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Anomauia. Cmoxacmuuni cknadeni ounamiuni cucmemu (CZ[C) gionocamuvcs 00 CKAAOHUX MEXHIYHUX ClU-
cmeM, AKI CIMEOPIIOMbCA 3a60AKU 3ACMOCYBAHHIO MemMO00i8 NpeyusiliHoi Mexaniku 6 NOEOHAHHI 3 cyyac-
HUMU MeNeKOMYHIKAYIIHUMU Ma KOMA tomepHumu mexnoaociamu. Hesusnauenicmo y yux C/[C sunukac
nio GNAUBOM 306HIWHIX Ma HYMPIWHIX cmoxacmuunux 30ypens. Ckaadosi enemenmu CHC noeonyromscs
6 EOUHY cUCmeMy MOMY, WO Yi eleMeHmU BUKOHYIOMb €EOUHe KoMNIeKcHe 3a80ants. Oomin ingopmayicto
8i00y6acmucs 6e3npo8o006o, mexaniynutl 38’130k mioc eremenmamu CHC eiocymmuin. Ax piznoeuou maxux
CKIAOHUX MEXHIYHUX CUCTNEM Y cmammi po32na0aromvcs epynu besnitomuux simanvuux anapamis (BI1JIA),
SAKI OCHAWeHI CeHCopamu abo MYIbMUCEHCOPAMU | MOXCYMb YMEOPH8Amu MOOLIbHI CEeHCOPHI MepediCi.
Tpaekmopii pyxy okpemux enemenmie MOOIIbHOI CEHCOPHOL Mepedici — ye Mpackmopii, wo hopmyomocsi
nio 6nausoM cmoxacmuunux 30ypens. Leil paxm o3nauae, wo 3a Qizudnum 3micmom MobibHA CEHCOPHA
Mepedca mModce Oymu Knacughiko8ana sik CmoxacmuyHa cKiaoena OUHaMIYHAa cucmema i 01 Mamemamuy-
HO20 ONUCY ma Onmumizayii pyxy yiei cucmemu a0ek8amuum € 3aCmocy8ants mooenell ma Memooie onmu-
mizayii cmoxacmuynux CHC. Moodenno pyxy CHC esadicacmvcsi mpackmopis 3 po3eanylcenHsam abo, iH-
WUMYU CLO8AMU, po32anyxcena mpackmopifn. Cmoxacmuuna Mamemamuina Mooeib pyxy MoOiibHOI cenco-
PHOL Mepedic, AKa BUKOHYE NOEOHAHY EOUHUM 3A0YMOM 3A0a1y 0OCMENCEHHS 30HU HAO38UYANIHOL cumyayii,
Modice Oymu Knacugixosana sik Mooeib pyxy Cmoxacmuynoi cknadenoi ounamiunoi cucmemu. Taxuil nioxio
00 noby006uU Mamemamuiroi Mooeii MOOIILHOL CEHCOPHOL MEPeXCT € A0eKBAMHUM (DIZUYHUM YMOBAM il
@DYHKYIOHYBAHHS Y 30HI CIUXTIHO20 UXA NPUPOOHO20 AO0 AHMPONOSEHHO20 NOXO0NCEHHS. [lana cmammst
NPUCBAUEHA PO38 SI3AHHI0 MEOPEMUUH020 3A80AHH S, AKe NO8 SA3AH0 3 POPMYIIOBAHHAM | 008e0eHHAM He0D-
XIOHUX YMO8 OnmumanbHo2o kepysauta cmoxacmuunoro C/[C, wo nepecysaemuvca no po3eanydiceHii mpa-
€XMOpIi i3 00BINLHOIW CXEMOI PO32ATYICEHD.

Knrouoei cnosa: onmumanvhe Kepy8aHHs, CMOXACMUYHI CUCMEMU, CKAAOeHT OUHAMIYHI cucmemu, mpack-
MOPIst 3 PO32ANYAHCEHHAM, HeOOXIOHI YMOBU ONMUMATILHOCHIL.

Annomayus. Cmoxacmuyeckue cocmasHvle OUHAMUYECKUE CUCTEMb OMHOCAMCS K CJIONCHbIM MeXHUuYe-
CKUM cucmemam, Komopwvle co30aromca 61a200aps UCNONb308AHUI0 MEMOO08 NPEeYUUOHHOU MeXAHUKU 8
COYEemaHuy ¢ COBPEMEHHbIMU MENEKOMMYHUKAYUOHHBIMU U KOMNbIOMEPHbLIMU mexHonocuamu. Heonpede-
nennocms 6 amux C/[C 6o3nuxaem noo 6iusiHueM HEUWHUX U 6HYMPEHHUX CIOXACMUYECKUX O3MYUJeHUIL.
Cocmasnsaowue snemenmol CHC 00bedunsaomes 8 eOuHyro cucmemy nOmoMYy, YMo SMu d1eMeHMbl 8bINO-
JHSIOM eOUHYIo0 KoMneKkcHyio 3aoauy. Qbmen ungopmayueli npoucxooum 6ecnposoooso, mexaHuieckas
ces36 medicoy anemenmamu CHC omcymcemeyem. B kauecmee pasHosuOHOCmel makux CLOJCHbIX MeXHuue-
CKUX cucmem 8 cmambve paccMampusaomes 2pynnsvl Oecnulomuulx jemamenbHuvlx annapamos (BILIA),
KOmopble OCHAWEHbL CEHCOPAMU UTU MYTbIMUCEHCOPAMU U MOSYM 06pA308bI8AMb MOOUIbHbIE CEHCOPHbLE
cemu. Tpaexmopuu 0sudiceHuss OMOENbHLIX dJIEMEHMO8 MOOULLHOU CEHCOPHOU Cemu — 2M0 Mpaekmopu,
Komopwie GopMupyromcs noo 61UsHUEeM CIMOXACIMUYECKUX 803MYWeHull. Imom ¢akm o3nawaem, umo no
Qusuueckomy cMblcy MOOUNbHAS CEHCOPHASL CeMb MOdcem Oblmb KAACCUPUYUPOBAHA KAK cmoxacmuye-
CKAsl COCMABHAs OUHAMUYECKAs CUCTNEMA U OJi MAMEMAMUYECcKo20 ONUCAHUSL U ONMUMUAYUY OBUNHCEHUSL
9MOU cucmembl A0eKBAMHbIM ANACMCA NPUMEHEHUEe MOOeell U Memo008 ONMUMUAYUU CTHOXACHMUYECKUX
CJZIC. Moodenvio ogudicenus CI{C cuumaemcsi mpaekmopusi ¢ pazgemeieHuem Ui, UHbIMU CLO8AMU, PA3-
semenaowanca mpaekmopus. Cmoxacmuieckas MamemamuyecKas Mooeib 08UNCeHUs MOOUNbHOU CeH-
COPHOIUL cemu, bINOHAIOUWE COOMBEMCBYIOUYIO eOUHOMY 3AMbICILY 3A0ady 00C1e008aHUS 30HbL YPE3Gbl-
YAUHOU CUMyayuu, Moxcem Oblmb K1ACCUDUYUPOBAHA KAK MOOeTb 0BUINCEHUS CIMOXACMUYECKOU COCTAG-
HOU OuHamuyeckou cucmemvl. Takoil nOOX00 K NOCMPOEHUI0 MAMEMAMUYECKOU MOOeaU MOOUTbHOU CeHCO-
PHOUL cemu S6I51eMCst A0eK8AMHbIM (UULECKUM YCL08UEM ee PYHKYUOHUPOBAHUSL 8 30He CIMUXUTHO20 OeO-
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CcmauUst NPUPOOHO20 UIU AHMPONOLEHHO20 NPOUCXOAHCOeHUS. [laHHAs CIambs NOCEAUEHA PeueHuio meope-
MUYEeCK020 3a0anusl, KOMopoe C633aHo ¢ OPMYIUPOBKOU U QOKAZAMENbCNEOM HEOOX0OUMbIX YCI08UL ON-
mumanbHo2o ynpasienus cmoxacmuueckoui C/[C, xomopas 08udicemcs no pazeemeieHHOU mpaexmopuu ¢
NPOU3BOILHOU CXEMOU PA3BEeMBIeHUL.

Knrouesnle cnosa: onmumanvroe ynpasienue, Cmoxacmuyeckue CUcmemsl, COCMagHvle OUHAMUYECKUe CU-
cmeMbl, pa3eemeieHHAs. mpaeKmopust, HeoOXxooumble YCio6us ONMUMAaIbHOCIU

Abstract. Stochastic Compound Dynamic Systems (CDS) are complex technical systems that are created
through the use of precision mechanics in combination with modern telecommunications and computer
technologies. Incertitude in these CDS shows up under the influence of external and internal stochastic
perturbations. The constituent elements of CDS are combined into a single system because these elements
perform a single complex mission. The information exchange is wireless, there is no mechanical connection
between the elements of the CDS. The paper considers groups of unmanned aerial vehicles (UAVs), which
are equipped with sensors or multisensors that are able to perform a mobile sensor network. The trajectories
of individual elements of the mobile sensor network are trajectories formed under the influence of stochastic
perturbations. This fact means that the nature of the mobile sensor network can be classified as a stochastic
compound dynamic system and for the mathematical description and optimization of the movement of this
system is adequate to use models and methods for optimizing stochastic CDS. The model of CDS motion is
considered to be a branching trajectory or, as they say, a branched trajectory. A stochastic mathematical
model of the motion of a mobile sensor network, which performs the combined mission of surveying an
emergency zone, can be classified as a model of the motion of a stochastic compound dynamic system. This
approach is an adequate for mathematical model creation to the mobile sensor network physical condition,
for its operation in the zone of natural disaster by natural or anthropogenic origin. This paper is devoted
to solving a theoretical problem related to the formulation and proof of the necessary conditions for
stochastic CDS moving optimal control along a branched trajectory with an arbitrary branching scheme.
Keywords: optimal control, stochastic systems, compound dynamic systems, branching trajectory,
necessary conditions for optimality.
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1. Introduction

The efficiency of CDS depends on the operative optimal choice of spatial coordinates and time
points at which structural transformations of CDS take place, as well as on optimal control of
constituent elements during their movement on the branches of the trajectory in time intervals
between successive structural transformations.

From the general theoretical point of view, the control tasks of CDS are reduced to the
control problems of discontinuous systems [1-8]. Mathematical models of discontinuous systems
are described either by ordinary differential equations or by stochastic differential equations with
piecewise continuous right-hand sides.

But in these works, the problem of control of such systems was formulated as the problem
of control of discontinuous systems, when the priority element was allocated and the application
of the theory of discontinuous systems was considered in relation to it. The trajectories of such
systems were designed in advance. The methods of optimization of branched trajectories
considered in these works are developed for a narrow range of deterministic problems, which does
not allow to formulate conditions for optimality of optimality of branched CDS trajectories with
different branching schemes. This article is aimed at developing universal conditions for the
optimality of stochastic CDS motion. These conditions will form an applied theoretical basis for
the construction of algorithms for operational trajectory synthesis and optimal control of CDS for
each specific case of branches.

ISSN 1028-9763. MaTemaTuuHi Maimuay i cuctemu, 2020, Ne 4 137



2. Problem Statement

We will use the concepts of the subsystem, block, branch, and instant of time of the structural
transformation introduced in [1-5]. We extend these concepts to the stochastic CDS that move
along an arbitrarily branching stochastic path.

We represent a stochastic CDS in the form of a stochastic discontinuous system with a
variable size of the state vectors, control, noise exciting the system, and points of discontinuities
that are optimized on average.

The movement of a subsystem (unit) along the path branches is described by the stochastic
differential equation [6]

da(t) = f(z, w9, 0:0)dt + o(w, w5y, vit)dw(t), ¢ € [t,.,], €

where z(t) € R", u(t) € Q C R™; and v —the phase coordinates and controls of other subsystems

(units) of the stochastic CDS, affecting the system (1); f — size vector function n x1; o — size

matrix function n x1[; w(t) — [-dimensional separable Wiener process [7]; tyty — moments of

start and end of the subsystem (unit) motion along the considered path branch.
On the trajectory of subsystem (1), the scalar constraints of the form:

<07 =1, kg,
Eg,(2(ty), y(ty).t)] + E| g, (alt,) it ) )i~ 7 (2)
=0,1 = .+ 1, n,
a0t ot 0] |5 0 = e it @
qi I\),ult), y\t), v{t), . — > L& ) )
:0,7,:kq—|—1,nq 0
where F [] — symbol of an operation that requires calculating the expectation of bracketed ex-

pression.
The control efficiency of stochastic CDS is estimated by the minimum of functionality [8]

P:E[H+pz]—>min, 4)

where II — the terminal component of the criterion, which depends on the phase coordinates of
subsystems (units) at time instants of structural transformations of CDS and time instants

themselves; p. — the integral component of the criterion, consisting of a sum of partial integral

components similar to those used in [1]. The statement of the problem of optimizing the stochastic
CDS takes the form (1)—(4).

According to this statement, a search is made for the average optimal controls for the
stochastic subsystems (units), as well for the optimal average phase coordinates at the time instants
of the structural transformations of the CDS and the time instants themselves.

3. Problem Solution

The problem (1)—(4) is solved in three stages in the same manner as [1-5].

At the first stage, a transition from the stochastic CDS to the discontinuous stochastic
system with a variable size of control vectors, state, and noise exciting the system is made.

Then, at the second stage, the discontinuous stochastic system is optimized with optimized
discontinuity points. And finally, at the third stage, there is a return to the terms of the original
statement of the problem.
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This means that the result obtained at the second stage as applied to a discontinuous
stochastic system should be reformulated to the form corresponding to the optimization problem
of the stochastic CDS that moves along a branching path.

Having saved for the stochastic CDS the method of converting CDS to a discontinuous
dynamical system described in [1], we take into account that in the stochastic problem (1)—(4), the
sizes of vectors are changing at the points of discontinuity, not only of the state and control vectors,
but also of the vector of noise exciting the system.

As a result, we arrive at the following statement of the problem of optimizing the
discontinuous stochastic system in case of full state information:

N

JU.T) = 1B[6 (Xt )|+ E[S(X.t) +fE®(X bt ~ min 5)
=1 t11
N < 0, =1LK,,
JO=3 B|e, (X )| v E[6 (X 1T T e (6)
i=1 I / :Oa]:KG +17NG
lJ]\Ij l\I!J'(Z'X@i)aty)_ L+1Xj(ti) =0 (] = 1an§;i+1;i = 17N_1)7 (7)
SO)]:LK ;9
J¢=EB[Q (XM, U®.[{" T e (®)
=0,j= K, +1N,,

dX(t)= F(,X, Ut)dt+ DX, UNdW(t),

l n (©)
L), X(t,) =, X, X(t) € R™,

Uty e, c R™, (10)

here .U(-) — piecewise continuous, i = 1, N.
Here t —time, T = ({,,t,....ty ), 1)1, — time moments satisfying the inequalities

by <t <..<ty; X —ng —dimensional extended vector-function of phase state of a discontin-

uous stochastic system, continuous along ¢ at each time interval (¢, ,¢.] and taking at every

_17
te(t,_,,t] values X(t) e R™ ={X:—o00< X <oo}; ,U — extended vector of control ac-
tions corresponding to the i-th time interval between structural transformations of stochastic CDS,
dimensions my,.; U = (,U,..., yU); W(t) — vy, —dimensional extended vector of the standard

Wiener process (W(t,_,) =0, E| W(t)| =0 E[iW(t)iWT(t)]:[t, I — identity matrix,

te(t,_t), i=1 N, [10-12]; .F(,X, U,t) — mny — dimensional vector-function;
DX, U(X ) t) - matrix size function ng xwv.; F(X,U(,X,t),t) and
DX, ,U(,X,t),t) —are measured by ¢ and . X at ¢ € (¢,_,,t,] and satisfy the conditions

(,X.0),8) = F(Y, UCY,0),)|+
+H©XU(Xt)t DY, U(Y.0).0)| < K|,

et ],

1—17 7
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where K — corresponding constant, . X(¢._ ) - random variables independent of
dW(t),t € (t,_,,t,].

Under the above conditions, equation (9) has a unique solution with probability 1 continu-
ous on the interval (¢, ,,t.] (i= 1,_N) decision, the stochastic integral of the equation will be a

diffusion Markov random process [9-14].
One-dimensional probability density p.(, X,t) of vector process . X(¢) satisfies the Fokker-

Planck-Kolmogorov equation [12]

op,(,X;t) 9T

[ F(X, U bp, (X 0)]+

ot 0.X

1, | a o T

—tri 2 DX, U,t)DT( X, Ut)p.(.X,b)|} =
+2r{aiMiX{z (X, 00,07 X, U0 >]] (1)

=B(p, U t)te(t ,t],i=LN
with a given distribution density at the time moment ¢ of the start of interval [z, ]

(X0, =n(Xt) 20 [p(Xh)d X =1
=1

and with subsequent holding the condition

X)) = W (X ) (i =1LN—Lj=1n (12)

Ei—i—l)
at discontinuity points. In equation (11) the following designations are used:

o o %) : : o o o
= yeees —gradient vector in n,,. —dimensional space and —— —— —square
0,X |0,X 9. X ! 0,X0.X

7L2i

matrix of double differentiation operators with respect to the components of the vector . X . Note

that J]G (1=1LNg,), Z.J]Q (i=LN;j=1, NQi) — continuously differentiable bounded functional;

i\Ilj(iX’ti)(i:1’N_1;j:1’n2i+1) — continuously differentiable functions; J(U,T),

J].G (1=LK,), Z.J]Q (1= 1,_N; j=1 KQZ,) — convex bounded functionals.

The expectation in the relations (5), (6), (8) are calculated by the formula
Elp]= [ep(X,7)d X, (13)

where by ¢ is meant any of the functions, standing in square brackets under the sign of the oper-
ator, the mathematical expectation in the specified expressions, and 7, according to the expression

for o, understood either the current point in time ¢, either ¢,; =. C R — the implementation
of the phase vector states . X .
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4. The Principle of Optimality on Average: Necessary Conditions for the Optimal Control of
the Stochastic CDS with an Arbitrary Branching Scheme of the Trajectory

The stochastic problem (5)—(10) can be considered as the deterministic task of optimizing the func-
tional (5) taking into account the intermediate (6) and continuously acting (8) constraints in the
presence of differential coupling (11), (12) [13].
Theorem. For optimality of allowed control V' = (U, T) of problem (5)—(10) it is necessary
T -

T
the existence of vectors a:[al,...,aNG}, zﬂ(t):[151(75)7"-’1*51\7@@) (t=1N),

T

(¢=1,N—1) and functions of random argument and time

V= .V ,yeu., .V
i [z 1774 Ny,

A(;X,t) (i =1N), determined from the equations.

ON(. Xt . .
N = ——l(é;t Do (X, 0.0+ 67 0,Q0X. 0.0+
TN (. Xt . . R
lé; ) z‘F(iX?iU’t)+%tr[z‘©(z‘X’iU7ﬂ Z‘QT(inth)X (14)
o o' R —
9X0X (X)), tel_ il =1N),
S, (X (&), 1) + aTLG(ZX(Ei)’tAi) + LVTZ\I’(LX(EL)JA) - (15)
“A(X(E),E)=06i=1N—-1),
AN N\ 7 T
H—l(z—l—l (t)’t)+61+1(2+1X(ti)’t)+a H—l@( +1X(t)’t) (16)
v X(E)=0(i=1N-1),
&,(, X(fy), 1) + a6, X (). 1) + A (X)), ) =0, (17)
Sy (y Xy ty) +a’ yG( X (Ey), ) — Ay (y X (Ey),Ey) = 0. (18)

Such that the following conditions are true: non-triviality, non-negativity, complementing
nonrigidity for vectors «, ,3(t) (i1=1N), v (i=1N —1)

NC N— 1 Ny Qz L
Za7+ +sz =1 (19)
=1 j= 1 i=1 j= 1t71
a; EO(izl,NG),ZVJ >0(i=1LN—-1j=1ny), 20)
Zﬁ] ZO(Z:LN,]:LNQL),
a i =00 =1LKg), B,(t)]7 =0t €(t,_,t] (i =1N,j=1K,); (21)
vector optimality T’
aAE[G(X(f)t)H +al (?E[ @(X(t)f)” +E[A ] =0, (22)
ato 1\1 07770 ato 1 1 07770 A 1t A,t=£0 ?
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0

n N T
o7 EISGEAN| + B[Ol Xh)]| +o” Bl el Xi)]| +
+aTE[Z,G(Z.X,£Z,)HA+Z,,,TE[ V(X,E) -, (z?)HA + (23)
FEN, —A| L =06=18 ),
) A . .
5%, BlSy(yXoby)|| +a” B[y8(,X.4)]| E[ANt]M =0 (24)
function minimum:
A
jréleigiE[mi(t,iX,iU,)\i)] ‘/\ = 7;Iéleigi:f‘)fti(if,Z.X,Z.U,)\Z.)pi(Z.X,t)diX. (25)
Here
M, (t, X, ,UN)=®,(,X, U, t)+ 6" (1),Q(,X, U,t)+
OTN(. X, t T 26
M.F(.X,.U,t)Jrltr D(,X,.U,t) D" (X, Ut)—— 0_9 A (X, 1), (29)
o.x U 2| 9.X0XxX "
T
iQ(iXaant):lin(iX7ant)7“~7Z'QN@;(Z‘X?Z'[Lt) ’ (27)
T
i®(iX’t7i—1) - [7:@1(1‘)(’751—1)""’ iQﬁNG(iX’ti—l)} ’ (28)
T -
GOX ) = | G Xt Gy (Xot)] i =1, (29)
(X L) — X (1) :[ v ( Xot) =, X ()
(30)
U GX) — () (t=1LN-1),
i+1

A

E[o(,X,1)] ‘A = fgo(iX,t)pi(iX,t)diX.

(3

The theorem is proved according to the technique proposed in [13]. Let's make extended
functional

T U T\ (X, t) (i = LN)) = J(U,T) +a”J% +

N
+>° [ .8 ()JthJrZ VTE[JY]+ (31)
=t

N ap.
+ ACX,H)|B t Lp (X, 0)d Xdt,

fo( >[ b, 1) == p,( X 1),

i—1 7

where
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T T T
I =1 §o] O = I G = Y] (32)
T
T
yz[aT;lﬁT(t),te[to,tl} G B te[tN ¥ N] 7 } —  vector  of

deterministic Lagrange multipliers; A (,X,t) (i = 1, N) — Lagrange multipliers representing sca-

lar random functions.
Let V = (U,T) be an optimal control. Consider the control V = (U, T) :

Ult)=U@t)+AU®1), T =T + 6T, (33)

0.te€lt, 1 t]\ 3 TN e 11,
— 1N,z =11;

AU(t) = -
ue) w—U(t),t€J,,,

—_
—
o~
S
N~

I

—~
>
~

iee

Here ¢ —small positive value, J. (i = 1,_N, x = 1,_11.) — half-intervals on which "needle" variation

occurs AU(t)=  w—, U(t), t €3, definedon ¢ € [t,_,t,| inequalities 7, <t <7, +ep,

e’

T : :
T,,— continuity points .U ¢ ; w:[mwl,.... w ] — arbitrary points of a allowed control area

7o) Yiee T mi

Qi p =1 N,ae =1,[. —some non-negative numbers.
7 e s

For sufficiently small € > 0 half intervals J, (e = ﬂ) do not intersect and are located

entirely on [ ] Then it is necessary that first functional variation (34) was non-negative at the

-1

point V = (U,T), i.e

6JR(U7 T,")/, )‘Z(ZXa t) (l = 17 )) Z 0. (34)
To calculate 6JR , we use the formula

5, —l%JR(U+AUT+56T,7,A( L,N)) = J,(U,T,7, ) (i =1,N)). (35)

We take into account that control variation AV = (AU,e6T') leads to variations in prob-
ability density

8p,(, X(1),1), telt .t
. Op, .
Ap7(7X(t)’t) = 6pz(z ) zfl) ot : 6t7ﬁ71’ t= tifl’ (36)
==t
. Op. . —
bp; (; X:t,) + ;ZZ t, t=t,(i=1N)
il =t,
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Using the transformation formulas of the integrals [14], we write the last term of expression
(31) in the form

op,

p,(; X, t)d Xdt =

ON(X,t) 0"\
(; )+

F(X, Ut)+
ot 8XZ

(37)
1 r 0 o
+tr©(XlYﬂ®(X’Uwa 8XQ(X@)

—fp (,X.t)p .deX<)AQX%4m&X%J%X@4ﬂ

p,(, X, t)d Xdt -

Then the expression to calculate 6.7, , taking into account (33)—(37) and the theorem on

finite increments, takes the form
67, = [18,(X00) + "\ 8(Xd) + NG X 4| Apy Koy 2y X, X +

=1

X
+{ (? E[G1(1X7£o)]+04T 88 ] -6ty +
U(t,)

of,

~

+E @1(1X’1U(£0)’£0)+ 15T(£0)1Q(1 ) t

T .
0N ( X 1) (
o x 1 utv

1

B+

+E

i) i\ i+1(z+1Xt)+
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Note that to simplify the presentation one needle-like variation was considered on each
interval [tHvti] (4 =1,N) in (38), when varying the control U,(t),i =1, N,

This approach does not limit the generality of the results due to the effect of several needle-
shaped variations between time instants ¢, | and ¢, occurring in various infinitesimal time inter-

vals, on account of the additivity inherent in (38), can be considered independently of each other.
Condition (38) should be satisfied for any choice of variations AU and 67 at a point

V= (U, T), which is possible only if the meeting relations coincide with the necessary optimality
conditions formulated in the theorem, as we wished to prove.

Comment. By summing up equations (15) and (16), with consideration for relation (7), we
obtain the jump condition for the function of random argument and time

A DB = AGXE) +S,(X8) + 6., X f) +

+a G, X t)+a" (X t)=0 (i=1LN-1).

5. Conclusions

1. The problem of optimizing control of a stochastic composite dynamic system in case of full
information about the state vector and with an arbitrary branching scheme of the trajectory can be
solved using the theorems formulated in the article and proved necessary optimality conditions.

Before applying the above theorems, it is necessary, according to the transformation rule,
to turn from a stochastic CDS to a discontinuous stochastic system with a variable size of state
vectors, control, and exciting noise, and then, using the inverse transition rule, return to the terms
of the original formulation of the problem for a stochastic CDS.

2. The result of solving the problem of optimizing the control of a stochastic CDS in case
of full information about the state vector is the analytical or algorithmic dependence of the control
vector of each subsystem (unit) on time or the current value of the phase coordinate and time, as
well as the optimal values of the time instants of structural transformations.

3. The statement of the control optimization problem for a stochastic composite dynamic
system suggests that the evolution of the state vector of a subsystem (unit) is described by a sto-
chastic differential equation excited by a standard Wiener process, from which it is possible to turn
to the Fokker-Planck-Kolmogorov equation and replace the stochastic CDS control optimization
problem of by the problem of deterministic CDS control optimization, which subsystems (units)
dynamics is described by equations with distributed parameters.
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4. The practical use of the optimality conditions developed in this section is preferable to
search for optimal control of compound aircraft that are subject to noise (for example, flying in a
turbulent atmosphere) under conditions where the errors of real on-board measurement systems
can be neglected.

REFERENCES

1. Jlucenko O.1., Taunnina O.M. MaremMaTu4eckas IOCTAaHOBKA 3a7a4dl ONITUMU3ALUU JBUKCHUS TPYIIIIBI
JIETAIONUX PoOOTOB Ha 0a3e OSCHMIOTHBIX JIETATEIBHBIX alapaToB. Haykosuii gicHuk axademii MyHiyu-
nanvrozo ynpaeninns. 2014. Ne 1 (7). C. 93-99.

2. Tachinina O.M., Lysenko O.l., Alekseeva I.V., Novikov V.l. Mathematical Modeling of Motion of Iron
Bird Target Node of Security Data Management System Sensors. CEUR Workshop Proceedings. 2020. Vol.
2711. P. 482-491.

3. JIucenko O.1, Anekceea .B., Taunnina O.M. Po3BUTOK MeTOy ONTHMI3aLii po3ranyKeHHX TPAEKTOPIH
y 3a71a4ax po3paxyHKy OIIOPHOT'O PyXy ABOCTYIIEHEBOIO OE3MIIOTHOIO IEMOHCTPATOPA IiIIeP3BYKOBHUX TEX-
HoJorid. Mamemamuuni mawunu i cucmemu. 2018. Ne 1. C. 101-108.

4. JIsicenko AWM., Taunnuna E.H., Uymauenko C.H. Ycia0Busg onTHMaNnbHOCTH TPAaEKTOPUU ABMXKEHUS HO-
CHUTEJISI TP Pa3MELICHUU CEHCOPOB B 30HE UPE3BbIYAHON cuTyauuu. Texnuueckas mexanuxa. 2016. Ne 3.
C. 87-93.

5. JIeicenko A.U., Taunnuna E.H. MeTos pa3MeIieHus CEHCOPOB B 30HE YPE3BBIYAMHON CUTyaluu Ha Oa3e
TEXHOJIOTHH COCTaBHBIX JUHaMH4YecKuX cucteM. Coopuuk nayunvix mpyoos SWorld. 2014. Ne 3 (36).
C. 84-89.

6. AdanaceeB B.H., Konmanosckuii B.B., HocoB B.P. Maremarndeckast Teopusi KOHCTPYUPOBAHHUS CUCTEM
ynpasiieHus. M.: Beiciias mkona, 2003. 614 c.

7. PotitenOepr SI.H. ABTomarmueckoe ynpasienue. M.: Hayka. 1978. 396 c.

8. Pocur M.®., Bynbeirun B.C. Cratucrtudeckas TUHaAMUKa U TeOpHsl 3PPEKTHBHOCTH CUCTEM YIIPABICHHSL.
Mocksa: MammHocTpoenue, 1981. 312 c.

9. KazakoB U.E., I'magkor /I.1. MeToapl onTUMH3aliu cToXacTudecknx cucreM. Mocksa: Hayka, 1987.
304 c.

10. Kammmannyp I'. Croxactuueckast Teopust punsTpanmu. Mocksa: Hayka, 1987. 320 c.

11. Kopomrok B.C. Croxactuueckue monenu cucteM. Kues: Haykosa nymka, 1989. 203 c.

12. Tlyrages B.C., Cuannpia M.H. Croxactuueckue muddepennnanpaple cucrembl. M.: Hayka. 1990.
642 c.

13. Boxuep B.A., Ponnuiies H.E., IOpukos E.I1. Ontumu3zaiusi TepMUHAIBHBIX CTOXaCTHYECKUX CUCTEM.
M.: Mammnoctpoenue. 1987. 208 c.

14. Pozenbepr I'.C. JlocTaTounblie yCIOBHS ONTUMAIbHOCTH TUHAMHYECKHUX CHCTEM, OTMCHIBAEMBIX CTOXa-
CTHYECKHMH U PepeHIINaTbHBIMU YpaBHEHUAMU. Asmomamura u meaemexanuxa.1970. Ne 12. C. 59-67.

Cmamms naditiwina 0o pedaxyii 03.11.2020

ISSN 1028-9763. MaTemaTuuHi Maimuay i cuctemu, 2020, Ne 4 147



