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HNPUMEHEHHUE CIHEHAPHOI'O
HOAXOOA K AHAJIN3Y U YHPABJIEHUIO PUCKAMMU
IIPU ®YHKIMOHUPOBAHUMU CJIIOKHBIX
JAUHAMUYECKUX CUCTEM B YCJIOBUSAX
UHTEPBAJIbHOW HEONPEJAEJEHHOCTH

I1.B. Kanawunuxos

Beseoenue. B pabome npusooumcsi onucanue CyeHapHo2o nooxood K
VAPABNEHUIO PUCKAMU NPU QYHKYUOHUPOBAHUY CIONCHBIX MEXHUYECKUX
cucmem 6 ycnogusix Heonpeoenennocmu. 1100 cyenapuem nonumaemcs
ONMUMAIbHOE YRPAsIsiowee 6030elUCmeune Ha NapamMempsbl CUCIEMb,
N0360JI0U €€ MUHUMUSUPOBAMb B03MOJICHbIE 3AMPAMbL, C8A3AHHbIE C
peanuzayueri CoOomeemcmsyou,eco pucko8020 coObIMus.

Lenvio uccnedosanusn signsemcs pazpabomra 3¢hhexmusnvlx me-
Mo008 YNpasienus pUcKkamu npu PYHKYUOHUPOBAHUU CTLOJICHOU OU-
HAMUYECKOU CUCMeEMbl 8 YCI0GUSAX HEeONpedeleHHOCU HA OCHOBE
CYEHapHO20 No0x00d, NO360NAIULE20 Pealu308ams ONMUMALLHOE
yapasnsioujee 6030elicmeue Ha napamempusl 00beKma  ciyuae yepo-
3bl GOZHUKHOBEHUSL ABAPULIHON CUMYAYULL.

Mamepuanvt u memoowt. B cmamve daemcs onucanue npumenenus
Memooa cyeHapues K ynpagienuio pUCKamu, BOHUKAIOWUMU 8 X00e (hYHK-
YUOHUPOBAHUSL CLONCHOU OUHAMUYECKOU CUCIEMbL 8 Y CILOGUSIX UHMEPBATTb-
Hotl HeonpedeneHHocniu. Jannviii no0Xo0 0CHOB8AH HA NPUMEHEHUL Memo-
008 UHMEPBATILHOLO AHATU3A U MEOPUL CUMYAYUOHHOO YIPABTEHUS.

Hayunasa nosusna peanuzyemozo nooxooa cocmoum 6 ucnoib30-
BaHUU ANNAPAMa UHMePBAIbHO20 AHAIU3A, NO36ONIOULe20 Haubolee
KOPPEKMHO YYUmMbl8amy UMeIouue Mecno 03MONCHbLE NOSPEUHOCIU,
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CBA3AHHbIE C UBMEPEeHUeM 3HAYEHUL NAPAMEMPOo8 CUCMeMbL U NpuMe-
HAMb ONMUMAIbHBIE YNPANAouUe 8030elcmaus Heobxooumvlie O
KOPPEKMUPOBKU 6 CyUae 8bIX00d OONYCMUMbIX NOKA3amenell 3d npe-
denvl oonacmu pabomocnocooOHOCmu.

Oécyrcoenue u 3aknwuenue. Paspabomannasn 6 xooe GblnoIHeH-
HO20 UCCIe008AHUL MATNEMAMUYECKAs MOOelb YAPABIeHUs PUCKAMU 8
X00e npoyecca PYHKYUOHUPOBAHUS CTONCHOL MEXHUUECKOU CUCTHEMbL
8 YCNOBUAX UHMEPBATLHOU HEONPEeOeIeHHOCI HA OCHOBE CYEHAPHO-
20 N00X00a NO380NAEM OCYWeCmEIANb 0MOOP ONMUMATLHLIX YAPAS-
JAOWUX 8030elicmeull (CyeHapues), no38ONAIOUWUX MUHUMUZUPOBAMNb
B03MOMNCHBIE NOZPEUHOCU U HEMOYHOCMU, 803HUKAIOWUE & CBA3U C
OMKJIOHEHUEM OM PACUEMHBIX HOMUHATbHBIX 3HAYEHU.

Knroueswte cnosa: ynpasienue puckamu, UHmMepeaibHdas Heonpeoe-
JIEHHOCMb, CTIOMCHAS MEXHUYECKAs CUCTEMA; Memoo CyeHapues

Mna yumuposanua. Karawnuxos I1.B. [Ipumenenue cyenapnozo
n00X00a K aHaiu3y u Ynpasienuo puckamu npu GYHKYUOHUPosanuu
CONCHBIX OUHAMUYECKUX CUCTEM 8 YCI0BUSAX UHMEPBATbHOU Heonpe-
oenennocmu // International Journal of Advanced Studies. 2023. T.
13, No 3. C. 224-236. DOI: 10.12731/2227-930X-2023-13-3-224-236
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APPLICATION OF THE SCENARIO
APPROACH TO THE ANALYSIS AND CONTROL
OF RISKS IN THE OPERATION OF COMPLEX DYNAMIC
SYSTEMS UNDER CONDITIONS OF INTERVAL
UNCERTAINTY

PV. Kalashnikov

Introduction. The paper provides a description of the scenario ap-
proach to risk control in the operation of complex technical systems
under conditions of uncertainty. The scenario is understood as the
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optimal control action on the system parameters, which allows min-
imizing the possible costs associated with the implementation of the
corresponding risk event.

The aim of the study is to develop effective risk management meth-
ods for the operation of a complex dynamic system under conditions
of uncertainty based on a scenario approach that makes it possible to
implement the optimal control action on the parameters of an object
in the event of a threat of an emergency.

Materials and methods. The article describes the application of
the scenario method to the management of risks that arise during the
operation of a complex dynamic system under conditions of interval
uncertainty. This approach is based on the application of methods of
interval analysis and the theory of situational management.

The scientific novelty of the implemented approach lies in the use
of the interval analysis apparatus, which makes it possible to most cor-
rectly take into account the possible errors associated with measuring
the values of the system parameters and apply the optimal control ac-
tions necessary for correction in the event that the permissible indica-
tors go beyond the operability area.

Discussion and conclusion. The mathematical model of risk control
developed in the course of the study carried out during the process of
functioning of a complex technical system under conditions of inter-
val uncertainty based on the scenario approach allows the selection
of optimal control actions (scenarios) that allow minimizing possible
errors and inaccuracies that arise due to deviation from the calculat-
ed nominal values.

Keywords: risk management; interval uncertainty, complex techni-
cal system, scenario method
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Beenenne

OYHKIIMOHUPOBAHUE CIIOKHBIX JTUHAMUYECKUX CUCTEM B Pasiidd-
HBIX 00JIaCTAX TEXHWKH W SKOHOMHKH CBA3aHO C HAJIWYMEM HEITaT-
HBIX CUTyalluii, aBapuil, OTKa30B, a TAK’K€ HAPYLUIEHUEM HOPMaJIbHOW
paboThl OTHENBHBIX OPTaHU3ALMOHHBIX CTPYKTYp, OTpaciel Mpou3-
BOJICTBA, YTO B CBOIO OY€pENb MPUIHNHACT yIIepd HaApOIHOMY XO3sii-
CTBY W HaceneHnto. OCHOBHBIE MOJXOBI K TEOPUH PUCKA B TEXHUYE-
CKHX CHUCTEMaXx OIUCaHbI B padorax [1-6].

VYmpaBneHue puckaMu MpHu (yHKIHMOHUPOBAHWHU CIOKHBIX TUHA-
MUYECKUX CHCTEM B YCIOBHUSIX HEONPEIEICHHOCTH M HETIOIHOTHI UH-
¢dopmanuu TpeOyeT KOMIUIEKCHOTO CHCTEMHOTO MOAX0/a, OPUCHTH-
POBAaHHOTO Ha Y4e€T MHO)KECTBA BO3MOXKHBIX BAPHAHTOB OTKJIOHEHHS
3HAYEHNH ee MapaMeTpOB OT PAaCUYETHBIX HOMHUHAJIBHBIX 3HAUYCHUH H
peanu3anuu HEOOXOAMMOTO YIPABJISIONICTO BO3JICUCTBUS (ClieHA-
pusl), HAPABJIEHHOTO HA KOPPEKLHUIO TOBEIEHHUS CHCTEMBI.

Pa3paboTka crieHapreB BKITIOYAeT B ce0sl P/ CIETYIONINX TAIOB!

1) Ananu3 BHYTpPEHHEH CTPYKTYphI U TapaMeTPOB CHCTEMBI.

2) BsaumopeiicTBre CUCTEMBI U cpelbl. AHAIN3 BHEIIHUX (DaKTo-
POB, BIHSIIOIIAX HA CUCTEMY.

3) Otbop mapaMeTpoB CHCTEMBI, Ha KOTOPHIC IPEIIIOIaracTcs
OKa3bIBaTh KOPPEKTHUPYIOILIEe YIPaBIIAOLIee BO3ACHCTBIE B yC-
JIOBHSIX HEOPEICIIEHHOCTH.

Pa3paboTka crieHapreB HampaBiieHa B IIEPBYIO Ouepeb Ha TeHe-
panyio U YHOpSAAOYEHHE MHOXKECTBA aJbTEPHATHB YHPABISIOMINX
BO3/ICHCTBUI Ha MapamMeTpbl CUCTEMBbI, 00ECIIeUHBAIOIINX €€ (PyHK-
[IMOHUPOBAaHNE B COOTBETCTBUHU C 3a/IaHHBIMU IENIIMH B TIpefeliax
obnactu padorocnocobHocTH. OCHOBHBIE TIOAXOJBI K YIPABICHHIO
pHUCKaMHU Ha OCHOBE CLIEHAPHOTO MOAX0/1a ONKcaHbl B padorax [7-13].

MaremaTu4eckasi MoJeJb YIPaBJIeHUs] PUCKAMU

HA OCHOBE CIIEHAPHOI0 MOAX0/1a

B nanbueiiiieM, eciii He OrOBOPEHO MPOTUBHOE IO CIICHApUEM
OyZeM TIOHUMAaTh YIPaBISIOIIee BO3IECHCTBIE Ha JTF000E KOHKPETHOE
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COCTOsSIHHE CUCTeMBl. Pa3paboTaHHbIE ClieHApUU COOMPAIOTCS B €IIH-
HBIN KaTaJIOT W MIPUMEHSIIOTCS B 3aBUCHMOCTH OT CTEIIEHH OTKJIOHE-
HUS 3HAQUEHUH MapamMeTpOB CHUCTEMBI OT PACUETHBIX HOMHHAIBHBIX
3HAYEHUH B PA3IMUYHbIC MOMEHThI BPEMEHU.
Bgenewm cremytornirie 0CHOBHBIE TTOHSTHS U 0003HAYCHUS.
CocrostHUE YIIPaBIsIeMOro 00BEKTa OMHUCHIBACTCS WHTEPBAIBHBIM
BEKTOPOM BHJIa

k=(5,,8,, . . .5,), (D)
rae
§, — 3HAYCHNE MMAPAMETPa COCTOSHIS CHCTEMBI Ne j;
5, <5<, 2)

8,8, — JIEBBIN U MpaBbIN KOHeu 3a/:[aHHor0 HWHTEpBaa;
paSMepHOCTB MIPOCTPAHCTBA COCTOSIHUM JIJ1s1 paccCMaTpUBaeMO-
'O YIIpaBIIsIeMOro 00beKTa
MHOXECTBO COCTOSTHUI Z yIpaBIsieMOro 0OBEKTa TpeICTaBIsIeT
c000¥t KOPTEK NHTEPBATHHBIX BEKTOPOB Z CIICTYIOIIETO BHIA
Z=(k,,...k,), N>0 3)
rae
N — o011iee KOMYeCTBO BO3MOXKHBIX COCTOSHUM
Cocrosinue Ne n 3ayaercst B hopMe MHTEPBAJIBLHOTO BEKTOPA Clie-
JYIOILLETO BUAA
kn:([‘gil’ ‘SZ]’[Siz’ ‘572]5 : ’([SLL’ *STL]) (4)
e
S, S — JICBBI U TIPaBbIi KOHI[BI COOTBETCTBYIOLINX HHTEPBAJIOB.
i=1...L
CocrostHue ynpapisieMoro 00beKTa B MOMEHT BPEMEHH ¢, UMEET BH/L
k(t)=(s (1), (s,(2), . .. (s,(t), 170, 1 ,.... ®))
Cocrosnue ynpasnsgemoro oobexra Noe m B MOMEHT BPEMEHH [,
HMMEET BUJI UHTEPBAJILHOI'O BEKTOPA CIEIYIOLIET0 BUAA
km(tiz ([M m]a [% ma' ©o ([M m]): km(tl) €z (6)
Smi, Smi — JIEBBIM ¥ MPABBIA KOHLLEI COOTBETCTBYIOLIUX MHTEPBA-
noB.1=1...L
Bekrop ynpapisitoniux BO3AeHCTBUN U UMEET BU/T
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u=(ey, . ..ep) (7
VripaBjieHHe B MOMEHT /, 3[1a€TCsl HHTEPBAIbHBIM BEKTOPOM BHJIA
u(t)=(e1(t;), ex(t1), - e (ty)) (8)

Ypasienue Ne j B MOMEHT BPEMEHH , IMEET BUJT
w;(ty) = ([ej1,(t), ej1 (t)], [ej2 (t2), €2(t)]-- e, () €L (t)]), (9)

eji (t)) , ej; (t;) — neBblil ¥ NPaBBIil KOHIBI HHTEPBAJIA 3HAYCHHUIA
napameTpa ynpapieHus N i B MOMEHT BpEMEHH 7,
O603HaunM yepe3 U — MHOXKECTBO BCEX YIPABISIFOIINX BO3MEH-
CTBUH.
JlaHHOE MHO>KE€CTBO UMEET BU/I
U={u,...,u,; (10)
s mo6oro momenTaBpemennt, 1=0,1,2 ... paccrosHue Mex Ly 1By -
Msi coctostHUSIME k., (t;) € Z m ky(t) € Z (m # n, m, n = 1,N)
onpenessercs mo Gopmyiie
dist(km(t), kn(ty) = (dist(kpn1 (1), Kna(81), ..., dist (kpy (t1), kny (8))) (11)
dist — paccTosiHHe MeXIy WHTEpBAJIAMH, OIPEIENIIeMOEe B COOTBET-
ctBud ¢ [14, 15].
Hnsiro6oromomentaBpemennt,1=0,1,2 ... paccTosHrE MEK LY IBY-
ms ynpasienusiMu Ui(t;) € U u upy(t;) € U (j # m, j, m = 1,N)
ompenensieTcs mo Gopmyiie
dist(u;(t,), um(t))) = (dist(uj1(t,), U1 (t), - , dist (ki (&), kn(81))) (12)
[Iponecc n3MeHeHns: COCTOSIHUS YIIPABISIEMOT0 0OBEKTa OMCHIBA-
eTcsi ¢ moMoIbo GyHKIIE W, Clieayonmm oopazoM
k(ty41) =W(k(tp), u(ty), t;), k(t41) €Z,k=0,1,2...  (13)
OnrtuMasnbHBIM yIIpaBieHUeM Juis 00bekTa B coctostHuu k(z) € Z
HazbiBaetcst ynpasinenne U (t;)=u" (k(t;)), KOTOpoe T0CTaBISET OIl-
TAMYM GYHKITHH 3P PekTuBHOCTH G CIIEAYIONIEeTo BHIa
G(u™(ty), k(t;-1), tr) < G(u;(ty), k(ty-1), k(ty), ty), Vi =1, M (14)
[lon cuenapueM MOHMMAETCs ONTHMAaJbHOE YHPABISIONIEE BO3-
AelcTBHE (7)) Wi 0ObEKTa HAXOAALIETOCS B cOCTOsHUM K(7) B MO-
MEHT BPEMEHH f,, IPUMEHAEMOE Ha MPOTSHKEHUH BCETO HIara yIpas-

JICHUS.
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OCOOEHHOCTh CIIEHAPHOTO TO/X0/Ia K YIPABJICHUIO PUCKAMH 3a-
KJTFOYAeTCs B CO3TaHMM 0a30BOTO KaTajora CIicHapHueB, MPUMEHIEMO-
TO B 3aBUCUMOCTH OT KOHKPETHOTO COCTOSIHHUSI OOBEKTa YIPaBICHHU
JUTSE MUHUMHE3AIHHA BO3MOXKHOTO yIIiep0a, CBSI3aHHOTO C PUCKaMHU BO3-
HUKHOBEHMSI HEIITaTHBIX CUTYallMii U aBapUil.

Peanu3zauus meroga cueHapueB

Jis peanu3aniu METO/Ia CIIEHAPHEB PACCMOTPUM MHOXKECTBO Z,
cozepxaiiee P COCTOSTHUM U3 MHOXKECTBa Z.

MHO0XeCTBO ZO, HUMEET CIIEIYIOIINI BU

Zo=(ko1, -, kop) (15)
Bekrop 6a3zoBoro cocrosnus k, 00bekTa Ne i
koi = ([Soi1> Soi1]s [Soiz Soiz]s --- » [Soir» Soir]) (16)

rae
S0i1> Soi2> SoilL> S0i1> S0i2> Soir — JIEBBIM W MPaBbIil KOHLBI ISl CO-
OTBETCTBYIOIIIETO MHTEPBaja 3HAYCHUHN IJIS IMapaMEeTPOB COCTOSHUS

paccMaTpuBaeMoro o0bEeKTa.
k,e€Z,i=1..P,P<N
MHoOXeCTBY Z € Z COOTBETCTBYET MHOXECTBO ympasieHuit U,
MIPUMEHSIEMBIX JUTSI PA3TUYHBIX BAPUAHTOB COCTOSHUSI paccMaTpUBa-
€MOM TEXHUYECKON CHUCTEMEL.
MHuoxectBo U, nmeet BUJ

Uo = {uo1, Uz, -5 Uomy > NS My <M (17)
DeMeHTHI JaHHOTO MHOKECTBA UMEIOT BHU/I
Uo; = ([€oi1> €0i1ls [€0izs €0iz]s --- » [€0iL> €0iL]) (18)

rae
€0ij> €oij — JIEBBIH U MPaBbIii KOHIIBI HHTEPBANIa H3MEHEHUH 3HaYe-
HUH apaMerpa ynpasieHust Ne j.
Habop onTuManbsHBIX yIpaBISIONIUX BO3IECHCTBII HMEET BHT
ug = (ug(ko1), ug(koz), - - - ug(kon)) (19)
B 3aBucHMOCTH OT COCTOSIHHA OOBEKTa MPUMEHSIETCS HE0OXo-
JUMOE YIPABIISIONIEE BO3/IEHCTBUE, HAIIPABICHHOE Ha MOJAEpKa-
HH€ 3HAUYCHHMH MMapaMeTpoB 00bEKTa B mpejaenax obiactu paboTo-
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CHOCOOHOCTH M yMCHBIICHUU PHUCKA BO3HMKHOBEHHS HEIUTATHOU
CUTYaLlUH.

Wsmenenue coctosiHust 00beKTa B MOMEHT BpeMeHH 1+1 mo cpas-
HEHMIO C MPEAIISCTBYIONINM MIEPUOJOM 33aeTCs C UCTIONB30BaHUEM
COOTHOUICHUS

ko(tir1)=W(ko(tr), uo(ko(t1)), t1) (20)
ko(t)€ Zo, ko(ti+1)€ Zy, k=0,n (21)
[Ipumenenne MeTona CLEHApUEB Ul YIPABICHUS PUCKAaMH Ha
MpaKkTUKe TPeOyeT pelIeH sl CISAYIONNX 3a1aq
1) ®opmupoBaHHEe KOHEYHOTO MHOYKECTBa 0a30BBIX COCTOSHUMN
obbekTa ynpapnenus Zy = (koq,kop, ....Kop) MyTeM Kiacre-
pHU3aliK TPOCTPAHCTBA MCXOMHBIX COCTOSHUN. Kakmprii 00b-
eKT BXOJHUT B Kakoh-mubo kiacrep. CocTosiHne 00beKTa MpH
pEILICHNUH 3a7a4ui YIIPaBJICHUS 3aMEHSCTCS] Ha COCTOSIHUE COOT-
BETCTBYIOLIETO €My KJIacTepa.

2) Ilouck ONTHMABHOTO YIPaBICHHS ISl JH0O00T0 06a30BOTO
COCTOsIHUS Z, M3 MHOXECTBA U (POPMUPOBAHHME MHOKECTBA

* g oo% * *

Ui =(uy(kor), ug(koz)s ... , uy(kon)). K Bcem oObexram
KJIacTepa MPUMEHAETCS OIHO M TO JKE ONTHMAJIbHOE YIPaB-
JIeHHe.

Knacrepusauusi npocTpaHCTBA COCTOSTHUMH

MHOXeCTBO COCTOSIHUI 00OBEKTa yIpaBIeHNs pa30ruBaeTcs Ha Psij
YKPYITHEHHBIX ()OPMUPOBAHHIA KJIACTEPOB, KAXKJIOMY M3 KOTOPBIX CTa-
BHTCSI B COOTBETCTBHE OJHO 0a30BO€ COCTOSTHHE.

MmuoxectBo coctosauit Z = (kq,k,, ..., ky) pazouBaercs na P
MIOIAMHOXECTB Zgq, Zgp, ... » Zop, I KOTOPBIX BBIIIOJHEHO COOTHO-
LIEHHE

_ P -
Z= Uiz1Zoi Zom N Zon=0, m#n (22)

Jlro6oMy TOAMHOXKECTBY Zo,- CTaBUTHCSI B COOTBETCTBHE 0a30BOC
cocrosinue kyj = kj, koj € Zy;.

JIro60€e cOCTOsIHME N3 MHOKECTBA 0A30BBIX COCTOSHMM Z; NOJDKHO
OBITH OTHUM M3 COCTOSIHHI MCXOOHOro MHOKecTBa Z. Ko BceM 00bek-
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TaM, BXOJSIINM B KJIACTEP MPUMEHSETCS OJJHO U TO KE ONTHUMAILHOE
yIIpaBJeHHe, COOTBETCTBYIOIIEE 3TOMY COCTOSHHIO.

O0cy:x1eHue U 3aKJII09eHne

Bri6op cooTBeTcTByrOIIEro creHapus B (opMe yIpaBIsIONIETo
BO3JICHCTBUS U3 3apaHee pa3pabdoTaHHOTO KaTaJora Mo3BOoJIsieT MUHU-
MHU3HPOBaTh BO3MOXKHBIC PUCKU U MPOOJIEMbI, CBSI3aHHBIC C HApYyIIIe-
HUEM HOPMAJTBHOTO (DYHKIIMOHHPOBAHHS.

KrnacTepu3saiiust mpocTpaHCTBa COCTOSHUM TTO3BOJIIET YIPOCTHTH
3aga4y IMOUCKa ONTHUMAJIbHBIX YHPAaBJIAOIIUX BO3[[CI710TBHI7[, CBC€IA K
MUHHMYMY TOTEPH, CBSI3aHHBIC C peau3alueil COOTBETCTBYIOIIETO
PHCKOBOTO COOBITHS.

Peanuzanust ykazaHHOTO TOIXOJa IO3BOJISIET pealin3oBarh d¢-
(beKTUBHYIO MOJIC/b YIPABICHUS PUCKaMU NpU (YHKIIMOHHUPOBAHUU
CJIOXHBIX TEXHHYECKHX CHCTEM B YCJIOBHUSX HEOMPEACICHHOCTH ITy-
TEM BBIOOpPAa ONTHMAJBHOIO BapHaHTa CleHapus (YIPaBISIOLICTO
BO3/ICHCTBUS Ha MapaMeTpbl CUCTEMBI), JIAIOIIET0 BO3MOXHOCTh MHU-
HUMH3HMPOBATh 3aTPaThl HA PEATH3AINI0 COOTBETCTBYIOIINX CHCTEM
YIIPaBICHUS PUCKAMH.
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