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JIACKPETHO-COBBITUMHAS HMUATAIIMOHHASI MOJIEJIb
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Paccmorpena 3a1a4a (popMUPOBaHUS IUKJIOTPAMMbI BHEKOPAOEJILHOH JiesITeb-
Hoctu (BK]I) xocMoHaBTOB Ha oBepXHOCTU JIyHBI ¢ MPUMEHEHUEM UMUTAIIMOH-
HOTO MOJCTUPOBaHUs. JIMCKPEeTHO-COOBITHIIHAS UMHUTAIMOHHAsT Mozels BK]]
CO3/1aHa Ha OCHOBE I[BETHOH croxactudeckoil cetu IleTpu ¢ ucnonb3oBaHueM
mozenupyromieit cuctembl CPN Tools. [lapaMeTpbl Mozenu, B TOM YUCIe MarTe-
MaTH4YeCKoe OKUaHue BpeMeHHU BhinmonHeHus onepanuii BKI, 3agatorcst ¢ yue-
TOM PE3yJbTaTOB 3KCIIEPUMEHTAJIbHBIX UCCIIEOBAHUM Ha HA3EMHBIX KOMILIEKCax
HaTypHOTO MojenupoBaHus. [IpuBeeHbl pe3yapTarsl CTATUCTUYECKOTO aHAIU3a
YUCJIEHHBIX AKCIIEPUMEHTOB C UMUTAIIMOHHON MOJIENIbIO IO OLIEHKE BPEMEHHU
BBITIOJTHEHMSI TUTIOTETHYECKOH 1ukiorpammel BKI.

KarwueBbie c1oBa: BHEKOpaOeIbHas JEITEIbHOCTD, IIUKJIOTPaMMa, AIMUTAIHOH-
Has MOJellb, ceTh [leTpu, crarncTuyeckuil aHaaus3

Discrete-Event Simulation Model of Human Extravehicular
Activity on the Lunar Surface. V.A. Erokhin, O.D. Pushkar

The paper considers the task of creating a cyclogram for Extravehicular Activity
(EVA) of cosmonauts on the lunar surface using simulation modeling. Discrete-
event simulation model of EVA was created on the basis of the stochastic coloured
Petri net (CPN) using CPN Tools modeling system. The model parameters
including the mathematical expectation concerning the time of performing EVA
are set taking into account the results of experimental studies on ground-based
full-scale simulation complexes. The results of statistical analysis of statistical
analysis of numerical experiments with a simulation model for estimating the
time of the performance of the EVA hypothetical cyclogram are given.
Keywords: extravehicular activity, cyclogram, simulation model, coloured Petri
net, statistical analysis

MeToabl U cpeACTBA MOAEJIMPOBAHUSA IPoLiecca
BHEKOPa0eJIbHOU AeSITeJIbHOCTH.

IIocTanoBka 3axaun

Buexopabensras mestenpHOCTh (BK/) — paboTra KOCMOHABTOB 3a TIpeAcIaMu
TepPMETHYHBIX OTCEKOB B MPOIIECCE KOCMUUECKOTO TOJIeTa Ha IIOBEpXHOCTH JIyHBI

nim apyroro HebecHoro Tena. BK/] sisteTcst omauM 13 Hanbosee CI0KHBIX BHIOB
npoheccCHOHaTBHON AEATEeTHPHOCTH KOCMOHABTOB.
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st orpabotku obopynoBanusi, npuMmensiemoro B npouecce BK/, ¢popmu-
POBaHMSI LUKJIOTPaMM BHEKOpaOeIbHOW AESTEILHOCTH — JIeTalbHbBIX TUIAHOB pa-
0OTBI KOCMOHABTOB OT OTKPBITHS IO 3aKPBITHSI BBIXOJJHOTO JIFOKA IIJTF030BOTO OT-
CeKa, OATOTOBKM KOCMOHABTOB K BBIMOJIHEHUIO porpammMbl BK/] npumMensiercs
KOMIIJIEKC CPEZCTB C CIOJIB30BaHMEM Pa3IMuHbIX METOIOB HaTypHOTO (pusnuec-
KOT'0) M MaTeMaTH4eCKOro MOJICIIMPOBAHUSI.

K ¢usnueckum cpeactBamM MOACITHPOBAHMS OTHOCSTCS CaMoJieThl-Tadopa-
TopuH [1], KOTOpBIE MO3BOJISIOT BOCIPOU3BOAUTE B MPOIIECCE MapadOIMIeCKUX
MOJIETOB MEPErpy3KH, COOTBETCTBYIOIIME IPABUTALIMOHHBIM YCIOBHSIM KOCMUYEC-
KOT'O [10JIeTa ¥ HAIJIaHETHOH (HaJyHHOH) AesTeNbHOCTH, TUAponadopatopuu [2],
CTEH/IbI DJICKTPOMEXaHMUECKOro o0e3BeBanus [3].

Bce Gosnbliryto posib B pelieHnH 3a1a4u MoBbieHust 3GdexTuBHOCTH 1 Oe30-
nacuoctu BK/ urparor cpenctsa, OCHOBaHHbIC Ha Pa3MYHBIX METOaX MaTeMa-
THYECKOTO MoaenupoBanus nporecca BKJI [4-6].

[TpumeHeHue KOMIUIEKCa CPEACTB (PU3NUECKOr0 U MaTeMaTHYECKOTO MO/Ie-
npoBanus npouecca BK/ moBbIaeT 10CTOBEPHOCTD Pe3yNIbTaTOB HKCIIEPUMEH-
TaJbHOW OTPabOTKM LUKIIOrpaMM, obopyaoBanus 1 cpeacts BK/I, obecrieunBaer
(hopMHpOBaHUE Yy KOCMOHABTOB YCTOMYMBBIX HABBIKOB BBIMOJIHEHHS ONepannii
BK/I. Kpome Toro, ucnonb3oBaHie B IPOLECCE TPEHUPOBOK KOCMOHABTOB KOM-
IJIeKCa TPEHAKEPOB, OCHOBAHHBIX Ha Pa3WYHbIX (U3NYECKUX MPUHIIMIIAX, B CO-
YeTaHHH CO CPEICTBAMU MaTEeMaTHYECKOTO MOJICIIMPOBAHHUS CO3AAET B CO3HAHUU
YeJI0BEKa-oIeparopa aeKBaTHYIO0 KOHIENTyanbHyt0 Moaeias BK] — coBokym-
HOCTB 3HaHUH U MIpeACTaBIeHHU 0 paboyeil cpenie, elsX, CPeACcTBaxX U Crocodax
BHEKOPaOEIbHOM JIeATEILHOCTH [ 7], 4TO UMeeT 0c000€ 3HAUYCHUE ISt KOCMOHARB-
TOB, HE UMEIOILMX OMBITA BHIXOOB B OTKPBITHIH KOCMOC.

OnHMM U3 IEPCIIEKTUBHBIX METOJJOB MaTeMaruueckoro MojenupoBanus BK/]
SBJISICTCS METOJl UMUTAIIMOHHOTO MOJICTUPOBAHMUS — CIIOCO0 MCCIICIOBAHUS pealb-
HOHM CHCTEMBI ITyTEM MPOBEICHHS YUCIEHHBIX SKCIIEPUMEHTOB € €€ KOMITBIOTEPHOH
MOJICTIbIO, CTPYKTYpa KOTOPOH COOTBETCTBYET CTPYKTYPE MOJCIUPYEMON CHCTe-
MBI, a TIOBEJICHUE MOJICIM BO BPEMEHH 0TOOPakaeTcsl C IOMOIIBI0 00pa30B pealib-
HBIX JUHAMHYECKHUX 00beKkToB [8]. Pemenuio 3amaun co3qaHusl MMHTAILIMOHHON
Mmozenu npouecca BKJ] s ee ucrnonb3zoBanust npu GopMHUpPOBaHUH LIUKIOTPaM-
Mbl BK/] kocMoHaBTOB Ha nmoBepxHOcTH JIyHBI MOCBseHa AanHas padorTa.

Nmuranuonnas mogeab BK/L Ha ocHoBe cetu IleTpu

NmuTanuonHas MoJiellb BHEKOPAOETbHON IEeSTEIbHOCTH KOCMOHABTOB KakK JIHC-
KPETHOHM CTOXaCTHYECKON CHCTEeMBI pa3paboraHa Ha ocHOBe cetu Iletpwm [9].
[Ipu cozgannm Mojeny MPUMEHEH AUCKPETHO-COOBITUIHHBINA TOAXOJ, COTIIACHO
KOTOPOMY PacCMOTPEHBI OCHOBHBIE COCTOSHUSI BHEKOPAOEIBbHOM e TeNbHOCTH
KOCMOHABTOB U OTIFICaHA JIOTHKA T€HEPUPOBAHUS COOBITUH, IPUBOIAIINX B JTUC-
KpeTHbIE MOMEHTHI BPEMEHH K MEePEX0ly TUHAMUYECKHX 00BEKTOB — 00pa3oB
KOCMOHABTOB M3 OJTHOTO COCTOSHUS B Apyroe. DPPeKTHBHOCTH MCIIOIb30BAHMS
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¢dopmanuzma cereit [leTpu 1u1s co3nanmss IMUTALMOHHBIX MOJIENIEH CTOXacTHYeC-
KHX JJUCKPETHO-COOBITHHHBIX MPOLIECCOB MOKAa3aHa B Pa3IMYHBIX TPUMEHEHHSX,
B TOM 4uciie B paborax [10—13].

st onipesienieHHOCTH (PYyHKIIMOHUPOBAHUE MMUTAIMOHHON MOJICNIN paccMar-
puBaeTcs Ha MpuMepe BbINoNHeHus runoretndeckoit BK/I, muknorpamma xoto-
poii B Bujie cetu lletpu npencrasiena Ha puc. 1.
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Puc. 1. Huknorpamma BKJI B Bune cetu Iletpu

(IO — mmro30Boii otcek; JIBIIK — myHHBIH B31eTHO-TI0CA0YHBII KOPaOiIh;
HA — nayunas anmaparypa; O — omepatop)

Certs Ilerpu, peanusyromas Moaens BK/I, conepkuT neBATh COCTOSIHUI
U JICBSITH NIEPEXOJIOB.

CocrosiHus ceTu:

1) Ol u O2 — B LIO JIBIIK, BBIXOIHO¥ JIFOK 3aKPHIT;

2) O1 u O2 — B IO JIBIIK, BBIXOIHO¥ JFOK OTKPBIT;

3) O1, O2 u HayuHas anmnaparypa pa3MeIIeHbl Ha TyHOXOAE;

4) O1 — na MecTe yCTaHOBKH I1EPBOrO KOMILIEKTa Hay4qHOH anmaparypsl (HA1);

5) O2 — Ha MecTe yCTaHOBKH BTOPOTO KOMIUIEKTa HAyYHOH ammapaTypbl
(HA2);

6) O1 — na mecte mpubsITHS O2 Ha TyHOXOJE, OXKHUIaHHUE (B Cilyyae HEOO-
XOIHUMOCTH);

7) O2 nocne ycranoBkd HA2 pa3melieH Ha JIyHOXO/IE;

8) 02 — na mecte Berpeuu ¢ O1, oxxumanue (B ciydae HeOOXOAMMOCTH);

9) O1 u 02 naxonarcs psgom ¢ JIBIIK nepen sxogom B 1LO.

[lepexonp! ceTn:

1) OTKpBITHE BBIXOIHOTO JFOKA IITF030Bor0 oTceka JIBIIK;

2) nmepexox Ol u O2 ¢ nayuynoii anmnapatypoii (komruiektel HA1 u HA2)
K nyHoxony, pasmemenne HA, O1 u O2 Ha myHoOXO0z€;
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3) nepememienue O1 u O2 ¢ HA nHa nyHoxozae k Mecty yctaHoBku HAL,
Bbixon O1 ¢ HA1 u3 myHnoxona;

4) nepememienne O2 ¢ HA2 na nyHoxone k MecTy ycraHoBKH HA2, BbIxoz
02 ¢ HA2 u3 nynoxona;

5) ycranoBku HA2, pasmemenne O2 nocne yctaHoBkun HA2 Ha myHOXO1€;

6) nepemenienne O2 Ha IyHOXOA€E K MecTy BeTpeuu ¢ Ol;

7) ycranoka HA1, nepexon O1 mocne ycranoBku HA1 x mecty npuObITust
02 Ha J1iyHOXOJIe, OKUIaHue (B CIy4ae HeOOXOAMMOCTH);

8) pasmemenue Ol Ha mynoxone, nepemenienne Ol u O2 Ha MyHOXOAE
k JIBIIK;

9) nepexon O1 u O2 B 1O JIBIIK, 3akpbiTHE BEIXOHOTO JIOKA.

K uncny ucxomHbIX JaHHBIX, HEOOXOAMMBIX [Tl HACTPOHKH MapaMeTpoB MO-
JIeTTv, OTHOCUTCSI HH(POPMAILHSI O BpeMEHH BbIoHeHus onepanuii BK/I.

Peanuzanus umuranuonHou moaeau BKJI B cucreme CPN Tools

CoznanHas ¢ ucnonas30BanueM ¢opmanu3ma ceteit IleTpu aucKkpeTHO-COOBI-
TUWHAS CTOXacTHYeCKas MOJIENIb OTPsiia KOCMOHABTOB pPeai30BaHa B MOJIEIH-
pyromeii cucteme CPN Tools [14], koTopast ncmonb3yeT (popMamu3M IIBETHBIX
CTOXacTUYeCKHX ceTer [leTpu s MMUTAIIMOHHOTO MOJISTTUPOBAHUS TUCKPETHBIX
nporieccoB. Monenu B cucteme CPN Tools co3narorest ¢ momorpio rpaduaeckoro
penakropa u s3eika mporpammupoBanus CPN ML, omwmceiBaromero arpuOyTsI
cetu. CeTh MoOJENH, TOCTPOCHHAS B rpaduaeckoM pemakrope CPN Tools, m3o-
OpaxeHa Ha puc. 2.

DJeMeHTaMu COCTaBHOTO MHOXECTBA («MHOKECTBA IIBETOB» B TEPMUHOJIO-
ruu ceteit [lerpn) colset COS = product N * M * TEXP * TMED timed sBnstot-
Cs TIIaBHBIC TMHAMUYECKIE 00BEKTHI MOJICTTH — 00pa3sl (MapKephl) KOCMOHABTOB.
Ha xommonenTtax mHoxectBa COS omnpezienieHsl COOTBETCTBEHHO NIEPEMEHHEBIE N,
m, texp, tmed, U3 KOTOPBIX: N — UAEHTU(PUKATOP KOCMOHABTA, teXp — BpeMs BbI-
MTOJTHEHMSI IUKJIOTPAMMBI B TEKYIIIEM YMCIEHHOM JKCIIEPUMEHTE, a IIepPEeMEHHBIC
m 1 tmed OyIyT MCTIONBE30BaThCs TOCTE PaCIIUPEeHUH (PyHKITMOHAITBHOCTH MO/Ie-
nmu. Ha pucynke aBa mapkepa, coorBercTBytomue oneparopam Ol u O2, pazme-
IIeHBI B IO3UINK Base (MCXoaHOe COCTOSHNE TIPY TTPOBEICHNH YHCICHHBIX KC-
MIEPUMEHTOB).

Onementamu coctaBHoro MHOkecTBa colset REPORT = product NEXP *
COSM * TM * TTRAN * LAST sBnsitoTcsl OTYCTHBIC JaHHBIE O KaXKIOW pea-
JIW3aIAHA YUCIICHHOTO dKcnepuMenTa. Ha xommonenTax mMHokectBa REPORT
OTIPENENICHBl COOTBETCTBEHHO TIEPEMEHHBIC nexXp, tm, ttran, last, 3 KOTOPHIX:
nexp — HoMep IKCIIEPUMEHTa, last — ciry>keOHast mepeMeHHas, ttran — cymmapHoe
Bpems BeimotHeHnss BK/I. B mosummm Report pa3zmerien mapkep-mradiioH, odec-
TeyuBaromui (hopMHpOBaHUE MapKepa, comepikamero nHpopMaIuo o mepBoi
peanu3anuy YHCICHHOTO SKCIIEPUMEHTA.
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ITepemennas tmed, onpexnencHuas Ha MHOkecTBe COS, U iepeMeHHast tm,
omnpeznenenHas Ha MHoxkecTBe REPORT, OyayT ncnons3oBaTbcest IOCie pacumpe-
HUS QYHKIMOHATBHOCTH MOJICNIHU JUTSI UMUTAIHIOHHOTO MOJICIMPOBAHHS HEIITAT-
HBIX CUTYalUil.

Wurnburopusie (O10KUpyIoLUIKE) YT B CETH MPEAHA3HAYCHBI JJ1sl CHHXPO-
HHU3aLMU COBMECTHOI'O TMIEpEMEIEHUs] KOCMOHABTOB.

Cayuaiinble ¢pyHKIHMH s13b1Ka nporpammupoBanus CPN ML oGecnieunBarot
BO3MOYKHOCTH MOJICIIMPOBAHUSI CITyYalHBIX COOBITHH, TAKMX KaK BPEMsI BBITIOJIHE-
Hust otaenbHbIX onepannid BK/. Tak, gynkuus fun NormalTime (a:real, b:real) =
round(normal(a,b)) — cny4aiinast GyHKUHUS ¢ HOpMAJILHBIM 3aKOHOM pacrpeiesie-
HUSL, TEHEPHUPYIOLIas CIy4YailHyI0 BEJIMYHHY CO CPETHUM 3HAYCHUEM a, U AUCTIEp-
cueil b.

g reHepupoBaHUs 3HAUEHUS BpeMEHH BbINoIHeHHs onepanuii BK/] uc-
nonb3yrores nepemennslie globref NActTime u globref NMoveTime, oOHOBreHNE
KOTOPBIX MPOUCXOUT B CETMEHTE KO/1a NEPEXO/I0B.

YucjeHHbIE IKCIICPUMEHTDBI

C uenbio MOATBEPKACHUS pabOTOCTIOCOOHOCTH MOJIENIM POBECHBI YUCIICHHBIC
sKcniepuMenThl. Beero Obiio mpoeneno 100 peanuszanunii mpouecca MMUTALMOH-
Horo mozaenupoBanus BK/] kocMOHaBTOB, B pe3ynbTare KOTOPBIX ObUIM MOJY-
YeHbl 3HAUCHHS cyMMapHoi anutensHoctu BK/I, npencraBnennsie Ha puc. 3.
JMcKkpeTHOCTh MOJIENIBHOTO BpeMeH! At = 1 MuH.

IIpoBenen crarucTUuecKUil aHaIU3 Pe3yJIbTaTOB UMUTAIIMOHHOTO MOJIENIH-
poBanus. Llenpio cTaTHCTUYECKOTO HCCIIeI0BaHMs SBIsIach IPOBEPKaA TUIIOTE-
3bl O HOPMAJILHOM PACIIPEIENIEHNH CITyYalHbIX BETMYUH — CyMMapHOH JJIUTENb-
Hoctu BK/I.
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Puc. 3. Pe3ynbTaThl YMCICHHBIX 3KCIICPUMEHTOB
0 OMPE/IEICHNIO BpEMEHH BBIMOJIHEHUS ITUKIorpaMMbl BK/]
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T'ucTorpaMma 4acToT Ciyd4aliHOM BEJIMYMHBI «CyMMAapHas JUIMTEIbHOCTh
BK/I», noctpoeHHas 1o pe3ysibraTaM YUCICHHOTO SKCIIEPUMEHTa ¢ 00BEMOM BbI-
6opku n = 100, npencrasiena Ha puc. 4. Ha ocHoBe pe3ynbratoB pabOThl HMU-
TAIOHHOM MOJIEIM MOJKHO CJIeNIaTh BBIBOJ O TOM, YTO HauboJsee BeposiTHASL JITH-
TensHOCTh BhimonHeHus: BK/ naxonutcs B untepsaie ot 150 o 155 MunyT.
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HuTeppBanb

Puc. 4. 'mcrorpaMma 4acToT CiIy4aifHON BeTHYNHBI
«cymmapsas jatenbHocth BK» (100 peanuzanmii)

IIpoBepka rumore3sl 0 HOPMAITBLHOM PACIPEICIIEHNH BHIOOPKH MPOBE/IECHA
Py IOMOIIH MOU(UIIUPOBAHHOTO KpuTepus corntacus [Tupcona [15] Ha ypoB-
He 3Hauynmoctu o = 0,1.

[punsiToe 115t TAaHHOW BBIOOPKH KOJMYECTBO PABHOBEPOSITHBIX HHTEPBAJIOB
pa30HeHHs COBOKYITHOCTH BBIOOPOUYHBIX MaHHBIX K = 8; 00beM BbiOOpKH N = 100;
M, — KOJIMYECTBO YICHOB BHIOOPKH, MOMABIIKMX B I-ii HHTEpBaI: M, =2, M, = 11,
m; =21, m, =25, ms;=27,mg =8, m; =5, mg = 1. Berunciennoe 3Ha4eHNnEe KpH-
tepust > = 11,489 He npeBbIIaeT KPUTHIESCKOE 3HAYCHHE CTATUCTUKH Ut K = 8
na=0,1(12,017), cnemoBarensHO, TUTIOTE3a O HOPMAIBHOM pacIpeIeIICHUH Te-
HEPaJIHLHON COBOKYITHOCTH HE OTKIIOHSETCS.

[Mocrpoenue rpadrka MpoBepKU pacrpe/iesieHns] Ha HOPMaIbHOCTb SIBJISET-
s rpayMIecKUM METOJIOM OIPEJICIICHHsI COOTBETCTBHUS 3HAYCHUH BLIOOPKH HOP-
MaJIbHOMY pacrnpejeneHuto. [ paduk npoBepku pacrnpeeneHus: Ha HOpMabHOCTb
IIPEJICTABIIEH Ha pHUC. 5.

Kak BumHO u3 rpadruka, MHOXKECTBO 3HAUYCHHUI BHIOOPKH pacIpeiesieHo
BJIOJIb NIPSIMOM JIMHKH, YTO TAK)KE HE OTBEPraeT rMIoTe3y 0 HOpPMaIILHOM pacnpe-
JICJIEHNY TeHEePaJIbHONH COBOKYITHOCTH.

3HaHWe BHJIA paclipenesieHus] TeHEPaTbHON COBOKYITHOCTH JAa€T BO3MOXK-
HOCTh YMEHBIIIUTh 00BEM BBIOOPOK IPH MHTEPBAILHON OIIEHKE €€ TapamMeTpoB.
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Puc. 5. I'paduk npoBepky pacnpenesieHns Ha HOpMaIbHOCTh

BoiBOABI

YucreHHbIE SKCIIEPUMEHTBI C AUCKPETHO-COOBITHIHON MIMUTAIMOHHON MOJEIBIO
BK/I Ha ocHOBe cereii [leTpu moarBepaumm ee paboOTOCIIOCOOHOCTE.

Pa3paboranHasi UMUTALMOHHAST MOJEIIL MOXKET MPUMEHSTHCS il POPMU-
poBanus uukinorpamm BK/I, a Taxke ns nogaepxku BK/] B pexxume peanbHO-
r'O BPEMEHH KaK CO CTOPOHBI LIEHTPA YIPABJICHUs [10JIETOM, TaK U aBTOHOMHBIMH
CpeACTBaMU MUJIOTHPYEMOH SKCIETULINH.

Kpome Toro, 6maronapst nHGOPMAaTUBHOCTH M HAIVISIIHOCTH IpadUuecKoro
MPEe/ICTaBICHHS AMHAMHUYECKOTO nporecca cetsimu lletpu, npennoxenHas UIMUTa-
uuoHHas Mozenb BKJ[ MoxkeT ObITh UCIIONB30BaHa KaK JTOMOIHUTEIBHOE CPECT-
BO ()OPMHPOBAHHUS y KOCMOHABTOB KOHIENTyarbHOU Moenn BK/I.
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