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ALGORITHMIC AND SOFTWARE TOOLS FOR SIMULATION
OF EVOLUTION PROCESSES OF COMPLEX DYNAMIC SYSTEMS

B paboTe paccMaTpuBAKOTCH HEKOTOPLIE 3NEMEHTbI WCUUCIEHUS CUCTEM KaK (yHKUMOHATbHBIX
06beKkTOB. TpeIo>KEHHbIM  aBTOpPaMu  (DOPManbHbIM  OCHOBAM  MCUMCTIEHUS! CUCTEM  MPEALIECTBOBAUIN
nccnefioBaHnsl No paspaGoTKe MaTemMaTUYecKOro anmnapaTa, NO3BONSIOWEro (hopMain3oBaTh NpoLeaypbl
paspaboTKN CHCTEMHO-06LEKTHBIX MMUTALMOHHBIX MOZEeNeid NpoLeccoB U cucTem. B paboTe, paspaboTaHHbIl
paHee, (hopManbHbIi annapaT [OMOMHSAETCS OMepaToOpPOM KOHTEKCTA, a Takke opmymMpyloTes W
[0Ka3bIBATCA HEKOTOPbIE TEOPEMbI, CBS3aHHbIE CO CTPYKTYPHBIMIA U (hyHKLMOHANBHBIMU Xapak TepucTKamu
MOZENMPYEMbIX 06LEKTOB.
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MPeACTABNEHNS 3HAHMIA, CUCTEMHO-06BEKTHAsS Mogesb, 06Las Teopns CUCTEM, Y3M0BOM OBLEKT, MOTOKOBbIN
06bEKT, CTPYKTYPHbIE Xapak TePUCTUKN CUCTEMbI.

The paper considers some elements of the calculus of systems as functional objects. The formal foundations
of calculating systems proposed by the authors were preceded by research on the development of a mathematical
apparatus that allows one to formalize the procedures for developing system-object simulation models ofprocesses
and systems. In the work, the previously developed formal apparatus is supplemented by the context operator, and
some theorems related to the structural and functional characteristics of the objects being modeled are formulated
and proved.
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BBepeHme

[ns pelleHns 3agad MHPOPMALMOHHO-aHA/IMTUYECKOTO COMPOBOXAEHUA [eATeNIbHOCTY
OpraHu3aLMOHHbIX CUCTEM aBTOpaMy pa3paboTaH CUCTEMHO-0ObEKTHBIV METOZL MpeAcTaB/eHuns
3HaHuin  (COMIM3), obnajarowmii  psgoM  CylecTBeHHbIX npeumywiects [1]. K ero
NnpeMmyLLecTBaM  OTHOCATCA  BO3MOXHOCTM  rpadmyeckoro  MpeAcTaBNeHUs  3HaHWN,
BO3MOXHOCTb  (bOpMasim3aumm  3TUX  rpauueckmx MpeAcTaBNeHUA U BO3MOXHOCTb
npeobpa3oBaHNs rpauyeckoro npeacTaBneHns B UMUTAUVOHHYO MOogensb [2]. dopmanm3auns
COMIM3 npmBOAUT K HEOO6XOAMMOCTI 60/bLUEN (hopManM3aLum CUCTEMHO-00BbEKTHOIO NOAX0AA
«Y3en - ®yHKums - O6bekT» (YPO-nogxon) [3], Ha KOTOPOM M OCHOBaH [aHHbIA METOA
npeLCcTaBNeHNs 3HAHWIA.

MpvBeLeM HEKOTOpble pe3y/nbTaTbl UCC/eL0BaHNIA B 3TOM Hanpas/ieHUn, NoayYeHHbIe ¢
npuBeyYeHeM asirebpanyeckoro anmnapara ucuncneHns 06bvekTos Abaau - Kapgenm [4].

1. OCHOBbI UCUYUCNEHNA CUCTEM KaK PYHKLNOHA/IbHBIX 06bEKTOB

PaccMOTPMM HEKOTOPbIE 3/IEMEHTbI UCHUCIIEHNS CUCTEM KaK PYHKLMOHa/IbHbIX 00BbEKTOB
Ha npuMepe abCTPakTHOM CUCTEMbI, rpaoaHaIMTUYECKOe MpeACTaB/eHNe  KOTOPOW
npeLcTaBneHo Ha pucyHke 1. CnefyeT OTMETUTb, YTO 0003HAYEHUSt BXOLHLIX W BbIXOLHbIX
MOTOKOBbLIX 06BEKTOB, @ TaKXe APYruX 3/IEMEHTOB CUCTEMHO-00BEKTHON MOZE/NN UCMOSb3YHOTCA
B paboTe B COOTBETCTBMM C paHee pa3paboTaHHbIMK (POPMasibHbIMK OCHOBaMK WCUUCTIEHUS
cucTeMm, onuncaHHbIMK B pabore [5].
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PUCYHOK 1 - CUCTEMHO-06bEKTHAs MO/e/lb aGCTPaKTHOW CUCTEMbI

B COOTBETCTBUM C WCUMC/IEHMEM CUCTEM KaK (YHKLMOHA/IbHbIX 00bEeKTOB [6]
paccMOTpUM popMasibHOE MPeAcTaBNeHne MOZENN B CMeLYIOLLEM BUe:
M=(L,S,C), (1.1)

roe L - MHOXECTBO MOTOKOBbIX 0ObEKTOB MOAENU (Mepapxus cBsseil cuctembl) [7]. Kaxzapli
MOTOKOBbLIN OOBEKT NpescTaB/ieH HabopoOM WMEHOBaHHbLIX MOMeR, COAepXallux 3HauyeHUs
MOTOKOBOro 06bekTa [7]. A9 paccMaTpuBaeMoro npumepa MHOXeCTBO UMEET BUA:

L = {I, 12, ", ls,lsle, 17,15, Is}- (1.2)

S - MHOXeCTBO Y3/10BbIX 006bLEKTOB Mogenu (nogcuctem) [6]. Y3noBoil 06beKT, B
TEePMMHAX UCYUC/IEHUA CUCTEM KaK (PYHKLMOHa/IbHbIX 00bEKTOB [8], NpeAcTaB/eH B CrieAyHoLLEeM
BUJE:

5=[(L?, LY); f(L?)L!; (O?, O!, Of)]. 1.3)
[1nst pacCMaTp1BaeMOro MpUMepa MHOXECTBO UMEET Cefy oI BAA:
S={51,S2,S3,54,5s,Ss}. (1.4)

C - MHOXeCTBO CBSI3eil CUCTEMbI, npuyem 371EMEHT MHOXXECTBa COCTOUT U3 TpeEX
KOMMOHEHT:

¢ {SoutSine I} SoutAS, SinCS, leL. (15)

Takum o6pa3om, 3anemeHT MHOXecTBa C npefcTasnsieT CO60M CBA3b [BYX MOLCUCTEM.
OfHako y 060 CUCTEMHO-OOBLEKTHOW MOAENN WMEKTCA TpaHuubl MOAENMPOBaHUSA, T.e.
KOHTeKCT. Kak BMAHO U3 pUCyHKa 1, y3/10BOM 0OBLEKT s; (DAKTUYECKN He COEfIMHEH HU C OAHUM
APYTM Y3/10BbIM 0ObEKTOM. [18 yyeTa TakMX CUTyauuil npegnaraeTcs BBECTWM MOCTOAHHbIN
Y3/10BON OOBLEKT St ABASIOWMIACA YEPHbIM  ALWMKOM C TOYKM 3PEHUS MOLEN W
NPeLCTaBNAOWMIA BHELUHIOK Cpefy MOAENMPYEMO CUCTEMbl. Torga MHOXECTBO Y3/10BbIX
06bEKTOB MOAENN NPUMET CeAyoLWNiA BUA:

S {SI’ S S3’ Sy SS' Ser scontext}. (1.6)

C y4yeToM BbILLIECKA3aHHOTO, MHOXECTBO CBS3€/ PacCMaTpUBaEMOin MOAENN MOXHO
3anucaTb B CriefytoLLeM COKpalLeHHOM Buae:

C:{(scontext’SS'Il)' (scontext's4'|2)' (53' Scontext’|3)’ (SS' S(:0ntext’|4)' (54’ scontext'IS)' (SS'SS'IG)' (53'56’I7)’

(S3,54,1s) , (Ss,Ss,l9) }. a.7)

Takum o6pasom, mHoxectBa (1.2, 1.6, 1.7) MONMHOLEHHO YYMTLIBAKOT CTPYKTYpPHbIE
XapaKTepucTUKM paccMaTpuBaemMoil CUCTEMHO-00bEKTHOW Mofenn. OfHAKO MOXHO 3aMeTUTb,
4yTO B MOJENWN, NPeLCTaBNeHHOW Ha PUCYHKe 1, (yHKUMM Y3N0BbIX OOBLEKTOB s; U s,
pean30BaHbl Y3/10BbIMM 00BEKTAMM HUXKHUX YPOBHEl. PacCcMOTpUM nospobHee faHHble
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THKi

y3n0|3b|e 06beKTbIZ sj = [(L?, L!I); f(L?)L!; (O?, O!, Of)]. ®yHKUMa y310BOro 06LEKTA
(haKTUYeCKM peaim3yeTca 3a CYeT (YHKUWIA Y3/M0BbIX OOBLEKTOB HWXKHEro spyca. [Ans
(hopmManbHOro 0603HAYEHUS «BMIOXKEHHOCTU» (DYHKUMIA BGyaeM WUCMONb30BaThb CReAyHoLLMiA
(hopmar:

S2-f
S1.f =1483.f . (1.8)
i

MpuyeM QYHKLMA y3na S, TAKXKE peasnsyeTcs 3a cHeT PYHKLMI Y3N0BbIX 00bEKTOB
HVDKHero spyca:

S2-f = {SSes_ ff
Si./ = (1.9)
Ss-f
sh.f
PaccMOTpUM  (PYHKUMW MPEACTaB/IEHHbIX Y3/I0BbIX OOBEKTOB C Y4YETOM MOTOKOBbIX
0O6BLEKTOB - MapameTpoB (DYHKLMIA M MOTOKOBLIX OOBLEKTOB - pe3y/nibTaToB paboTbl (PYHKLUNA,
Hanpumep, 4/19 y310BOro 06beKTa Si (DYHKLMA MEeT BUL:

Si-f=f (1ln2)13n4n - (110)

Kak BugHO u3 BbipaxeHus (1.10), B KayecTBe MOTOKOBbIX OOBEKTOB - MNapameTpoB
(PYHKUMW Y3N10BOrO0 OOBLEKTA S| BbLICTYNAOT MOTOKOBble 0OLEKTLI OAMH W [iBa, & B KayecTse
MOTOKOBbIX 0OBEKTOB - Pe3Yy/IbTaTOB BLICTYNAOT 0OBEKTLI TPU, YETLIPE U NAT.

Torja nonHas 3anucb QyHKLMKX Y3/10BOr0 06bEKTA S; MOXKHO NPeACTaBUThL B CIEAYHOLLEM
BUE:

A Quh) AEH M 613> 0. h> ~s (m)

2. OnepaTop KOHTEeKCTa 1 ero NpuMeHeHme
PaccmoTpyM nofpobHee y3en Sg, B TEPMUHAX MCUWC/EHUS CUCTEM [aHHbLIA Y3/10BOM
0ObEKT Npe/CcTaB/ieH B BUJE:

S5 = [(L?={11,19}, LI={I6}); f(L?)L!; (O?, O!, Of)] (2.1)

[nsa onpefeneHns KOHTEKCTa Y3/10BOr0 06beKTa BBELEM B WCHWC/EHWE CUCTEM
cneyuanbHbIi onepaTop, ONpefenstoWMin KOHTEKCT y3na, NpoLe roBops - CBA3b CUCTEMbI C
BHELUHMM MMPOM. B KayecTBe napameTpa Takoro onepatopa 6yaeT BbICTynaTb OAWH U3 Y3/10B
mogenn. [anee Takoi onepatop OyaemM 0603HayaTb kontext(s), Hanpumep, Ana ysna Si
(hYHKLMOHaN fJaHHOTO orepaTopa MOXHO NPeACTaBUTL B (hopMmaTe CefyoLero BblpaXKeHus:

ANcontext’ M
[“context’ ~1> 2]
context(si) =< [S1_Stonf, /3]. 22
[Si, sgQfifgnf, /4]
V[SI' ~context’ k]
To ecTb onepaTop KOHTEKCTa BO3BpallaeT MepeveHb CBA3el Y3/10BOr0 06bekTa ¢
BHELLUHUMU Y3/10BbIMM 06beKTaMu, B 06LLeM Bue paboTy orepatopa KOHTEKCTa MOXHO OMMcaTb
B BU/e CNefyHOLLErO BblpaXKeHUs:

ConteXt®) { [Soyf, Sin, KE Cl SqiitGs. Usin GSm ﬂ} @3

Cekuusa «Teopusi U METOA0/I0TUS MHPOPMALIMOHHBIX TEXHOMOA» 24-25 ceHTA0pS,
benropopg



VIII International Scientific and Technical Conference «Information Technologies 11 Q ¢ D
in Science, Edncation and Prodnction» (ITSEP-2020) mOCi

MpPUMEHMB OMepPaTop KOHTEKCTA K Y371y MOMYUNM CNeAYIOLLEE BbIPXKEHNE:

["context’ M
context(s") = [55.55. /q] (2.4)

[55,53, /5]

3 BbipaxxeHus (2.4) BUAHO, YTO MOTOKOBbIA 00BLEKT li ABNSETCA BXOASALLEN CBA3BIO MO
OTHOLLEHWIO K Y3/1y Sg, B TO XK€ BPEMS MCTOYHWUKOM MOTOKOBOro 06bekTa li ABnseTca BHeLHASA
cpesa Scontext. He TpygHO 3aMeCcTUTb, YTO MCTUHHO ClefytoLlee YTBepXaeHne: nobas CBA3b
c={Scontext,Sin,|}, coctaBnatoLLaa KOHTEKCT y3na Si, (BXoAALLad CBA3b M0 OTHOLLIEHWIO K Y371y Si ),
TaKKe SBMSETCA BXOLALEA CBA3bIO MO OTHOWEHWO K Y371y S*, ecnn (yHKums ysna s*.f
peann3oBaHa B TOM Yuc/e C MOMOLLbIO PYHKUMK y3na s;,.f.

TO eCTb ecnn CyLLeCTBYeT Takas CBSi3b, KOTOPas ABNAETCA BXOAALLEN MO OTHOLLEHUIO K
HEKOTOPOMY Y3y, N UCTOYHWUKOM CBA3W ABMIAETCA BHELUHAA CPEAA S.opniexy TOTAR 3TA CBA3b TAKXKE
OyfeT BXoAALel AN Y3108, PYHKLMM KOTOPbIX peann3oBaHbl C MOMOLLBIO (DYHKLUMW NEpBOro
y3/1a HanpsAMYH UM KOCBEHHO (Yepe3 (PYHKUMM TPeTbUX Y3/10BbIX 00bEKTOB). POpMasibHO 3TO
YTBEPXEHNE MOXHO 3anuncathb B C/ieAyHLLEM BUAE:

V ¢ = {Scontext>"in>I}| C G Context(5j,,) -> ¢ G context ("s*| s*.f = (2.5)
[ns nokasatenibcTBa COOTHOLLEHUSA (2.5) pacCMOTPUM NPOU3BO/bHBIN Y3eN S TaKon, YTo:
COntext(s) = {Scontex,S, 1}, (2.6)
a TaKKe y3en s* Takou, 4To:
s-. f=yf (2.7)
Mo ycnosuto mbl 3HaeMm, 4to S.f=f(l), Torga cnpasea/iMBO BblpaXKeHWe:
-4 s/(0 ami0)={ " (5context »5,1} G context(s*). (2.8)

N3 BblpakeHns (2.8) BUAHO, 4TO CyllecTBoBaHMe cBAsn {s...S,|} rapaHtupyert
cyulectBoBaHue CBA3N  {S...S*,I} npu BbINonHeHUM ycnosua (2.7). Takum 06pasom,
BO3BpaLLasch K Npumepy abCTpakTHOW CUCTEMbI, rpadoaHa/IMTUYECKOe NPeACcTaBNeHe KOTOPOW
MPeLCTaB/NeHO Ha PUCYHKE 1, MOXHO 3aK/HUUTb, YTO CBA3b {S....S.,l} rapaHTupyer Hannuue
eLe ABYX BXOAALMX CBA3EN Y3M10BbIX 00bEKTOB BEPXHUX YPOBHEM: {S0rSi ).} W {SunerS2,1i}

CnepyeT OTMETUTb, YTO BblpaxkeHue (2.5) crnpaBeA/MBO TakXe AN UCXOAALLMX CBA3EN

CMCTEMBI, TEX Y KOTOPOWA B Ka4eCTBE NMPMEMHMKA BbICTYNAET CMeLyasbHbI Y3/10BOA 06bEKT

Scontext’ T.e B

Ve ={s out.5 context. 1}| C G Context(Sout) - ¢ G context(s*| s=f = [>°mc./". (2.9)
[ns pokasatenibCTBa COOTHOLLEHMSA (2.9) pacCMOTPUM NPOU3BO/ILHBIN Y3eN S TaKOn, YTo:
context(s) = {s,Scontext, 1}, (2.10)
a TaKKe y3en s* Takou, 4To:
s.f
mm/ = (2.11)

Mo ycnosuto mbl 3HaeMm, 4to S.f=f(")l, To ecTb pe3ynbTaToM (h)YHKLUMOHUPOBAHUSA y3na S
ABNAETCA NOTOKOBbLIN 06BLEKT |, TOrAa cnpaBea/iMBO BblpaXKeHMe:

s«f=isfmmw"-s«f(.. Ol =" s " "mmmw" -{s.Scontext. |} G context(s».(2.12)

3 BblpaxkeHns (2.12) BUAHO, YTO CYLLECTBOBAHME CBA3U {S,S.,nex |} TAKKE KakK U B
MepBOM C/ly4ae B BXO[ALLEN CBA3bIO rapaHTUpYeT CYLUECTBOBaHME CBA3N {S*,S . nexwl} NMPY
BbIMO/IHEHUW ycnoBud (2.11). Paccmatpusas NpUMep MOAEeNM CUCTEMbI, NPeACcTaBIeHHON Ha
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HAN 1 TFKiUmKTW

PUCYHKE 1, MOXXHO 3aK/IH0UmnTb, YTO CBA3b, Hanpumep, {s,, Scontext,Is} rapaHTUpPyeT HannyKe CBA3N
Y310BOro 06beKTa BEPXHEr0 YPOBHS {Si, SCo et 19}

Mo aHaornm co CBA3AMU, Y KOTOPbIX B KQ4eCTBe UCTOUHMKA WY NPUEMHIMKA BbICTYNaeT
BHELUHAA cpefa, PacCMOTPUM BHYTPEHHWME CBA3M CUCTEMbl. Te, KOTOpble CBA3bIBAlOT [Ba
Y3N0BbIX 00bEKTA, HAXOAALUMXCA Ha pa3HbIX YPOBHAX uepapxuu. Hanpumep, csasb |, (cm.
PUCYHOK 1) CBA3bIBAET /iBa Y3/10BbIX 00bEKTA S5 U Sg. OUYEBMAHO, YTO CMPaBEA/IMBO ClEAYIOLLIEe.
IMobas ceAsb c={syu,,S;,,|}, cocTaBnAtoLLan KOHTEKCT y3/a St, (BX0AALLaA CBA3b MO OTHOLLUEHUIO K
Y31y S;,), TaKXKe ABNSAETCA BXOAALLEN CBA3LIO MO OTHOLLEHWIO K Y3/ S*, ecin PYHKUMA y3na s*.f
peasM3oBaHa, B TOM 4WUC/e C MOMOLLbIO (yHKUuW y3na st.f, u B KkayecTse napameTpoB
BbllLleyKa3aHHbIX (DYHKUWUA WUMEEeT MeCTO MOTOKOBbIA 06bekT ! Te. srnf=f(17) v s* f=f(1").
®opmMasibHO faHHOe YTBEPXEHNE MOXHO NPeACTaBUTb B BUJE:

Vc=(Squt, Sy, /}lcGecontext(s),) ->cGcontext{s*|s*.f (I,...)= ~~ ). (2.13)

Kak BMAHO M3 BbIPaXXEHMS, HanpaB/ieHne CBA3WN B AaHHOM C/lyvae He UrpaeT HWMKaKoWn
ponu. Taknum obpasom, cBs3b (s3,56,17) cnctembl, MOAENb KOTOPOW NpeAcTaBneHa Ha PUCYHKe 1,
rapaHTUpyeT Hanuuune cBssn (S3,52,1,}, Tak Kak (yHKUMSA y3na s, peannsyercs, B TOM YuC/e 3a
CYUeT PYHKL MK y3Na Se.

3ak/yeHne

B pabote uccnefoBaHa BO3MOXHOCTb (POpMaiv3aumMm CUCTEMHO-00BEKTHOrO nogxopa
«Y3en - OyHKkuma - OO6BEKT» M OCHOBAHHOrO Ha HEM CUCTEMHO-OOBLEKTHOrO MeTofa
NpeLCTaBNeHNS OpraHN3aLUMOHHbIX 3HaHWIA. okasaHa LenecoobpasHOCTb UCMONb30BaHNA ANA
NCUYUCNIEHNA CUCTEM KaK (DYHKLMOHA/IbHBIX 00BEKTOB UCUMCNeHNsA 06bekToB Abaan - Kapaenu.

B TepmuHax npegsaraeMoro McyucneHust obecrneynBaeTcs arperaums CUCTEM Kak
3NEMEHTOB «Y3e/ - DYHKUMA - O6BLEKT» 1 06/1eryaeTca NpoBefeHre X 4eKOMNOo3nLMN.

Mony4yeHHble pe3ynbTaThl MoKasblBarOT LileniecoobpasHoCTb MOCTPOEHMS
(hopmMasIN30BaHHOM TEOPMM CUCTEMHO-OOBEKTHOrO aHaM3a W MOAENMPOBaHUA  MYTEM
pacLUMPeHNs N COBEPLUEHCTBOBAHWSA NCYUCIEHNS CNeLMabHbIX 00BbEKTOB KakK CUCTEM B pamKax
Y®O-noaxoa.
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