JIABOPATOPHA POBOTA Ne 7

JOCJIIKEHHA TEHETUYHUX TA MYPAILIMHUX AJITOPUTMIB

Mema pobomu: euxopucmosgyruu cneyianizosami 0Oibaiomeku ma MO8y
npozpamysants Python oocnioumu eenemuuni ma mMypawiuni aneopummu.

1. TEOPETHUYHI BIIOMOCTI

OCHOBHI TEOPETUYHI BIIOMOCTI TIOJIaHI Ha JEKIisIX. TaKkoX JOIIIFHO BUBUYUTH
Martepiall moJgaHui B JiTeparTypi:

Alberto Artasanchez, Prateek Joshi. Artifcial Intelligence with Python.
Second Edition. BIRMINGHAM — MUMBAI: Packt Publishing 2020. — 592 p.
ISBN 978-1-83921-953-5.

JlonaTkoBO JiesIKI TEOPETHYHI BIJOMOCTI TOJIAaHO y KOXHOMY 3aBJlaHHI
OKpEMO.

Mosxna BukopuctoByBatd Google Colab a6o Jupiter Notebook.
Bunajaku BUKOPHCTAHHS FeHETHYHOTO MPOrpaMyBaHHSI

SIx oGroBoproBanocst Ha Jekiisnx, ['enernyni anroputmu (GA) 1 ['enetnune
[Tporpamysanns (GP) € oqauM i3 «I1’ITH TUIEMEH» MaITUHHOTO HaBYaHHSI.

3 camoro novatky GP cTBOpHB MIMPOKHA CIEKTp JOCATHEHB. JliTeparypa, ska
OXOTUTIOE THCSAYI 3acTocyBaHb GP, MicTuTh OaraTo BUMaaAKiB BUKOpucTaHHs, 1¢ GP
OyJ0 yCHIIIHO 3aCTOCOBAaHO. BHCBITIIEHHS LIbOIO CIHUCKY BUXOAWJIO O 3a paMKH
poboTH, ajie MU TIEPEPAXyeEMO TYT KiJIbKa HAMBaXKJIMBIIIIHX.

Bayesians

Puc. 1. IT'sts miemen mammuanoro HaBuanus (Ileapo lominroc)


https://colab.research.google.com/drive/

Tlozamno 3po3ymini obaacmi.

TyT B3a€MO3B’SI3KM MiX BIANOBITHUMHM 3MIHHUMH HEBiJoM1 ab0 MoOraHo
3po3ymin (abo TaMm, A€ € MJA03pH, IO TNOTOYHE PO3yMIHHS MOXe OyTu
HernpaBuwibHUM). OnHiero 3 nepeBar GP (Ta 1HIIUX €BOJIOLIMHUX aJITOPUTMIB) €
JOCITI/DKCHHST MAaJIOBUBUCHHMX obOyacteil. Skmio o6nacte mpobiemMu 100pe
3p0O3yMia, ICHYIOTH 1HII aHAJITH4YHI 1HCTPYMEHTH Ta METOJHU, SKI MOXYTh
3a0€3MeUnTH SKICHI pilleHHd 0e3 HEBU3HAYEHOCTI, BJIACTHUBOI IIPOIIECY
croxacTuyHoro nomyky GP.

GP, 3 iamoro 60Ky, ga€ pe3ynbTaTH, KOJU 00JaCTh HEIOCTATHRO BUBYCHA Ta
3po3ymina. DaxiBelp 3arajbHOI MPAKTUKH MOXE JIOMOMOTTH BHU3HAYWTH, SIKI
aTpuOyTH Ta TMapaMeTPu € pEeJIeBAaHTHUMHU, HAJATH HOBI Ta TBOPYI PIIICHHS,
BUSIBUTH HECIOJIBaHI 3B’SI3KM cepesl aTpuOyTiB 1 BIAKPUTH HOBI KOHLEMIII, SIKI
MOTIM MO’KHA 3aCTOCYBAaTH B IHIIUX 00IACTSIX.

3HaXOKEHHS PO3MIpy Ta GOpMH KIHIIEBOTO PIIIEHHSI € OCHOBHOIO YaCTUHOIO
npobiemu. Skio ¢opma pilieHHs BiIoMa, TO aIbTEPHATUBHI MEXaH13MH TOIIYKY,
SKI TPAIIOIOTh 13 MPEACTaBICHHIMH (hiKCOBaHOTO po3Mipy (Hampukiam, GA),
MOXXYTb OyTH OLITbII €(heKTUBHUMU, OCKIIIBKU iM HE TOBEACTHCS BUSBIISITH PO3MIP 1
dbopmy pilieHHs.

Jlani oocmynni ma ix bazamo

GP 30kpemMa, a TakoXx METOJM MAIIMHHOTO HaBYaHHS Ta MOIIYKY B I[IJIOMY
3a3BM4Yail MOTpeOyIOTh BEIMYE3HUX OOCSTIB TECTOBUX JAaHUX IS BUKOHAHHSI.
[lomryk peneBaHTHUX HaOOpIB AaHUX [JIsi MPOOJEMU MOXKE OYTH BEJIHUKOIO
NEePEeNIKoI00. Aje y BUNIAJKax, KOJIM BEJIUKI HA0OpU AaHUX € JIETKOAOCTYITHUMH,
e Moxke OyTH MpI€I0 crHemiaiicTa 3 JaHuX, 1 0yJi0 O rapHO0 1I€€0 NpUIyMaTH
3aMMUTaHHS, SIKI MO>KHA MOCTaBUTH MPOCTO TOMY, IO JJaH1 JOCTYITHI.

Takok KOpPHCHO, SKIIO JaHi TeCcTy OYyayTh MaKCHMaJIbHO YHUCTUMHU Ta
tounnMu. Opnak anroputMu GP MOXyTh BUTOHUEHO BIOpPATUCA 3 TIEBHOIO
KUIBKICTIO IIYMy B JaHUX, OCOOJMBO SKIIO BXXHTO 3aXOAIB JJIA MiHIMI3amil
HAJMIPHOTO PO3MOALTY.

Ipunycmumi nabaudxceti pivuienHs

GP no0pe npaiiroe B cuTyairisix, Kojqu NpuOIU3HE PIIICHHS € TPUHHITHUM a00
npubIM3HE pIllIEeHHS € HaWKpamuM 13 MoJIuBHX. EBomrortis 3aramom, 1 GP
30KpeMa, 3a3BHuail MOJSTa€ B TOMY, IIOO0 OYTH «JIOCTaTHbO XOPOIIUMY», a HE
«HaMKpamumy». Ko BeIMiab KEHETbCs 32 TOOOO 0 JIici, ToO1 He 000B’SI3KOBO
OyTH HAWIIBUIIION JIFOJIMHOIO B CBITI. BaM mpocto noTpiOHO OyTH MIBUALIUM 3a
BeaMeas abo 3a JIIOAWHY, M0 ODKUTh Topyd. SK HACHiIOK, €BOJIOLINHI
ITOPUTMH, K TPABWIO, HAWKpalle MpaIiolTh y 00JacTsaX, J€ MOXKIUBI Ta
NPUIHATHI OJIU3bK1I HAOIVOKEHHS.

Heenuki, ajre BUCOKO IIHHI IMTOKPAIICHHS

Bbyno BusBneno, mo GP no6pe mpaittoe B 001acTsIX, € TEXHOIOTIYHI 3yCHILIS,
SK TIPaBUJIO, 30CEPEIKEHI B 00JIACTAX BUCOKOTO €KOHOMIYHOTO 3HAYCHHS. Y IHX
cepax momepeaHi AOCHITHUKYA, UMOBIPHO, BUTPATUIN 3HAYHY KUIBKICTH Yacy Ta
3yCHIIb, 1 «Cy4YaCHUH PIBEHbY» Ma€ TEHCHIII0 OyTH MepeIoBUM. Y I[bOMY BHUIIAJIKY
CKJIaJIHO BJOCKOHAJIMTH ICHYIoul pimenHs. OIHaK y LHUX caMuX o001acTix

2



HEBEJIMKl TMOKpAIICHHS MOXYTh OyTH Haa3BMYaiHO IIHHUMHU. Y TOII0OHHUX
BUMNaAKax ¢axiBelb 3arajabHOi MPAKTUKH 1HOJA1 MOXKE 3pOOMTH HEBEIUKHH, ajie
IIHHUK 1 TIpuOyTKOBMM BHecoK. IlpukiamamMu MOXyTh OyTH pO3BigKa HadTH,
yIpaBJIiHHs MaTepiajgaMu Ta (piHaHCOBI MPOTrPaMHu.

Tenep napaiite po3riisiHEMO JesiKi rany3i 3acrocyBanHst GA ta GP:

Dinomu

Ak 1 geski 1HII npodecii, KIHOKacKaaepyu CKOPO MOXKYTh OyTH HE MOTPiOHI.
Crapran min Ha3Boro NaturalMotion BukopucroBye GP 3 HeilMOBipHO
peaNiCTHYHUMH pe3yJibTaTaMu JJisi CTBOpeHHs jroAe y pyci. Lli BipTyanbHi
aKTOPH TaIAI0Tb, CTpUOAIOTh 1 BUKOHYIOTD 1HIII TPIOKH 3 PEaNbHOI0 touHicTio. Lli
BIpTyaJbHI aKTOPU MOXYTh pearyBatH, SIK CIIPaBXkHI JIIOJIM, Ha CUITy, Ka Ha HUX
7i€e, 1 JEMOHCTPYBaTH pI3HOMAaHITHI peamicTuyHi pyxu. Jlisg 1bOro BCHOTO
noTpiOHa JMie MOoTyKHICTh HacTuibHOro IIK. ®dinbmu - ne nume nmoyatok. Y
HalOMmKYl Kutbka pokiB NaturalMotion rmaHye po3KpUTH I peasicTU4Hi Girypu
B HACTYTHOMY ITOKOJIIHHI BIJI€OITOp.

NaturalMotion — 1ie HOBa KOMITaHisl, 3aCHOBaHA KOJIHIITHIMU OKC(POPACHKUMU
nociniguukamu Topcrenom Peitnnom 1 Konmom Macci. 3apa3 komrmaHis Mae JIHIie
OJIMH MPOAYKT mij Ha3Boro Endorphin, sikuii BUKOpUCTOBYE HEHPOHHI MEPEXKI Ta
HITY4YHY €BOJIOLIIO JJI1 CTBOPEHHS MPOTpaMHOro 3a0€3MeYeHHs Ta aBTOMATIB, SIK1
MOXYTb XOJIUTH, OIraTu, MajaTH Ta JITATHU 3 JIOJCHKOI0 TOYHICTIO.

Ennopdin nedrotyBaB y nmoBHOMeTpaxHOMY (PuibMi «IloBepHEHHSI KOOI,
Jie BIH BUKOPUCTOBYBABCS, 100 BTUIMTH B XUTTS OCOOJIMBO CKIIAQIHUMN TPIOK. Alle
ue OyB juile nmovyaTok. Uepes Kijbka MICSIIB pOOOTH KOMMAaHIi OMIIMCS HACMEPTh
KHHJIPKaJIu Ha piBHUHM [nmiymy, v ¢pinsmi Boawsgranra I[lerepcena «Tposi».

Komn'tomepni icpu

CboromHi BCl 3aKOXaHI B aQIrOPUTMH TJIMOOKOro HaByaHHSA. BoHu,
0e3CyMHIBHO, TIOKa3alid Bpa)karoul pe3yyibTaTH B 0aratbox cdepax i MOpiBHIHO 3
Oaratbma Tectamu. Ane GP posBuBaethcs. 3aBasiku poOoTi [ennica Bincona Tta
KUIBKOX #oro kosier 3 VYHiBepcutery Tyny3u y @paniii Oylio JOCSTHYTO
Bpa’XalouuX pe3ysibTaTiB. Ixusa pobora magy GP 3Morna mepeBepldTH IOfeH y
0araTb0X KJIAaCHYHHUX ITpax.

Bincon 1 #ioro xoMaHma IOCITiAHUKIB ToKa3anu, sk GP Moxe 3piBHATHCS 3
MPOYKTUBHICTIO aJITOPUTMIB TJIMOOKOTO HAaBYAaHHS B 3HAKOBOMY 3aBJaHHI, SKE
MPUHECIIO TIMOOKOMY HABUaHHIO MOMyJspHicTh y 2013 poui — 30aTHICTH
NepeBEPIINTH JIOACH y apKaJHHUX Bijeoirpax, takux sik Pong, Breakout 1 Space
Invaders. BijcoH mnepexkoHNIMBO mpoaeMoHCTpyBaB, mo GP Moxe maBatu
Bpa)karo4i pe3ybTaTH, K1 MOKHA TOPIBHATH 3 TITMOOKUM HaBYAHHSM 1, MOXKJIUBO,
Kparie.

Cmucnenns gaiinie

OnuH 13 mepmux METOAIB CTUCHEHHS 0e3 BTpaT BUKOPUCTOBYBAB HENIHINHI
npenukropu GP nns 300pakeHb. ANTOpUTM IepeadadyaB piBEHb CIPOTo, SKUAN
MOK€ TMPUUHATH TMIKCEIb, HA OCHOBI 3HAUYE€Hb MIAMHOXXHHU CIPOTO CYCIAHIX
mikcemiB. [lomunku mependadeHHS B TMOEAHAHHI 3 OMHCOM MOJEII MOXYTh
NPEJCTaBISITH CTUCHYTY Bepcilo 300pakeHHs. 300pakeHHs Oynu CTHUCHYTI 3a
nornomMoror0  koayBaHHs — Xaddmana. Pesynmprath Ha  IIHPOKOMY KO
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PI3HOMAHITHUX 300pakKeHb BHUSBUIIMCS 0aratooOilsounMu. Y NESKHX BUIMAAKaX
anmroputmu  GP  mepeBepinytoTh Jeski 3 HaWKpamux, po3poOJEHUX JIOAUHOIO
QITOPUTMU CTUCHEHHSI 0€3 BTpaT.

Dinancosuii mpetoune

INmoTe3a eekTUBHUX PUHKIB € (PyHIaMEHTAILHUM IPUHIIUIIOM €KOHOMIKH.
Bona 3acHOBaHa Ha 1i/1€i, II0 KOXEH YYaCHUK PHUHKY BOJOJI€ JOCKOHAJIOIO
iHopMaltiero 1 i€ parioHanbHO. Ko rimore3a Mmpo e()eKTUBHI PUHKH BipHA,
KOKCH TIOBHHEH MPU3HAYUTH OJHAKOBY I[IHy BCIM aKTHBaM Ha pHUHKY Ta
JIOMOBUTHUCSI TIpO LiHYy. SIkOW pi3HHUII B I[iHI HE ICHYBauo, He Oyjo O crmocoly
nepeMorTd puHOK. Hes3anekHo BiJ TOTO, YW 1€ TOBAPHUW, BATIOTHUN YU
boHIOBUI PUHOK, HEMA€ PIBHUX YYaCHHUKIB PUHKY, 1 ICHYIOTh 3HauHI CyMHIBU B
TOMY, 110 €(DEKTUBHI PUHKH CIIPaB/l ICHYIOTh. YUM O1IbII HETIKBIAHUM € PUHOK,
TUM MeHII e(ekTuBHUM BIH Oyae. OTxe, JIOAU MPOJOBKYIOTH JOCIHIKYBATH
(OHI0BUI PUHOK 1 HAMArarThCs 3HANTH ciocoOu nepemMorTH 1e. € KulbKa Jroaei
1 KOMIIaHii, K1 Ha OCHOBI CBOT'O MTOCITY’KHOTO CIIMCKY MEPEKOHIUBO CTBEPKYIOTb,
110 PUHOK MO>KHA NEPEMOTITH. JlesKl IpuKIaau:

* Yoppen badder i Berkshire Hathaway

* [Titep Jlinu i ponx Fidelity Magellan

* Peit Jlanmio ta Bridgewater Associates

* Jlbxum CaiimoHc 1 Renaissance Technologies

OcTaHHl [Ba TPUKIAAM 3HAYHOIO MIPOI0 MOKJIAAAIOTHCA HAa KOMII FOTEpHI
AJITOPUTMH TSI TOCSITHEHHSI PUHKOBHX PE3YJIbTATIB.

Teopisa irop Oyna CTaHZAPTHUM I1HCTPYMEHTOM, SIKMM BHUKOPHCTOBYBAJHU
€KOHOMICTH, MI00 CcHnpoOyBaTH 3pO3yMITH PHHKH, ajie BOHAa BCE YacTille
JIOTIOBHIOETHCS. MOJICIOBAHHSM SIK 3 JIIOJBMH, TaK 1 3 KOMIT IOTEPU30BAHUMHU
arentamu. GP Bce yacTiine BUKOPHCTOBYETHCS K YaCTHHA IIHOTO MOJETIOBAHHS
IIPU MOJICITIOBAHHI COIIaJIbHUX CHCTEM.

Inwi 3acmocyeanns

Ontumizamiss — GA Ta GP 3a3Buuaii BUKOPUCTOBYIOTBCS B 3ajadax
omTuMizaiii, e 3HAaueHHA HEOOXIIHO MaKCcUMi3yBaTh a00 MiHIMI3yBaTH,
BpPaxoBYIOUH LILJIHOBY (DYHKIIIIO B HAOOp1 OOMEXKEHb.

[Tapanemizamiss — GA TakoX MalOTh MOXKJIUBOCTI TapaielbHOi 0O0pOOKHU 1
BUSBIJIMCS €()EKTUBHUM METOJIOM BHPIIICHHS TMpoOJieM, sKi TOTPEOYIOTh
napajienbHoi 00poOku. Po3mapanentoBaHHS € aKTHUBHOIO C(eporo OCHIIKEHb Y
GA Tta GP.

Heliponni mepexi — GA BHKOPHUCTOBYIOTHCS JUIsi HaBYaHHS HEUPOHHUX
MEpex, 30KkpeMa pekypeHTHUX HeiipoHHuX Mepex (RNN).
Exonomika — GA 3a3Buyail BUKOPHUCTOBYIOTHCS [UJII MOJEIIOBAHHS

CKOHOMIYHUX CUCTEM, TAKHX SIK:

* Mopenp nmaByTUHKHU

* PiBHOBaXKHU 7103B1T TEOPIi irOp

* [{iHOyTBOpEHHS aKTHBIB

O6pobka 300paxkenb — GA TakoX BHUKOPHUCTOBYIOTHCS ISl PI3HOMAHITHUX
3aBMaHb 00poOku nudpoBux 300paxens (DIP), takux sk miiipHE 3iCTaBICHHS
MKCETiB.



[Iporpamu mmanyBanHs — GA MOXHa BHKOPHUCTOBYBATH ISl BUPIIICHHS
Oaratbox IMpoOJeM TIUIaHyBaHHs, 30Kpema mpobiemMu poskiaay. IIpocrimie
KaXyuH, TpobiieMa po3Kjaay BUHUKAE, KOJIM Y Hac € Habip pecypciB, HaOIp Ail 1
Ha0Ip 3aJeKHOCTEH MK JISJIBHICTIO Ta pecypcamu. [Ipukiagom € po3kiaa 3aHATh
B YHIBEPCHUTETI, JIe Y HAC € ayJuTOpii, BUKJIaJadl Ta CTYJEHTH, a B KiHIIl 3aBJaHHS,
CIIO/IBAIOCS, 110 BEJTUKHUH BIJCOTOK CTYJEHTIB 3MOKE€ MPOWTH BCl 3aHATTS, SKI
BOHU XOYYTb.

[TapameTpuune NPOEKTYBAHHS — GA BUKOPHCTOBYBAJINCS JUIS IPOEKTYBAHHSI
TPAaHCIIOPTHUX 3ac00iB, MEXaHI3MIB 1 JIITaKiB NUIIXOM 3MIiHH TapameTpiB 1
PO3pOOKH KpaIUX PillIeHb.

Amnaniz JJHK — I'A MOXyTb BUKOPUCTOBYBATHUCSl 1 BUKOPHUCTOBYBAIUCS IS
Bu3HaueHHs cTpykTyp JJHK 3a qonomMororo crekTpoMeTpuiyHUX JaHUX 3pa3KiB.

MynsTumMonanpHa ontuMizaiiss — GA € 4yIoBUM MiAXOA0M JJisi BUPIMICHHS
npo0eM MyJIbTUMOJIAIBLHOT ONTUMI3AIll1, KOIU IIYKAIOTHCA KIJTbKA ONMTHUMAIbHUX
pILICHB.

[Tpo6nema xomiBosbkepa (TSP) — GA BUKOPUCTOBYBATKMCS JIJIsl BUPIIICHHS
TSP 1 Bcix MOB’A3aHUX 13 HEIO JOAATKIB, TAaKUX SK MPOOJIEMHU MapIIpyTu3arlii
TPaHCIOPTHOTO 3aco0y Ta TpaekTopii poOOTIB, 1O € Jg00pe BiIOMOIO
KOMOIHATOPHOIO TPOOJIEMOI0 3 BHUKOPHUCTAHHSIM HOBHUX CTpaTeriii kpocoBepa Ta
YIaKOBKH.

CrnoxiBarocsi, BaM 3pO3yMiJIi IIMPOKI Ta pi3HOMaHITHI 3actocyBanHia GP Ta
GA. MoxnmmBo, BaM BAACTbCA TNPUAYMaTH BIACHI YyHIKaIbHI TpOrpaMu Ta
BUKOPHCTOBYBATH OTPUMaHIi 3HAHHS TSI IPOCYBAHHS BIICPEI.

EBousioniiini Ta reHeTHYHI aJITOPUTMH

ABTOHOMHE BHUPIIIEHHS 3a/lad KOMIT'IOTEPOM € I[EHTPAIBHOIO METOI0
MITYYHOTO IHTEJIEKTY Ta MAlIMHHOTO HaB4YaHHs. [ enemuuni anreopummu (GA) —
I[e EBOJIONIMHA TEeXHIKa OOYHMCIIeHb, SIKa aBTOMATHYHO PO3B’SI3y€ 3aaadi, HE
BUMAaral4u BiJi KOpUCTyBaya 3a3Jalieriib 3HATH 4YM BKasyBaTH Qopmy ado
CTpyKTypy pimenHs. Ha Haitbinbm abctpaktHoMy piBHI GA — 11e CUCTEeMaTUYHUH,
HE3aJIC)KHUN BiJI MIPEIMETHOI 00JacTi METOJ aBTOMAaTHYHOIO PO3B’S3aHHS 3a7ad
KOMIT'FOTepaMH, MOYMHAIOUM 3 BHCOKOPIBHEBOi MOCTAHOBKM 3ajadi Ipo Te, IIO0
NOTPi1OHO 3pOOUTH.

['eHEeTHYHUN AJITOPUTM € PI3HOBUIOM €BOJIIOIIAHOTO anroputMy. Tox, 100
3pO3yMITH TE€HETHYHI alrOPUTMH, HaM TOTPIOHO OOTOBOPUTH €BOJIIOIIITHI
anroput™Mu. EBONIOIIAHUN alrOpUTM — 1€ METAeBPUCTUYHUN aJITOPUTM
ONnTHUMI3allii, SKM 3aCTOCOBYE MPHUHIIUIMN €BOJIOLII JJIsl BUPIIIEHHS KOHKPETHHX
3anay. KoHueniist eBoitolli cxoxka Ha Ty, IKy MU 3HaXOJUMO B IPUPOJL: MOAIOHO
JI0 TOTO, SIK HaBKOJIMIIIHE CEPEOBUILE aKTUBHO CTUMYIIIOE «PIIICHHS, OTPUMAaHE
B pe3yJbTaTi €BOJIOLIi, MU Oe3MocepeHhO BUKOPUCTOBYEMO (DYHKIIIT Ta 3MIHHI
3a1avi, 1100 OPUWTH [0 ONTHUMANbHOro pimeHHs. OJHAK, y TE€HETHYHOMY
anroputMi Oy/p-sKa 3a7aHa 3a1a4da Oy/ie 3aKkoJoBaHa B OITOBUX IIa0J0HAX, SKUMHU
1 MaHIMYJIIOE 1IeH aJTOPUTM.

OcHOBHI KpOKU 8 e80IIOYTUHUX AICOPUMMAX MAKI!



Kpok 1. BumankoBo 3reHepyHTe MOYATKOBY MOMYJISAIII0 TOYOK JAHUX abo
1HaUBIAYyMIB. [HaUBIAYYM, K BuU3HadeHO GA, € WiICHOM MONyJISIii, sSIKUi Mae
MIEBHI XapaKTEePUCTUKU 4 pucu. Ha HacTymHUX eTanax airopurMy MU BU3HAYMMO,
Yy JI0O3BOJISIIOTH 11 PHUCH IHAMBIAYYMY aJanTyBaTUCS O HAaBKOJMIIHbOTO
CEpe/IOBHUIIA Ta BUKUBATU JOCTATHHO JIOBrO, 1100 MaTH MOTOMCTBO.

Kpoxk 2. Bukony#Te 111 KPOKU B LUK JIO PUTTUHEHHS:

1. Ouinite npuaatHicTh (fitNess) KOKHOro 1HANUBIAYYMY B IiH IMOIYJISII.

2. 3MiCHITH BiIO1p HAWOLTBIT MPUAATHUX JIJIST PO3MHOKCHHS 1HIUBIAYYMiB.

3. BuBeniTb HOBUX IHAMBIAYYMIB IUIIXOM CXpPELIyBaHHS Ta MyTalii is
HApOKEHHS MTOTOMCTBA.

4. OuiHITh IHAWBITyaIbHY IPUIATHICTh HOBUX 1HIUBIIYYMIiB.

5. 3aMiHITh MEHII NPUIATHY HOIMYJISAL1I0 HOBUMH 1HAWBIIYYMaMH.

[IpynatHiCTh OKpeMHX OCI0 BH3HAYAETHCA 32 JOMOMOIOI IMONEPEIHbO
BU3Ha4YeHOT GyHkIii nprcrocoBanocti (fitness function). Tyt y rpy Bctymnae ¢pasa
«BW)KMBAHHS HAUTIPUCTOCOBAHIIIIOTOY.

[ToTim mMu OepemMo LUX BUOpAHUX IHAMBIAYYMIB 1 CTBOPIOEMO HACTYITHE
MOKOJIIHHS 1HJIMBIAYYMIB MUISIXOM pekomOiHayii Ta mymayii. Y HaCTyITHOMY
pO3aIl MU OOTOBOPMMO TMOHSTTS pekomOiHaIii Ta wmyramii. Hapasi naBaiite
JyMaTH TpO II TEXHIKH SK MPO MEXaHI3MU CTBOPUTU HACTYMHE IOKOJIIHHS,
CTaBJISTYHMCH 10 OOpaHuX 0Cl10 sK /10 OATHKIB.

BukoHaBIIM pekoMOIHALII0 Ta MYTallil0, MU CTBOPIOEMO HOBY I'PyIly OCOOUH,
K1 3MaraTUMYTbhCs 31 CTapMMH 3a MICLE€ B HAaCTyIHOMY MOKOJIIHHI. Bigkunarouu
HalcIa0KIMX OCOOMH 1 3aMIHIOIOUM 1X HallaJKaMH, MU MIJABUIIYEMO 3arajibHUN
piBEHb NPHUCTOCOBAHOCTI MOMyJiALii. MU MPOAOBKYEMO MOBTOPIOBATH, JOKH HE
OyJie TOCSATHYTO Oa)KaHOi 3arajibHOI MPUCTOCOBAHOCTI.

GA — 11e eBOIOIIHHUYN ATOPUTM, Y SIKOMY MU BUKOPHUCTOBYEMO €BPUCTHKY,
00 3HANTH pANOK OITIB, SIKMWA BHpIIIy€E 3a7a4y. MU MOCTIHHO TMOBTOPIOEMO TieH
IrOpuTM, 100 3HANTH HAMKpaIe pileHHs.

Mu poOuMO 11e, CTBOPIOIOYM HOBI TMOMYJSAIIl, IO MICTITh OUIbIIE
MPUCTOCOBAHUX OCOOMH. MU 3aCTOCOBYEMO IMOBIPHICHI OIepaTopHu, Taki sIK
8i00Ip, cxpewysanus Ta Mymayis, 100 CTBOPUTH HACTYIHE TMOKOJIHHS
IHAUBIYYMIB. [HAUBINYyyMH MPEACTABICHI Y BUTJISIAL PSAAKIB, € KOKEH PSAIOK €
3aK0/10BaHOIO (y BUTIISAIL «1» Ta «0») BepCi€ro MOTEHIIIHHOTO PIIICHHS.

@DyHKIis MPUCTOCOBAHOCTI BUKOPUCTOBYETHCS JUIsl OILIIHKA MIPH MIPUAATHOCTI
KOXKHOTO psJiKa, TOBIJOMJISIIOUM HaM, HACKUIBKM J00pe BIH MiAXOIUTH IS
BUpPILIEHHS 3aJayl, Mpo sKy Wjae mMoBa. Lo ¢GyHKIII0 NPUCTOCOBAHOCTI TAKOX
Ha3MBalOTh (QYHKLIEO OIiHIOBaHHSA. GA 3aCTOCOBYIOTh OINEPaTOpPH, HATXHEHHI
IPUPOAOI0, TOMY TYT TEPMIHOJIOTIS TICHO MOB’s3aHa 31 3HAWJIEHUMHU TEPMIHAMU B
010J10T1i.

DynoamenmanoHi NOHAMMS 8 2EHeMUYHUX AICOPUMMAX

{06 mobynyBatu GA, HaM MOTPIOHO 3pO3yMITH KiJIbKa KJIIOUOBUX MOHSATH 1
TEPMiHIB.

[{i xoHIeniii MHUPOKO BUKOPUCTOBYIOThCS B o0macTi GA uisi CTBOpPEHHS
pimieHb g pisHuX 3agad. OpHuM 13 HaWBaxmBimKX acnektiB GA €
BUMAAKOBICTh. JIJI1 TOBTOpPEHHsSI BIH TOKJIAJAEThCS HAa BUMAAKOBY BHOIPKY
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inauBigyymiB. Lle o3Hauae, mo mporec € HeaeTepMiHOBaHUM. OTXKe, SKIO BU
3alyCTUTE TOM CaMUM aJrOPUTM KiJbKa pa3iB, BIH MOXKE 3aKIHUUTHUCS PI3HUMHU
PIIICHHSIMU.

JlaBaiiTe Termep AamMO BU3HAYEHHs TepMiHy momyisuis. [lomymsmis — e
Hallp 1HAMBIAYYMIB, SIKI € MOKJIMBUMU KaHaAuaatamMu Ha pimeHHs. Y GA enuHe
HalKpalie pillleHHS MiATPUMYETbCS HE Ha Oyab-aKid cTaaii, a cKopime Habip
MOTEHIIMHUX PIllIeHb, OJIHE 3 SAKHUX MOXKEe OyTH HaWKpamum. AJie 1HII pIiIeHHS
BIJIITPalOTh BAKJIMBY POJIb Mif Yac MomryKy. OCKUIBKH BIJCTEKYETbCS MOMYJISIis
pillleHb, MEHIIIa WMOBIPHICTh 3aCTPATTH B JIOKAJIBHOMY ONTHMYMIi. 3aCTpsiraHHS B
JIOKAJTHbHOMY ONTHMYMi € KJIACHYHOIO MPOOJEMOI0, 3 SKOK CTHKAIOTHCS 1HIII
METOJIH ONTUMI3AIlii.

Ternep, KOoaM MU 3HAEMO MPO MOMYJSAIII Ta cToxacTUuHy mpupony GA,
JaBaiiTe MmoroBopuMo Mpo omneparopu. CTBOPIOIOYM HACTYIHE MOKOJIHHS
IHJUBIIYYMIB, aJTOPUTM HAMAaraeTrbCsl IMEPEKOHATUCS, 110 BOHHU IMOXOJSATH BIJ
HaWMPUIATHIIINX 1HAUBIYYMIB IIOTOYHOTO TTOKOJIIHHS.

MyrTarltiss € ogHUM 13 NIISAXIB JOCATHEHHS 1Oro. GA BHOCHUTH BHUITQJIKOBI
3MIHM B OJIMH a00 KiJbKa 1HAMBIAYYMIB MOTOYHOTO MOKOJIHHS, 1100 OTpUMATH
HOBE pileHHs-KanauaaT. g 3MiHa Ha3uBaeTbest MyTarlieto. Temnep 1151 3MiHa MOXKe
3pOOUTH LIHOTO 1HJIMBIIyyMa Kpalum ado TipIIuM 3a ICHYI0UHX 0cCi0.

HacrtynHe moHATTS, sike HEOOX1THO BU3HAYUTH, 1€ peKOMOIHAIIIs, IKY TaKOXK
Ha3UBaIOTh KPOCUHTOBEPOM (KpocoBepoM). Ile 6e3nocepesHbo MOB'A3aHO 3 POJLITIO
PO3MHOKEHHS B Tpoiieci eBoitolii. GA Hamaraetbcsi 00’ €AHATH 1HAUBIIYYMIB 13
MOTOYHOr'O MOKOJIIHHS, 00 CTBOPUTH HOBE pilieHHs. BiH moennye B coO1 ekl
0COOJIMBOCTI KOYKHOTO 3 OaTbKIBCHKMX IHJMBIAYYMIB ISl CTBOPEHHSI MOTOMCTBA.
[leit mporiec Ha3WBAETHCS KPOCOBEpOM. Mera mossirae B TOMY, 100 3aMIHUTHU
«MEHIII TPUAATHUX» OCOOWH y TIOTOYHOMY IOKOJIIHHI TTOTOMCTBOM, OTPUMAaHHUM
B1JT «O1IBII IPUIATHUX)» OCOOMH Yy MOIYJISAIIIT.

[Io6 3acTocyBaTH KpOCHHTOBEP 1 MyTaIlilo, HaM MOTPIOHI KpuTepii BiAOOPY
(cenexirii). Konmemnirisi cenexiili HATXHEHHA TEOPi€r0 MPUPOIHOTO Bimoopy. [1ix yac
KOKHOi iTepariii GA BHUKOHY€E mpoliec BiOOpy. 3a JOMOMOTrOI0 I[HOTO IPOIECY
Bi0OpY BUOWpAIOThCA  HalmpuuatHimi  ocoOuHM, a cinabmi  ocoOMHU
BiIKHIat0ThCA. OCh Jie y TPy BCTYyMAa€ KOHIIEMIIIS BYKUBAHHS HAMCHIIBHIINIOTO.
[Ipomiec BimOOpy 3IIHCHIOETBCS 3a JOMOMOTOIK (YHKINi, sSKa 0O4YHCIIOE
NPUAATHICTh OKPEMHUX OCIO0.

Temnep, Koau MU 3HAEMO OCHOBHI KoHuemniii GA, gaBaiiTe MOIUBUMOCS, K
BUKOPUCTOBYBAaTH MOTO JJis BHUPIIMICHHS JeAKuX 3amad. Mwu  Oynemo
BUKOpucTOBYBaTH makeT Python min nHazsoro DEAP. Bu Moxere 3HaliTH Bci
noApoOuii npo 1e Ha http://deap.readthedocs.io/en/master. [laBaiiTe Bmepen 1
BCTAHOBITH MOTO, BUKOHABIIIA TaKy KOMaH]TY:

$ pip3 install deap

Sxmo Bu He 6aYnTE MOBIAOMIIEHHS PO MMOMUJIKY, BCE TOTOBO.



2. 3ABJIAHHSA HA JIABOPATOPHY POBOTY TA METOWYHI
PEKOMEH/IALI IO 1OrO BUKOHAHHS

3aBaanns 2.1. CtBopeHHs1 0iTOBOro madI0HYy 3 NONEPEAHbO
BU3HAYEHUMH NapaMeTpamMu

Y upomy 3aBAaHHI MU OyaeMo BHUKOPHCTOBYBATH BapiaHT anroputmy One
Max algorithm. One Max Hamara€eTbcsi CTBOPUTH OITOBUH PSAOK, SIKUH MICTHTB
MaKCUMaJbHy KUIBKICTh oOIuHUIG. Lle mpoctuil anroput™m, ane KOPHCHO
o3HalloMuTHUCS 3 06107110TEKO10, 100 Kpallle 3p03yMiTH, SIK peaTi30ByBaTH PillICHHS
3a gonoMoro GA. ¥V 1pomMy BHNAJIKy MOXe OyTH 3reHepOBaHUN OITOBHM PAIOK,
SAKAA MICTUTh 3a37aJIeTiib BU3HAYEHY KUIBKICTh OJMHMIL. Bu mobauute, 110
OCHOBHA CTPYKTypa Ta YaCTMHA KOJY CXOKI Ha TNPUKIAJL, BUKOPUCTAHHUU Y
610miorent DEAP.

[IpounTaiiTe Ta BUKOHAWTE i1 3T1THO PEKOMEH AN JO BUKOHAHHSI.
PEKOMEHTALII 1O BAKOHAHHA

CrtBopiTh HOBUH (haiin Python ta iMmmopTyiite HacTymHe:

random

deap base, creator, tools

CkaximMo0, MH XOU€MO 3reHepyBaTH OITOBUIA MTA0JIOH JOBXKUHOIO 75, 1 MU
X04ueMo, 1100 BiH MicTUB 45 oguHuIik. Ham moTpiOHO BU3HAYNTH (HYHKIIIIO
MPUCTOCOBAHOCTI, sIKa MOXe OyTH BUKOPUCTAHA K (PYHKIiSI OI[IHIOBAHHS
JIOCSITHEHHST METH:

# OyHKL1g OL1HIOBAHHA
eval func(individual) :

target sum =
(individual) - (individual) - target sum)

dopMyna, BUKOpUCTAaHA B TMOMEpenHi  (QyHKIIl, gocsrae  CBOTO
MaKCHMAJIbHOTO 3HAY€HHS, KOJIM KUTBKICTh OJIMHMIIL TOPiBHIOE 45. JIoBXKMHA BCIX
oci6 mopiBHtoe 75. Konu KUTBKICTh OJAMHUILL JOPIBHIOE 45, MOBEpHEHE 3HAYEHHS
oyne 75.

Tenep nmaBaiiTe BU3HAYMMO (YHKIIO JJIS CTBOPEHHS I1HCTPYMEHTApIIO
(toolbox). [lo-nepmie, BU3HAaUTE 00’ €KT creator st GyHKIIT IPUCTOCYBaHHS,
AKUi ~ Oynme  BiACTexXyBaTH  okpemi iHauBimyymu. Kmac  Fitness, 110
BUKOPHUCTOBYETHCS TYT, € aOCTPAKTHUM KJIAaCOM, 1 JJIT HbOTO TIOTPIOHO BH3HAYUTH
aTpuOyT Baru weights. Mu OyaemMo cTBOprOBaTH (YHKIIIO MPUCTOCOBAHOCTI,
10 MaKCUMI3YEThCSI, BAKOPUCTOBYIOUH TIO3UTHBHI Baru:



# CrBopiTe naHene iHcTpyMeHTiB i3 npaBunbHMMM napamerpamm def
create toolbox (num bits):
creator.create ( base.Fitness

creator.create (
=creator.FitnessMax)

[lepmnii psimoKk CTBOPIOE OO’€KT MPUCTOCOBYBAHOCTI FitnessMax, MO
MaKCUMI3y€ OJUHOYHY METY. Jpyruil psaoK CTOCYEThCS CTBOPEHHSI 1HIUBIAYYMY.
[lepmmii 1HAUBIAYYM, SIKMM CTBOPIOETHCS, — II€ CIHMCOK YHWCEN 3 IJIaBal0uolo
komor. 106 cTBopuTH 1€l IHAMBIAYYM, MH TIOBUHHI CTBOPUTH KJac
Individual 3a jgomoMoror o00’ekta creator. Atpubyr fitness
BUKOPUCTOBYBaTUME F'itnessMax, BA3HAUYCHUN paHille.

O06’exT toolbox— 11e 00’€eKT, IKUI 3a3BU4ail BUKOpUCTOBYeThCsi B DEAP.
Bin BukopucToByeThCa 115 30€piranus pi3HUX (PYHKIIHM pa3oM 13 IXHIMU
aprymeHTamu. J{aBaiite cTBOPUMO 1Ieil 00'€KT:

# Iuninianisauisa nanesni iHCTPYMeHTiB
toolbox = base.Toolbox ()

Tenep My MoYHEMO peeCTpyBaTU Pi3HI (PYHKINI B 1I1i MaHEIl IHCTPYMEHTIB.
[Tounemo 3 renepaTopa BUIAIKOBUX YHCEN, IKUM T'€HEPY€e BUIAIKOBE II1JIe YUCIIO
Bix 0 o 1. Ilo cyri, 1ie i reHepye OITOBI PAIKH:

# CTBOpeHHa aTpubyTiB
toolbox.register (

random.randint

3apeectpyeMo ¢dyHKIi0 Individual. Meron initRepeat mnpuiimMae Tpu
apryMeHTH — KJIac KOHTeWHepa JJi 1HIUB1AyyMa, PYHKIII0, SKa
BUKOPUCTOBYETHCS JIJIsl 3aIIOBHEHHS] KOHTEMHEPA, 1 KIJIBKICTh TOBTOPHUX BUKIIMKIB
byHKII:

# Tniuniamizania CcTpyKTyp
toolbox.register ( tools.initRepeat

creator.Individual
toolbox.attr bool, num bits)

Hawm notpibno 3apeectpyBatu yHkiio population. Mu xodemo, o0
nonyJisiiis Oyya npeacTaBieHa CIIUCKOM 0ci0:

# BuM3HAUTe CYKYMNHIiCTHL 9K CIOMCOK 1HOMBiOyyMiB
toolbox.register ( tools.initRepeat

toolbox.individual)

Tenmep Ham mMOTPiOHO 3apeecTpyBaTH TEHETUYHI OMEpPaTOpPH. 3apeecTpyuTe
(GYHKIIIIO OIIIHIOBAHHS, Ky MM BHM3HAUWJIM paHIIIE, 1 sfKa JIiITUME SK (DYHKIIS



IPUCTOCOBAHOCTI. MU xoueMo 100 1HAUBIAYYM, SIKUU € OITOBUM I1a0JIOHOM, MaB
45 onquHUIIb:

# PeecrTpauis omnepaTopa OLI1HKU
toolbox.register ( eval func)

3apeecTpyiiTe OnepaTop KPOCHHIOBEPY IiJ] HA3BOIO mate 3a J0MOMOTOI0
Merony cxTwoPoint:

# PeecTpallig omepaTopa KpoCOBepa

toolbox.register ( tools.cxTwoPoint)

3apeecTpyiiTe ornepaTop MyTalii IiJi Ha3BOI0 mutate 3a JA0MOMOTOIO
mutFlipBit. Ham nmotpiOHO BKa3aTH WMOBIPHICTH 3MIHU KOKHOTO aTpuOyTa 3a
JIOTIOMOror0 1ndpb:

# PeecTpalnis omnepaTopa MyTaliii

toolbox.register ( tools.mutFlipBit

3apeecTpyiiTe omepaTopa BiI0OpY 3a JAonoMororww selTournament. Y
HbOMY BKa3aHoO, K1 0COOMHU OyAyTh Bi10OpaHi Jisi pO3BEICHHS:

# OnepaTop mo BimbBopy OCOOMH IJIS PO3MHOXEHHI
toolbox.register ( tools.selTournament

IToBuHEH BUUTH TaKUH 00’ €KT toolbox

random.randint

ox.register ( tools.initR t, creator.Individual

toolbox.attr bool, num b

toolbox.register ( tools.initRep
toolbox.individual)

tools.cxTwoPoint)

tools.mutFlipBit
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toolbox.register ( tools.selTournament

toolbox

Ile peamnizaliis BCiX KOHIEMIIH, pO3TIIHYTUX paHimie. OyHKIS TeHepaTopa
naHesi iIHCTpyMeHTiB nomupeHa B DEAP, 1 Mmu OyneMo BUKOPHUCTOBYBATH i 1 B
noiaabIoMy. ToMy, BAKITMBO BUTPATUTH TPOXH Yacy, 00 3pO3yMiTH, sIK OYI10
CTBOPEHO HAOOp 1HCTPYMEHTIB.

Busnaure ocHOBHY (PYHKIIIIO, TOUMHAIOYH 3 JIOBKUHHU O1ITOBOTO IIa0JIOHY:

CTBOpITH NaHEb IHCTPYMEHTIB 32 JOMOMOTr0I0 (DYHKIII1, IKY MU BU3SHAUYHIIN
paHiwe:

toolbox = create toolbox (num bits)

BcraHoBITh MOYaTKOBE 3HAUEHHS IS 3aIyCKY T'€HEpaTOpa BUMAKOBUX
yucen, o0 3a0e3neYnTH OTPUMaHHS TOBTOPIOBAHHS PE3YJIbTATIB!

random.seed (7)

CTBOpITH MOYATKOBY MOMYJIAII0, CKaxXiMo, 3 500 ocoOMH 3a MOMOMOTOI0
MeToay, AoctymHoro B 00’ekri toolbox. He copomTecst 3miHIOBAaTH 1€ YHCIIO Ta
CKCIICPUMCHTYBATH 3 HUM:

population = toolbox.population (

Buznaute WMOBIPHOCTI CXpellyBaHHS Ta MyTaiii. 3HOBY 3K TakH, L€
napameTpH, skl BU3Hayae KopucTyBad. OTxKe, BU MOXKETE 3MIHUTH LI MMapaMeTpu
Ta MOJUBUTHCS, SIK BOHU BIUTUHYTh HA pE3yJbTaT:

probab crossing, probab mutating =

BusnauTe KiTbKICTh MOKOJiHB, HEOOX1THUX JIJIsl TOBTOPEHHS, JIOKH MPOIIEC HE
3aBEpIIMTHCA. SIKIIO BU 301IbIIY€ETE KITBKICTh MTOKOJIIHB, BU IA€TE HOMY OlJIbIe
IUKITIB JUIsl BAOCKOHAJEHHS ()YHKIIIT TPUCTOCOBAHOCTI MOMYJISIITIT:
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num generations =

OmiHiTh ycix 0ci0 y momynAmii 3a T0moMOroro (yHKIIIH BiMOBIIHOCTI:
print ('\n IouaTok mnpouecy eBoJjuouii')

# OUlHUTM BCIO CYKYNH1CTb

fitnesses = list (map (toolbox.evaluate, population))
for ind, fit in zip(population, fitnesses):
ind.fitness.values = fit

[TouHiTh iTEpallito Yepe3 MOKOIIHHS:

print ('\nEvaluated', len (population), 'individuals')
# ITepauis uepes MNOKOJI1HHS
for g in range (num generations):

print ("\n===== Generation", qg)

VY KOXHOMY MOKOJIIHHI BUOEPITH OCOOMH HACTYITHOTO TTOKOJIIHHS 32 JIOTIOMOT OO0
orepaTopa BUOOPY, SIKUI MU 3apeecTpyBaIM Ha MMaHEeI1 IHCTPYMEHTIB paHillie:

# BubepiTh iHOMBIiIOyyMiB HACTYIHOTO MMOKOJII1iHHSA

offspring = toolbox.select (population, len (population))

Krnonyiite Bubpanux ocio:

# KnounyBaTu BUOpaHUxX 1HIMBioyymin
offspring = list (map(toolbox.clone, offspring))

3acToCyilTe KPOCHHTOBEP 1 MyTaIlil0 10 OCOOMH HACTYITHOTO TTOKOIIHHS,
BUKOPHCTOBYIOYM 3HAYEHHSI HMOBIPHOCTI, BU3Ha4YeH1 paniiie. [Ticas 1poro
CKUHBTE 3HAYCHHS (YHKITI{ MPHUCTOCOBAHCTI:

# Apply crossover and mutation on the offspring

for childl, child2 in zip(offspringl[::2],
offspring[l::2]):
# Cross two individuals

if random.random() < probab crossing:
toolbox.mate (childl, child?2)

# «3abynbTe» BHaAuUueHHS OGYHKLI11 NPMCTOCOBAHOCTI nmiTen
del childl.fitness.values

del child2.fitness.values

3actocyiiTe MyTalilo A0 OCOOMH HACTYMHOTO MOKOJIIHHS, BUKOPHUCTOBYIOUHU

BI/IMOBIJIHE 3HAYEHHs WMOBIPHOCTI, BU3HaueHe padimie. Ilicis 1boro CKUHBTE
3Ha4YeHHS (PYHKIIIT MPUCTOCOBAHOCTI:
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# BacTocyBaHHA MyTaniil
for mutant in offspring:
# Myrauis ingmBinyyMma
if random.random() < probab mutating:
toolbox.mutate (mutant)
del mutant.fitness.values

O11iHITE 0C10 13 HEJIUCHUMHA 3HAYEHHIMMI MIITHOCTI:

# OuiHiTe 1HOMBiIOYYyMiB 3 NOTAHOK NPMIATHICTIO
invalid ind = [ind for ind in offspring if not
ind.fitness.valid]
fitnesses = map(toolbox.evaluate, invalid ind)
for ind, fit in zip(invalid ind, fitnesses):
ind.fitness.values = fit

print ('Evaluated', len(invalid ind), 'individuals')

3aMiHITh TOMYJISIII0 HACTYITHUM MOKOJIIHHSAM OCOOUH:

# IonyJyduig HNOBHI1CTIO 3aMlHIOETHECHA IOTOMCTBOM
population[:] = offspring

Po3apykyiiTe cTaTUCTUKY JJIsl TOTOYHOTO MOKOIIHHS, 1100 MOOAYUTH, SIK
BOHO PO3BUBAETHCA:

# 30epiTb yci mani npo doiTHec B OOMH CHMCOK 1
POBIPYKYUTE CTATUCTUKY

fits = [ind.fitness.values[0] for ind in population]

length = len (population)

mean = sum(fits) / length

sum?2 = sum(x * x for x in fits)

std = abs(sum2 / length - mean ** 2) ** (0.5

print ('Min ="', min(fits), ', Max =', max(fits))
print ('Average =', round(mean, 2), ', Standard deviation

round(std, 2))

print ("\n==== End of evolution")
Hanpykylite KIHIIEBUN PE3YNIbTAT:
best ind = tools.selBest (population, 1) [0]

print ('\nBest individual:\n', best ind)
print ('\nNumber of ones:', sum(best ind))

[ToBHMIT KOJ OCHOBHOT (DYHKIIIT HABEJEHO JaIi.
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__hame

num bits

toolbox = create toolbox (num bits)

random. seed (7)

population = toolbox.population (

probab crossing, probab mutating

num_generations =

(

fitnesses = (toolbox.evaluate, population))
ind, fit (population, fitnesses):
ind.fitness.values = fit
(population)

(num generations) :
g)

offspring toolbox.select (population (population))

offspring (toolbox.clone, offspring))

childl, child2 (offspring[::2] offspring[l::2]):
random.random() < probab crossing:

toolbox.mate (childl, child?2)

childl.fitness.values
child2.fitness.values

mutant offspring:
random.random() < probab mutating:

toolbox.mutate (mutant)
mutant.fitness.values

invalid ind = [ind ind offspring ind.fitness.valid]
fitnesses = (toolbox.evaluate, invalid ind)

ind, fit (invalid ind, fitnesses):

ind.fitness.values = fit

(invalid ind)




population[:] = offspring

fits = [ind.fitness.values[0] ind population]

length = len (population)
mean = sum(fits) / length
sum2 = sum(xXx * X X fits)

]
std = abs(sum2 / length - mean **
print ( min (fits)

print ( round (mean

round (std ) )
print ( )
best ind = tools.selBest (population ) [O]

print ( best ind)
print ( sum (best ind))

S0 BU 3’€IHA€TE Ta 3aIyCTUTE KO, TO MOOAYUTE pO3IPYKOBaH1 iTeparii.
Hanpukinii Bu modauute mock moaidHe o HACTYITHOTO, 1110 BKa3ye Ha
KIHEI[b €BOJIIOILII:

= Generation 57
Evaluated 306 individuals
Min = 68.0 , Max = 75.0
Average = 74,02 , Standard deviation

= Generation 58
Evaluated 276 individuals
Min = 69.0 , Max 75.0
Average = 74,15 , Standard deviation

Generation 59
Evaluated 288 individuals
Min = 69.0 , Max = 75.0
Average = 74.12 , Standard deviation =

==== End of evolution

Best individual
o hey Pl B e
, 1,1, 1,0, 0,

s 15 0.8 0. 1]

Number of ones: 45

Baw pucynok nodionuii 00 uyvo2o 3anecimo y 36im.

[Ipomec eBosrorlii 3aKiHUy€eThCs Ticas 60 MOKOJiHE (3 HYJILOBUM 1HIACKCOM).
[Ticnst boro BHOUpPAETHCS HAWKpAIUW 1HIUBIAYYM, SIKUM PYKYETHCS HA BUXO/II.
Bin mae 45 oauHulilb, 10 € MIATBEPKEHHIM pe3yJIbTaTy, OCKUIBKHU IIJIhOBa CyMa
CTaHOBUTH 45 y PyHKIIT OI[IHIOBaHHS.

3oepescimb k00 pobouoi npozpamu nio nazeoro LR 7 _task 1.py

Koo npozpamu, pezynomamu éugedenns 3anecimo y 36im.
3poodims eéucnosox
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3aBnanns 2.2. Bisyasizanis npouecy eBOJIOLIL

BizyanizyiiTe nporuec eBoiolii 3a A0noMorotw mMetony Cmpamezisa egontoyii
wsixom  aoanmauyii  kosapiayiunoi mampuyi (Covariance Matrix Adaptation
Evolution Strategy — CMA-ES). lle eBoMOifiHMIA aNrOpuT™M, SKHIi
BUKOPHUCTOBYETHCSA ISl BUPIIICHHS HENIHIMHUX 3a7ad y HEMepepBHiM oOsacTi.
Texnika CMA-ES € mHamiiiHO0, 100pe BHBYCHOI Ta  BBaKAETHCA
«HaWCy4JacHIIIOW» B €BOJIOLIMHUX anropuTMmax. HacTymHuii KOJl € HEBETHKOIO
3MIHOIO MPUKIaAy Moka3aHo B 010mioTeri DEAP.

PEKOMEHJIALIT TO BAKOHAHHA

CtBopiTh HOBUH (haiin Python Ta iMmnopTyiiTe Taki makeTu.

import numpy as np

import matplotlib.pyplot as plt

from deap import algorithms, base, benchmarks, \
cma, creator, tools

Busznaute ¢yHKIIIIO 17151 CTBOPEHHS MaHeNl IHCTPYMEHTIB. MU BU3ZHAUUMO
(GYHKINIO FitnessMin, III0 MATUME HETaTUBHI BaroBi KOe(MIIi€HTH:

# OyHKI1sS CTBOPEHHS INaHesJl 1HCTPyMeHTI1B
def create toolbox(strategy):
creator.create ("FitnessMin", base.Fitness, weights=(-1.0,))
creator.create("Individual", 1list,
fitness=creator.FitnessMin)

CtBOpITH HAOIP IHCTPYMEHTIB 1 3apeecTpyiTe DYHKIIIIO OIIHIOBAHHS, SIK
MOKa3aHO HUXKYE:

toolbox = base.Toolbox ()
toolbox.register ("evaluate", benchmarks.rastrigin)

# 3amaTu TeHepaTOpP BUIAOKOBUX UMCEJI
np.random.seed (7)

3apeecTpyiiTe METOIU generate Ta update. lle HeoOXxigHO 1T POOOTH
napajurMy «TeHepallisi — OHOBJICHHS», Y BIJAMOBITHOCTI JI0 SKOi MH T€HEPYEMO
MOMYJISAIII0, MO0 0a3yeThCs Ha CTpaTerii, a MOTIM ISl CTPATErisi OHOBIIOETHCS Ha
OCHOBI MOITYJIALII:

toolbox.register ("generate", strategy.generate,
creator.Individual)
toolbox.register ("update", strategy.update)

return toolbox
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Busnaure ronoBny QyHkiito. [Io4HITh 13 BU3HAYEHHSI KUTBKOCTI 1HAUBITYYMiB
1 KIJIbKICTh TIOKOJIIHb!

if name == " main ":
# PosMmip mnpobiiemu
num individuals = 10
num generations = 125

Busnaure cTparerito nepej no4aTkoM Mporecy:

# CTBOpeHHS cTpaTerii =3a IOonoMoTron ajropurMy CMA-ES
strategy = cma.Strategy(centroid=[5.0]*num individuals,
sigma=5.0,
lambda =20*num individuals)

CTBOpIThH IHCTPYMEHTAPI Ha OCHOBI CTpaTerii:

# CrTBOpiTh maHesb 1HCTPYMEeHTiB Ha OCHOB1 HaBemeHOI Buue
cTpaTrerii
toolbox = create toolbox(strategy)

CtBopiTh 00’€KT HallOfFame. OO’€KT HallOfFame MICTUTh HaWKpaIux
IHIUBIYYMIB, M0 KOJHM-HEOynb icHyBanmu B monyismii. Lleit 00’exkt 3aBxau
30epiraerbesi y BiicopToBaHoMy Qopmari. TakuM 4WHOM, MEPIIUM €JIEMEHTOM Y
IbOMY 00’€KT1 € THAUBIAYYM, SIKM Ma€ HaWKpale 3Ha4eHHsS MPUCTOCOBAHOCTI Ha
MPOTS31 BCHOTO MPOIECY €BOTIOII:

# CreopiTer obBexT HallOfFame
hall of fame = tools.HallOfFame (1)

3apeecTpyBaTH CTaTUCTUKY 3a JOIMOMOIOK METOAY Statistics:

# BapeecTpyliTe BiANMOBIIHY CTATUCTUKY

stats = tools.Statistics (lambda x: x.fitness.values)
stats.register ("avg", np.mean)

stats.register ("std", np.std)

stats.register ("min", np.min)

stats.register ("max", np.max)

Busnaure xypHai 11 BIJICTEKEHHS €BOIOLIMHUX 3anuciB. BiH sBIs€ cO0010
XPOHOJIOTTYHHUI CITUCOK CJIOBHUKIB:

logbook = tools.Logbook()
logbook.header = "gen", "evals", "std", "min", "avg

\AJ \AJ

"max

Buszaure 00’ ekt 11 KOMOUTAIIT BCIX JaHUX:
# 00'exTu, gkl s0UpaTUMYTH OaHI
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sigma = np.ndarray((num generations, 1))

axis ratio = np.ndarray((num generations, 1))

diagD = np.ndarray((num generations, num individuals))
fbest = np.ndarray((num generations,1))

best = np.ndarray((num generations, num individuals))
std = np.ndarray((num generations, num individuals))

BuxoHyemo iTepaliiro mo NOKOJIHHIM:

for gen in range (num generations) :
# CTBOPUTHM HOBY IMOIIYJIAL1I0
population = toolbox.generate ()

O1iHITH IHIMBIAYYMIB 32 I0MOMOT010 (hYHKIIII MPUCTOCOBAHOCTI !

# Ouinire ixHguBioyyMiB

fitnesses = toolbox.map (toolbox.evaluate, population)

for ind, fit in zip(population, fitnesses):
ind.fitness.values = fit

OHOBITB CTpaTET1I0 Ha OCHOBI MOIYJISIII:

# OHOoBiTH cTpaTerin B3a OONOMOTOK OlliHeHMX i1HOMBioyymiB
toolbox.update (population)

OHOBITh HallOfFame Ta CTATUCTUKY MOTOYHUM ITOKOJIIHHSAM JTIOJICH:

# OhoBiTe HallOfFame Ta CTAaTUCTUKY IJIL
# pospaxoByeMOl B IOaHMUM MOMEHT MOMYyJdailii

hall of fame.update (population)
record = stats.compile (population)
logbook.record(evals=len (population), gen=gen, **record)

print (logbook.stream)

30epexiTh gaHi 1 moOya0BH:

# 30epexiTer manHil mig no®ynmoBu Tpadikis
sigma[gen] = strategy.sigma
axis ratio[gen] =

max (strategy.diagD) **2/min (strategy.diagD) **2

diagD[gen, :num individuals] = strategy.diagD**2
fbest[gen] = hall of fame[0O].fitness.values

best[gen, :num individuals] = hall of fame[O0]

std[gen, :num individuals] = np.std(population, axis=0)

Busnaure Bich X 1 MOOyAyHTE CTaTUCTUYHI TPaQiKu:

# Ha oci abcumcc Byme BigkjaaleHO kijJgepkicTb oOLiHOK
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x = list (range (0
strategy.lambda ))
avg, max , min_
plt.figure()
plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.
ratio")

semilogy (x,
grid(True)

title ("Cunuinm:

, strategy.lambda * num generations,

= logbook.select ("avg", "max", "min")
avg, vv__b")
max , "--b")
min_ vv_b")
fbest, "-c")
sigma, "-g")
axis_ ratio, "-r")
f-3HaueHHs, 3BejleHMM: sigma, YEPBOHUM:

[ToGynyeMo rpadik Xoay nporecy:

plt.
plt.
plt.
plt.

figure ()
plot (x, best
grid(True)
title ("ObBekT

plt.
plt.
plt.
plt.

figure ()
semilogy (%,
grid(True)
title ("MacwmT

plt.
plt.
plt.
plt.

figure ()
semilogy (x,
grid (True)
title ("

plt.show ()

)

Hi sBMiHHi")

diagD)

abyBaHHa (Bci ocHoBH1I oci)")

std)

CraHmapTHEe BiOXMIIEeHHsS O BCix koopImMHaTax")

axis

SIK110 BUM 3aI1yCTUTE KO, BU OTPUMAETE YOTUPHU PUCYHKHU. llepmnii pucyHOK
MOKa3ye Pi3HI apaMeTpHu:

@ @ Figure 1
blue: f-values, green: sigma, red: axis ratio
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Ha npyromy pucyHKy moka3aHo 3MiHHI 00’ e€kTa. Ha TpeThoMy pUCYHKY

MOKa3aHo MaciTabyBaHHs. YeTBepTuil pUCYHOK MOKa3y€e CTaHAAPTHI BIAXUICHHS.

3poodims ckpinuwomu ecix 4-x pucynkie ma ecmasme ix y 36im.
VY BiKHI TepMiHATY TaKOk BU oOayuTe 1H(GOpMAILiIO PO X1 IPOIECy.

3poodimb cKpinuiomu nouamky ma Kinys iHgpopmauii 3 mepminaiy ma

ecmaeme ix y 36im.

Ha nouaTtky Bu mobauute 1moch Ha 3pa30K HACTYIMHOTO:

1]
3

LoeoNOOTOUMaAaWN-0NK

VY kiHIll B T0OAYUTE HACTYITHE:

. 38865e-07
.49444e-07
.11635e-07
.50257e-08
.63849%¢-08
.42488e-08
.34933e-08
.74434e-08
.17157e-08
.73027e-09
.39874e-09
.31196e-09
.15607e-09
.3789%e-09
.38424e-09
.04172e-09
.08685e-10
.51515e-10
.77204e-10
.06475e-10
.3138e-10
.52385e-11
.55001e-11
.52125e-11
.38068e-11

100

200

N

1
1
9
5
4
2
1
1
8
6
5
3
2
1
1
6
4
2
2
1
9
7
5
4

std
188.36
250.543
273.081
215.326
133.046
75.4405
61.2622
49.8303
39.9533
31.3781
31.3488
30.8796
24.1975
21.2274
25.4931
26.9804
24.8993
21.9789
21,2823
22.5016
21.1602
23.3864
23.1008
22.0836

-_-WAaAOWUMN~NLOBENOD === NN~ N-=NWNWD

.12678e-07
.56979e-08
.07109e-08
.69117e-08
.09827e-08
.64212e-08
.28302e-08
.13185e-09
.32208e-09
.60369e-09
.92573e-09
.05551e-09
.72427e-09
.01164e-09
.43112e-10
.87571e-10
.32905e-10
.1538e~-10
.46869¢e-10
.54881e-11
.97282e-11
.753e-11
.1851e-11
.2216e-11
.32871e-11

max
1199. 71
1869.02
1770.65
1579.3
790.899
585.433
426.666
373.543
326.209
261.132
274.877
240.739
190.684
177.483
199.296
205.331
176.702
170.156
190.677
166.2
171.899
163.617
185.777
179.673

.18814e-07
.3199%e-07

.41361e-07
.94641e-07
.26148e-07
.6972e-08

.47789%e-08
.64705e-08
.54673e-08
.79681e-08
.43229%e-08
.13736e-08
.28548e-09
.01177e-09
.94696e-09
.06068e-09
.4704e-09

.23627e-10
.3507e-10

.41427e-10
.98116e-10
.32358e-10
.72688e-10
.23505e-10
.94929%e-11

0 = = VN BDDOWNNUIN == = NWUNOoO - —=NDwm

NWOUO = = NWNWYW = = Wb NO=NNNONNN -

.23527e-06
.98774e-07
.96738e-07
.75896e-07
.887e-07
.58639%e-07
.54658e-07
.88235e-08
.13075e-08
.88066e-08
.00087e-08
.16793e-08
.67727e-08
.24541e-08
.2581%e-09
.90436e-09
.80221e-09
.2759%e-09
.44637e-09
.33167e-09
.60453e-10
.45441e-10
.05054e-10
.10081e-10
.57202e-10
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Ha ckpiHmmoTax Bu HOBHHHI MOOAYUTH, IIO YC1 3HAUEHHS MTPOJOBXKYIOTh
3MEHIIIyBaTHCA B Mipy npocyBaHHs. Lle o3Hauae, 1o mporec 30iraeTbes
(HAOMMKAETHCS IO TOYKH ONITUMYMa).

3bepeostcimv KOO podOUOT npozpamu 3 0006’A3KO6UMU KOMEHMAPAM RIO
nazeorw LR 7 task 2.py

Koo pobouoi npozpamu 3anecimeo y 38im

3poodims 6ucHoBOK

3aBnanns 2.3. Po3B’A3yBaHHA 3a1a4i CHMBOJIBHOI perpecii

JlaBaiiTe MOAMBUMOCS, SIK BUKOPHUCTOBYBATH T€HETUYHE MPOTPAMYBaHHS IS
BUPIIIEHHSI TTPOOJIEMH CHUMBOJIBHOI perpecii. BaxianmBo po3ymiTu, 110 TeHETUYHE
MpOorpaMyBaHHs — 1€ HE Te came, o GA.

['eneTnuHe mporpamMyBaHHS — II€ THUIT €BOJIOLIMHOTO aJrOPUTMY, Y SKOMY
pIIIEHHST BUCTYNAIOTh y (opmMi KoM 10oTepHUX mporpam. Ilo cyTi iHIUBYyyMH B
KOXXHOMY TIOKOJIHHI OyJayTh KOMIT'IOTEpHI MporpaMaMu, 1 pPIBEHb IXHbBOI
MPUCTOCOBAHOCTI BIAMOBIAATHUME iXHIA 34aTHOCTI BuUpimryBatu mpoOiemu. L1
nporpamMu  MOAMQIKYIOTbCS Ha KOXHIA itepamii 3a jgomomoror  GA.
[lincymoByroun MOXXHA CKa3aTH, [0 TEHETHYHE NpOrpaMyBaHHSI - II€
3acTocyBaHHa GA.

[lepexonsum 10 mpoOIEeMU CUMBOIBHOI perpecii, MU MaEMO MOJIIHOMIAJIbHUN
BUpAa3, KU TYT MOTpiOHO anpokcumyBaTH. Lle kinacuuHa 3agada perpecii, 1€ MU
HaMaraemocsi OLHUTH 0a30By (QyHKLIIO. Y LIbOMY HPHUKIaAl MU BUKOPHUCTAEMO
Bupas: f(x) =2x"3 —3x"2 +4x -1

Kon, sxuii TyT 0OroBOpIO€THCS, € BapiaHTOM 3ajadi CUMBOJIBHOI perpecii,
HaBenenol B biomiorexka DEAP.

PEKOMEHALIT TO BAKOHAHHA

CrBopiTh HOBUH ¢aitn Python Ta iMnopTyiiTe Taki makeTu.

import operator
import math
import random

import numpy as np
from deap import algorithms, base, creator, tools, gp

CTBOpITH Omeparop MiJIEHHS, KU MOKe OOpOOUTH TMOMUJIKY AUICHHS Ha
HYJIb:

# Bu3HaAUeHHS HOBUX OOYHKLiM
def division operator (numerator, denominator):
if denominator == 0:
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return 1

return numerator / denominator

Busnaure (yHKIIIO OILIHKH, SIKA BUKOPUCTOBYBATHUMETHCS ISl OOUHMCIICHHS
GyHKIT mpucTocoBaHOCTI. Mu  moTpeOyeMo BU3HAYMTH  (YHKIIIO, IO
BUKIIMKAETHCS, 11 BUKOHAHHS O0YMCIICHh HA BXIJHUX JAHUX:

# BusHauTe O(OYHKL10 OL1HIOBAHHI
def eval func (irmueinyywm, Oaym) :

# Define the evaluation function

def eval func(individual, points):
# Transform the tree expression in a callable function
func = toolbox.compile (expr=individual)

OOumcniTe cepenHio KBaapaTuuHy nomuwiky (MSE) wmikx  QyHKUI€RO,
BU3HAYECHOIO PaHIlle, 1 OpUTIHANIBHUI BUpa3:

# OuiHiTH CcepemHn KBAIPATUUHY ITOMUIIKY
mse = ((func(x) - (2 * x**3 - 3 * x**2 + 4 * x - 1))**2 for
X in points)

return math.fsum(mse) / len(points),

Busznaute dyHkiito 115 cTBOpeHHs naneni inctpyMmeHTiB. 11lo6 ctBoputH TyT
naHesJ b THCTPYMEHTIB, HEOOX1THO CTBOPUTH Habip mpumiTubiB. Ll mpumiTBU €
ornepaTopaMu, siKi OyAyTh BUKOPHCTOBYBABCS IIiJl 4ac €BOJOLil. BoHM cllykaTh
OyaiBeNbHUMU OJOKaMu JUIsl 1HAUBIAYYMIB. Y SIKOCTI TPUMITUBIB Oynemo
KOPHUCTYBaTHUCS 0a30BUMU apU(PMETUUYHUMU QYHKLISIMU:

# OyHKL1sS I CTBOPEHHS MaHeJyii 1HCTpyMeHTiB

def create toolbox():
pset = gp.PrimitiveSet ("MAIN", 1)
pset.addPrimitive (operator.add, 2)
pset.addPrimitive (operator.sub, 2)
pset.addPrimitive (operator.mul, 2)
pset.addPrimitive (division operator, 2)
pset.addPrimitive (operator.neqg, 1)
pset.addPrimitive (math.cos, 1)
pset.addPrimitive (math.sin, 1)

~ o~ o~ o~ o~ —~

Ham oromocumo «edemepHy» KoOHCTaHTy. EdemepHa KoHcTaHTa - II€
CreIiaJbHu TepMIHATBLHUN THII, sIKUW HEe Mae (pikcoBaHoro 3HadeHHs. Komu mana
mporpama Jonae Taky edeMepHy KOHCTaHTa N0 JAepeBa, (DYHKINS BHKOHYETHCA.
[TotiM BCTaBIsETHCS pe3yNbTaT y JEpeBO SK TepMiHanbHa KoHcTaHTa. Lli
TEepMiHAJIbHI KOHCTAHTH MOXKYTh MpUiMaTH 3Ha4eHHs -1, 0 abo 1:
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pset.addEphemeralConstant ("randl101", lambda:
random.randint (-1,1))

Imenamu jans  aprymeHTiB 3a 3aMoBuyBaHHAM € - ARGx. J[lapaiite
MEPEUMEHY€EMO MOT0 Ha x:

pset.renameArguments (ARGO="x")

Ham nmoTpiOHO BM3HAUUTH JBa 00’€KTHUX TUMM — ftness Ta Individual.
JaBaiiTe 3poOUMO 1€ 32 TOOMOTOI0 creator:

creator.create ("FitnessMin", base.Fitness, weights=(-1.0,))
creator.create ("Individual", gp.PrimitiveTree,
fitness=creator.FitnessMin)

CTBOpITH MaHeNb IHCTPYMEHTIB 1 3apeecTpyiTe ynkiii. [Ipouec peectpari
3aBEPIIEHO SIK 1 B MONEPEAHIX 3aBJaHHSX !

toolbox = base.Toolbox ()

toolbox.register ("expr", gp.genHalfAndHalf, pset=pset,
min =1, max =2)

toolbox.register ("individual", tools.initIterate,
creator.Individual, toolbox.expr)

toolbox.register ("population", tools.initRepeat, list,
toolbox.individual)

toolbox.register ("compile", gp.compile, pset=pset)

toolbox.register ("evaluate", eval func, points=[x/10. for x
in range(-10,10)1)

toolbox.register ("select", tools.selTournament, tournsize=3)

toolbox.register ("mate", gp.cxOnePoint)

toolbox.register ("expr mut", gp.genFull, min =0, max =2)

toolbox.register ("mutate", gp.mutUniform,
expr=toolbox.expr mut, pset=pset)

toolbox.decorate ("mate",

gp.staticLimit (key=operator.attrgetter ("height"), max value=17))
toolbox.decorate ("mutate",

gp.staticLimit (key=operator.attrgetter ("height"), max value=17))

return toolbox

Busnaure ronoBHy (yHKILIIO Ta TMOYHITH 13 BHU3HAYEHHS IOYAaTKOBOTO
MIOJIO’KEHHS TeHepaTopa BUIMAIKOBUX YHCEN:

if name == " main ":
random.seed (7)

CtBOpITH 00’ €KT MaHe IHCTPYMEHTIB:
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toolbox = create toolbox()

Bu3Haute mOYaTKOBY MOMYJISIIO 32 JIOMIOMOTOI0 METOAY, JOCTYITHOTO B
00’€KTl toolbox 3 BUKopucTaHHAM 450 oci6. KinbkicTh 0ci0 Moke OyTH 3MiHEHA.
He copomTecst eKCiepuMeHTYiTe 3 HUM. Tako BH3HAYTE 00 €KT hall of fame:

population = toolbox.population (n=450)
hall of fame = tools.HallOfFame (1)

[Tin gac cTtBopeHHss GA KOpPHUCHO BHUKOPUCTOBYBATH CTaTUCTUKY. BusHaurte
00’€KTU CTATUCTUKHU:

stats fit = tools.Statistics(lambda x: x.fitness.values)
stats size = tools.Statistics(len)

3apeecTpyiTe CTaTUCTUKY 3a IONOMOT0K0 00’ €KTIB, BA3HAYEHUX paHILIE:

mstats = tools.MultiStatistics (fitness=stats fit,
size=stats size)
mstats.register
mstats.register
mstats.register
mstats.register

"avg", np.mean)
"std", np.std)

"min", np.min)
"max", np.max)

PRy

BusHnaute WMOBIpHICTh KpPOCHUHIOBEpPY, WMOBIPHICTh MyTalllii Ta KUIbKICTb
MOKOJIIHHS:

# Bu3HaAuUaeMO IapaMeTpu
probab crossover = 0.4
probab mutate = 0.2

num generations = 6

0

3amycTiTh €BOJIIOI[IMHUN aNrOpUTM, BHUKOPHUCTOBYIOUM HAaBEIEHI BHUIIE
napaMeTpu:

population, log = algorithms.eaSimple (population, toolbox,
probab crossover, probab mutate, num generations,
stats=mstats, halloffame=hall of fame, verbose=True)

SKk1110 BU 3aIyCTUTE KOJI, BU MOOAYUTh HACTYITHE HAa TTOYATKY €BOJIIOLIII:
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fitness

o
S

nevals avg

450 18.6918

251 15.4572 41.3823
236 13.2545 37.7223
251 12.2299 .828
235 11.001 .1923
229 9.44483 31.478
225 .35975 .0546 .40547
237 .99309 31.1356 .08463
224 .42611 359.418 1. 17.0167
237 .70308 24.1921 1. 3.71991
254 .27991 30.4315 1. 4.13556

.27543
.54993
.06145
. 70055
.48841
.8796

SWWEABBABAD

g
0
1
2
3
4
5
6
7
8
)
1

—“ OoOoONOOTDML_EBEAA2WWW
WWWNNNN - -

9.30096 3481.25 0.0277886 163.888
1.73196 86.7372 0.0342642 6.8119
1.86086 185.328 0.0342642 10.1143
12.5214 4923.66 0.0342642 231.837
14,3469 5830.89 0.0322462 274,536
2.56984 272.833 0.0322462 18.2752
2.80136 356.613 0.0322462 21.0416
1.75099 86.0936 0.0322462 5.70833
10.9184 3435.84 0.0227048 163.602
1.80265 48.0418 0.0227048 4.73856
1.74487 86.0936 0.0227048 6.0249
1.58888 31.094 .0132398 3.82809
1.46711 103.287 0.00766444 6.81157
17.0896 6544.17 0.00424267 308.689
1.66757 141.584 0.00144401 7.35306
2.22325 265.224 0.00144401 13.388
2.60303 521.804 0.00144401 24,7018

-l d wd P Q) b b d wd wd S wd () b b ) =
SN oONSNOOOOO NGO OO OO OTOTOTY DY

Mu GaurMo, 110 3HAYCHHS B CTOBIILI MIN CTa€ BCe MEHIIINM, III0 BKa3ye Ha I1e
noxuOKa anpoKCHUMAIlli pO3B’SI3Ky PIBHSHHA CTae MeHIow. ToO0To QyHKIisA
anpPOKCUMYETHCS Kpallle.

Koo npozpamu ma pe3yrvmamu 3anecimsp y 36im.

Ilpozcpamnuii ko0 36epescimo nio nazeorw LR 6 task 3.py

3aBaanns 2.4. JlocjqiIzKeHHsI MypalIMHOT0 AJTOPUTMY HA NPUKJIA/]
pillieHHH 33/1a4i KOMIBOsSIKepa

VY aitni BigctaHi Mk obnacHumMu ueHTpamu YKpaiHW.dOCX MicTHUThCS
TaOnuIs BiACTaHEH MK OOJMacHUMH IIeHTpaMH YKpaiHu. Micta mpoHyMepoBaHi
no andasity. Baw nomep 3a scypuanom cpynu (abo Homep 3a madauukoi y
peiimunzy) noguHen gionogioamu micmy 3 aK020 6u O0yoeme nOYUHAMU GUI30.
Hanpuknan: 3a pelituaronoro tadaurero - Ne 6 Jlpak Tapac CepriiioBud nounHae
3 No 6. IBaHo-®paHKiBChbK. BUi3 MOYMHAETHCS 1 3aKIHYYETHCS B IIbOMY MICTI.
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BukopucroByroun Moy Python, po3poOutu mporpamy, mo peanizye MeTox
MypaIIMHUX KOJIOHIN, JJIs PIlIEHHS 3a/laul KOMIBOSDKEpa, SIKMM 13IUTh IO MICTax
Ykpainu.

TEOPETMYHA YACTHUHA
1. IIpuHI UM MOBEAIHKN Mypax

Mypaxu HanexaTh 0 TaK 3BaHUX «COLIATbHUX KOMax», TOOTO KOMax, IO
KHUBYTh B MEXax MEBHOTO KOJIEKTUBY — ciM’i abo kononii. Ha 3emi 61 n1BOX
BIJICOTKIB KOMax € «COIIIaJIbHUMF», TOJOBHHA 3 SIKAX MpHUIAAae Ha Mypax.
[loBeninka Mypax MiJ Yac TPAHCIOPTYBAHHS 1KI, OOMHUHAHHS MEPEIIKO,
no0yI0BM MypaIIHUKa TOMIO HAOIMKAETHCS IO TEOPETUIHO ONTUMAIbHOI. OCHOBY
«COLIAJILHOT» TOBEAIHKKA Mypax CKJIaJa€ caMoOpraHizaiisi — CYKYIHICTb
JMHAMIYHUX MEXaHI3MiB, 3a JJOTIOMOTOI0 SIKHUX CHCTEMa JIOCSTa€ TII00aNbHOI METH
B pe3yJbTaTi B3aeMOJIl €JEMEHTIB Ha HU3bKOMY piBHI. [IpuHIIUTIOBOIO
OCOOJIMBICTIO TaKOi HM3BKOPIBHEBOI B3a€MOJii € BUKOPHUCTAHHS €JIIEMEHTAMHU
CUCTEMHU JIMIIE JIOKAJIbHOI iH(popmalii, 06e3 Oyab-SKOro IEHTPaTI30BaHOTO
YIOPABIIHHS Ta 3BEPHEHHS /10 TII00ATBHOTO 00pasy, SIKUU Penpe3eHTy€e CUCTEMY Y
30BHIIIHBOMY CBIiTi. CamMoopranizailis € pe3yJbTaToM B3a€MOJIl TaKUX YOTUPHOX
KOMIIOHEHTIB: 1) BUMaAKOBICTh; 2) NOJATHUU 3BOPOTHUM 3B’SI30K; 3) BiJ €MHUMN
3BOPOTHHII 3B’530K; 4) OaraToKpaTHICTh B3aEMO/IIN.

Mypaxu BUKOPUCTOBYIOTh JBa CIOCOOM nepenayl iHdopmarii:

npsMUid — OOMIH Xapyamu, MaHIAUOYJISPHUM, BI3yaJIlbHUM Ta XIMIYHUN
KOHTaKTH TOLIO;
HenmpsMUi — cTturMepxki (stigmergy). CTUIMEpKi — 1€ PO3HECEHHH Y

4acOBOMY MPOCTOP1 TUI B3aEMOJIIT MK €JIeMEHTaMU CUCTEMH, KOJIU OJIUH CYO’ €KT
B3a€MOAII 3MIHIOE JIeIKy 4YacTHMHY OTOUYYIOUOrO CEpelOBHINA, a peulTa
BUKOPUCTOBYE 1H(POpPMAIIiI0 TIPO ii CTaH Mi3HIIIE, KOJW 3HAXOASATHCSA B il OKOJI.
biomoriuno, cTturMepki 3MIHCHIOETBCS  4Yepe3 (epomoH (pheromone) —
CHeliaIbHUN CEeKpeT, KWW BIAKIATAETbCs SK CHII MiJ 4ac pyxy mypaxu. Uum
BUIIA KOHIIEHTpAIlisl (EpOMOHY Ha CTEXKIIl, TUM OLIbIIe Mypax OyJe pyXaTHCh IO
Hili. DepOMOH 3 YaCOM BHUIIAPOBYETHCS, IO J03BOJISIE MypaxaM aJanTyBaTH CBOIO
MOBEJIIHKY JI0 3MIHU OTOUYIOUYOTO cepeaoBuiia. Po3noain ¢gepomMoHy 1o nmpocTopy
MepecyBaHHs MypaxX € CBOEPIAHOIO TIJI00ATbHOK TIaM’ATTIO, $Ka JUHAMIYHO
3MiHIOEThCS. KokHa Mypaxa MoOXKe CIpHUMaTH Ta 3MIHIOBATH JIMIIE JIOKATbHY
YapyHKY Ii€1 TJI00aJIbHOT TaM’SITI MypalllHUKA.

PosrnssHemMo, K KOJIEKTUBHA TIOBEJiHKA OIOJOTIYHMX Mypax 3abesneuye
3HAXO/PKEHHSI HAMKOPOTIIOrO HUISIXY A0 1K1 Ha MPUKIaAl €KCIEpPUMEHTIB Ha
aCUMETPUYHOMY MOCTI [6]. AcumeTrpuunumii MicT (puc. 1) 3’€aHye THI3IO Mypax 3
JDKEpesoM 1Kl IBoMa TUIKaMu pi3HOi noBxkuHH. Excriepumentu [6] mpoBoauaucs
3a Takoro cxemoro: 1) OymyBaBcs micT A-B-C-D; 2) BiguuHsics ABEpIsITa B TOUIII
A; 3) dikcyBanachk KUIBKICTh Mypax, siki o0panu noBruii (A-C-D) Ta xopoTkuii (A-
B-D) muaxu. Ha modaTky eKkcrepHMEHTIB Mypaxu OOUpanud OOWABI TIIKU 3
OJTHaKOBOIO MMOBIPHICTIO TOMY, III0 Ha MOCTI He Oyno gepoMoHiB. Uepes neskwmii

26



yac Maibke yCl MypaxH MepecyBajucCh HaWKOpPOTIIMM Mapiipyrom A-B-D, mio
MOSICHIOETHCS TaKUM YMHOM. Mypaxwu, siki 00paiu KopoTkuit Mapuipyt A-B-D-B-
A, ckopilie MoBepTaUCs 3 DKEH B THI3A0, 3alMIIaioyd (EpOMOHHI CIIJIA Ha
KOPOTKIM T'UJIIII MOCTY.

[Ipu HacTynmHOMy BHOOpI MapuIpyTy, MypaxH BiJjIaBajiM mepeBary KOpOTKii
Tl MOCTY, TOMY IO Ha HI BHUIA KOHIEHTpallis (epoMoHiB. Takum YHUHOM,
(dhepoMOH MIBUIIE HAKOMUYYEThCS Ha TUIbI A-B-D, mo miamroBxye mypax a0
BUOOPY HAWKOPOTIIIOTO MapIIpyTy.

| Hizd0

Puc. 1. AcumeTpuyHuii MicT

2@

2. OCHOBHI NOHATTHA

MypaluHi allrOpuTMUA CEPUO3HO JTOCTIIKYIOTHCS €BPONEUCHKUMU BUYCHUMU
13 cepenuan 1990-x pokiB. Ha croromdimmHiii geHb BXE OTPUMAHO TapHI
pe3yabTaTH JUI ONTHMI3AIli TaKuX CKJIQJHUX KOMOIHATOPHHMX 3a/Jad,iK 3ajada
KOMIBOSDKEpa,  3ajjaya  ONTUMI3AIlii  MapmipyTiB  BaHTaXIBOK,  3ajaya
po3dapOyBanHs Tpada, KBajpaTMyHa 3aja4ya MpO MPU3HAYCHHS, 3a]a4a
omtumizamii ciTkoBux rpadikiB, 3ajaya KaJeHIApHOTO IUJIaHyBaHHSA 1 T. 1H.
Oco0nmuBO e(QeKTUBHI MypallvHI aATOPUTMH TMPU JUHAMIYHIA ONTHUMI3AII]
MPOLIECIB Y PO3NOAUIEHUX HECTalllOHAPHUX CHUCTEMax, Hampukiaa, rpadikiB y
TEJEKOMYHIKalIMHUX MepexKax.

Meton MypaliMHUX KOJIOHIM 3aCHOBAHMM Ha B3a€EMOJIII JEKIJIBKOX Mypax
(mporpaMHUX areHTiB, 110 € YJeHaMHU BEJMKOi KOJIOHII) 1 BUKOPUCTOBYETHCS IS
BUPIIICHHS PI3HUX ONTUMI3alINHUX 3a7a4. ATEHTH CIIUIBHO BUPIIIYIOTh TPOOIeMy
W JomoMararoTh 1HIIIMM areHTaM y MoJIajibIii ONTUMI3allil pO3B’I3KY.

Metonu wmypaxu (Ant algorithms), a0o onTumizaiis 3a TPUHIMIIOM
MypaIMHOT KOJIOHII, MarwTh chenu(pidyHi 0COOJMBOCTI, BIACTHUBI Mypaxam, 1
BUKOPUCTOBYIOTh 1X JUIsl opieHTalii y ¢izuunomy mpocropi. [Ipuponga nmpomnonye
pi3HI METOAMKY JIJI OMTHUMI3allii JesSKuX MporeciB. MeToan MypammHAX KOJIOHIH
0COOJIMBO IIKaBl TOMY, 110 X MOYKHA BUKOPUCTOBYBATH JJIsl BUPILICHHS HE TUIbKH
CTaTUYHMX, aJ€ W JUHAMIYHUX 3a7ad, HAmpUKIajd, 3aJad MapHipyTu3aiii B
MIHJIUBUX MEpeKax.
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bazoBa imes MeTomy MypamMHUAX ~KOJOHIM TMOJSTaE y  BUPIMICHH]
ONTUMI3AIIMHOI 3ajayl M[IIIXOM 3aCTOCYBaHHsS HEMPSMOTO 3B'SI3KYy MIXK
aBTOHOMHHMMH areHTaMHu.

Y Meroal MypamMHUX KOJIOHIM Tmiependavyaerbcsi, 1[I0 HaBKOJHUIIHE
CEpelIOBHUIIE SIBJISIE COOOK 3aKpUTy ABOBUMIPDHY MEpEXKY — TpYIy BY3IIB,
3'€IHaHUX 3a JomoMororo rpaHeil. KoxkHa rpanp mae Bary, 10 MO3HAYAEThCH SIK
BIJICTaHb MIX JIBOMa By3JamH, 3'€qHaHUMU Heto. ['pad — nBoHampaBieHuit, Tomy
areHT MO>Ke TIOJIOPOKYBATH I10 TpaHi B OyAb-SIKOMY HalPSMKY.

AreHt 3abe3mneuyeTbcs HaOOpOM MPOCTUX MPABWI, SIKI JO3BOJIAIOTH HOMY
BuOMparu nuix y rpadi. Bin miarpumye crimcok tady tList — ciimcok By3miB, siki
BiH BX€ Bi/BiaB. TakuM 4MHOM, areHT MTOBUHEH MPOXOAUTH Yepe3 KOKHUN BY30J1
TUTBKU OJIMH pa3.

By3mu B crnmcky “morounoi momopoxi” tList po3ramoBylOThCS B TOMY
MOPSJIKY, Y SKOMY areHT BiJBiyBaB iX. [li3HilIe CIMCOK BUKOPUCTOBYETHCS IS
BU3HAYCHHS JIOBKUHU IUISIXY MK By3J1aMHU.

CrpaBxHs Mypaxa ITiJl Yac MEePeMIIeHHS 10 NUIIXY 3aJIHUIIa€ 3a COO0I0 ACSIKY
KUIBKICTh hepomony. Y METO1 MypalllMHUX KOJIOHINA areHT 3aiuiiae (hepoMOH Ha
IpaHsIX MEPEXi MiCJIsl 3aBEPIICHHS TOI0OPOKI.

3. MypamuHuii miaxix 10 po3B’A3aHHA 3a/1a4i KOMiBOsIzKepa

3ajaya KOMIBOSDKEpA MOJSIrae 'y BUOOpP! HAMKOPOTIIOrO 3aMKHYTOTO LIJISXY,
[0 MPOXOJUTh Yepe3 ycl MicTa PiBHO OJIUH pa3. Po3risiHemo, K peanizyBaTu
YOTHUPU OCHOBHHUX KOMIIOHEHTH CaMOOpTraHI3alliiiHOi MOBEIIHKM Mypax MiJ 4ac
ONTHUMI3alli MApLIPYTy KOMIBOSKEDA.

baraTtokpaTHICTh B3aeMOJI1 peani3yeThCs 1ITEPALIMHUM MOIIYKOM MapIIpyTy
KOMIBOSDKEpa OJIHOYACHOTO JIEKIIbBKOMa Mypaxamu.

JlonatHuii 3BOPOTHUM 3B’SI30K peali3ye€Tbcsl SK  IMITAIlisl TPUPOIAHOI
MOBEAIHKA Mypax THIY «3allUIIaHHS CHIJIB — MepecyBaHHS MO ciigax». Yum
OuIbIlIe CIAIB 3aJIMIIEHO Ha CTeXIl — pebpi rpady, TUM Oulbine mMypax Oyxe
pyxatuch 1o Hii. [Ipm 1boMy Ha CTEXIlI 3 ABISIOTHCA HOBI CIIIH, SKI
MPUBAOIIIOIOTh TOMAATKOBUX Mypax. [Iyist 3a1a4i KOMIBOsKEpa TOIaTHUN 3BOPOTHUM
3B’SI30K Peali3ye€ThCs TAKUM CTOXACTUYHHM MPABWIOM: «MMOBIPHICTh BKIFOUYCHHS
pebpa rpady B MapumipyT Mypaxu NpornopiiiiHa KiabKocTi (PepOMOHY Ha Hiil».

BukopucranHs 1IbOr0 CTOXAaCTUYHOTO IMpaBuia 3abesreuye peaizaiiio i
IHIIOTO KOMIIOHEHTY MOBEAIHKM Mypax — BunaakoBocTi. KinbkicTe (epomony,
SAKUU BIJIKJIaJjae Mypaxa Ha peOpi rpada, € 3B0OpOTHO MPONOPLINHOIO BEIMUYUHOIO
70 JAOBXKHMHM BIJIMIOBITHOTO MapUIPYyTy KOMIBOsDKEpa. YMM KOpOTIIMHA MapuipyT
KOMIBOSDKEpa 3Haillia Mypaxa, TMM Ouiblie (QepoMoHy Oyne BiAKIageHE Ha
BIJIMOBITHUX peOpax rpady.

Bukopuctanus nuie J0JATHOTO 3BOPOTHOTO 3B S3KYy MPU3BOIUTH [0
nepeayacHoi 301KHOCTI alropuTMy, TOOTO [0 BHUMAAKY, KOJIHU YCI Mypaxu
PYXaroThCS OTHHUM 1 THUM XK€ CyOONTHAIbHUM MapUIpyTOM. J[1s1 YHUKHEHHS 1IbOTO
BUKOPHCTOBYETHCSA BiJ’€MHUI 3BOPOTHHI 3B’SI30K — BUIIAPOBYBaHHS (HDEPOMOHY.
Yac BunapoByBaHHs ()epOMOHY HE MOBHUHEH OyTH JyXe BEIMKUM, 00 IpU LBOMY
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BHHUKA€E 3arpo3a 30iraHHs MapIIpyTiB yCiX Mypax 0 OJHOTO CyOONTHUMAalbHOTO
pO3B’A3KY. 3 IHIIOTO OOKY, Yac BUNIAPOBYBAHHS HE MOBUHEH OyTH 1 MaiuM, 100 He
MIPU3BECTH JI0 HEKOOTICPATUBHOI MOBEIIHKYA Mypax uepe3 BTpaTy MaM’siTi KOJIOHI1.
[Mepexig Mypaxu 3 MicTa i B MICTO | Ha iTepallii { alrOpuTMy 3aJIeKHUTh BiJ
TPHOX CKJIAJOBUX: Ta0y-CIHUCKA, BUAUMOCTI Ta BIpTYaJbHOIO CIiy (hepOMOHY.
Taby-cnucok (tList) — 1e mepenmik MICT, sKi B)K€ BiABIZaHI Mypaxorw i
3aXOJUTH B SIKi Ie pa3 3a00poHeHO. Talby-CrucoK 30UIbIIYETHCS 31 31HCHEHHSIM
MapHipyTy Ta 3alOBHIOETHCS HYJISIMH Ha TOYATKy KOXHOI iTeparlii aaropurmy.

[To3Hauumo uepes Jt CIIHMCOK MICT, sKi Ie MOTpiOHO BiaBigaTH Mypaci K, mio
nepedyBae y MicTi . 3p03yMuI0, 0 00’ €THAHHS LIUX CIHCKIB A€ MHOXKUHY YCIX
MICT 3 MapIIpyTy KOMIBOSIKEpa.

Buoumicme — 1ie BennunHa odepHeHa 10 Bifcrani: Ni = /Dy, 18 Dy gincrans
MiX MicTamu | Ta j. BumuMicTh 6a3yeThes TUIBKU Ha JIOKAIbHIH iH(GOpMarIii 1 sBiiste
CO00I0 «EBPUCTUYHY OakaHICTh» BHOOpPY MicTa |, i yac nmepeOyBaHHS y MICTI .
YumM Onmokde MicTa i Ta |, TUM Olblie Oa’kaHHS BiABIJATH iX.

Biptyanenuii ciin depomony Ha pebpi (I — j) sBisie cO00K0 «OaKaHICTh,
HiIKPITUICHY AOCBIIOMY» Tepexoay B MicTo | 3 micta j. [Hpopmarris, siKy Hece ciia
(dbepoMOHy, 3MIHIOETHCS Mig4yac omnTumizauii 1 BigoOpaxae HAOyTUH Mypaxamu
nocsin. KinbkicTh BipTyasibHOTO (epoMoHy Ha pebpi (I — j) Ha t-if iTeparii
aJITOPUTMY MTO3HAYMMO sIK Ti (1),

VMoBipricTh mepexomy K-i Mypaxu 3 Micta i y MicTo j Ha t-if iTeparii
PO3PaxXOBYETHCS 32 BUIMAIKOBO-TIPOTIOPIIIHHUM MTPABUIIOM:

o B
o L0 .
) > [0 [ny]
le S

AKIIO € Jf";

lfﬁf(g) = (), AKIIO & f}{(

Je o 1 3 — aBa peryjaboBaHl MapaMeTpH, Kl € BaraMu 1HTEHCHUBHOCTI CIIAY
dbepomony Ta BuaumocTi. Akmo o = 0, TO HaWBiporiAHiKUM Oyne mepexin y
HalOMKYl MicTa. Y KIACHYHIN Teopii omTuMizallii 11e BIAMOBIIA€E, TaK 3BAaHOMY,
noxaanuomy anroputmy. Sxmo [ = 0, Tomi mpaioe mumie GepoMoHe
H1ACUJICHHS, 10 MPU3BOAMUTH 10 HIBUAKOTO 3aBEPIICHHS pOOOTH aJITOPUTMY uepe3
30iraHHsI MapIIPYTIB YCIX Mypax 10 OJHOTO CyOONTHUMAIbHOTO PO3B’S3KY.

[Ticns 3aBeplieHHS MapIIpyTy KoKHa Mypaxa K Biakmamgae Ha pedpo (i — j)
TaKy KUIbKICTh (DEpOMOHY:

[ O
Ak =1 K ,
| 0, axio (4 j) e 76

ne '@ — MapmipyT, 3polneHuit Mypaxoro K ma irepauii t; () — jioro
noBxkuHa; Q — perynboBaHHMM mMapaMeTp, 3HA4€HHS SKOTO0 OOMpaloTh OJHOTO
HOPSAIKY 3 TOBXKHHOIO ONTUMAIBHOTO MAapIIPYTY.

Jlns 3a0e3neueHHs] MOXJIMBOCTI €KCIUTyaTallli MpoCTOpy pilleHb MOTPiOHO
3a0€e3MeYNTH BUMAPOBYBAaHHS (PEPOMOHY — 3MEHIICHHS KIJIBKOCTI BiIKIAJACHOTO

skuo (7, j) € J’“k(l)
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Ha TIOMEpe/HIX iTepauisx (epoMOoHy. [HTEHCUBHICTh BUMApOBYBaHHS (EPOMOHY
3aJ1a€ThCSA 3a J0MOMOror Koedimienta sunaposysanns 2 €10, 11, Kinnese npasuio
OHOBJICHHS (PEPOMOHY, SIKE CTOCYETHCS BCiX pedep, mpuitMae BUTIIS

1,;(6+1) « (1= p) 1,(0) + At (0,

a0 =3 adoim
e =1 — KUJIBKICTh Mypax B KOJIOHII.

Ha mouatky omTumizaiii KUIbKICTh ()EpOMOHY Ha pedpax MpHUMAeThCSA 3a
Mally J0AaTHY KOHCTaHTY To. 3arajbHa KUIBKICTh Mypax B KOJIOHIT MpUHMAEThCS
NOCTifHOI0O Ha BeCh 4ac pPO3B’s3aHHS 3a4ayi. 3abarato Mypax MpPU3BOIHUTH 0
MIBUJAKOTO TiACUIICHHS cyOonTHUMalbHUX MapuipyTiB. Komm x Mmypax 3amano,
BUHUKAaEe HeOe3neKka BTpPaTH KOONEPAaTUBHOI IMOBEIIHKM 4Yepe3  ILIBUJKE
BUIIApPOBYBaHHs (pepoMoHy. 3a3BUuail KUIbKICTh Mypax MPUMMAaIOTh PIBHOIO YUCITY
MICT — KO’KHa Mypaxa [MOYHMHAE MapUIpyT 3 OKPEMOTO MICTa.

4. Iloc1iI0BHICTD BUKOHAHHS METOXY

MeTon MypalllMHUX KOJOHIM BUKOHY€EThCS B HACTYITHIM IMOCTII0BHOCTI
KPOKIB.

Kpox 1. 3agatn mapaMeTpu METONY: 0. — KOE(ILIEHT, [0 BU3HAYAE BIAHOCHY
3HAYMMICTh NUIAXY (KUIBKICTh (D€pOMOHA HA NUIAXY); f — MapaMeTp, 10 O3Havae
NpIOpUTET BIJICTAHI HAJ KUIBKICTIO (epoMoHa; p — KOe(DIMIEHT KITbKOCTI
dbepoMoHa, 110 areHT 3ajuiiac Ha nuisaxy, ae (1-p) mokaszye KoedillieHT BUMAPY
dhepoMoHa Ha NUIAXY MICsA HOro 3aBepIieHHs; Q— KOHCTaHTY, 110 BIIHOCUTHLCS JI0
KUIBKOCT1 (pepOMOHA, SIKY OYJI0 3IMIIIEHO Ha IIISXY.

Kpox 2. Imimiamizamiss meromy. CrtBopeHHs mnomyisamii areHtiB. [licis
CTBOPEHHsI TIOMYJISIisSl areHTIB HapIBHO PO3MOAUISETHCS TO BY3JIaX MEpexi.
HeoOxigHo piBHOMIPHHI pPO3MOJiN areHTiB MiX By3JlaMHu, 1100 BCl BY3JU Maju
OJIHAKOB1 IIAHCH CTAaTH BIJIPABHOK TOYKOIO. SIKIIO BCl areHTU MOYHYTh PyX 3
OJHI€T TOYKH, 11 Oyae O3HayaTH, [0 JaHa TOYKA BBAKAETHCS ONTUMATBHOIO IS
CTapTy, a HacTpaB/li BOHA TaKOK MOXKeE 1 HE OYTH.

Kpox 3. Pyx areHTiB. SIKIII0 areHT Ie He 3aKIHYUB IUISIX, TOOTO HE B1BI/IaB
BCI BY3JIM MEpEXi, 111 BU3HAUCHHS HACTYITHOI I'PaHi MUISXY BUKOPUCTOBYETHCS

dbopmyna:
r 0%, ©F

ru

> o, 0% ©F
kej

ne J — MHOXKHHA TpaHel, e He BiABIAaHUX areHTOM; Try(t) — IHTEHCHBHICTD
¢depomMoHa Ha rpaHi MiX By3i1aMu I i U, ki yTBOpSTH K-y rpaHb, y MOMEHT 4acy {;
Nru(t) — dyHKIIs, M0 TPEencTaBIIsie COO0I0 3BOPOTHY BEITUYMHY BiJICTaHI TpaHi.

ATEHT MOA0POXKYE TUIBKH MO By3JaX, sIK e He OyJH BiABIIaHI HUM,TOOTO IO
By3JIaX, SIKUX HE Mae y cmucky taly tList. Tomy HWMOBIpHICTH pO3pPaxOBYETHCS
TUIBKH ISl TPAHEH, SIK1 BEAYTh JI0 I1I€ HE BIJIBIIAHUX BY3JIiB.
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Kpox 4. Ilpoiinenunii areHTOM IIISAX BIMOOPa)aEThCs, KOJIM areHT BiJIBiIa€ BCl
By3/1 Mepexi. [lukmm 3a60poHeH1, OCKUIBKM B METOJI BKJIIOUCHHH CIUCOK Taly
tList. Ilicims 3aBepiieHHS MOXe OyTH po3paxoBaHa Ooedxcuna wisaxy. Bona
JIOPIBHIOE CYMi BCIX TpaHE, Mo SKUX MOJ0POXKYBaB areHT. Kinoxicms hepomorny,
mo OyJi0 3aJUIIEHO Ha KOXHIM TIpaHi NUIIXY I-TO0 areHTy, BHU3HAYAETHCS 3a
bopmyiioro:

Arh O ==,

L' (t)

ne L'(t) — mopxuna muaxy i-ro arenry.

Pesynbrar € 3aco00M  BHUMIpIOBaHHS  NUISIXY:  KOPOTKHH  IIIJISX
XapaKTepU3y€eThCsl BUCOKOIO KOHIIEHTpaIli€r0 (hepoMOHY, a OUIbII JTOBTUM MIIAX —
Ou1bII HU3KOK0. [10TIM OTprMaHUil pe3ynbTaT BUKOPUCTOBYETHCS NSl 301IbILIECHHS
KIJTBKOCTI (DePOMOHY y3/I0BXK KOXKHOI I'paHi MPOHACHOTO I-UM areHTOM IIUISIXY:

Ty D=7, O+ (A7 O p),

7€ I, U — BY3JIH, 1[0 YTBOPIOIOTH I'paHi, sSIKi BiIBiJ1aB I-Uii areHT.

JHana dbopmysa 3aCTOCOBYETHCS 10 BCHOTO IIISAXY, MPHU IbOMY KOXXKHA TPaHb
MO3HAYAEThCS  (EPOMOHOM  MPOMOPIIHHO JOBXKMHI HUIIXy. ToMmy Bapro
JIOUEKATHUCs, TMOKH areHT 3aKiHYMTh IMOJOPOXK 1 TUIBKA TMOTIM OHOBUTU PIBHI
dbepoMOHy, y MPOTUBHOMY BHUIAJKYy JIHCHA JOBXKMHA INUIAXY 3aJUIIUTHCS
HeBiziomo1o0. KoncranTa p npuitmae 3naueHHst Mix 01 1.

7, =700 p)

Tomy nns BumapoByBaHHS ()EPOMOHY BHKOPHUCTOBYETHCS 3BOPOTHHUI
KOe(]illI€HT BIAHOBJICHHS HUIAXY (1 p).

Kpox 5. TlepeBipka Ha JNOCATHEHHS ONTUMAJLHOTO pe3ynbrary. llepeBipka
MO>KE€ BHKOHYBATHCS JJIs TOCTIMHOI KUIBKOCTI HIISAXIB a00 O MOMEHTY, KOJHU
MPOTATOM JEKUIBKOX 3aIlycKiB HEe OyJl0 OTPMMAaHO IMOBTOPHHX 3MIH Y BHOOpI
HaWKpamoro nuisixy. SKmo mepeBipka Jaja TMO3UTHUBHUN pe3yibTaT, ToO
BiJIOYBAETHCS 3aKIHUCHHSI POOOTH METOAy (Tepexil A0 KPOKYy 7), y IPOTUBHOMY
BUIIAJIKY — MIEPEX1]] 10 KPOKY O.

Kpox 6. IloropHuii 3amyck. Ilicis Toro sik nUIAX areHTta 3aBeplieHui, rpaHi
OHOBJICHI BIANOBIIHO JO JOBXMHM LUIAXY, W BiAOyJNOCSd BHUIapOBYBaHHS
dbepoMOHYy Ha BCIX TpaHAX, METOJI BHUKOHYEThCS TMOBTOpHO. CHnHCOK Taly
OYHIIY€ETHCA, 1 JIOBKHWHA NIIAXY MPUPIBHIOETHCA HYIHO. [Tics 1IbOr0 BUKOHYETHCS
nepexijg 10 Kpoky 3.

Kpox 7. Kineub. BuzHauaeThcst Kpaliuil 1UIsX, 110 1 € PO3B’A3KOM.

PEKOMEHTAIII O BUKOHAHHA

CrBopiTh HOBUH (¢aitn Python Ta iMmnopTyiitTe Taki nakeTu.

import numpy as np
import matplotlib.pyplot as plt
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CrtBopiTh KJac sikuii Oyne ¢dopMyBaTH KapTy BIJCTaHEH MDK MiCTaMH 3
HaHECEHUMH Ha KOKHY BiJICTaHb ()epOMOHAMH.

# Kapra Bizncranenr 3 depoMoHamm
class CityMap:
def  init (self, distances matrix, cities count):
self.distances = distances matrix
self.numberOfCities = cities count
self.pheromones = [[np.random.rand() for j in
range (cities count)] for i in range(cities count)]

CtBOpITh (DYHKITIIO AJIT OHOBJICHHS 3HaYEHHS (DEPOMOHIB.

# OHOBJIEHHS 3HauyeHHI GEepOMOH1B
def upd pheromones (self, evaporation rate, pheromone delta):
for i, row in enumerate (self.pheromones) :
for j, col in enumerate (row) :
self.pheromones[i][]j] *= (1 - evaporation rate)
self.pheromones[i] [j] += pheromone deltal[i] []]

CTBOpITH KJIAC IO OMHUCY€E Mypaxy Ta ii i .

class Ant:
def init (self, city start):
self.startingCity = city start
self.currentCity = city start
self.distance = 0
self.visitedCities = [city start]

CtBOpITH QYHKIIIIO AJI IEPEMIIIIEHHS Mypal B HOBE MICTO.
# TllepeMimeHHa Mypax¥ B HOBE MiCTO

def move(self, city new, distance):
self.currentCity = city new
self.visitedCities.append(city new)
self.distance += distance

CTBOpITH KJIaC 10 OMHUCYE KOJOHIIO Mypax .

class Colony:
maxColonyCycles = 50
pheromoneAddition = 0.0005

pheromoneEvaporationRate = 0.2
pheromoneImportance = 0.01
distanceImportance = 9.5
antCanVisitPreviousCities = False
def init (self, ants num):
self.numberOfAnts = ants num

CTBOPITH (PYHKIIIO 715 MOUTYKY HAHKOPOTIIOTO ILISAXY.
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# Ilomyxk HaMKOPOTWOTO MJIAXY
def find route(self, city map, city num):

min dist = float('inf')
route = []
for cycle in range(self.maxColonyCycles) :
pheromones delta = [[0.0 for i in
range (city map.numberOfCities)] for j in

range (city map.numberOfCities) ]
for antNumber in range (self.numberOfAnts) :
ant = Ant (city num)
while len(ant.visitedCities) <
city map.numberOfCities:
next city = self.get next city(ant,
city map)
ant.move (next city,
city map.distances[ant.currentCity] [next city])
ant dist = ant.distance +
city map.distances[ant.currentCity] [ant.startingCity]
if ant dist < min dist:
min dist = ant dist
route = ant.visitedCities
for city in range(len(ant.visitedCities) - 1):
pheromones deltalant.visitedCities[city]] |
ant.visitedCities[city + 1]] +=
self.pheromoneAddition / ant dist

city map.upd pheromones (self.pheromoneEvaporationRate,
pheromones delta)

return min dist, route

CtBOpITH PYHKINIO IS PO3PAXYHKY WMOBIPHOCTEH MEpPEMIIIEHHSI MypaxH B
MICTO.

# dopmMyBaHHS CIOMCKY MMOBI1pPHOCTEN mepeMimeHHS B MiCTO IJid
Mypaxu
def get probabilities(self, ant, city map):
result = [0 for i1 in range(city map.numberOfCities) ]
total probability = 0
for newCity in range (city map.numberOfCities) :
if (newCity != ant.currentCity) and
(self.antCanVisitPreviousCities or newCity not in
ant.visitedCities) :
probability =
pow (city map.pheromones[ant.currentCity] [newCity],
self.pheromoneImportance) * pow(
1/
city map.distances[ant.currentCity] [newCity],
self.distanceImportance)
result[newCity] = probability
total probability += probability
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result = [result[i] / total probability for in
range (city map.numberOfCities) ]

return result

CtBOpiTH (PyHKIIIIO BUOOPY HACTYITHOTO MiCTa JJII MypaxH.

# Bubip HacTymnHOTO MicTa mOjas Mypaxu
def get next city(self, ant, city map):
probabilities self.get probabilities (ant,
random value np.random.rand ()
for 1 in range(city map.numberOfCities) :
1f probabilities[i] > random value:
return i
else:
random value -=
return -1

city map)

probabilities[i]

CTBOpITH CIOBHUK JI€ 30€pIiratoThCs BIJICTAH1 MIXK MICTaMHU.

# BimcTaHl Mix MlcTaMm

distance
[0,
593,
343,
[645,
196,
324,
[868,
731,
988,
[125,
468,
321,
(748,
270,
405,
[366,
627,
240,
[256,
337,
190,
[316,
240,
126,
[1057,
977,
1177,
[382,
725,
578,
[360,
891,

428,

468,

611,

557,

497,

47,

489,

294,

857,

856,

970,

=
645,

311,
312,
0,
957,
891,
252,
390,
547,
664,
187,
389,
81,
925,
957,
901,
898,
709,
533,
318,
538,
294,
627,
637,
394,
474,
706,
805,
70,
336,
975,
232,

868,

252,

217,

1052,

125, 748, 366,
844, 602, 232, 575,
3961,

664, 81, 901,
446, 430, 877,
6721,

0, 858, 217, 1171, 727, 520,
1045, 591, 706, 1100, 1391,
1141, 8671,

858, 0, 738, 431, 131, 407, 1182,
803, 477, 298, 671, 690, 624, 185,
2711,
738,
477,

256, 316, 1057,
734, 521, 120,

382, 360, 471,

533,
1130,

294,
213,

394,
376,

805,
765,

975, 343,

148,
335,

1111,
560,

1221,

257, 423, 677,

0, 1119, 607,
977, 1488,

303, 365, 681,
287, 297, 875,

833, 377,
365,
7471,
1171,
296,
143,
727,
972,
1497,
520,
570,
3637,
148,
1129,
1292,
1111,

431,
1070,
7011,
131,
346,

1119,
908,

0,
134,

561,
280,

618, 1402,
1040, 798,

328, 135,

607,
427,

561,
806,

0, 298,
478, 551,

811, 388,
315,

550, 490,

407,
506,

303,
547,

618,
883,

298,
387,

0,
225,

668, 664,
435,

710, 174,

1182, 365,
739, 253,
9517,
257, 681,
734, 159,

1402,
1289,

811,
1539,

668,
333,

0, 1199,
806,

1379,

328,
413,

388,
866,

664,
869,

1199,
263,

0, 152, 780,
9497,
1221,

1173,

423,
896,

833,
128,

135,
261,

550,
1028,

710, 1379,
1141,

152, 0, 850,



240, 740, 278, 69071,

(471, 343, 11, 77, 377, 747, 490, 174, 857, 780, 850, O,
120, 420, 864, 282, 681, 754, 999, 556, 51, 590, 300,

642, 6407,

(428, 468, 731, 557, 497, 627, 489, 294, 977, 856, 970, 120,
0, 540, 741, 392, 800, 660, 1009, 831, 171, 548,

420, 515, 5297,

[593, 196, 390, 468, 270, 898, 337, 246, 474, 725, 891, 420,
540, 0, 665, 635, 261, 825, 1149, 141, 471, 653,

279, 892, 4777,

[311, 957, 1045, 187, 925, 296, 318, 627, 1129, 70, 232,
864, 741, 665, 0, 1157, 664, 162, 484, 805, 834, 193,

508, 331, 4587,

(844, 446, 591, 803, 365, 1070, 972, 570, 739, 1052, 1173,
282, 392, 635, 1157, 0, 896, 1097, 1363, 652, 221,

964, 696, 981, 11127,

[602, 430, 706, 477, 477, 908, 346, 506, 253, 734, 896, 681,
800, 261, o064, 896, O, 774, 1138, 190, 732, 662,

540, 883, 35017,

(232, 877, 1100, 298, 977, 134, 427, 547, 1289, 159, 128,
754, 660, 825, 162, 1097, 774, 0, 338, 987, 831, 112,

575, 176, 56817,

[575, 1130, 1391, 671, 1488, 280, 806, 883, 1539, 413, 261,
999, 1009, 1149, 484, 1363, 1138, 338, 0, 1299,

1065, 455, 984, 444, 9517,

(734, 213, 335, 690, 287, 1040, 478, 387, 333, 866, 1028,
556, 831, 141, 805, 652, 190, 987, 1299, 0, 576, 854,

420, 1036, 608],

[521, 376, 560, 624, 297, 798, 551, 225, 806, 869, 1141, 51,
171, 471, 834, 221, 732, 831, 1065, 576, 0, 641,

351, 713, 6917,

[120, 765, 988, 185, 875, 246, 315, 435, 1177, 263, 240,
590, 548, 653, 193, 964, 662, 112, 455, 854, 641, O,

463, 190, 4557,

(343, 324, 547, 321, 405, 709, 190, 126, 706, 578, 740, 300,
420, 279, 508, 696, 540, 575, 984, 420, 351, 463,

0, 660, 3307,

[312, 891, 1141, 389, 957, 143, 538, 637, 1292, 336, 278,
642, 515, 892, 331, 981, 883, 176, 444, 1036, 713,

190, 660, 0, 6957,

[3%96, 672, 867, 271, 747, 701, 149, 363, 951, 949, 690, 640,
529, 477, 458, 1112, 350, 568, 951, 608, 691, 455,

330, 695, 0]

]

CTBOPITH CITUCOK MICT.
# Cnmcox micT
cities = [

'Biuuuug', 'IOuinpo', 'IoHneubk', 'XuTommp',
'IBaHo-%pankiBcek', 'Kuir', 'KponuBHMLUbKMUI',

'3amopixxsa’,
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'Jlyraucek', '"Jlyubk', 'JIeBiB', 'Mukomnair', 'Ogmeca',
'lonrara', 'PiBue', 'Cimpeponosv', 'Cymmn', 'TepHonime',

'Yxropon', 'Xapkir', 'Xepcon', 'XumenbHuubkuini', 'Uepxacu',
'Uepuirui', 'Uepriris'

]

CTBOPITH OCHOBHY (DYHKIIIIO IPOTPaMHU.
if name == ' main

# Towyxk Bimmorimi =amaui

cityMap = CityMap (distance, len(distancel[0]))

colony Colony(len(distance[0]))

result = colony.find route(cityMap, 6)

print (f"OrpuMmanuy HalkopoTumy muax: {result[0]} xm")

L

CtBOpITH QYHKIIIIO JJI1 BUBEJCHHS HA JAPYK ONTUMAIBHOTO MapIIPYTY .

# BMBiI OTPMMAHOTO MapUPyTy
cityRoutes = "OTpuMaHMUM MapupyT:
for i in result[l]:
cityRoutes += cities([i]
if 1 !'= result[l][-1]:
cityRoutes += "->"
print (cityRoutes)

[ToGynyiite rpadiune BijoOpa’KeHHS] OTPUMAHUX JTaHUX.

# T'pabiune BimoOpaxeHHs OTPMMAaHUX IAHUX

fig = plt.figure(figsize=(13, 13))

plt.xticks([1i + 1 for i in range(25)])

plt.yticks([i for 1 in range(25)], cities)

plt.xlabel ("Homepu micT")

plt.ylabel ("HazBu micT")

plt.title ("MapupyT OpoMIOeHUM KOMiBOsS)epoM")

plt.plot([i + 1 for i in range(25)], result[l], ms=12,
marker='*"', mfc='r',

mec="'black', mew=2, color='black',6K 1ls="--")
plt.grid()
plt.show ()

Yeara!

Bpaxyiite, m1o crapt Ta ¢iHilI Mypaxu IOBUHEH OyTH Y BalllOMY MICTI.

3amyckaiiTe JekiibKa pa3iB (He MeHIIe 5) Bally mporpamy 1 BU OTPUMAETE
pi3Hi pe3ynbrat. Pe3ynpTaTu (MiH. BIACTaHb Ta MapUIPyT Y TEKCTOBOMY BUIJISII)
Ta PUCYHOK 3 MapuIpyTOM KomitoiTe coOi y NMpoMiXHUN nokyMeHT. Ilomim 3
Ub020 nepeniky odepimb OnmuMaibHuil, mam oe giocmanv minimanvna. (Bouna
00086’°a3k060 nonunna oymu < 5000 km) ma 3anecimov mapuipym i pucyHox y
36im.
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3bepercimov K00 po6ouoi npozpamu 3 0008’ A3K0BUMU KOMEHMAPAM NIO
Hazeoro LR 7 task 4.py

3pobime eucnoeok. Bucnoeok 3anecimeo y 36im.

Koau komiTuT Ha GitHab. Y koxHoMYy 3BiTi NIOBUHHO OyTH OCHJIAHHA
Ha GitHab.
Haszeimob onanx 3¢imy LLI-JIP-7T-NNN-XXXXX.doc

0e NNN — no3nauenns zpynu

XXXXX — noznauennsa npizeuwia cmyoenma.

Ilepexonsepmyume ¢haiin 36imy ¢ LLII-JTP-7-NNN-XXXXX.pdf
Haoiwnimo uu npeocmasme 36im 6UK1a0auyy.
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