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THE MODELS OF APPLICATION THE RECURRENCE ENTROPY AND RECURRENCE
PERIOD DENSITY ENTROPY TO THE ANALYSIS OF COMPLEX SYSTEMS DYNAMICS

Summary. Introduction. Complex systems are the systems with a large number of agents that
interact with each other, and during such interactions new characteristics of the systems are
generated. The using of quantitative methods in the modeling processes involves measurement
procedures where the system complexity indicators are quite important. One such approach is to use
the concept of entropy, which has been successfully used to study economic systems, which are also
complex systems. Currently, among many ways of determinng the entropy of a complex system, there
are several new ones that rely on the analysis of recurrence diagrams, a technique developed by
Norbert Marwan. Consideration of two such methods was taken for the study conducted in this paper.

The purpose of the article is to describe and evaluate the possibility of applying to the
economic series two concepts of entropy based on the analysis of recurrence diagrams: recurrence
entropy and recurrence period density entropy.

Results. The paper deals with the method of calculation of two entropy types on the basis of
Norbert Marwan recurrence diagrams: entropy of the recurrence period density and recurrence
entropy. The behavior of entropies on synthetic time series with and without noise is demonstrated.
The general neighborhood error that can be used in practical research are identified. Based on the
application of the moving window procedure, the stability of the calculated values on synthetic time
series is demonstrated. The results of application the entropies to time series DJIA and oil prices are
demonstrated to determine the possibility of applying the entropy values considered.

Conclusions. The analysed indicators have shown a high sensitivity to critical and crisis
phenomena in economic systems. There is a greater sensitivity of the recurrence period density
entropy to changes in the system, and more time during which the recurrence entropy begins to
respond to the preparation in the economic system of a critical phenomenon. Thus, the recurrence
period density entropy and recurrence entropy can be successfully applied to the study of the state of
economic systems and serve as pre-cursor of the arrival of uniques states in the economic system in
the future.
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JOCIIIKEHHSA TEHETUYHUX AJITOPUTMIB PO3B’SA3YBAHHSA
3AJAY O TUMIBAIIIL

l'enemuuni  ancopummu € OOHUM 3 BANCAUBIUUUX HANPAMIE  OOCHIONCEHHS )
e60NIOYIIHOMY MOOENI08aHH . IX Yacmo 6uKOPUCIOBYIONb OIS 3HAXOONCEHHS PO36 A3KY 3a40aU
8 PI3HUX 001aCMAX, KOIU MPAOUYITIHI MEMOOU BUABTISIIOMbC HEOOCMAMHbO eheKMUBHUMU.

Y pobomi pozenanymo eenemuuni arcopummu Continuous genetic algorithm ma Binary
genetic algorithm ons po3e’sa3ysanus 3a0au enobanvHoi onmumizayii. Onucano ocooaugocmi
PO38 A3V8ANHA 3A0a4l KOMIBoAM CEpa 3a 0ONOMO20I0 2eHemMUYH020 aneopummy. Bci memoou
oynu peanizosani y cepedosuwyi GNU Octave. I'enemuunutl aneopumm 6UKOPUCMAHO OJis
PO38’a3anHA 3a0ayi Komieosxcepa. Jocnioxnceno egheKmusHicmos 2eHemuyHUX aneopummis 8
3aneNCHOCmi 8i0 3HAUEHb 1020 Napamempie npu 3HAX00HCEHHI 2100AbHO20 MIHIMYM) OEsIKUX
mecmosux Qyukyiu. I[Iposedeno nopiguanHs pobomu ceHeMudHUx areopummie 3 Memooom
Kaxcauis, Memooom imimayii 6ionany ma KiacCuyHUMU Memooamu Onmumizayii.

Knrouoegi cnosa: cenemuunuti aneopumm, 3a0ava onmumizayii, 3a0ava Komigosicepa.

Beryn

Jlana poboTa TIpUCBSIYEHA OJHOMY 3 ONTUMI3AIIMHUX MeETOMIB. SIK BIigOMO,
ONTHUMI3AllI}HI 33/1a4l TOJIATalTh Yy 3HAXOKEHHI MIHIMyMY (MakCHUMYyMY) 3a/laHO1 (PYHKIIii.
Taky QyHKIIII0 Ha3UBaIOTh LUIbOBOIO. SIK MpaBUIIO, LLIbOBA (DYHKIIIS — CKIIaHA (YHKIIIS, 1110
3aJIeKUTh Bl JAESIKUX BXITHUX [apaMmeTpiB. Y ONTUMU3ALIAHUX 3aJadax MOTPIOHO 3HAMTH
3HAYEHHS BXIAHMX @ApaMeTpiB, MpH SKUX IUIbOBA (YHKLIS J0csAra€ MIHIMAJIbHOTO
(MakCMMaJIbHOTO) 3HA4YeHHs. [CHye LMW Kiac ONTHMI3alliiHUX METOMIB. YMOBHO BCI
ONTHUMI3allIHI METOJM MOKHAa pO3IUIMTH HA METOJAM, IO BHUKOPHUCTOBYIOTH IOHSTTS
MOXiAHOT (IpaJieHTHI METOAM) 1 CTOXACTUYHI METOAU (Hampukiaa, Meroau rpynu Monre-
Kapno). 3a ix nornomororo Mo>kHa 3HalUTH €KCTpeMallbHEe 3HAYECHHs I[UIb0BOT (DyHKIII, aje He
3aBKJIM MOXHA OyTHM BIIEBHEHUM, IO OTPUMAaHO 3HAYEHHS TJI00AIbHOIO EKCTPEMYMY.
3HaXO/KEHHS JIOKAJIbHOTO E€KCTPEMYMY 3aMICTh TIJI00AJBHOTO HA3UBAETHCS IEPEIUaCHOIO
30pKHIcTIO. KpiM mpoGnemu mepemyacHoi 30DKHOCTI ICHY€E 1HIIA MpodiieMa — 4ac Mpolecy
oOumciienp. Haliyactime Oulbll TOYHI ONTHUMI3alliiiHI METOAM MPALOOTh AyXe AoBro. Jls
BUpIIIEHHS IOCTABJIEHUX MpoOJeM 1 TMPOBOAUTHCS MOUIYK HOBUX ONTHMIZALlIMHUX
anroputmiB. 3anpornonoBani y 1975 poui xonom Xomangom renetnudi anroputMu (I'A)
3aCHOBaHl Ha MpuHOUNax mnpupoaHoro Bindopy Y. [lapsima. ['A BimHOCATBCA 10
CTOXaCTMYHUX MeToAiB. Ll anropuTMH yCHIIIHO 3aCTOCOBYIOTHCS y PI3HHUX 001acTax
JISUIBHOCTI (EKOHOMIKA, (hi3MKa, TEXHIUH1 HAyKH 1 T.11.) [1].

ITocranoBka npodaemu

I'enernynuii anropurm (genetic algorithm) — 1e eBosrOLIHUN AITOPUTM MOLIYKY, 110
BUKOPUCTOBYETbCA JJIi PO3B’A3aHHS 3aJady ONTUMI3alli 1 MOJETIOBAHHSA ILISAXOM
MOCIIIZIOBHOIO MiI00py, KOMOIHYBaHHS 1 Bapialii IIyKaHUX HapaMeTpiB 3 BUKOPHCTAHHSAM
MEXaHI3MiB, [0 HaraJayloTh 010J0TTYHY €BOJIOIII0. 3a/1ada KOAYEThCA TaKUM YHHOM, 100 ii
PO3B’sS3aHHS MOTJIO OyTH TMPECTABICHO Y BUTJIAII MAaCUBY MOAI0OHOTO /10 iH(OpMaIii CKIaxy
xpomocomu. Lleli MacuB yacTo Ha3MBAIOTh CaME TaK «XpoOMOcOMay». BuIagxkoBUM UHMHOM B
MacuBl CTBOPIOETbCA J€sIKa KUIBKICTh IOYAaTKOBHX €JIEMEHTIB «o0ci0», abo moyYaTKoBa
nonysinis. OcoOu OLIHIOIOTHCA 3 BUKOPUCTAHHAM (YHKIII MPUCTOCYBaHHS, B pPE3yJbTarTi
AKO1 KOXHIM 0co0l TNPUCBOIOETHCS IE€BHE 3HAYEHHS MPUCTOCOBAHOCTI, SIK€ BU3HAYAE
MOXJIMBICTh BHKMBaHHA ocoOu. Ilicms 1poro 3 BUKOPHUCTAaHHSM OTPUMAHUX 3HAu€Hb
MIPUCTOCOBAHOCTI BHOMpAIOThCS ocoOu momymieHl a0 cxpemnieHHs (cenekuis). o ocid
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3aCTOCOBYETHCSI «T€HETUYHI OIepaTopu» CXpeuieHHs (crossover) 1 Myrtaumii (mutation),
CTBOPIOIOYM TaKUM YMHOM HACTYIHE MOKOJIHHS 0c106. OcoOu HACTYIHOTO MOKOIIHHS TaKOXK
OIIHIOIOTHCS 3aCTOCYBAHHSAM I'€HETUYHUX ONEPaTOPIB 1 BUKOHYEThCA CeNeKlisd 1 MyTanis. Tak
MO/IETIOETHCST €BOJIIOIIIMHII TIPOIIEC, 110 MPOJIOBKYETHCS JICKUTbKA KUTTEBUX ITUKIIIB, TTOKU
He Oy/ie BUKOHAHO KPUTEPIil 3yNMHKHU aJlTOPUTMY:

Mertoro onTtuMizaniiHoi 3a1adi € BUOIp JOMYCTUMOro abo ONTHUMAaJIbHOTO PO3B’A3KY 3
MHO>KMHHU aJIbTEPHATUB JJISl JOCSATHEHHS nocTaBiieHol Meth. OnTuMizaiiiiiHa 3ajaya MoBUHHA
BIJIMTOB1/IaTH TBOM OCHOBHUM BHUMOTaM: MIOBHHHI ICHYBaTH SIK MIHIMYM JIBa pO3B’sI3KH, 1 TpeOa
3HATH, B IKOMY CEHCI1 IlIyKaHe pilIeHHs Ma€ OyTH HaHKpalluM.

MareMatuuyHa MOJENTb ONTHUMIZAIIAHOT 3aJadi CKIAA€ThCsl 3 TPHOX CKIIAJOBHUX:
IUTR0BOT QYHKIIIT, 0OMEXEeHb, TPAHUYHUX YMOB [2].

[Tomyk rinoGanpHOro MiHIMyMY OGYHKIID f :R" mpu HasBHOCTI SBHHUX OOMEXEHb

3MIMCHIOETHCS HA JCSIKii BIACHIH MIAMHOXKKHI {2 METPUYHOTO MPOCTOpPY R”":

f(x):f(x],...,xn)—>min,er,QCR", (1)

7€ MAMHOXKHHA () BU3HAYAETHCS OOMEKEHHSIMHU TUITY PIBHOCTEH:

q(x)=0, e ¢: R". (2)

Mertoo paaHoi cTaTTi € peanmizalii Ta JOCIDKEHHS T'€HETUYHUX aJlOPUTMIB
PO3B’sI3yBaHHS 33/1a4 OMTUMI3AIII].

MeToau po3B’A3aHHS

Knacuunuii cenemuynuil anzopumm onmumizayii

B teopii I'A BUKOpUCTOBYETHCS 010JI0TUHA TEPMIHOJIOTIS B CIIPOILIEHOMY BUTIISLL [3]:

* XpOMOCOMa — BEKTOP UHUCET,;

* reH — 01T XpOMOCOMU;

* MIOMYJISALIS — CYKYIHICTh OCOOUH.

Sk KpuTepi JKUTTE3MATHOCTI OCOOMHU BHCTyINae (YHKIIS MPUCTOCOBAHOCTI F —
B110Opa)k€HHsI CYKYITHOCTI XpOMOCOM OCOOMHU Ha MHOXXMHY JiicHUX uucen. TouHuil Bupa3
Ut (DYHKINT MPUCTOCOBAHOCTI CKJIAJAEThCS IHAMBIAYaTbHO IJIsi KOKHOI 3amadi. B mpomy
BHUMAJAKYy €JIeMEHTH X MaMHOXUHU O B (1) MOXHaA po3rasgaTH SK OCOOMHH JACSKOi

MOTYJISAiT TOYOK M-MIPHOTO TPOCTOpPY, a 3Ha4ueHHS (yHKmii f (x) B IIMX TOYKax MOYKHa
po3risiIaTH SIK 3HauYeHHS (YHKIII mpuctocoBaHocti F =—f (x) OcCHOBHI KpOoKH po0OOTH
kjacuuyHoro I'A MokHa 1ojiatu y HacTynmHoMY Bl [3]:

1) renepairiss mOYaTKOBOT MOMYJISAIIT 3 k£ 0COOUH;

2) oOunciieHHst QyHKIi MPUCTOCOBAHOCTI KOXKHOI OCOOWHH 1 BIAKWMIAHHS HAaWMEHII
IIPUCTOCOBAHUX OCOOMH;

3) BuOip cepen pemTr 0COOUH ABOX OATHKIB;

4) 3acrocyBaHHs J0 OaThbKIBCBKMX XpPOMOCOMax OIlepaTopa CXpeIlyBaHHS 3 IEBHOIO
HAMOBIPHICTIO (IIPH BIICYTHOCTI CXpEIlYBaHHS JOYIPHI XpPOMOCOMHU PiBH1 OaTHKIBCHKUM);

5) 3acTocyBaHHSl 70O OTPUMaHUX JOYIPHIX XPOMOCOM OIlepaTopa MyTalii 3 MEBHOIO
IMOBIPHICTIO (32 BIICYTHOCTI MyTal[li XpOMOCOMU HE 3MIHIOIOThCS);

6) MOBTOPEHHS KPOKIB 3-5, MMOKHU MOIMYJIALIS 3HOB HE Oy/ie MICTUTH kK OCOOWH;

7) NOBTOPEHHS KPOKIB 1-6 0 TUX Mip, MOKU HE Oylie HOCATHYTO KPUTEPII0 3aKIHUECHHS
IIpoIECy.
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CxpemyBanHs (KpocoBep) — IIe Omeparis, Ipu sKid JB1 XpOMOCOMH OOMIHIOIOTHCS
CBOIMHU YacTHHAMHU. Y Mojeli, onmucyBaHoi ['A, KpocoBep BUKOHYE OMEPaTOp CXPEIlyBaHHS.
[cHytoTh pi3HI aNrOpUTMM oOlepaTopa CXpellyBaHHS, HAWIPOCTINII 3 HUX — 1€ OJHO- 1
OaraToToukoBuil. B 0JHOTOUYKOBOMY BapiaHTi BiIOYBAa€Tbcs PO3PHUB JABOX OaThKIBCHKUX
XpOMOCOM y BUNAJKOBIN MO3UIII, MICJISI YOT0 BOHU OOMIHIOIOTHCSI OTPUMAHUMH JUISTHKAMHU.
[Ipu 0OaraToTOYKOBOMY KpPOCOBEpPI XPOMOCOMH OOMIHIOIOTHCS AUISHKAMH, OTPUMaHUMU B
pe3ynbTaTli JACKUTBKOX PO3pHUBIB. MyTalli€l0 HAa3WBAETHCS BUIAJKOBA 3MIHA OJHOTO a0o
JNEKUIbKOX T€HIB XpOMOCOMHU. SIK KpUTEpid 3aKIHUEHHS aJITOPUTMY MOXKYTb BHCTYHAaTH JBi
YMOBH:

- IOCSITHEHHS 33JIJaHOT MaKCUMaJIbHOT KUIBKOCT1 ITepaliiid (IOKOJIIHB);

- 30DKHICTB TTOTYJISAIIIT.

30DKHICTIO TOMYJISIIIi HAa3WBAE€THCS TaKWi il CTaH, KOJW BCl OCOOMHHM TOMYJISIIT
MPAKTUYHO OJTHAKOB1 1 3HAXOIATHCS B OOJACTI NEAKOTO eKCTpeMyMy. ['A KOHTPOIIOEThCA
HACTYITHUMU napaMmerpami [3]:

- o0csirom nomyssuii £ ;

- UIMOBIPHICTIO MYyTaIlii;

- UIMOBIPHICTIO CXpEelllyBaHHS;

- YUCJIOM HOBHMX OCOOMH Ha KOKHOMY €Tall pO3BUTKY MOMYJISILIT m;

- MAaKCUMAJIbHUM YHCIIOM iTepaliid aaroputmy N ;

- IpY BUKOPUCTAHH1 KPUTEP10 30DKHOCTI MOMYJISILIT — TOYHICTIO 301KHOCTI Q.

Ocobnueocmi po3e’a3y6anHs 3a0aui Komieoaxcepa 3a OONOMO2010 2eHEMUYHO20
anzopummy

[TocTanoBka 3aaa4i KOMiBOsbKepa noJiArae y HactynHoMmy. Hexail Bifcrani Mixk MicTaMu
B1JIOMI Ta 3aJlaH1 B MATPUIIl BiJICTaHEH:

© ch cln
C o0 .. C
21 11
C= . (3)
C C o0

KoMiBosikep moBHHEH MMOOYyBaTH y KOKHOMY MICTI 0 ogHOMY pa3y. Lle o3nauae, mo
BiH MOBWHEH YBINTH B KOKHE MICTO 1 BUMTH 3 HHOTO 1O OJHOMY pa3y. Mapuipyt 00Xo1y MiCT
MOX€E TIOUYMHATUCS 3 OyAb-SIKOTO MicTa. AJie 3aKIHUMTHCS BIH TIOBUHEH y TOMY XK MICTI, 3
skoro mouascs. HeoOximHo mnoOymyBatu MapmipyT, IO NPOXOJIUTH dYepe3 Ycl MicTa
HallMEHIIOi JOBXMHU. 3HaKM «oo» y Marpuni C, sKI po3TalloBaHi IO JlaroHall,
BUKOPUCTOBYIOTHCSI JUIsl 3a00pOHU IEpexoay 3 KOXHOro MicTa B L€ X MiICTO, TOOTO AJis
3a00pOHM IOBEPHEHHS [4].

3asaya nojisrae y Tomy, oo MiHiMi3yBaTu QyHKIIO METH

N N .

F=% > C,—mn. (4)

Jljig 3acTOCYBaHHS F€HETHUYHOIO aJrOPUTMY Yy SIKOCTI OCOOMHM MPUIMAIOTh 3aIluc, a y
KOKHOi O0COOMHM € Habip XpoMocoM. 3alal0Th WOT0 OJHOBUMIPHUM MAaCHUBOM, SIKHUA €
MOCIIIZIOBHICTIO 00X0AY 3aJaHUX IYHKTIB 13 IOBEPHEHHSIM Y IYHKT BiANpaBiieHHs. Tak caMo €
MOKOJIIHHA 13 k& 0CcOOMH, y SIKMUX € BiIacHMl Mapumipyt ob6xony. HactymHum eramom € ix
PO3MHOKEHHSI Ta MyTalis. Jljig K0KHOI 0COOMHM paxyroTh (YHKIIIIO MPUAATHOCTI, B JaHIi
3a/1a4i 1€ JTOBXXKMHA MapmipyTy. UuM BOHA MeHIA, TUM Kpamie. Hailoumem nmpuctocoBaHmX
OCOOMH CXpeNIylTh, MepeBipA0YH, 00 He Oyn0 moBTOpeHb. Lle HeoOXimHO A TOTO, 10 B
KOXXHOMY ITYHKT1 HOTPIOHO MoOyBaTH TUIbKU OJMH pa3. Ilicis cxpelieHHs OTpUMYIOTh HOBE
MIOKOJIIHHS, Y SKOMY 3HOB LIyKalOTh HaWOUIbII MPUCTOCOBAHI OCOOUHH 1 T.J., IOKH HE OyJe
3HalijleHe MiHIMaJbHE 3HaueHHs (yHKUIi npucrtocoBaHocTl. IlepeBara TreHETHYHOIO
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QITOPUTMY B TOMY, 110 IIPH PO3MHOKEHH1 HE MOTPiOHO oOupartu Bix OaThKIB HallKpallle, TOMY
10 Kpallle pIlIeHHs BCE OJJHO OTPUMAEMO Uepe3 ACKUIbKa MOKOJIIHb, a 1HOJ1 OOMparoyu ripiie
MO>KHA OTpPUMATH Kpalui pe3ynbrar [2].

OpuH 3 onepaTopiB, IO BiIrpae BUPIILIAJIbHY POJIb Y PO3B’sI3aHHI 3a]1a4l KOMIBOSDKEpa,
3MIACHIOIOUM OOMIH 1H(OpMaIli€el0 MDK OCOOMHAMHU ITiJ Yac TeHeparii Ta Jgoromarae
OTpUMAaTH ONTUMAIbHUNA pO3B’sI30k — 1€ KpocoBep. B ocrtanni 20-30 pokiB Oymu
3aMporoHOBaHI KUIbKa KPOCOBepIB I 3ajaul koMiBosbkepa. OauH 13 HuXx — PMX (partially
mapped crossover) [S], TpUHIIUIHN HOTO pOOOTH MOJISITAE Y HACTYITHOMY:

1) BuOlp miApsaKiB: BHUpI3aTH JBa HIAPAJKU OJHAKOBOTO PO3MIPY JJsi KOXKHOTO 3
0aTBKIB HAa OJHUX 1 THX K€ IO3HUIIIIX;

2) oOMIH migpsaKaMHu: OOMIHSATH JBa 0OpaHi HIAPAIKUA, 00 CTBOPUTH HPOTOTHUII
HaIla/IKa;

3) BU3HAUEHHS CIHCKY B110Opa)X€Hb: BU3HAUYMTU CIIIBBIAHOLIEHHS BIJOOpa)k€HHS Ha
OCHOBI BUOpaHUX MIIPSIAKIB;

4) IpuUMHATTS MOTOMCTBA: MPUHHATH HOPOTOTUIIM HAIIAJAKIB 32  JOMOMOTOIO
CHIBBITHOIIICHHSI BIIOOpaKCHHS.

Pe3yabTaTn gociaixkeHHs

Continuous genetic algorithm Ta Binary genetic algorithm Oynu peanizoBani y
cepenoBuii po3pooku GNU Octave. [Iposeneno gocmimkenns Continuous genetic algorithm
ta Binary genetic algorithm s po3B’si3anHs 3aznadi (1) 3 BUKOPUCTaHHSIM PI3HMX 3HAYEHb
rmapamMeTpiB npar — KUIBKICTh 3MIHHUX oONTHMIi3aniiHoi (yHkmii (mapamerpiB), maxit —
MaKCUMaJIbHE YHUCIIO iTepalliid, popsize — po3Mmip HOmy’ndlii, mutrate — MBUJIKICTh MYyTaIllli,
selection — yacTka momyssii, mo 36epiraerbesi. OTpuMaHi pe3ysbTaTu HaBeAeHo y Taoi. 1.

byno mnposeneno mnopiBHsHHA Continuous genetic algorithm Tta Binary genetic
algorithm. OtTpumaHi pe3ynbTaTH CBig49aTh, IO NPH 30UTBIICHHI YacTOTH MYTaIlli
MOTIPITY€ETHCST €PEKTUBHICTE POOOTH QJITOPUTMIB, OTXKE, ONTUMAIBHUM 3HAYCHHSIM I[HOTO
mapameTpy € 3HadeHHs Big 0.1 mo 0.5. fAxmo momyssiiro (popsize) 3poOUTH 3aBEIUKOI0 a00
3aMaliolo, TO aIrOPUTMHU TEX MOKa3ylTh Tipiii pe3ynbratu. [lpu nyxe BeITuKoMy 3Hau€HHI
selection, Hampuknag, sSkiuo Mu 3anumumMo 70% «HACENEHHsS», TaKOXK OTPUMAEMO TipIIi
pe3ynbraTd, HDK skimo O 3amummnu 50%. IlopiBHsuIbHMI aHaNi3 pe3ynbTaTiB poOOTH
Continuous genetic algorithm ta Binary genetic algorithm moxazas, mo Continuous genetic
algorithm nemMoHcTpye Kpalili pe3ynbTaTu.

Ta6mums 1
Pe3synbratu o6unciaroBaIbHUX €KCIIEPUMEHTIB
Ha3sa anroputmy
Continuous genetic algorithm Binary genetic algorithm
Bxinni mapametpu

Tecropa dymxuis: f(x,,x, )= x, sin(4x, )+1.1x, sin(2x,)
Tounwuii poss’asok: £(9.039,8.668)=—18.5547, 0 < x,x, <10

npar = 2,
Iri)a;:;:zz iO?z f(x,x2 ) —=-18.5547 f(x]x2 ) =-18.5275

mutrate = 0.15 x,=9.0384; x,=8.6693 x,=9.0196; x,=8.6667

selection = 0.5
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[Tponoxenns Tabmui 1

npar =2
maxit = 200
popsize = 20

mutrate = 0.2
selection = 0.5

£(x,x,)=-18.5351
X,=9.039; x,=8.6361

£(x,x,)=-18.5275
X,=9.0196; x,=8.6667

npar =2
maxit = 200
popsize = 12

mutrate = 0.8
selection = 0.5

£(x,x,)=-18.552
X,=9.0389; x,=8.6564

£(x,x,) =-18.4945
X,=9.0588; x,=8.6275

npar =2
maxit = 200
popsize = 12

mutrate = 0.15
selection = 0.7

£(x,x,)=-18.5518
X,=9.0337;, x,=8.6751

£(x,x,) =-18.5249
X,=9.0187; x,=8.6663

npar =2
maxit = 200
popsize = 8

mutrate = 0.15
selection = 0.7

£(x,x,)=-18.551
X,=9.046; x,=8.6709

£(x,x,)=-18.268
X,=9.0196; x,=8.7843

[TopiBasiemo poOoTy ['A 3 IHIIMMH EBPUCTUYHHUMH METOJaMH omnTuMizamii. Jms
MOPIBHSIHHS 00paii METOJ KaKaHIB Ta METOJ IMITAIll BiAnaiy, sIKi TAKOXX Oyl peasi3oBaHi
y cepenoBuiii Octave. OTpumaHi pe3yJIbTaTH HAaBEACHO y Ta0m. 2.

Pe3synbratu 06unciIroOBaIbHUX €KCIIEPUMEHTIB

Tabmums 2

Hassa anroputmy

Continuous genetic
algorithm

Binary genetic
algorithm

Meroa kaxxaHiB

Merox imiTarii
BiManmy

TecroBa QyHKLis: f(x] , X, ) =05+

sinz(x]2 +x; )2 -0.5

1+0.001(x? +x2

Tounwuii poss’asok: £(0,0)=0, —100 < x,,x, <100

£(x,x,) =1.26e-09
x=0.037726
%=0.012659

f(x]x2 ) =0
.X']:O
.X'QZO

£(x,x,)=1.1218¢-07
x%=-0.080498
x=0.08097

£(x,x,)=3.967854

x1=0.015863
x=0.005481

TecroBa QyHKILis: f(x] , X, ) =05+

Tounuii po3B’s30K: f(1.897,1.006) =-0.5231, —0 < x,,x, <©

sin® \/x! +x; —0.5

1+ 0.01(x]2 +x22)

£(x,x,)=-0.52311
x1=0.30007
x=2.126

£(x,x,)=-0.52311
x=2.1176
= 0.35294

£(x,x,)=-0.52311
x=1.4073
o= 1.6216

£(x,x,) =-0.48758

x1=0.058699
x=-0.201340
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[Tponossxenns Tabmui 2

Tecropa dymxuis: f(x,,x,)=J, (x,2 + X3 )+ 0.11—x, |+ 0.1[1 — x, |
Tounuii po3B’s30K: f(1,1.6606) =-0.3356, —0 < x,,x, <©

£(x,,x,)=-0.32108
x=0.9074
x=1.7111

£(x,,x,)=-0.33482
X1= 1.6471
o= 1.0196

£(x,,x,)=-0.33211
x=1.5932
o= 1.0964

£(x,,x,)=0.30187
x1=-0.41483
= 0.40925

Tecropa dymkuis: f(x,,x, )= x, sin(4x, )+1.1x, sin(2x,)
Tounuii poss’asok: £(9.039,8.668)

—-18.5547, 0< x,,x, <10

£(x,,x,)=-18.5547
xX1=9.0384;

£ (x,,x,)=-18.5275
x1=9.0196;

£ (x,,x,)=-18.5275
x=9.0196;

£(x,,x,)=-18.220
xX1= 8.5295;

x= 8.6693

x= 8.6667

x= 8.6667

x= 8.5057

Bbyno nposeneno nopiusaas Continuous genetic algorithm, Binary genetic algorithm 3
METO/IOM KaXkaHIB Ta METOAOM IMiTalii Bignany. [lopiBHsIbHMI aHaNi3 pe3yabTaTiB podOTH
nokasas, 1o ainroputMu Continuous genetic algorithm, Binary genetic algorithm noxazanu
Kpallli pe3yJabTaTd Ajs OUIbIIOCT1 QYyHKIIIH.

[TopiBHsieMo poGoty ['A 3 KIacCHYHMMH YHCEIBHUMHU MeTOoJaMu 0e3yMOBHOT
OaraToBUMIpHOT MiHIMI3alil, sKi Oynu peanizoBaHi y cepepoBuili Octave. Otpumani
pe3ynbTaTi HaBeAeHo y Tal. 3.

Tabmuns 3
Pe3synbratu 06unciarOBaIbHUX €KCIIEPUMEHTIB
Ha3sa anroputmy
. . Meron l\i[erozx Meron
Continuous Binary Meron . HaWIIBUA- | CTIPSKEHUX
. : KOH(ITy- .. Meron Meron
genetic genetic | KOOpAMHATH . 1II0r'0 IrpagleHTIB
. . pariit (Xyka- . Herotona |[MapkBapara
algorithm | algorithm | oro cmycky rpaaient- | (daeruepa-
JxuBca) .
Horo cnycky| PiBca)
TecroBa QyHKILis: f(x) = 45x] —88x,x, +45x; +102x, +268x, — 21
Tounuii poss’asok: f(—92.9613,-93.9173) = —1.7172¢ + 04
-17170.4132] 17170.4132 |-1.7172e+04 |-1.7172e+04 |-1.7172e+04|-1.7172e+04|-1.7172e+04|-1.7172e+04
-92.9613 -92.9613 -92.0335 -92.0337 -92.0337 -92.0334 -92.0337 -92.0337
-93.9173 | -93.9173- | -92.9661 -92.9663 -92.9663 -92.9660 -92.9663 -92.9663

Tounwuii po3B’sA30K: f(l,l) =0, -10<x,,x, <10

Tecropa dyuxuis: f(x)=sin? 3z, +(x, —1)° (1 +sin* 37x, )+ (x, 1) (1 +sin* 37x, )

1.8415e-05 | 0.034559 3.5299 0.0051012 | 0.10987 0.10987 7.9491 7.9491
1.0001 1.0196 2.3183 1.0075 1.3296 1.3296 -0.97702 -0.97702
1.0041 1.0196 2.3291 1.0075 1.0000 1.0000 1.02298 1.02298

6
. X
TectoBa QyHKIis: f(x) =2x; —1.05x + ?' + XX, + X5
Tounuii po3B’s30K: f(0,0) =0, -5<x,,x, <5
8.52e-07 0 _01272‘876;; 0.00062497 0.29864 0.50234 0.87736 0'003%(;20001
0.00060753 0 0 .87378 -0.012500 -1.74755 -1.53909 -1.07054 0.0000049927
-0.00075773 0 -0.012500 0.87373 0.58679 0.92946 20000049927
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byno nposeneno nopisusaHHa Continuous genetic algorithm, Binary genetic algorithm 3
METO/IOM KOOPAMHATHOTO CIYCKY, METOJOM HaWIIBUJIIOIO IPAJIEHTHOIO CITyCKY, METO]
cupsbkeHux rpazaientiBM (dnertuepa-PiBca), meronom Helootona 1 metonom MapkBapara.
[TopiBHsIIbHUN aHai3 pe3ynbTariB poOOTH MokaszaB, o ainroputMu Continuous genetic
algorithm, Binary genetic algorithm nokasanu kpaiiui pe3yapTaTi 11 OUIbIIOCTI (PYHKIIIH.

3acTocyeMO MeHEeTHYHUHN aIrOpUTM JI0 PO3B’A3aHHS 3aJaul KOMIBOSDKEpa Ha TECTOBOMY
npukiai 3 20 mict. OTpuMaHi pe3ynbTaTi HaBeJEHO Ha puc. 1.

BESTPATH: 216 1116 7 21715 4 610134195 38192

DISTANCE - 3604914
GENERATION 1500

Ao

Puc. 1 Mapupyt komiBosikepa Ha irepauii 1500

MiHimanbHa BiICTaHb, SIKO1 BAAJIIOCS AOCATTH B 32 JJOTIOMOT'OI0 T€HETUYHOTO aJITOPUTMY
360.4914. lle poBomuth edexTtuBHICT ['A B Takux BaXKuUX mpobOiemMax, SK 3amada
KoMmiBoskepa. Ha mpukiani 1miei 3agadi MoxkHa criocTepiraTi, sik ['’A cTBOpIOE po3B’s30K, HE
Maroyy MONEPeIHIX 3HaHb MPO MapuIpyTH Mnojopoxi. Ha BigMiHy BijJ IHIIMX €BPUCTUYHHUX
MeToiB, ['A BUKOpHCTOBY€E IPUPO/IHI IPaBHIIa B1IOOPY, KpOCOBepa Ta MyTallii, 1106 3pooutu
oOumciieHHs JermuMud Ta mBuAmuMU. Li peul poOasTh Horo OUIBII I[IHHUM, OUIBLI
e(eKTUBHUM HIXK 1HIII €BPUCTUYHI AJITOPUTMHU.

BucnoBku

VY po60Ti pO3MISIHYTO OCHOBHI HMOHSTTS 1 HPUHLUI POOOTH T€HETUYHHUX aJITOPUTMIB.

Pospo6neno mporpamu y cepenoBuiiii GNU Octave, saxi peanizyrots Continuous genetic
algorithm, Binary genetic algorithm ans 3HaxokeHHS MiHIMyMY (QYHKIINH Ta pO3B’S3aHHA
3aJ1aui KOMIBOsDKEpa.
JlocnipkeHo 3aJeKHICTh €(QEKTUBHOCTI JaHUX aJNrOPUTMIB BiJ PpO3MIpY HOMYJIALII,
LIBUKOCT] MyTallii, YaCTKU MOMYJIALIi, 110 30epiraeTbcsi Ta MAaKCUMAIBHOIO YKCIa ITepallii.
B pesynapTaTi 0OUYMCIIOBAIIBHMX EKCIIEPUMEHTIB BHW3HAYEHO ONTHMAJIbHI 3HAYCHHS IS
HaBEJICHUX MapaMeTpiB.

[IpoBeneHo mOPIBHSHHS POOOTH T€HETUYHUX AQJITOPUTMIB 3 EBPUCTUYHUMH Ta
KJIACUYHUMM MeTojgamMu ontuMizanii. Cepel KIAaCUYHUX METOJIB PO3IJIIHYTO METOA
KOOPJIMHATHOIO CIyCKY, METOJ HaWMIBUALIOTO TPAJIEHTHOTO CIIYCKY, METOJ CIPSKEHUX
rpanientiB (Pneruepa-Pica), meroq HetoToHa 1 meTton MapkBapara, a cepell eBpUCTUYHUX
— METOJ] Ka)KaHiB, METOJI iMiTarlii Binnany. Beranosieno, mo amroputvu Continuous genetic
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algorithm ta Binary genetic algorithm moka3zanu kpari pe3yabpTats st OUTBIIOCTI TECTOBUX
GyHKIIIH.

TakuM 4MHOM, JOLUIBHO 3aCTOCOBYBATH PO3IVIAHYTI '€HETUYH1 alTOPUTMH I 33134
MiHIMI3a1i]l CKIaAHUX QYHKIIIH.
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RESEARCH OF GENETIC ALGORITHMS OF SOLUTION OF OPTIMIZATION
PROBLEMS

Summary. Introduction. Genetic algorithms are one of the most important areas of research in
evolutionary modeling. They are often used to solve problems in different areas when traditional
methods are not effective enough.

A genetic algorithm is an evolutionary search algorithm used to solve optimization and
modeling problems by sequentially selecting, combining, and varying the parameters sought using
mechanisms that resemble biological evolution.

The purpose of this article is to implement and investigate genetic algorithms for solving
optimization problems.

Results. The basic concepts and principle of operation of genetic algorithms are considered in
the work. The formulation of the problem of unconditional optimization and the travelling salesman
problem is given. The peculiarities of solving the travelling salesman problem using a genetic
algorithm are described.

GNU Octave applications have been developed that implement Continuous genetic algorithm
and Binary genetic algorithm for minimization of functions and solve the travelling salesman problem.
The dependence of the efficiency of these algorithms on the size of the population, the mutation rate,
the proportion of the stored population and the maximum number of iterations are investigated. As a
result of computational experiments, the optimal values for the given parameters are determined.
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Comparison of genetic algorithms with heuristic and classical optimization methods is
compared. The classic methods include coordinate descent method, gradient descent method,
conjugate gradient method (Fletcher-Reeves method), Newton method and Marquardt method, and
among the heuristic methods, bat algorithm and simulated annealing.

Conclusions. Genetic algorithms have been used for minimization of functions and solve the
traveling salesman problem. The efficiency of genetic algorithms is studied depending on the values of
its parameters when finding the global minimum of some test functions. Comparison of genetic
algorithms with bat algorithm, simulated annealing and classical optimization methods are compared.
Continuous genetic algorithm and Binary genetic algorithm have been found to perform better for
most test functions.

Thus, it is advisable to apply the genetic algorithms under consideration to solve optimization
problems.

Keywords: genetic algorithm, optimization problem, traveling salesman problem.
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K BOIIPOCY O INIPENNIOJABAHUU METOJA COIIPA)KEHHBIX I'PA/IUEHTOB

Memood conpsisceHHbIX 2pAdUeHmo8 A6IAemcs IYHUWUM U3 U3BECIMHBIX UMEPAYUOHHBIX MEMO0008
Ppewenus cucmem IUHEUHbIX YPaeHeHus ¢ cummempuunoi mampuyei. Ha eeo ocnose pazpabomarno
MHO20 8bICOKOCKOPOCHHBIX MEMOO08 PeUleHusi NPOU3BOTIbHBIX CUCHEM AlleedpaudecKux ypaguenui. B
Mo Jfce epemsi, mpaoUyUOHHOe 00bACHEHIe NPUHYUNO8 PADOmMbl D020 Memodda o4enb clodcHo. Kak
NOKA3bl6aem NpaKkmuka, CmyoeHmbl NioXo NOHUMAaiom e2o. B pabome npeonosiceno uHmyumueHo
NOHAMHOE 00BACHEHUE NPUHYUNOE PAOONbL MEMOOAd CONPANCEHHBIX 2PAOUEHINOB.

Knwouesvie cnosa: cucmemvl TuHeUnbIX AneeOpauyeckux ypasHeHuil, umepayuoHnvle Memoobl
pewenus CJIAY, memoo conpsoiceHHbIX epaduenmoa.

ITocranoBka 3a1a4n

MeTol CONpsKEHHBIX TPAIUEHTOB SIBJISETCA OJHHUM M3 CaMbIX OBICTPOCXOISIIUXCS
UTEPALMOHHBIX METOJOB JUIsl PEIIECHUS CUCTEM JIMHEHHBIX aareOpanyecKux ypaBHEHUU C
CUMMETpUYHOM MaTrpuueil. Ho, mpu Bcell mpocToTe MpOrpaMMHON peaau3aluy METOAd, €ro
MaTeMaTHYEeCKUE OCHOBBI JOCTATOYHO CJIOXHBI (cM. Hampumep [1],[2],[3]). Ouens gacto npu
€ro TMOSCHEHUM HCIONB3YKOTCS Takue IIOHATHs, KaK IPOCKIUOHHBIE  METOJBI,
opToroHanu3anys no ApHonsau H JlaHnomry, ckopelmmii ciyck, nmpocrtpancrsa Kpsuiosa,
CONIPSUKCHHBIE HANPABICHHWS M MHOroe napyroe. Bce 3To nenaer MeTon HENMOHSATHBIM Ha
MHTYUTUBHOM YypoOBHE. [0 3TON npudnHE METOJ CONPSKEHHBIX IPAJIMEHTOB OYEHb HEIIPOCTO
00BSACHATH cTylneHTaM. B pabGoTe npuBeneHO HECKOJIBKO OTIMYAIOUIEecs] OT TPaJUIMOHHBIX
000CHOBaHME METOJAA. 3ECh MCIOJIb3YIOTCSI TOJBKO IOHSTHE OPTOTrOHAIBHOCTH, METO]
I'pamma-IlIMuara  u  moHsaTHE  A-CKalspHOro mnpousBeneHus. llonstue mnpoexunn
HCIIOJIB3YETCSl TOJIBKO JUISl YIYYIIEHUS YK€ MOCTPOCHHOIO M IOHATHOIO MeTona. Takowu
MOIX0JT OKa3bIBAETCSI MHTYUTUBHO MOHATHBIM M ropaszio 00jee MpoCTbIM METOIUYECKH YeM
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