe.

EBontouinHe nporpamMyBaHHSA, TakoX SK i €BONKOUiVHI cTpaTerii,
pobuTb OCHOBHMI YyNoOp Ha ajanTauito i po3maiTicTb cnocobis
nepegadi BnactusBocTer Big 6aTbka OO0 HaWadKiB Yy HaCTYMHUX
nokoniHHax. [losHanomumocss  3i  CTaHOapTHUM  anropuTMOM
€BOMMOLiMHOro NporpamMmyBaHHS.

BuxigHa nonynsuis piweHb BUOMpPAETbLCA BUMNAOKOBUM YMHOM. Y
3afayax onTuMisauil 3HaYeHb JiNCHUX Ymcen (NPUKNagom sIKUX MoXxe
CNYXWTU HaBYaHHS HEWpPOHHWX Mepex) ocoba (xpomocoma)
npeacTaBnseTbCs NaHLIOroM 3HavyeHb AincHUX vucen. Lia nonynsauis
OLHIOETBCH LWOAO 3adaHol byHKUiT (dDYHKLiT NpMCTOCOBAHOCTI).
Hawagkn yTBOpHOOTLCA Big BXiAHMX y L0 nonynsauio G6aTbkiB y
pesynbTati  BuMnagkoBoi  MyTauii.  Cernekuis 3acHoBaHa Ha
MMoBIpHiCHOMY BMBOpi (TYpHIpHUI MeToA), Npu  SKOMY KOXHE
pillEHHs 3MaraeTbCs 3 XPOMOCOMaMK, BWUMNAAKOBUM  YMHOM
obupaHmmmn 3 nonynsuii. PilleHHA-nepeMoxXLui (siki € Hankpawmmm)
cTalTb GaTbkamy AN HAaCcTyMHOro nokoniHHA. OnucaHa npouenypa
MOBTOPIOETLCS TaK AOBro, NOKM He Oyde 3HaMOEHi LUyKaHe PilleHHs
abo He byae BMYepnaHui NiMIT MaWMHHOTO Yacy.

EBontouinHe nporpamyBaHHs 3aCTOCOBYETbCA AN ONTUMI3auil
PYHKLIOHYBaHHS HEMpOUX Mepex. Tak, SK i iHWi eBonoUinHi MeToaw,
BOHO He BMMarae rpagumeHTHOI iHdopmadii i Tomy MoOxe
BVKOPUCTOBYBATUCA ANS pPilleHHs 3ajad, y Skux usg iHdopmauis
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HedocTynHa, abo pgns 1 ogepXkaHHs NOTPIOGHI  3HaA4Hi  06csrn
obumcnenb. OpHMMM 3 mepwnx  OopaTkiB - eBOMOUINHOro
nporpaMyBaHHSA BBaXKalOTbCS 3afadi Teopii WTYYHOro iHTenekTy, a
cami paHHi poboTu cTocyBanucs Teopii KiHLEeBMX aBToMaTiB.

Cnoctepiraetbcss  BenmMka MOAIOHICTL MK €BOMOLIMHUMN
cTpaTeriaiMm M eBOMOLIMHUM MpOorpamMyBaHHAM Yy IXHIX godatkax [o
3apay ontumisauii 6esnepepBHUX PYHKUIA 3 AINCHAMU 3HAYEHHSIMU.
Oeski pocnigHukn CTBEepXylTb, WO Ui npoueaypu, Mo CyTi,
O[HaKOBi, X04a BOHM i PO3BMBANMCHA He3anexHOo OAdHa Big OAHOI.
[icHo, obuagBa MeToOM CXOXi  Ha TEeHEeTUYHI  anropuTMu.
MpUHUMNOBE PO3XOMKEHHS MiXK HUMW NONArae B TiM, WO €BONoUiHe
nporpaMyBaHHs! He 3B'A3aHe 3 KOHKPETHOK (hOpMOI0 NpeacTaBrieHHs
ocoben, OcKinbku onepaTtop MyTauii He BMMarae 3acTOCYBaHHS
SIKOro-Hebyab cneuianbHOro crnocoby KogyBaHHS.

Mepwnin KOHTAKT MK HaAyKOBMMW KONEKTMBaMM, LLO PO3BMBAIM
eBOMOLiMHI cTpaTerii W eBonouiiHe nporpaMyBaHHs, BigbyBcs Ha
noyatky 1992 p., 6e3nocepegHbO nepen MepLUO MiXHaAPOOHOM
KOH(pepeHLUieto, MPUCBAYEHOID €BOMOUIMHOMY MnporpamyBaHHio. Lli
MeToaM po3BmBanucs HesanexHo npotdrom 30 pokiB. Hessaxatoum
Ha BWAINEHI PO3XOMKEHHs, BOHW MalTb 6arato MPUHUUNOBO
noaibHMX BNacTUBOCTEN.

Yci Tpu npencraBneHnx MeToau, To0TO 2eHemuyHi an2opummu,
esoryiliHi cmpameaii U egontouyiliHe npoepamygaHHs NOEOHYIOTLCS
nig 3aranbHOK HA3BOK EBOMMOUINHI - anroputmn  (evolutionary
algorithms). TakoXx 3acTOCOBYETbCS TEpMiH €BOMIOUIVHI MeToau
(evolutionary methods).

EBonouinHuMn anropytmMaMmmn HasvMBalOTbCA W iHWI mMeToaun, Lo
peani3yloTb €BOoLiNHUIA niaxia, 30KpemMa, reHetTn4yHe
nporpamyBaHHs (genetic programming), Wo npeacTasnse coboto
MoAMdiKaLilo reHeTUYHOro anropuTMy 3 ypaxyBaHHAM MOXIMBOCTEN
KOMM'toTepHUX nporpam. Npu BUKOPUCTaHHI LIbOro MeToAy nonynsauis
CKNagaeTbCa 3 3aKkogoBaHUX BIiAMOBIOHMM YMHOM nporpam, Lo
nigoalTbCa  BMAAMBOBI  FEHETUYHMX OMepaTopiB  CXpeLlyBaHHA i
MyTauil Ana  3HaXOMXEHHS  OMNTMMAanbHOrO  PIIEHHHA,  AKUM
BBaXaeTbCA Mporpama, Lo LOHaWKpalle BUpILLYE MOCTaBEHY
3apjadvy. [lporpamu OUIHIOIOTBCA LWOAO BU3HAYeHO! cneuianbHUM
YMHOM  YHKUiT npucTocoBaHocTi. LlikaBoo npeacraBnseTbcA
Moandikauisi eBONIOLINHNX anropuTMIiB AN PilLEHHA ONTUMI3aLiNHNX
3afay METOAOM TaK HasMBaHOI M'SIKOI cenekuii, Lo 3anpornoHoBaHa
P. Manapowm.
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[na nosHayeHHs pi3HOMaHITHMX anropuTMiB, 3acCHOBaHUX Ha
€BosoLifHOMY nigxoai, Takox 3aCTOCOBYETbLCS MOHATTA
eBOMoLiMHNX nporpam (evolution programs). Lien TepmiH noegHye sk
2eHemuu4Hi anzopummu, eeostouitiHi cmpameeii U egosnwouilHe
rpoepaMyeaHHsl, maK i eeHemu4yHe rpoepamMy8aHHsl, a TakoX iHLUi
aHarnoriyHi metoau.

EBontouinHi  nporpamm  MOXHa  BBaXxatu  y3ararbHEHHAM
reEHeTUYHMX  anroputmis.  KnacuyHMM  reHeTUYHUN  anropuTm
BUKOHYETbCA NPU iKCOBaHIN JOBXMHI ABOIYHMX MOCNIAOBHOCTEN i B
HbOMY 3acCTOCOBYHTbCS OMepaTtopu CXpelwyBaHHA i myTauil.
EBontouiniHi nporpammn o6pobnsaoTe Ginbll cKknagHi CTPYKTYypu (He
TiNbKM OBOIYHI KOOW) | MOXYTb BWKOHYBAaTW iHLWI «rEHETUYHI»
onepadii. Hanpuknaa, eBontoLuinHi cTpaTerii MOXyTb TpakTyBaTUCA 9K
€BOMOUiAHI  NporpamMn, Yy SKUX XPOMOCOMW MNPeACTaBNsAlTbLCA
OINCHMMN (He OBOIYHMMM) YMCnaMn, a MyTalisi BAKOPUCTOBYETLCS SIK
€AVHa reHeTn4yHa onepauis.

CTpyKkTypy €BOrMIOUIMHOT MporpaMmuM AOCUTb TOYHO BigobGpaxae
brnok-cxema, npuBegeHa Ha pwuc. 3.12. BoHa 3b6iraetbca  3i
CTPYKTYPOIO TEHETUYHOro anropuTMmy, OCKINbKW igel eBOntouinHOi
nporpaMy LINKOM 3ano3uyeHi 3 Teopii reHeTUYHUX anropuTMmiB.
Po3xogxeHHss MalTb [MUMOUHHMI  XapakTep, BOHW CTOCYHOTbCH
crnocobiB  npeAcTaBreHHs XpPOMOCOM i peanisauii reHeTU4HMX
onepatopiB. EBontouivHi nporpamu gonyckatwTb BinbLly po3maiTicTb
CTPYKTYP OaHWX, OCKINIbKW MOXNWBE He TifMbKW OBOIYHE KOOYBaHHS
XpOMOCOM, a TaKOX HafalTb PO3LUPEHUN Habip reHeTU4HUX
oneparopis.

3rigHo 3. Muxanesuyy, eBonioLinHa nporpama - ue MMOBIPHICHWUI
anropuTM, 3aCTOCOBYBaHWUI Ha k-7 iTepauii 4o nonynsuii ocoben

KoxxHa ocoba npeactaBnsie MOTEHLUiMHE pilleHHa 3agavi, Wwo y
OOBINbHIN eBOMLUiVHIN Nporpami Moxe BigobpaxaTtucsa skowcb (Y
TOMy 4uchni i JOCUTb CKNagHoi) CTpykTypow pfanumx D. Bygp-ske
PilUEHHA X; OUJHIOETBCA 3a 3HAYEeHHAM KMOro «MpPUCTOCOBAHOCTI».
HOani B npoueci cenekuii Ha (k+1)-n iTepadii 3 HanbinbLWw
npucTocoBaHux ocoben ¢opmyeTbca YeproBa nonynauis. [Oeski
ocobu Uiei HOBOI nonynsAuii TpaHCOPMYKOTLCS 3a  AOMOMOroH
«FEHETUYHMX OMepaTopiBy, IO JO3BONIAE O0EPXKYBATU HOBI PiLLIEHHS.
ICHYlOTb NepeTBOpeHHs u; (TUNy MyTauii), WO 3MiHIOTb KOHKPETHI
xpoMmocomu (u;; D—D), a Takox TpaHcdopMalii Ginbll BUCOKOro
nopsaky y; (TMny CxpeLlyBaHHs), WO CTBOPIOKTL HOBi 0COOU LUMSIXOM
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KOMGiHYBaHHS doparmMeHTiB AeKinbkox (gBox abo Oinbll) XpOMOCOM,
T06T1O vi: D % ... x D — D. Big eBontouinHOI nporpamm o4ikyeTbCs, LU0
nicns 3MiHWM [esKoi KiNbKOCTi MOKOMiHb Halkpalwa ocoba 6yae
NpeacTaBnsaTU pilleHHs, 6nu3bke Ao onTtuMmanbHoro. CTpykTypa
€BONOLIMHOT  nmporpamuM  Moxe OyTM npeacTaeneHa Yy  Bugi
nceBAOKOAY TakK, SIK Le 300paxeHo Ha puc. 3.81 (pekomeHayeTbCs
nopiBHATK Hei 3 puc. 3.12).

procedure 3BOMIOLMOKHAA_Nporpamma

begin

k=0

vwHULUManu3ayus nonynsuum P(k)

oueHuBanue npucnocobneHHocTy ocobent s P(k)
while (not ycnosue 3aseplienus) do

begin

k=k+1

cenekuus ocoben na P(k — 1) B P(k)

NPUMEHERUE FrEHETUYECKUX ONEPaTOpOB
oueHnBaHue npucnocobnesHocTy ocobeit us P(k)
end

end

Puc. 3.81. T[lpeacrtaBneHHs eBONIOUIMHOI nporpamn y BuAi
nceBOoKOAY.

PosrngaHemo ysaranbHeHW nNpuknag €eBOSIOUIMHOI NporpamMu.
Mpunyctnmo, WO LWyKaeTbCca rpad, WO 3aJ0BOMbHAE MEBHUM
obMexeHHAM  (Hanmpuknag,  BMKOHYETbCA  MOWYK  TOMOJoril
KOMYHiKaUiHOT Mepexi, onTMManbHOI 3a KOHKPETHUMU KpUTepisimu,
Hanpuknag, no BapTocTi nepedadi i T.n.). KoxHa ocoba B
€BOOLiMHIA nporpami npeacTaBnse ofHe 3 MOTEHUINHUX pilleHb,
To6TO B AaHOMY BMnaaky geskun rpad. BuxigHa nonynsuia rpadis
P(0), cdopmoBaHa BMNaAgKoOBMM 4YMHOM aboO CTBOpHOBaHa Mpu
peanisauii siKoro-Hebygb €BPUCTMYHONO MPOLIECY, BBAXAETLCSA
BignpaBHOO Toukow (k=0) eBomwouinHOi nporpamu.  DyHKUiNA
NPUCTOCOBAHOCTI, WO 3a3BMYyal 3afacTbCs, 3B'A3aHa i3 CUCTEMOLO
obMexeHb  po3B'A3yBaHOi  3apadvi. Lla  dyHkuis  BM3Havae
«MPUCTOCOBAHICTb» KOXHOTO rpada LUMSAXOM BUSABIIEHHS «KpaLLMXy i
«ripwnxy ocoben. MoxHa 3anponoHyBaTK Kiflbka pi3HMX onepaTopiB
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MyTauii, Npu3HavyeHnx gnsa TpaHcdopMauii okpemux rpadis, i TPOXu
onepaTopiB CxpellyBaHHS, Wo OyayTb CTBOpHOBATUM HOBWUW rpad y
pe3ynbTaTti pekomOiHauii cTpykTyp ABox abo 6Ginbw rpadie. Hdyxe
YacTo Taki onepatopu OOYMOBMIOKTLCA XapakTepoM pO3B'A3yBaHOi
3apjavi. Hanpuknag, akwo wykaetbca rpad Tuny «aepesBo», TO
MOXHa 3anporoHyBaTW onepaTtop MyTauii, WO Buaanse ranysb 3
ofHoro rpada i gogae HOBY ranysb, WO MNOEOHYE OBa OKPEMUX
nigrpada. IHWi MOXMMBOCTI nondraloTb Y MNPOEKTyBaHHi MyTauii
HesanexHo BiA ceMaHTMKM 3afdadi, ane 3 BKIIOYEHHSAM Yy YHKLUio
NMPUCTOCOBAHOCTI O0OAaTKOBMX OOMeXeHb - «wTpadiBy Ans Tux
rpadis, WO HE € epeBaMu.

MPUHUMNOBY PI3HULIIO MK KNACMYHUM FEHETUYHUM anropuTMOM i
€BOJOLiiHOI nporpamoto, ToOOTO eBOSIOUIMHUM  anropuTMOM Y
LLUMPOKOMY 3MicCTi, intocTpytoTb puc. 3.82 i 3.83.

Pemaemas
npobnema (3axaua)
|
Momndnxauns 3azaun
K BH]ly. COOTBETCTBY IOLICMY

KJIACCHYCCKOMY FeHeTH-
HECKOMY aJITOPHTMY

Monuduumponannas
3aj1a4a

ITpuvenenne kaaccnyeckoro
FeHeTHYECKOI'0 A/ OPHTMA
ANd peleHHs
MOAHHLIHPOBAHHOM 3a1aun

|
Haunayumee
pellleHHe 3a1auu

Puc. 4.82. PiweHHsa 3apgadi 3a 4OMNOMOro0 KNacu4yHOro reHeTu4yHoro
anropuTmy.

KnacuyHum reHeTU4HUM anroput™M, WO Onepye  ABOIYHUMU
nocnigoBHOCTAMUW, BUMarae npeactaBUTU pO3B'A3yBaHy 3ajady B
CTPOro BM3HA4YeHOMY BuAi (BigNOBIOHICTE MK MOTEHUiIAHUMMK
piLUEHHAMM | 4BOTYHUMM KOgaMM, AeKOAYBaHHS i T.M.). 3pobuTu Le He
3aBXau nNpocTo.
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Pewiacmas
npobiema (3a/aua)
|

Moauduxauus knaccngeckoro
FeHeTHYECKOr0 AJFOPHTMA
K BH/LY. COOTBETCTBYIOIEMY

pelliaeMoi 3aj1aue

IBONOLHOHHAS
[porpamMma

Ipumenenne
IBOHOIHONHOMN MPOr paMMbl
a8 peuwieHus 3anaum

|
Haunnyumee
peLIeHUE 3a/1auH

Puc. 3.83. PiweHHs 3agadi 3a 4ONOMOror eBOSIHOUINHOIMO anroputmy
(eBontouivHOT Nporpamu)

EBontouinHi  nporpamn MOXyTb 3anvUTX MOCTaHOBKY 3ajadi B
He3MiHHOMY BMAI 3@ paxyHOK Moaudikauii Xpomocom, Lo

npeacTasnsAloTb NOTEHLiNHI pilleHHsI (3 BUKOPUCTaAHHAM
«MPUPOAHMX»  CTPYKTYP AaHuX), i 3acTOCyBaHHSA  BigmnoBigHUX
«FEHEeTUYHNX» onepaTopiB. |HWWMK cnoBamn, AnNs  PilleHHSs
HeTpuBianbHOI 3agadvi MoOxHa abo nepeTBopuTu 1i OO BuUay,

HeoOXiOHOMY [Ansi BMKOPWUCTAHHS TEHETUYHOro anroputmy (puc.
3.82), abo wmoandikyBaTM TreHETUYHMI anropuTm Tak, Wwob BiH
3a00BONbHAB 3agadvi (puc. 3.83).

Mpu peanisauii nepworo nigxoay 3acTOCOBYETbCH KNaCU4HUN
reHeTUYHWA anroputMm, a npu peanisadii gpyroro nigxogy -
eBosnouiHa nporpama TakuMm YMHOM, MOAUMDIKOBAHI TFeHEeTUYHI
anropuTMn MOXHa B 3araribHOMY BUMAAKy Ha3nBaTU €BOSMOLINHUMM
nporpamamu. OgHak HandacTiwe 3yCcTpivaeTbCs TePMiH €BOIOLiNHI
anroputmun. EBontouUinHi nporpaMn TakoX MOXYTb po3rnsagaTucsa sk
€BOSOUiMHI anropuTMu, NigroToBfieHi NporpaMicToM And BUKOHAHHA
Ha komn'toTepi. OCHOBHA 3agadva nporpamicrta nonsrae npu Ubomy y
BMOOpPI BiAMOBIOHWX CTPYKTYP OAHWUX | «FEHETUYHUX» OnepaTopiB.
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Came Take TpakTyBaHHs TMOHATTA  eBOMOUiMHA  nporpama
NpeAcTaBnseTbCst HanbinbLW o6rpyHTOBAHOL.

YCi NOHATTHA, 3aCTOCOBYBaHi B LibOMY PO3Aifi i CTOCOBHi rofIOBHUM
YMHOM [0 MeTOfiB, 3aCHOBAHUM Ha €BOSOLIMHOMY MigXoAdi, MOXHa
3iCTaBUTU TOMIOBHOMY HaMpsIMKOBI AOCHIOKEHb - KOMIM'tOmMepHoMYy
MoOesioeaHH eegosrouiliHUX rpouyecie. Lia obnactb iHdopmaTukm
HasmBaeTbca Evolutionary Computation, WwWo MOXHa nepeBecTn SK
€80/110UlIHI 06YUCIIeHHS.

[o eBonLUINHNUX anropuTMIiB TakoX 3aCTOCOBYETbCA MOHATTS
TexHonoria eBonouinHMx obuyucneHb. MoxHa agogatn, WO HasBa
reHeTUYHi anropuTMM BUKOPUCTOBYETLCS SIK Y BY3bKOMY 3MICTi, TOOTO
ONa  NO3HAYEeHHS KNAaCUMYHMX TEHETUYHUX anropuTMIiB i IXHIX
HecyTTeBMX Moaudpikauin, Tak i B LUMPOKOMY 3MICTi - npunyckaro4m
Oyab-aKi  €BOMIOUiIVHI anropMTMK, WO 3HA4YHO BiOPI3HAOTLCS Bif
«KNacuKkm».

OcTaHHiM 4Yacom 3'aBunocsd 6arato HOBMX METOAIB, 3aCHOBAHMX
Ha eBOMUIHOMY MOAenBaHHi, ane 6a30Bi TexHonorii, Lo
BMKOPUCTOBYIOTBCHA - TOMOBHUM YMHOM KITACUYHWA TFEHEeTUYHMWN
anropuTM, eBOSIOLINHI cTpaTerii M eBoNIoLiNHEe NporpamMmyBaHHsS.

3.19. [loaaHkun eBOSIOLIMHNX anropuTMmiB

BinbwicTe [oQaHKiB  €BONKOUIAHMX anropuTtmis, i 0cobnmeo
reHeTUYHUX  anropmTMiB, CTOCYETbCA  ONTUMI3auiHUX  3ajad.
HannpocTiwvmn 3 HUX MOXHa Ha3BaTuM 3ajadi, nNpeactaBrfeHi B
npuknagax 3.1 - 3.3, y npuknagax 3.5 i 3.6, a TakoX NpopaxoBaHHi
Ha komn'toTepi nNpuknagu 3 n. 3.16. Y KOXHIM 3 HUX OMNTUMI3YETbCA
LinboBa dyHKUiNA, 3ajaHa KOHKPETHOH0 dopmyrnoto, i
BVKOPUCTOBYETLCA  XapakTepHe [AOns  OCHOBHOMO  FEeHEeTUYHOro
anropuTmy ABOIYHE KOOQYBaHHA XPOMOCOM.

Ak yxe 3sragyeBanoca B n. 3.16.4, HacTynHa Moaudikauia
KNacuU4yHOro reHeTUYHOro anroputMmy nonsirana B nNpeacTaBleHHi
XpOMOCOM  AiicHUMK yucramum. [lpo Takmi cnocib KogyBaHHSA
rosopunocsi n y n. 3.18. OpgHieto 3 HANBINbLL BiZOMUX KOMM'HOTEPHUX
nporpam, Mnpu3HadYeHMx [ns  pilleHHs 3agad  3a  [g0oMoMOrow
reHeTUYHOro anropuTMmy 3 KoAyBaHHAM [AiiCHUMKM uyucnamu (real
coding), BBaxaeTbca nporpama Evolver. Y uii nporpami
3aCTOCOBYETLCS anropuTM i3 YAaCTKOBOK 3aMiHOW nonynsuii (steady-
state), Npn SKIN y KOXXEH MOMEHT 4acy 3aMiHSIETbCS TiNbKM OfHa
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ocoba. Cenekuia 3acHoBaHa Ha paHroBoMy MeToai (rank-based).
AKWo roBopuTM MNpPO Tak 3BaHUX TEHETMYHMX OrnepaTtopiB, TO B
nporpami  Evolver 3actocoByloTbCA [OBa pi3HUMX onepaTopu
CXpeLLlyBaHHA | [OBa pi3HMX onepaTopu MyTauii - OKpemo Ans
ONTMMI3aUiNHKUX i 4Na KOMBIHAaTOPHUX 3a4av.

Mporpama Evolver Bzaemogie 3 TabnunyHnm npouecopom Excel, y
AKOMY pO3B'A3yBaHa 3ajadva OMNUCYETbCA Y BIAMOBIOHWX ocepeakax
Tabnuui Wwnaxom 3aBOaHHA i napameTpiB (3MiHHMX) | dopmynu
OYHKLT NPUCTOCOBAHOCTI.

3.19.1. Mpuknaan onTumisauii PyHKLIiT 3a AONOMOro

nporpamu Evolver

Mepw HiK nepentn [o npuknagis, AamMo XapaKTepPUCTUKY
reHeTMYHNM onepaTopam, BUKOPUCTOBYBaHUM nporpamoto Evolver y
3agadvax onTuMisauii pyHKuii. .

CxpelyBaHHs. Lle piBHOMipHe cxpeluyBaHHs (uniform crossover),
BM3HA4YeHe aHanoriyHo 3actocoBaHoMy B n. 3.16.3, ane pgns
XPOMOCOM, L0 CKNagatTbCs 3 reHiB 3 OiINCHUMW annensmMu.

CxpellyBaHHA BWKOHYETbCS BIAMOBIAHO A0 Tak Ha3MBaHOro
MOKas3HUKa cxpewysaHHs1 (crossover rate), WO BW3HA4aE, SAKUN
BiJCOTOK reHiB Hawagok ycnaakye Big KOXHoro 6artbka. Y nporpami
Evolver nokasHuk cxpellyBaHHsi BBOAUTLCA KOPUCTYBaYeM i sBNsie
cobor uucno 3 iHtepeany Big 0,01 go 1,0. Hanpuknag, 3HayeHHs
nokasHuka cxpellysaHHsa 0,8 o3Hayae, WO HaWaOoK oAepXuTb
6nunsbko 80 % reHiB 3i 3HAYEHHSAMMW (annensamm) TakMMu X, SK Y
nepworo 6aTbka, a KinbKicTb, WO 3anuwunacs, (nopsgky 20 %) -
ycnagkye Big [gpyroro 6atbka. fAKWO MNOKa3HMK CXpeLlyBaHHS
OOPIBHIOE 1, TO HISIKOTO CXPELLyBaHHS MPaKTUYHO He BigbyBaeTbCs, a
YTBOPKOKTBLCA TiNbKM Tak Ha3WBaHi KIMOHW, TOOTO XpomMocomM,
ineHTUYHi Gatbkam. 3a 3amoB4YyBaHHAM Yy nporpami Evolver
3aCTOCOBYETHCH 3HAYEHHS MOKa3HWKa cxpellyBaHHs, pieHe 0,5, wo
O3Ha4yae cnagkyBaHHS 3pa3koBO OAHAKOBOI KiflbKOCTI TreHiB Big
KOXHOro 6aTbka.

MyTauis. KoxeH reH y xpomocomi npeactaBnse oavH napameTp
3agavi. Omxe, anneni BignosigaoTe heHoTUNam, TOOTO 3HAYEHHSIM
KOHKPETHUX 3MiHHMX. [Ns KOXHOro reHa BWUMNAAKOBUM YMHOM
BMOMpaeTbCa Yncno 3 iHTepsany Big 0 4o 1, WO NOpPIBHIOETLCS 3 Tak
Ha3MBaHUM OKa3HUKOM Mymauji (mutation rate). Akwo posirpaHe
YMCNO MeHLUe BBELAEHOrO 3HAYeHHS MokasHuka abo JOpIBHIOE NOMY,
TO BUMKOHYETLCA MyTaLlia faHoro reHa. Lia onepauia nongrae B 3amiHi
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3HAYEHHs TeHa iHWWM, BUNAgKoBO OOpaHMM 4Ymucnom 3 obnacTi
NPUMNYCTUMUX 3HA4YeHb MapameTpa, WO BiANOBIJAE MYTYNO4YOMY
reHoBi.

3HayeHHs nokasHuKa, L0 BBOAUTLCA KOpUCTyBayem, MyTaLil
aBnse cobor yucno 3 iHtepsany Big 0,0 go 1,0. Yum 6Ginbwe ue
3HadeHHs, TUM Oinblua KinbKiCTb reHiB niggaetbca MyTadii. Akwo
nokasHuk myTauii gopisHioe 1, To myTtauii niggatotecss 100 % reHis,
obnpaHux BUNagKoBUM YMHOM. 3 ypaxyBaHHSIM TOro, WO B nporpami
Evolver wmyTauis 3aBxauM BWKOHYETbCS NICMAsi  CXPELLYyBaHHS,
3aBOaHHs MOKasHWKa MyTauii piBHUM 1 O3Havae, WO B LbOMY
BMNaaKy eekT CXpeLlyBaHHA He Mae Hisikoro 3HadeHHda. O4eBuagHo,
WO SKWO noKasHWK MyTauii gopiBHoe 0, TO MmyTauis B3arani He
BMKOHYETbCSA. K NpaBuro, 3Ha4yeHHsi NoKa3HWKa MyTaLii 3agaeTbcs B
mexax Big 0,06 go 0,2. BigsHauummo, WO OOYMOBMNEHWUA Yy Takun
cnocib nokasHuk MmyTauii siBnse coboto aHanor MMOBIPHOCTI MyTaLil
Pm, ONUcaHoi B N. 3.4. Y TON e 4Yac BUKOPUCTOBYBAHWA Yy Nporpami
Evolver nokasHuk cxpelllyBaHHS1 Ma€e CEHC, SIKUA BiApIi3HSAETbLCS Bif
BBeAeHOI B N. 3.4 MMOBIPHOCTI CXPELUYBaHHS pPg. 3HAYEHHA SK
nokasHuKa MyTauii, TaK i NOKa3HMKa CXpPeLLyBaHHS MOXHa 3MiHOBaTh
B NpoLieci BUKOHaHHA nporpamu Evolver.

Y KNacM4YHOMY TFEeHEeTWYHOMY amnropuTMi Ha KOXHinW iTepauii
OOHOBMSIETBCS  BCS  MONynsAuis, WO Bignosigae oOpMyBaHHIO
YeproBoro nokoniHHga. CtocoBHO Ao nporpamu Evolver moxHa
roBOPUTU NPO MOCNIQOBHI «TakTu» (trials) 1l BUKOHAHHA, NPUYOMY Ha
KOXHIM TaKTi 3MIHIOETBCA TiNbkM opHa ocoba. AKwo nonynsuis
HapaxoBye N xpomocom (ocoben, WO B ONWUCIi Mporpamu
HasMBalTbCs opraHiamamu), To N TakMx «TakTiB» CKragatTb OOHY
iTepauilo KNnacM4yHOro reHeTUYHOro anroputMy. Tomy ans Toro, wob
npu 3agaHii KiNbKOCTi «TakTiB» BUKOHaHHs nporpamu Evolver
3HaWTM BIiONOBIOHE WMOMY KiNbKiCTb MNOKOMiHb (y  TepmiHonorii
KNacW4YHOro reHETUYHOro anroputMmy), HeobxigHo 3HayeHHs N
po34innMTK Ha KinbkicTe ocoben y nonynsuii. Y npuknagax, wo gani
npeacTaBnstoTbCs, «TakTU» OyayTb MO3Ha4yaTUCs CUMBOSIOM |
Mpuknag 3.21 gemoHCTpye 3acTocyBaHHA nporpamu Evolver ans
onTumisadii pyHKUIT TPbOX 3MIHHUX.

Mpuknag 3.21

3a gonowmoroto nporpamu Evolver 3Hantun miHiMmym dyHkuii

f(X1’X2, X3) = X12 + X22 + X3
ONS UinoyYncnoBux Xy, X, X3 B iHTepBani [-5, 5].
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OBuncneHHa BUKOHYETbCA AnNs nonynsauii po3mipHicTio N = 6.
BukopucToByBanocs 3Ha4YeHHs MokasHuka cxpellyBaHHSA pisHe 0,9.
Lle o3Hauae, Wo B pe3ynbTaTi CXpelyBaHHSA HaWa[oK ycrnagkoBye
npnbnusHo (3 okpyrneHHam ao uinoro) 90 % reHiB Big nepLuoro
BaTbka 1 iHWi reHn (6nusbko 10 %) - Big gpyroro 6aTtbka. MomiTumo,
Wo Ang nokasHMKa cxpellyBaHHs piBHoro 1 6yge cnoctepiratucs
TakMm xe edeKkT, WO i Npu BIACYTHOCTI CXPELLyBaHHS, OCKIfbKM
Hallafgok Gyae ycnagkoByBaTU BCi FeHW Tinbky Big nepluoro 6arbka.
3 uiei npnymHU Npy 06paHOMy 3HaAYEHHI AAHOro MOKa3HWKa, piBHOMY
0,9, cxpewyBaHHa abo He Oyme npoBoguTUCA B3arani (TOuHiLe
Kayyu, Hawagok BUSBUTLCA abCOMIOTHO iAEHTUYHUM CBOEMY
nepwomMy 6aTbKkoBi), abo cxpellyBaHHA Oyae BUKOHAHO, i Hawagok
ycnagkye BernvMKy 4YacTuHY reHiB Big nepuworo 6artbka. Ons mytadii
obpaHa BenuMuMHaA nokasHuka MyTauii piBHa 0,1, WO Bkasye, WO
3HadyeHHs 10% reHiB (3 OKPYrfeHHsIM A0 Uinoro) NOBWHHI niggaTucs
BMMAgKkoBMM  3MmiHaMm. 3a  gonomoroto  nporpamu  Evolver
cdhopmoBaHa HacTymnHa BMXigHa nonynsauis:

[-1 3 -3]
[-1 -5 2]
5 3 -4]
[2 -4 -0]
5 4 2]
[4 -3 5]

Micns wecTtn «TakTiB», TO6TO ANA t = 6, WO Bignosigae oAHiel
iTepauii KnacM4YHOro reHeTU4HOro anropuTmy, oTpumMaHa nonynsuis
ocoben, ynopsagkoBaHux no ybyBaHHIO pyHKLii NPUCTOCOBAHOCTI Tak,
SK Lle nokasaHo Ha puc. 3.84.

Ne n/n f(x4, X2, X3) X4 Xy X3
1 —4
2 50 —4
3 45 2
4 30 -1 -5 2
5 20 2 —4 0
6 19 =1 3 -3

Puc. 3.84. Monynsuis ocoben ans t = 6 (npuknag 3.21).
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BigsHaunmo, W0 B nonynsuilo He BxoauTb ocoba [4 -3 5] si
3HadYeHHAM YHKUiT npucTtocoBaHocTi, piBHUM 50. BoHa ©yna
BMKINIOYEHaA $K «Hauripwa» ocoba (3 HanbinbWMM 3HAYEHHSM
doYHKLIT NPUCTOCOBAHOCTI), i Ha ii MicLle BBeAeHa konisi ocobu
[5 3 -4]. Us ocoba Takox BUSBNSAETbCA «HAWripLLIO», TOMY BOHa
Oyae BUKMOYEHa Ha HacTynHoMmy «TakTi» (f= 7). Monynsauii gna t=7
i t=8 npeacraeneHi Ha puc. 3.85i 3.86.

Ne n/n (X4, X2, X3) X4 X2 X3
1 2

2 50 -4

3 45 2

4 30 -1 -5 2

5 20 2 —4 0

6 19 -1 3 -3
Puc. 3.85. MNonynsauis ocoben ansa t = 7 (npuknag 3.21).
Ne n/n f(x4, X2, X3) X4 X2 X3
1 (50] 0 —4 2

2 50 5 4 2

3 45 2

4 30 -1 -5 2

5 20 2 —4 0

6 19 -1 3 -3

Puc. 3.86. MNonynsuis ocoben ans t = 8 (npuknag 3.21).

Ha ocTaHHiM micui (Nen/n=6) po3millyeTbcs «Hankpalla 4o AaHoro
MOMEHTY» ocoba, WO Mae HalMeHWe 3Ha4vyeHHA  YHKUil
npuctocoBaHocTi. Ha nepwomy micui (Ne n/n = 1) nokasaHa 3HOBY
BBeZEeHa B nonynsuito ocoba. Ha puc. 3.85 ue konia ocobu [5 4 2] 3
nonepeaHbol nonynsuii (f = 6), a Ha puc. 3.86 - HoBa ocoba [0 -4 2],
oTpuMaHa B pes3ynbTaTi CXpellyBaHHA 3 HACTYMHOK MyTauielo Bif
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napu ocoben 3 nonynauii gna f(=7. BuaineHe nNpsAMOKYTHUKOM
3Ha4YeHHA (YHKLii MPUCTOCOBAHOCTI B MNeplioMy psaaky Tabnuui
BiQHOCMTbLCSA 40 0CO0M, LLIO BMKINIOYAETHLCS 3 NONynsyji.

Ha puc. 3.87 i 3.88 npeacrasneHi nonynauit gna =17 it=18.

Ne n/n f(Xq, X2, X3) X4 X2 X3
1 0 —4 0

2 20 2 -4 0

3 20 0 —4 2

4 20 2 —4 0

5 20 2 -4 0

6 19 -1 3 -3
Pwuc. 3.87. MNonynsuis ocoben ans t = 17 (npuknag 3.21).
Ne n/n (X4, X2, X3) X4 X X3
1 2 -3 0

2 20 0 -4 2

3 20 2 -4 0

4 20 .2 -4 0

5 19 -1 3 -3

6 16 0 -4 0

Pwuc. 3.88. Monynsuis ocoben ans t = 18 (npuknag 3.21).

MomiTnmo, wo t = 18 Bignosigae TpbOM iTepauisam KnacM4YHOro
reHeTnyHoro anroputmy. HoBa ocoba y nonynsauii Ha puc. 4.87
OTpUMaHa CxXpeLlyBaHHAM napu ocober 3 nonepeaHboi nonynsuii
(ansa t=16), a HoBa ocoba y nonynsuii Ha puc. 3.88 cdopmoBaHa B
pe3ynbTaTi MyTaLii cepeaHbOro reHa ocobu [2 -4 0] 3 nonepeaHbLOl
nonynauii (ans f=17).

Ha puc. 4.89 nokasaHa nonynsuis gnsa t = 41. 3BepHiTb yBary, wWo
(=42 Bignosigae cemu iTepauigM  (MOKOMIHHAM)  KNaCW4YHOro
reHeTUYHOro anroputmy. «Havikpaile 4O LAHOrO MOMEHTY» PilLEHHS
- ue [-1 2 0] 3i 3HaYeHHAM YHKLIT NPUCTOCOBAHOCTI, PiBHUM 5.
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OpepkaHHsA «HanKpaworoy piweHHs, pisHoro [0 0 0], 3 HyNbLOBMM
3HAYEHHAM (PYHKLiT NPUCTOCOBAHOCTI MOXINNBO Y BUNAAKY, SKLWO Npu
noganbLIOMy BWKOHaHHI anroputMmy BigbyaeTbca myTauis Opyroro
reHa (3amina -3, 3 abo 2 Ha 0).

Ne n/n f(x4, X2, X3) X1 X5 Xa
1 0 -3 0
2 10 -1 0
3 10 -1 0
4 10 -1 0
5 9 0 -3 0
6 5 -1 2 0

Puc. 3.89. lMonynsuia ocoben anga t - 41 (npuknag 3.21).

HacTtynHuii npuknag siBnsie coboto y3aranbHEHHSI NonepeaHboro
npuknaga 3a paxyHoK 36iNblUEHHST KifTbKOCTi 3MIHHUX i PO3LUMPEHHS
NPOCTOPY MOLLYKY.

Mpuknap 3.22
3a gonomoroto nporpamu Evolver 3Hantn miHimyM goyHKuUii

f(Xj’ X2, vuny X5) = X12 + X22 +...+X52
ONs LiNno4YncnoBux Xy, Xa, ..., Xe B iHTepani [-10, 10].

O6GuncneHHa BUKOHYeTbCA AN nonynsuii  poamipHicTio N=50.
BukopuctoByBanucs MpUNHATI 3a 3aMOBYYBaHHAM y nporpami
Evolver 3HauyeHHs nokasHuka cxpelwyBaHHs = 0,5 i nokasHuka
myTauii =0,06. Ha puc. 3.90 npeacrtaBneHa Modenb pilleHHS
po3rnsHyTOro npuknaga B TabnuyHomy npouecopi Excel, wo
MICTUTb NOYATKOBI 3HAYEHHSA 3MIHHUX X7 X»,..., X
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I I | | I
MHIMIBALA @¥HEWT FOXT, X2, .., XB) = X1°K 1+ X2*02+ . + X6"X6
anm X1, X2, ..., X6 3 HTEPBANY [-10,10]
X1= 10
X2= -8
X3= 9
H4= ¥
X5= -6
X6 = -9
F{X1, X2, ..., X6)= 411
|

Puc. 3.90. lNo4aTKkoBi 3HAYEHHA 3MIHHWX | 3HAYEHHA YHKUiT Ans
npuknaga 3.22, npeacrtaesneHi B TabnnyHomy npouecopi Excel.

Y BuxigHy nonynsuito BknodeHi 50 ocobewn, nepwa 3 sKuX
MICTUTb TE€HW 3i 3HAYEHHSMMW, MoKasaHumMu Ha puc. 3.90, a iHLi
XPOMOCOMM 3reHepoBaHi BMNAOKOBMM YMHOM (Fr€HW MaroTb [OiNCHI
3HayeHHs 3 iHTepsany Big -10 go 10). JoBxuHa KOXHOI XpOMOCOMM
OOpIiBHIOE 6 i 36iraeTbCs 3 KifbKIiCTO 3MIHHUX X7, Xa,..., Xg. [TOMITHO,
Lo npuBeneHi Ha puc. 3.90 NnovyaTkoBi 3HAYEHHS 3MIHHUX X1, X2, ..., Xg
JocuTb Janeki Bi ONTUManbHOrO pilleHHs, SKUM AMs PO3rnsHYTOl
3afavi (Takox 5K i B npuknagi 3.21) 6yae xpomocoMa 3 HyrnbOBUMU
3HayYeHHsaMU reHiB, To6T0 [000000]. TomMy He BuMKNUKae MoauBy Te,
o Xpomocoma 3 annensamu, nokasaHumm Ha puc. 3.90, ayxe
LIBMAKO BUKITKOYAETbCA 3 nonynsuii. Ha puc. 3.91 306paxeHi rpadiku
3MiHW «HaWKpaLWoro» (HWXHS KpuBa) i cepedHbOoro (BepxHsi KpuBa)
3HayeHHs  PyHKUii MpPUCTOCOBaHOCTI 3 Yacom (TOuHiwe,  3i
30iNbLUEHHSIM KINbKOCTi «TaKTiB»).
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[ 12:08:19 recipe 3C370000H; |-

500p
400,
300
200

Puc. 3.91. 3miHa «Hawnkpawioro» (yropi) i cepedHboro (yHusy)
3HavYeHHA YHKLUIT npucTocoBaHOCTI Ansa npuknaga 3.22.

Ha ubomy pucyHKy OAMH MOMEHT 4Yacy Bignosigae 20 «taktam». [Ans
=500 (vyepe3 500 «TakTiB») HaMKpawle 3Ha4YeHHA YHKLUii
npucTocoBaHocTi  gopiBHoe 5,75129. Ha pwuc. 3.92 y Bugi
CTOBMYacTOl Aiarpamu nokasaHi 3HayeHHs (yHKUii NPUCTOCOBAaHOCTI
BCix ocobew nonynsuii ans f= 500.

"Pop#1 recipe 3C370000H. |

|

| Organisms Curcently In Population
best = 5,75129E+00 trials =500 f I

Puc. 3.92. CtoBn4yacTta giarpama 3HadeHb OyHKLiT NPUCTOCOBAHOCTI
ocoben y nonynsudii npu t = 500 ana npuknaga 3.22.

20,
15|
1] §
s}
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Puc. 3.93 npeacrtaBnsie 3Ha4eHHS 3MIHHUX X4, Xo, ..., Xg | BiANOBigHE
M 3Ha4YeHHs MUHIMI3yeMOT OYHKLii, oTpumaHe nicna 7975 «TakTiB»
BMKOHaHHsi nporpamu Evolver.

[ | |

MiHMMU3aUMA DyHKUMM F(X1, X2, ., XB) = X1*X1+ X2*X2+ _ + X6*X6
ana X1, X2, ..., X6 us uxtepsana [-10,10]

X1= -0,021
X2= 0,024
X3= -0,096
X4= 0,005
X5= 0.009
X6= -0,055

F(X1, X2, .., XB) = 0,013364

Pwuc. 3.93. 3HauyeHHs 3miHHWX i pyHKUiT Ana npuknaga 3.22 npu
t=7975.

Ha puc. 3.94 i 3.95 npuBegeHi aHanoriyHi pesyneTatv, ane nicng
10623 i 11953 «TakTiB».

1 I l |
MuruMuaaLma dyRkumn F(X1, X2, ..., XB) = X1°X1+ X2"X2+ . + X6*X6
AN X1, X2, ..., X6 ua nutepsana [-10,10]

XK1= -0,021
X2= 0,024
X3= -0,011
X4= 0,005
X5= 0,009
X6 = -0,055
F(X1, X2, ..., X6) = 0,004269
|

Puc. 3.94. 3HauyeHHs 3MiHHWX i pyHKUiT Ana npuknaga 3.22 npu
t=10623.
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o i
MuHmMmuzaLInMA dyHKUM F(X1, X2, .., XB) = X1*X1+ X2"X2+ .. + X6*X6
ana X1, X2, ..., X6 vz uxtepsana [-10,10]
X1= -0.02
X2= 0,001
X3= 0,011
X4= 0,002
X5= 0,009 -
X6 = 0,001
F(X1, X2, ..., X6) = 0,000608

Pwuc. 3.95. 3HayeHHs 3miHHWX i pyHKUiT ona npuknaga 3.22 npu
t=11953.

IXHe  sicTaBneHHs  nokasye, K  OAepXKyBaHi  PilleHHs
HabnwxawTeCcss A0 onTumaneHoro. Puc. 3.96 pgemoHcTpye
«Hamnkpalle pieHHs», BupobneHe nicna npnbnmsHo 15000 «TakTiB»
BMKOHaHHs nporpamu Evolver. HactynHa poboTta nporpamu Bxe He
3MiHIOE OoTpuMaHun pesynbTat. lligcymkoBa nonynsuid mictute 50
ocoben 3i 3HaYEHHSIMU X1, X, ..., Xg, MOKa3aHUMN Ha puc. 3.96.

Munumuzaumna dyHkummn FX1, X2, ..., XB) = XT*"X1+ X2*X2+ . + X6"X6
ana X1, X2, ..., X6 us uxrepsana [-10,10]
X1= -0,02
X2= 0,001
X3= -0,011
X4= 0
X5= 0,009
X6 = 0,001
F(X1, X2, .., X6)= 0,000604

Pwuc. 3.96. 3HauyeHHs 3MiHHWX i pyHKUiT Ana npuknaga 3.22 npu
t=15950.

MoBTOPHE MOHOBMEHHS LBOrO anNropuTMy npu  TUX XKe

noyaTkoBux AaHumx (puc. 3.90), ane iHWKX BUMALKOBUX 3HAYEHHNX
iHWWMX 4neHiB BWXigHOI nonynauii gae  30BCiM  iHWKUA  Habip
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«HaMKpaLUnX» 3HaAYEHb 3MIHHUX X7, X, ..., Xg WO TeX ONM3bKi OO
ONTUMAIbHOrO.

HactynHi npuknagm 3B'a3aHi 3 MiHiMi3auielo Oinbll CKnagHoi
YHKLUIT 9 3MiHHUX, a came - YHKUiTi TOXMBKM HEMPOHHOI MepeXi, Lo
peanisye noriyHy cuctemy XOR.

Mpuknap 3.23

3a ponomorot nporpamu Evolver 3Hantv ontumanbHuii Habip
Bar HEMWpOHHOI Mepexi, 306paxeHoi Ha puc. 3.11 (npuknag 3.3),
SIKLLO 3HAYEHHS Bar nexartb B iHTepBani Big -5 0o 5.

PiweHHs uiei 3agadvi nonsrae B nigbopi Takoro KoMMIeKkcy
3Ha4eHb Bar Wii, Wy, Woq, Woo, W34, W3p, @ TAKOX W9, Woy, W3p, LLO
MiHiMi3ye 3HadeHHs noxmbkum Q, 3agaHoi B npuknagi 3.3. Lle
cepegHsa cyma KBagpaTiB  pPi3HOCTEM MK OJikyBaHUM i
pO3paxyHKOBMM 3HA4YeHHsSIM Ha Buxogi cuctemm XOR ans KoxHOI 3
YOTUPLOX Nap BXOAiB, 3a3Ha4YeHnx y Tabn. 2.1.

U4 Uy d= XOR(U1,U2)
+1 +1 -
+1 -1 +1
-1 +1 +1
-1 -1 -1

3apgava 3BoANTLCA OO0 MiHiMi3aUil yHKUIT

0-135
4G

LLIOAO BU3HAYEHUX BULLE OeB'ATU Bar, Ae €;=d-y, anai=1,2,3,4, a
¥i, pO3paxoBYeTbCSA NO popMyni
Yi=1/(1 + exp((-B)(Wa1(1/ (1 + exp((-B)(Wy1U1,; + WizUz; + W1o)))) +
+ Wao(1 /(1 +exp((-B)(Wa1 Uy, + Waollz + Wap)))) + Wao)))-
Mpuinmemo, wo B = 1.

3agaya mopentoBanacsa B TabnuyHomy npouecopi Excel, a
ONTMMi3aLisi BUKOHyBarnacs 3a JOMOMOrOK reHeTUYHOro anroputmy
nporpamu Evolver. [ina nonynauii 3 po3mipHicTio, piBHo 50, npu
3HaYeHHAX NokasHWka cxpeluyBaHHs piBHoro 0,5 i nokasHuka myTauii
pisHoro 0,06 nicnsa npubnuaHo 30000 «TakTiB» OTPMMaHO «HanKpalle
pilleHHsi» y BUAi Habopy Bar, nokasaHoro Ha puc. 3.97. MiHimanbHe
3Ha4YeHHs1 abcontoTHOI Noxnbkn Q ans uux Bar cknagae 0,015171.
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ANS kaXA0W N2D6 BXOAHBIX 3HAYEHHWH

Puc. 3.97. «Hawkpawmn» Habip Bar 3 iHTepBany [-5, 5] ansa
HeMpOoHHOT Mepexi, Wwo peanidye cuctemy XOR (npuknag 3.23).

HeobxigHO Big3HAYMTK, WO OTPUMaHe «HaWKpalle PilleHHS»
6rm3bke HAbOPOBI Bar Wy = -5, Wi = 5, Woy = 5, Woo = -5, waq = 5,
W3 = 5, Wyg = -3, Wy = -3, Wz = -2,5, ansa akoro Q = 0,015167.
HenpoHHa mepexa (aus. puc. 3.11) 3 Takumu Baramm AEMOHCTPYyeE
cumeTpito, xapaktepHy ansa cuctemm XOR. OveBnaHo, WO 3HaAEHO
He eQuHWKA onTumanbHWA Habip Bar Ans mepexi uboro Tuny. [Npu
MOBTOPHOMY 3amnycky nporpamMu 3 Ti€E Xe CaMOK PO3MIpPHICTIO
nonynauii i TakMx >xe NoKasHUKIB CXpeLLyBaHHA i MyTauil, WweuaLwe 3a
Bce, Oygoe 3HaMOEHO «HaMKpalle PilleHHsI», WO MICTUTb IHLWNA
«onTumaneHu» Habip Bar. Ha puc. 3.98 npuBegeHo npuknag
anbTepHaTUBHOIO «HalKkpalworo» Habopy Bar, OTPUMaHWA Npw
NMOBTOPHOMY BWKOHAHHI reHeTUYHOro anroputmy nporpamu Evolver i

nposefeHHi ob4ymcneHHs npoTArom 6000 «TaKTiB».

aeca

wii=1 3333 |

D'z
|__] 8X04H! | 3aaHHOe BRIXOAHOE JHaUeHWe ACYETHOE BLIXCAHOE 3HaYeHne _M'1 = .4 97!

ulfy Y w22 = -4
1) [1] 0,14 w31 = -4
1 1 [] 2 W32 = -4

i1 0 1 0, wiQ = -499] |

1 0 0171337 w20=] 1.9165
MyHHManbHas 80CONKTHas NOTPeHOCTS Q=

1 L
70 1/4 CyMMb KBAADETOB NOfPeLIHOCTeN (d - ¥)
TR KaXA0N Napb BXOAHBIX aHaYeHUH

I |

Puc. 3.98. IHWKUIN «Hankpalwuiny Habip Bar ans npuknaga 3.23.
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Mpn BigoMnx npunyctumMmnx kKombiHauisx Bar ana cuctemm XOR,
nerko NpopoYnTM oNTUMarnbHUn HabIp Bar, 4O SKOro nparHe pileHHs
NPV NPOAOBXEHHI BUKOHAHHSA LIbOro anropuTmy.

HactynHi npuknagu BigHocATbCs OO TiEl X 3agavi, ogHak npu
po3LMpeHoOMY Aiana3oHi 3MiHW Bar.

Mpuknap 3.24

3a ponomorow nporpamu Evolver 3Hantv onTumanbHui Habip
Bar HeMpoOHHOI Mepexi, 306paxeHHoi Ha puc. 3.11 (npuknag 3.3),
SIKLLO 3HAYEeHHSA Bar nexatb B iHTepsani Big -10 go 10.

lMpn no4aTKOBMX 3HAYEHHSAX, WO 36iraloTbCa 3 NpMBEAEHUMU B
npuknagi 3.23, 6yno npoBegeHo Tpu ceaHcu obuncneHb. Yepes
30000 «TakTiB» y nepLiomy, ApYromy i TpeTbOMY CeaHcax OTpUMaHi
«HavKpalli» pilleHHsa, nokasaHi Ha puc. 3.99, 3.100 i 3.102
BiOQMOBIAHO.

3afaHHOE BEIXOQHOE 3HAYEHHe | pACHEeTHOE BBIXOAHOE JHaueHue
g

y
0 TBIE 1
1 0.992014 W32
1 0,09262 wi0
0 7 .66E.03

B¢

I
Cim
iz
WERE S

L0 ETR 00 LU0 RO R L L

i

MiHUMabHas abconTHan NOrpewHoCcTs Q=
{ T
T0 174 CyMimbi k8aApaT OB NOfPEeLUHOCTeR (d - ¥)
O7A KaXAOK Napsl BXOAHBIX SHAUEHHA

I

Puc. 3.99. «Hankpawwmi» Habip Bar 3 iHTepBany [-10, 10] ans
HEeMpPOHHOT Mepexi, Wwo peanidye cuctemy XOR (npuknag 3.24).

8eca
1= e
=
BXO/AiH | 5383HHOE BLIXOAHOE 3HaueHue | pacyeTHOe BLIXOQHOS JHaYeHHe =
ully d w22 =
1) 0 0,007916 w31 =
1 1 0.992505 w32 =
11 0 1 0 Yi wil = 1
1 0 007921 B 5
= 25
MurvmanbHan abCoNMOTHAA NOTPBLIHOCTE Q=
| [
370 174 CyMB KBaApaT ok NOrpelwHocTen (d - y)
JUH KBKAOW Naphl BXOAHBIX SHAUSHAN
| |

Puc. 3.100. IHWun «Hankpawminy Habip Bar gns npuknaga 3.24.
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Puc. 3.101. 3MiHa «HalkpaLLoro» i cepeaHboro 3Ha4deHHs1 PyHKLUiT
NPUCTOCOBAHOCTI ANna npuknaga 3.24.

Ha pwuc. 3.101 306paxeHi rpadikn 3MiHU «HaWKPALLOro» (HMKHSA
KpuBa) i cepedHbOro  (BEpXHA KpuBa) 3HA4YeHHS  yHKUii
NMPUCTOCOBAHOCTI AN LUbOro npuknagy nicnga 505 «TakTiB».

®yHKuia npuctocoBaHocTi  ang  cuctemm  XOR  3agaetbes
dopmynoto pospaxyHKy noxmbkn Q (avs. npuknag 3.23) i 3MiHIETbCA
B mexax Big 0 go 1. Ha puc. 3.101 nomiTHO CTpiMKEe 3MEHLLEHHS
HaWMKpaLloro 3HadeHHs1 OYHKLUiT NPUCTOCOBaAHOCTI A0 «HaWKpaLLloro
Ha [JaHMA MOMEHT» 3HayeHHsi, pisHoro 0,13159. OguHuus Ha
TMMYacoBil oci uboro rpadika Bignosigae 20 «taktam». Habip Bar,
[0 SKOro nparHe «Hamkpalle pilleHHs», XapakTepusyeTbCa TUM, LLO
Wi = Wys | Woy = Wap, WO TUNOBO AN noriyHoi cuctemmn XOR.
Pesynbtatv, wo npeactaeneHi Ha puc. 3.99 i 3.100, moxHa
MOpIBHATU 3 nokasaHumn Ha puc. 3.97 ans npuknaga 3.23, a
iHdbopmauito Ha puc. 3.102 - sictaBuTu 3 puc. 3.98.

370
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wll= S.778]
wi2 = ) 7% 3
|| 8x00n [ 3a/1anHoe 8uix0fHoe 3Hayenwe | PACHETHOR BEIXOQHOR IHaYeHMUe) = -9
ully d Y w22 = -9.937)
] _%’ 1] g 9,65E-03 w31= 995!
1 1 0.991612 w32 = -9.989
1 1 991623 wil= 941
11 0 08E-02 = 2
= -478
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Bvo 174 I L ECEST]
0 174 CyMMBl KBARPATO8 NOrPeIHOCTS! -y,
ANA XaxA0W Napk BXONHLIX 3HANEHU
L

Puc. 3.102. LLle oanH «Hamkpalumin» Habip Bar Ansa npuknaga 3.24.

MomiTmoO, Wo MiHiManbHa Noxunbka y BCiX TPbOX BMMNagkax (puc.
3.99, 3.100 i 3.102) BMABNSAETBCS 3HAYHO MEHLUOW, HiK Ang
iHTepBany 3miHuM Big -5 go 5, posrnsHyToro B npuknagi 3.23 (pwc.
3.97i3.98).

Mpuknapg 3.25

3a ponomoroto nporpamu Evolver 3Hanty ontumanbHuin Habip
Bar HEMPOHHOI Mepexi, sika 300paxeHa Ha puc. 3.11 (npuknag 3.3),
SIKLLO 3HAYEeHHSA Bar nexartb B iHTepBani Big -15 go 15.

3acTtocoByBaBCA TOW e TEHETMYHMI anroputMm nporpamMu
Evolver, wo n y nonepegHix npuknagax, ane AnNs pPoO3LUUPEHOrO
iHTepBany 3miHu Bar. llicna 30000 «TakTiB» OTPMMaHO «HawWkpalie
piLleHHA», ke nokasaHo Ha puc. 3.103.

$
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[ I ] =) B

Puc. 3.103. «Havikpawuny» Habip Bar 3 iHTepBany [-15, 15] ans
HeMpOoHHOT Mepexi, Lo peanisye cuctemy XOR (npuknag 3.25).
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[MOBTOpPHE BMKOHAHHS TOMO X anropuTMy NMpu TUX Ke NoYaTKoBUX
ymoBax 4epe3 30000 «TakTiB» [Oano «Halkpawmin» Habip Bar,
npeacTtasneHui Ha puc. 3.104.

Beca
1=1-14
wi2 = 1
[ 8x0Ab | 33/janHoe BHX0AHOS JHavenue | pacHeTHoe BuXOQHOe JHaYeHue] =1 14767
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i O 1 wi0 = -7.662] |
1 | 0 2E:04 w20 =17 464]
Q= .38
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370 1/4 CyMM b KBaAPaTOB NOTPEWHOCTEN (d - ¥)
ANA KAX 0N Naphl BXOAHLX 3HAYeHUH
I

Puc. 3.104. IHwun «Hankpawmny Habip Bar gns npuknaga 3.25.

[fonoBHe pO3XOMAXeHHA MiX piwleHHaMu Ha puc. 3.103 i 3.104
nonsrae B TiM, L0 B NEPLIOMY BUNAAKy Barm Wy i Woq 4OAATHI, @ Baru
Wy | Wop Bi’€EMHI, TOOI 9K y OPYromMy BUMNaAKy cuTyauis BusiBAnacs
NPOTUNEXHOK. Y PO3rNAHYTOMY NPUKNagi OTPUMAaHO ABi 3 MHOXWHU
MOXNMBUX KOMOIiHaUiM Bar Ons HEWpPOHHOI Mepexi, Lo peanisye
cuctemy XOR. Ule ogHe anbTepHaTMBHE pillEHHs NMpUBEOEHO Ha
puc. 3.105.
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=] .14
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Puc. 3.105. le oauH «Halkpalwimin» Habip Bar gns npuknaga 3.25
(oTpymanun nicnsa npubnuaHo 12000 «TakTiBy).
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3Ha4yeHHs1 BXiOHWUX Yy HbOrO Bar oTpumaHi nicns npuénmnsHo 12000
«TakTiB». HecknagHo yragatu, sk 6yayTb 3MiHIOBaTUCS Ui 3HAYEHHS
npu 30inNbLUEHHI KinbKocTi «TakTiB». OTXe, Ue Wwe ogHa KombiHauis,
nogibHa po piweHb Ha pucyHkax 3.103 i 3.104, npuyomy B aaHomy
BUNAOKy Barn Wy, Wao, W3s i W3o AOAATHI, @ Barn Wi, Woy, Wy, Wop i
W30 Bi’EMHI.

Mpuknap 3.26

3a ponomoroto nporpamun Evolver 3HanTu ontumanbHun Habip
Bar HeMpOHHOI Mepexi, 300paxeHHOl Ha puc. 3.11 (npuknag 3.3),
SIKLLO 3HAYEeHHSA Bar nexartb B iHTepBani Big -20 go 20.

Lle Ta x 3agava, Wo 1 y nonepegHix npuknagax, ogHak iHtepsan
3MiHM Bar 3Ha4yHO poO3LIMpPeHOo. 3agada BupilwyBanacs npu Til xe
PO3MIPHOCTI  nmonynaAuii i  TakMX e 3HAYeHHAX MOKa3HUKIB
CXpeLlyBaHHs i MyTauil, gk i B nonepegHix npuknagax. Ctosnyacta
piarpama  Ha puc. 3.106 OEMOHCTpye  3HA4YeHHs  PyHKUii
npucTocoBaHocTi ocoben y nonynsauii nicna npubnusHo 1500
«TaKTiBY».

02

bast = 1,247236-04  trials = 1502

Puc. 3.106. CtoBn4yacrta fiarpama 3Ha4eHb oyHKLii NPUCTOCOBAHOCTI
ocoben y nonynsuii npu f= 1502 gnsa npuknaga 3.26.
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3BMyariHO, Ue 3HadeHHs B iHTepBani Big 0 go 1. Ha puc. 3.107
300paxeHo rpadikm 3MiHM  «HaMKpaALWLOro» (HWXHA KpuBa) i
cepefHboro (BepxHs KpuBa) 3HadeHHs OYHKLii NPUCTOCOBAHOCTI Ans
Lboro npuknaga nicns npmbnuaHo 1500 «TakTiB».
"
T ,

HS'\L

L10-

VRN P T 1 I GO T VA Gl
'-wl'll|""‘|

best = 1.24723E-08  trinls = 1502

Puc. 3.107. 3miHa «Hawnkpaworo» (yHu3y) i cepegHboro (yropi)
3HavYeHHsA YHKLUIT npucTocoBaHOCTI Ans npuknaga 3.26.

OauHnua Ha TuMmYacoBin oci uboro rpadiika Bignosigae 20
«TakTam». «Hamkpawe Ha gaHunm momeHT» (nicna 1502 «TakTiBy)
3HaYeHHA OYHKLiTi MPUCTOCOBAHOCTI cknagae 1,247 * 10™. Puc. 3.108
npeacTaBnse «Hamkpawwmi» Habip Bar, oTpumanui nicna 33000
«TakTiB», a puc. 3.109 - nicnga 63000 «takTiB». [lOMITHO, WO
3Ha4YeHHA cnonyyHux Bar nparHyte 0o 20 abo go -20, a 3Ha4yeHHs
Wi, Wap i W3p - BignosigHo go 10, -10, 10.
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Puc. 3.108. «Hankpawmii» Habip Bar 3 iHTepeany [-20, 20] npu
t= 33000 ans npuknaga 3.26.
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Puc. 3.109. «Hankpawmii» Habip Bar 3 iHTepsany [-20, 20] npu
t= 63000 ans npuknaga 3.26.

AKLO NPOOOBXUTU BUKOHAHHSA anroputMy, TO Mpu NoganbLioMy
30iMbLUEHHI KINbKOCTI «TaKTiB» OesKi Barn NpMNMyTb 3HAYEHHS, PiBHI
20. OyueBunaHo, Wo Habopwu Bar Ha puc. 3.108 i 3.109 sensaTL coboto
nvwe [Ba €eneMeHTW 3 MHOXUHW NpunycTMMuMX KomOiHaui Bar
HeMpoHHOT Mepexi, Wwo peanidye noriyHy cuctemy XOR. Ha pwuc.
3.110 nokasaHO 30BCiM iHWKUA Habip «HaMKpalwux» Bar, OTPUMaHNX
NpyM YeproBoMy MOHOBJMIEHHI TEHETWYHOrO anropuTtMy nporpaMmm
Evolver.
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Puc. 3.110. IHwun «Hankpawwmny» Habip Bar ons npuknaga 3.26.

PesynbTatn 3adikcoBaHo nicns npubnuaHo 15000 TakTiB Npu THUX Xe,
Wo i paHiwe, po3MmipHOCTENM MONynAUil, 3HAYEHHAX MOKa3HUKIB
CXpeLlyBaHHS i MyTauii 1 iHTepBany 3MiHu Bar. BigsHauumo, wo
«Hamnkpalle piweHHA» Ha puc. 3.110 Tex saBnse coboiw oaHy 3
npunyctummnx koMbiHaui Bar cuctemm XOR, OCKinbku BOHO mparHe
[0 ONTUMAnNbHOIO PILLEHHS, Y SKOMY W17 = Wi i Was = Woo.

3 npuknagis 3.23 - 3.26 BMNnMBae BWCHOBOK, WO YuM Binblie
iHTepBan 3MiHM Bar, TUM MeHLlE MiHiMarnbHe 3HA4YeHHS MOXWUOKM.
Tomy OnNs ogepXaHHA HEeMpOHHOI Mepexi, sika 3Moxe HamnbinbL
TouHo peanidyBatn cuctemy XOR (T06TO Ansd SKOi pisHMUA MiX
eTanoHUMN | PO3PaxXyHKOBUM  BUXIOHUMW  3HA4YEeHHAMU Oyae
MiHiManbHO), HeoOxigHO nigbupatM BarM 3 9K MOXHa OinbL
LUMPOKOrO iHTEpBany MpuUnycTUMMX 3HadeHb. O4yeBMAHO, WO Niadip
UMX Bar NOBMHEH BYTW ONTUMANbHUM i MiHIMi3yBaTK NOXMBOKY Tak, AK
ue pobunoca B npuknagax 3.23 - 3.26. Axbu 6yno noTpibHO
BMOMpaTK 3Ha4YeHHs Bar 3 iHTepsany, 6inbl By3bKOro, 4um [-5, 5], T0
3abe3neunTn MiHimanbHy noxubky y Mexax, Hanpuknag, 0,1,
BusBMnocs 6 we cknagHiwe. Ha puc. 3.111 nokasaHo «Hamkpamin»
Habip Bar, 3HaNgeHUN TakoX sk y npuknagax 3.23 - 3.26, ane ans
iHTepsany [-3, 3].
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Puc. 3.111. «Hankpawun» Habip Bar 3 iHTepBany [-3, 3] ans
HEeMpPOHHOT Mepexi, Wwo peanidye cuctemy XOR (npuknag 3.26).

Micna 40000 «TakTiB» MiHiManbHe  3HA4Y€HHS  MOXMUOKK
nepesuwysano 0,1. MomiTnmo, wWo ansa iHTepsany 3MiHn Bar Big -20
Ao 20 MOXHa [OcCArTM MOXMOKY nopsgky 10 yxe 4epes 1500
«TakTiB» (puc. 3.106 i 3.107), a ana iHTepsany [-10, 10] miHimanbHa
noxmbka Ha piBHi 0,1 6yna gocsarHyTta Bxe yepes3 500 «TakTiB» (pucC.
3.101). Y npuknagax 3.23 - 3.26 no4aTKOBi 3HAYEHHs1 Bar, LWO
BpaxoByTbCa nporpamoto Evolver sk reHu ogHiei 3 ocoben BuxigHoi
nonynauii, y 3aranbHOMYy Bunagky npuimatrotecs pisHumn 1. [Ons
HEMpOHHOI Mepexi, 306paxeHHoi Ha puc. 3.11, y uUbOMYy BuNagky
BenuuMHa noxmbkm 6Oyge cknagatm Q = 0,438, Wwo cunbHO
BiOPI3HAETLCA Bi4 MiHIMANbHOrO 3HayeHHs. 3BUYANHO, MOXHa
NPUNUHATW N iHLWI NOYaTKOBI 3HAYEHHS, AanekKi Bif onTUMaribHUX.

Mpuknap 3.27

3a pgonomoroto nporpamu Evolver 3Hamtv ontumanbHun Habip
Bar HeMpOHHOI Mepexi, 300paxeHHOl Ha puc. 3.11 (npuknag 3.3),
SIKLLO 3HAYEeHHA Bar nexartb B iHTepBani Big -7 4o 8.

MoyvaTKOBI 3HAYeHHs Bar, LLIO cknagatoTb FeHOTUN OAHIET 3 ocoben
BMXiZHOT nonynsuii, npeactaeneHi Ha puc. 3.112.
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Puc. 3.112. NoyaTtkoBi 3Ha4YeHHA Bar Ans npuknaga 3.27.
BvaHo, WO 3HayeHHA B AnA KOHKPETHMX Map BXOAIB 30BCIM He
BianosigatoTb dyHKuUil XOR. 3HayeHHs1 noxmnbku Q=0,38 BBaXaeTbCs
abCcomntoTHO He3aaoBINbHUM.

[nsa piweHHs 3agadi 3acTOCOBYBaBCS TOW Xe TEHETMYHUN
anropuTM Npw TiN ke PO3MIPHOCTI MONynsAuii i TMX ke MnokasHuKax
CXpeLlyBaHHs i MyTauii, WO W y nonepegHix npuknagax. Ycboro
nvwe 4epes 96 «TakTiB» OTPUMAHO HaMKpaLli 3HaYeHHs yHKUii
MPUCTOCOBAHOCTI KOHKPETHUX ocober y monynsuii, Ski nokasaHi Ha
puc. 3.113 (cToBnyacTa giarpama).

I Pop #1 recipe 47470000H l;lle

‘best = 7,19558E-02 trials = 9 g

Puc. 3.113. CtoBnyacTa fiarpama 3Ha4yeHb yHKLiT NPUCTOCOBAHOCTI
ocoben y nonynsuii npu t = 96 ana npuknaga 3.27.
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Pop # 1 recipe $7470000H N

Org 9 4548001
Drg 0 4.52%-01
Og B 448%-01
Og 4435000

Org D 4425¢-01
’—.‘“‘_‘” 440901
B |4.978e-01
» 4334001
w 4323000
[ 4277001
W | 4Mmedt
Ovg 20 4.077e-01
Og 21 4,0%6e-01
2 |2.9%0e01
L—m 3,9064-01

g 24 383801
Ovg 28 3,808¢-01

Org 28 | 3806001
BT:‘"_ 378800
28 31301
%‘.‘a_ 3755001
(Org 90| 25670.01
Org 31 | 3643e01
32 | 356800

ET] 349701

M 3582000

Org 38 342000
Org 34 3402001
Org 3386001
Org 343001
Org 3 3348001
% 3286007
I'orau 3223001

forg 4 IHTe0
Org 43 | 242%-01
Org ¢4 28900
Org 48 2.N2¢.01

Org ¢ 2626001
Org 4 25080.01
Org 4 209%-01
Org 4 2085001

Org 60| 7.06¢-02

Renit Yor 8

Org 4,700 S 0 29 be do+00) S 7 . 598e+00 83 -0

vg 4729001 1347000 -7.6340.00 390000 QSN0 62760:00 2782000 3645600 49120.01 -2.0260-00
g 4723001 3M5e00 £2100-00 $,6700:00 3,7650:00 -37200-00 7.5130.00 9528001 7.973es00 1086000
fos 47001 169500 2304000 4569000 1369000 7639000 34710400 59960400 -2.80%+00 2658000
) 4703001 1895600 2.204¢-00 1782000 -46790+00 14082-00 34710+00 5995000 2505000 2,286¢-00
forg $6830-01 19476400 7.9100:00 39230400 33280 01 62760400 27620400 39450:00 2160+00 2096001
vy 462901 -23640.00 4739000 B.1660:00 34864-00 5324000 13%e-00 5150000 6.773¢.00 4973000
O 458001 13040500 12870400 -7.03%0:00 2364000 -2.8990.00 5.)080:00 ¢ 480001 2558000 8846601

75330400 -3.729¢+00 3.6720-01 3490000 24530000 76884400 3,758¢:00 5326v.01 V553e:00
66580200 3.717¢:00 657%0:00 4170000 4,400¢+00 34001 28280400 §,720e400 1370000
10060000 A S01e00 42650400 ,23642.00 253900 -3.6880-01 -24689+00 -22872-00 -2523e-00;
GM2e-00 35770400 53870480 5248000 250900 7.0770:00 1742600 -5.7439400 3,1500-00
25740+00 57830400 35030400 18He-00 10340-00 4170000 2354400 7.7360-01 19579-00
75330:00 -37290+00 $26%9-00 -3490e-00 L7970+00 2608901 34664-00 5326001 2523000
2824001 A2780-00 4874000 (1150400 6130000 -25M0400 85200-00 3695400 468000
44670/00 -7, 1470+00 5.389¢-00 1319000 44030400 -5.5839+00 1524000 56000400 -1247-00
7320001 7.9840:00 4.56%:00 37940-00 75330400 14730-00 53950400 6708200 2558000
18330000 -3,720¢.00 5,8720-01 .J.4900.00 -242¢.00 76880400 3,768¢.00 LEEe-00 (713000
1879000 16900400 38720400 2364000 -2.6540.00 7 1730e00 5344001 35360:00 219920
5088000 57770400 -59690-00 1.713e-D0 4303000 407000 42740400 €3620.00 12¢70.00
50660400 88730400 2008000 5670+00 -25740-00 -4 0750408 4.274000 4,062¢00 7.9%0¢-00
L3042-00 10389000 -7.0380400 7.7674.00 22310400 5375000 1358e-00 -2588¢-00 -8.5460-01
159000 4.50%-00 .7,00%.00 -2%640-00 23930+00 6.3760.00 4.450e-01 -34320.01 -8548e-01
8.8249.00 6480001 -6878e.00 8424001 IE960.00 -36500-00 2526000 4 280e<00 -1862¢-00
31900 AS50W00 1715000 -2564¢.00 2553000 20520400 3200001 -2287w-00 -25480-01
7.3020-00 13320400 45449400 LKTe00 440800 4582000 -7,0540+00 -5,908¢.00 2.554¢-00
14300 7096000 §.28%¢.00 2684e00 1737000 3688001 3486900 2,2000400 2523040
735320400 33400400 -3.7200-01 5424000 3824001 5008000 1683.00 -1642¢-00 35450400
4.4679:00 -4.9870~00 3854000 2840001 1408001 6383000 1243000 12880400 1,0989-00
4.467¢-00 17170400 3054400 4170000 §.4026+00 -6.2800.00 25260400 6,7209.00 10999400
36920400 -7 79400 5569000 1319000 1442000 +7.008¢<00 18240400 6.6000+00 +12479-00]
10600:00 1508000 42500400 (01000 65830:00 -21740-00 -2/6984400 -76480-01 243200
66580400 3717000 5350000 3.408¢-01 -6,2380400 48890400 6.6280.00 382000 15700400
14950:00 1280001 4,2600-00 10Mes00 65830400 121740400 .7.7662+00 -2.6050400 -2.4320-01
$4670400 B7770:00 558500 8320081 €4030:00 4075000 1,24%¢-00 126880500 -12¢7¢-00
<2,6020+00 -9.8720-01 .5,4300.00 -5,2680-00 1878e-00 70480400 5,782¢:00 2847000 12604400
47500400 450000 71900400 2564000 14860200 2120002 3.460¢.00 19500-00 -8346e-01
L2240:00  1339¢-00 .£678¢-00 4.1700:00 22910400 63764400 1,2564.00 £.7202-00 15700-00
5190000 0000002 3923600 13289-01 24210400 2498000 18450.00 21000 -2.0960-01
44670400 23040:00 17920400 4.1700:00 44030.00 -6583¢-00 :2,5260-00 £720e-00 3.256¢.00
1334000 1338000 1364000 7.7670500 2.2%%0400 5308000 13580400 2588000 7888001
32000+00 -2.700-00 4,326¢+00 1867¢:00 -3518¢+00 35440400 7.6780:00 1561000 4307000
13348200 13320400 7038000 L107€400 22950400 -4.8420-00 7,0540:00 -5,5080-00 8846001
6.112¢.00 450400 $5360000 -40449,00 25180400 6296001 17420.00 -2287¢-00 17509+00
+3082¢-00 -35200-01 £5330400 7698000 -33R0e00 6,1510:00 §.2540400 5270000 512000
1.3880-00 7990000 -3099¢.00 3328001 55820400 -17830400 -52020-00 1136001  -2096e-01
3.1530.00 4501000 1715-00 -3,3870.00 25990400 34001 61620400 872000 1570¢-00
27260400 -75930+00 55330400 -4.528e+00 4.086¢-00 15264-00 6840001 25420400 -3.368e-01
T8700:00 72770400 §.8489+00 2642000 -8.3450000 -2.0230+00 1.6%8¢-00 -2.5300+00 |,

B5.5406:00 -6.4620+00 -75970-00 5.4980-00 §.6220:00 7.4100+00 .8342-00 -8.4942-00{ 5§%e-01

[ Live Update

|u=m|

Puc. 3.114. Nonynsuis oco6en npu t = 96 ansa npuknaga 3.27.
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Y cBol uyepry, Ha puc. 3.114 npeacraBneHa Tabnuus, WO
MiCcTUTb reHoTunu Bcix 50 ocoben uiei nonynsadii ( WocknagaTbes 3
OEB'ATU AiINCHUX 4ucen, WO BiANOBigalOTb KOHKPETHMM Baram) i
3HaYeHHS TXHbOI (OYHKLUII MPUCTOCOBAHOCTI, PO3MILLEHI B nepLioMy
CTOBMYMKY.

3BepTaemo yBary Ha Te, L0 novyaTkoBa XpoMOCOoMa 3 annensamu,
PiBHUMW 3HA4YeHHAM Bar 3 puc. 3.112, postawioBaHa B CepefHin
YacTuHi uiei Tabnuui i no3HayeHa «OpraHiam 25». Bapto nam'atatn,
wo ocobu B nonyndAuii ynopsiAKOBaHi Bi4 «HawWripworo» Oo
«Hankpaworo». OcTtaHHs ocoba («OpraHiam 50») - Lue xpomocoma,
«HalKpalla Ha gaHuin MOMEHT», TObTo nicnsa 96 «TakTiB». 3Ha4YeHHs
Bar, L0 BXOAATb A0 CKnagy Wiel XpoMocomu, nokasaHo Ha puc. 3.115
pa3oM 3 BUXIOHUMW 3HAYEHHSIMW ONS1 KOHKPETHUX Map BXOAIB i
3Ha4yeHHAM MiHiMidyemoi noxmbku. Omxe, nicna 96 «TakTiB»
OTPUMaHO BUHSITKOBO rapHUi pe3ynbTar.

|
|
'Beca
Wit = 71
wiz=| -6461€
BXOf b |33 aHHCRS BLXOAHOS IHAYGHME | PACUETHOE BLXOHOS IHAYEHUE w2i= 25971
ufju2 d w22 = £.485
0] 0 ] 0,35610 w3i=] 6821
0] 1 1 099132 w32 14
1.0 1 0,785702 wig = -
1 (1] 0.33914 w20=1 -4493¢
O = -
Murvmansias aGconioTHas NorpewHOCTs Q=[0071556]
1
370 1/4 cyMmb: K331 PaTOB NOTpeWHOCTEA (4 - y)
ANA KEXKACA N2psl BXOAHLIX 3HAYSHIAR
I I

Pwuc. 3.115. Habip Bar, oTpumanwuii npu t = 96 ans npuknaga 3.27.

[Mpy NOBTOPHOMY BUWKOHaHHI i€l XX nporpamu i3 camoro noyatky
npu TOMy e BuXigHOMY Habopi Bar (puc. 3.112) yepe3 npubnusHo
10000 «TakTiB» oTpMmaHo noxmbky Q = 0,0962, 4yepes 20000
«TakTiB» - Q= 0,07956, a yepe3 21000 «TakTiB» - Q = 0,0687. lMicns
24000 TakTiB usg noxmbka 3ameHwwunacsa go 3HadveHHs Q=0,0077 (pwc.
3.116), a nicna 40000 «TakTiB» OTPUMAHO «HaWKpalimi» Habip Bar,
nokasaHwi Ha puc. 3.117.
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v Y vt PRSI RS R| Rre | o 1= 7.176]

 wiz=l 7 i
Bxoau [3aAanHOE BLXOAHOE 3HauEHUe [ pacueTHoe BrixoaHoe aHaveHue] =] 58144
fuliu2 d Y _ Iwe2= 34576
ey o .o |..____6o021682] T wai= 0736
S ] | SO | | 70864866 | - wW32=1 79752
W 11 O | S W . | - wi0=| 3036

P 0 0,096875 Iwzo=[ 37112]
T ] e (S | e L (W30=] 19576

Puc. 3.116. «Hankpawwun» Habip Bar, oTpumaHui depes 21000
«TaKTIB» .

Beca
wil= 7,969
wi2= -7.953
__P_B__“ﬂ% 33/aHHOe BLIXOAHOE 3HaYEHUE | DACYETHOE BLIXOAHOE JHAYSHMWE) 1= 7.9 1
ullu Y w22 =1 -79976
0] O 0 0,020804 w3l = -7.964
ol 1 1 0,975645 w32 = 7.9752
11 0 1 097539 wil = 3936
1 [1] 0,020713 w20 = -4.1104
W30 = 2831
MuriMMansHaa aOCoNTHAA MorPewHOCTL Q=] 516E.04
1
3710 174 cyMMbl XBAAPaTos NOMPpeLHOCTen (d - ¥)
NS KaXAOH Napbl BXOAHEX JHAYEHRM

Puc. 3.117. «Havkpawuny Habip Bar, oTpMMaHui Anst BUNagky puc.
3.116, nicns 40000 «TakTiB».

TakumM YMHOM, MPOLEECU BMKOHAHHS TOMO CamMoro anroputmy
npy OAHAaKOBIM PO3MIPHOCTI MONYNAUil i NOBTOPIHOBAHUX 3HAYEHHSIX
MOKa3HUKIB CXpeLlyBaHHS i MyTauii BUSBNAIOTLCSA 30BCIM Pi3HUMN.
Lle, 3BM4ariHO, BU3Ha4Ya€eTbLCSA BUNagKoBMM Habopom ocoben BUXigHOI
nonynsAuii i BUNagkoBUM NPOBOMXEHHSAM CXpeLLyBaHHS i MyTauii.

Ons Bunagky Ha puc. 3.115 oTpumaHo pe3ynbTaT, nogidHun
npegcraBneHomMy Ha puc. 3.117, NpuyoOMy Barn Wo;, Was, W34, @ TAKOX
Wig | Wag MatOTb MPOTUNEXHI 3HAKW.

lMpn BUKOPUCTaHHI reHeTW4yHoro anroputmy nporpamu Evolver
ONns pilleHHs 3afad, aHanoriYyHMx posrnaHyTuM y npuknagax 3.23 -
3.27, reHeTU4Hi onepaTtopu 3MiHIOITb 3HAYeHHs OKpeMux Bar
(myTauis) i 3gincHolTE OOMIH 3HadeHb Bar, obpaHMX BUMNALKOBUM
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YMHOM, MK ABOMa XpOMOCOMaMM (CXpeLlyBaHHs). Y TOW Xe 4ac, y
nporpami  FlexTool (npuknag 3.20) reHeTnyHi onepartopu
PEKOMOIHYIOTb TEeHW ycepeauHi XpOMOCOM, Lo SBMsSOTb COBO
OBOIYHI MOCNIAOBHOCTI, SAKi BiANOBIAalOTb 3aKOA40BaHMM 3HAYEHHAM
KOHKpeTHux Bar. Y nporpami Evolver xpomocomu cknagatwoTbcs 3
reHiB, WO MawTb AINCHI 3HA4YeHHS, Wo 36iralTbCa 3i 3HAYEHHAMMU
Bar. [lporpama Evolver - ue npekpacHW/A iHCTpyMeHT Aans
onTumisauii YHKUiT OEKINbKOX 3MiHHMX, MpU LUbOMY BOHA MOXe
3aCTOCOBYBATUCA AN MOLWYKY Makcumymy abo MiHiMymy yHKuil
OBOX | HaBiTb OA4HOI 3MiHHOI. MOMITUMO, WO Yy BUNAAKY TiNbKN OOHOI
3MIHHOI CXpeLLyBaHHSA MPaKTUYHO HE BUKOHYETBHCH, | BUMKOHYETbCSH
TiNbKM onepauis MyTauil, WO XapakTepHO And Tak Has3uBaHOro
€BOSIIOLUIMHOIO nporpamyBaHHsA. YCi npuknagu, WO BuUpilIeHi 3a
gonomorot nporpamn  FlexTool, moxHa BupiwlyBatM TakoX i
3acobamn nporpamn Evolver. Hanpuknag, Ha puc. 3.118 nokasaHa
3MiHa  «HamWKpaworo» i  CcepegHbOro  3Ha4YeHHs  pyHKuil
MPUCTOCOBaHOCTI Yy  BMNAAKy MOWYKY MakCUMyMy  OYHKLi,
npeacTaeBneHHoi Ha puc. 3.39.

N

x=1.96355 y=2.788315

0 4 i — 'l i I TN Il } i 1 i i 1 Il i 1 Il } 1 i ) L |
LI L S | T T

+
) o

.._
4
+

Toow
Puc. 3.118. 3miHa «Halkpalloro» i cepeaHboro 3HaveHHs YHKLiT
MPUCTOCOBAHOCTI Yy  BMNAAKy MOWYKY MakCUMyMmy  dOyHKLi,
300paxxeHHoi Ha puc. 3.39, 3a gonomoroto nporpamu Evolver.

OguvH posnofin Ha TuUMYacoBin oci Bignoeigae 20 «TakTam».
OO6uncneHHa npoBoounUCA 3 MPUAHATMMU 33  3aMOBYYBaHHSIM
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3HaYeHHAMM NOKa3HWKIB cxpellyBaHHga (0,5) i myTauii (0,06), a Takox
po3MipHocTi monynsuii  (50). padikm | «HanKpalli» pileHHs
peectpyBanucsa nicna 700 «takTiB»  (t=700). [lpuknag 3.28
NpuCBsYEHM oNnTUMmisauii  PyHKUiT ABOX 3MiHHUX, rpadik SKoi
3006paxxeHo Ha puc. 3.56.

Mpuknap 3.28

3a ponomoroto nporpamu Evolver 3Hantn miHiMym dyHKuii 3
npuknaga 3.18.

Mpacbik uiel yHKuii 306paxeHo Ha puc. 3.56. Y npuknagi 3.18
NpMBEAEHO KOOPAMHATWU YOTUPbOX TOYOK, Yy SKMX LS PYHKUiA Mae
MiHiManbHe 3HayeHHda, piBHe 0. eHeTU4HUI anropuTM MNOBUHHUN
3HaWTM OAHy 3 uMX TOYoK. 3acTtocoByeTbca nporpama Evolver i3
MPUAHATUMM 3@ 3aMOBYYBAHHAM  3HAYEHHSIMU  MOKA3HUKIB
cxpellyBaHHs (0,5) i myTauii (0,06). PoamipHicTe nonynsuii obpaHa
pisHoro 30. Ha pwuc. 3.119 npeacraeBneHi no4vaTkoBi 3HaYeHHS

3MIHHMX X; i Xo, WO BBEAEHI Yy BMXiAHY NOMNYNALUil0 9K reHn OAHiel 3
XPOMOCOM.

A 8 J € I b..1-E F B ~l et~ s 4 J K |a
1
2] SYHKLUA HIMMELBLAU BHrIHCREHME MUHMMY M2
3 |
4] FOU LX) = (X122 32 -11)2 + (X1 +X2%2 -7)2 A0< X1 < 10
5
€]
[7] x1= 10
8] = 10
[ 9 |Fect = [ 2040

Puc. 3.119. NoyvaTtkosi 3Ha4yeHHA ansa npuknaga 3.28.

3HavyeHHs yHKUii NPMCTOCOBaHOCTI AMs L€l XPOMOCOMU Oyxe
Benunke - BOHO cknagae 20410. 3po3ymino, wWo gaHa Xpomocoma

Oyae Bxe Heszabapom BMKIOYEHa 3 NOMynALii, WO NigTBEPOKYETLCH
puc. 3.120.
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Pop # 1 recipe C1F0000H _|X

Resuk  [Var] |V 2

Org t 2040 7.690€:00 +1537¢:00
Org 2 85936403 5242¢+00 923500
Ong 3 77200403 -9.846¢-00 3,060¢-01
Evolver Toolbar Org 4 7.3379+03 3,941-00 -3.3739+00f
= || ETE 6.617¢-07 6664¢:00 B 364e:00
ZEE @ g2, A Org 8 [6.1760:03 9,4320.00 561001
-~ Og7 6.043¢:03 +8.094¢-00 7 8430.00
The requested nuamber of tiialz has baen reached Org 8 35986403 -7.467¢-00 -7,853¢ 00}
g 9 1409603 -2.290¢-00 8.124¢:00
Org 0 2,739¢+03 5014e-00 -7,393¢.004
Org 1 2713¢:03  7387¢.00 -4.22%.00
» Accept the best g 2 2552e+03 9.200e.01 7545000
secomt scenano found so far. Org B | 2482¢.03 7.890e.00 -1537¢.00

Org W 2136e+03 2.635¢-00 7.150¢.00

' Org B |19410.03  6.019¢-00 7.298¢-00)
{{ Restore ?::5’9 the it Ong ® 1500e-03  6.8964-00 3,580 O
ignal scenrio. Org W |1384e-03 -50700-01 £.6700:00

Og % 135003 5.682¢:00 5177400
Org 19 8699402 .6.093¢-00 25580400
Org 20 6358002 -1237¢-00 5,760e.00
Og 21 5.610e-02 -5040e.00 5.117¢-00

= O/g 22 |55206.02 6.026¢.00 -2732¢-00
Pop #1 recipe C1F0000H  [_]X g 20 |5.4990:02 4.587¢.00 -5032¢.00
Verlabies Org 24 |5.1790+02. -2.984#-00 -5:807¢-00)

Org 25 40320402 -15042+00 -4,828¢-00)
Org 2¢ 3563002 52420400 21770400
Org 27 |2.586¢.02 15484.00 -3,949».00
Og 28 [1270e-02 1323e-00 -1055e-00
Org 28 [4,330¢.01 -1006e-00 2,98%-00
Org 3 2.8308-01 -3317¢+00 3.753e-00

% Live Update I Live Update  [_Update |
best = 2 B3016E+01  trials = 30 hest = 2.83016E+01  trials = 30

Pwuc. 3.120. Nonynsuis ocobewn npu f=30 gnsa npuknaga 3.28.

Ha ubomy ManoHKy nokasaHi xpomocomu nonynauii ana =30
(nicns 30 «TakTiB»), WO BignoBigae nepuwin iTepauii (nepwomy
MOKOMIHHIO) KNMAaCW4YHOro reHeTu4yHoro anroputmy. 3MmiHHi varl i var2
no3HayalTb BiAMOBIOHO Xy, i X, NEpWwui ctoBneup (result) mictutb
3Ha4YeHHA (YHKLUIT NPUCTOCOBAHOCTI KOHKPETHUX Xpomocom. [leplue
3HauyeHHs (20410) HanexuTb ocobi, sika BUKMOYeHa 3 nonynsdii. Ha
il MmicLle BBOOUTBCS HOBA XpOMOCOMa 3 annensamu, pisHumn 7,89 i
-1,537, onsi sIKoOi 3Ha4YeHHA OYHKLUiT NPUCTOCOBAHOCTI LWe TifNbkn Mae
OyTm pospaxoBaHuMM. Y  MiBOMY HWXKHbOMY KyTi  pUCYHKa
OEMOHCTPYETbCS Pi3HOPIAHICTE ocoben uiei nonynauii. Y gaHomy
BMMaAKy BOHa TakoX JocuTb Benuka. Ha puc. 3.121 npusepgeHi
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aHanoriyHi rpadpikn ansa nonynauii nicna 60 «TakTiBy» (1=60), a Takox
cToBMyacTa fiarpama, LUO intCTPYe KOHKPETHI 0cobw.

Pop #1_recipe C1F0000H |_|x Pop # 1 recipe C1F0000H _[X

Aenk  [Yar1  [Vm 2

gt 200880403 5.582¢.00 -3,580¢-01
Org 2 19410-03  .5,013¢.00 -7 298+-00}
Org 3 1500¢+03  -6,836¢-00 - 7.580¢-01
Org 4 13846403 -5,070e-01 §570¢.00

Org 8 1350403 5582e.00 %.177¢.00

Org 6 13500:03 5682e-00 5,177¢.00
Org 7 1124¢:03  .5,8980-00 -5 032¢+00}

Oeg 8 L7403 -8.48%.00 .3,580e-01
Ovg 8 1095¢-03  -5,896¢+00 -4,928¢-00)

: Oeg 10 8.69%-02 -6,093¢-00 2.5580.00
Beat s 20OMEEHT. binla 259 D: n 8,058¢:02 -5,019¢.00 -5807¢.00]

Org B 6.358¢:02 -1237¢+00 5.760e.00
Pop # 1 recipe CIFO000H [ [XIl | forg s see02 -1237e-00 5.760e-00
1 Org W [5.810e:02 -50406400 5,117¢-00
Org B 5520e-02 6026000 -2,732¢-004
Org % 5,49%¢+02 4587¢+00 -5.032e-00
g 17 5.179¢.02 3.984¢-00 -5.807¢.00|
Org # 4033¢-02 5070001 B5,177e.00
Org 19 4032002 -15040-00 -4,828¢.00
Org 20 3.569¢-02 5242¢-00 2177¢.00

ﬁ:—;ﬁ: O 2103002 504000 358000
; Dig 22 [2.0%0:02 5,0400+00 -3580¢-01
¥ Live Update Org 23__[2586-02 1548e-00 -3,339¢-00)

Org 24 1.8%6e-02 -5070e-01 -2,732¢+004

best = 2 83016E+01  Uials = 60 Org 25 [L7770.02 -5,070e-01 -3,580¢-01
Org 28 [15330:02 9200001 -2,/70#:00

Evolver Toolbar Org 87145902 9,2000-01 -3,5809-01%

m IE Originad = 20 410, Trials = 60 Org 28 [12700402 13236400 10550400
> est 50 far = 28.301589 Org 28 [4.390e.01 1005600 2.38ke+00

Ovg 3 |2830e-01 -3.317¢.00 3.753.00

B Live Update | Update I

| whm”'. best = 2.83016E+01 _ trials = 60

Puc. 3.121. MNonynsuia ocoben npu (=60 onsa npuknaga 3.28.

Ihe requestod number of trials has boen heod

«Harikpalle Ha gaHUM MOMEHT» 3HaYeHHs OYHKLIiT NPUCTOCOBAHOCTI
yce LWe 3aHaaTo Benuke i cknagae 28,3.

Ha puc. 3.122 npegcrasneHi Ti x rpadiku nicng 150 «TakTiB»
(=150), aki OONOBHEHi (y NIBOMY HWKHbOMY KyTi) rpadikom 3miHu
HamnKpaLloro» 3HadeHHs (YHKUil MPUCTOCOBAHOCTI, WO CTPiMKO
3MEHLLYEThCS.
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_Pop #1 recipe CIFO0BOH | ]X Pop #1 recipe C1F0000H _]X

Pemit i¥wrd |Vm2

Oeg 1 I7Te02 507001 15800.01
Org 2 L7770:02 5070001 .33800-01
Org 3 \777e-02 5070001 3580051
Ovg 4 177702 5070001 -35800-0t
Oeg & 1777¢.02 50700t -3580e:01
Org § 1777e-02 5070e:01 3.580e-01
Org 7 \777e:02 307001 -3580e.01

Drqanisms Carrently In P

Org 8 |17770:02 307001 358040t
Org § |L7%52e:02 5070001 -1743¢.00

best =1.69723E wials Org 10 L758e02 435870-00 2.558¢:00
_— . e Drg B 1587002 45070:00 21770.00

2 | §i0g @ [1547202 4587600 21770400

Pop # 1 recipe CIFOCQ0H |_JX Sg D 153002 3200001 21700420

Valabbve Org ¥ [14530:02 3200001 -3580e-0
: Org 8 [14590-02 920001 -3580¢.01
Org ¥ [14590.02 9200501 -2580e-01
Org 17 11270002 13230400 1055000
Org 8 [10870,02 1548000 -3580e-01
Org 8 11087007 15480408 338000
Org 20 11039602 -2.317000 -3.5800-01
Org 21 3997¢.01 45870.00 2580001

: Org 22| 3837001 45670:00 2380001
F Live Update @ Org 23| 7.0620.01 45070.00 2456e:00

: H 15332000 9200001 23800
best =1 697236401 _trinta=150 B e

Org 28 4.0300.01 15480:00 2.284¢.00
LX) §[oe® Jeowedn 1548000 2288000
Og 28 123001 4284000 2170000

25000 Org 28 2030001 -33170:00 3.7320:00
20000 Org 30 | 1697001 38840400 2732000

Pop #1 recipe C1FB000H

o (¥ e Update  (_Update ]
S060 bost = 1,89723E«01  triaks = 150

0

Tiee Evolver Toolbar

Ounginal 1 20490, Trals s
best =1,697236+01 __trints=150 B sl 6372038

Puc. 3.122. Monynsauia ocobewn i rpadik gyHKLii NpucTOCOBaHOCTI
npu =150 ansa npuknaga 3.28.

Y cepegHii 4acTuHi NiBOpyY MoOKasaHa Pi3HOPIgHICTb nonynsuii,
LLIO TAKOX 3HAYHO 3HM3UNAacs.

e MeHwa pi3HOPIQHICTL NOMYMsALii CNOCTEpiraeTbCa Ha pwuc.
3.123, Wo MICTUTb TakoX CTOBMYACTy fAiarpamy i 3Ha4eHHA reHis
KOHKPETHMX XPOMOCOM Monynsidii.
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Pop B 1 recipe CIFOBOOH |_|X

Pop #1 recipe carommu_ﬁ:]l

Pemit [¥ar1 Va2

Org 1 19360401 22260.00 2558000
Ovg 2 L836¢01  -22269.00 25080400
Og3  [1936001 22260.00 2.5580-00
Org 4 | 19060t 2226¢-00 25580400

Org 8 18360.08 2226000 25580.00
Og 1976es01  -2226¢.00 2558¢+00
Org 7 95001 22280400 2,558¢.00
Org 8 8%l 22260.00 2.550¢-00
best «5,82713E+00  trials » 1080 Org ¥ 1926001 -22260-00 2.5864:00

Og 10 [1336001  -2.2260.00 25580.00
Pop #1 recipe CIFODOOH [_JXJ {Os R [19%6e01 .22260:00 2556¢.00
5 Org @ |1896e01 -2.2260:00 25560-00
Sl Oy B |19%e01  -22260:00 2568000
Og ¥ 1305001 -22280.00 2558000
OB |19%600) -22260-00 2588¢.00
Org B (1936001 22260.00 2.5680-00
JOg T 9%6e01 -22260-00 2.550e-00
Org B [19%60:01  -2.2260-00 2.5580-00
Org 19 |19%6e01 22260400 2580000
Org 20 |1508e-01 2226e.00 2558¢-00
Org 21 13060.01 }-22260:00 25680:00
Deg 22 1697601 -23840.00 -2732¢-00
best = 5,82713E+00 _triale = 1080 O 2311657601 3984000 2712000
Org 24 11566001 :2.2760:00 3501000
Org 28 [1366e.01 -22260-00 350100
Pop # 1 recipe CIFO0BOH | _[X Org 78 |15660-01 2226000 350%00
Org #7 | LBSSe.0F  -2.228¢-00 3,30%.00
250[ Org 28 11374001 -3.3170-00 -2,6%e-00

208 Org 28 13760.01 3317000 2810000
150 Org 26 [58270-00 28470400 2.558¢.00
188 E
Live Update
" W Uve Update | Update ]
[ best =5,82713E+00  trials »1080

Time

Evoiver Toolbar
MWDl oo Tiee
Puc. 3.123. Monynauis ocobewn i rpadik ¢yHKUii NPUCTOCOBAHOCTI
npu t=1080 ans npuknaga 3.28.

best =5.82713E+00 _ tinls »1080

«HanmeHwe» 3HayeHHs YHKLUii NPUCTOCOBAHOCTI TyT cknagae
5,83 ans t=1080, To6T0 nicna 1080 «TakTiB». Lle 3HayeHHs yce e
HabaraTto 6Ginbwe MiHiManbHOro. padiky B MIBii HWKHIA YaCTWHI
pUCyHKa MOKa3yloTb 3MiHYy CcepegHboro (BepxHsi KpuBa) i
HaNKpaLLOoro» (HWXKHS KpMBa) 3Ha4YeHHS OYHKLUii MPMCTOCOBaHOCTI.
Ha puc. 3.124 npepgctasneHri Ti X rpadiku nicna 8000 «TakTiB»
(t=8000). TNomiTHO, WO SK «HaWKpalle», TaK i CepeaHE 3HAYEeHHS
byHKLii NnpucTOCOBaHOCTI B MONyNsAUil NpMAMatloTb 3HaYeHHS, Bnnabki
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po 0. Ha Bcix rpacbikax ognH po3nogin Ha TMMYacoBii oci Bignosigae
20 «TakTamy.

015

aoe L U P O S Y TR 1 ) (O S L W T N (0 Y LR (AT MRS Vi HHeY WO 1.9 |
=T T T Tl T i T i rryyrrror oy v

L R b 2

T

LR 1

Puc. 3.124. [padik dyHKuii npucTtocoBaHocTi npu t = 8000 gns
npuknaga 3.28.

Ha puc. 3.125 3o6paxeHa ctoBnyacTta fiarpama ocobew nonynsuii
ana t=8000. MNomiTHO, WO BCi XpomMocoMW B nNoNynAuii cranu
O[JHaKOBMMMU.
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Organisms Cucrently In Population

best = 8.812896-04  trials « 8000
Puc. 3.125. CtoBnyacTa giarpama 3HayeHb (PyHKLiT NpUCTOCOBAHOCTI
ocoben y nonynsuii npu t = 8000 gnsa npuknaga 3.28.
3HaueHHs iXHbOI YHKLIT MPUCTOCOBAHOCTI, MabyTb, Taki X, K i ans
«HalKpaLlLloro» pileHHs, TodTo gopisHioe 0,000881.

A B c | D E F G | H_ [ 1 J K_ |+

! |
[ 2] SYHKUUMA HIMMELBLAU BLIuHCNOHNE MUHUMYMS

3
(3] FXEX2) = (X172 +X2 -11P2 + (X1 +X22 -7)2 “0<= X1 <= 10

S
S
| 7] xt= 378
i = -3,279!
| 9 IFea 00 | O 1

Puc. 3.126. «Hankpawe» piweHHa ana npuknaga 3.28 (oTpumaHe
npu t = 8000).

«Havikpawe» piweHHa nokasaHo Ha puc. 3.126. Le
XpOMOCOMa 3i 3Ha4YeHHAMM 3MIHHUX Xy = -3,78 i X, = -3,279.
3.19.2. PiwweHHs1 KOMOGIHAaTOPHUX 3aA4ay 3a AOMNOMOIOH

nporpamu Evolver

Mpu piweHHi kombiHaTOpHUX 3aday nNpobrnema nonsirae B MOLUYKy
HaWMKpaLloro pilleHHs cepel MOXMMBUX MepecTaHOBOK MnapamMeTpis
3afjavi. Ak npuknag MoOXHa HasBaTU COPTYBaHHSA CMUCKY iMeH
(npuknag 3.29) abo 3agady komiBoshkepa. Y nporpami Evolver ans
PilLEHHs  KOMOIHATOpHWX  3aday  3aCTOCOBYHOTbCA  FEHETUYHI
onepaTopu, BU3HAYEHHSA SKUX TPOXW BIAPI3HAETLCA Bid aHanoriyHMx
onepaTtopiB, OpiEHTOBaHMX Ha ONTUMI3ILiNHI 3agavi. 3okpema:
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CxpelyBaHHA po30MBAETLCA HA HACTYMHI KPOKU:
1) BUNAOKOBMM YMHOM BUOMpalOTbCs MNO3uuii B neplioro 6artbka;
TXHS KifbKICTb 3aneXuTb Bif NOKa3HMKa CXpeLLyBaHHS;
2) 3HaxoAATbCA NO3uLii 3 TAKUMU X 3HAYEHHSIMU TeHiB (annenamu) y
apyroro 6aTtbka;
3) 3Ha4YeHHs no3uuin nepLuoro 6aTbka, WO 3anuLNINCS, KOMiloKTHCS
Ha noauuii gpyroro 6aTbka, WO 3anuwnnncs, y nocnigoBHOCTI, y AKin
BOHM 3anucaHi B nepLuoro 6atbka.

OnucaHui cnocib cxpeLuyBaHHs incTpyeTbesa Ha puc. 3.127.

Pomurenn 1: [3517624]

gokyc: 1234567
[ToToMOK :
CKpCINHBAHHE

—— > [3514726]

noxye: 1234567
Pomwrens2:[3451762]
goyer 123444 7

Puc. 3.127. CxpeluyBaHHs 3i 36epexxeHHAM NopsaKy B reHeTUYHOMY
anropuTtmi nporpamu Evolver.

Ha ubomy pucyHKy nokasaHoO pfBi Xpomocomu ©OaTbkiB, LU0
CKrnagaloTbCs i3 ceMu reHiB 3i 3Ha4eHHAMM 3 iHTepBany Uinux dmncen
Big 1 0o 7. KoxeH reH y XpoMoCOMi XapakTepusyeTbCs YHiKanbHUM
3HayeHHAM. KoxHa xpomocoma ABnsie cobo nepecTaHOBKY
HaTypanbHuUx yucen Big 1 go 7. Iig KOXHWUM reHom 3a3HavyeHun
Homep #oro nosuuil  (locus). [MpunycTmo, WO  MOKa3HUK
cxpeLlyBaHHA gopisHioe 0,5, i B nepioro 6atbka BUNagkoBumM YMHOM
obpaHo nosuuii 1, 4, 5, 6, Ha 9KUX 3HAXOAATLCA 3HAYeHHNA 3, 7, 6, 2
BigNoBigHO. Y gpyroro 6aTtbka Ui 3Ha4YeHHS 3HAXOAATbCSA Ha NO3ULLAX
1, 5, 6, 7. Y pesynbtaTti KOMitOBaHHA 3HayeHb MNO3wULinK, WO
3anuwunnucs, nepworo 6atbka (To6T0 Yncen 5, 1, 4 3 no3uuin 2, 3, 7
BiAMOBIQHO) Ha no3wuuii Apyroro 6aTbka, Wo 3anuwunucd, (Tobto Ha
nosuuii 2, 3, 4) y nocnigoBHOCTI, Y SIKin BOHW 3anucaHi B NepLuoro
GaTbka, yTBOPMTLCS HaLLAOoK 3i 3Ha4YeHHAMM reHiB 3, 5, 1,4,7,2,6.

MpeactaBneHMt MeTOL CXpELlyBaHHSA  3aCTOCOBYETbCA B
nporpami Evolver ons piweHHs 3agady, WO 3BOASTLCA A0 MOLUYKY
XPOMOCOM 3 HavKkpaLLM ynopsiiKyBaHHAM reHiB. OnucyBaHuin cnocio
nogibHUM  ynopsaKOBaHOMY — CXpeLlyBaHHKO — (order  crossover),
nokasaHomy Ha puc. 3.128.
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Pogurens 1 : [abedef gh] [abcdefgh] Moromox 1
soe: 12043567 nokye: 12345678
AAY I

CKpemMBaHHE

Po,mmm.Z:[g_c_faghd_h] [ gbfacedh] [loromok 2
JIOKYC l(i)<554'§)67(§) morye: 12345678

Puc. 3.128. YnopsagkoBaHe cxpeluyBaHHs (order crossover).

Homepa nosuuin BubuparTbcsi BUNagkoBMM YMHOM. [ani 3Ha4eHHs
reHiB 3 o00OpaHMX no3uuin ogHOro 3 OaTbkiB MEepeHoCATbCA Ha
BignoBigHI no3uuii gpyroro 6aTtbka. Y pe3ynbTaTti CXpeLlyBaHHS
YTBOPIOIOTLCA ABa HaLLadKu.

MyTauia. Onepatop myTauii peanisye Tak Ha3uBaHy MyTauito,
3aCHOBaHy Ha ynopsiakyBaHHi (order-based mutation). BusHayeHa B
Takuin cnocibé myTauia nonsrae y BunagkoBoMy BMOOpI ABOX MO3wLin
Yy XPOMOCOMi 1 OBMiHi 3Ha4YeHb reHiB Ha uux nosuuisx. Hanpwknag,
nicna myTtauii xpomocomu [3 5 1 4 7 2 6] Ha obpaHmx nosuuiax 2 i 5
Oyoe oTpumaHa xpomocoma [3714526]. KinbkicTb 0obmiHiB 3pocTae
abo 3HMXYETbCS MPOMNOPUIAHO  30iNblUeHHIO abo 3MEHLUEHHIO
MOKa3HWKa MyTaulii.

Llern cnoci6 myTauii BigpisHAeTbCA TWMM, WO B pe3ynbTaTi Moro
BVKOHaHHA  (DOPMYETbCS  HOBa  XpoOMOcoMa  3i  3MIHEHON
NOCNIJOBHICTIO reHiB. Taka MyTauis 3aCTOCOBYETbCA A1 MOLUYKY
HanKpaLLoi NepecTaHOBKN NapamMeTpiB 3agaui.

Mpuknap 3.29

Llen npuknag  OEeMOHCTpPYe  3aCTOCYBaHHS  FEHETUYHOro
anropuTmy Ans COpTYBaHHSA CNMUCKY iMEH 3a abeTKolo.

Ons cnpoweHHs 6ygemo posrnagatv ayke KOPOTKUA CNMCOK i3
ceMu iMeH, Wwo noymHatTbed bykeamm J, M, Y, R, S, H, F. Takum
YMHOM, HaKKpalle pilleHHs LWYyKaeTbCa B MPOCTOPi pilleHb, Lo
cknapaetbca 3 71=5040 MOXNMBUX NEPECTaHOBOK CEMWU €NeMEHTIB.
Halikpalle piweHHs oveBugHe - ue B, F, H, J, M, R, S. Ha ubomy
HaWMpOCTILLOMY nNpuKNagi nNo3HanoMMMocsd 3 TUM, SIK FreHeTUYHUR
anropuTm Bupiwye 3agadi Uboro Tuny. MNpunuiwemMo KOXHOMY iMeHi,
BKIMIOYEHOMY Yy BWXiAHWMA (HECOpPTOBaHWA) CNUCOK, MOPSAOKOBUN
HOMep Tak, K e 3pobreHo B NepLioMy cToBnui Ha puc. 3.129.
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Hexnansii CriMcox Ommo m3

(HECOPTHPOBAHHBIH) BORMOMKHBIX

Ne  Wmena pet

; JM Pl ﬂ B 8, =0

3 B i’; g, =0,8,=0

; R PSH 81|'°»8Az=0»8u=‘

5 S p; 1] 8, =0g,=08,=1g,=0

6 H PGM 2y =0,8,=0,8,=1,8,=0,8,=0

7 F P7S 8,=0.8,=0,8,=0,8,=08,=0g,=0
G =[000001001000100000000]

Suasenve QyHKIMH MpHCTIocotRHBOCTH = 3

Pwuc. 3.129. OgHe 3 npunycTuMmx pilleHb 3agadi 3 npuknaga 3.29.

MpunycTnmMe pilleHHs, ke npeacTaBneHo Ha pUcHky - ue B, F, R,
H, J, M, S. TlpuBegeHum nepwnm OykBaM iMeH MepeayoTb
Bi4NOBIAHI IM NOpAAKOBI HOMEPW 3 NepLUoro cToBnus. MocnigoBHICTb
UMx HoMepiB (Ha PUCHKY BOHW BMWCaHi B KIiTKW) iAeHTUIKYE OaHe
pilweHHs. Ha puc. 3.130 y Takui e cnocibd npeacTaBneHo Hankpalle
piLleHHs, obymoBneHe nocnigosHicTo 3, 7, 6, 1,2,4,5.

Mexormniii crmeok Haunyumes
(HECOPTHPOBAHHBIT) peLuette
Ne  Hmena
1 J P, (3]B =0
2 M Py[7|F o T
3 B P,H 8, =0.8,=0
4 R P‘J 34|=0.8u=0084s=0
5 S Ps[2]M 8, =0,8,=08,=0g,=0
) H Pgl4(R 8 =0 8y =0, 8,=0,8,=0 g, =0
7 F P,[5]s 81 =0 8n=0 8,0 8,=0 g=0, 8y =0
G = [000000000000000000000]
3natetue QyHIUMH nprcnocofeniocT = ()

Puc. 3.130. Hankpalue piweHHs 3agavi 3 npuknaga 3.29.

PosrnaHyta 3agaya Mae ciM 3MiHHMX (MapameTpiB 3agadi).
Mo3Haummo ix Py, P, ..., P;. KoXHa 3 UMX 3MiHHUX MOXE NpuAmaTin
uini 3HadeHHs Big 1 go 7. Ha puc. 3.129 nokasaHa ogHa 3 ocobel
nonynauii, ANs §KOT 3HAYEeHHA KOHKPEeTHUX 3MiHHMX (MapameTpis
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3apadvi) piBHi 3, 7, 4, 6, 1, 2, 5, a HanKpalle piweHHa Ha puc. 3.130
XapaKTepusyeTbCsa 3HA4YEHHSAMN UnX 3MiHHKUX 3, 7, 6, 1, 2, 4, 5.

MpuBegeHi nNocnigoBHOCTI 4Yucen po3rnagaTbcd 9K - anneni
XPOMOCOM, LWO MPEeACcTaBnsalTbL BIiAMOBiAHI ocobu. [Ana  KOXHOI
ocobu, WO BXOAMTb Y MNONYNAUiO, MNPU BUKOHAHHI FEHETUYHOrO
anropuTMy po3paxoBYETbCHA 3HAYEHHS (PYHKLT NPUCTOCOBAHOCTI i Ha
Uil OCHOBI BUBUpatoTbCs HaMKpaLyi i HawripLi ocobu.

Mepw HiXX BU3HAYUTUN OYHKLiO NPUCTOCOBAHOCTI ANS PO3rMsHYTOI
3apavi, yBegemMo psig nosHadeHb. Hexanm n(P;) BignoBigae iMeHi,
BM3HAYEHOMY MOpsAOKOBMM HoMepoM P, i=1,2.....7, | Hexan
n(P;)<n(P;) o3Ha4ae, Wo iM'a 3 NOPSAKOBMM HOMEPOM P; - NOBMHHE
nepegyBatn iMeHi 3 MOpsOKOBMM HOmMepoM Pj, ToBTO BOHM
yNopsiAKoBYOTbCS 3a andasiToM. Hexan G no3Hayae NocnigoBHICTb,
CKMafEeHy 3 eNeMeHTIB gkm, k=2.....7, m=1....k-1, e

I, saxwon(B)<n(P)
Gkm=
0 6 npomusnomy eunaoxy

OuyeBUOHO, WO $SKWO nocnigoBHiCTb G cknagaeTbcst 3 OAHMX
HyniB, TO MOCMNIQOBHICTL iMeH Oyae KopekTHot. TomMy Haukpauia
ocoba NoBMHHA XapakTepu3yBaTUCsA NOCMiAOBHICTIO G, BCi enemMeHTu
SKOI [OOpiBHIOIOTL Hynesi. OTXe, (PYHKUil0 NPUCTOCOBAHOCTI MOXHa
BM3HAYUTU SIK CyMy enemeHTIB nocnigoBHocTi G, i Hac, 3BU4YanHo,
Oyoe uikaBuUTU MiHiMi3auisa uiei yHKUii (9ka Moxe npuamaty Uini
3HayeHHs B iHTepBani Big 0 go 21). MNMomiTumo, Lo SKkOn enemMeHT gim
npunmaB HynboBe 3HauveHHss npu n(Py)<n(P,) i 3HayeHHa 1 vy
NPOTUBHOMY BUMagky, TO BapTo 6yno 6 makcumidyBaTu KinbkiCTb
oovHMUb Yy nocnigoBHocTi G. Tenep nepengemo OO iHTepnpeTauii
dYHKLUIT npucTocoBaHOCTI 3 Npuknaga 3.4.

B3apava, sika cpopmynboBaHa B npuknagi 3.29, BupillyeTbCs 3a
gonomorow nporpamu Evolver, po3amipHicTe nonynsaudii npunHaTa
piBHOK 10, nokasHWK cxpeLlyBaHHS AopiBHoe 0,5, nokasHuk myTauii
popisHioe 0. Mpu t= 10, Wo Bignosigae nepLin nonynsyii KNacn4Horo
reHeTUYHOro anropuTMy, OTPUMAHO MOMynsLilo, sika npeacTaBneHa
Ha puc. 3.131.
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Pwuc. 3.131. MNonynsuis ocoben y reHeTU4HOMY anropuTMi NporpaMm
Evolver ans 3agavi 3 npuknaga 3.29.
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Mepwun cToBneub BM3HA4Yae MOCMIQOBHICTb XPOMOCOM Yy
nonynAuii (Big «Hanripwoi» go «Hawnkpalwoi»). B apyromy npvseaeHi
3HaYeHHs PYHKUiT NPUHANEXHOCTI KOXHOI XPOMOCOMMW. Y TPeTboMy
CTOBMUi 3anucaHi cami XpOMOCOMM, LLIO CKMadatTbCs i3 CEMU reHiB.
KoxHa 3 umx XpomocoMm sBnsie cobok nepecTtaHOBKY HaTyparbHMX
yucen Big 1 go 7. MNepwe 3HaYeHHA YHKUiT NPUCTOCOBAHOCTI, sike
obKkpecneHe NpsIMOKYTHUKOM i piBHe 15, BiAHOCMTBCA A0 XPOMOCOMM,
BUKIIOYEHOI 3 nonepeaHboi nonynsauii. 3amicTe Hel BBOAUTLCA
xpomocoma [3514726], ska oTpumaHa B pesynbTaTi CXpeLlyBaHHS
xpomocoM [3517624]i[34517 2 6], wWo € NpUCYTHIM Ha pucC.
3.131.

OcTaHHs xpoMocoMa, Wo Mae (OYHKUi0 MPUCTOCOBAHOCTI, PiBHY
n'atv, nicna 10 «TakTiB» € «HAWKpaLol Ha OaHUN MOMEHT». [lpwu
NPOAOBXEHHI BWKOHAHHA anropuTMy MOXHa OJepXaTu Hankpally
xpomocomy [3 7 6 1 2 4 5] 3 (pyHKuieto npucTocoBaHoOCTi, piBHOW 0.
Lis ontumanbHa xpomocoma npepcTtaBneHa Ha puc. 3.130.
MomiTuMO, WO B po3rnsHYTOMY npuknagi dyHKLUig NPpUCTOCOBAHOCTI
iHTepnpeTyeTbCa Ak NOXmnbka, siKy, 3BMYANHO X, BApPTO MiHiMi3yBaTu.
[ns HankpalLoro pilleHHst s noxmbka 3060B'a3aHa 6yTu pieHoto 0.

Mpuknag 3.29 nerko ysaranbHUTKM Ha Oyab-sKi nepeniku imeH abo
HasB, WO NignsaraloTe COpTyBaHHK 3a abeTkot (abo BignosigHO A0
iHWworo knwo4a). 3agayi Takoro TUNy MOXHa BupillyBaTu 3a
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JonoMoro  eBonouinHoro anroputmy nporpamu  Evolver. Lis
nporpaMa TakoX A03BOSISIE BMPIWUTWU BigOMY 3 niTepaTypu 3agady
Npo KOMiBOSXepa, Wo Mae HabaraTo GinblU CKNagHy CTPYKTYPY, YUM
po3rnsHyTa 3agadya 3 npuknaga 3.29.

3.20. EBONOLiINHI anropuTMmn B HEUPOHHUX
Mepexax

O6'eqHaHHs TEHETUYHNX anropuUTMIB i HEMPOHHUX MEPEX BiAOMO
B nitepaTtypi nig abpesiatypoto COGANN (Combinations of Genetic
Algorithms and Neural Networks). Lle o6'egHaHHa Moxe ©6yTu
AOnoMixXHUM  (supportive) abo  piBHonpaBHuMm  (collaborative).
Honomixkhe o00'egHaHHA [OBOX MeTOoAiB 0O3Hayae, WO BOHU
3acmoco8ytombcsi nocnido8HO 0OUH 3a OOHUM, MPUHOMY OAMH 3 HUX
CNYXWUTb ANSA NiArOTOBKW LaHWX, BUKOPUCTOBYBaAHMX MpW peanisadil
apyroro metogy. lNMpu piBHonpaBHOMY o6'egHaHHi obuaBa meToam
3aCTOCOBYHOTbCSA ofHo4vacHo. Knacudikauis umx Tunie o6'egHaHb
reHeTUYHNX anropuTMIB i HEMPOHHUX Mepex npeacTaBneHa B Tabn.
3.6.

Y HacTynHin 4YacTuHi uboro posginy OyayTe obroBopioBaTUcH
KOHKpeTHi KombiHauii, ski BigbuTi B Tabnuui, WO NpMBOAUTLCS.
MantoHkn 3.132 - 3.134 imocTpyloTb Pi3Hi NigX0AM [0 PilLeHHS
3agay, SKi  po3rMsAHYTO SK JOMOMiDKHI  00'€AHAHHS TEeHEeTUYHUX
anropuTMiB i HEMPOHHUX MEpPEX.

HeobxigHo BiA3HaunTK, LIO BiANOBIAHO A0 3ayBaXeHb, NPUBEOEHMX
B M. 3.18, TepMiH «reHeTU4Hi anroputMun» 3acTOCOBYETbLCA TYT Y
GiNbLU LWMPOKOMY 3MICTi, YAM KITACUYHWUIA FTEHETUYHWUI anropuTMm.

Ta6nuuya 3.6. OG'eaHaHHA TEHETUYHUX anropuTMIB i HEMPOHHMUX
Mepex
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3.20.1. He3anexHe 3acTocyBaHHA reHETUYHUX

anropuUTMiB i HEBMPOHHUX Mepex
[eHeTUYHi anropuTMK i HENPOHHI MepexXi MOXYTb He3anexHo
3aCTOCOBYBaTUCA ON1A PilleHHs OfHiel i Tiel X 3agadi. Len nigxia
inocTpyeTbesa Ha puc. 3.132.

[~ [=
‘ !

HEMPOHHA FEHETI4HIAA
MEPEHA, ANCOPMTH

v v
[ ane =y

Puc. 3.132. 'eHeTU4HUI anropnTtMm i HEMPOHHa Mepexa He3arnexHo
3aCTOCOBYIOTLCA AN pilleHHs OAHIET i TiET X 3aaadi.

Hanpuknag, onucaHi HesanexHi 3acToCyBaHHS HEWPOHHMX
mMepex, reHeTndHux anroputMmis i anroputmy KNN  «Hanbnvxkuni
cycin» (K - means nearest neighbour) pnsa piweHHa 3apad
knacudikauii. Y nitepaTypi NpuBOAATBECA MNOPIBHAHHA TPULIAPOBOI
O[HOCMPSMOBAHOI HEWPOHHOI Mepexi 3 HaB4YaHHAM Mo MeTody
3BOPOTHOrO MOLUMPEHHS MOXMOKM (HaBYaHHSA 3 yuuTenem), Mepexi
KoxoHeHa i3 camoopraHisauieto (HaB4aHHA 6e3 yuuTens), cuctemu
Knacudikauii, 3acHOBaHOi Ha reHeTU4YHOMY arnropuTMi, a TakoX
anroputmy KNN «Hanbnmkumii cycig». ABTopu pagy pobiT BBaxaroTb
HesanexHe 3acTOCyBaHHA UMX MeTOAiB Ans pilleHHs  3agadi
aBTOMaTU4HOI Knacudikauii pesynbtatisB AMI™ (anekTpomiorpadia -
peecTpauiss  eneKTPUYHOI  aKTMBHOCTI  M'A3IB)  AOMOMDKHUM
ob6'egHaHHAM. Bigomi 1 iHWwi poboTn, y SKMX MOPIBHIOKOTHCA
MOXIMBOCTiI 3aCTOCYBaHHS pPi3HMX METOAIB (30KpeMa, FeHeTUYHUX
anropuTMiB i HEMPOHHMX Mepex) AN pileHHA TUX camMux 3agau.
MpuknagoMm 3apadi, SKy MOXHaA BUPIWUTW 3@ [OOMNOMOrol  SK
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HENPOHHOI Mepexi, Tak i FeHeTUYHOro anropuTMy, MOXe CHYKUTU
3agava npo KoMmiBoskepa.
3.20.2. HenpoHHi Mepexi AnNA nNigTPUMMKM reHeTUYHUX
anropuTtmis

BinbwicTe AOoOCNIAHMKIB  BMBYaNM MOXINUBOCTI  3aCTOCYBaHHS
reHeTUYHNX anroputmiea ansa 3abesnedeHHs pobOTU HEWPOHHUX
Mepex. [1o HeYMCneHHMX 3BOPOTHMX BMNAAKIB BigHOCUTLCS ribpuaHa
cuctema, npusHadeHa [Ans  pilleHHA 3ajadi  TpacyBaHHs, Lo
KnacugikyetTbCa K npuknag SOnomMikHOro ob'egHaHHS HEMPOHHUX
MepexX | TeHeTUYHUX anroputMmie. Y UIN CUCTEMI TrEeHETUYHUI
anroputM BUKOPUCTOBYETLCS B SIKOCTI OMTMMI3aUiNHOI npoueaypu,
nNpu3Ha4yeHol AN 3HaXOMKEHHS HaMKOPOTLLOro Lwnaxy. HenpoHHa
Mepexa 3aCTOCOBYETbCA Mpu hopMyBaHHi BMXigHOT nonynauii ons
reHeTU4HOro anroputmy. Llen nigxia cxematuymeckn intocTpyeTbes

Ha puc. 3.133.
/ JAOAUA /

HEMPOHHA
MEPEMA

v

LAHI

(HAMPUKNAL, BIAXIOHA
NomyYNALA)

TEHETIA4HIAIA
ANTOPATM

v
[T

Pwuc. 3.133. [lonomixxHe 00'eaHaHHSA HEMPOHHOI MepeXxi 3 FTeHETUYHUM
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anropuTMmom.

3.20.3. N'eHeTUYHi anropuTMu AnNs NiATPUMKU
HEVUPOHHUX Mepex

Migxig, 3acHOBaHW Ha BUMKOPWUCTAHHI FEHETUYHOro anropuTMy
ans  3abesneyeHHst poOOTM  HEMPOHHOI Mepexi, CxemMaTU4HO
npeacTasneHo Ha puc. 3.134.

[ ]
¢

TEHETIAYHIAA
ANCOPATM

:

OAHI

(HANPIMKNAL,
NO4ATKOBI BATIA)

v

HELIPOHHA
MEPEHA

Y
[

Puc. 3.134. [donomixHe o0O0'e¢QHaHHA TFEHETUYHOro anroputMmy 3
HenpoHHo Mepexelo.
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Bigomo 6arato pobGiT, npucBsdeHux nodibHomy 06'egHaHHIO
po3rnsgaemMmx metogis. MoxHa Buainutu Tpu obnacti npobnem:
- 3aCTOCYBaHHS FeHEeTUYHOro anroputMmy Ans nigbopy napameTtpis
abo nepeTBOpeHHs MNpPOCTOpPY napameTpiB, BUKOPUCTOBYBAHUX
HENPOHHOK Mepexeto ansa knacudikauii;
- 3aCTOCyBaHHsSl reHeTU4HOro anroputMmy ans nigbopy npasuna
HaByaHHs abo napameTpiB, KepyluMx HaBYaHHAM HEWPOHHOK
MepEeXolo;
- 3aCTOCYBaHHHA TEHETMYHOro anroputMy Ans aHanisy HempoHHOI
Mepexi.

[Bi nepwi obnacTi AogaHka reHeTUMHUX anropuTMIB Y HEMPOHHUX
Mepexax, y3arani roBops4n, [03BONATb noninwysaTu
byHKLIOHYBaHHSA Mepex (TOOTO BMpILyOTb NpobremMy CuHTe3y), ToAi
K TPEeTa CNyXuTb ANa aHanidy iXHboro yHKUiOHyBaHHSA. MoYyHEMO
00roBopeHHs1 3 OCTaHHbOT NO3WLil.

AHanis HeMpoHHUX Mepex. [eski gocnigHMKM 3acTOCOBYBanu
FeHeTUYHi anropuTMn SK OOMOMDKHWUIM (HCTPYMEHT Ans 3'ACyBaHHS
3aKOHOMIpHOCTEN (DYHKUIOHYBaHHS HEWPOHHMX Mepex abo aHanisy
e eKTUBHOCTI TXHBOT poboTu. [eHeTnyHMI anroputm
BMKOPMCTOBYBaBCH ANA NOBYA0BN «iHCTPYMEHTasnbHOI CUCTEMMY, LLO
nonerwye po3ymiHHSA YHKLiIOHYBAaHHA MepeXi - NONpOCTY roOBOpSYMK,
Ons 3'ACyBaHHA, WO i YoMy pobuTb Mepexa. Take PpO3yMiHHS
HeobxigHe Aansa Toro, wWo6 HeWpoCiTbOBUI Knacudikatop He
cripunMaBcs B SIKOCTI «4YOPHOI LWyxnsaau», wo dopmye Bignosigb
SKMMOCb TAEMHUYUM YMHOM, i WO pileHHs no knacudikauii o6'ekTiB
Oynu nosicHioBaHHMMW. [logibHuM  «iHCTpymeHTapiny» (explanation
facilities) BukopuCTOBYETbCA B OiNbLUOCTI  €KCNEePTHUX CUCTEM.
MobynoBa UMX IHCTPYMEHTIB A4NS iXHBOro 3aCTOCYBaHHSA B HEMPOHHUX
Mepexax BBaxaeTbCs binbw macwTabHow npobnemoto, WO
BiJHOCUMTbCA OO0  aHanisy wmepex. [eHeTuyHun  anropuTm
3acTocoByBaBCA [Ansi nobydoBM Tak 3BaHWX KOOOBMX BEKTOPIB
(codebook vectors), WwWo npenctaBnsitoTe cO60K0 BXiAHI curHanm, npu
AKMX  (PYHKLIA akTMBaLil KOHKPETHOro BUXIAHOrO HenpoHa Mepexi
npuiMae MakcumanbHe abo 6nM3bke OO0 HbOro 3HayeHHs. BxigHi
BEKTOPU NPeacTaBnanmcs B XpOMOCOMaX MHOXWHOK OINCHUX YUCEN
Big 0,0 mo 1,0. AHanisyBanacs HeMpoHHa Mepexa, sika npu3HaveHa
Oona  piweHHa  3agadi  knacudikauii.  AHanoridHun - nigxig
3actocoByBaBcs Ansa mepexi ART1 (4actkoBoro Bunagky ART i3
OBOIYHUMKW  BXiOHUMWU curHanamu). 3a [OOMOMOror TFeHEeTUYHOro
anropuTMy  TakoX MNPOBOAMBCS  aHarni3 HEWpPOHHOI  Mepexi,
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BVKOPUCTOBYBAHOI £K MoAefb acouiaTMBHOro 3anam'sToBYHOYOro
npuctpoto. [lpuBedeHi npuknaguM XxapakTepusyloTb  OOMNOMDKHE
00'eQHaHHS] TEHETUYHUX anropuUTMIB i HEMPOHHMX MEpeX, Xoya i He
MOXYTb BBaXXaTUCS TUMOBMMMK CTOCOBHO CXEMW, NpeacTaBreHoi Ha
puc. 3.134.

Min6ip napameTpiB abo nepeTBOpPeHHs MPOCTOpPY NapameTpiB.
CeHeTYHMIA anropuTmM BMKOPUCTOBYETLCA NPU NIArOTOBLI JaHUX ANs
HEMPOHHOI Mepexi, sika rpae ponb knacudikatopa. Lia nigrotoBka
MOX€ BWKOHYBATUCS LUMSIXOM MEPETBOPEHHSI NPOCTOPY napameTpis
abo BuAiNeHHAM Jesikoro nignpocTopy, WO MICTUTb HeoOXigHi
napameTpu.

Mepwwuin 3 UMX MeToAiB, Tak Ha3MBaHe NMepeTBOPEHHS NPOCTOpPY
napameTpiB, 3aCTOCOBYETbLCA HaWdacTille B anroputMax Tuny
«HambnwxumMim  cycig», xoda BigOMi  TakoX WMOro [AOAaHKM B
HenpoMepexHux knacudikatopax. [pyrmn nigxio nondrae vy
BUAINEHHI NiGMHOXMHM napameTpis, Lo BPaxoBYOTbCS.
BusaBnsieTbes, WO 0OMEXEHHA MHOXUHU NapaMeTpiB YacTo noninwye
hYHKLIOHYBaHHA HEMPOHHOIT Mepexi sk knacudikatopa i, 4O TOro X,
ckopoyye obcarnm obumcneHb. MoaibHe OOMEXEHHS MHOXMHU LU0
BPaxOBYOTbCA HEMPOHHOKO MepeXeo napameTpiB 3aCTOCOBYBAOCH,
30Kpema, ANs KOHTPOMK CueHapiiB MoAi Ha aaepHux ob'ekTtax, a
TakoX AN po3ni3HaBaHHA KUTaNCbKUX iepornidpis. Bigomi 1 iHwWi
npuknagun niaroToBKW AaHUX ONs HEMPOHHMX MepeXx 3a A0MOMOroro
reHeTUYHNX anropuTMmiB.

Min6ip napameTpiB i npaBMN HaBYaHHA. [[€HETNYHMIA anropuUTm
TaKOX 3acTOCOBYETbCA Ansi nigbopa napameTpiB HaBYaHHS -
HanyacTiwe LWBMAKOCTI HaByaHHA (learning rate) i Tak Ha3MBaHOro
MOMEHTY [Ofs anropuTMy 3BOPOTHOrO MOLUMPEHHST NOXubkn. Take
afjanTMBHE  YTOYHEHHS  MapamMeTpiB  anroputMy  3BOPOTHOIO
MOLMPEHHsT (BOHU KOAYOTLCA B XPOMOCOMaX) y pe3ynbTaTi eBontoLii
MOXe po3rnggatuca Sk nepwa cnpoba esonouiiHoi mogudikauii
npaBun HaByaHHA. 3amicTb 6e3nocepedHbOro  3acTOCYBaHHS
reHeTU4Horo anroputMmy Ana nigbopy napameTpiB  HaB4YaHHS
pPO3BMBAETLCS EBOMOUIMHMIA Nigxig, cnpsMoBaHuiA Ha nobyaoBy
onTUMarnbHOro npaswuna (anropuTmy) HaB4YaHHS.

EBontouis npaeun HaB4YaHHsA b6yae npeacTtaenena B n. 3.20.7.3.

MomiTmo, Lo eBONIOLINHA KOHLUENLIA BXe MOXe po3rnsgaTucs sk
nepexigq BiA  OOMOMDKHOrO OO  piBHONpaBHOro  06'eAHaHHS
reHeTUYHOro anropuTMy i HEMPOHHUX MepPEeX.
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3.20.4. 3acTocyBaHHA reHeTUYHUX anropuTMiB Ans

HaBYaHHA HEMPOHHUX Mepex

[ymka npo Te, WO HEWPOHHI Mepexi MOXyTb HaB4yaTMCA 3a
OOMOMOrOK  FeHETUYHOTO anropuTMy, BUCIOBMOBANacs pPisHMMM
pocnigHukamu.  lMepwi poboTn Ha Ul TemMy CTOCyBanucs
3aCTOCYBaHHA FEHETUYHOro anroputMy $K METOA4  HaBYaHHS
HEBENWKUX OAHOCMPSAMOBAHNX HEMPOHHUX MepeX, ane B HaCTyNHOMY
Oyno peanizoBaHO 3aCTOCYBaHHA LbOrO anroputMmy Ans Mepex 3
BinbLUOK PO3MIPHICTIO.

Ak npaeBuno, 3agada nondrae B OMNTMMI3auil Bar HEWPOHHOT
Mepexi, o Mae anpiopi 3agaHy Tononorito. Barn kogyloTecs y BuAi
OBOIYHMX nocnigoBHocTen (xpomocoMm). KoxHa ocoba nonynsuii
XapaKTepu3yeTbCA MOBHOK MHOXWHOK Bar HEWPOHHOI Mepexi.
OuiHka  npucTocoBaHOCTI  ocobell  BM3HAYaeETbCA  YHKLUIED
MPUCTOCOBAHOCTI, WO 3a4aeTbCA Yy BUAOI CyMM KBagpaTiB MOXMOOK,
TOOTO pIi3HOCTEN MK OYiKyBaHUMKU (ETANOHHMMMK) |  PaKTU4HO
OJep>KyBaHMMWN 3HAYEHHSIMW Ha BUXOAi Mepexi Ansa pPisHUX BXigHWX
OaHuXx.

MpuBegeMo [OBa HaMBaXMMBILLMX apryMEHTM Ha  KOPUCTb
3aCTOCYyBaHHA TEHETUYHMX anropuTMiB  Ans  onTuMmisauii  Bar
HEMPOHHOI  Mepexi. Hacamnepeg, reHEeTUYHI anroputmm
3abesnevyoTb rnobanbHW nepernsg nNpocTopy Bar i OO3BONATb
YHUKATW  nokanbHi  MiHiMymn.  KpiMm  TOro, BOHM  MOXYTb
BMKOPUCTOBYBATUCS B 3afayax, Ansg skux iHopMaLio Npo rpagieHTu
ofepXxaTtu gyxe cknagHo abo BoHa BUSIBNAETLCA 3aHAATO AOPOrok.

EBontouitHOMY HaB4YaHHIO HEMPOHHMX MepeX, TO6To eBontoLii Bar
3B'A3KiB, npucesa4yeHo n. 3.20.7.1.

3.20.5. N'eHeTUYHI anropuTMu ans BM6opy Tononoril

HEVUPOHHUX Mepex

Ak  Hanbinbw o4veBMAHWM cnocib o06'€eAHaHHA T[EeHEeTU4YHOro
anropuTtMy 3 HEWPOHHOK Mepexel IHTYITUBHO CnpuiMaeTbcs
cnpoba 3akogyBaTu B reHOTwni Tononorito o6'ekta (y po3rnsHyTomy
BMNadKy - HEWPOHHOI Mepexi) i3 yKasiBKOK KifTbKOCTi HEMPOHIB i
3B'A3KIB MK HWMW Mpu HacTynHOMY BMW3HAYeHHi Bar mepexi 3a
A0nomoror 6yAb-9Koro BijoMoro meToay.

lMpoekTyBaHHA ONTUMAarnbHOI TOMNOMOrT HEMPOHHOI Mepexi Moxe
OyTm npeactaBneHe y BuAi NOWYKY Takoi apxiTekTypu, sika
3abe3nevye Hankpawe (oo 0OpaHoro KpuTepilo)  pilleHHs
KOHKpeTHOi 3apadi. Takui nigxig npunyckae nepebip npoctopy
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apXMTEKTYp, CKMNageHoro 3 yciXx MOXMIMBUX BapiaHTiB, i BUOIp TOYKM
LbOro  MNPOCTOPY,  HaWKpalwlol  WOAO  3a4aHOro  Kputepito
ONTUMAarbHOCTI.

3 ypaxyBaHHAM [OOCTOIHCTB  €BOSIIOLIAHOMO  MPOEKTYBaHHSA
apXxiTekTypu B OCTaHHi pokM Oyna BUKOHaHa Benuka KinbKiCTb
JocrnigxeHb, Yy SKMX OCHOBHAa yBara npuginanacs esontouii 3'eaHaHb
HENPOHHOI MepeXi, TOBTO KINbKOCTI HEMPOHIB i TONONOTIi 3B'A3KIB MiXK
HuMmK. Jlnwe B gesikmx poboTax posrnsganacsa eBoniouist yHKLUIn
nepexogis, xo4ya Ui (YHKUii BBaXalTbCH BaXNMBUM €rieMEHTOM
apxiTekTypu i BnnNnBatoTb Ha (PYHKLIOHYBaHHS HENPOHHOT MepeXi.

Takox, 9K i y BMNagKy €BOMOUIMHOIO HaBYaHHS, NEpLUNin KPOK
€BOJIOLIMHOIO MPOEKTYBAHHA apXxiTekTypu nonsrae y ¢opMyBaHHi
BUXiOHOT MHOXWHWN PO3rNAHYTUX BapiaHTiB. TMNOBMI LMK €BOMoLil
apxuTekTyp npeactaesneHo y n. 3.20.7.2.

3.20.6. ApanTuBHI B3aemogiro4di cucremm

[o piBHONpaBHOro 06'€¢QHAHHA TEHETUYHMX  anropuTMiB i
HEMPOHHMX MepeX BapTo BiOHECTM KOMOiHaUilo aganTUBHUX
cTpaTterin obox meToaiB, WO CKNagae e€auHy aganTUBHY CUCTEMY.
MoxkHa npMBeECTU TpY NPUKIIAan CUCTEM TaKoro TUMy.

lMepwud 3 HAX - Le HEMPOHHA Mepexa AN oNTUMI3auiHOoI 3agadi
3 reHeTUYHUM anropuTMOM ANS BU3HAYEHHS Bar Mepexi.

HApyeuti npuknag BigHOCUTbCA [0 peanidauii  reHeTUYHoro
anropMtMy 3a OOMOMOFOK HEWPOHHOI Mepexi. Y uboMy BuNagky
HEeNPOHHI NiACUCTEMN 3aCTOCOBYHOTLCA ANA BUKOHAHHA FeHEeTUYHUX
onepauin penpoayKuii i CXpeLlyBaHHS.

Y mpemboMy npuknagi, TPOXM CXOXOMY Ha mMonepeHin,
HEMPOHHA  Mepexa TaKoX  3aCTOCOBYETbCA  sIK  onepartop
CXpELLyBaHHs B T[EHETUYHOMY anroputMmi, Mpu3HadeHomy AOns
piLLeHHs oNTUMI3aLinHNX 3agav.

MpencrtaBneHi NpukNaguM CTOCYTbCS TaKOro PiBHOMPaBHOIoO
00'€AHaHHSI TEHETUYHUX anropUTMIB | HEWPOHHWX Mepex, LWo Yy
pe3ynbTaTi 4O3BOMNSAE odep)aTu Oinbl ePeKTUBHUIA anropuTM, siKUA
noeaHye Kpalwi skocTi 060X meToaiB.

3.20.7. TunoBun LUKN eBonoLil

Ak TiNbKM BU3HaYeHU BWUA €BONKOUiI BBOAUTLCA B LUTYYHY
HEMpOHHY Mepexy, Bigpasy BUHMKae noTpeba y BiAMOBIOHIN oMYy
CXeMi XpOMOCOMHOI0O NMpeAcTaBfeHHst AaHuX, TOOTO MOBUHHUIA ByTu
CTBOPEHWUI CMocid TreHEeTUYHOro KodyBaHHA ocoben nonynsii.
Po3pobka cnocoby kofyBaHHA BBaXKAETbCSl MEPLUMM €TarnoM Takoro

403



eBosoUiHOro nigxogy, nopsg 3 sikMM TUNOBWA NpoLEec eBostouil
BKITOMAE HACTYIMHI KPOKM:

- AeKoayBaHHS;

- HaBYaHHS;

- OUiHIOBaHHS NPUCTOCOBAHOCTI;

- penpoaykuis;

- (bopMyBaHHS HOBOIO NMOKOMIHHSI.

MpuBeneHa Ha puc. 3.12 Bnok-cxema 36epirae CBOK aKTyamnbHICTb,
OCKiNbKM (AK yxe 3ragyeanocsa B n. 3.18) BoHa BigobGpaxae i
KNacM4yHUN TrEeHETUYHWA anropuTMm, | TaK HasMBaHi €BOSIOLiNHI
nporpamu, WO 3aCHOBaHi Ha reHeTUYHOMY MigXoai N y3aranbHITb
noro npuHumnu. OTXe, Ui yHiBepcanbHin 6nok-cxemi BignoBsigawTb
Pi3Hi €BOSIOUINHI anropuTMn, i B KOXHIM 3 HUX Yy nNepLlly 4vepry
NnoBMHHa OyTW 3reHepoBaHa BMXigHa MonNynsuis Xpomocom. 3a
aHanorieto 3 KrMacU4YHUM TFEeHETUYHMM anropuMTMOM iHiuianisauis
(tobTto hopmyBaHHA  ui€i BMXigHOT nmonynsuii) nonsrae y
BMMAAKOBOMY  BMOOPiI  HEOOXigHOI  KiNMbKOCTIi  XPOMOCOM,  SKi
BKIHOYAIOTLCS B Hel, WO NpunycKkae BignoBigHe reHeTUYHe KOAyBaHHS
KOXHOT ocobu. Y KnacM4HOMY FreHEeTUYHOMY anropuTMi XpOMOCOMM
NPeAcTaBnsAlTbCA  TifMbKM - ABOIYHUMUM  nocnigoBHocTaMU.  [pu
eBonouiHomMy nigxodi Bubip cnocoby kogyBaHHA SABMASE coboko
BaXXIMBY W aKTyarbHy 3agaqvy.

Oani BignoBigHO [0 TWMOBOrO UMKIY €BOMOLii  BUNNMBae
HeoOXigHICTb AekogyBaHHSA KOXHOI 0cobum (Xpomocomy) BuxigHoi abo
MOTOYHOI MmonynAuii Ans Toro, wWob ofepXaT¥ MHOXUHY pilleHb
(dbeHoTMNIB) AaHoi 3agadi. Y Bunagky eBonouil Bar, apxXuTekTyp
ifabo npaBun HaBYaHHA EHOTUNM NPEACTaBnsATb BiAMNOBIOHO
MHOXWHW Bar, apxXMTEKTyp i NpaBun HaBYaHHS.

3rogom BiAMOBIAHO A0 FEHETUYHOrO anropMTtMy PO3pPaxoBYHTLCH
3HayeHHs PYHKUiT npucTocoBaHOCTi ocoben BMXigHOI (abo MOTOYHOI)
nonynauii. pu HempomepexxHOMy nigxodi nicnd AekoayBaHHS
XPOMOCOM BUXOOUTb MHOXMHA HEWPOHHUX MEpEeX, ANsl AKMX CTeniHb
NMPUCTOCOBAHOCTI BU3HAYaAETLCA 3a pe3ynbTaTamy HaBYaHHS LMX
Mepex.

Mpn peanizadii  TMNOBOro UMKy  eBomnwoUii  HeobXigHO
CKOHCTPYIOBATM  MHOXMHY  BIiOMOBIOHUX  HEWPOHHMX  Mepex
(dbeHoTUNIB):

- Mepexi 3 (iKCOBaHOK apXxiTeKTypol i MHOXMHOK 3aKoJ0BaHMX
XpOMOCOMaMu Bar - y BUNaaKy esosiouii eae;

404



- Mepexi 3 3aKo4OBaHOK XPOMOCOMaMMK apXiTEKTYPOI - y BUNagKy
esornoyii apximekmypu;

- Mepexi 3 BWMAOKOBO 3reHepoBaHWMW  apxXuUTekTypammu i
MoYaTKOBMMU Baramu - y BUNagKy eeosnouii npasus Hag4aHHS.

Micns HaBYaHHSA OUIHIDETLCHA NPUCTOCOBAHICTL KOXHOI 0CcobMu, Lo
BXOOUTb Y MOTOYHY nonynsuito. NMomiTuMo, Lo TakoX siK i B npuknagi
Makcumizauii - yHkuii (npuknag 3.5), ansi OL|iHIOBaHHS
NPUCTOCOBAHOCTI XPOMOCOM HeOobXiAHO iX crnodaTky geKkoayBaTtu i
nvwe notiMm po3paxyBaTh 3HaYeHHs YHKUii MPUCTOCOBAHOCTI
ocobew no ixHix peHoTMnax.

HacTynHU KpOK rEeHETUYHOro anroputMy - LUe CesieKyis
xpomocom. BnbnparoTbcsa XpomMocomu, Lo MignarawTb penpoaykuii,
TOOTO popmyeTbCsl BaTbKIBCbKMI Nyn, 0cobU sIKOro B pesynbTarTi
3aCTOCYBaHHA TEHETUYHUX oOnepaTopiB  COPMYHOTb  MONynsuito
Hawapakis. Cenekuis moxe OyTn 3acHoBaHa Ha MeTodi pyneTku abo
Oyaob-akoMy iHWOMY, Hanpuknag, no anroputmy Yitni (Whitley).
3rigHO 3 UMMM MeTo4aMu Cenekuiss BUKOHYETbCHA 3 NMOBIPHICTIO,
MPOMopLiiHOK NPUCTOCOBAHOCTI XPOMOCOM, abo BignoBigHO A0 iX
paHry (mpu BUKOpPUCTaHHI paHrosoro metoay). lig penpoaykuieo B
OaHoMy BMNagKy po3yMmieTbCa npouec Bigdopy (cemekuii) i
KONitoBaHHSA (PO3MHOXEHHHA) XPOMOCOM Ansi (POPMYBaHHSA 3 HUX
nepexigHoi nonynsuii (6aTekiBcbkoro nyna), ocobu skoi OyayTb
nigogaBaTucA BMIMBOBI  FEHETUMYHMX OMEpPaTopiB  CXPELLyBaHHS,
MyTaLii i, MOXXNMBO, iHBEPCiIl.

3acTocyBaHHA TeHeTMYHMX onepaTopiB 3a obpaHMM MeToAOoM
cenekuii  Xxpomocom  BigOyBaEeTbCS  aHamnoriyHO  KMacu4HOMY
rEHEeTUYHOMY  anropMTMOBI, MPUYOMY Ui OMNepaTtopu MOXYTb
BiOPI3HATUCA BiO cxpeluyBaHHS i MyTauii 6a3oBoro anroputmy. Ak
Big3Hayanocs B n. 3.18, AN KOHKPETHOI 3agadvi reHeTUYHi onepaTopu
MOXYTb BU3HAYaTUCA B iHAMBIAYyaNbHOMY MOPSAKY.

Takox §K i B KNaCUYHOMY reHeTUYHOMY anropuTMi, y pesynbTtari
3aCTOCYBaHHA reHeTUYHNX onepaTopiB 3 obpaHUM MeToaoM cenekuii
XpoMocoM OpMYyeTbCA HOBa nonynsauis ocoben (Hawiagkis).
HacTynHi Kpoku anropuTMy MOBTOPIOKTLCA ANs1 YeproBoi nonynauii
aX 00 BMKOHaHHS YMOBW 3aBEpLUEHHSI reHeTUYHOro anroputmy. Ha
KOXHIN iTepauil opMyeTbCS HOBE MOKONIHHA HaLLaaKiB.

Halikpala ocoba 3 oCTaHHLOIrO MOKOJIHHA BBaXAETbCA LUYKaHUM
pilleHHsAM QfaHoi 3agadi. Y Takui cnocid BuxoauTb HaKkpalia
MHOXWHA Bar, HaWkpawa apxiTektypa abo Hamkpalwie npaBuIio
HaBYaHHSI.
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3.20.7.1. EBontouis Bar 3B'A3KiB

EBonouinHMn  nigxig, 00 HaBYaHHSA  HEWPOHHUX  Mepex
CKnagaeTbCa 3 ABOX OCHOBHMX eTamiB. fAK yka3dyBarnocs y BBEOEHHI
oo n. 3.20.7, nepwul 3 HWX - uUe BMOIp BIAMOBIAHOI Ccxemwu
npeacTaBrneHHs Bar 3B'a3kiB. BiH nondrae B yxBaneHHi pilleHHs - 4u
MOXHa KoayBaTtu Ui Barn ABOIMHMMW NOCNIAOBHOCTAMMU, YM NOTPiOHa
sKkacb iHwa dopma. Ha Opysomy eTani Bxe 3[OINCHIOETLCA CaM
npouec eBontoLii, 3aCHOBAHWUIN Ha rEHETUYHOMY anropuUTMI.

Micns Bubopy cxemun XpOMOCOMHOrO MpPeAcTaBneHHs reHeTUYHUN
anropuTM 3acTOCOBYETbCA 00 nonynsuii ocober (XpoMocom, Lo
MICTATb 3aKOA4OBaHy MHOXWHY Bar HEMPOHHOI Mepexi) 3 pearnisauieto
TUMOBOTrO LIMKIY €BOSOLIT, WO CKNagaeTbCs 3 YOTUPbOX KPOKIB:

1) OekogyBaHHSA KOXHOi 0COOWM (XpOMOCOMM) MOTOYHOrO MOKOSiHHSA
OnNa BiOHOBNEHHA MHOXWHW Bar i KOHCTPYKOBaHHS BignoBigHin uin
MHOXWHI HEMPOHHOT Mepexi 3 anpiopHO 3a4aHOK apXiTEKTYPOHO i
NpaBUIIOM HaBYaHHS.
2) PospaxyHOK 3aranbHOi CcepedHbOKBaApaTUYHOI MOXMOKM MixK
haKkTUYHUMK | 3aaHVMU 3HAYEHHSMW Ha YCiX BMXOZ4ax Mepexi npu
nogadi Ha ii BXxogu HaB4yanbHux obpasiB. Lls noxubka BusHavae
NMPUCTOCOBAHICTb 0COBU (CKOHCTPYMOBAHOI MepEeXi); Y 3aneXHOCTi
Bi4 BuAy Mepexi PyHKUIS NpMCTOCOBaHOCTI Moxe OyTu 3agjaHa 1
iHLUUM YMHOM.
3) Penpogykuis ocoben 3 WMOBIPHICTIO, WO BigNoOBIgae ixHIN
npucTocoBaHocTi, abo BignoBigHO [0 iX paHry (y 3anexHocTi Big
cnocoby cenekuii - Hanpuknag, no MeTody pyrneTkM abo paHroBoMy
meToay).
4) 3acToCyBaHHSI TEHETUYHNX ONepaTopiB - TAKMX SIK CXPELLyBaHHS,
MyTauiqa i/abo iHBepcia Ana ogep)KaHHA HOBOMO MOKOJTIHHS.
Bnok-cxema, intocTpytoya esontouilo Bar, npeacrasneHa Ha puc.
3.135.
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HAYAJIO

Hcxoanas
TOTYJISALMSA XPOMOCOM

1 |

vy v
JexogupoBanne
XPOMOCOM

MHOKECTBO HEHPOHHBIX CeTeH
C 33/IaHHBIMH BECAMH
L 2

PacyeT abCONOTHOH
Cpe/THEKBA/IPATHHOM IOTPMHOCTH
MeXTY PAKTHISCKHM H 3a1aHHbIM 3HAYCHHEM
Ha BBIXOfIaxX cerel
Ha ocHoBe 06y HalOmHX TajlOHOB,
TIOAABAEMBIX B KAAULYIO CETh

v

3Hayenue QYHKUUH NPHCIIOCOGNEHHOCTH
KAKJOH XPOMOCOMBI B MO IMTYJIALMH

lesothn —> ®eHoTHI

YCII0BHE 3aBepIICHHS
BLITIOJIHEHO

v

Cenexnus - N
XPOMOCOM Haunysmas
$ KoMOMHALHA BECOB

TpuMerenne
TeHETHUECKHX
oneparopon AR

Coznanue
HOBOH
NOMYJIALHH

L —————

Puc. 3.135. bBriok-cxema reHeTU4YHOro anroputMmy  MOLLYKY
HalKkpaloro Habopy Bar HEMPOHHOT MepeXi (BMNaaok eBontoLii Bar).
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BignogigHo go uiei cxemun 6ynn po3paxoBaHi Baru onsi HEMPOHHOI
Mepexi, wo peanidye cuctemy XOR 3a gonomorok mnporpamu
Evolver (npuknagun 3.23 - 3.27) i 3a gonomoroto nporpamu FlexTool
(npuknag 3.20). BignosigHO [0 neplioro etany TUNOBOrO LMKIY
€BOMouUii  anpiopHO 3agalTbCs | 3anuMWarTbCsl  HE3MIHHUMU
apxiTekTypa Mepexi, Lo BU3Ha4yae KinbKiCTb LUApiB, YNCIIO HENPOHIB
Y KOXHIM Luapi i Tononorito MiXKHEMPOHHMX 3B'A3KIB, @ TAaKOX NpPaBuno
HaBYaHHSA Mepexi. [IpUCTOCOBaHICTb KOXHOI 0cobu (reHoTuny)
OLHIOETLCA 3HaYeHHAM cepefHbOKBaapaTUYHOT noxubKku,
po3paxoBaHOi MO BIONOBIAHO Ui 0COBWM HEMPOHHIN  Mepexi
(dbeHoTUNOBI).

Y npencraBneHomMy npoLeci €BONOLiNHOIo HaB4YaHHA
peanisyeTbCsl PeXMM Tak Ha3MBaHOrO MakeTHOro HaB4vaHHA (batch
training mode), npn AkOMy 3Ha4yeHHs1 Bar 3MiHIOIOTBCS TiflbKU Micns
Nnpea'siBlieHHsT Mepexi BCiX HaBYanbHMX obpasiB. Takun npuinom
BiOPI3HAETLCA Big 3aCTOCOBYBAHOrO B GinMbLIOCTI  MOCMigOBHUX
anropuMTMiB  HaBYaHHA - Hanpuknag, Yy MeTodi 3BOPOTHOrO
MOLUMPEHHSI NOXMBKM Barm yTOYHIOKOTLCS MiCA Npea'aBNeHHs Mepexi
KOXXHOT HaBYanbHoi BMBipKu.

PosrngaHemo 6inblw  OOKMagHO neplivri  eTan  eBOSOLIMHOro
nigxoay 4O HaB4YaHHSA, 3B'A3aHMI 3 hikcauieo cxemn npeacTaBneHHs
Bar. Ak yxe Big3Hayanocs, HeobxigHo BMGpaTM MK OiHapHUM
npeacTaBneHHsAM | KooyBaHHAM Bar AincCHUMM yucnamn. Kpim
TpaguuinHOro ABOIYHOrO KOAy, MOXe 3acTocoByBaTucsa kon [pes,
norapudmiyHe KogyBaHHA abo iHWi Ginbw cknagHi opmu 3anucy
daHux. Y poni obmexyBaya BWUCTynae HeoOxigHa TOYHICTb
NpeacTaBrneHHs 3HayeHb Bar. AKWO And 3anucy KOXHOI Baru
BMKOPUCTOBYETbLCA 3aHaATo Mano 6iTiB, TO HaBYaHHA MOXe
NpoAOBXYyBaTUCA 3aHaATO [OBro i He MPUHECTU HisKoro edekTy,
OCKINbKM  TOYHICTb anpokcumaLii  OoKpemux KoMGiHauii  aincHMX
3Ha4YeHb Bar [AOUCKPETHUMM 3HAYEHHAMM 4YacTO BUSIBNSAETHCS
HeJoCTaTHbO. 3 iHWOro 60Ky, SAKWO BUKOPUCTOBYETHCS 3aHaATO
GaraTo 6iTiB, TO ABOIYHI NOCMIAOBHOCTI, SKi NpeACcTaBNsAlTb HENPOHHI
MepeXi BernuKkoi PO3MIpHOCTI, BUSABMASATbLCA AyXe [OOBrMMU, L0
CUIbHO NMOJOBXYE NpoLec eBontoUii i pobute eBoNOLIMHUA Nigxia oo
HaBYaHHS HepauioHanbHUM i3 NPaKTUYHOI TOYKM 30py. [uTaHHs
onTuMmi3auii KinekocTi GiTiB ANA NpeacTaBneHHs KOHKPETHMX Bar yce
LLe 3anuwaeTbCa BigKpUTUM.

[Ona ycyHeHHs HenonikiB CxeMu [ABOIYHOrO npeacTaBleHHS
OaHnx Oyno 3anponoHOBaHO 3aJaBaTU 3HAYEHHA Bar LiICHUMU
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yucriamy, TOYHIWE - KOXHY Bary OnucyBatu OKpeMuM [LiACHUM
yucriom. Takumih cnocid KoayBaHHA peanisoBaHWK, 30Kpema, Yy
nporpami Evolver. BiH BukopucTOBYBaBCS Npu pilleHHi npuknagis
3.23 - 3.27.

CtaHpapTHi  reHeTW4Hi onepatopu, po3pobneHi Ans cxemu
OBOIYHOrO MNpeAcTaBreHHA OaHWX, MOXYTb 3acTOCOBYBaTUCA N Yy
BMMNAAKy 3aBAaHHA Bar ABOIMHMMW 4YuCriamu, ofHak Ans GinbLioi
e(hEeKTMBHOCTI  €BOSNIOLIMHOrO anroputMy i MPUCKOPEHHA KOro
BVMKOHaHHSI CTBOPEHi cnevianbHi reHeTU4YHi onepaTopu.

3.20.7.2. EBonouis apxiTekTypu mepexi

Y n. 3.20.7.1 npu po3rnagi eBONIOLINHOMO HaBYaHHA HEWPOHHUX
Mepex nepepbadvanocs, WO apxiTektypa Mepexi 3a0aeTbes
anpiopHo i He 3MiHIOETLCA B npoueci eBontouii Bar. OgHak 36epirae
aKkTyanbHICTb MUTaHHA - K BUOpaTu apXxiTekTypy mepexi? Bigomo,
O apxiTekTypa BMNNMBaE Ha Becb npouec 00pobku iHdopmauii
HEWPOHHOI Mepexelo. Ha »anb, HandacTiwe BoHa nigbupaetbcs
ekcneptamMm MeTogom npob i momunok. Y Takmx ymoBax croci6
onTumanbHoro  (abo  mavixe  ONMTMMAanbHOIO)  MPOEKTYBaHHSA
apxiTEKTYpU HEMPOHHOI Mepexi Ans KOHKPeTHOI 3agdavi BusasBuBcs 6
ayxe kopucHuMm. OgumH 3 MOXIMBMX — MigxodiB nondrae B
€BOMLiMHOMY  (DOPMYBaHHi  apxiTeKTypu 3  3aCTOCYBaHHSM
reHeTUYHOro anropuTMmy.

Takox €K i y BUNaAKy eBOMOUINHOIO HaBYaHHS, Ha MepLiomy
eTani eBOMOLINHOrO MPOEKTYBAHHA apXiTeKTypu MpUNMaETbCs
pilleHHs wopao BianosigHoi popmu Ti onucy. OgHak y AaHin cutyauii
npobnema He 3B'd3aHa 3 BMOOPOM MK [OBOIYHMM i AINCHUM
npeacTaBneHHsaM (To6To AiINCHUMU YMcnamu), OCKIfTbKM MOBa MOXe
MTW TiNbKW NPO AMCKPETHi 3HadeHHdA. HeobxigHo BubpaTtn 6GinbLu
3aranbHy  KOHLENTyamnbHy CTPYKTYpPY NpPeacTaBfieHHs  AaHuX,
Hanpuknag, y dopMi mMampuub, epacgpie i T.n. KnwoyoBe nNUTaHHS
CKNnagaeTbCa B yXBaneHHi pilleHHs MNpo KinbkicTb iHdopmadii npo
apxiTekTypy Mepexi, Lo NOBUHHA KOAYyBaTUCS BiAMOBIOHOK CXEMOL0.
3 opHoro Ooky, noBHa iHdoOpMaUis nNpo apxiTeKTypy MoXxe
6e3nocepenHbO KoAyBaTUCA Y BUAI ABOIYHUX NOCNIJOBHOCTEN, TOGTO
KOXeH 3B'A30K i KOXeH BYy30n (HEeWpoH) MpsMO cneuudikyeTbcs
BM3HAYEHOW  KinbkicTio  OiTiB. Takuih cnocid  npeacTaBreHHs
Ha3MBaETbLCA CXemMor be3rnocepedHb020 KoOyeaHHS. 3 iHLWOro Ooky,
MOXYTb MpeacTaBnATUCA TiNbKM HanMBaxnueiwi napameTpyn abo
BMacTMBOCTI apXiTeKTypy — TaKi, SIK KiNbKiCTb BYy3niB (HEMpOHIB),
KINbKICTb 3B'A3KIB | BUA nepexigHoi dyHKUii HewpoHa. Llen cnoci6
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NpeacTaBrneHHs Ha3MBAETbCA CXEMOK  HEernpsiMo20  KOOy8aHHS.
ICHYIOTb i iHWIi Ha3BWM 3a3HadYeHMX CnocobiB NPeACTaBMEHHS OaHuX,
Hanpuknag, 3aMicTb «be3nocepeaHbOro KoayBaHHsS» 3YCTpivaeTbCs
TEPMiIH cusbHa cxema creyucgikauii, a 3aMiCTb «HENPsMOro
KoayBaHHA» - csiabka cxema Knacugbikauii.

Cxema 6e3nocepegHbOro KogyBaHHA O3HA4ya€, WO KOXEeH
3B'A30K HEWPOHHOI Mepexi 6Ge3nocepeaHbO 3adaeTbCAd  MOro
OBOIYHUM npeacTaBneHHam. Matpuusa C poamipHicTio nxn, C = [Cilnxn
MOXe NpeacTaBnsaTh 3B'A3KM HEMPOHHOT MepeXi, Lo CKNagaeTbcs 3 n
BY3MniB (HEWpPOHIB), NPUYOMY 3HAYEHHS C; BU3HA4Ya€e HasABHICTbL abo
BIACYTHICTb 3B'A3KY MiX /-M i j-M HeMpoHamu. AKLWo ¢ = 1, TO 3B'A30K
icHye, aKwo ¢;j = 0, To 3B'A30K BiACYTHIW. [pn TakoMy nigxodi ABOIYHA
nocnigoBHICTL (XpoMocoMma), Lo NpPeacTaBnsie 3B'A3KM HEWPOHHOI
mMepexi, mae Burnag kombiHauil psakie (abo ctosnuis) matpuui C.
Mpuknag po3rnsaHyToro cnocody KogyBaHHA Anst N = 5 npuBeaeHo Ha
puc. 3.136.

MATPILA 3BA3KIE:

00110
00110
C=|00001
00001
00000

Xpomocoma :

[0011000110000010000100000]

Puc. 3.136. MNpuknag 6e3nocepedHbOro KOgyBaHHA MaTpuLi 3B'A3KiB
Ons HEMPOHHOT MepeXxi.

HEWPOHHA MEPEXA

AKWoO 3Ha4YeHHA N no3Havae KifbKiCTb HENPOHIB Yy Mepexi, TO
3B'A3KM MK LMMU HewpoHamu OyayTb npeactaBnsaTUCA OBOIYHO
NOCNIJOBHICTIO, WO Mae AOBXUHY n°. OyeBMAHWA HedOoMiK Takoro
cnocoby kogoyBaHHA MONSAra€e B CTPIMKOMY 3OiMnblUEHHI OOBXUHU
reHoTUny nNpuv  pO3LIMPEHHI  HEWpPOHHOI Mepexi. OpgHak B
0BroBoptoBaHy CxeMy MNPEeACTaBEHHS MOXHa Jerko BHECTU
0BOMeXeHHSs!, SKi CKOPOTHATb OOBXWHY XPOMOCOM. 30Kpema, MOXYTb
npunmartmca go yBarn TifbKA OAHOCMPSMOBaHi 3B'A3KK, LLO
[03BONUTb BpaxoByBaTW TiNbkn Ti enemMeHTn maTtpuui C, Wo 3agatTb
3B'A3KM OaHOro By3na (HerWpoHa) 3 HacTynHUM BY3MoMm. Y LbOMY
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BMMAZKy XpOMOCOMa And npuknaga Ha puc. 3.136 6yge matu Burnsg
0110110011.

Cxema OesnocepegHbOro  KOQyBaHHA  MOXe  OAHOYacCHO
3aCTOCOBYBATUCA ANA BM3HAYEHHA sIK 3B'A3KiB, Tak i ixHix Bar. Llen
crnocib  kogoyBaHHA  3aCTOCOBYETbCS, TOMOBHUM  YMHOM, AnNS
HEBEMUKUX HENPOHHNX MEPEX.

Cxema HenpsiMoro KogyBaHHS - Lie CNoCiO CKOPOYEHHSA AOBXNHM
onucy 3B'A3KiB, LLO Nonsrae B KOAYBaHHI TiNbKM HANBINbLL BaXNUBUX
BNAaCTUBOCTEN, ane He KOXHOro 3B'A3Ky HEMPOHHOI mepexi. 3 uiei
MPWUYMHN NOMITHUM OOCTOTHCTBOM CXEMMW HEMPSIMOTO KOAYBaHHS CTae
KOMMNaKkTHe NpeAcTaBrieHHs 3B'sA3KiB. Taka cxema Burnsigae OinbLu
obrpyHTOBaHOK 3 BionorivHOi ToYkM 30py. BignosigHo ao cy4vacHoi
Henponorii, HEMOXIMBO NPSIMO | HE3aNeXHO oNMcaTh 3aKo40BaHO B
XpPOMOCOMaX FEHETUYHOK iHopMaLlield BCHO HEPBOBY CUCTEMY.
Takun BWCHOBOK BWNIMBAE, Hanpwknag, 3 akTy, WO reHotun
NIOONHW cKNaaaeTbes 3 HabaraTto MEHLUOT KiNTbKOCTI FEHIB, YMM YMUCIIO
HENpPOHIB y NOro MO3KY.

Bigomi pisHi MmeToam HeNpPAMOro KOAyBaHHS.

Opyruii eTan eBonoUINHONO NPOEKTYBaHHSA apXiTEKTYPU HENMPOHHOT
Mepexi CKrnagaeTbCs (BignoBiAHO OO0 TUMOBOrO LMKY €BOstouii) 3
HaCTYMHUX KPOKIB:

1) [HekodyBaHHS KOXHOI 0cCOOM MOTOYHOI nonynsuii ans onucy
apXiTeKkTypu HEMPOHHOI Mepexi.

2) HaBuyaHHS KOXHOI HEMPOHHOI Mepexi 3 apXiTeKTypo, OTPUMaHO
Ha nepLlioMy KpoLi, 3a JOMOMOrow 3asfarnerigb 3agaHoro npasuvna
(Oesiki noro napaMmeTpu MOXYTb afanTUBHO YTOYHIOBATUCH B NPOLIECI
HaBYyaHHs1). HaBYaHHSA MOBUHHE NMOYMHATUCA MPU Pi3HMX BUMNAOKOBO
obupaHMx Mo4YaTKOBMX 3HAYeHHAX Bar | (Npy  HeobXigHOCTI)
napameTpiB NpaBuia HaB4YaHHS.

3) OuiHBaHHA NPUCTOCOBAHOCTI KOXHOI 0cobu (3akogoBaHOi
apxiTekTypu) 3a AOCATHYTUMW pes3ynbTaTaMu HaB4YaHHSA, TOOTO no
HaMEeHLUIn Uinin cepegHbOKBaApaTUYHIA Noxmbui HaBYaHHS abo Ha
OCHOBI TECTYBaHHS, SIKLO HaWOINbLIMIA iIHTEPEC BUKINUKAE 34aTHICTb
[0 y3aranbHeHHs, HaMeHLa TpMBanicTb HaB4YaHHS abo CMPOLLEHHS
apxiTekTypu (Hanpuknag, MiHimisauis KinbKOCTi HEMpOHIB i 3B'A3KiB
MK HAMN).

4) Penpopgykuia ocobeir 3 WMOBIpHICTIO, L0 BignoBigae ixHin
NPMCTOCOBaHOCTI abo paHroBi B 3aneXHOCTi Big BUKOPUCTOBYBaHOMO
MeTony Cenekuii.
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5) dopmyBaHHSA HOBOroO MOKOSIHHSA B pe3ynbTaTi 3aCTOCYBaHHSA Takux
reHeTUYHNX OMnepaTopiB, SIK CXpeLlyBaHHS, MyTalis i/abo iHBepcis.

Brnok-cxema, WO iNOCTpYE eBOrIOLI0 apxXUTEKTYp, NpeacTaBneHa
Ha puc. 3.137.
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AKLWO roBOPUTM MPO HaBYaHHA Mepexi (Kpok 2), To Hanbinblie
4YacTo 3YCTpiYaETLCA PO3BUMTOK TOMONOriT OOHOCNPAMOBAHUX Mepex
i3 3acToCyBaHHSAM anroputMy 3BOPOTHOIO MOLUMPEHHS MOXUOKM 3
METO OKanbHOro HaBvaHHA. Bigomi poboTn, y skux onucyetbes
3aCTOCYyBaHHSA FEHETUYHOro anropuTtMy Ans ogHOoYacHoi aganTaui i
Bar i Tononorii. B iHWKWX gocnimkeHHAX gonyckanucsa 3'egHaHHA B
MeXax OOHOrO LWapy, 3BOPOTHI 3B'A3KKU, @ TAKOX HABYAHHS Ha OCHOBI
KOHKYpeHUji (competetive learning) i no Xe60y.

[oCTOIHCTBOM €BOMIOLINHOrO MiAX0A4Y BBaXAETbCA TOW QaKT, LLO
dYHKLiO NPUCTOCOBAHOCTI MOXHa ferko BM3Ha4YMTK cheuianbHo angd
eBonouUii  Mepexi 3i CTporo BW3HAYEHWUMM  BRAACTUBOCTAMMU.
Hanpwuknag, AKLLO ang OLiHIOBaHHA NPUCTOCOBAHOCTI
BVKOPUCTOBYBATM pe3ynbTaTh TecTyBaHHA 3aMiCTb pes3ynbTaTiB
HaB4YaHHs, TO Oyge oTpuMaHa Mepexa 3 Kpallow 34aTHICTIo o
y3aranbHeHHs.

3.20.7.3. EBontouif npaBun HaB4YaHHA

Bigomo, Wo Ans pisHUX apXUTEKTyp i 3aday HaB4YaHHSA NOTPIOHI
Pi3Hi anropuTMm HaB4yaHHSA. [lowyk onTumanbHoro (abo mawxe
ONTMManbHOro) MnpaBuna HaBYaHHA, K MpaBuno, BiobyBaeTbcs 3
ypaxyBaHHAM €KCMEePTHUX 3HaHb i 4acTo - MeTo4oM Mpob i MOMUMOK.
Tomy OOCUTb NEPCNEKTUBHUM BBaXXaETbCA PO3BUTOK agmomMamuyHuUx
memodie onmumidauyii npasun Hag4YaHHs HEUPOHHUX Mepex.
Pos3BuTtok ntogcbkux 3gibHocTen A0 HaBYaHHSA Bif BigHOCHO crabkmx
00 [OOCUTb CUNbHUX CBIOQYATE NPO  MNOTEHUIHY  MOXIUBICTb
3aCcTOCyBaHHSA eBOMIOLIMHOIo Nigxody B NPOLECi HAaBYaHHA LUTYYHUX
HEMPOHHMX MepeX.

Cxema XpOMOCOMHOIO MpeACTaBMeHHs Yy BunNagky eBonouii
npaBun HaBYaHHA MOBWHHA BiAGMBaTU OMHAMIYHI XapakTEePUCTUKN.
CrtaTtuyHi napameTpu (Taki gk apxiTektypa abo 3Ha4yeHHs1 Bar Mepexi)
kogyBaTu 3HayHO npocTiwe. Cnpoba CTBOPEHHS YHiBepcanbHOI
CXeMu MpeacTaBneHHs, Wo Ao3sonuna 6 onucyBaTy OOBiNbHI BUAN
OWHaMIYHNX XapaKTepUCTMK HEMPOHHOT Mepexi, CBIAOMO npupedeHa
Ha HeBAdauyy, OCKINbKU MNpuNyckae HEBMMNpaBOaHO BeNUKUIA obcsr
obuncneHb, HeobxigHUX AN nepernagy BCbOro MpoOCTOpy NpaBui
HaBYaHHA. 3 UIEl MPUYMHM HA TUN OUHAMIYHUX XapaKTepUCTUK
3a3BMYalN HakragalTbCA NEBHI OOMEXEHHS, WO OO3BOMsiE BUbpaTn
3a@eanlbHy  cmpykmypy  rnipasuna HaguYaHHSI. HanyacrTiwe
BCTAHOBIIKETLCS, WO ANS BCiX 3B'A3KIB HEMPOHHOI Mepexi NOBMHHO
3aCTOCOBYBaTUCA Te CamMe MNpaBWiO HaBYaHHA, WO MoOXe OyTwu
3afjaHo oyHKLUie BUAY
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i)=Y Yo, ,k]_[x (t=1)], ()

k=11i},iy-i; =1

Ae t -vac, A, - 30iNblUEHHSA BarK, X, - Tak Ha3nBaHi fnokasbHi 3MiHHI,
J
i, BIACHI KoedilieHTH.
[onoBHa mMeTa eBoOMOLUii NpaBun HaByaHHA nondrae B nigdopi
Bi4MNOBIAHUX 3HA4YeHb KoeilieHTiB 9:', )

by "

3 ypaxyBaHHAM BEnMKOIl KifTbKOCTi KOMMOHEHTIB PiBHAHHSA (*), WO
MOXe 3pobMTM eBOMIUil0  3aHaATO MOBINBHOK | MPaKTUYHO
Hee(PEeKTUBHOI, YacTO BBOAATLCHA A0AATKOBI OOMEXEHHS, 3aCHOBaHI
Ha €BPUCTUYHMX NOCUIIKaX.

MpencraBMmMo TUNOBUI LMKIT €BOMIOLT NpaBuil HaBYaHHS.

1) [ekodyBaHHS KOXHOI 0cCOOM MOTOYHOI nonynsuii ans onucy
npaBuna HaB4YaHHA, WO Oyde BMKOPUCTOBYBATUCA $K anropuTm
HaBYaHHSA HENPOHHUX MepeX.

2) ®opMyBaHHA MHOXWHW HEWPOHHUX MEPEeX 3 BUMALKOBO
3reHepoBaHUMU apxXuTeKkTypamu i NO4aTKOBMMW 3HAYEeHHSMU Bar, a
TaKOX OLJHIOBaHHS LMX Mepex 3 ypaxyBaHHAM iX HaBYaHHS 3a
npaBumnoM, OTPUMaHOMY Ha Kpoui 1, y KaTeropisx TOYHOCTi HaBYaHHS
abo TecTyBaHHSA, TPMBANOCTi HaBYaHHS, CKMNagHOCTI apXiTeKkTypu i
T.M.

3) PospaxyHOK 3Ha4YeHHs MPUCTOCOBAHOCTIi  KOXHOI  0CcoOu
(3akogoBaHOro nNpasuna HaBYaHHA) Ha OCHOBI OTPUMMAaHOI Ha Kpoui 2
OLHKM KOXXHOI HEMPOHHOI Mepexi, Lo siBnsie coboto CBOEPIAHMI BUA
3BaXKEHOro ycepeaHeHHs.

4) Penpogykuia ocobelr 3 WMOBIpHICTIO, WO BigNOBiAae iXHiN
NPUCTOCOBaHOCTI abo paHroBi B 3aneXHOCTi BiJ BUKOPUCTOBYBaHOMO
MeToay cenekuii.

5) ®opMyBaHHsS HOBOIO MOKOSIHHA B pe3yrnbTaTi 3aCTOCYBaHHS TaKuX
reHeTUYHNX onepaTopiB, K CXpeLlyBaHHA, MyTauis i/abo iHBepcis.

Briok-cxema, L0 iNOCTPYE €BOMIOLIi0 apXUTEKTYp, NpeacTaBneHa
Ha puc. 3.138.
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Puc. 3.138. bBriok-cxema reHeTWMYHOro anroputMmy And noLwyky
HaMKpaLloro npaBwuila HaBYaHHSA (BUMAAOK eBOSoUil  npaBun
HaBYaHHSI).

3.21. NMpuknagu moaentoBaHHA eBONMOLINMHUX
anropuTMiB y AOAAHKY OO HEMPOHHUX Mepex

MpenctaBneHi npuknagn 3.23 - 3.27, a Takox npuknag 3.20
MOXHa po3rnagatm 49K iNCTpauilo  MOXIMBOCTI  3aCTOCYBaHHS
reHeTMYHOro (30Kpema, eBOIILINHOro) anroputMy Ans nigbopy Bar
HEeMpoHHOI Mepexi. Llen anroputm 6yge 3acTtocoByBaTUCA B
nepepaxoBaHuxX npuknagax 3amicTb  TpaguuiiHoro  meToay
HaBYaHHSA, Hanpuknag, 3amiCTb anropuTMy 3BOPOTHOMO MOLUMPEHHS
nomunkn (backpropagation). [yxe 4acTo 3acTOCOBYETbCS TakK
Ha3MBaHW ribpngHUA niaxig, Wo cknagaetbca B o6'egHaHHI 060x
MeToAiB. £k npaBuno, crnoyatky 3a [JOMOMOrow reHeTU4HOro
anropuTMy  3HaxoguTbCA  pilleHHs, gocuTb  6nmMsbke 0o
ONTUMArbHOrO, i MOTIM BOHO PO3rMsiAacTbCa 9K BignpaBHa ToYka Ans
TPaAMUINHOrO MOLIYKY OMNTMMAarnbHOI TOYKW, Hanpuknag, no meTtody
3BOPOTHOrO MOLUMPEHHST NOXNBKN.

3.21.1. NMporpamu Evolver i BrainMaker

MeTon 3BOPOTHOIO MOLUMPEHHA MOXUOKM 3acTOCOBYETbCS ANA
HaBYaHHSA HEMpPOHHUX Mepex y nporpami BrainMaker. Y npuknagi
3.30 3 BMKOPWCTaHHAM Ui€i NporpaMmu TECTYETLCH HENMPOHa Mepexa,
wo peanisye norivHy cuctemy XOR 3i  3HayeHHAMM  Bar,
pospaxoBaHumu B n. 3.19.1 3a gonomoroto nporpamu Evolver. MNpu
piweHHi npuknagis 3.31 i 3.32 gemoHcTpyeTbea ribpugHvi nigxia,
TOOTO HaBYaHHA L€l X HEMPOHHOI Mepexi nporpamoto BrainMaker,
ane npu no4vaTKOBWMX 3HAYEHHSX Bar, PO3PaxOBaHUX FEHETUYHWUM
anroputmom nporpamu Evolver. Y cBow uyepry, npuknag 3.33
iNIOCTPYE HaBYaHHSA HEWPOHHOI Mepexi, LWo peanisye noriyHy
cuctemy XOR, npu BukopucTaHHi Tineku nporpamu BrainMaker.

Mpuknap 3.30

MpoTectyBatn 3a gonomoroto nporpamu BrainMaker HenpoHHy
Mepexy, wo peanidye noriyHy cuctemy XOR (puc. 3.11) 3 Baramu,
po3paxoBaHUMM B Npuknagi 3.27 reHeTU4HUM arropuTMOM fporpamu
Evolver i npeacrasneHumu Ha puc. 3.117.

Ha puc. 3.139 nokasaHi 3HavyeHHs Bar, BBedeHi B nporpamy
BrainMaker. BoHn 3rpynoBaHi B ABa Onoku, posgineHi nyctum
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psakoMm. MNepwmnii 6ok MICTUTL Barn 3B'A3KiB MiXk BXiHMM i CXOBaHUM
WapoM TakK, WO AN KOXHOro 3 [BOX HEMPOHIB CXOBaHOro LIapy
npuBegeHi Barn 3B'A3KIB i3 yciMa BxodamMu, a OCTaHHi efnemMeHTu
pAOKIB - Ue Wio i Wap. Opyruini 6NMOoK MIiCTUTb Barm 3B'AA3KIB Mix
CXOBaHUM i BUXiOHUM LWapoMm, TOBTO TpW BaruM BUXIAHOrO HEWPOHa,
npu4yoMy  OCTaHHIM  3a3HadyeHa Bara Ws. Y  npuknagi
BMKOPUCTOBYBABCS iHTEpBan 3Ha4yeHb Bar [-7, 8].

PesynbTatn TecTyBaHHs Mepexi npuBegeHi Ha puc. 3.140-3.143.
MoxHa 3po6GuTU BUCHOBOK MPO rapHy HaBYEHICTb Mepexi. 3HayYeHHs
Ha BMXO4ax QAnd 4YOTUPbOX Map BXiAHWMX 3Ha4YeHb MNPaAKTUYHO
36iraloTbca 3 nokasaHumm Ha puc. 3.117. AGcontoTHa pisHULS MK
3agaHVM 3HaYeHHsAM d i BUXIQHWM 3HaYEeHHAM y ANs KOXHOI napu
BxodiB Uy i u, (puc. 3.140-3.143) BusBunaca meHwe 0,025, Tomy
Mepexa Moxe BBaxaTucsl obpe HaBYeHOH 3 TonepaHTHicTio 0,025 i
TuM GinbLue - 3 TonepaHTHicTio 0,1. 3HMKEHHA Nopora ToNepaHTHOCTI
o 0,02 osHavano 6, WO uUs Mepexa He BBaxaeTbca [06pe
HaBYEHOK | WO HeobXigHUA piBeHb HaB4YaHHSA He Moxe 6ytu
pocarHyTui. lNMoganblie HaBYaHHA MPU TONEPaHTHOCTI, piBHIN abo
MeHwin 0,02, He 3MiHIOE 3HaYeHb Bar, NokasaHux Ha puc. 3.139.

7.9696 -7.9530 3.9360 b
7.9816 -7.9976 -4.1104 .
-7.9640 7.9752 3.8312

>
<3 >

Puc. 3.139. lMokasaHi Ha puc. 3.117 Bary HEMPOHHOI Mepexi, Lo
peanidye cuctemy XOR (puc. 3.11) i nigrotoBneHi OO TecTyBaHHS
nporpamoto BrainMaker.
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OpHak, sk 6yge BumgHo 3 npuknaga 3.31, 3MeHLUEHHs
TonepaHTHocTi Ao 0,022 npuHecno 6 edekT y BUAI «AOHaBYaHHNAY
Mepexi.

Mpuknap 3.31

HaBuntn 3a ponomoroto nporpamu BrainMaker HenpoHHy
Mepexy, Wo peanidye noriyHy cuctemy XOR (puc. 3.11) 3 Baramu,
po3paxoBaHUMM B Npuknagi 3.27 reHeTU4HUM anropuTMOM nporpamm
Evolver i npegcrasnennmun Ha puc. 3.116.

Crnovatky 3a pgonomoroto nporpamu  BrainMaker Gyna
npoTecToBaHa HENMpOHHa Mepexa, dka nokasaHa Ha puc. 3.11. fAk
MoYyaTKoBi  3HAYEHHs ONA  anroputMy  HaBYaHHA  Nporpamu
BrainMaker BukopuctoByBanucs Baru, ki po3paxoBaHO reHeTUYHUM
anroputmom nporpamun  Evolver. OTxe, ue TunoBurM npuknag
riopmagHoro nigxoay, OCKiNlbKM reHeTUYHUN anroputm
BMKOPWCTOBYETBLCA ANS1 3HAXOMKEHHSI MOYaTKOBMX 3HAYeHb Bar Ans
rPagi€EHTHOr0O  anropMtMy  3BOPOTHOIO  MOLUMPEHHST  MOXMOKK
(backpropagation). Lli nodaTkoBi 3Ha4yeHHs Yy dopmati nporpamm
BrainMaker npegctaeneHni Ha puc. 3.144, a BignoBigHi pe3ynbtaTtu
TeCTyBaHHA Mepexi - Ha puc.3.145 - 3.148.

AHani3 pesynbTaTiB TECTyBaHHHA CBig4YWTb MNPO Te, WO BOHMU
BUSIBNAOTBCS TipLUi, HX nokasaHi Ha puc. 4.140-4.143, ockinbku B
nonepegHbLOMY NpuKnagi He 6yrno Hi ogHIET MOMUIKK, @ B NOTOYHOMY
npuknagi B N'aTbOX BMNagkax 3 22 mepexa fana HeBipHY Bionosiap.

- BrainMaker Professlonal [XOREVOLNET] | E3
File Edit Operate Parameters Connections Display Analyze
Iﬁaitm Facts: KOR.fct Tearn: 1.908 Tolerance: 0.108 |
Fact: gz Total: 22 Bad: B Last: @ Good: 22 Last: @ Run: 1
ul y
8.0008 Out: 8.0208
u2 Ptn: @.0008

Puc. 3.140. PesynbtaT TecTyBaHHA nporpamoto BrainMaker
HelpoHHOI Mepexi 3 puc. 3.11 3 NOYaTKOBMMMW 3HAYEHHSMU Bar,
npeactasneHumn Ha puc. 3.139, ana u; =0, u,=0id = 0.
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-BralnMaker Professions! POREVOLNET] | B3

File Edit Operate Parameters Connections Display Analyze
rwuitin; Pacts: KOR.fct Tearn: i.000 ‘l’olcranu II‘
Pact: 22 Total: 22 Bad: @ Last: 8 Good: 22 Last: @

ul v

8.9000 Out: 0.9759

u2 Ptn: 1.0000

1.9000

Puc. 3.141. PesynbTaT TecTyBaHHA

nporpamoto  BrainMaker

HeMpoHHOI Mepexi 3 puc. 3.11 3 MoyaTKOBUMM 3HaYEHHAMU Bar

npegcrasneHnmMu Ha puc. 4.139, ansa u,

=0, u,=1id=1.
“BrainMaker Profcesional PROREVOL.NET] B

File Edit Operate P s C cti Display Analyze
IVaitin Facts: NOA.fct Tearn: Dﬁ loln-ancn- 8.108
Pact: !2 Total: 22 Bad: 8 Last: @ Good: 22

“}.o0e0 out: 8.9756

w2’ Ptn: 1.9098

9.2008

Puc. 3.142. Pesynbtat

TecTyBaHHA nporpamoto  BrainMaker

HeMpoHHOI Mepexi 3 puc. 3.11 3 MoyYaTKOBUMM 3HaYEHHSMU Bar

npeactaeneHmn Ha puc. 3.139, gnau; =1, u,=0id =1

T—
BrainMaker Professional [XOREVOL.NET] B £

File FEdit Operste Paramelers Connections Display Analyze

Faitmg Pacts: XOR.fct Learn: 1.908 Jolerance: 9.100
Fact 2 Total: 22 Bad: @& Last: @ Good: 22 Last: @ un: I
ul y
1.06808 Out: 0.82088

u2 Pin: 6.0008
1.Pepe

Puc. 3.143. Pesynbrar

TecTyBaHHa nporpamoto  BrainMaker

HeMpoHHOI Mepexi 3 puc. 3.11 3 MoYaTKOBUMM 3HaAYEHHSMU Bar
npeactasneHMmun Ha puc. 3.139, gnau; =1, u,=1id=0
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7.1760 -7.9530 3.9360 i
5.8144 -3.4576 -3.7112 e
-6.0736 7.9752 1.9576
>
S >
canc

Puc. 3.144. lNokasaHi Ha puc. 3.116 Bary HEMPOHHOI Mepexi, Lo
peanidye cuctemy XOR i nigrotoBneHoi A0 HaBYaHHs NPOrpamMmoro
BrainMaker

BralaMasker Professionsl [XOREVOL.NET] 1=i%
File Edit Operate Par s Cf cti Display Analyze
Plitin Facts: XOR.fct Loarn: 1.88€8 Tolsrance: 8.188
Pact: Total: 22 Bad: S Last: 8 Good: 17 Last: B Run: {
ul v
4.0008 Qut: 8.8218
Ptn: 8.9008
1.0008

Puc. 3.145. PesynbTaT TeCcTyBaHHS HEWPOHHOI mepexi 3 puc. 3.11 3
Nno4YaTKOBMMW 3HAYEHHAMM Bar, npeacTasneHMMmn Ha puc. 3.144, ons
U1=O, U2=0 id=0.

== - o
‘BrainMaker Professionst [XOREVOL.NET] | B
Fite Edit Operate P ters C cti Display Analyze
Waitin: Facts: XOR.fct Learn: 1.888 Tol : 8.
ﬁ;-cu 32 Total: 22 Bad: S Last: @ (hm;':l 17 l.a:t‘:, 3"""&.;'.3?
ul v
8.e808 Out: @.8648
u2 Ptn: 1.0882
1.8080

Puc. 3.146. Pe3ynbTtaT TecTyBaHHA Tiei xx Mmepexi ana u; =0, up=11i
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T =T =
BrainMaker Profeselonal [XOREVOLNET] =[x
File Edll Operate  Parameters Connections Display Analyze
Waiting ©08:88:88 Pacts: NOR.fct Learn: 1.838 TYol H
[unt‘ 32 Total: 22 Bad: S Last: @ coo:? 17  Last 2 5’.":‘)&;: iy
ui ¥
1 .0008 Qut: @.9524
u2 Ptn: 1.080868
2.8008

Puc. 3.147. PesynbTaT TeCcTyBaHHs Ti€i )X Mepexi ana u;=1, up =0 i
d=1.

—
BralnMaker Professional PSOREVOL.NET] o B

File Edll Operate P ters Connections Display Analyze
Waiting ©8:88:88 Pacts: ROR.fct Le : 1.298 Tol : 9.180
[Pu:t: 32 " Tocal: 22 Bad: S  Last: @  Good: 17 Lasts 8 o Run: i
ul v

1.0898 Out: 8.897€

u? Ptn: 9.00602

1.0922

Puc. 3.148. PesynbTaT TecTyBaHHs Ti€i )X Mepexi and u;=1, up =11
d=0.

KpiMm TOro, BMgHoO, LLO TOMEPaHTHICTb BUXIOHOMO 3HA4YeHHS Ha
puc. 3.146 nepesuwye piseHb 0,1. 3rogom wmepexa nigganacs
HaB4YaHHIO 3a gonomoroto nporpamu BrainMaker 3 TonepaHTHicCTIO,
pisHoto 0,1. Pe3ynbTaT HaB4YaHHSA inocTpye puc. 3.149.
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File EdH Operste P s Connectl Display Ann(yze
Waiting ©0:89:81 Facts: XOR.fct Learn: 1.0800 Tnl-rancc- ] ?
Fact: !2 Total: 229 Bad: @ Last: 5 Good: 22 Last: 17
ul v
1.0008 Out: 9.9527
u2 Ptn: 1.00888
90,0008
Netwark Progress %
3UF
14§
Ll £ 1
0.068 0.500 1.080
0.089%8
1
1}
Ay
0.0723 %
Runs 1 to 200 shown

Puc. 3.149. Pesynbtar HaB4yaHHa nporpamoto  BrainMaker
HerlpoHHOI Mepexi 3 puc. 3.11 3 NOYaTKOBMMM 3HAYEHHAMMW Bar,
npeacTasneHMMmu Ha puc. 3.144.

Ha HWXKHbOMY rpadiky nomiTHe 3MEHLUEHHS
cepenHbokBagpaTuyHoi noxubkn RMS (Root Mean Squared) npu
BMKOHaHHI 10 peanisauin (runs) anroputmy. [loxubka RMS
BiOpi3HAETLCS Big noxubkn Q, Wo MiHiMisyBanacs B npuknagi 3.27,
TUM, LLIO

ae €; = d;— y;, a 3HadyeHHs Ny npuknagi 3.27 gopiBHioe 4.

3 ypaxyBaHHSIM PO3XOKeHb, 3B'A3aHNX 3 Y3ATTSM KBaApaTHOro
KopeHsi mpu po3paxyHky RMS, moxHa nopiBHATM UK MOXMOKYy 3i
3HauyeHHaM Q i3 npuknaga 3.27. BepxHin rpadik Ha puc. 3.149 saBnse
coboto rictorpamy po3noginy noxubku, po3paxoBaHo Ak abcontoTHa
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Pi3HULUA MK 3aaHuUM @ i PaKTUYHUM i BUXIOHUM 3HAYEHHAM Onis
KOXHOI napu BXoAiB Uy i Us. Ha ropusoHTanbHi OcCi BigknageHo
3Ha4eHHs Uiei NoOXMOKK, a Ha BepTUKAlbHIA OCi - KiNbKiCTb BUXIQHUX
3HayeHb 3 Takow noxmbkot. lMpeactaBneHO TpU piBHI NOXMOKKU 3
TonepanTHicTio 0,1. Y BepxHin 4vactuHi puc. 3.149 3asHadeHe
3HadeHHA y ana u; =1, u, = 0i d = 1 (ansa cnpoLeHHsI TyT ONyLLEHO
iHoekc i). Pe3ynbTratv TecTyBaHHSA Ui€i Mepexi OAns TpbOX iHWUX
kombGiHaLii BXigHUX 3HadeHb (ans cuctemu XOR) npuBeneHi Ha puc.
3.150-3.152.

Uuiting Facts: NOR.fct Learn: $.988 Tolerance: 8.188
Pact: 22 Total: 228 Bad: @ Last: § Goed: 22 Last: 17 Run: 1@
ui y

9.2008 Out: 8.8269

u2 Ptn: 2.0029

8.2808

Puc. 4.150. PesynbtaT TecTyBaHHA nporpamoto BrainMaker
HEMpOHHOI Mepexi 3 puc. 3.2 3 NOYaTKOBMMW 3HAYEHHSMMW Bar,
npeactasneHuMmn Ha puc. 3.144, 3 TonepadTHicTio 0,1 anga u; = 0,

U =0 d=0.

Vaitin: Pacts: XOR.fct Learn: 1.888 Tolerance: 8.188
Fact: 22 Total: 228 Bad: 8 Last: S Good: 22 Last: 17 Run: 18
ul v

0.08900 Qut :" 9.9002

u2 Ptn: 1.000@

1.80e9

Puc. 3.151. PesynbTat TecTyBaHHs Tiel ) Mepexi ana u; =0, up=11i
d=1.

Uutingz Pacts: xg:i!“ Learn: 1.808 l‘oh;mco;ugztoa

Fact: Total: 22@ ] Last: S Good: 22 Last: 1 18
ul y

1.8009 Out: 8.8979

w2 Ptn: B.0000

1.0888

Puc. 3.152. PesynbTaT TecTyBaHHS Tiei XX Mepexi ana uy =1, Up =1 i
d=0.

AbconoTHa pisHuua Mk etanoHHum  (Ptn) i BuxigHum  (Out)
3HayYeHHaMn gns puc. 3.149 pgopisHioe 0,0473, ana puc. 3.150 -
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0,0269, gns puc. 3.151 - 0,0998 i gna puc. 3.152 - 0,0979. 3
rictorpamu Ha puc. 3.149 Bunnueae, WO ANs WeCcTn 3 22 BXigHUX nap
us;, Uz ua noxubka popisHoe 0,0269, Taky X KinbKiCTb BXigHUX nap
Mae noxmbka 0,0473, a onsa BXigHUX nap, WO 3anuwunucs, us
noxmbka cknana 6nusbko 0,099. Barum HaB4yeHOi B Takui crnocid
Mepexi nokaszaHo Ha puc. 3.153.

Edit Network Weights
7.2414 -7.99%8 3.8350 L
5.6224 -3.4460 -3.6996 -
-6.1996 7.9230 2.2856
>
« 3 >

Puc. 3.153. Barn HeWpoHHOI Mepexi, HaB4YeHOK Mporpamoro
BrainMaker 3 TonepaHTHicTio 0,1

Mepexa HaByeHa 3 TonepaHTHicTio 0,1. Lle o3Havae, Wwo BuxigHi
3Ha4YeHHA NOBUHHI He BinbLue Hixxk Ha 10 % Bigpi3HATUCS Big 3HAYEHb
0 i 1 ana Toro, wob6 wmogenb cuctemn XOR O6yna Bu3HaHa
kopekTHot. OTxe, Npy nogadi eTanoHa 0 BBaXXakTbCA NPaBUbHUMU
3HayeHHs Yy, MeHwi abo pieHi 0,1, a npu nogadvi eTanoHa 1
npaBunbHUMK ByayTb 3HayYeHHs y, 6inbuwi abo pisHi 0,9.

3BMyaHO, nokasaHi Ha puc. 3.153 3HayeHHs Bar He MOXYTb
po3rnsgatuca B SKOCTI onTumanbHux gns cuctemn XOR. Tomy
TonepaHTHicTb Oyna 3meHweHa pgo 0,025, i npouec HaB4YaHHSA
npogoBxumecsa. OTpuMaHi pesynbTaTn npuBeaeHo Ha puc. 3.154.
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Network Progress X

0
0.000 0.500 1.000
0.0277 ﬁr—&“
3
1 (W 2 X
£ 1 ) 1
LY
U
0.0232
Runs 290 1o 590 shown

Puc. 3.154. lMigpcymkoBa (pasa HaCTynmHOro HaBYaHHS MPOrpamoro
BrainMaker mepexi 3 Baramu, nokasaHumu Ha puc. 3.153, npu piBHi
TonepaHTHocTi 0,025.

LlikaBo nopiBHATU JocArHyTe 3HaYyeHHs noxubku RMS 3 aHanoridyHm
nokasHukom Ha puc. 3.149. PesynbTtatM TecTyBaHHA HaBYeEHOI
Mepexi npeacrtasneHi Ha puc. 3.155 - 3.158.

Vaitin Pacts: KOR.fct Learn: 1.000 Tolerance: 8.025
Fact: gl Total: 12848 Bad: @ Last: 6 Good: 22 Lasc: 16 Run: 584
ul y

8.8008 Out: 0.8252

u2 Ptn: 8.0808

0.8000

Puc. 4.155. PesynbTaT TecTyBaHHS HEWPOHHOI Mepexi, HaB4eHO
nporpamoto BrainMaker 3 TonepanTHicTio 0,025 (puc. 3.154), gna
U1=O,U2=Oid=o.

Vaitin Pacts: XOR.fct Learn: 1.880 Tolerance: 8.025
32 st: 16

Pact: Total: 12848 Bad: @ Last: 6 Good: 22 La Run: 584
ul y

0.0000 Out: B.9754

u2 Ptn: 1.0000

1.0089

Puc. 3.156. Pe3ynbTaT TeCTyBaHHS Tiei XX Mepexi ana u; =0, up, =1 i
d=1.
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Waiting Pacts: KOR.fct Learn: 1.88@ Tol : 8.082
Pact: 22 Total: 12848 Bad: @ Last: 6 Good: 22 l.ast‘:’ :z‘nukm: 534
ul v

1.0800 Out: 8.97261

u2 Ptn: 1.8008

8.8000

Puc. 3.157. PesynbTat TecTyBaHHS Tiel ) Mepexi ana u; = 1, U= 0
d=1.

Vaitin Facts: ROR.fct Laarn: 1.6088 Tol : 8.
Fact: 22 Total: 12848 Bad: ® Last: 6  Good: 22 laste te o huc:’284

ul v
1.0808 Out: 8.08247
u2 Ptn: 0.0000
1.0000

Puc. 3.158. PesynbTat TecTyBaHHA Tiel ) Mepexi ana u; =1, u;= 11
d=0.

3HayeHHs1 abCoNTHOI Pi3HULI MK €TanoHOM i (PakTUYHUM BUXIOHUM
3HaYeHHAM Ha HaCTyNHUX OAWH 3a OOHUM pucyHkax ckragae 0,0252,
0,0246, 0,0239, 0,0247 signosigHo, WO BiAbMBaE rictorpama Ha pwc.
3.154.

3HaueHHa Bar Ans Mepexi, HaB4yeHoi 3 TonepaHTtHicTio 0,025,
npueeneHo Ha puc. 3.159.

Edit Network Welghts
7.9994 -7.9998 5.4530 =
7.5406 -7.9998 -4.9362 -
-7.9998 7.9994 4.2572
v
4] | »
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Puc. 3.159. Barnm HeWpoHHOI Mepexi, HaBYEeHOK Mporpamoro
BrainMaker 3 TonepaHTHicTio 0,025 (puc. 3.154).

LlikaBo nopiBHaTK noro 3 puc. 3.153. binbl ni3Hi pesynbrtatu
BUSBNAOTECS HabaraTo 6nvkyi Ao onTuManeHoro. [ani 6yna novata
crnpoba Le Kpalie HaBYMTU Mepexy 3i 3MEHLLUEHHAM TONEepPaHTHOCTI
no 0,02. Ha xanb, ua cnpoba 3aBepLumnnaca HeBgadero, OCKIMbKU
30aTHOCTI Mepexi A0 HaB4daHHs BusiBUNMCA BuydepnaHmmun. OpgHak
npwu cpikcauii TonepaHTHOCTI Ha piBHi 0,023 6yB 4OCArHYTUI KiHLEBUN
edekT, nokasaHun Ha puc.3.160.

Network Progress X
3
0.000 0.500 T.000
0.0208 T =
1 ]
1
X ry
—t1-t¥ ) W
Y ) ¥
A J
0.0202 e
Runs 3251 to 3451 shown

Puc. 3.160. lNigcymkoBa (pasa HaCTYNHOro HaB4YaHHS MNPOrpamoro
BrainMaker mepexi 3 Baramu, nokasaHumu Ha puc. 3.159, npu piBHi
TonepaHTHocTi 0,023.

Pesynbtatm TecTyBaHHA Mepexi, HaB4YeHOI MNoA4ibHMM YMHOM,
npeactasneHi Ha puc. 3.161 - 3.164, a 3Ha4yeHHSA Bar L€l Mepexi - Ha
puc. 3.165.

Haitin Facts: XOR.fct Learn: 1.808 Tolerance: 8.823
P::t: ;2 Total: 75584 Bad: @ Last: 5 Good: 22 Last: 17 Run: 3432
ul .

1.0088 Out: ©9.8228

u2 Ptn: 0.0008

1.0080

Puc. 3.161. PesynbTaT TecTyBaHHS HEWPOHHOI Mepexi, HaB4EeHO
nporpamoto BrainMaker 3 TonepanTHicTio 0,023 (puc. 3.160), ana
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U1=O,U2=0id=0.

Vaiti Pacts: XOR.fct Learn: 1.809 Tolerance B 823
P:ct:"SZ Total: 75584 Bad: 8 Last: S Good: 22 Last: 17 Run: 3432
ul v

9.04968 Out: B.9768

u2 Ptn: 1.0800

1.0000

Puc. 3.162. Pe3ynbTat TecTyBaHHs Ti€i )X Mmepexi ana u; = 0, up=1 i
a=1

Waiti Pacts: XOR.fct Learn: 1.888 Tohrance- @.823
v:c::ngz Total: 755684 Bad: B Last: 5 Good: 22  Last: 17 T 3432
ul v

1.8800 Out: B.97268

u2 Ptn: 1.0900

8.0200

Puc. 3.163. Pe3ynbTaTt TecTyBaHHSA Tiel XX Mepexi ana u; =1, u=0i
a=1

Waiting Facts: XOR.fct Learn: 1.808 Tol, : 8.
Fact: 22 Total: 75584 Bad: @ Last: § Good: 22 Last 2 e;am:em 322!232

ul v
1.0808 Out: B.8228
u2 Ptn: ©.9000
1.8000

Puc. 3.154. PesynbTat TecTyBaHHA Tiel )X Mepexi ana u; =1, b =11
d=0.
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Edit Network Welghts

»

7.9994 -7.9998 3.7880
7.9994 -7.9998 -4.1242 -

-7.9522 7.9994 3.8480

q1_ 3 : 3

Puc. 3.165. Barn HeWpoHHOI Mepexi, HaB4YeHOK Mporpamoro
BrainMaker 3 TonepanTHicTio 0,023 (puc. 3.160).

Lle kpawwmi pesynbTaT HaBYaHHA, WO inNtOCTpyeTbca puc. 3.166,
yaanocs ogepxaTu npu TonepaHTHocTi 0,022.

Network Progress X
0f
% o
0.000 0500 1.000
0.0271 e
X
3 - =
I
= 3 i
7
£.0200 =/
Runs 5019 10 5219 shown

Puc. 3.166. lMligcymkoBa (pasa HaCTynHOro HaBYaHHS MpPOrpamoro
BrainMaker mepexi 3 Baramu, nokasaHumMmu Ha puc. 3.165, npu piBHi
TonepaHTHocTi 0,022,

Pesynbratn TecTyBaHHA Mepexi, HaB4eHOI NofibHMM YMHOM,

npeacTtaeneHi Ha puc. 3.167-3.170, a 3Ha4yeHHs Bar Ui€i Mepexi - Ha
puc. 3.171.
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Uaitingz B@:28:51 Facts: XOR.fct Learn: 1.080 Tolerance 0.922

Fact: Total: 114686 Bad: @ Last: 9 Good: 22 Last: Run: 5213
ul v
8.8809 Out: 8.0223
Ptn: 8.8000
9.8000

Puc. 3.167. PesynbTaT TecTyBaHHS HEWPOHHOI Mepexi, HaB4EeHO
nporpamoto BrainMaker 3 TonepanTHicTio 0,022 (puc. 3.166), ana
u; =0, Ll2=0id=0.

Waiting ©8:28:51 Pacts: XOR.fct Learn: 1.000 Tolernm:e B.822
Pact: 22 Total: 114686 BRad: @ Lazt: 9 Good: 22 Last: 13 Run: $213
ui v

9.e2e8 Out: 9.9778

u2 Ptn: 1.0000

1.0868

Puc. 3.168. PesynbTtat TectyBaHHs Tiel ) Mepexi ana u; =0, up=1i
a=1

Uaiti.ngz 98:28:51 Pacts: XOR.fect Learn: 1.000 Tolerance: 0.822

Pact: Total: 114686 Had: B Last: 9 Good: 22 Last: 13 Run: 5213
ul ¥

1.088008 OQut: 0.92908

u2 Ptn: 1.00800

@.80008

Puc. 3.169. PesynbTaT TecTyBaHHs Tiei )X Mepexi ansa uy = 1,u, =0 i
a=1.

Haiting 808:208:51 Pacts: XOR.fct Learn: 1.880 Tolerance: 8.822
Pact: 22 Total: 114686 Bad: 8 Last: 9 Goad: 22 Last: 13 Run: 5213

ul L

1.0060

Puc. 3.170. PesynbTtaTt TecTyBaHHS Tiel ) Mepexi ana u; =1, up= 11
d=0.
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Edit Network Weights ‘

7.9994 -7.9998 4.6684
7.9994 -7.9998 -4.4176

-7.9998 7.9994 4.0536

Puc. 3.171. Barn HeWpoOHHOI Mepexi, HaBYEHOK MpOorpamoro
BrainMaker 3 TonepaHTHicTio 0,022 (puc. 3.166).

Mopanblue 3HWXEHHS piBHS TornepaHTHocTi Ao 0,021, Ha xanb,
yXe He Bege A0 binbLIoi HABYEHOCTI Mepexi, HaBiTb Skbu nporpama
npauioBana e npoTarom ©GaraTbOX roguH. TakuM  YMHOM,
HalKpalmMm pPilLEHHAM BBaXaeTbCA Mepexa 3i 3Ha4YeHHsMMW Bar,
nokasaHumu Ha puc. 3.171, ski BapTo NOpiBHATM 3 Habopom Bar Ang
npuknaga 3.27, npuBegeHnmun Ha puc. 3.117. HeBaxko noMiTuTK, WO
ob'egHaHHs  reHeTnyHoro  amroputmy  nporpamu  Evolver i3
nporpamoto BrainMaker gano kpalui pesynstatu, 4um Ha puc. 3.117.
Axbu obumncneHHsa Bigpasy nposoaunuca 3 TonepanTHicTio 0,022, a
SIK NOYaTKOBI Barm npunmanucs 3HadeHHs 3 puc. 3.144, To pesynbTaT
OyB 6u Kpawmm, HX Ha puc. 3.117. AHanoriyHnn pesynbTaT MOXHa
Oyno odikyBatm ¥ y npuknagi 3.30 npu BCTaAHOBMNEHHI piBHA
TonepaHTHOCTI, pisHUM 0,022.

Mpuknapg 3.32

HaBuntn 3a ponomoroto nporpamu BrainMaker HenpoHHy
Mepexy, Wo peanidye norivHy cuctemy XOR (pmc. 3.11) 3
noyaTKOBUMM 3HAYEeHHAMW Bar, po3paxoBaHuMu B npuknagi 3.27
reHeTM4YHMM anroputmom nporpamu Evolver i npeacraBneHMmn Ha
puc. 3.115. Le we oagnH npuknag ribpygHoro nigxody A0 HaBYaHHS
Bar HerWpoHHOI Mepexi, Wo peanidye norivHy cuctemy XOR. BiH
Oy)XXe CXOXUW Ha nonepefHin npuknag, ofHak Bigpi3HAETbCA
Habopom Mno4YaTKOBMX 3HA4YeHb Bar, OTPMMaHMX 3a MEHLUUA Yac
BMKOHaHHSI TEHETUYHOrO anroputMy i, omke, binbw Janekux Big
onTuMarbHUX. TonepaHTHICTb MOXMOKM NpunHaTa pieHoto 0,025,
Wo o3Hayae 2,5 % npunycTUMOi MOXMOKM, TOOTO Pi3HULI Mix
dakTUYHNM BUXIAHMM 3HAYEHHAM | 3a0aHMM 3HAYEHHSAM - eTasloHOM.
Tomy pgnsa etanoHy, piBHoMy 0, KkopekTHMM Oyage BusHaBaTuCA
BuXigHe 3HadveHHs Big 0 go 0,025, a ana etanoHy, piBHomy 0 -
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3HadeHHsa Big 0,975 po 1. lNMouatkoBwui Habip Bar gns nporpammu
BrainMaker npencrasneHo Ha puc. 3.172, a Ha puc. 3.173 - 3.176
nokasaHi pe3yrnbTaT TECTyBaHHS MEpPEXi.

Edit Network Weights

5.9400 -6.4616 -6.8336
-7.5970 5.4952 -4.4936

6.8216 7.4104 -0.6816

Puc. 3.172. BuxigHa MHOxuMHa Bar ana nporpamun BrainMaker,
OoTpYMaHa 3a [JOMOMOrol FeHEeTUYHOro anropuTMy nporpamu
Evolver.

Uuting Pacts: XOR.fct Learn: 1.88@ Tolerance: 8.100
Fact: 22 Total: 22 Bad: 17 Last: 8 Good: S Last: @ Run: 1
ul Yy

@.08000 Out: 8.3558

u2 Ptn: B8.0000

28.0000

Puc. 3.173. PesynbTaT TecTyBaHHA HEMPOHHOI Mepexi 3 Baramu,

nokasaHumu Ha puc. 3.172, ana u; =0, u,=0i d = 0.
Uclth;z Pacts: Xg:‘.’fct Learn: 1.980 Tolerance: ©.100

Pact: Total: 22 1? Last: @ Good: § Last: 8 Run: 1
ul v

A.0060 Out: B.9915

u2 Ptn: 1.0000

1.8069

Pwuc. 3.174. PesynbTaTt TecTyBaHHS Tiel ) Mepexi ana u; =0, up=1i
d=1.

Waitin, Facts: XOR.fct Learn: 1.888 Tolerance: 8.180
Fact: 22 Total: 22 Bad: 17?7 Last: @ Good: S Last: @ Run: 1
ul y

1.0008 Out: 0.7859

u2 Ptn: 1.08080

0.0000

Pwuc. 3.175. PesynbTaT TecTyBaHHS Tiel ) mepexi and u; = 1, up =0 i
d=1.

Vaitin Facts: XOR.fct Learn: 1.880 Tolerance: 9.180
Fact: 22 Total: 22 Bad: 1?7 Last: @ Good: S Last: @ Run: 1
ul ']

1.0000 Out: 0.3394

u2 Ptn: 0.0000

9.0000

Puc. 3.176. PesynbTaT TecTyBaHHS Tiei X Mepexi ana u; =1, up =11
a=0.
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BuaHo, WO BuXigHi 3HAYeHHA B OMS KOHKPETHUX nap BXOA4iB
aocuTb 6nuabki Ao npuBedeHux Ha puc. 3.115. Mepexa He moxe
BBaXkaTuca HaByeHow. Ha 22 TecTyroumx Bubipkax Tinbkn 5 pasis
peakuia Ha Buxofi 6yna KopekTHoo, a B 17 BMnagkax - NOMUITKOBOLO.
Habip Bar 3 puc. 3.172 6yB oTpumaHui nicnsg 96 «TakTiB»
dyHKUioOHYBaHHSA nporpamu Evolver (wo Bignosigae MeHWw 4um 2
iTepauisM  KNacM4yHOro reHeTU4YHoro anroputmy). PesynbTtatu
HaBYaHHS HEWPOHHOI Mepexi 3 UMMM Baramu Mporpamoro
BrainMaker 3 TonepaHTHicTio Nnoxubku, pieHoto 0,025, npeactaBneHi
Ha puc. 3.177.

luiting 8@:28:13 Facts: XOR.fct Learn: 1.908 Tolerance: ©.825
Fact: 22 Total: 2288 Bad: @ Last: 1 Good: 22 Last: 21 Run: 184
ui v
1.9008 Qut: B.975%
u2 Ptn: 1.0088
8.8e08
Network Progress x
30|
“b-—-— -
8.060 08.580 1.800
9.3835
1Y
B :
0.0159 I
RAuns 1 to 200 shown

Puc. 3.177. PesynbTat HaB4yaHHsA nporpamolri BrainMaker HepoHHOI
Mepexi 3 Baramu, npeactasneHummn Ha puc. 3.144, npu pisHi
TonepaHTHocTi 0,025.

3HauveHHs noxubkn RMS i3 rpadiika LbOro puCyHKa nerko
MOPIBHATU 3i 3Ha4YeHHAM noxmbkm Q Ha puc. 3.115, 3.116 i 3.117.
lMoMiTHO, WO BMXiAHI 3HAYEHHS B ONS KOXHOI napu BXOAiB CUCTEMM
XOR vyknapawTtbcs B rpaHuui  2,5% TonepatHocTi. Mepexa
HaBuyunacs gocuTb WBMAKO - 3a 104 nporoHa (runs). Ha puc. 3.181
npeacTaBneHi Barn HaB4yeHoi mepexi, a Ha puc. 3.177 - 3.180 -
pe3ynbTaTtu il TeCTYBaHHS.
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thiti»g te: XOR.fct Learn: 1.8080 !ohrm\c-. I 025
2  Total: 2288 Bad: @ Last: 1 Good- 2 Last: 21 14
ul v

9.8069 Out: ©.9778

u2 Ptn: 1.9008

1.8000

Pwuc. 3.178. PesynbTaT TeCTyBaHHS HEMPOHHOI MEPEXi, HABYEHOIO
nporpamoto BrainMaker 3 TonepanTHicTio 0,025 (puc. 3.177), ana
=0,u,=1id=1.

uuung Pacts: XOR.fct Learn: 1.808 Tolerance: 8.825
Pact: 22 Total: 2288 Bad: B Last: 1 Goad: 22  Last: 21 Run: 184
ul y

8.8000 Out: 8.8252

us Ptn: 9.0880

Pwuc. 3.179. PesynbtaT TecTyBaHHs Tiei X Mepexi ana u; =0, U, =0 i
d=0.

Udting Pacta: XOII h:t Learn: 1.808 l’ohrmcn 0 025
Pact: 22 Total: 2288 Last: 1 Good: 22 Last 184
ul y

1.0808 Out: B.8227

u2 Ptn: 9.9908

1.0808

Pwuc. 3.180. PesynbTaTt TecTyBaHHS Tiel ) Mepexi ana u; = 1, up= 11
d=0.

CtaHoBUTb iHTepec sicTaBneHHs puc. 3.181 i 3.159, ockinbkn BOHU

BioOMBalOTL HaBYaHHS 3 OAHIEl i TiEHD Xe TONEpPaHTHICTIO, PIBHOK
0,025.
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Edit Network Weights
7.9994 -7.39394 -5.1470 =]
-7.9994 6.8946 -3.8290 B
7.9994 7.9934 -3.8662
<
<] 1 »
[oore

Puc. 3.181. Barnm HeWpoHHOI Mepexi (Npy MOYaTKOBUX 3HAYEHHSX,
nokasaHux Ha puc. 3.172), HaByeHow nporpamoto BrainMaker 3
TonepaHTHicTio 0,025 .

AKWO NpoJOBXUTU HaBYaHHA Mepexi MpU MEHLUOMY 3HaYeHHi
TONEepaHTHOCTI, TO (3a aHarnorieto 3 npuknagom 3.31) MoxHa 3HanuTH
3HayeHHs Bar, wWe 6inbw 6NM3bKMX A0 ONTUMAanbHOrO i MPaKTUYHO
cniBnagatodi 3 nokasaHnmun Hapuc. 3.171.

PosrnsaHemo Tenep edekT HaBYaHHSA HENPOHHOI Mepexi, Lo
peanizye noriyHy cuctemy XOR, 3a [ONOMOrow Tinbku nporpamu
BrainMaker 6e3 3acTocyBaHHsi reHETUYHOIO anropuTmy.

Mpuknap 3.33

HaBuntn 3a ponomoroto nporpamu BrainMaker HenpoHHy
mMepexy, wo peanisye norivHy cuctemy XOR (puc. 3.2) 3
noyaTKOBUMM 3HAYEHHAMM Bar, npeacTtaBrneHumMm Ha puc. 3.112.

MokasaHi Ha puc. 3.112 3HavyeHHsA Bar 3reHepoBaHi BUNaaKOBUM
ynHom. Ha puc. 3.182 ui Baru npeactasneHi y dopmati nporpamu
BrainMaker.
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Eo Notwark Weights

3.1582 -4.5006 -0.3210
1.7150 -2.5636 -2.2872

11

-2.5994 -2,0924 -0.8546

coe

Puc. 3.182. 3reHepoBaHuii BUNAAKOBUM YMHOM BUXiOHWIA Habip Bar
ONsi HEMPOHHOT Mepexi, Wwo peanisye cuctemy XOR.

HelpoHHa wmMepexa 3 UMMKM Baramum He MOXEe BBaXaTuCcs
HaB4yeHow. Pe3ynbTatu il TECTyBaHHA NpMBeLEHi Ha
puc. 3.183 - 3.186.

S " e
BrainMaker Professionsl [XOR.NET} 1Z§%

Fite Edit Operate Parameters Connections E_Iisphy Analyze
Haitin scte: XOR.fet arn: l Qeeo !'olo:-ano-- 8.100
Fact: Total: 22 Bad: 22 Last: @ Goud' Last: 8 Run: 1
ul v

9.8008 Qut: @.1053

u2 Pin: @.¢oea

2.00008

Puc. 3.183. PesynbTaT TeCTyBaHHS HEVMPOHHOI Mepexi 3 Baramu,
nokasaHmmu Ha puc. 3.166, ana u; =0, u,=01i d = 0.

== —=
BrainMaker Protessional [XOR.NET) | B4
File Edit Operate P ters C ions Display Analyze
hiting Pactz: XOR.fct Learn: 1 800 Tolerance: 8. xae
Pact: 22 Total: 22 Bad: 22 Last: 8 Good: Last: @ Run:
ul v
.0808 Out: 8.2998
u% Pta: 1.080800
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Puc. 3.184. PesynbTaT TecTyBaHHs Ti€i )X Mepexi ana u; =0, up=1 i

— - === - o ==
BraioMaker F ional [XOR.NET] N 3
File Edit Operate P ters  C i _(_)isploy Analyze
hiting 99:90:88 Pacts: ROR.fct : 1. m Toloran:c 2. x“
Pact: 22 Total: 22 Bad: 22 Last: 8 Good 8 a Run:
ul ¥
1.8298 OQut: 0.8169
Ptn: 1.00080
8.0008

Puc. 3.185. PesynbTaT TecTyBaHHs Tiei )X Mepexi and uy = 1,u, =0 i
a=1.

BeainMaker Professional {XOR. P 2l

file Edit Operate Parameters Connections Display Analyze
Yaitin Pacts: XOR.fect Learn: 1.880 Tolerance: 8.188
Pact: Total: 22 Bad: 22 Last: @ Good: 8 Last: @ Run: 1
ul v

1.8888 Out: 8.2849

u2 Pen: @.0680

1.0888

Puc. 3.186. PesynbTaT TecTyBaHHS Tiei X Mepexi ana uy = 1, up =1 i
d=0.

MomiTHO, WO BWXigHI 3HA4YeHHs y 30BCIM He BigMNoBiAalTb
etanoHoBi 1, a ana etanoHy 0 BWXIOHI 3HA4YeHHS TakoX He
nonagatotb y rpaHuui 10% TonepaHTHoCT. [nga Bcix 22 TecTyouunx
BMOIPOK OTpMMAHO MOMMITKOBI BUXiOHI CUrHanu. CnouaTky
HaBYaHHSA Mepexi NPOBOAMIIOCS 3 TOMEPAaHTHICTIO NMOXWOKKU, PiBHOIO

0,1. MNMpouec HaBYaHHSA iNCTPYIOTL rpadikn Ha puc. 3.187.

el Las Phole aitmmat N £3
- File Edht Cperate Paramelers Connectiona  Display  Analyze
20:91:51 P HOR. ¥ t Laarn: 1.888 ‘[ulur-nn B 168
;::éni:g Totalt: 4:::‘ Bad : : Lazt: 22 Good: @ Last in
“a.m out: . 7798
u Pen: 1.0880
1.8982
Network Progress AR,
|
_ s S
87156 [— ! T B SR W SE—
Huns 1 1o 200 shown
- s
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Puc. 3.187. NovaTtkoBa cdasa HaB4aHHA nporpamoto BrainMaker
Mepexi 3 Baramu, nokasaHnumu Ha puc. 3.182, npu pisHi
TonepaHTtHocTi 0,1.

Ha puc. 3.188 nokaszaHO 3Ha4yeHHA Bar, siki oTpumaHo nicna 191
NPOroHy (runs) anropuTtmy.

Edit Network Weights

2.4844 -2.6010 2.3560 B

-4.1020 2.0454 -4.1936 .
-3.9162 -1.2708 3.1492

w4

< 1 i

Puc. 3.188. Baru, ski otpumaHo nicns 191 nporoHy anroputmy
HaB4YaHHs nporpamu BrainMaker.

MpoposxeHHsa rpadika 3 puc. 3.187 AEMOHCTPYETbLCA Ha pwuc.
3.189, a noro 3aBepLUeHHS - Ha puc. 3.190.
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“BrsinMaker Professional BROR.NET] | B3
File FEdit Operate Parameters Connections Display Analyze
Trainxng B8:12:96 Pacts: KOR re: Learn: 1.008 Tohnncc- 8.108
Pact: 1§ Tocal: 4511 Bag: 1 Last: 22 Good: ® Last: 8 Run: 286
ul 9
1.0089 Out: 8.3999
u2 Pen: 0.0U08
1.0088
Network Progress x
3oL
)
0.000 8.500 1.000
0.4682
-
- 40 BN =
g
0.4566 <]
Runs 27 10 227 shown
Pwuc. 3.189. lNpogoBxeHHA HaBYaHHs, nokasaHoro Ha puc. 3.187.
BrainMaker Prof 1 | XOR.NET] I_lx
File Edit QOperate Parameters Connections Display Analvz:
iti 16 : XOR. Le : 1.008 Tol a.108
g::::ngZ “‘l':zazg g;'c);s Dadfca Last: S Go::n 22 thtn e;ance un: 399
ul L)
1.60089 Out: 0.9089
u2 Ptn: 1.0808
0.p008
Network Progress X
30f
0|
0.000 0.500 1.000
0.5251
Y
LY
X
A
0.0729
Runs 209 to 409 shown
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Puc. 3.190. 3aBepwanbHa ¢pasa HaB4aHHSA, NOKA3aHOro Ha pwuc.
3.187.

OTpuMaHi 3HadyeHHs Bar HEWPOHHOI Mepexi 3 TONepaHTHICTIo
noxubku, pisHoto 0,1, npeacTtaBneHi Ha puc. 3.191.

Edit Network Weights
-3.9732 4.0196 1.3842 o
-4,4240 4.4940 -2.3730
-6.5294 6.4096 2.9842
v
.1 ¥

Puc. 3.191. Barn HeWpoHHOI Mepexi, HaB4YeHOW Mporpamoro
BrainMaker 3 TonepaHTHicTio 0,1.

MomiTumo, Wwo 3HayveHHa noxmbkm RMS ana uboro Bunagky
(amB. puc. 3.190) pocutb 6GnM3bke [0 3HAYEHHs MNOxXubkn Q)
po3paxoBaHoMy nporpamoto Evolver y npuknagax 3.23 - 3.27 gns
3HaueHb Bar 3 puc. 3.191 (cepeaHbokBagpaTU4Ha Noxmbka
Q = 0,009887). HenpoHHa Mepexa 3 Baramu, NokasaHUMK Ha puC.
3.182, 6yna HaB4yeHa 3 TonepaHTHICTI0 Noxmnbku 0,1 3a 399 nporoHis
anroputmy nporpamu  BrainMaker. PesynbtatM  TecTyBaHHA
cchopMoBaHoi Mepe>+<| npep,CTaBneHl Ha puc. 3.192-3.194.

inMaker Professional pXOR.NET] T_Ix
File Edit Operate Parameters  Connections Display Analyze
Waitin Pacts: XOR.fct :
Fact: 32 Total: 8778  Bad: 8  Last: § oo 25 Pt T i
ul y

A o 14

u n: .

1.0008

Puc. 3.192. PesynbTaT TeCTyBaHHS HEMPOHHOI MEPEXi, HABYEHOIO
nporpamoto BrainMaker 3 TonepaHTHicTio 0,025, ans u; = 0, U>= 11
d=1.
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BralnMaker Professional [XOR.NET] | ES
File Edil Operate Paramelers Conneclions Display Analyze

Waitin Pacts: XOR.fct Learn: 1.888 Yol $
Pact: 32 Total: 8778 Bad: 8  Last: § Coods 227 Lasts 17 hums oes

y
g.aeao gntn: 8.9992
w : 9.0088
9.0009 e

Puc. 3.193. PesynbtaTt TecTyBaHHs Tiei X Mepexi ana u; =0, uo =0
d=0.

BrainMaker Professional [XOR.NET] _[x

File Edit Op P: s C ] Display Analyze
Waitin Pacts: XOR.fet L: S8 NG :
Fact: 32 Total: 8778  Bad: 8  Last: § Good: 22 wla.asz?lfg"'“éu:fggv
ul v

Gl Pen: 8:0008

u tns: )

1.0000

Puc. 3.194. PesynbTat TecTyBaHHS Tiel ) Mepexi ana u; =1, up= 11
d=0.

Onsa BxoagiB u;= 1 i u, = 0 piweHHs npuBegeHo Ha puc. 3.190.
Mepexa Moxe BBaXXaTUCH HAaBYEHOIO, OCKINIbKN B XOAi TECTYBAHHA He
3apeecTpoBaHO MOMMUIKOBMX Bigrykis. [ani HaB4YaHHA Mepexi
MPOAOBXMIOCS 3 TONMEPaHTHICTIO Noxmbku, pisHow 0,025. Micna 510
MPOroHiB OTpUMaHO rpadyikn, ki 306paxeHo Ha pwuc. 4.195, i
3HaJeHHsa Bar, aki npuseaeHi Ha puc. 3.196.
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BeainMsker Protessions! PXORNET] T=IX
File Edit Operate Parameters Connections Display Analyze
Trnining P9:19:42 Pacts: XOR.fet Learn: 1.888 Tolerance: 0 a2s
1 Total: 11199 Bad: 1 Last: 22 Good: B Lest: @ Run: 518
ul v
1.0800 Quet: 8.8281
u?2 Ptn: 9.8068
1.8000
Network Progress x|
3
1
| |
b.00g0 0.500 1.000
0.4950 =
LY
N\
0.0042
Auns 313 10 513 shown
Pwuc. 3.195. Npacpikn, oTpumMaHi Nnpy HAaCTyNMHOMY HaBYaHHi
nporpamoto BrainMaker mepexi 3 Baramu, nokasaHummn Ha puc.
3.191, npwu piBHi TonepaHTHOCTI 0,025.
Edit Network Weights
-5.4356 6.5892 2.5408 i
-6.3300 5.3880 -2.6492 s

-7.9998 7.99%4 4.0712

<1

Puc. 3.196. Baru, oTpumaHi B peaynbTaTi HaACTYMHOrO HaBYaHHS
Mepexi npu piBHi TonepaHTHocTi 0,025 (micna 510 nporoHiB - man.

3.195).
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3HaueHHs1 noxmbkn RMS ans uiei komOiHauii Bar MoXkHa ogepxatu

3 rpacpika Ha pwuc. 3.195. Npu TonepaHTHOCTI Noxubkmn 0,025 mepexa
noraHo nigaasanaca HaB4daHHO, TOMy nicns 4000 NporoHiB piBeHb
TonepaHTHocTI 6yB 36inbweHun ao 0,03. Npadiku i 3HaYeHHs Bar Ha
MOMEHT 3MiHW PiBHSA NOKa3aHO Ha pmc.3.1g=7 i 3.198 BignosigHo.

BrainMaker Profescionsl [XOR.NET] | B3
file Edit Operate P ters C i Disptay Analyze
Training 88:43:83 Pacts: XOR.fct Learn: 1.888 Tolerance: B.825
Pact: 1 Total: 88811 Bad: 11  Last: 22 Good: 8 Last: @ Runt
ul v
o.2eee Que: 9.9687
uZ Ptn: 1.9020
1.0088
Network Progress x
o
0.000 0580 1.000
0.0374 4
£
4
i
Pt 4
Y el B e ¥
Fod
0.9251 = o
Runs 3823 1o 4023 shown

Puc. 3.197. MNpouec HaByaHHA Mepexi 3 TonepaHTHicTio 0,025 nicns

4000 nporoHi..
- Edit Network Welghts

—t———y

-7.9998 7.9994 2.2592
-7.9998 7.8994 -2.6492

-7.9998 7.9994 3.2276

2]
u

444




Puc. 3.198. Baru, gaki otpumadi nicna 4000 nporoHiB HaBYaHHSA
Mepexi 3 TonepaHTHicTio 0,025.

Micna  36inblleHHs  3HA4YeHHs  TONEPaHTHOCTI  BMKOHAHHS
nporpamu gyxe weugko - nicna 402 nporoHis - 3aBepLUMIOCS.
HocarHyTnin edbekT MoxHa cnoctepiratv Ha puc. 3.199, a oTpumaHi
3HaveHHa Bar - Ha puc. 3.200.

BralnMak m.mtmggg = S
File Edit Op P: s i Display Ana!yzc
\hitin 33 Pacts: XOR.fct Learn: 1.800 'I'ehr-m:u 8.8
Pact: 32 Tctal 88558 Bad: 8 Last: 6 Good: 22  Last: 16 Run: 4825
ul y
1.0088 Qut: 9.9708
u2 Ptn: 1.8008
[N
Netwark Progress x
3
0.000 0.500 1.000
0.0374 A
] i
I 1§
1
red
0.025%
Runs 3849 to 4049 shown

Puc. 3.199. lNMpouec HaB4YaHHA Mepexi Ha puc. 3.197 npn 3MiHi
TonepaHTHocTi go 0,03.
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-7.9998 7.9994 2.7424 i

-7.9998 7.9994 -2.6492 o

-7.9998 7.9994 3.5114

<1 1 »
(Cancet ]

Puc. 3.200. Baru, siki oTpymaHi No 3aBepLUeHHi HaBYaHHA Mepexi 3
TonepaHnTHicTio 0,03 (puc. 3.199).

Y peaynbTaTti HaBYaHHSA HEMPOHHOI MepeXxi, Wo pearnisye noriyHy
cuctemy XOR 3 noyaTkoBUMU 3HAYEHHAMW Bar, NpeacTaBNeHnMN Ha
puc. 3.182 i 3.112, 6byna 3HaaeHa we ogHa kombiHauisa Bar, nogidHa
OTPYMaHMM MNpu MiHimi3auii noxmbkui Q 3a AOMNOMOrow nporpamu
Evolver. Y npuHuuni, ccopmoBaHWi Yy MOTOYHOMY npuknagi i
npeactaeneHun Ha pwuc. 3.200 Habip Bar mepexi, HaB4YeHOi 3a
gonomoroto  nporpamu  BrainMaker, BigpisHsieTbca  Big  OBOX
aHanoriyHnx KoMBiHauii «HamKpawmx» Bar i3 npuknaga 3.27 Tinbku
3Hakamn. Hanpuknag, skwo nopisHATK Barn 3 puc. 3.200 3 Baramu,
nokasaHumu Ha puc. 3.117, To MOXHa 3adikcyBaTu, WO Barn Wiy,
Wi, Woq, Woo 3MiHWUITM 3HAKKU Ha rlpOTl/IJ'Ie)KHi, a Barun wsy, Wsp, Wyg, Woo,
W3 MalTb B 000X Bunagkax Ti cami 3Haku, TOOTO Way i W
3anMWnNnCs Big'EMHUMWN, @ Wsp, Wig, W3 - JoOaTHUMKU. PedynbTatn
TecTyBaHHSA ccpopmoBaHoi mepexi (3 Baramm Ha puc. 3.200) gns
BxogiB u; = 1i U, = 0 npuBegeHo Ha puc. 3.199. [Ina napu Bxoais
U; = 01 Upx = 1 3HAYEHHS ¥ 3anUIMIIOCS HE3MIHHUM, TOBTO PiBHUM
0,9700.

Onau=0iu,=0,aTakox ana u; = 1 i u, = 1 BUXigHE 3HAYEHHSA ¥
popisHioe 0,0301.

PosrnaHyTi npuknagm inocTpytoTe ribpngHuii nigxig, 3acHoBaHun
Ha ob'eQHaHHI OBOX pi3HMX METOAIB - 2eHemu4yHo20 ansopummy i
epadieHmHo20 mMemody Hag4yaHHs 8a2 HeUpPOHHOI Mepexi, BiAOMOro
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3a Ha3BOK 3BOPOTHOMO MOLUMPEHHSA MOXMOKW. Y npuknagi 3.27 gns
HaBYaHHS HEMPOHHOT MepeXi 3aCTOCOBYBABCS FrEHETUYHUIN anropuTm
nporpamu Evolver. lMicna 40000 «TakTiB» (QYHKUIOHYBAHHS LIbOrO
anropuTtmy (wo eignosigae 800 NOKOMNIHHAM KNaCM4YHOro reHeTUYHOro
anroputmy) otTpumMaHo 6nu3bke O onTMManbHOro piweHHs. OgHak,
Ak nokasyTb npuknagn 3.30 i 3.31, uen pesynbTar MOXHa Lie
NONINWMWTM 3a PaxyHOK «AOHABYaHHS» 3a OOMOMOIOK rpafgieHTHOro
anropuTmy.

Mpuknagm 3.31 i 3.32 npencrtaBnsAoTe TUNOBMK CMOCIO Takoro
ribpnaHoro niaxody, KOMW TFEHETUYHWIA anropuTM 3aCTOCOBYETHCS
TiNbKM 4na BMOOpy NoyaTkoBOi TOYKM (y OAHOMY BUNAAKY - BUXiAHOT
MHOXWMHW Bar) Ans rpagieHtHoro Metody. Y npuknagi  3.31
reHeTUYHUA anropuTM (PyHKUiOHYBaB AoBLUe, HiX y npuknagi 3.32,
TOMY MoYaTKOBa TOYKa ANsl METOAY 3BOPOTHOMO MOLUMPEHHS NMOXUOKM
B npuknagi 3.32 3HaxoauTbCsi Ha Oinbliin BiagcTaHi Big TOYKM
ONTMMarnbHOrO PilleHHs, YiM Y npuknagi 3.31. BapTo 3BepHyTH yBary
Ha aKT, WO TpMBaniCTb «4OHABYAHHS» HE Ma€E BEJNMMKOrO 3HAYEHHS.
[pagieHTHUIN anropuTM BUMKOHYETBLCA LUIBUALLE FTEHETUYHOrO, TOMY LLO
B OCTaHHbOMY nepeabavaeTbCcs nepernsag yciei nonynauii MoXnuBmx
piLLEHb.

Y npuknagi  3.33 NpoO4EMOHCTPOBAHO CMOCIO  HaB4YaHHSA
HEMPOHHOT MepeXi MeTOAOM 3BOPOTHOrO MOLUMPEHHS MOXMOKK
(nporpama BrainMaker). OTpymaHui pe3synbtaT BUSBMBCS e BinbLu
OnM3bknM OO  ONTMMAarnbHOrO, YUM MPU  BUKOPUCTaHHI  TiNbKu
reHetTuyHoro anroputmy (npuknag 3.30). OpHak  HeobXxigHO
nigkpecnuTy, LWo rpagieHTHUA MeToAd He 3aBxau npuBoauTb [0
OOCSArHEHHS OYiKyBaHOro pesynbTaTty, Lo 3anexuTb Big no4YaTkoBoOil
TOYkM. [pn iHWOMY, 3reHepoBaHOi BMMALKOBMM YMHOM BUXiOHOT
MHOXWMHW Bar Mepexa MOXe BUSBUTUCA «HEHaBYEHOW», Lo
3ycTpiYaeTbcs AOCUTb YacTo. Kpim Toro, npuHUUNOBMM HenorikoM
rpagieHTHMX MEeTOAIB BUSBMSETLCA IX «3aTBEPAiBaHHAY Y NTOKanbHUX
ontumymax. Lle MoxHa 3anobirtu 3acTOCYBaHHAM TE€HETUYHOrO
anropuTMy - TiNbKA Ans TOro, Wwob 3HaNTM $Ky-HeOyOb TOMKY,
HacTinbkn ONU3bKy [0 rnobanbHOro ONTUMYMY, LWO TpagiEHTHWUIA
anropuTM npu cTapTi 3 Ui€El TOYKM He «3acTpsrHe» Hi B AKOMY
nokanbHOMY ONTUMYMi i LWBUAKO 3Hanae rnobanbHe pilleHHs.

Y po3rnsHyTMX nNpuKnagax BUKOPUCTOBYBABCH TEeHETUYHUN
(eBomouiviiun) anroputm nporpamu  Evolver. 3BuyaviHo, ans
OOCSITHEHHS TUX X Uinen moxHa 6yno 6 3actocoByBaTtu i nporpamy
FlexTool, wo gonyckae Takum xe iHTepBan 3MiHM 3HayeHb Bar Big -7
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0o 8, sk i nporpama BrainMaker. [1na Bubopy BMXigHOT MHOXWHM Bar
HENPOHHOI Mepexi TakoX npuAaaTHi W iHWI peanisauil reHeTU4Horo
(eBonoUIHOIO) anropuTmy.

3.21.2. Nporpama GTO

Mporpama GTO (Genetic Training Option - Pexum FeHeTn4HOro
HasuaHHA) B3aemogaie 3 nporpamoto BrainMaker. Y Hii peanizoBaHo
€BOSOUIMHMIA anropuTM i3 BIAMOBIAHO BM3HAYEeHWMUW onepaTopamMmmu
MyTauii i cxpewyBaHHs. MyTtauis 3MiHIOE 3Ha4YeHHs Bar 0bOpaHoro
HEMpoHa, a CXpeLLyBaHHS nonsirae B 0OMiHi Bar 06paHuX HEMpPOHIB Y
napu 6atbkiB. Hanpuknag, Ans HEMpoOHHOI Mepexi, 306paxeHoi Ha
puc. 3.11, mMOxHa ogepxaTu Hawafka, WO Mae Barm nepLioro
HeWpoHa, ycnagkoBaHi Big nepworo 6artbka, i Barym [pyroro i
TPETbOro HEeMpoHiB - Big4 Apyroro 6artbka. BupaxeHi y BigcoTkax
NMoKasHWKM MmyTauii (mutation rate) i cxpelwtyBaHHsa (crossover rate)
BM3HAYalTb KiMbKICTb HEWpOoHiB, WO niggaersca MmyTauii abo
CXpeLlyBaHHIO. KopucTyBay TakOX MOXEe BBECTU  3HAYEHHs
[OoOaTKOBUX NapaMeTpiB CxpeLlyBaHHA i MyTauii. BoHW BigHOCATbLCSA
00 TaKk HasuMBaHOIro MOBHOMO CXpellyBaHHA abo OO0 BU3HAYEeHUX
byHKLiM po3noginy NOKasHUKIB CXpeLLyBaHHs i/abo myTauii.

Mpuknap 3.34

3actocyBatn nporpamy GTO ans HEWpOHHOI Mepexi, Lo
peaniszye noriyvHy cuctemy XOR (puc. 3.11) 3 nodyaTkoBMMU
3Ha4YeHHAMM Bar, npeactasneHMMn Ha puc. 3.182, wo nicnga
HaB4YaHHs nporpamoto BrainMaker 3 TonepaHTHICTIO MOXMOKM,
pisHoto 0,1 (npuknag 3.33) mae Baru, SKi npedcTaBneHoO Ha puc.
3.191.

Yci napameTtpu nporpamu GTO manu 3HayeHHs, SKi yCTaHOBMNEHO
3a 3amoB4YyBaHHsM. 3okpema, nepegbadyanocs HaBYaHHS KOXHOI
mepexi nporpamoto BrainMaker nportarom 100 nporoniB (runs) i
3MmiHOoto 30 nokoniHb. [Ons OUuiHKM MPUCTOCOBAHOCTI  Mepexi
BMKOPMCTOBYBANUCS pe3ynbTaTu SK HaBYaHHSA i TECTYBaHHS BXe
HaB4YeHoi Mepexi. okasHuKkM MyTauii i cxpellyBaHHA Oynu piBHi
gignosigHo 10 i 50. Le osHauvae, wo 50% ycix HENMPOHIB Mepexi
niggaBanocs cxpewyBaHHo, a 10% - myTauii. Takox npunmanocs,
WO BCi HEWPOHW, WO CXpeLlLyrTbcs, nigaatTbCa  MOBHOMY
CXpeLLyBaHHI0, TOOTO HalladoK yCrnagkoBYe YCi Barm HeWpoHa Big
apyroro ©Oatbka. Kpim Toro, yci nmigndratodi mMyTtauii  HEAPOHM
MyTuUpoBanu BiAnosigHO Ao posnoAiny Maycca 3 nokasHukom 0,25.
Lle osHavae, Wwo QOO0 Barm [JopaBanacs [geska BenuuuHa, LWo
Bubupanacs no po3noginy [laycca. Ak KpuTepii OUiHIOBaHHS
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HalwlagkiB 3actocoByBaBcs max{1l - RMS}, ne RMS (takox, sk i B
npuknagi 3.31) os3HayaB noxubKy, po3paxoBaHy $K KBagpaTHWUM
KOpiHb i3 CymMmn KBagpaTiB Pi3HOCTEN MiX 3adaHuUM (€TanoHHUM) i
BUXiAHUM 3HAYeHHsIM, OiNEeHWA Ha KinbKICTb eTanoHiB. Y pesynbTari
BMKOHaHHs nporpamm GTO npu ii B3aemodii 3 nporpamoro
BrainMaker po3paxoBaHO 3HauYeHHsi 3a3Ha4yeHol BULLLE MOXMOKKM OIS
KOHKPETHUX MepeX, $SKi  ynopsakoBaHi B NOPAAKY  iXHbOro
3MeHLUEHHs, TOBTO BiA «HaMKpaLLoi» Mepexi A0 «HaWripwoi» (puc.
3.201).

Genetic Training Option | E3
File Genetics
Genetic Training Network Quality x

8.9133  0.83009
8.9139 0.3009
0.3139  0.%009
0.3117 0.3008
0.9117 0.9009
0.8117 0.9009
0.3088 8.9009
0.3089 0.9009
0.3086
0.9086
0.3068
0.9054
0.9043
8.3037
0.3028
0.5024
0.3023
2.9017
£.9009
6.9009
0.9068
0.3008

Puc. 3.201. Cnncok HEMPOHHUX MepeX, CHOPMOBaAHMX MPOrpamoro
GTO gns npuknaga 3.34 i ynopsgkoBaHUX Y MOCMIQOBHOCTI Bif
«HaMKpaLLloi» 40 «HaWripLoi».

Harkpawoto 3 30 ccpopmoBaHux nporpamod GTO HeMpoHHMX
MepeXx 3i CTPYKTYpOlo, nokasaHow Ha puc. 3.11, BusiBunaca mepexa,
ans dkoi 3HadeHHs max{1 - RMS} pgopisHioBano 0,9139. 3HaueHHs
Bar uiel mepexi npegcrtaBneHi Ha puc. 3.202, a pesynbTatm ii
TecTyBaHHA nporpamoto BrainMaker - Ha puc. 3.203 - 3.206.
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-3.8810 4.1864 2.0666
-4.2524 45806 -2.7062

-6.8992 6.7576 3.3030

1»

41

(o] (o]

Puc. 3.202. Baru HelipoHHOT Mepexi, o peanidye cuctemy XOR, ski
oTpumaHi nporpamoto GTO (npuknag 3.34).

——
L

Eiie Edit Operate Parameters Connections Display Analyze

aker Profcssional [GTORDT.NET] =

s .fct Learn: 1.800 Tolerance: 9.198
e ”g‘ndfcﬂ Last: @ Good: 22 Last: @ Run: 1

Waitin

Fact: 32 Total: 22

ul y
9.0000 Out: 0.8833
u2 Ptn: 0.6060
0.0808

Puc. 3.203. Pe3synbTaT TecTyBaHHsi cdoopMoBaHoto nporpamoto GTO
HENPOHHOT MepeXxi 3 Baramu, nokasaHnmm Ha puc. 3.202, ansa u; = 0,

Up = 0id=0.

TR BrainMaker Professidnal [GT0081.NET] : S E
File Edit Operate Parameters Connections Display Analyze
Waitin Facts: XOR.fct Learn: 1.880 Tolerance: 0.108
Pact: 22 Total: 22 Bad: @ Last: @ Good: 22 Last: @ Run: 1
ul y

a.0068 Out: 0.9@68

u2 Ptn: 1.

1.0009

Puc. 3.204. Pe3ynbTaT TeCTyBaHHs Ti€i )X Mepexi ond uy =0, Up = 11

d=1.
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BralnMaker Professional [GTOBB.NET] T_Ix

Fite Edit Operate Parameters Connections Display Analyze

Uaiting Pacts: KOR.fct Learn: 1.808 Tolerance: 8.100
Pact: 22 Total: 22 Bad: @ Last: @ Good: 22 Last: @ Run: 1
ul v

1.0008 Qut: B8.9124

u2 Ptn: 1.0000

9.6008

Puc. 3.205. PesynbTaT TecTyBaHHS Tiei )X Mepexi ana u; =1, up=0 i
d=1.

3 ‘BrainMaker Professiona! [ETO00T.NET} [.]x
File Edit Operate Par s C ctions Display Analyze
Vaiting Pacts: XOR.fct Learn: 1.8908 Tolerance: 9.198
Pact: 22 Total: 22 Bad: 8 Last: @ Good: 22 Last: @ Run: 1
ul v

1.20008 Out: 9.8809

u2 Ptn: @.8908

1.8888

Puc. 3.206. PesynbTtat TecTyBaHHA Tiei ) mepexi ana u; =1, up=11i
d=0.

MoMiTMMO, WO 3HayeHHss noxmbkm Q, WO pPO3PaxOBYETLCS
nporpamoto Evolver, ona mepexi 3 Baramu, nokasaHUMW Ha puc.
3.202, popieHoe 0,007451. Ls noxmbka MeHWwa 3HaveHHs Q,
pospaxoBaHoOro ans mepexi 3 npuknaga 3.33 (Barm avB. Ha pwuc.
3.191). 3Bu4yariHo, HOBa Mepexa HeHabaraTo Kpawa Mepexi 3
npuknaga 3.33. Tenep BapTo 3HOBY 3acTtocyBaTu nporpamy
BrainMaker ansi nepeBipku - 4 MOXHa MOMIMNWUTL XapakTepUCTUKU
Mepexi, OoTpumaHoi B pe3ynbTaTi BUKOHaHHA nporpamu GTO.
OueBnaHo, Wo cnpoba AoHaBYaHHS L€l Mepexi 3 TonepaHTHICTIo
noxubkn 0,1 Hidoro He 3MiHMTL. OpgHak npu 3aBOaHHI  piBHSA
TonepaHTHocTi 0,025 mMn ogepXyemo npouec, nokasaHUnW Ha puc.
3.207 i 3Ha4eHHs Bar, aki npeacTtasneHi Ha puc. 3.208.
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; “BrainMaket Professions) [GTODR1.NET] =%
File Edit Operate P s C 1] Display Analyze
Hnitln 90:98:14 Facts: Learn: 1.068 Tolcmc- a.825
Fact: g! Total: 2208 Bad: 22 Last: 22 Good: © Last Run: 180
ul y
1.b008 Out: 8.97209
u2 Pen: 1.8808
8,000¢
Network Progress %
30
9
0.000 0.500 1.000
1.0000
0.008
Runs 1 to 200 shown
Puc. 3.207. T[lpouec HaBYaHHA HEWPOHHOI Mepexi, HAKUK
cdopmoBaHo nporpamoto  GTO,  3gificHOBaHWIA  NpOrpamoro
BralnMaker 3 TOJ'IepaHTHICTIO 0,025.
T e mnmww
-6.0030 6.4482 3.3986 ks
-6.2908 5.4844 -2.6274 -

-7.9998 7.99394 4.0286
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Puc. 3.208. Baru, oTpumaHi B pesynbTati ribpnaHOro HaB4YaHHS
mMepexi nporpamamu BrainMaker, GTO i noeTopHo BrainMaker.

BuxigHe 3HayeHHsa B ons uy = 1§ uo = 0 TakoX NpuBegeHo Ha puc.
3.207.

Mpuknag 3.34 intocTpye HactynHe o6'egHaHHA TpaauuUinHOro
(rpapieHTHOro) anropMTMy HaB4YaHHS, peani3oBaHOro B Nporpai
BrainMaker, 3 reHeTu4Hum anroputmom nporpamu GTO:

1) HaBYaHHSI HEMPOHHOI Mepexi nporpamoto BrainMaker;

2) 3acTocyBaHHs nporpamu GTO go Mepexi, HaB4eHoi B n.1;

3) NPOAOBXEHHS HaBYaHHS HaWKpaLloi Mepexi, oTpumaHoi B Nn.2,
nporpamoto BrainMaker;

Cnig 3a3HaunTy, WO N.2 NpUNycKae BUKOPUCTAHHSA K TEHETUYHOTO
anroputmy nporpamm GTO, Tak i BignoBigHOT npoueaypu nporpamm
BrainMaker, sika Buknumkaetbcs nporpamoto GTO.

MoxxHa 3anponoHyBaTu 1 iHWWA Nigxia:

1) BukopucTtaHHa nporpamu BrainMaker Tinbku ans dopmyBaHHs
MepeXi 3i 3HayeHHsaMM Bar, obupaHMMn BUNagKoBMM YMHOM;

2) 3actocyBaHHga nporpamm GTO ans nowwyky Harkpalux Bar;

3) 3acTocyBaHHs nporpamu BrainMaker onsi 3aBepLUeHHSI HAaBYaHHS.

Opyrui nigxig 3acHoBaHun Ha obpobui nporpamoto GTO mepexi
3 BUNALKOBUMM 3HAYeHHAMM Bar. [Mpu BigKNOYEHHi onuil HaB4YaHHSA
KOXHOI 3HOBY bopmoOBaHOi Mepexi nporpamoto BrainMaker
nporpama GTO Buknukae Ti TiNbkn ANs TeCTyBaHHA Mepexi. Y
noganblIoMy Halkpawa 3i CTBOPEHUX Yy Takui cnocib mepex
«doHaByaeTbca» nporpamoto BrainMaker (n. 3). Taka metoguka
nogibHa BukopucToByBamwincsa B npuknagax 3.31 i 3.32 - cnovatky
BUKOHYETbCHA TEHETUYHUA, a noTiM - TpaguUinHUW anropuTm
HaB4aHHs. Y nporpami GTO gooaTKOBO MOXIMBE HaBYaHHS KOXKHOI
3HOBY cchOpMOBaHOI Mepexi (Hawagka) 3a BM3HAYEHY KinbKiCTb
MPOroHiB 3 HacTynHUM ii TecTyBaHHAM. Lle npuknag nigxogy, wo
CKNagaeTbCad B «dOHABYaHHI» HEWPOHHUX Mepex TpaguuinHum
(3okpema, rpagieHTHUM) MeTOAOM Lopas nepeq OLUiHIOBaHHAM
npucrtocoBaHocTi. [lporpama GTO TakoX Hagae MOXIIMBICTb
BMOpaTM OOWH 3 OEeKiNbKOX KPUTEPIIB OLiHIOBAHHS HEMPOHHUX MEpeXx
(dbyHKUiO TXHBOI MPUCTOCOBAHOCTI). PilleHHs npo 3acTocyBaHHSA
OLHOrO 3 [BOX PO3rMsAHYTMX ribpvaHuX nigxodiB [o  CRinbHOro
3actocyBaHHa nporpam GTO i BrainMaker 3anexutb Big
nocTaBneHoi 3agadi i, K MpaBuIio, NPUAMAaETLCA MeTogoM npob i
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NOMUAOK. [pakTUYHO HEMOXIMBO anpiopHO OUIHUTWU - AKWA Nigxig
BUABUTBLCS KpaLMM A5l KOHKPETHOT 3agadi.

CTOCOBHO [0 HEWpPOHHOI Mepexi, Mpu3HadeHoi Ans peanisadii
noriyHoi  cuctemn XOR, Hankpawli pesynbtatm MoxHa 6yno 6
odikyBaTW Bif 3acTocyBaHHS gpyroro nigxoay. OgHak 3 ypaxyBaHHAM
obmexeHoro obcary uiei pobotm mMu He 6Gymemo posrnsgatu
000aTKOBI MpUKNaguW, WO OEeMOHCTPYKTb Pi3Hi MOXIMUBOCTI MOro
peanisauii 3 BukopuctaHHsaM nporpamu GTO.

Hanbinbw Baxnuei 3ayBadkeHHs LWO[0 ribpugHoro nigxody, WO
CKrnagaetbcsi B 00'eQHaHHIi reHEeTUYHOro anropuTMy 3 rpagi€EHTHUM
METOAOM HaBYaHHSA HeWpOoHHMX Mepex (nporpama BrainMaker)
npeactaeneHi B n. 3.21.1. MNporpama GTO sBnse coboto npuknag
piBHOMpaBHOro 06'egHaHHs 060X MeToAiB, NPWU SIKOMY BiAMOBIAHO A0
TMnoBoro uwmkny esontouii (n. 3.20.7) npucTtocoBaHiCTb ocoben
nonynsuii pO3paxoBYETbCA reHeTUYHUM anropuTMoM 3a
pesynbTaTaMn HaBYaHHA HEWPOHHMX Mepex. ICHyBaHHS Takoi
nporpamu, sk GTO, nigTBepaXXye MNpaKkTUYHE 3aCTOCYBaHHS
ribpmgHoro nigxoAy, LWo NOeaHye OOCTOIHCTBA ABOX OMTMMI3aLUinHUX
METOAiB: TFEeHETUYHOro anroputMy, LO JNEerko 3HaxoouTb TOYKY,
6rn3bKky 4O ONTUMAanbHOrO PIeHHS, i TPagieHTHOro anropuTmy, Lo
CTapTye 3i 3HangeHoi TOYKM | LBMAOKO NpMBOAUTL OO AiNCHOro
ONTUMyMY.

3.22. 3acTtocyBaHHA A ona aBTOMaTU4HOI
reHepadii TecTiB

Mpn po3pobui i cynpoBodi nporpamMHoro 3abe3neyeHHs, 3HayHa
YacTMHa 3YyCWIlb BUTPAYaETbCSA Ha MOLWYK i YCYHEHHS MOMWIIOK.
HannowwmpeHiwmrm mMeToaoM MOoLyKy NOMUIIOK € TeCTyBaHHHA, TOBTO
npouec BMKOHAHHA MporpaMm 3 MeTOH BUSIBMEHHS MOMMUIIOK. TyT
CMNOBO «Mnporpama» po3yMIieTbCA B LUMPOKOMY 3MICTi, K OyOb-sKui
3anuc anroputMy. 30Kpema, rpogpamamu € OKpeMi rnpouedypu,
QyHkKyii, krnacu i m.d. lpouec TeCcTyBaHHS BKIHOYAE BUKOHAHHS
gesikoro Habopy TecTiB | aHamia oTpumaHux pesyrnbTarTiB.
Tecm - ue nocnidosHicmb 38epmaHb 00 mecmupyeMol npozpamul.
Pe3ynbmamom 8uKkoHaHHSI mecmy € pileHHs (8epdukm) npo me,
4yu eidpobuna npozpama KOpeKkmHO abo HekopeKmHo. OCHOBHOM
XapaKTepuCTUKOK TEeCTOBOro Habopy, WO BW3HA4Ya€E SKiCTb
TECTYBaHHSA, € Krnac MOXNMBMX MOMUIIOK Y nporpami, SKnMin AaHun
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TecToBUM Habip 3pgaTHWA 3HaAWTU. [Na KifbKICHOT OUIHKM SIKOCTI
TECTYBaHHA  BMKOPWUCTOBYIOTbCS  Pi3HI  Mempuku  mecmogozo
nokpummsi. Ona sikicHo2o mecmyeaHHs1 HeobXxigHO nobyayeaTu
nosHuli mecmosutli Habip, To06TO Habip, WO 3a40BOSIbLHSE AESKOMY
Kpumepiesi noeHomu. Han4acTiwe KpuTepin NOBHOTU A4Sl TECTOBOrO
Habopy BM3HavaloTb Yepes3 rpaHMyHe 3HaYEHHS METPUKU TECTOBOro
nokputTa. [MobygoBa nNoBHOro TecToBOoro Habopy AN BENUKUX
CUCTEM BpYYHY MOXe OyTM BKpan TPYOOMICTKOW 3ajadyelo.
ABTOMaTM3auis LbOro npoLecy A03BONSAE iCTOTHO 3HU3UTU BUTPaTU
Ha TecTyBaHHsA. ICHYIOTb pi3Hi nigxogM [0 pilleHHa 3agadi
asmomamuyHoi 2eHepauii mecmig. OOuUH 3 HWX 3aCHOBaHMN Ha
3aCTOCyBaHHi reHeTUYHMX anroputMmiB. Ller nigxig y ©aratbox
BUNagKkax fae rapHi pesynbtatn. Ha »xanb, MOoro egekTUBHICTb
iCTOTHO 3aneXuTb BiJ BMKOPUCTOBYBAHOMO KpuTepito NoBHOTU. Llinb
[aHoro posginy - npoaHanizyBaTu OesiKi LUMPOKO PO3MNOBCHAXKEHI
KpuTepii MOBHOTU TECTOBOro Habopy Ha iXHK 3aCTOCOBHICTb MNpu
BMKOPUCTaHHI FEHETUYHNX anropuTMiB Ans reHepadii TecTis.

OcCHOBHi NOHATTSA

FeHemuy4Hi anzopummu

AK MW 3HAEMO, reHEeTUYHI anropuTMmM - Lie METOA pilleHHs 3agad
onTumisadii. Y MeTodi BUKOPUCTOBYIOTBCA iAel, noyepnHyTi 3
eBOrouiHOT Bionorii: cnagkyBaHHA O3HaK, MyTauis, NPUPOAHWUN
BiOoGip i kpocoBep. BnsHayaeTbCa MHOXWHA KaHOWOATIB, cepen AKuX
LIyKaeTbCa pileHHs 3apadvi. KaHgngatn npencraBnaioTbes Yy BUAi
cnuckis, Aepes abo iHWKMX CTPYKTYp AaHux. 3aranbHa cxema poboTu
reHeTMYHOro anropuTMy [oknagHo Oyra onucaHa B MOYATKOBUX
po3sginax Lboro BUAAHHS.

"eHeTnYHi anropnTMun 0O3BONAOTL BUPILYBATU 3adadi, ANa AKUX
He 3aCTOCOBHiI TpaguuiiHi meTogn onTumisauii. OgHieto 3 obnacrten
3aCTOCYBaHHSA FEHETUYHUX anropuTMiB € asmomamuyHa 2eHepauis
mecmig 0515 npogpamMHo20 3abe3reYeHHs.

Kpumepii noeHomu mecmogozo rnokpummsi
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[ns TectyBaHHA nporpaMHoro 3abeanedyeHHs NoTpibHO CTBOPUTU
penpe3eHmamusHull Habip mecmig, TO6TO Habip, O OXONMOE BCi
MOXIMBI cueHapii poboTn cucteMu. [Ins OUiHKM penpe3eHTaTUBHOCTI
TecToBUX HabopiB BUKOPUCTOBYIOTLCA pPi3HI  KpUTEpii MNOBHOTK
TECTOBOrO MOKPUTTS.

Hexain P - MHOXMHa nporpamHux cuctem, T - MHOXMHA TecCTiB, a
2 - MHOXWHa TeCcTOBMX HabopiB, TOOTO MHOXWHA YCiX KiHLEBMX
nigMHOXWMH MHOXMHM T. Topgi 3agaya reHepadii TecTiB Moxe 0yTu
cchopMynboBaHa B Takui cnocib: 159 3adaHoi mecmyemoi cucmemu

SE P nobydysamu mecmosuti Habip JEE, wo 3ad080sIbHSIE
3ad0aHoMy  Kpumepiegi  mosHOmMuU  Mecmoso20  oKpUMMs
F Pxl—{e 1}

F(S.a)=

mobmo makuli Habip <, dna skozo

Barato kpuTepiiB MOBHOTM TECTOBOrO MOKPUTTH, LWO MakTb
npakTU4yHe 3acToCyBaHHSA, OyayloTbCA 3a HaCTYMHOK CXEeMOK: Ans
TECTYEMOI cucteMum S KpuTepinl F BU3HAYaE MHOXMHY EIeMEHTIB

TECTOBOIO MOKPUTTSH QSF . EnemeHmom mecmogoeo rnokpummsi
MOXHa 8eaxkamu Oesikul knac noditi, wjo Moxyme 8idbymucsi 8 xo0i
pobomu mecmyemoi rnpoepamHoi cucmemu. o nosiBi B NpoLECi
BMKOHaHHSI MpOrpamMu eneMeHTiB TeCTOBOro MOKPUTTS i Pi3HUX iXHiX
koMOiHaLii MOXHa CyauTM MpPO MOBHOTY abo SAKiCTb nepeBipku, Lo
BMKOHYE [JdaHum TecToBMM Habip. Hanpuknag, enemeHTamu
TECTOBOIO MOKPUTTA MOXYTb OyTW pAOKM BUXIQHOTO KOAy, LLO
BMKOHYIOTbCS, (BiANOBIAHI NoAisgM IXHBOro BUKOHaHHSA); pebpa rpada
MOTOKY KepyBaHHS; LNAXM B rpadi MNOTOKY KepyBaHHS; mMOriyHi
BMpa3un, Wo 3ycTpivaTbca Yy BuxigHomy kogi i 1.n. Kpim Toro,

KpUTepit F BU3HAYa@E NOriuHy dyHKuio J QSFXT_}{' L}, wo

npuiMae 3Ha4eHHs Jlg.t)= , IKLLO eneMeHT TeCTOBOro NOKpPUTTH
g nokpmBaeTbcs Tectom t TectoBum Habip ¢ ans cuctemmn S
3a[J0BOJSIbHSE KPUTEPIEBI MOBHOTM TECTOBOrO MOKPUTTA F, sKWoO

F
KOXEeH eJieMeHT TeCTOBOIro nokKputtd 3 MHOXWHU Qs NOKpPMBAETbCA
xo4ya 6 0gHMM TECTOM 3 TECTOBOrO Ha6opy 0. [HWumMn cnosamu:
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Py ai=V¥gell Fea flg,8= )

MpuBegeMo kinbka npuknagis KpuUTepiiB MOBHOTW, LLO 3ragyloTbCs
4yacTo, TECTOBOIO MOKPUTTS:

. KOXXEH onepaTtop Yy BUXiGHOMY KOAiI BUKOHYETLCHA xo4a 6 oauH
pas;
o KOXHa rinka rpadgpa NoToKy KepyBaHHS BWKOHYETbCS xoya 6
OOWH pas;
e KOXEH LUNsAX rpada NOTOKY KepyBaHHS BUKOHYETbCH xoya 6
OAVH pas;
® KOXHWW NOriYHUA BMpas xova 6 oamH pa3 ob4uMcnoeTbea 3i
3HaYeHHAM «iCTMHa» i xo4a 6 OfWH pas - 3i 3Ha4YEeHHsIM «HenpaBaay;
e TecToBuWI Habip ybrnBae BCix MyTaHTIB i3 3agaHoro Habopy.

MomiTmMo, WO BCi KpuTepil, npuBeaeHi AK npuknaau,
Bi4NOBiIOalOTb paHille BUKNAAEHIN cxeMmi.

Mempuku mecmoegozo nokpummsi

3 Baratbma KpuUTEpisMX MOBHOTW TECTOBOrO MOKPUTTS MOXHa
3B'A3aTM  BIONOBIAHY METPUKY TecToBOro nokputtda. MeTpuka

TECTOBOrO MOKPUTTS - Ue QyHKuia Bugy A Fx I — & . 3Ha4yeHHs

uiei dpymkuii M (S, &) mae ceHC YMCNOBOI OLHKM TOrO, HacKinbKy
aobpe TectoBuM Habip O nokpusae TecTyemy cuctemy S. Cam

KpuUTepin Npu LbOMY MOXHa 3anucaTtu y BUfi M5, a) =y, e

s - L|e MiHiManbHe rpaHnyHe 3HaveHHst MeTpukn M ans TecTyemoi
cuctemun S. 3okpema, Ans KpuTepid NOBHOTM TECTOBOro NOKpUTTS F,
npeacTaBMmoro y Bugi (*), MOXXHa BBECTU HACTYMHY METPUKY:

MF':S:-J:':HQ’EQ;r:El-fEJ:f{qa-f:‘:'}| (%)

Cam kpuTepint npy LbOMY NpUnme BUA:
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g €@z e o flag,0)="}2C; |

Y peskux Bunagkax, Konu He BAaeTbcs nobygyeBaTyu TECTOBUM
Habip, WO 3a40BOMbLHSE TaKOMYy KPUTEPIEBI MOBHOTM TECTOBOIrO
MOKPUTTH, MOXHa BUKOPUCTOBYBATM OCnabneHuni kputepin:

[lgeQs e flgn=}2 20| ()

Mapametp A € (0, 1] ykasye, sika yacTka enemeHTiB TecToBOro
MOKPUTTA  MOBMHHA  OYTM  nokpuTa  TECTOBUM  HaBopowm.
MpuBegeMo Kinbka npuknagiB MeTPUK TECTOBOrO MOKPUTTH, LWO
3raflyloThCs 4acTo:

e KiNbKICTb MOKPUTUX (BMKOHaHMX xo4a © oguH pas)
onepaTopiB y BUXiAHOMY KOAi;

®  KiNbKIiCTb NOKPUTUX FiNOK rpadya NOTOKY KepyBaHHS;

®  KiNbKICTb NOKPUTUX LUNSAXIB rpadha NOTOKY KepyBaHHS;

e KINbKICTb pO3Ni3HAaHWX MyTaHTIB (BepcCii  TecTMpyeEMOi
CUCTEMMU 3i LUTYYHO NPUBHECEHUMU NMOMUIIKaMK).

Yci ui meTpukM MoXyTb Oyt npegctaeneHi y Bugi (™).
JoknagHuin onnc uux i iHWWX, BUKOPUCTOBYBAHWX Ha MpakTuuj,
METPUK NOBHOTU TECTOBOTO MOKPUTTS MOXHa 3HaUTK B niTepaTypi.

FeHeTUYHMIM anropuTM reHepakdii TecTiB
PosrnaHemo HacTynHy 3agadvy reHepadii TecTiB:

3apauva 1. [na 3agaHoi TecToBOi cuctemn S nobygysatu
TECTOBMIN Habip (T = Il , WO 3a00BOMbHSIE KPUTEPIEBI (***).

[Ona nobygoBM reHEeTUYHOro anropuTtMy PpilLEeHHS Uuiel 3agadi
HeobXigHO BU3HAYUTW:

e MHOXWHY KaHaMaaTis;
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CTPYKTYpY NpeacTaBneHHs KaHAMAATIB;
OYHKLIO, sIKa OLHIOE (OLIHIOETLCA);
onepaTop KpocoBepa;

oneparop MyTauir;

yMOBa OCTaHOBY.

Hatdnpocmiwui anzopumm

PoarnsHemMo HannpocTilWmii FeHETUYHUIA anropuTM AN pilleHHs
3agadi 1. AK MHOXWHY KaHONOATIB Bi3bMEMO MHOXMHY Z; SIK OLiHHY

(PyHKLIO Bi3bMEMO METPUKY TECTOBOIO MOKPUTTA MF(S, &) ana
3agaHoi TeCcTUpyemMoi cuctemmn S. YMOBOIO ocTaHoBa Oyae HasiBHICTb
Yy MOTOYHOMY MOKOMiHHI pillEHHA O, WO 3aJ0BOJSIbHSAE KPUTEPIEBI
(***). CTpyKTypy NpeacTaBfieHHS KaHOWAATIB, a TakoX onepatopwu
KpocoBepa i MyTaLjii M1 NoKn yTouHoBaTK He Bygemo. MNMomiTumo, wo
TakMi anropuTm [OMycKae cuTyauilo, y Skin kputepin (***) He
BMKOHYETbCA Hi ANA OOHOro TecToBOro Habopy 3 MOTOYHOro
MOKOMiHHSA, ane, npoTe, BMKOHYETbCA AONA OesKoro ob'edAHaHHS
TecToBMx HabopiB 3 NOTOYHOrO i NonepeaHbOro MOKOMiHb. [HLWKMK
cnoBamu, yci TecTu, siki HeobxigHi ona nobyaoBu pilleHHs, yxe
3HavdeHi, ane came pilleHHsA wWe He nobygoBaHo. Y uii cutyauii
anroputM He 3gaTtHuMn edekTMBHO NoOyayBaTWU LWyKaHe pilleHHs,
uinecnpsiMmoBaHo 00'eQHaBLUM MiOXOAsLWi TECTU 3 Pi3HMX TECTOBMX
Habopi.. MpuynHa npobnemu B Tim, WO Npy NOGYLOBI anropntMy He
BMKOPUCTOBYBanacsa HasiBHa iHpopmaLis npo CTPYKTYpy KpuTepito
(***). ToMITMMO TaKOX, L0 KOXHE HaCTyrmHe MOKOMiHHA TecCTiB
hbopMyeTBbCA LUMSIXOM 3aCTOCYBaHHA oOnepaTopiB  KpocoBepa i
MyTaLii 4O TecCTiB 3 nonepeaHboro MOKOMiHHA. AKWO B nonepegHim
MOKOMiHHI He Byno Hi OQHOro TecTy, WO NOKPUBAE AESAKUA eneMeHT
TECTOBOrO MOKPUTTS q, TO B HACTYMHOMY MOKOMiHHI TAKUIA TECT MOXe
3'ABMTUCA TiNbKM K pe3ynbTaT KpocoBepa abo myTauii TecTis, WO He
nokpmeatTb q. Ak 6M MU He BM3HAYanuM onepaTopu Kpocosepa i
MyTaLii, HeMae HigKMX nigcTaB AymaTu, LWWO OAEepXaTu TakuMm
cnocobom TecT, WO MOKPUBAE @, MPOCTiWe, HDK NPy  LifKOM
BMMNAOKOBIN reHepalLii.
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3 uMx 3ayBaxeHb BWMMMBAaE, WO eMeKTUBHICTE [aHOro
reHeTUYHOro anropuTMy, y3arasi roBopsYu, He BULLA, HK Y LiSKOM
BMMAgKOBOro anroputMy reHepadii TecTiB.

LinecnpsimoeaHuti nowyk

3 ornagy Ha CTpPykTypy Kkputepito (***), 3 3apgadi 1 MoxHa
BUOINUTU HACTYNHY nig3agayy:

3apgaua 2. [ns 3apgaHoi TecToBOi cuctemyn S i 3agaHoro
enemMeHTa TeCTOBOro MNOKpUTTA q, nobyayeBatn TecT fET, o

33/10BOJIbHSAE YMOBI Jilgt)=>

[nsa piweHHa BuxigHOT 3agavi 1, gocuTb pilnMTK 3agadvy 2 angd
F | 5
nzd |Qs |nonapHo Pi3HUX €eNnemMeHTIB TeCTOBOro  MOKPUTTHA

F -
1G9 3w € L, TOBTO NOBYAYBATH TECTM 1,82, 2Ly TaKi, WO

Jlgph) =+,
f(QIEJ:j) =*,
f(g;u:lz;u) =*

PiweHHam 3agadi 1 6yaem HOXMHA f1afay - aly.

Po3rngHemMo reHeTu4HuUn anropuTM pilleHHs 3agadi 2. Ak
MHOXVHY KaHOMAAaTiB Bi3bMEMO MHOXWHY TecTiB T. YMOBa OCTaHOBa:

y MOTOuHii monynswuii nMpuCyTHi TecT g Takwii, wo J ()=

OuiHHa  dyHKLUisA m.g:T_}RKO)KHOMy TecToBi t cTaBuTb Yy

. - . molE . o
BIANOBIOHICTb YKUCOBY MIPY '?I: :I TOro, HACKIJIbKU TeCT t 6nu3bkui
Ao Toro, LLI,06 NOKPUTK eNnneMeHT TeCTOBOro NnokKputT4a g. |-|pl/l LUbOMYy

OLiHHa (byHKLl,iﬂ j:i' Aocdrae cBoro MakCMmMaribHoOro 3Ha4yeHHA Ha TUx
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i TiNbKM Ha TUX TecTax, AKi 33J0BOMbHATL YMOBI Filgt)="
IHLWKMK cnoBamMu:

Jg.H)y=<=m(t)= 111;}_)(%(3)

(****)

3okpema, K OLiHHY YHKLH0 MOXXHa BUKOPUCTOBYBATMW HACTYMHY
(DYHKLLiI0, LLIO 33/10BOMLHAE YMOBI (****):

0, mpu (g, =1,

"= | rpn £t =

Y Takin OUiHHIN YHKUIT BBa)aeTbCHA, WO BCi TeCTW, siKi He
MOKPMBalOTb €MeMEHT TECTOBOrO MOKPUTTA @, OOAHaKoBO Aaneki Big
TOro, wWob nokputn enemeHt . [pu BUKOPUCTAHHI UIET OUiHHOI
dYHKLIT epeKTUBHICTb reHETUYHOIO anroputMy Oyae He BULUE, HiX
npu BunagkoBomy nowwyky. MNpuknagn Ginbw edeKkTUBHUX OLHHNX
yHKLUIA ANa AedKUX METPUK MOBHOTM TECTOBOMO MOKPUTTS MOXHa
3HanTK B niTeparypi.

OuiHHI pyHKLT

Y uboMmy posfini OoknagHo po3rnagalTbca  TpU  BiZOMUX
KpuUTepii NOBHOTM TECTOBOr0 MOKPUTTHA, i AONS KOXHOMO 3 HMX
NPOMOHYETLCS OLiHHa DYHKLS.

TMokpumms onepamopie euxiGHo20 Kody

TecToBUIA Habip 3aQ0BOSNIbHAE KPUTEPIEBI NMOKPUTTS onepaTopis
BMXiOHOro KoAy, SKWO MNPV BUKOHAHHI LbOro TEeCcTOBOro Habopy
KOXXEH ornepaTop BMXIOHOrO TEKCTY MporpaMu BUKOHYETbCSl xoya 6
OAvH pa3. EnemeHTamMn TeCTOBOro MOKPUTTA B AaHOMY BUMAAKy €
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onepaTopy BUXigHOro TekcTy. [InA 3agaHoro oneparopa q 3HauyeHHs!

OLHHOI OyHKLUIT & ®) TMM BinbLue, HiXX Bnvxye TecT t 4o TecTy, Wo
nokpueae onepatop q. [Ana nobynosu ouiHHOT (OYHKLIT po3rnsgHeMo
rpac NOToKy KepyBaHHsi TecTyemoi cuctemu S. BepumHamu rpacpa €

F
onepaTopu BMXigHOro KoAy, TOBTO MHOXMHa s . Y rpadi icHye
pebpo, sike naoe 3 BEPLUNHN G, Y BEPLUMHY G- TOA) i TiNbKM TO4i, KONK
onepatop Qg Moxe OyTM BuKOHaHuMi ©Oe3nocepedHbO Micns

onepatopa q;. Hexait II{#,f}- ue mMHoxuHa Bcix enemenTiB q' 3

os

, ANA AKMX BUKOHYHOTbCA HaCTyI'IHi YMOBU:

e icHye Wnsx y rpadi NOTOKy KepyBaHHA Bedy4un 3 q'y q abo

q=q
. J@n=

Mo3Haunmo 4epes dist(q', q) AOBXMHY HANMKOPOTLUOrO LUMAXY B
rpacpi noToky KepyBaHHs, Wo Bede 3 q'y q (dist(q, g)=0). Togi ouiHHY
YHKLi0 MOXXHA BU3HaYNTK B Takui Cnocio:

—m,(t) = min dist(g',q)
q'gn(q:j (*****)

Bupas, o cToiTb NpaBopy4, BU3HAYaE, 3a AKY MiHIManbHY KifbKiCTb
nepexopniB MoXHa fobpaTtucst o eneMeHTa NOKPUTTS q Bif yxKe

. O N ) -
NOKPUTUX eNneMeHTIB 3 MHOXWHU & CDyHKLI,IFl d npunmnmae

3HaveHHs 0 Ha TUX i TINbKW TUX TECTIB, LLIO NOKPUBAaIOTb €NeMeHT q.
MNomiTumo, wo

m ) =0 <= fig,0=",
m(8) <0 & Flgn=L.

Mokpumms 2any3eli TOMOKY KepyeaHHsI

TecToBui Habip 3a40BOMbHAE KPUTEPIEBI MOKPUTTS ranysew
MOTOKY KepyBaHHS, SKLIO MPU BWKOHAHHI LbOro TECTOBOro Habopy

462



KepyBaHHS xo4a 6 oguH pa3 mpoxoauTb MO KOXHOMY pebpy rpada
NMoTOKY kepyBaHHs. lNMomiTumo, wo Oyab-sikMiA TecToBMM Habip, Lo
3a0BOSIbHAE LIbOMY KpUTEpPIEBi, 3a[0BOSIbHSAE TaKOX i KpUTEpPIEBI
MOKPUTTA oOnepaTopiB BMXiQHOrO KoAdy. 3BOPOTHE TBEPOKEHHS,
ofHak, HeBipHe. EnemeHTamMn TeCTOBOro MOKPUTTS € Mepexoau B
rpaci NOTOKY KepyBaHHA. 3 KOXHUM nepexoaom Yy rpadi noToky
KepyBaHHSA MOXHa 3B'A3aTh YMOBY, Npw SKiN Len nepexig moxe 6yTtu
BUKOHaHWW. [lepexig Big onepaTtopa q OO onepaTtopa f, 3 SKUM

3B'ssaHa ymoBa p, MO3HauMMo sk 7 >F . NS BUKOHaHHS

nepexogy ¢ E’1"He06xin,Ho i pocuTb, Wo6 OyB BMKOHAHWIA
onepaTtop ¢, i W06 nicns UbOro ymoBa p obepHynacs B iCTUHY.
BignosigHo, Ans TecTiB, WO He MOKpPMBalOTb ONepatop q, y SIKOCTi

OLHHOI NiaxoanTb OyHKUiA "¢, BU3HAYEHa PIBHAHHAM (*****), TomMy
LLO ICTUHHICTb YMOBU P AN OLUiHKW Takux TecTiB porni He rpae. Ans

TecTiB, LU0 NOKpMBalOTbL onepatop ¢, PyHKLUiS P &) obepTaeTbes B
0. [ina Takux TecTiB ouiHHA (PYHKLIS NOBUHHA BU3HAYaTW, HACKINbKN
6nn3bKniA TecT A0 TecTy, Ans SKOro nicrnsi BUKOHaHHSA onepatopa q
Oyoe BipHa ymoBa p. TakMM 4YMHOM, Yy 3aranbHOMY BWAI OLHHY
OYHKLIIO A9 KPUTEPito NOKPUTTA rarysen noToky KepyBaHHA MOXHa
BM3HAYNTK B Takui cnociot:

i, (f)'-anf(g'-f) =1,
T | M, ©),1pH [(3,0) =

= +
3HayeHHs dyHKUiT Hy TR TUM Oinblue, HiXX 6nvkde 3agaHuin
TECT OO0 TEeCTy, y SKOMY YMOBA p BUKOHYETbCS MiCMNsi BMKOHAHHS

. i
onepatopa @. [lpy ubOMy dyHKLUIA 'H-i‘-F( :',u,ocqrae CBOro
MakCUMyMy Ha TUX i TiNbKA TUX TecTax, Yy SKUX MNiCrs BUKOHAHHS
onepaTopa q BMKOHYETbLCA YMOBa p, TOGTO TMX, KOTPi MOKpMBaOTb

g

nepexif
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DyHKU 1O Hy £) MOXHa BM3HA4aTK NO-Pi3HOMY B 3aneXHOCTi Bif
Xapaktepy ymoBu p. Akwo ymosa Mae hopmy nNpocToi (He)piBHOCTI

xlhy , A€ « * » No3Hayae ofHe 3 BiOHOLLEHb «<», «>», «=», «<» abo

«2», TO ANs BU3HAYEHHS OyHKUii Hyp (£ MOXHa BUKOPUCTOBYBaTU

3HAYEHHS | =) |, Hanpuknag, y Takumn cnocié:

2, TIpHX Oy,

L ()=
Hy»©) e pr —(x0y).

SKwo ymoBa siBnsie co60to koH'toHKwito F = F174 F2 M APy 10 g¢

3HayeHHs  yHKUIT *'u-?-F{‘ﬁ} MOXHa B3HATM KiMbKICTb YNeHiB Ujei
KOH'IOHKLMI, WO NPUAMAKOTb 3HAYEHHA «iCTUHa». Y 3aranbHomy

BMNaAKy eheKTUBHO BU3HAUUTM DYHKLLIO Ha.z (£ BaXKO.
TMokpumms winsixie NOMOKY KepyeaHHs

TectoBuUA Habip 3a40BONbHSIE KPUTEPIEBI MOKPUTTS  LUNSXIB
MOTOKY KEpyBaHHs, SKWO MWOro BWKOHaHHA xo4ya © oguH pas
NpoXoauTb MO KOXHOMY MOXMIMBOMY LINAXY B rpadi MOTOKy
KEpYBaHHSA SKAA Bede Bi4 TOYKM BXOA4Y OO TOYKM 3aBEPLUEHHS
pob6oTtu. Llen KpuTepin CUMbHIWWIA KpUTEpilo MOKPUTTS ranysen
NMoTOKY KepyBaHHs. KoxeH wnsx €Bnse cobow nocnigoBHICTb

R=1,1,,..,T, g; ——=g;,.

. T
nepexoais 'R pe *mae Burnsag , Npu

. . N T B
1<i <n. YnopsokoBaHOK MNiAMHOXUHOK LUNAXY 12222 "2 yazgeMo

nocrigosHicTe G o Mataky, wo  12E <k <. <i, Za

MomiTuMO, WO B YynOpsOKOBaHIA MIOMHOXMHI  LUASXY KiHUEBWUIA
onepaTtop nepexoay Moxe He 3biratvca 3 No4YaTKoOBUM OMNEPATOPOM
HaCTYMHUX 3a HUM NEPEXOAY.
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Hexan € gBa wnsaxum
R'=gy T T R =T T, T

i Hexan
r_r _ _n
T i =T A7
Trz'\ =Tﬂjar~
) 1 1
P _— "
T T T 4
Tiinedtrammiols, e B el B S o
npu4oMy 1 2 ] i ...'rl Jz ..Jr:w .

Togi wnaxu ' R"vaiots 3aranbHy YNOpsSAKOBaHY NiAMHOXUHY
po3mipy m.

Mo3Haunmo 4epes length(R) poBxuHy wnsaxy R, a 4yepes
compmon (R, R") - makcumansHWii poamip 3aranbHoi ynopsiakosaHol

. . Rl‘ . RI‘I‘ . .
NIOMHOXMHUN  LWINSIXIB i . BnsHauumo ouiHHY dyHKLil0 ans
KpUTEPIt0 MOKPUTTS LUMSIXIB NOTOKY KEPYBAHHSA B TaKMI CNOCI0:

—miplt) = length(R) +length(path(f)) — 2 compmon(R, path()).

Tyt path(f) - ue wWnAx, NO SAKOMY MPOXOAUTb KepyBaHHSA npwu
BMKOHaHHI TecTy t 3HayeHHsa B MpaBill YacTUHi AOPIBHIOE KiNbKOCTI
nepexopis y wnaxax R i path(t), wo He BXoAATb Yy MakcuMarnbHy
3aranbHy ynopsiakoBaHy MiAMHOXWHY UuX wnsxis. BoHo gopisHioe 0
To4j i TiNbkM TOAI, KOonu Wnsaxu R i path(t) 3biraoTbes.

Ha 3akiH4eHHA BiA3HaYMMO, WO 3acTOCyBaHHA TeHeTUYHUX
anropuTmiB ONns reHepaduii TecTiB BUCYBae [OLATKOBI BUMOrM A0
BVKOPUCTOBYBaHUX KPWUTEpIiiB MOBHOTU TECTOBOro nokputtsa. Lle
BUKIMKAHO TUM, LLIO KPUTEPIN MOBHOTU BUKOPUCTOBYETLCH HE TiMNbKU
ONs OUiHKM SIKOCTi 3reHepoBaHUX TecTiB, ane i 6e3nocepeaHbO B
npoueci reHepadii Aons ouiHkM ONM3bKOCTI OTPMMaHMX TecTiB Ao
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noTpibHMX pe3ynbTaTtiB. TakMM 4YMHOM, MOTPIGHO MaTU OUiHHY
OYHKL0, WO [O03BONSAE BUMIPSATM LK  ONKU3bKICTb, BU3HAYUTW,
HacKiNbKM MepcrneKkTMBHMMM € BXe noOyaoBaHi TecTu 3 nornsgy
TXHBOro BMKOPUCTAHHS SIK OCHOBY Ans nobynosu HoBux TecTiB. Kpim
TOro, NOTPIGHO MaTW Ha yBa3i, WO TpuBianbHi pilLEeHHA - YHKLUIT
BUAy «nokputo - 0, He NOKpUTO - 1» - NpauolTh AyXe noraHo. [Anga
KpuTepiiB, 3B'A3aHMX 3 MOKPUTTSAM TUX abo iHWMX WnaxiB y Kogi
nporpamu, yaaetbcs nobyoyBaTu AOCUTb 3PYYHI OUiHHI  QyHKLU,
3aCHOBaHi Ha KifbKOCTI HEMOKPUTUX AYyr Yy LWNSAXy, SKMA noTpibHO
MOKPUTMW.
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