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NOCTPOEHUE U UCCNEAOBAHUE ANCKPETHbIX
ANHAMUYECKUX OKPECTHOCTHbIX
MOZENEN B MATHCAD

[luckpeTHble Modenu UMEIOT LUMPOKOE MPUMEHEHWE B COBPEMEHHOM Mupe. CyllecTByeT MHOXe-
CTBO CIOXHbIX NMPOCTPAHCTBEHHO-pACTpeaeneHHbIX 06 bEKTOB Y CUCTEM, TaKUX Kak TPaAHCMOPTHLIE CUCTe-
Mbl, CTanennaBuIbHOe NpPoM3BOACTBO, MPOLIECC N3HOCA 3NIEMEHTOB KOHCTPYKLIMIA MOCTOBbLIX COOPYXEHUA,
LIEMEHTHOE MPOMU3BOACTBO, MPOLIECC OYUCTKU CTOYHbIX BOA U MHorve apyrve. OKpecTHOCTHblE Mopenu
NPUMEHSIOTCA ANS UMUTaLMOHHOIO MOAENMPOBAaHNS CIIOXHbIX NMPOU3BOACTBEHHBIX CUCTEM, a Takke Ans
ynpaeneHuss umu. VIMEHHO OKpecTHOCTHble Mogenu o60o6WwalT MHOorve OWCKPETHbIE  CUCTEMBI.
B pabote paccMoTpeHbl ABa NPOCTENLLIMX KIacca OKPECTHOCTHbLIX MOAENe, Takue Kak NMHerHble 1 6unu-
HelHble AMHaMUYeCKne AUCKPETHbIE OKPECTHOCTHbIE MOAENW, KOTOpblE B AaHHOW cTaTbe NpefAcTaBneHb!
B MaTpuyHOM Buae. Taioke NoKasaHO OCHOBHOE OTNMYME NIMHENHBIX OT BUIMHENHBbIX AUHAMUYECKUX AUC-
KPETHbIX OKPECTHOCTHbIX MOAENEN; 0OBbSACHSAETCS, B YEM BbIpaXXeHa ANCKPETHOCTb OKPECTHOCTHbIX Moae-
nen. [laHbl onpeaeneHns Taknx NOHATUMA, kak BroYHoe yMHOXeHue, napameTpuyeckas naeHTuukaums
1 YCTOMYUBOCTb OKPECTHOCTHbIX Mopernen.l[lpoBeaeHa napameTpuyeckasi MAeHTUMMKaLUS PacCMOTPEH-
HbIX AMHAMUYECKMX OMCKPETHbIX OKPECTHOCTHbIX MOAEMNewn, npuBefeHbl opMysbl nepeonpeaeneHHon
CUCTEMbI NMUHENHbIX anrebpanyeckmx ypaBHEHWUI ANsi BbINOMHEHUS NapaMeTpu4eckon MaeHTUMKaLmm
OKPECTHOCTHbIX cucTeM. B paboTe paccMOTpeHO XapaKTepUCTUYECKOE YpaBHEHWE OWHaMUYECKUX OWC-
KPETHbIX OKPECTHOCTHbIX MOAENel, MO KOTOPOMY HaxoAsiTCsi cOBCTBEHHble uyucna, Heobxoaumble Ansi
onpegeneHns yctonunsoctn. OnmMcaHo ycroBue yCTOMYMBOCTY ANS OUCKPETHBIX AVHAMUYECKUX OKPEeCT-
HOCTHBbIX Mogernen no kputeputo JlsnyHosa. o pesynbTaTam yCTOWYMBOCTU U aAE€KBaTHOCTN OKPECTHOCT-
HOWM mMopenu NpPou3BOACTBEHHOW NPOCTPaHCTBEHHO-PacNpeaeneHHON CUCTEMbI MOXXHO CYAUTb O BO3MOX-
HOCTM NPUMEHEHNST AAaHHON MOAENMW ANsi NPOrHO3MPOBaHUs! ee CcoCcTosiHUIA. Bbina paspaboTaHa nporpam-
Ma f1s MOCTPOEHUS U UCCNEAOBaHUS OUCKPETHBIX AUHAMUYECKMX OKPECTHOCTHBIX MOAENEW Ha YCTOWYM-
BOCTb Mo kputepuio JlsinyHoBa. [laHHas nporpamma Gbina BbinonHeHa B Grioke NporpamMmMmMpoBaHus Mate-
MaTuyeckoro naketa Mathcad. MNpeacrasneHa 6rnok-cxema anropyTma nporpaMmbl, B KOTOPOKW MokasaHa
nocrnenoBaTenbHOCTb BbIMOMHEHUS onepauuin ANns NPOBeAeHWs MnapaMeTpu4eckon uaeHTUdukaumnm
N U3YYEHUS NIMHEVHBIX N BUNMHEHbIX ONCKPETHBIX OKPECTHOCTHBIX MOAENEN Ha YCTONYMBOCTb MO KpUTe-
puto JlsanyHoBa. MogpobHO onMcaHbl OCHOBHbIE Luarv 1 koMaHabl B cpede Mathcad, koTtopble 6binm uc-
Mosib30BaHbl B XOA€ HarnvcaHusi nporpaMMHOro Koaa.

KnioueBble cnoBa: nuHelHble U OUNMHENHbIE OKPECTHOCTHbIE MOAENW, napameTpuyeckas
naeHTuduKaums, ycTonunBoCTb, Kputepuii JlsnyHosa, nporpamma, cpega Mathcad.

32



Tocmpoerue u uccnedosanue OUCKPemHbIX OUHAMUYECKUX OKpecmHocmHblx Modeneu ¢ Mathcad
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CONSTRUCTION AND INVESTIGATION OF DISCRETE
DYNAMIC NEIGHBORHOOD MODELS IN MATHCAD

Discrete models are widely used in the modern world. There are many complex spatially distribut-
ed objects and systems, such as transport systems, steelmaking, the wear process of structural elements
of bridge structures, cement production, the process of wastewater treatment, and many others. Neighbor-
hood models are used to simulate complex production systems, as well as to manage them. It is the
neighborhood models that generalize many discrete systems. In the paper, two simplest classes of neigh-
borhood models are considered, such as linear and bilinear dynamic discrete neighborhood models, which
in this paper are presented in a matrix form. The main difference between linear and bilinear dynamic dis-
crete neighborhood models is also shown; explains the discreteness of the neighborhood models. Defini-
tions of such concepts as block multiplication, parametric identification and stability of neighborhood mod-
els are given. Parametric identification of the considered dynamic discrete neighborhood models is carried
out, formulas for an overdetermined system of linear algebraic equations for performing parametric identifi-
cation of neighborhood systems are given. The characteristic equation of dynamical discrete neighborhood
models is considered in which the eigenvalues necessary for determining stability are found. The stability
condition for discrete dynamical neighborhood models is described by the Lyapunov criterion. Based on
the results of the stability and adequacy of the neighborhood model of the production spatially-distributed
system, one can judge the possibility of using this model for forecasting its states. A program was devel-
oped for constructing and investigating discrete dynamic neighborhood models for stability by the
Lyapunov criterion. This program was implemented in the programming block of the mathematical package
Mathcad. A block diagram of the program algorithm is presented, which shows the sequence of operations
for parametric identification and study of linear and bilinear discrete neighborhood models for stability by
the Lyapunov criterion. The main steps and commands in the Mathcad environment that were used during
the writing of the program code are described in detail.

Keywords: linear and bilinear neighborhood models, parametric identification, stability,
Lyapunov's criterion, program, environment Mathcad.

Beenenne. OxpecTHOCTHOE MOJETUPOBAHUE MIPUMEHSETCS JUIsl UCCle-
JIOBAaHUA ¥ MU3YYEHHS MMPOCTPAHCTBEHHO-pACIIpeeieHHbIX cuctem [1-3]. [u-
HaMHKa OKPECTHOCTHBIX MOJIENIEH BbIpaXKaeTcsi B U3MEHEHUH COCTOSHUN MO-
T ¢ TeueHueM BpemeHH [4-5]. B pabote paccMoTpeHbl JIMHEHHbIE 1 Ou-
JIMHEWHbIE TUCKPETHBIC TMHAMUYECKUE OKPECTHOCTHBIE Moienu [6—13].

[IpuBeaeHHbIE J1Ba MPOCTEHIINUX KJIacCca OKPECTHOCTHBIX MOJEIEH
B paboTe UCCIIeYIOTCSl Ha YCTOMYMBOCTH 10 KpuTepuio JIdamyHoBa ¢ momo-
1IbI0 pa3paboTaHHON B OJ0KEe MPOrpaMMHUPOBAHUS MaTEMAaTUYECKOTO IMaKe-
ta Mathcad nporpamMmsl.

1. JIunHeiinasgs 1 OM/IMHeHHASl OKPECTHOCTHbIe MojAeau. JIMHEelHbIe
OKPECTHOCTHBIE€ CUCTEMBI SIBIISIFOTCS] TPOCTEUILINM KJIACCOM OKPECTHOCTHOTO
MOJICTTMPOBAHUS, C KOTOPOTO Hadalach pa3paboTka OKPEeCTHOCTHBIX MOJe-
ned. [lanee n3y4anuch HEJIMHEHHBIE CUCTEMBI, IPOCTEUIINM CIIy4aeM KOTO-
PBIX SIBISIOTCS OMITMHEHHBIE OKPECTHOCTHBIE MOJICIIH.
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Hanee B (1) u (2) mokaxem GHOpMYIIbI JIMHEWHON 1 OMITMHEIHON OKpe-
CTHOCTHBIX MOJIEJIE COOTBETCTBEHHO:

X[t+1,i]=A + B, [V[t,i]+C, [ X[t,i], (1)
rne A OR™, B,,C,0R™" — marpuusi-mapavetpsi, X[t,i](JR" — cocTosmus
monemn, V[t,i]CJR™ — Bxomsl Monemn, I =1,...,/ — komi4yecTBo Y3JI0B MOJEIH.

X[t+1,i]= A + B, V[1,i]+C, [ X[1,i]+ E, o X[£,i][V[1,i], 2)

rne E, OR™™" E, o X[t,i](V[t,i] — GnouHOE YMHOXKEHHME.

OcCHOBHOE OTJINYNE JTUHEHHON OT OMIMHEHHOW OKPECTHOCTHOM Moie-
JIM B TOM, YTO B JJMHEHHOM CITy4ae OTCYTCTBYET OJIOUHOE YMHOXKEHHUE.

2. [TapameTpuyeckasi HICHTHPUKAIMS OKPECTHOCTHBIX MOeJIei.
[TapameTpuueckas uACHTU(UKALUS 3aKITIOYACTCS B HAXOXKICHUU MapaMeT-
POB 3aJJlaHHOM OKpPECTHOCTHOM Moxenu. s mapameTrpuyeckond UAeHTUDH-
Kallul OKPECTHOCTHBIX MoJiesiell HeoOX0IMMO PEIIUTh MepPeorpeieIeHHYIO
CHCTEMY JHMHEHHBbIX anreOpanmdeckux ypasHeHuil (CJIAY) Bunma AX, = B,

11t i-ro y3na [14-18], roe:

I ylell ... ylt,a]l xl[t1] ... xlt,n]
A= I w1l ... witl]l xl[tl] ... xltn¢]
I wv,le1] ... v, [el]l x,[t1] .. x,[tn¢n]
FAU
8.[L.1] Xl +1,i]
X, =|g,Inil|, B = Rl Ll ’
g.[1,i] x [ +1,7]
L8.[ni]]

r1e v, [t,i] — BXOAHBIE JAHHBIE MOAENH Ul k-H CTPOUKH OOydaromel BbI-
OopkH; x,[t,i] — COCTOAHUSA [-TO y3JIa MOJEIH I k-l CTpOdKH 00ydaro-
mel BbIOOpKH; g,[j,i] — K03 duueHTsl QyHKINU MepecyeTa COCTOSTHUN

Mojenu; M — KONMYECTBO peanusaluil Bcex x,[7,i], v, [t,i] B HEKOTOpBIN
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TEKyLIUil MOMEHT BpeMeHH [ U x,[¢+1,i] B CleAyONHUA MOMEHT BPEMEHU
t+1, k=L...,M,i=1,...n, j=1,..,n, h={c,v,x}.
B GunuueiinoM ciydae marpunbl A, X; usMmeHstorcs, B HUX 100aB-

JSIOTCS MTPOU3BENCHUSA COCTOSHUN MOJEIN Ha BXOIbl U COOTBETCTBYIOLIHE
UM KO3 (D PHUITUEHTHI.

3. YcioBue yCTOHYMBOCTH JMCKPETHBIX OKPECTHOCTHBIX MO/ eJICH.

Y CTOHYMBOCTh — CITIOCOOHOCTH CHUCTEMBI CTPEMUTHCS M3 Pa3IMYHBIX
HAYaJIbHBIX COCTOSHMM K HEKOTOPOMY PaBHOBECHOMY cocCTOsHHIO. Mccie-
JIOBAaHWE YCTOMYMBOCTH AMCKPETHBIX IUHAMHUYECKMX OKPECTHOCTHBIX MO-
Jeneut o JIAmyHoBy CBOAMTCS K M3YYEHUIO PACIIOIOKEHUsI KOPHEU Xapak-
TEPUCTUYECKOTO YPAaBHEHMS 3aMKHYTOM JUHAMHYECKOM AUCKPETHOM CHC-
TEMBI OTHOCUTENBHO €IMHUYHONU OKPYKHOCTH.

[TokxaxeM XapaKTepUCTHYECKOE YPAaBHEHUE NTUCKPETHOW CHCTEMBI:

n n-1 1 —
ax" +a, x"" +..+tax +a, =0, (3)
TIe 1 — TOPANOK CHUCTEMBI, a;, — KOI(POHUIHEHTH XapaKTepUCTHIECKOTO

ypaBHeHusl, x — coocTsennsle uncina, I =0,...,2 [19-20].

Uto0bl [uHAMUYECKAsl UCKPETHAsT OKPECTHOCTHAsI MOJIENb Oblia yc-
TOWYMBOM 10 Kputepuro JIsmyHoBa, HEOOXOAUMO COCTABUTH MATPHIIBI IS
KQXKIO0r0 y3Jla OKPEeCTHOCTHOW MOJENH, HATH COOCTBEHHBIE YHCIIa XapaK-
TEPUCTUYECKOTO ypaBHEeHUs. Eciu coOCTBeHHbIE YHUClIa XapaKTepUCTHYe-
CKOr'0 YpaBHEHHUS KaXKJIOTO y3ja 10 MOAYJI0 MEHbILE €UHULIbI, TO JaHHAs
cucreMa OyneT ycToiiunBa o Kpurepuro JlsmyHona.

4. IlporpamMmMa AJisl NIOCTPOECHHUS U MCCJIETOBAHUS OKPECTHOCTHBIX
Mojesieii. B manHON paboTe omuChIBaeTCs TMporpamma sl MOCTPOSHUS
U HCCIEOBaHUs TUCKPETHBIX JUHAMUYECKUX OKPECTHOCTHBIX MOJENIed Ha
YCTOHYHBOCTh, KOTOPasi ObLIA BBHIMOTHEHA B OJOKEe IPOrpaMMUPOBAHUS Ma-
teMmarnueckoro makera Mathcad. Ha pucyHke mpencraBieHa OJoK-cxema
aIropuTMa MpOrpaMMbl, Ha KOTOPOM ITOKa3aHa MOCIEAOBATEIbHOCTh BbI-
MOJIHEHHUS I1aroB.

C moMouipio0 JaHHOM IPOrpaMMbl MOXHO MPOBOJUTH MapameTpuye-
CKYIO UACHTU(UKAINIO U MPOBEPATh HA YCTOMYMBOCTH JIBa KJlacca OKPECT-
HOCTHBIX MOJEJIENH, a UMEHHO JIMHENHBIE U OMJIMHENHBIE THUHAMUYECKUE OK-
pecTHOCTHBIE Monenu. Jljis Toro 4To0Bl MPOBEPUTH HA YCTOWMYMBOCTH JIU-
HEHHYI0 WU OUITMHEHHYIO0 JMHAMHYECKYI0 OKPECTHOCTHYIO MOJENh, BHA-
yajie HeoOXO0UMO MPOMUcaTh B MporpamMme myTh u3 (aitna Excel dopmara
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.Xxlsx X paccMaTpuBaeMOl OKPECTHOCTHOM MOJENH, KOTOPBIN 33aJaH B Kaue-
CTBE nepeMeHHOU Path. 3agaguM HUKIBI IO HOMEPY Y3JI0B | U HOMEPY KO-
OpIMHAT BEKTOpa cocTosiHus j. Jlanmee cunteiBaeMm u3 (aiina Excel MaTpuiibt

D u F, mns storo cymiecTByer komanaa Submatrix(), ompepensromas

TPaHMIIBI MATPHUIl, KOTOPbIE HEOOXOIMMO HMCIOJIb30BaTh YIS JTATbHEUIITNX

BBEIYHCIICHUH.

MapameTpuyeckas
naeHTuduKaums
1 NpoBepKa Ha yCTOM4MBOCTh,

Cuutatb
n-4ncno
31108

Homep y3na
i=0,n-11

Cuutatb
m- pa3mMepHOCTb
COCTOAHUM £TO
yana

Homep KoopauHaTb!
BEKTOPA COCTOAHMI
j=0,m-1,1

Cuuntats w-
NpOMexyToyHas
/ nepemeHHas

Cuutatb
maTpuupl O, F

¥
X - (FHF' D G —a+blV
L
Cuutathb z-
HOMEp CTPOKM

Homep cTpoku
k=0,z-11

bix — Xia10

Cik — X0

Cuntath
BEKTOp-
cronbubl V'

I

MpomexyTouHas

BbiBOA, Ha 9KpaH
TO4EK paBHOBECUS g,
a Takxe K

l

BblBOA, Ha 3KpaH
COGCTBEHHbIX
uncen Ji

Puc. Brok-cxema anropurma nporpaMmsl
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BrrancisieM BekTop-cronoer X i BceX mapamMeTpoB KaXXI0ro y3ia o
dopmyne X — (F'F)' [F'D. 3arem mnupousBomuM pa3OHeHHE BEKTOp-
cronbma X Ha yactu o Gopmynam (2) u (3), T.e. BbIIEIsEM MaTPHIIHI 4, b, ¢, e.
Otauyrie B MPOBEPKE HA YCTOMYMUBOCTh JTMHEHHOM TUHAMUYECKOH OKPECTHO-
CTHOW MOJIENA OT OMJIMHEHHOW OKPECTHOCTHOW MOJIENH B TOM, YTO B JIMHEHU-
HOM Clly4ae OTCYTCTBYET OJIOUHOE YMHOKEHHE, T.. COCTaBJIIEM MaTpHUIIbI
a,b,c u3 BexTopa X. Bro4Hast 4acte «e» B JMHEHHOM CIlydae OOHYJISETCS.
B nannoit nmporpamme 610ku Al, A2 — 3T0 yClioBUsI OJOYHOTO YMHOKEHUS,
KOTOPBIE BBIMOIHSIIOTCS TOJBKO [Tl OMIIMHEHHON OKPECTHOCTHOW MOJIEINH.

Cuctembl ypaBHEHUW IUCKPETHBIX JHHEHHBIX W OUJIMHEWHBIX JTUHA-
MHUYECKHX OKPECTHOCTHBIX MOJIEJIEeH C MAThIO y3JIaMU B OOILIEM BHJI€ UMEIOT
Bux (31) u (32). IlpucBauBaeM f « ¢, 4TOOBI COXPAHHUTH UCXOJHYIO Mart-
puLy «c» UIsl JallbHEHIIEero BBIYMCICHHUS COOCTBEHHBIX YMCET MaTpPHIIbI
SxoOu ans xkaxaoro ysna. J[ins HaX0xkJIeHUs] TOYeK PaBHOBECHS JTMHEHHOM
WM OMIIMHEHHOW OKPECTHOCTHON MOJENTH HEOOXOAUMO MPUPABHSITH CHUCTE-

My K Hymo. B nporpamme Mathcad mpoussoaum 3ameny ¢;; < ¢;; —1.
Hanee ynmpomaem popmyisl (2) u (3) cienyromumM 00pa3om:

1. Beogum nepemennyo G — a+bV, tne V — BeKTop ympaBicHUH,
a, b — MaTpuupbl.

2. BBonuM mepemMeHHyo M, KOTopasi COJAEPKHUT BCe ceMb OJOKOB Ka-
kmoil matpuusl E,, npexcrasnennoit B Bune E =[E, E, .. E,], tue
[ — HOMEp y3Ja.

3. Beogum mpomexyrounyto Marpuy P=M [V}, rne V, — ancno. 3a-
TeM Marpuile P npucBauBaercs cienyroee snauenue: P — P+M [V,

JUtl HaXOK/ICHHMS TOYEK PABHOBECHs BBIUMCIMM Matpuily K, KoTopas
B JMHEHHOM M OWIMHEHHOM ciydae Oymer crmenmyromieii: K — ¢ + P. Haii-
JIeM TOYKHM PAaBHOBECHS ¢ ISl KaKAOTO y3Jla MyTeM pemieHus (hopmyIsl

Z «-K'Gnu COXpaHHUM pe3yNbTaThl B daitne Excel, ncnonp3ys ciemyrommia
cuntakcuc ¢ — WRITEEXCEL(Z, Path,concat(" x", num2str(i +1),"!")),

KOTOPBI O3HAYAET, YTO I KaXKJIO0r0 y3/1a IepeMeHHas Z coxpansiercs B (aii-
ne Excel no 3amanHomy nytu Path u 3anMchIBaeTCa B JIUCT «xi». OYHKIUA
concat("x",num2str(i+1),"!") B 6noke nmporpammupoBanust Mathcad 060-
3HaYaeT Ha3BaHMe JucTa B daitne Excel, roe 3ammce " x", num?2str(i +1),"!" —

3TO JIUCT «XI».
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UToObl MPOBEpUTh MOJENINM HA YCTOMYMBOCTH, HEOOXOIUMO HANTH
COOCTBEHHBIE YHCIa IS KaKIAOH TOYKM PaBHOBECHs JIMHEHHON U OMITMHEH-
HOW JMHAMUYECKUX OKPECTHOCTHBIX MOJEJIEW C IMOMOIIBK BCTPOCHHOU
B Mathcad ¢ynkuuu eigenvals (Ji), rne Ji « f+ P — marpuna Skobu

JUIs1 Kakoro ysina i. CornacHo KpuTepuro JIsmyHoBa 1Jisl MPOBEPKU yCTOM-
YUBOCTU JTUCKPETHBIX JUHAMUYECKUX OKPECTHOCTHBIX MOJENeH cuctema
yCTOWYMBA, €CIIM COOCTBEHHbIE YHCIA I KaXI0T0 y3i1a OyAyT [0 MOJYIIIO
MEHBIIIE eTUHUIIBI.

BoiBoabl. Takum 06pa3zom, pacCMOTPEHBI JTMHEHHBIC U OMITMHEHHBIE OK-
PECTHOCTHBIE MOJIENM, BBINOJHEHA HMX IapaMmeTpudecKas HICHTU(HKALKS.
[IpousBeneHo uccieq0BaHUEe TUHEHHBIX U OMIMHEHHBIX AUCKPETHBIX TUHAMU-
YECKUX OKPECTHOCTHBIX MOJIENEH HAa YCTOMYMBOCTE MO KpuTeputo JIsmyHoBa.

beina peanuszoBana mporpamma B Mathcad s mapameTpuyeckon
UACHTU(UKAIIMN U TIPOBEPKH OKPECTHOCTHBIX MOJIENIell Ha YCTOWYHBOCTD.
JlanHasi mporpaMMa MO3BOJISIET pa3padaTbiBaTh U HCCIEA0BaTh JUHEHHbIE
1 OUITMHEHBIE OKPEeCTHOCTHBIE MoieH. C TTOMOIIBIO TPECTaBICHHOM MPO-
rpaMMbl MOYKHO HPOBOJIUTH HM3Y4YEHHE CBOMCTB MPOCTPAHCTBEHHO-pacIpe-
JIeNICHHBIX OOBEKTOB M TPOLIECCOB CIOKHBIX MPOU3BOACTBEHHBIX CHCTEM.
B nanbHelimeM miaHupyIOTCSl pacCMOTPEHHE BONIPOCA YIPaBICHUS AUHAMU-
YeCKMMHU OKPECTHOCTHBIMH MOJIEJISIMU M €70 IIPOrpaMMHasi peain3aiusi.
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