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B craTtbe npennoxeHa npoueaypa
unaeHTuduKaunn xaoTu4eckmx
npoweccoB, KOTOpasi MOXeT ObITb
noaxoaoM K NCCrie JOBaHUIO

J1I060V ANHaAMMNYEeCKOWM CUCTEMbI,

B TOM YUCJI€ U TPAHCITIOPTHOM.
PaccmotpeHa nogobHas

cucrema TpeTbei pasMepHOCTH,
onucseiBaoLWas AUHaAMUKY KOHKPETHOIo
TpaHcrnopTHoro npoyecca. Ha 6ase
npeaJsIoXXeHHOro aJropuTMa rnpoBeseHo
uccsegoBaHve B NPOrpaMMHOIi cpese
Mathcad npu pa3Hbix 3Ha4eHUsX
napameTpoB v Ha4aJlbHbIX yCJ/IOBUSIX.
AdemMoHcTpupyemsliii nogxos cosgaert
BO3MOXHOCTb YNpaBJisiTb HEJINHENHON
TPaAHCMOPTHOV CUCTEMOIi, YTOObI
AOBUTbCS XXesraemMoro pexmma paborsl.

Knto4yeBnbie c/ioBa: HEMHENHbIE
JANHAMUYECKNe CUCTEMBI, TPAHCIOPTHas!
cucTema, XaoTM4eCckme rnpoLeCChl,
Gas30BbIVi NOPTPET, XAOTUHECKNI
arTpakTop, aaropuTM UAEHTUDUKALNN.
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€TepMUHUPOBAHHBINM Xa0C — 3TO
mapajaurMa IBajlaToro Beka, KoTo-
pasi 1aeT HOBOE BOCIIPUSITHE OKPYKa-
1IETO MUPa, HOBbIE MOJIESTN UCCIIEIOBAHUS
[1]. XaoTuueckue mpoiecchl BCTPeYatoTCs
JIOBOJIBHO YaCTO M MOTYT BO3HMKATh B CUCTE-
Max pa3IuIHON TPUPOIbI — SKOHOMUYECKUX,
GU3NIECKNUX, OMOJIOTUISCKNX U T. O. [2-4].
OnHako ISt 9TUX HEOJHOPOMHBIX CUCTEM
XapaKTepHbI OOIIME CBOWCTBA: MTUCCUTIATUB-
HOCTb, HEJIMHEITHOCTb, OJTHU U T€ K€ CITIOCOOBI
camoopraHuzanuu. Bce oHU 4pe3BbIYaiiHO
YYBCTBUTE/IbHBI K BHELIHUM BO3AEHCTBUSIM
¥ TIOTOMY OTJIMYAIOTCST BO3MOXHOCTBIO Iepe-
X0Jla B KaKOe-TO OJHO M3 OOJIBIIOTO Yucia
JIOMYCTUMBIX PaBHOTIPABHBIX COCTOSTHUIA.
Kpowme Toro, nx nmosesieHue MMEET HEMAJTYIO
JUHAMUKY Y OTIMCBIBAETCSI CXOMHBIMU MaTe-
MaTUYECKUMU MOJIEIISIMU.

IpusHaku ¥ CBOWCTBA HEJTUHEHHOCTHU
SIBJICHWI MOTYT HaOJIIOIaThCS U B TPAHCTIOPT-
HBIX cucTeMax. B HayuHoIt tuTepatype MHO-
TO IPUMEPOB MPUMEHEHUS TCOPUU HETMHE -
HOI IMHAMUKU U MOJEIMPOBAHUS C YIETOM
JIUHAMUYEeCKOT0 Xaoca B TPAHCIOPTHBIX
npoueccax [3, 5-9]. s ux mMccienoBaHUS
HCTIONIB3YIOTCS O0IIIME METOBI: (hU3NUECKUe
9KCTIEPUMEHTBI, BU3yaJbHasl TUAarHOCTHUKA
Mpoliecca, YUCICHHbBIE METOIbI, KOMITHIOTEP-



Hasg CUMYJSIIUS. 3JeCh U MPOSIBISETCS CU-
Hepretudyeckuil nmoaxoxn [10, 11], npusBaH-
HBI ONMUCHIBATh SBJICHUS B MUPE HEJIMHEH -
HBIX CUCTEM, aKTUBHO B3aUMOJEUCTBYIOLIAX
C BHEUIHEW CpPENOIA.

C npakTU4YecKoi TOUKU 3peHUSI UHTEPECEH
BOMPOC UACHTU(DUKALIUY XapaKTepa MpoLec-
ca B pacCMaTpMBaeMOl TUHAMUYECKOMN CHC-
teme. CyTh uaeHTUDUKALUUA CBOIUTCS
K OIpeAesIeHNI0 KAYeCTBEHHBIX U KOJUYECT-
BEHHbIX OCOOEHHOCTEN Tpoliecca, KOTOpbIe
noMoriau 061 nuddepeHupoBaTh €ro IS
JIMarHOCTUYECKUX ONTTUMU3ALIUOHHBIX LIEeH.

MOAEJIMPOBAHUE TPAHCMOPTHbIX
CUCTEM CPEOCTBAMU
HEJIMHENHOWU OUHAMUKU

TpaHCTIOPTHBIE CUCTEMBI TIPEACTABISIOT
C00O1i CITOKHBIE TEXHUYECKUE CUCTEMBI, CO-
CTOSIIIINE U3 OOJIBIIIOTO YK CJIa B3AUMOYBS3aH-
HBIX 3JIEMEHTOB: YYaCTHUKOB JBUXECHUS,
COBOKYITHOCTH TPAHCIIOPTHBIX CPEJCTB, 3HA-
YUTEJIbHOTO KOJIMYECTBA OIepaluii TpaHC-
TMOPTHOTO Tipotiecca. M cBOWICTBEHHO B3au-
MOJIEHCTBHE TETEPOTeHHOTO TpachrKa MOTOKOB
TMACCaXUPOB U OTIPEACIEHHOTO YK CIia TPAHC-
TIOPTHBIX CPEJICTB, YIACTBYIOITNX B IBUKEHUN
B TEKYIIUIA MOMEHT BpeMeHU. B aTOM BbIpa-
JKaeTcsl coueTaHue NeTePMUHUPOBAHHBIX
M CTOXaCTHIEeCKUX (paKTOpOB (PYHKIIMOHUPY-
IOIINX CUCTEM.

TpaHncmopTHBIE CUCTEMBI HEJTUHEWHBIE.
OHM CWJIBHO 3aBUCHMBI OT TIEPBOHAYATIbHBIX
YCJIOBUI U YYBCTBUTETHHBI K BHEIITHUM BO3-
nevictBusIM. HeOonbiine M3MeHEeHUST B HUX
MOTYT MPUBECTH K HETTPEACKA3YeMbIM MTOCIIET -
CTBUSIM.

Y TpaHCIIOPTHOW CUCTEMBI €CTh OOJIBIIIOE
YUCIIO BO3MOXHBIX COCTOSTHU (YCTOMYNBBIX,
U HEYCTOWYUBBIX), TIEPEXO]] MEXKTY KOTOPBIMU
BO3MOXKEH B JIIOOOT MOMEHT BPEMEHU.

Bce aTu1 xapakTepHble 0COOEHHOCTH IAIOT
OCHOBaHME OTOXAECTBUTH TPAHCIIOPTHYIO
CUCTEMY C HEJIMHEWHOW TUHAMUYECKOU CHC-
temoit (HJIC). PesynbraTom BICOKOI YyBCT-
BUTEJIbHOCTY K HAYAJIBHBIM YCJIOBUSIM SIBJISI-
€TCSI BO3MOXKHOCTh XaOTUIECKOTO ITOBEICHMUS,
KOTOpOE TOAYNHSIETCS HEKOTOPOMY 3aKOHY,
T.€. SIBJISIETCSI IETEPMUHUPOBAHHBIM.

Henpepsisrast HIIC (ee cocTostHme ompe-
JIEJIEHO B JII000I1 MOMEHT BPEMEHU) OTUCHI-
BAETCSI CUCTEMAMU HEJIMHETHBIX OOBIKHOBEH -
HBIX quddepeHInanbHbIX ypaBHEHUI TUTIA
[12]:
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x= flx, 1, p), (1)
e x = (x,, X,,..., X,)' € R” — MHOXecTBO (ha-
30BBIX TIEPEMEHHBIX;

1 — pa3MepHOCTb (ha30BOTO MPOCTPAHCTBA;

t — BpeMs;

/M — COBOKYITHOCTb ITapaMeTpOB;

S=( [y /)T — HeNMHEHBIE DYHKLMM.

WsBecTtHo [12, 13], yTO nuHamMuyeckas
CHCTeMa MOXET CTaTh XaOTUYECKOM TOJIBKO
B TOM CJIyyae, KOorja pa3MepHOCTh (ha30BOro
MPOCTPAHCTBA OOJIbIIIE UM paBHA TPEM.

CocTosiHuE TPaHCITOPTHOM CUCTEMBI TaK-
K€ MOKHO OIPENEIMTh KakK HA00p HEKOTOPBIX
BEJIMUMH X, [ =1,...,n. CMBIC] 11 YMCTIO Mepe-

MEHHBIX X, MOTYT ObITh pasHbiMU. Kak, Harpu-
Mep, B CaMOM ITPOCTOM cJTydae, Korja pa3Mep-
HOCTb 1 = 3:

X, — KOJIMYECTBO TPAHCTIOPTHBIX CPEJICTB,
YYaCTBYIOIIMX B TPAHCIIOPTHOM TIpOliecce
B IaHHBIII MOMEHT BPEMEHU;

X, — KOJIMYECTBO MACCaKUPOB;

X, — YKMCJIO MECT B TPAHCIIOPTHBIX CPell-
CTBax.

[MepemMeHHBIE X, HEMOCPEACTBEHHO CBA3a-
HBI C HAOJII0JaeMbIMU KOJUYECTBEHHBIMU
XapaKTepUCTUKaMU TPAHCTIOPTHOM CUCTEMBI.
[TosTOMy ee MaTeMaTUYeCKYI0 MOIEJb
OITATH K€ MOXHO TIPEICTaBUTh B BUJE YpaB-
HeHus (1). Moaenb oTpaxaeT TUHAMUKY
U IEWCTBYIOIINE CBS3U B TPAHCTIOPTHOM CUC-
TeMe.

[IpaBbie aneMeHTHI ypaBHeHUs (1) MoTyT
OBITH pa3HBIMU B 3aBUCUMOCTH OT BUa (PyHK-
IMOHAIBHOM 3aBUCUMOCTH f 1 3HAYEHUSI T1a-
pamMeTpoB. B yucio mapameTpoB Takoro poaa
BXOJISIT, HAITPUMEDP, THTEHCUBHOCTh U3MEHE-
HUSI IEPEMEHHBIX, TIpee/IbHAs BMECTUMOCTD
TPAHCIIOPTHBIX CPe/CTB U T.1. [1pu Hamuuum
MOIOOHBIX OCHOBAHUI MaTeMaTuyeckast Mo-
nenb (1) Oymer oTpakaTh OCHOBHBIC TTPUIMH-
HO-CJIeZICTBEHHBIE CBSI3U (DYHKIIMOHUPOBAHUST
TPAHCIIOPTHOW CUCTEMBI M YUYUTHIBATH €€
MHOTO2JIEMEHTHBII XapakTep.

VYpaBHeHUS (1) COBMECTHO ¢ HAYaTbHBIMU
YCJIOBUSIMU MPENCTABISIOT co00ii 3amauy Ko-
. Ee perieHust MOTYT OBITh PeTYJISIpHBIMU
(cocTosiHUSI paBHOBECUSI, TIEPUOINIECKIE
U KBa3UTIEPUOINIECKIE) U HEPETYISIPHBIMU
(XaoTUYECKUMU).

W3 Teopun HeMMHETHO ATMHAMUKY CIIey-
et [12, 13], yTo Majtoe M3MEeHEeHe HEKOTOPOTO
mapametpa (1) MOXeT IpUBECTH K USMEHEHUIO
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Puc. 1. Metoasbl anarHocTuku npoueccosB HAC.

Tumna peieHust. [1oaToMy nosiBjIeHUE XaoTu-
YEeCKOro Ipoliecca B TPAHCIIOPTHOM CHUCTEME
BIIOJIHE JOIYCTUMO U IOPOXKIAET HEOOXOMM-
MOCTbD B €ro UAeHTU(hUKALIIN.

METOAbl AUATHOCTUKU
NMPOLIECCOB HAC

CTpyKTypHas cxema, KoTopasi WITIOCTPpH -
PYET BO3MOXXHbBIE METOJIBI JUATHOCTUKU MTPO-
1I€CCOB JII00O0N AUHAMUYECKON CHCTEMBI,
MokaszaHa Ha puc. 1.

[lepBble MpU3HAKU MPUCYTCTBUS Xaoca
B CHCTEME BBISBISIOTCS MPU HaOJIOACHUU
BPEMEHHOM 3aBUCUMOCTH B IPEANOIAracMoM
pemreHuu. Eciau mpu BU3yalbHOI OLIEHKE
He 00HapYXUBaeTCs MIPU3HAKOB YIIOPSIIOYCH-
HOCTH WJIH NEPUOANYHOCTH, TO MOXHO MPEJI-
MOJIOXKUTh, YTO JAHHOE IBMXKEHUE XaOTUYHO.
Hcnonp3oBaHue aHaan3a BPEMEHHBIX 3aBU-
CUMOCTEN MO3BOJISIET UCKITIOUUTD U3 PACCMO-
TPEHUSI CUCTEMBI C MEPUOJUYECKUMU WU
ACUMINTOTUYECKU YCTOMUMBBIMU PEILIEHUSIMU.
OnHako JaHHBII METO TPUTOACH TOJbKO IS
MPOTHO3UPOBAHUSI, TIOCKOJIBKY MEPUOJ, IBU-
JKEHUST MOXET ObITb OYeHb OOJIBIIMM U €TO
HEJIETKO OOHAPYKUTh.

Taxk KaK KTI04eBbIM B OTIpeACICHUN TUHA -
MMYECKOTO Xa0Ca SIBJISIETCS YyBCTBUTEIbHOCTD
K HavyaJIbHbIM JTaHHBIM U pa30eraHue 3a Ko-
HEYHOE BpeMsI Ha KOHEYHOE PACCTOSIHUE IBYX
OECKOHEYHO OJIM3KUX TPACKTOPHIA, TO MOJIe3-
HO MCCJIeIOBAaTh YyBCTBUTEIbHOCTD PELLICHUS
K HayaJIbHbIM 3HAUYE€HMUSIM, TIOCTPOUB HA OJI-
HOM rpacduKke BpeMEHHbIC 3aBUCUMOCTH pe-
ILIEHUS C PAa3HBIMU HAYaJIbHBIMU 3HAYEHUSIMU.
DTO MOXET JaTh MPeIBapUTEIbHOE 3aKTI0Ue-
HUe 00 9KCTTOHEHIIUAJIbHOI HeYCTOMYMBOCTU
TPaeKTOPUIA.
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Jpyroii MeToa BU3yallbHO AMAaTHOCTUKU
CBSI3aH C TIOJIyYeHUEM 1 UCCcIenoBaHueM (a-
30BBIX TOPTPeTOB [ 12, 13] mpoiieccoB. AHaIN3
(a30BbIX TOPTPETOB MTO3BOJISIET CYIUTH O TO-
MOJIOTUYECKOU CTPYKTYypPE XaOTUYECKOTO
MpeaeIbHOIO MHOXECTBA. 3/eCh MOJIE3HO
HCCIIeI0BaTh U KaYeCTBEHHBIE TTPeodpa3oBa-
HUA (Pa3o0BOTO MOpPTpeTa MPU MU3MEHEHUU
nmapamMeTpoB CHUCTEeMBbI (ITOCTpoeHue oudyp-
KaIlTMOHHOM TrarpaMMBbI).

Ecau das3oBbie mopTpeThl HE CTOIb Ha-
TJISIAHBI, TU0O CYIIECTBYET HEOOXOIMMOCTD
B OoJyice MOAPOOHOM M3YYCHUU CTPYKTYPHI
aTTpakTOpa, BO3MOXKHO PAaCCMOTPEHUE ceue-
HUSA (Pa30BBIX TPAEKTOPUI HEKOTOPOI TO-
BEPXHOCTHIO (TIJIOCKOCTBIO), BRHIOPAHHOM Ta-
KM 00pa30oM, 4TOOBI BCE TPACKTOPUHM TIepe-
CceKaJll 3Ty MOBEPXHOCTb IOJ HEHYJIEBBIM
yriaoMm. B TakoM ciydyae Ha CeKylIlei moBepx-
HOCTH BO3HUKAET MHOXECTBO TOYEK, COOTBET-
CTBYIOIINX PAa3IMYHBIM (Da30BBIM TPACKTOPH -
SIM MCXOTHOW CUCTEMBI, KOTOPBIC TIPH IIpa-
BUJILHOM BBIOOpE CEKYIIIeH INTOCKOCTU MOTYT
JaTh MOAPOOHOE TIPEACTABICHUE O CTPYKTYpe
a3oBOro MopTpera IMHAMUYECKOM CUCTEMBI.

OOBIYHO paccMaTPUBAIOTCS TOYKU Tepe-
CEYEHMS TTOBEPXHOCTU TPACKTOPUSIMH, WUIY-
UMK B OTHOM BBIOpAHHOM HampaBJICHUU.
OmnepaTop 3BOMIOLIMY OTHO3HAYHBIM 00pa3oM
OIIpeeIIsieT OTOOpaXKeHNE CeKyIIeil ToBepX-
HocTH B cebst (oroopaxkenue I[lyankape [14,
15)).

s xapaKTepuCTUKHU aTTPaKTOPOB 1IeJie-
C000pa3HO OMPENETUTD €TO Pa3MEPHOCTD, TaK
Kak Helenas ¢dpakTaiabHas pa3MEpHOCTh
CBUIETEJILCTBYET O HAJTUYMU (hpaKTAIbHOMN
CTPYKTYPBI, TO €CTh «CTPAHHOT0» aTTpaKTopa
[12, 13].
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Boiaennm 13 MeTonoB, AalOIIUX YUCAEH-
HYIO OLIEHKY XaOTUYHOCTHY CUCTEMBI, OTIpe/ie-
JIEHUE aBTOKOPPEJSALUOHHON (DYHKIUU
U BbIYMCJIEHUE CTIEKTPA MOLITHOCTU XaOTUYe-
ckoro kojebanus [12, 13]. HecomHeHHO,
OJTHAKO, YTO BAXKHEUIIIMMU XapaKTepUCTUKA-
MU aTTpakTopa SIBJISI0TCS noKa3atenau Jismy-
HOBa U UX CNeKTp [ 16], KOTOpBIE ONpenesiioT
YCTOMUYMBOCTh OPOUTHI HA aTTpakTope. Hamu-
Yue B CITIEKTPE XOTsI Obl OTHOTO MOJIOXUTEIb-
HOTO JIITyHOBCKOTO MOKa3aTessl 0O3HayaeT
HEYCTOMYMBOCTb paccMaTpuBaeMoit (pa3o0Boit
TpaekTopuu. HeoOXomMMBbIM U TOCTATOUHBIM
YCJIIOBUEM XaOTUYHOCTU CUCTEMBbI OCTAETCS
MOJIOXKUTEIBHOCTh CTAPILIETrO JISIITYHOBCKOTO
nokasares [14].

NMPOUELYPA UAEHTUDUKALLIUU
XAOCA

BesycioBHO, B mpoliecce numeHTU(PUKA-
IIMY HET CMbICJIa TIPOBEPSITH BCE XapaKTepH -
CTUKM, TIOCKOJIbKY MHOTHE U3 HUX B3aUMO-
3aMeHsieMbl. Ha mpakThKe KOMILJIEKC METO-
JIOB TI0 UAEHTU(PUKAIIUY Xa0ca T0CTATOUHO
OCHOBBIBATh Ha uccieqoBaHUU (Ha30BOTO
MPOCTPAHCTBA U BEIYUCIEHUU CIIEKTPa T0-
kazaresieit JIsmyHoBa, Kak 3TO MOKa3aHO
Ha puc. 2.

KitoueBbIM MOMEHTOM B TIpOIIEype SIB-
JIIeTCS BOBMOXHOCTD YIIPABJISATh TUHAMUKOM
cucreMbl. Tak Kak B Hell CYIIIECTBYET CYETHOE
MHOXECTBO BO3MOXKHBIX HEYCTOMUUBBIX CO-
CTOSTHWIA, TO JJTsI CYIIIECTBEHHOTO U3MEHEHUSI
ee ToBeleHUs OyAyT MOCTaTOYHBI Majble
ynpasJstionie Bo3aeicTust [ 15]. OHu mo3Bo-
JISIIOT YIPaBJSITh HE TOJBKO MEepexoiamMmu
MEXKJIy STUMU COCTOSTHUSIMU, HO 1 BpEMEHEM
TePEXOIHBIX TTPOIIECCOB. DTO OCOOEHHO aK-
TyaJbHO JIJISI TPAHCTIOPTHBIX CUCTEM U JAeT
1aHC U30eKaTh HexKeJIaTeTbHBIX TTOCTEACTBUN
Xa0TUYECKOTO pPeknuMa.

Hanrocmpamuenulii npumep

PaccMoTpuM AuHaMUYECKYIO CUCTEMY
TpeTheil pa3MEepPHOCTHU, KOTOPAsi OMKUCHIBAECT
JIUHAMUKY TPaHCTIOPTHBIX mpoieccoB. Ee
TepeMeHHbIe UMEIOT yXKe paHee yKa3aHHbIN
cMbicii. Ha 6a3e mpuiuH, BbI3BIBAIOIINX W3-
MEHEHUS TIEPEeMEeHHBIX U UX B3aMMOCBSI3EH,
cozfaHa MaTeMaTuyeckasi MOJIEb CUCTEMBbI.
B Heil npuHsTO, UTO:

— U3MEHEeHNe Y1CJIa y4aCTBYIOUIUX B ITPO-
11ecce TPAaHCTIOPTHBIX CPEJICTB 3aBUCUT OT Ha-
JINYUSI B HUX MECT U OTIPE/IEJIEHHOTO KOJINYe-
CTBa MaCCaXUPOB;
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Maremarndeckoe onucanue
HJIC
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HccnenoBanne Ipyrux ero NpU3HAKOB: CIIEKT-
paJIbHBIC XapaKTEPHCTHKH, aBTOKOPPEISIIHOHHASL
(byHKIMA, PA3MEPHOCTh ATTPAKTOPA U T.JL.

Puc. 2. NMpouenypa naeHTudukaymm xaotTnieckoro
npowecca.

— M3MEHEHME YUCcaa 00CIyXMUBAaEMbIX
MacCaxXupoB 3aBUCUT OT YKCJIa HAJIUYHBIX
TPAHCIIOPTHBIX CPEACTB U KOJMYECTBA MECT
B HUX;

— M3MEHEHME YKCJIa CBOOOIHBIX MECT
MPOMOPLUUOHATLHO OOILIEMY YKCIY TPaHC-
MMOPTHBIX CPEACTB, YMCIIYy MECT B KaxKIO0M
W3 HUX U YUCITY TaCCaXXKUPOB.

Torma Mozesb TPAHCIIOPTHOM CUCTEMBI
MOXHO MPEACTaBUTH B BUIE:

X, =cx, —ex,
X, =ax, +bx,

)

X, =X, —dx; —X,.

[Mapametpsi a, b, ¢, d, e B (2) IMEIOT B OT-
HOCHUTEJIbHBIX €IMHULIAX CACIYIOIINe 3Haue-
HUSI:

a — K03 PULIMEHT, YUUTHIBAIOLINI HEO0-
XOAMMOCTb YBEJIMYEHUSI TPAHCIIOPTHBIX
CPEICTB B 9KCILTyaTalllH;

b — BbIpaxaeT BO3MOXHOCTb Ieperpysa;

¢ — YYUTBHIBAE€T MPOLEHT 3aHSTBIX MECT
B TPAHCIIOPTHBIX CPEICTBAX;

d — BBIpaxaeT IpeaesibHYIO 3aHATOCTD
MECT;

e — BbIpaXaeT MHTEHCUBHOCTh IIOTOKA
MacCcaxxupoB.
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Puc. 3. lMepuoanyeckunii pexxuMm cucTemsi.
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Puc. 4. XaoTuyecknii pexxum

CUCTEeMbl.
(X1,X2,X3)
CucteMa (2) peleHa 9YHUCJICHHO B IIPO- ca=1,6=05c¢c=1;d=0_8;e¢=0,6
rpaMMHOI cpeae Mathcad mpu pasHBIX 3Ha-  (puc. 3);
YEHMSX ITapaMEeTPOB U HAYAJIbHBIX YCIOBUSIX. ca=1,b=03;¢c=05d=1;e=1,5
[MonyueHbl BpeMeHHbIEe AuarpaMmsbl, a3oBbie  (puc. 4).
TIOPTPETHI U TPAEKTOPUY TIPU: IIpencraBnenHbie Ha puc. 3a u puc. 4a
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Puc. 5. BpemeHHbIe
3aBUCUMOCTU
peLieHns CUCTeMbl
C pa3HbIMN Ha4asIbHbIMU
3Ha4YeHUsIMU.

u] 100 200 300 400 500 BOD

BpEeMEHHBbIE IMarpaMMbl YKa3bIBalOT Ha MTePH-
ONMYHOCTb KOJIEOAHUI B MEPBOM ciydae
1 OTCYTCTBHE YMOPSAOYECHHOCTU (Hha30BBIX
TMepeMEHHBIX BO BTOPOM.

PesynbraTsl pemeHus Ha puc. 30 u 3B
TOJTyYeHbI B BUJIE TTPENEIbHBIX IIMKIIOB.

Kak BugHo u3 puc. 46 u 4B, (pazoBoe nmpo-
CTPAHCTBO CHUCTEMBbI MPEACTABISIET COOOM
npeaeabHOe MPUTITUBAIOIIEEe MHOXECTBO —
aTTPaKTOpP, YTO MOATBEPKAAET XaOTUYHOCTh
JNAHHOTO PEIeHUS.

Y1o0Obl yOEAUTHCSI B UYBCTBUTEIbHOCTU
peleHus K HayaJbHbIM 3HAYeHUSIM, Ha O[l-
HOM rpacduKe MOCTPOCHBI BpeMEHHbBIE 3aBU-
CUMOCTH PEUICHUSI CUCTEMbI C pa3HbIMU Ha-
YanbHbIMK 3HaYeHuAMU X (0) = 10, x/ (0) =9
(puc. 5). [NonydyeHHbI# rpaduK gaeT NpeaBa-
PUTEIbHOE 3aKJTI0UEHUE 00 SKCITOHEHI A b-
HOW HEYCTOMYMBOCTU TPACKTOPHUIA, TO €CTh
0 HaJIMYUU MOJOXKMUTEJIbHOTO MOoKa3aTeas
B CMIEKTpe MokazarteJsieii JIsimyHoBa.

SAKJIIOMEHUE

TIpennoxeH alropuT™M UaAeHTUDUKALIUN
Xa0TUYECKOr0 pexuma, KOTOPBIA ¢ MO3U-
LU CUHEPTreTUYEeCKOTO MOHUMAaHUS SIBJie-
HUI B MUpPE HEJIUHEWHBIX CUCTEM TIPUME-
HUM U K UCCJAEAOBAHUIO TPAHCIIOPTHBIX
npoueccoB. Mcmonb3ys ero, MOXXHO OTBe-
TUTh Ha BOTMIPOC, KaK1e 3HAYCHU S apame-
TPOB CUCTEMBbI OOYyCJIaBIMBAIOT XaOTUYE-
ckoe nmoBeneHue. Takoli crroco6 mo3BoJsieT
YyOpaBiasiTh JUHAMUKOW TPaHCIOPTHBIX
CHCTEM, YTOOBI JOOUTHCS KEJTaeMOTro pe-
XKUMa pabOTHI.
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{{# ‘ & IDENTIFICATION OF CHAOTIC PROCESSES IN TRANSPORT SYSTEMS

Cherneva, Galina Petkova, Todor Kableshkov University of Transport, Sofia, Bulgaria.

ABSTRACT

This paper proposes a methodology for identifi-
cation of chaotic processes, which can be applied in
the research of any dynamical system, including
transport systems. A three-dimensional system is
considered, which describes the dynamics of a spe-

cific transport process. On the basis of the proposed
algorithm a research has been performed in the
environment Mathcad with different values of para-
meters and initial conditions. The considered ap-
proach creates a possibility to manage nonlinear
transport system, so as to ensure the desired opera-
ting mode.

Keywords: nonlinear dynamic systems, transport system, chaotic processes, phase portrait, chaotic at-

tractor, identification algorithm.

Background. Determinate chaos is a paradigm
ofthe twentieth century, which gives a new perception
of the world, new research models [1]. Chaotic pro-
cesses are quite common and can occur in systems
of different nature — economic, physical, and bio-
logical, etc. [2-4]. However, these non-uniform sys-
tems are characterized by general properties: dissipa-
tion, linearity, the same methods of self-organization.
All of them are extremely sensitive to external influ-
ences, and therefore differ in their ability of transition
to one of a large number of allowable equal states. In
addition, their behavior has considerable dynamics
and is described by similar mathematical models.

The features and properties of nonlinearity of
phenomena can be observed in transport systems. In
the scientific literature there are many examples of
application of the theory of nonlinear dynamics and
simulation based on dynamic chaos in transport pro-
cesses [3, 5-9]. For their study general methods are
used: physical experiments, visual diagnostics of the
process, numerical methods, computer simulation.
Here a synergistic approach is manifested [10, 11],
designed to describe phenomena in the world of non-
linear systems, actively interacting with external en-
vironment.

From a practical point of view the problem of
identifying the nature of the process in the dynamical
system is of special interest. The essence of identifi-
cation is reduced to the determination of qualitative
and quantitative characteristics of the process that
would help differentiate it for diagnostic optimization
purposes.

Objective. The objective of the author is to pre-
sent a methodology, applicable for identification of
chaotic processes in transport and other systems.

Methods. The author uses general scientific
methods, simulation, comparative analysis, modeling,
graph construction.

Results.

Modeling of transport systems by means of
non-linear dynamics

Transport systems are complex technical systems
consisting of a large number of interrelated elements:
traffic participants, set of vehicles, a significant num-
ber of transportation process operations. They are
characterized by interaction of heterogeneous traffic
of passenger flows and a certain number of vehicles
involved in the movement at the current time. This
reflects a combination of deterministic and stochastic
factors of operating systems.

Transport systems are nonlinear. They are
strongly dependent on initial conditions and suscep-
tible to external influences. Small changes in them
can lead to unpredictable consequences.
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Atransport system has a large number of possible
states (stable and unstable), the transition between
which is possible at any time.

All of these features provide a basis to identify a
transport system with a nonlinear dynamical system
(hereinafter — NDS). The result of high sensitivity to
initial conditions is a possibility of chaotic behavior,
which is subject to a certain law, that is, it is determi-
nistic.

Continuous NDS (its status is determined at any
given time) is described by systems of nonlinear or-
dinary differential equations such as [12]:

X= fix, t, u), (1)
where x=(x,, X,,..., X,)T € R is a set of phase variables;

n is dimension of phase space;

tis time;

u is a set of parameters;

f=(f, f,..., f,)Tare nonlinear functions.

Itis known [12, 13] that the dynamic system can
become chaotic only in the case where the dimension
of the phase space is greater than or equal to three.

Condition of the transport system can also be
defined as a set of certain values x, i=1,....,n. The

meaning and the number of variables x. may be dif-
ferent. As an example, in the simplest case, when the
dimension is n=3:

X, isa number of vehicles involved in the transport
process at a given time;

X, is a number of passengers;

X, is @a number of seats in vehicles.

The variables x, are directly related to observed
quantitative characteristics of the transport system.
Therefore its mathematical model can be again rep-
resented as equation (1). The model reflects the
dynamic and active relations in the transport system.

The right elements of the equation ( 1) may be diffe-
rent depending on the kind of the functional dependence
f and parameter values. The parameters of this kind in-
clude, for example, the intensity of the change in vari-
ables, maximum capacity of vehicles, etc. With such a
basis the mathematical model( 1) will reflect basic cause-
effect relationships of the transport system functioning
and take into account its multi-element character.

Equations (1) in conjunction with the initial condi-
tions are the Cauchy problem. Its solutions can be
regular (state of equilibrium, periodic and quasi-pe-
riodic) and irregular (chaotic).

From the theory of nonlinear dynamics it is known
[12,13] that a small change in some parameter (1)
may lead to changes in the type of solutions. There-
fore, the appearance of a chaotic process in the
transport system is quite acceptable, and creates a
need to identify it.
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Pic. 1. Methods of diagnostics of NDS processes.

Methods for diagnosing processes in NDS

Ablock diagram that illustrates possible methods
of diagnostics of processes of any dynamic system is
shown in Pic. 1.

The first signs of the presence of chaos in the
system are identified by observing time depen-
dence in the proposed decision. If during visual
inspection signs of order or periodicity are not
detected, it can be assumed that the motion is
chaotic. Using the analysis of time dependencies
allows to avoid using the system with periodic or
asymptotically stable solutions. However, this
method is suitable only for prediction, since the
period of movement can be very large, and it is not
easy to detect it.

Since the key in determining the dynamic chaos
is sensitivity to initial conditions and divergence in a
finite time on a finite distance of two infinitely close
trajectories, it is useful to examine the sensitivity of
the solution to initial values, building on a single graph
time dependences of solutions with different initial
values. This may give a preliminary opinion on the
exponential instability of trajectories.

Another method for visual diagnosis is associated
with receipt and investigation of phase portraits [12,
13] of processes. Analysis of phase portraits gives an
indication of the topological structure of a chaotic
limit set. Here itis useful to explore a qualitative trans-
formation of the phase portrait during a change of
system parameters (construction of bifurcation dia-
gram).

If phase portraits are not so evident, or there is a
need for more detailed study of attractor’s structure,
it is possible to consider cross section of phase tra-
jectories of a surface (plane), selected in such a way
that all the trajectories cross the surface of the non-
zero angle. In this case, on the intersecting surface
there is a set of points corresponding to different
phase trajectories of the original system that in the
correct choice of the intersecting plane can give a
detailed picture of the structure of the phase portrait
of a dynamical system.

Generally, points of intersection of the plane by
trajectories, extending in a selected direction, are
considered. The evolution operator unambiguously
defines a self-mapping of intersecting (Poincaré map-
ping [14, 15]).

To characterize the attractor it is advisable to
define its dimension, since non-integer fractal dimen-
sion indicates the presence of a fractal structure, that
is «strange» attractor [12, 13].
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Pic. 2. The procedure for chaotic process
identification.

Let’s select from the methods that give a nu-
merical estimate of chaotic state of the system, defi-
nition of autocorrelation function and calculation of
capacity power spectrum of chaotic oscillations [12,
13]. Undoubtedly, however, the mostimportant char-
acteristics of the attractor are Lyapunov exponents
and their spectrum [16], which determine the stability
of the orbits on the attractor. The presence in the
spectrum of at least one positive Lyapunov exponent
means instability of the considered phase trajectory.
A necessary and sufficient condition for chaotic state
of the system remains positivity property of senior
Lyapunov exponent [14].

The procedure for chaos identification

Of course, in the identification process it does not
make sense to check all the characteristics, since
many of them are interchangeable. In practice, a set
of methods for chaos identification can be rather
based on studies of the phase space and the calcula-
tion of the spectrum of Lyapunov exponents, as shown
in Pic. 2.

The key point in the process is the ability to
control system dynamics. Since a countable set of

3,lIss. 4, pp. 6-15 (2015)
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possible unstable states exists, to significantly
change its behavior small control actions will be
sufficient [15]. They allow to control not only the
transitions between these states, but also the time
of transients. This is especially true for transport
systems and gives a chance to avoid unwanted ef-
fects of the chaotic mode.
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lllustrative example

Let’s consider the dynamic system of the third di-
mension, which describes dynamics of transport
processes. Its variables have the previously mentioned
meaning. On the basis of causes of changes in vari-
ables and their interrelationships, a mathematical
model of the system is created. It is assumed that:
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— change in the number of participating vehicles
depends on presence of seats and a certain number
of passengers in them;

— change in the number of passengers served
depends on the number of available transport vehicles
and the number of seats in them;

— change in the number of free seats is in propor-
tion to the total number of vehicles, the number of
seatsin each of them and the number of passengers.

Then the model of transport system can be rep-
resented as:

X, =cx; —ex,
X, = ax, +bx,

(2)

X, =x, —dx; — X,

Parametersa, b, c, d, ein(2) have in relative terms
the following values:

a is coefficient taking into account the need to
increase the vehicles in operation;

b expresses the possibility of overload;

¢ takes into account the percentage of occupied
seats in vehicles;

d reflects the marginal occupancy of seats;

e expresses the intensity of passenger flow.

The system (2) is solved numerically in the
software environment Mathcad for different values
of parameters and initial conditions. Timing dia-
grams, phase portraits and trajectories are ob-
tained at:

- a=1;b=0,5;c=1;, d=0,8; e =0,6 (Pic. 3);

+a=1;b=0,3; ¢c=0,5;d =1; e =1,5(Pic. 4).

Timing diagrams, shown in Pic. 3a and Pic. 4a,
indicate the frequency of oscillation in the first case
and the lack of order of phase variables in the second
phase.

Results of the solution in Pic. 3b and 3c are ob-
tained in the form of limit cycles

As can be seen from Pic. 4b and 4c, the phase
space of the system is an attracting limit set — an at-
tractor, which confirms the randomness of the deci-
sion.

To verify the sensitivity of the solution to initial
values time-base dependencies of system solutions
with different initial values x (0)=10, x/ (0)=9 are
constructed on the one graph (Pic. 5). The resulting
graph facilitates a preliminary conclusion about the
exponential instability of trajectories, that is, about
existence of a positive indicator in the spectrum of
Lyapunov exponents.

Conclusion. An algorithm is proposed for iden-
tification of the chaotic mode, which from the stanad-
point of synergistic understanding of phenomena in
the world of nonlinear systems is applicable to the
study of transport processes. Using it, it is possible to
find an answer to the question regarding identification
of system parameters’ values that cause chaotic
behavior. This method allows to control the dynamics
of transport systems in order to achieve the desired
mode of operation.
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