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IHCTPYMEHTAJIbHI 3ACOBH JOCJIIKEHHS YACOBOI
TA ®YHKIIOHAJBHOI EOEKTUBHOCTI BIOHIYHUX
AJITOPUTMIB PO3B’SA3KY EKCTPEMAJIBHUX 3AJTAY

B.1. llunkapenxo, I1.B. Invuenxo, I'.B. 3abyna

Po3pobnieHe iHCTpyMEHTAJIbHE CEPeNOBHINE IJIsi BH3HAUYEHHS 4acoBoi Ta (yHKLiIOHAIbHOI edekTuBHOCTI anropurtMiB. IlepenbadeHi
MOXKJIMBOCTI JOCII/KEHHs e(EeKTHBHOCTI alrOPUTMIB Ha MHOXHHI OCOONHBHX «HE3PYYHHX» (QYHKLIH, Ky MOXJIMBO 3MIHIOBATH Ta
JIOTIOBHIOBaTH. BUKOHAaHI KOMIT'FOTEPHI €KCHEPHUMEHTH 3 BHU3HAYEHHSIM TEOPETHYHHMX 3acaj], MiArOTOBYMX 3aXOJiB, peani3alielo Ta
aHANI30M OTPHMAaHMX pe3ynbTariB. OTpHUMaHI 3aJeXHOCTI 4YacoBoi Ta (YHKLIOHAIBHOI €(pEeKTHBHOCTI 3rpalHOro alrOpUTMY Bif
KIJIBKOCTI apaMeTpiB QyHKIiH, II00albHUI eKCTPEMYM SIKUX BU3HAYAETHCS, Ta MapaMeTPiB 3rPafHOro ajJrOpUTMY: PO3MIpY MOMYJISIiit
Ta KiJIBKOCTI ernox. Y po3po0ieHoMy cepeoBullli nepeadadyeHa MOXKIMBICTD JOCHIHKEHH HIIUX OIOHIYHUX alIrOPUTMIB.

KirouoBi cioBa: acoBa e(eKTUBHICTh, (HYHKIIOHAIbHA €()EeKTHBHICT, OI0HIYHMII aNTOPUTM, KOMIT IOTePHUI €KCIIEPUMEHT.

PazpaboTaHa HMHCTpyMEHTalbHas cpeda Uil ONpeAeieHHs BpPEeMEHHOH H  (QYHKIHOHANIBbHOH 3(P(EKTHBHOCTH aNrOPUTMOB.
TIpenycMOTpeHbl BO3MOXHOCTH UCCIeIoBaHUs 3P PEKTUBHOCTH aIrOpUTMOB Ha MHOXKECTBE OCOOBIX «HEYHOOHBIX» (hyHKUHMH, KOTOpOe
MOXXHO HM3MEHATh W JONONIHATh. DBEINONHEHEl KOMIIBIOTEPHBIE OSKCIEPUMEHTHI, BKIIOYas OINpeAeleHHe TEOPETHUECKUX OCHOB,
HOJArOTOBKY, PealM3alliio M aHAM3 Pe3ysbTaToB. IlomydeHbl 3aBUCMMOCTH BPEMEHHOH M (YHKIHMOHAIBbHOI 3)(EKTHBHOCTH POEBOTO
QIOPUTMA OT KOJMYECTBA MAPaMeTPoB (GyHKIMIL, rI100aIbHbIA SIKCTPEMYM KOTOPBIX ONpPEACIsIeTCs, U HapaMETPOB POCBOTO AITOPUTMA:
pa3Mepa MOy U KOIMYecTBa dI0X. B pa3paboraHHO#l cpexe mpeaycMOTpeHa BO3MOXKHOCTD UCCIENOBAHHUS APYTUX OHOHHYECKUX
AJITOPUTMOB.

KitoueBbie cnoBa: BpeMeHHas A(PQEKTHBHOCTh, (YHKUMOHANbHAS A(PQPEKTUBHOCTh, OMOHMYECKHH aJrOPUTM, KOMIIBIOTEPHBIN
9KCIIEPUMEHT.

An instrumental environment for determining the time and functional efficiency of algorithms are developed. Abilities of studying the
effectiveness of algorithms on a set of special "uncomfortable" functions, which can be changed and implemented are provided. Computer
experiments are carried out, including the definition of theoretical foundations, preparation, implementation and analysis of the results. The
dependency of the time and functional efficiency of the rouge algorithm on the number of parameters of functions whose global extremum is
determined, and the parameters of the roaming algorithm: population size and number of epochs are obtained. In the developed environment,
it is possible to study other bionic algorithms.

Key words: time efficiency, functional efficiency, bionic algorithm, computer experiment.

Beryn

IcHye BenmMka KUIBKICTH CTOXaCTHYHUX aJITOPUTMIB, SIKI BHKOPHCTOBYIOTH COIiaJIbHI Ta OioyiorivHi inei.
OnHuM 3 HalOUIBII BUBYECHHUX € 3rpaifHuil anroput™ adbo Particle Swarm Optimization (PSO), po3pobnenniit Kenneni
ta EbGepxaprom y 1995 pomi [1]. Imes maHoro mMeromy B3ATa 3 COLIadbHOI MOBEHIHKH ACSKUX BUJIIB TBapHH,
HaIPHUKJIAJ, 3rpail nTaxiB, KOCAKIB pub abo cTaja KONUTHHX.

JocnimKeHHs ToKa3ald epeKTUBHICTh alTOPUTMY Ta IOIIBHICTh HOTO 3aCTOCYBAaHHS IPH PIMICHHI 3a7a49 SK
0e3yMOBHOI, Tak 1 yMoBHOI onrtuMmizauii ¢yHkuii aificHux 3miHHHX. [lOCTiIHHO NPOMOHYIOTHCS HOBI BapiaHTH
QITOPUTMY JUIS IOKPAIEHHS MIPOIYKTUBHOCTI MeTOAy abo s pO3LIMPEHHS KoJjla BUPIIIYBAaHUX 3a7a4 (HaIpUKIA,
oJlHa 3 mepuux Moaudikaiiii Oyna moB’s3aHa 3 ie€l0 PILICHHS OJHOKPUTEpIaNbHUX 3a/1a4 0€3yMOBHOT onTuUMi3aril
3 OiHapHUMH 3MIHHHUMH 3a TOTIOMOT010 anroputmy PSO).

Kpim PSO icHyIOTS i iHIII aNropuT™MH, SIKi IMITYIOTh TOBEIHKY OKpEMHUX BUAIB TBapuH. HaiiOinpmmii iHTepec
3 OCTaHHIX PO3pOOOK NPEACTaBISIFOTh HACTYIHI OIOHIYHI aNTOPUTMHU: aNropuTM momyky 303yib (Cuckoo Search
Algorithm, CSA) [2], anroput™m kaxaHiB (Bat Algorithm, BA) [3], anroputm cBitisukis (Firefly Algorithm, FFA)
[4] Ta amroputm 3rpai BoBkiB (Wolf Pack Search, WPS) [5]. KoxkeH 3 3a3Ha4eHHX alTOPUTMIB IMITye HESKY
XapaKTepUCTHKY NeBHOro BHAy TBapuH: CSA — croci0 BigkiagaHHS s€lb 303yNsMH; BA — exonokamiro KaxkaHis,
FFA — BunpomiHIOBaHHSA BiJ CBITIUKIB, WPS — mporiec momoBaHHs 3rpai BOBKIB.

3rpaifHuii anTOpUTM — METOJI YUCENbHOI ONTUMI3alil, IKUii 0a3yeThbcs Ha MOICIIOBAHHI TIOBEiHKA ITOMYJIIAII
YacTOK B MPOCTOPi ONTHUMI3amii, IS BUKOPHCTAaHHS SKOTO HE MOTPIOHO 3HATH TOYHOTO TpamieHTy (QYHKINT
ornrumizanii [1]. Jlanuit meron mpuBaOIIlOE MPOCTOTOK peaiizallii, BiH MOXX€ BHUKOPUCTOBYBATHUCS Ui PIlICHHS
0araThoX 3amay, BKIIOYAIOYH HABYaHHS HEHPOHHHUX MEPEX.

3apa3 iCHYIOTh pI3HOMaHITHI MoAudikaiii 3rpacBoro ajiropuTMy ONTUMI3alii, po3poOJeHi Ui pillieHHS
PI3HOMAaHITHUX 3aBAaHb ontumizamii. OxHa 3 meprmx Moaudikaiiii Oyna 3anpononoBana Kenneai Ta Edoepxaptom B
1997 poui [uis pilieHHS 3324 OJHOKpPUTEPiaabHOi Oe3yMOBHOT onTUMi3auii 3 GiHapHMUMHK 3MiHHUMH [6]. B 1998 poui
In Ta EOepxapr omyOmikyBanu poOOTy, B SIKid ONKCyBajaCh METOJMKa aBTOMAaTH30BAHOTO HaJaIlITyBaHH:I
napameTpiB aaropurmy [7]. B 1999 poui B crarti Kenneni [8] ormspases BB oOpaHOi TOmonorii Ha pe3yibTar
poOOTH aNropuTMy IIpH BUPILICHHI TOI YM IHIIOI 3aj1adi onTuMizanii. B Tomy x poui Oyia Brepie 3anpornoHoBaHa
MoaudikaIis anropuTMy Ui pIlICHHA 3amad OaraTokputepianbHoi onTumizamii [9]. B HacTymHi pokm Oymun
po3po0IieHi pi3HOMaHITHI METOAHN HAa OCHOBI 3TPAHOTO aITOPUTMY, 30KpeMa [Isl HABUaHHS HEHPOHHIX MEPEeK.
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VY npexacraieHid poOOTI [yUis OIIHKH SIKOCTI OIOHIYHUX ANTOPUTMIB OYJM 3alpoNOHOBAHI MMOKA3HUKU
¢yskuionansHoi [10] Ta yacoBoi epexTrBHOCTI [11].

DYyHKIIOHAJIBHI MOKJIUBOCTI PO3p00JIEeHOr0 iIHCTPYMEHTAJILHOIO CepeI0BHIIA

[pencraBnennit y npaHiii poOOTI iHCTpyMEHTaNbHUH 3aci0 NpU3HAUYEHWH AJS JIOCITIKEHHS Oy/ab-sSKOTO
CTOXAaCTHUYHOTO alITOPUTMY IOWIYKY eKcTpeMyMy ¢GyHKuUii. Takuil alroput™M qoaaeThes A0 BKe ICHYIOUYHX y CHCTEMI
QITOPUTMIB Y MPU3HAYEHOMY ISl LLOTO BIKHI. AJNTOpUTM Mae OyTH MpeJcTaBlieHii Ha MOBI Java Ta momnepeaHbo
BimmaromkeHuit. [ onpamroBaHHs iHCTPYMEHTAIBHIX 3aC00iB y cUcTeMy aAomanmii anroput™ PSO.

Jus BusHaueHHs 4acoBoi Ta (yHKIIOHaJNBHOI edeKTHBHOCTI Mae OyTu chopMoBaHA IpeNCTaBHUIbKA
MHOXHHA (YHKLIN, MOMIOHUX O THX, MOUIYK EKCTPEMYyMIB siKkux norpebyerbcs. Hapasi y cucremi maemo ¢yHKIii,
3amponoHoBaHi B [12]: chepu, rimep-enincoiny, Pactpurina, Pozenbpoxa, Axui ta ['piBanka. Hamana MOXITuBicTh
J0AaBaHHsA HOBUX (QyHKUiH. Ha puc. 1 mokazaHa Bkianka, ska A03BOJISIE JOJABATH, PeJaryBaTH Ta BUAAIATH QyHKII]
JUIsL ToAaNbIioro anamizy. s mporo cmin momatu peanizamiro ¢yHkiii Ha MoBi Java. Came BoHa i Oyne
BHKOPHUCTOBYBATHUCS Y MPOLIECI aHATI3Y 3 omTuMizarii. JloJaTkoBO MOXHA 33aaTH MaTeMaTHYHE MPEICTaBICHHS, 10
JO3BOJIUTH IHCTPYMEHTY 3HaWTH miIoOanbHUE exkcTpemyM Ta mnoOynyBatn rpadiku ¢yskuii. [Ipu npomy
¢yHKUIiOHaTbHA e(peKTHBHICT, OyJe BH3HAYAaTUCh y MOPIBHSAHHI 3HAIIEHOrO EKCTPEeMyMy 3 BiJIOMMM TOYHUM
3HAYEHHSM.

B | AHanM3aTop CTOXaCTMUECKMX anropUTMOE MOMcKa pelueHuii 1.0 - x

DYHKUMA ONTUMW3aumKn | Aaropwtm noncka | AHanus | O nporpammMe

¥ Boibpana $yHkuma ontummnsaumm: C. PacTpuriHa

1. Boibepute hyHKLMIO ONTUMW3aLWMM:

C. PactpurmHa - NoGaenTh Yaanutb

2. HasBaHue: C. PactpuruHa
CoxpaHuTtb

3. O6WWMiA BUA QYHKLMWM ONTHUMM3ALIMK:

200 +x1% - 10 cos(2rx1) +x2° - 10 cos(2rx2)

4, MatemaTiueckan 3anuchk: 200 + x172 - 10*%cos(2*pi*x1) + x2"2 - 10%cos(2*pi*x2)
5. [no6anbHbIFA 3KCTpEMyM: 200 - 10%n

6. ma java-daina dyHkumm: Rastrigin java

7. Mima Java-@yHKUMK ANA Bbl30Ba: run

8. 3anmchb Ha A3blKe NPOorpaMMMpoBaHKa Java:
import static java.lang.Math.%;

import java.util.*;
import java.util.concurrent.®;
import java.util. function.®

public class Rastrigin {

static double run(List<Double> params) {
double sum = 0.0;
for (inti = 0;1 < params.size(); i++) {
double x = params.get(i);
sum += pow(x, 2) - 10.0 * cos(2.0 * PI * x);
1

return 200.0 + sum;

v

*Knacc foawed codepxame Memod ¢ cugHomypol: static double MvayrkyuudisBuzosaiList< Double> param:
» KOpHW YpaBHEHWA M IKCTPEMYMbI

» padukum
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Puc. 1. Briaaka amst 3aBanHs QyHKIIT, EKCTPEMyM SKOT BU3HAYAETHCS

Ha puc. 2 noka3ano npukian mooynosu rpadika ¢pyskiii Pactpurina.

B | AHanM3aTop CTOXaCTMUECKVX anTOpWMTMOE NOWCKa pelueHmii 1.0

DyHKUMA oNTMMKM3aUKMK | AnroputM noucka | Ananms | O nporpamme

» BuibpaHa ¢yHkuma ontumusaumm: C. PactpuriuHa
» KOopHM YPABHEHWA U 3KCTPEMYMBbI

¥ [padukwu

3D plot

Puc. 2. ®dynkuii Pactpurina

KopucryBau Mae MOKIMBICTh HaNAIITYBaHHS €KCIEPUMEHTY (BEpXHS YaCTHHA BKIAJHUKU Ha puUC. 3): oOpaTh
O10HIYHHUI aNTOPUTM, IO BXKE € Y CHCTEMI; aJJTOPUTMH, EKCTPEMYMH SKHX 3HAXOIATHCS UM O10HIYHIM alrOPUTMOM Ta

MOKAa3HUKH e(hEKTUBHOCTI.
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1. BribepuTe dyHKUMIO ANA CPABHEHWA PE3YNbTATOE 3KCNEPUMEHTOB NOMCKE IKCTPEMYMa: 2. BolbepuTe anropuT™ Ana CpaBHEHWA:
F. puBaHka M BCe QYHKLWMK 1. PSO (p5e100) (2 napameTp... M

Mokasate: || BpemeHHyto 30GEKTMBHOCTL v'| DYHKUMOHANBHYO 30GEKTUBHOCTL

CreneHb M 0BNaCTb BPEMEHHOTO W QYHKLIMOHANBHOTO NPEBOCXOACTEa
anroputma 1. PSO (p5e100) (2 napameTpoe) ana dyHkuuKm F. [pMBaHKa B CpaBHEHMMK C...

W B euge rpaduka
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2. PSO (p25e100) (2 napam) 3. PSO (p50e100) (2 napam)

Crenext EpemenHoro npesocxoactea SUP O6nacTb EpemenHoro npesocxoactea REG

O Crenetb dyHkymoHansHoro npesocxogersa SUP © OBnacte dyHkumoHansHoro npesocxoacrsa REG

» B Buae TabnMUbl

Puc. 3. Hactpoiika ekcriepuMeHTy Ta HOPiBHSUIBbHI rpadiku

VY pe3ynbrari MaemMo MmopiBHsUIbHI Ipadiku Ta Tabnuii (MPUKIIa] OCTaHHIX HA puC. 4)

Anroputm SUP time REG time SUP func REG func
1. PSO (p5e100) (2 napam) -0.739  +0.078 0.980 +0.019 0.874 +0.027 0.940 +0.023
3. PSO (p50e100) (2 nap... 0317 +0.211 0.150 +0.175 -0.529  £0.205 0.230 +0.133

Puc. 4. l[Ipuxnag TabarmgHOTO IpEACTaBICHHS PE3yIbTaTiB

YacoBa e)eKTUBHICTH OiOHIYHHX AJTOPUTMIB

OpHa i3 CyTTEBUX OCOOJHMBOCTECH CTOXACTUYHUX OIOHIYHHX alTOPUTMIB — mMoTpeba B 3HAYHUX YaCOBUX
pecypcax. BukoHaBiieM npupoaHuX OiOHIYHHX aJTOPUTMIB € 3HaYHA KUTBKICTH OCOOWMH. Y KOMIT'IOTEpHIN peamizamii
Ma€eMO OIMH OOYHMCIIOBAJbHMAN MEXaHI3M Ta 3HAYHO CKJIANHINIY 3aJady MomrykKy. ToMmy H BHHHKAe 3ajada OLIHKA
MOJIIUBOCTEH aJrOPUTMIB 32 YACOBUMH TTOKA3HUKAMHU.

[Ipu HasIBHOCTI OJHOTO AJITOPUTMY BHUPIIICHHS JESIKOI eKCTpeMalbHOI 3a/aui MOKHAa OOMEXHUTHCH OI[IHKOIO
00YHCITFOBAIBHOT CKIIAMHOCTI ayropuTMiB. OQHAK, 3HAXOMKCHHS TaKHX OIIHOK € JOCHTh HETPHBIAIBHOIO 3a1adueio 1
BOHHU HE BPaXOBYIOTh 3HAYHOT'O BIUIMBY NPOrPaMHO-aNapaTHOTO CEPEIOBHIIA BUKOHAHHS aJTOPUTMIB.

Sxuo icHye nexinbka (QYHKIIOHAJIBHO €KBIBAJICHTHUX anropuTMiB [11], To X 4acoBy e(eKTHBHICTH HEOOXIIHO
BU3HAYaTH 32 KOHKPETHUMH peai3alisiMu.

Yac BUKOHaHHS aJITOPUTMY BU3Ha4daeThes QyHKIieo [11]:

273



E=fWtxw,r), (D

Je v, ¢ Ta X — BIAIOBLHO 00’ €M, THII Ta 3HAYESHHS BXIIHUX JIaHHX; | — IIPOTpaMHe cepesloBUINe (QYHKIIOHYBaHHS Ta

CTBOpPEHHSI BUKOHYBaHOTO (aiiiny; » — apxitekrypa EOM.
[Tpu HassBHOCTI AEKIIBKOX (DYHKIIOHAJILHO €KBIBUICHTHUX aJTOPUTMIB CIIiJ] TOPIBHIOBATH (YHKIIIT:

E1 = fi(v’t’xsl//’r)sEz = ,fz(vatax>l//3r)r"aEn = fn(vatax’l//’r) . (2)

JJ1s TOpIBHSHHS 9acOBOi €PEKTHUBHOCTI ABOX aITOPUTMIB HE0OXiqHO BU3HAuuTH[ 1 1]:
—  HACKIJBKHU B CEPEIHHOMY OJIMH 3 aITOPUTMIB [IEpEBEPILYE 1HIIHHI;
—  4M B ycili 1ocmipKyBaHiil 001acTi criocTepiraeThCs MEpeBEPIICHHs] OJJHOTO aITOPUTMY, SKIIO Hi — TO SIK
CHIBBIIHOCATHCS PO3MipH 00JIaCTeH MepeBaru KOXKHOTO alITOPUTMY.
o * ) * . *
Hexait /' — MHO)XMHA MOXKIIMBHX 3Ha4eHb 00’ €My faHuX, I — MHO>KMHA MOMJIMBUX THIB JaHUX, X — MHOXKHMHA

* * .
MO>KJIMBUX 3Ha4Y€Hb JaHux, ¥ — MHOKMHA MOXKIJIMBUX IPOTPaMHHX CepelioBHll, R — MHOXUHa apxitektyp EBM, Ha siknx
MOXJIMBA peajizamisi aaroputMmiB. Toxmi Uil TOPIBHSHHS YacoBOi e(EKTHBHOCTI abTEPHATUBHUX OOYMCITIOBATBEHUX
AITOPHUTMIB HEOOXITHO BU3HAYUTH CTYIIiHb IIEPEBart OJJHOTO (i-T0) aTOPUTMY HAJI IHIINM (j-FIM) Ha OOMEXEHNX MHOKUHAX,

: : Sy * — * et * — * - *
SIK1 € MTAMHOKMHAMHK BKasanux Bume MHOKUH V eV , T €T , XeX , Y eV , R R Bu3HaYacThCA SIK:

SUE, |V, T,X,¥,R =

S S S a0ty r) . gty =LV LOLEYT g

1
N veV tel xeX ye¥ reR maX(f; (Vata X, Wﬂ r)ﬂ f/ (Va ta X, l/la }"))

Ae N — 3arajbHa KiJlbKiCTh JIOJIaHKIB, g;; — CTYIiHb IIEPEBArH i-I0 aJrOPUTMY HaJl j-UM IIPU JeIKOMY BUKOHAHHI, f; — dyac
BUKOHAHHS i-TO aJITOPUTMY.
Busnavaetncst Takox [11] 06sacTh mepeBaru 0{HOTO (i-ro) ajJroOpUTMy HaJl IHIIHM (j-UM):

REG’YW’T’X’\P’R:%ZZZ ZZ%(VJ,%W% 4)

velV tel xeX ye¥ reR
A€ h;; — 03HaKa IepeBary i-ro aropuTMy Haj j-UM B TOYLI

1, axmo x > 0

by v, t,x,y, 1) = sign(f; (v, 8, x,p,1) = (v, 1, x,y,1)) , sign(x) = . &)
0, sxmo x <0

Crin 3a3nauntu, mo MHOXKuHH V,T,X,W,R — nuckpetHi. Buxomsun 3 HEoOMeKeHOI KiTBKOCTI MOKIUBUX

. * . .
BX1THHUX JaHHUX X , SBHAYCHHA N € HaCTiIbKH BCJIMKHUM, IO IPAKTUIHE 004YHCIICHHS 3alIPpOIIOHOBAHUX ITOKA3HUKIB HE €
MOKJIUBHUM.

Ouinka S-nokasHuKa. S-NOKa3HUK € CTaTHCTHYHO ouinkoo SUF, [V, T,X,W,R . 3a [11] S-ouinky cryneni

HepeBar i-ro aJropuTMy Haj j-UM BU3HAYUMO SK (%):

1 N
Sij |V7T9X7lP7T9R :®S XIOO:Wzgij'k(v’taxal//ar)xlooﬂ (6)
k=1

e g;; — CTYIHb NIEPEBArH i-TO aIrOPUTMY Ha/l j-UM (3) Py k-My BUKOHAHHI alrOPUTMIB 3 BUIIAAKOBUMH 3HAYCHHIMH
v,t,x,7,r 13 00macti Q=VxT x X x¥xR.

Tam xe [11] HamaHe BU3HAYCHHS JOBIPYOTO iHTEpBATY S-TIOKa3HHUKA MpH KoedirieHTi 1oBipu [ :

|, - I[<1 %)

2.8

Je | — TouHe 3HaueHHs S-TOKa3HMKAa, ® — 3HAueHHS BU3HAYeHe 3a (6), {, — 3HA4YeHHs S-TOKA3HUKA OOUMCIIEHE UL

KOJKHOI 3 TPhOX YaCTHH N /3 BUMIpIOBaHb, f, , — TabJu4He 3Ha4eHHs posnoiny Creionenta npu koediienTi nosipn S .

Ouinka R-nokasnuka. Ockinbku Bupasu Juis obuncnenss SUP; ta REG; B (3) Ta (4) BiJpi3HAIOThCS TiUIBKH
¢yHKIEI0O T 3HAKOM CyMH, R-TIOKa3HMK OOYHCIIOETBCS AHAIOTIYHO S-TIOKAa3HUKY. BUNajKOBMM 4YHHOM
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obupaetbcs N To4oK B 00macti Q =V xT x X x¥xR. JIoNUIbHO B3SITH Ti cami TOYKH, IO 1 JJii OOYMCICHHS S-
MIOKA3HHKA.
BukopucToByroun onvcaHy BUIIE METOANKY i MMO3HAYMBIIHN, 004YncIoeMo R-nokasHuk (%):

1 N
R, |V.T,X,¥,T,R=0,x100 :W;h”k(v,t,x,t//,r)xloo ®)
3 JIOBipYKMM iHTEpBaIOM MpHu KoedilieHTi 10Bipu [ :

10, - 1<t )

2.8

Je &, —3HayeHHdA R-nokasHuka oGuucieHe [l KOXKHOI 3 TphOX YacTUH N /3 BUMIpDIOBAHb .

TakuM 9YHMHOM, IJ1s1 BU3HAYCHHS S- Ta R-TTOKa3HUKIB HEOOXIIHO:

—  BHUKOHATH IIOCIIJOBHICTh EKCIIEPUMEHTIB 3 (piKCamic€l0 Yacy BHKOHAHHS aJNTOPUTMIB Ta 3HAHIEHOTO
3HAYCHHS eKCTPEMYMY;

—  BiamoimHO 70 (6) oOumcouTH S-MMOKa3HUK Ta Horo (7) moBipumii iHTEpBAIT;

—  BianoBigHo 1o (8) obuncnuTh R-nokasnuk ta ioro (9) noBipunii iHTEpBAII.

DyHKIiOHATbHA eeKTHUBHICTH OIOHIYHUX AJITOPUTMIB

OmHi€ro 3 OCHOBHHX BJIACTUBOCTEH alTOpUTMY € Horo (yHKIIOHANBHICTE. L[ BIacTHBiCTE MOJNSTAE B TOMY, IO
ANTOPHUTM pPeai3ye NesKy, B MAaTeMaTHIHOMY PO3YMiHHI (DyHKIIifO

y=rf(x) (10)

ne x€ X, yeY —BXinHi Ta BUXiJHI aHi aITOPUTMIB, SIIEMEHTH JACSIKUX BH3HAYCHUX MHOKHUH.

JaHa BIacTHBICTP € OAHIEK 3 (yHIAMCHTAIBPHHX BJIACTUBOCTEH aJrOPUTMY pPa3oM 3 IOHCKPETHICTIO,
Pe3YIBTATUBHICTIO, OCTYITHICTIO, MACOBICTIO, IOCTIIOBHICTIO Ta OJTHO3HAYHIiCTIO [ 13].

¥ [10] 3BepTaeThcs yBara Ta IO BIACTUBICTh Y 3B 43Ky 3 ii 0COOJIHMBICTIO CTOCOBHO HEYITKO CHEnN(iKOBaHUX
anroputMiB. L{s 0coOMMBICTE B TOMY, IO pO3pPOOICHUN BiAMOBIAHO 3 HEYITKOIO CTIENH(]IKAIEI0 alTOPUTM MOXKE B
JesSKHX BUIAJKax 1 B AEsSKil CTyIeHi 3aJ0BOJIBHATH YU HE 3a{0BOJILHIATH BUMOT'aM KOPHCTyBaya.

Ilin ¢hyHKIIIOHATEHOIO ePEKTUBHICTIO OyIeMO pO3YMITH €KCINTyaTalliiHy XapaKTEePHCTUKY aJTOPUTMY, SKa
BiJJOOpakae CTYIMiHb BiJIOBITHOCTI aJropuTMmy rnorpedam kopucrysaua [10] 3a cBo€ro GpyHKI[IOHANBHICTIO.

Bynp-skuii  4iTkO cneuuQikoBaHUH aNTrOpUTM pealizye (GYHKIII0, pe3yJbTaTH SIKOi 3aBKIU ITOBHHHI
33J0BOJILHATH MOTpe0aM KOpHUCTyBauya. Mo)KHa BBa)KaTH, L0 TAKUH alrOpPUTM Mae MaKCHMAalbHY (YHKLIIOHAJIbHY
e(EKTHUBHICTb.

Hexaii Ha MHOXXUHI Y 3a7aHa QyHKIis

p=0(), (11)

Jie O — OLIHKA SIKOCTI OTPUMaHHUX aJITOPUTMOM PE3YJIbTATIB.

st anropuTMiB po3B’sI3Ky €KCTpEMaNIbHUX 33/1a4 p = ), TOOTO B 3a/a4yax MiHIMi3alii , YUM MEHIIE 3HaYCHHS
¢ysakmii y = f(x) Oyme 3HalfieHe NESKUM pealli3alli€lo IesIKOro alTOpUTMY, THM BiH Kpamiuid 3a (yHKI[IOHATHHOIO
e(eKTUBHICTIO.

AHaNoriyHO 3 TONepeIHIM IyHKTOM, IIPOIIOHYEThCSI JBa IOKa3HUKU (PYHKIIOHANBHOI e(eKTUBHOCTI
AITOPUTMIB:

—  CTyNeHb NepeBarn OJHOro (i-r0) auropuTMy HaA IHMHUM (j-MM) Ha oOMexeHil MHOXmHI X < X
BU3HAYAETHCS HACTYIIHUM YHHOM:

s, |)?=LZ p(ﬁ-(x'))—p(fj(.x)) ’ (12)
N & max(p(f;(x)), p(f;(x))
ne N — 3araipHa KUTBKICTh peatizallii;
—  obusacTh mepeBaru:
= 1
R, | X = ~ Z sign(p(f;(x) = p(f;(x)), (13)
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S- Ta R-NOKa3HMKHU € CTaTUCTHYHOIO OLIHKOIO NOKa3HMKIB (yHKIioOHaNBbHOI epekTuBHOCTI SUP; Ta REG);, ki
BU3HAYAIOTHCS aHAJIOTTYHO S- Ta R-nokasHuKaM 4acoBoi e)eKTUBHOCTI.

IligroroBka 10 eKClepUMEHTIB

Buéip Tta minroroBka Gioniunoro aaroputmy. B maHiii po0oTi mOCHimKyeThCS 3rpaifHUi anropuTMm. BiH €
pealizamiero METOAy YMCENBbHOI ONTHMi3amii, SKui 0a3yeTbcs Ha MOIETIOBAHHI MOBEIIHKH MOIYJSIil YacTOK B
HPOCTOPI ONTUMI3AIL].

Hexait f(x) dyHkuig nim, siky HeoOXiHO MiHIMI3yBaTu, pudoMy X = (X,...,X,,...,Xp). PoboTa anropurmy
HOYMHAETBCA 31 CTBOPEHHA IMOMYJIALIi 4acTOK (TOOTO MHOXMHM NOTEHLIHHMX pimeHbx,, i=[l,N], ne N — po3mip
TIOITYJIsIIiT) BUIIaJJKOBUM YMHOM. YacTKH SIBISIIOTH COOOI0 BEKTOP KOOPAWHAT TOYKM B IPOCTOPI onTuMizamii (IificHIX
qucen) X, = (X,,...,%,,---»X;p), 1= [LN]. KokHa uwacTka pyxaeTbcsl Mo ToBepXHi rpadiky (yHKLil 3 SKOIOCH
MBUAKICTIO V; = (Vyj,...,Viys---,Vip), I = [1,N]. YacTKH 3MiHIOIOTH CBOIO MIBHKICTH Ta KOOPAWHATH, IPYHTYIOUHCH Ha
BJIACHOMY JIOCBiJli Ta TOCBiJli iHIIMX YacTOK. TakuM YHHOM, MOAETIOETECS OararoareHTHA CUCTEMA, J¢ areHTH-9aCTKA
PYXaroThCs JI0 ONTHUMAIBHUX PillieHb, OOMIHIOIOUHUCH TPH 1IboMy iH(opMatiero 3 cycinamu. [lIBuaKicTs Ta KOOpAUHATH
YaCTOK OHOBIIIOIOTHCS 32 TAKMMH (POPMYTIaMH:

t+1 t+1 4]

v :a)~vfd+cl-rand()-(pid—xfd)+cz~rand()~(pgd—xfd), X =vit+x, (14)

i

ne v, Vi, — WBHAKOCTI YacTKu Ha (#+1) Ta t-iTepauisx BiANMOBiAHO; X|;', X, — KOOpIMHATH YacToK Ha f+1 Ta -
iTepanisx BIANOBIAHO; p,, — Kpallla IO3MLIs, 3HaleHa i -0l0 YAaCTKOIO 3a ¢ IIOIEPEIHIX IOKOiHB; Py — Kpauma
H03Ullis, 3HalIeHa BCIM POEM 3a BeCh uac poOOTH alroputmy; rand() — BUIankoBi umucia 3 npomixkky [0,1]; ¢, ¢,

— xoedinieHTn HaBYaHHs Ha poMikKy [0,2],; @ — iHepuiiiHa Bara.

Koncranty HA3WBAIOTh KOTHITUBHUM (IMi3HABAJLHUM) IapaMeTpOM, SKHI J03BOJISE

BpaxoBYBaTH «BJIACHUHM JocBim» (icTopiro) wactuHKH. KoHcTanTy Ha3uBalOTh COLIAIbHIM

mapaMeTpoM. Bona JO3BOJISE I'IaCTI/IHHi BpaxoByBaTu I[OCBi}_'[ YCbOT'O pPOIO. Taxum YHUHOM, Kepye

BILIMBOM TJI00AJILHOIO Kpamoro moJIOKCHHA, a Kepye ,uiem BJIACHOI'O Kpalioro IMOJIOKCHHSA Ha

LIBHKICTh KOXKHOT YACTHHKH.

PobGoTy anropuTMmy TakoXK BH3HAYa€ TOMOJOTIS CyCiICTBa YaCTHHOK, a caMe€ SKHNM YHHOM BHOHMPAETHCS Kpaliuid
IHIUBIA UTST KOXKHOI 9acTUHKA. HaiOimpIr BiJOMUMH € HACTYIIHI TOmouorii [14]: Kijble, KIUKA. TBOBUMIPHHUH TOp,
KJacrep.

OTxe, il1esl aNropuTMy MOJSTaE B TOMY, IO YacTKH, SIKI CIOYATKy PIBHOMIPHO PO3MOJUIEHI IO MOBEPXHI
¢yHKOii, 3 IMHOM 4Yacy (BiJ MOKOJIHHS JIO MOKOJIHHS) MOYMHAIOTH IpynyBaTucs («30uUBaTHCS B 3rpai») mopsa 3
JIOKAJIbHUMH MIHIMyMaMH, TIpU 4OMY HaWOuIbIa 3rpas 30MpacThes Mopsif 3 rodaJbHUM ONTHUMYMOM. [Ipu domy
MaiiKe 3aBXK/IH iICHYIOTh YaCTKH, SKi 3HAXOSTHCS Y CTOPOHI BiJl TAKUX 3rpaif, a TAKOK YACTKH, SIKi BUXOMAATH 32 MEXI
JIOITYCTHUMOT 00J1acTi.

AHaJi3 Ta ONMHC BUKOPHCTAHOI0 NMPOrPaMHO-ANAPAaTHOTO cepeoBUIA. BUMipIoBaTH MPOIYKTUBHICTh Ha
BipTyanbHili MamuHi Java (BTiM, SIK 1 B OyAb-IKOMY iHIIOMY KEpOBaHOMY CEpEIOBHILI Yacy BUKOHAHHS) 32 CBOEIO
MIPUPOJIOI0 ORI CKIIAJHO, HIX NMPH POOOTI 3 KOJOM, IO MPAIloE B HEKEpOBaHOMY BUTJIiAl. [IpnunHa B ToMy, 0
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nporpamictd, siki numyte Ha C / C ++, mpakTuuHO Bce poOisaTh cami. OnepaniiiHa cucreMa Hajae JHIIe
MiHIManbHUH HaOIp ciayx0, HAIIPUKIIAA, pyIMMEHTAPHI TUIaHYBaHHS IIOTOKIB.

Besi cyTh KepoBaHOT CHUCTEMH MOJISITa€ B TOMY, IO HABKOJMINHE CEPEIOBHILNE 4acy BUKOHAHHS OTPHUMYE
MOXJIUBICTh MPHUA0ATH NMEBHUH KOHTPOJIb HAJl YCIEI0 €KOCHCTEMOIO, TaK IO PO3POOHHMKY HE JOBOJHUTHCS CAMOMY
n6aty mpo Bci jgerani. 3aBASKM I[bOMY ITJIBHIYETHCS 3arajbHa INMPOAYKTHUBHICTH Ipami Mporpamicra, aue Bix
KOHTPOJIIO HAJl CUCTEMOIO B SIKiiich Mipi JOBOAMTHCS BiIMOBUTHCS. €IMHA aNbTEpPHATHBA — BiIMOBHTHCH 3aMiCTh
OBOTO BiJ yCiX HepeBar, siKi iCHYIOTh B KEPOBAaHOMY CEpEIOBHUINI 4Yacy BUKOHAHHS, IO NPAKTHYHO 3aBXKIH
00epTaeThCs CePHO3HIMTUMEI HE3PYIHOCTSIMH, Hi’K HEOOX1THICTh JOJATKOBOI ONTHMI3aIlii IPOAYKTHBHOCTI.

Ocp pmeski BaxmBi (yHKIII TutaTdhopmu, depe3 sKi YCKIATHSETHCS IMPOLEC BUMIPIOBaHHS ONTHMI3allis
MIPOTYKTUBHOCTI: TUCTIETUYEPHU3AIlis IOTOKIB; MPUOUPAHHS CMITTS, THHAMIYHA KOMITIJISIiS.

Mix uumu (QyHKIISIME MOXYTh BHUHUKATH JOCHUTh TOHKI B3aemoxii. Hampuknan, cucrema KOMITLISIIiT
BUKOPUCTOBY€E TaliMepH, MIO0 BUPILIYBaTH, sIKIi METOIM KommimoBatd. lle o3Hauae, 10 HA MHOXHUHY METOIiB-
KaHAMJATIB JUIsi KOMOUIALIT MOXYTh BIUIMBAaTH TaKi YAHHHKH, SIK TUCIIETYEPHU3Allis MMOTOKIB i MPUOUpPAHHS CMITTS.
Habip KoMITiJTbOBaHUX METOJIB MOKE BiJIPI3HATHUCS BiJ] 3aIIyCKY 0 3aITyCKY.

Jis mpoBeICHHS EKCIIEPUMEHTIB BUKOPHUCTOBYBAJIOCS arapaTHE CEpeloBHILNE HACTYyMHOI KOHQIryparii:
mporecop Intel(R) Core(TM) i17-6500U CPU @ 2.50GHz (takToBa wactorta 2.6 — 3.0 I'Tm); 16 I'6 omeparuBHOI
mam’ati tuny DDR4 Tta mporpamue cepenosume: Microsoft Windows 10 Bepcis 1709; Java SE Runtime
Environment build 9.0.1+11; Java HotSpot 64-Bit Server VM build 9.0.1+11, mixed mode.

Onuc miaxoay AJsi BU3HAYEHHS Yacy po6oTH ajropurmy. Y Java € 1Ba OCHOBHI METOAHW VIS TOCTYIY JIO
gacy: System.currentTimeMillis() i System.nanoTime(). [pyruii BUKOPHCTOBY€TbCA ANl BUMIPIOBaHHS dYacy 3
TOYHICTIO BHUIIE MiTicCeKyHIu. 3HaueHHs System.nanoTime() BigHOCHE BIANOBIIHO MEBHOTO MOMEHTY dHacy, B
OUIBIIOCTI CyYyaCHHUX ONEpaIifHUX CUCTEMH IIel METOJ OTpuMae iHhOpMaLlito BiJl JIIYMIbHUKA MITOK PEaJbHOTO Yacy
(Time Stamp Counter, TSC). Lle o3Hayae, mo el MeTON MOXHAa BUKOPUCTOBYBATH MJIsi 3aIlUCY TPHUBAJIOCTI
BUKOHaHHS.

Jus  3a0e3rnedyeHHss MaKCHUMaJbHOI TOYHOCTI pO3paxyHKiB, B PpO3pOOJEHOMY I1HCTPYMEHTAJIbHOMY
porpaMHOMY 3a0e3redeHHi JUIsi aHamizy e(QEeKTHBHOCTI alrOpUTMIB, NPU BUMIPIOBaHHI TPUBAJIOCTI BUKOHAHHSI
METO/Y, BAKOPUCTOBYBABCS CUCTeMHUH MeTol System.nanoTime().

BnouB «posirpiBy» JIT komminsTopy Ha pe3yasTaTH BHMipOBanb. [Imatdgopmy Java kpame BCbhOTO
MPEACTaBIATH K IUaThopMy 3 OUHAMIYHOK KoMmmisamiero. Ile o3Hauae, Mo KIach AONATKIB ITiITAIOTHCS
MTOJIANTBIIIM KOMITUIALIT 1T/l 9ac BUKOHAHHS, B PE3YJIbTaTi YOTO NMEPETBOPIOIOTHCS B MAIIMHHHAN KOI.

Takuif mpolec HA3WBAETHCA IUHAMIYHOIO (just-in-time) KommissAmiero abo KEHHTHHTOM. 3a3BHYal
TaKiii KOMINALII MiIOaeTbcs TIMBKA OAWH METOA B OWMHHUMOIO dYacy. Ilim «po3irpiBoM» KOMIUIATOPY
OyZeMo pO3yMITH TOIEpeHiii BUKIMK BuMipitoBaHoro merony 10000 pasziB. 3a pesynbraTamu JAOCIHIIPKEHb
BCTAHOBJICHO, WLIO MIBHJKICTh BHUKJIMKY CKOMIIIJIbOBAHOIO MeETOAy Moxe Oytu y 12 pasiB OUIbIIO0, HIX
IHTEpPIPETOBAHOTO METOAY.

B nopaneiiomy, nepen nNpoBeJeHHSIM BUMIpIOBaHb, Oy1eMO BUKOPHCTOBYBaTH «po3irpi» JIT komminaropy.

Juis 3amaHHSA KUIBKOCTI pa3 BUKIHMKY METONY IepeJ] THMM sIK BiH Oyne pO3MISHYTHH SK KaHIumaT s
JUHAMIYHOT KOMIIUIALII, MOKHA BUKOpucToByBatn nepemukad JVM “-XX:CompileThreshold=10000”, ne 10000 —
KUTBKICTh BUKIIMKIB METOITY.

Banigauisa iHCTpyMeHTalbHOI0 cepedOBHINA /Jsi TNPOBEJEHHH €KCIHEePUMEHTAJIbHUX
MOCJIIKeHb

BumnpoOyBaHHs iHCTpyMEHTalIbHHX 3acO0iB BHKOHaHE HA OCHOBI JEKUIBKOX EKCIIEPUMEHTAIHLHUX
JMocIHipkeHb. Tak, BHKOHaHI JOCH/DKGHHS BIUIUBY KIJBKOCTI YAacTOK, €moX, mapaMerpiB (QyHKIi Ha
MMOKa3HUKN 4YacoBOi Ta (YHKIIOHANBHOI e(QeKTUBHOCTI anroputMmy poro yacTok (Particle Swarm Optimization,
PSO) nmna momryky rtmobampHOTO MiHIMYyMY GyHKIIA. [lozHaummo PSOpiej — anroputM poro dYacTok, e
i — KUTBKICTh 9acTOK, j — KibKicTh enoxX. Hampuxman anroputm PSOp500e10 BuxopucToBye KinmbKicTh gacTok 500,
KiJbKicTh enox — 10.

Jiist ekcriepuMeHTIB OyIeMO BUKOPUCTOBYBATH «BaXKKi» (yHKIIT onTuMizaiii, 3anpornonosati B [12]: cdepw,
rinep-enincoiny, Pacrpurina, Pozenopoxa, Akii ta ['piBaHka.

Ha puc. 5 ta 6 nokazano 4yacoBy e()eKTHUBHICTb i3 3pOCTaHHSAM KiJIbKOCTI €110X Ta apaMeTpiB, BIAMOBIAHO.
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Puc. 5. S-ouinka 4acoBoi e()eKTUBHOCTI AITOPUTMIB 31 3pOCTAHHSM KUJIBKOCTI €110X

Puc. 6. S-ominka 9acoBoi €)eKTHBHOCTI aITOPUTMIB 31 3pOCTAHHSAM KUTBKOCTI ITapaMeTpiB

OTpuMaHi 3HAYCHHS 9acOoBOI Ta (PYHKIIOHATBHOI €(PEKTHBHOCTI 3a MOIIYKOM E€KCTPEMYMIB BHIIE Ha3BaHMX
¢yHKiii ycix pazom. Ha puc. 7 noka3zani 3HaueHHs 4acoBoi eektuBHOCTI anroputMiB PSOpie100 mo BixHOIICHHIO
no PSOp(i-1)e100, nouyunatoun 3 PSOpS5el100. Kinbkicth enox ¢ikcoBaHa, 3MIHIOETbCS KIUIBKICTh YaCTOK Yy POi.
[epuie 3nauennst 0,74 orpumane npu 30inblIeHHI yacTok y 10 pasiB, IpU 1bOMY 4Yac BUKOHAHHS 301JIBIINBCS
npubmu3Ho y 4 pasu. Ilpu mopanpmoMy 30UTBLICHHI KUTBKOCTI YacTOK y JABa pa3d NPUOIM3HO Yy JBa pasu
30UTBIIYETHCS Yac MOIIYKY eKCTpeMyMiB (y cepeaHboMy Ut BCix (yHkmii). Ha puc. 7 BigoOpaxkeHi Takox TOBipYi
IHTEepBaIH.

Puc. 7. Yacosa Ta QyHkuioHanbHa epexTuBHICTh anroputmiB PSOpiel00 3 noBipurMu iHTEpBaIaMU

OynkuionanbHa edextrBHICTh anroputMiB PSOpiel00 BiKOHaHA B TIOPIBHAHHI 3 alrOPUTMOM, SIKUI 3HAXOAUTH
TOYHMH MiHIMYM. Taka MOXXJIMBICTB € TP JOCHIPKEHHSX, SKIIO TOYHUH MiHIMYM BifoMui. EdekTuBHICTH alropuTMiB
PSOpiel00 cyrTeBo 3pocTae npu 30UTbILIEHH] KUTBKOCTI YaCTOK POIO.

Bci orpumani pe3ynbTaTH BiIIOBIIAI0TH OUiKyBaHUM, Ta BIIOMHM TEHACHIISIM 00UMCITIOBAILHOT CKIIaTHOCTI. 3a
MIPOBEJICHUMH EKCIEPHMEHTAMH Ta aHAJi30M OTPUMAaHUX DPEe3yJbTaTiB MIOAO JIOCTATHHO CKIIAJAHUX (YHKIIH MOXHA
CTBEPJUKYBATH, 1[0 IHCTPYMEHTAIILHUH 3aci0 3a0e3nedye afeKkBaTHI OL[IHKHA 4acoBOl Ta QYHKIIOHAIbHOI e()eKTHBHOCTI
TIPH PO3B’S3KY 33734 MOIIYKY EKCTPEMYMiB (DyHKITiH.

BucHoBxku
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Hapa3si criocrepiraerbesi OypXJIMBHHA PO3BUTOK MEPEHECEHHS AITOPUTMIB MIPUPOJHUX CHCTEM Y IPOrpaMoBaHi

CHCTeMH. 3arporoHOBaHUH 1HCTPYMEHTAILHUN 3aci0 Moke OyTH KOPHUCHHM Ul PO3pOOHHKIB OlIOHIYHHMX aJrOpUTMIB
JUISl BUSIBJICHHSI €()eKTUBHUX CKJIaJJOBUX aJITOPUTMIYHHX Ta MapaMETPUIHUX PillICHb.

[MpuknagHe 3Ha4YCHHS Ma€ BHKOPUCTaHHS I[bOTO IHCTPYMEHTY ISl pO3POOKH IMPOrpaMHHX 3aco0iB, 30KpeMa

CHCTEM IUTYYHOTO IHTENEKTY, ONTHMI3aIlifHOrO HampsIMKy. TyT KOpHMCHa MOSJIMBICTh HaJAIITYyBaHHS IapaMeTpiB
010HIYHMX ANTOPUTMIB 32 IMMOKa3HUKAaMH (YHKI[IOHAJILHOI Ta YacOBOT e()EeKTUBHOCTI.
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