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1 Introduction

The theory of inverse problems for differential systems and its general methods goes back to works
[2, 3] and has been further developed in [1, 8, 9, 18, 19] for deterministic systems described by
ordinary differential equations (ODE). A set of ODE with a given integral curve was constructed
in |2]. That paper plays a fundamental role in the formation and development of the theory of
inverse problems in the dynamics of systems described by ODE. The statement and classification
of the inverse problems for differential equations and their solutions in the class of ODE are
discussed in [1, 3, 8, 9, 18, 19].

Solving inverse problems of differential systems (problems of construction of a set of differ-
ential equations according to a given integral manifold) is based on two methods: the Erugin
method and the quasi-inversion method. Firstly, the Erugin method (the method of introduction
of an auxiliary Erugin function) provides necessary and sufficient conditions for a given set to be
an integral manifold [2, 3]. And, secondly, the quasi-inversion method, developed in [9], allows
to write out the common solution of the functional-algebraic equation, to which the problem of
construction of a set of differential equations for a given integral manifold is reduced.

However, the increasing requirements to the accuracy of description and serviceability of ma-
terial systems lead to the situation in which numerous observed phenomena cannot be explained
on the basis of the analysis of deterministic processes. Thus, in particular, probability laws
should be used for the simulation of the behaviour of actual systems.

Thus, the problem of generalization of the methods used for the solution of inverse problems
for differential systems to the class of stochastic differential equations seems to be quite urgent
[7, 11].

Stochastic differential equations of the Ité-type are used to describe various models of me-
chanical systems taking into account the action of external random forces and are important
for numerous applications, e.g., the motion of artificial satellites under the action of gravity and
aerodynamic forces [10], the fluctuation drift of a heavy gyroscope in the gimbal suspension [12],
and many others. In [13-15], the inverse problems of dynamics are studied under the additional
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assumptions of the presence of random perturbations from the class of Wiener processes. In
particular, the following problems are solved by the method of quasi-inversion:

(a) the main inverse problem of dynamics, i.e., the construction of the set of It6-type second-
order stochastic differential equations with a given integral manifold;

(b) the problem of reconstruction of the equations of motion, i.e., the construction of the set
of control parameters contained in a given system of Ito-type second-order stochastic differential
equations according to a given integral manifold; and

(c) the problem of closure of the equations of motion, i.e., the construction of the set of
closing Ito-type second-order stochastic differential equations for a given system of equations
and a given integral manifold.

Other important (but different from the problem considered in this paper) inverse problems
in the presence of random perturbations from the class of Wiener processes are considered in
[5, 16]. In particular, the main inverse problem (according to Galiullin’s classification [3]) with
degenerate diffusion is solved by the method of separation in [5], and the inverse stochastic prob-
lem of reconstruction with an integral manifold, which depends only on a part of the variables,
is considered in [16].

In [15, 17|, one of the inverse problems - the problem of construction of a set of closing
stochastic differential equations of It6 on the given integral manifold is considered in the as-
sumption that random perturbations belong to a class of independent Wiener processes (as a
special case of processes with independent increments).

In this paper, in contrast to [15, 17| we suppose that random perturbations belong to a more
general class, namely the class of processes with independent increments.

The posed inverse problem of closure of stochastic differential first-order It6 equations by
given properties of the motion is solved by a quasi-inversion method. The necessary and sufficient
conditions of this problem’s solvability are obtained in the terms of closing equations’ coefficients.

2 Statement of the general problem of constructing
of closing stochastic differential equations

We assume that the set
A(t) : My, z,v,w,t) =0, where A € R™, A = A(y, z,v,w,t) € C}2121 (2.1)

yzvwt

and the system of stochastic differential It6 equations of the first order

:g = fl(yazavawat)a

: . 2.2
2':fg(y,z,v,w,t)+01(y,z,v,w,t)§0+/cl(x,t)P0(t,d:v) ( )
are given. It is required to finish building the system of the closing equations of the form
U= f3(y7 Z,V,w, t)?
(2.3)

w = f4(y7 Z,U,’ll),t) + Ug(y,z,v,w,t)fo —I—/CQ<I,t)PO(t,dJ]>

such that set (2.1) is an integral manifold of the system of equations (2.2), (2.3).

Hereye Rh, ze R2,ve R, we R, [y +lb=01,1>0;pi+pa=p,p>0;l+p=n,
= (y7, 27 o wh)T € R & € RFis a vector Wiener process; P is a Poisson process; P°(t, dx)
is the number of jumps of the process P in the interval [0, ¢], falling on the set dx. Matrices oy,
o9 have dimensions respectively (I3 X k), (pa X k); ¢1(x,t) and co(z,t) are vector functions that

map the space R" into spaces R> and RP? respectively.
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We say that a function g(x,t) belongs to the class K, g € K, if g is continuous in ¢, ¢ € [0, <]
satisfies the Lipschitz condition with respect to = in the entire space R"; i.e.

lg(x,t) — g(z,8)|| < M|z — x|
and satisfies the condition of linear growth in x
lg(z, )| < M (1 + [lz]])

with a certain constant M.

It is presumed that there is a degeneracy of the diffusion with respect to the variable y in
equation (2.2) and with respect to the variable v in equation (2.3).

It is assumed that the vector functions fi, fo, the matrix oy, and also unknown vector func-
tions f3, f4 and matrix oy belong to the class K. This guarantees the existence and uniqueness
(up to stochastic equivalence) of solution (y(t)T,z(t)T,v(t)T,w(t)T)T of system of equations
(2.2), (2.3) with the initial condition (y(to)T,z(tO)T,v(tO)T,w(to)T)T = (y&, 2L vl wl)T.
This solution is a strictly Markov process, which is continuous with probability 1 [7, p. 107].

Let us suppose that

(i) the vector function A(y,z,v,w,t) is continuously differentiable with respect to all its ar-
guments;

(ii) the given wvector functions fi, fa, c1 and the matriz oy, and also the unknown sets of
vector functions {f3}, {fs} and the unknown set of matrices {oa} belong to the class K.

Condition (ii) ensures in R", following [4], the existence and uniqueness up to the stochas-
tic equivalence of the solution (y(t)7, z(t)T,U(t)T,w(t)T)T of system of equations (2.2), (2.3)
with the initial condition (y(to)”, z(to)", v(to)”, w(tO)T)T = (yd, 2L, vl wl)T. This solution is a
strictly Markov process, which is continuous with probability 1 [7, p. 107]. Moreover condition
(i) ensures the possibility of deriving the equation of the perturbed motion with respect to the
integral manifold A.

Thus, the posed problem:

1) is sufficiently fully investigated in [3, 9] in the absence of random perturbations (o7 = 0,
oy = 0);

2) generalizes the problem of construction of the set of closing Ito-type second-order stochastic
differential equations

l'i:fg(x,j','?U,?.J/,t)+O'2(Z',[t,u,u,t)€ (23/)

for a given system of equations

'C.I:? = fl(x’ jj?“? u? t) _l_o’l(x?jj’ u7 u? t)f (2'2/)
and a given integral manifold

A(t) s Mz, ,u,7,t) =0, where A € R™, A= X, d,u,1,t) € Cr2L21 (2.1)
so, that set (2.1') is an integral manifold of the system of equations (2.2) and (2.3'), which was
considered in [15, 17];

3) extends results of work [6], where the posed problem is solved in the supposition, that
random perturbations £(t) are from a class of Wiener processes (a particular case of processes
with independent increments).

For the solution of the posed problem we will use the quasi-inversion method [9], which is
based on
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Lemma 1.1. |9, p. 12-13]. The set of all solutions of the linear systems
Hv=g, H=(hu), v= (%), g=(g.), pu=1,m; k=1,n, m<n (2.4)

where the matrix H has a rank m, is defined by the expression

v = sv" + UV, (25)
where s is any scalar,
€1 B €n
hll e hln
UT = [HC] - [hl e hmcm+1 PN Cnfl] = h'ml e hmn
Cm+1,1 o Cm+1,n
Cn—1,1 cee Cn—1,n

is the vector product of vectors h, = (h,x) and any vectors ¢, = (cpi), p=m~+1,n—1; ey is
individual basis vectors of space R", v = (v]), where

0 e 1 e 0
h11 e hlk .. hln
UZ; = Rt Rk R , UV:H+97
Cerl,l . Cm+1,n Ce Cm+1,n
Cnfl,l . Cnfl’k Ce Cnfl,n

H™ = HY(HHT)™Y, HT is the transposed matriz to H.
For the solving of posed problem of closing of equations’ system (2.3) we will differentiate a
composite function A = A(y, z,v,w,t) by rule Ito6 [4] in the case of processes with independent

increments
. o\ o\ o\ . oA\ .
A= M+ (%> fs+ (@) fa+ (@) 01§ + (@) 020 + 53, (2.6)

1)) O\ O\ 1[92\ O?\
WhereM:—+(a—y)f1—|—( )f2+81+327 51:§|:— D+—:D2:|,

ot 9z 9202 ' dwow
O\ O\
52 = /{)‘(y>z + Cl(l',t),U,U) + CQ(x7t>7t) - )\(y,z,v,w,t) - %Cl(xat) - %Cg(l’,t)}dl’,

Sy = /[/\(y, 24 ci(x,t),v,w + co(x, t),t) — Ay, 2, v,w,t)]PO(t, dx),

0?\ 0?\
D D, =007, ——:
020z " ! U dwow
the vector, the elements of which are traces of the matrices’ products of flexons of corresponding

and under Dy, Dy = 0901 we understand, following [17],
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elements \,(y, z, v, w,t) of the vector A(y, z,v,w,t) on components z, w of matrices Dy, D, :

[ 9\ } [ 9?\y }
tr(azaz 1) tr(@waw DQ)
9\ ) 9\
020z Dy = : ’ owow D, =
P\, O’ M\,
L tr(@zf)le) J L tr(@wﬁwDZ) J

Further, providing that set (2.1) be an integral manifold of the system of equations (2.2),
(2.3), we introduce, following the Erugin method [2]|, any m-dimensional vector functions A, A
and (m X k) matrix B, possessing property

A1(0,y,z,v,w,t) = As(0,y, z,v,w,t) =0, B(0,y,z,v,w,t) =0,

such that equation (2.7)
A= A1\ y, z,v,w,t) + B\, y, 2,0, w, t)éo + /Ag(/\, z,t)P°(t, dx) (2.7)

holds.
Comparing equations (2.6) and (2.7), we arrive at the following relations:

e

o\ o\
%f3+a—wf4=A1—M;

0z ow

L My, 2z + a1z, t), v,w + cax, t), 1) — Ay, z,v,w,t) = As,

from which it is necessary to define vector functions f3, f; and a matrix o,. We will suppose that
fs = ¢y, z,v,w,t), where ¢ € K.
Then expression (2.8) will become:

(

o\ o\
8_wf4 =A -M - %f?n

N P, (2.9)

ow 0z

L Ay, 2+ ez, t),v,w + coz, 1), t) — ANy, z,v,w,t) = As.

Now we assume that along with conditions (i) and (ii), the following condition (iii) also
holds

(iii) the vector function A is linear in z and w and has the form
A= Oé(y, v, t) + Bl(t)z + 52(1})11}, (210)

where oy, v,t) is a vector function of arbitrarily specified from the class K, a € K, and (t),
Ba(t) are matrices arbitrarily given and continuous in t of order (m xls) and (m X py) respectively.
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9’ 0 0?\
020z " Qwow

and, consequently, S; = 0, S; = 0, and S5 in the linear case will take the form

=0

If condition (iii) is satisfied, namely, if A is linear in z and w, we have

Sy = / By (t)er (@, ) + Ba(t)ea(a, )] P(1, dur).

Let f3 = f(y,z,v,w,t), where the vector function f is an arbitrary function from the class
K. Then taking into account expression (2.10), relations (2.9) take the form

—~ 0
Bofi= A1 = M = 5=,
Booe = B — B0y, (2.11)
ﬁ202 = A — 5101;

~  Oa 0p 0fs Oa Oa
here M = 2% L 901, O Oa, | 00,
where T R AL WE AR WL

From relations (2.11) by formula (2.6) of Lemma 1.1, we will define unknown vector functions
f1, c2 and a matrix oy in the form of

fi=s51[0C] + (52)+ Z;
T2 = 59; [52C] + (52)+ E, i=1k, (2.12)
ey = 53 [3,C] + (52)+ :4;

where :4: = A — M — BGif, E = (B — fi01)s, E = Ay — Bic1, 09; is i-th column of the matrix

oy = (095), (v = 1,p2, j = 1,k), B; is i-th column of the matrix B = (Bu), (p=1,m,
I—Th).

61 PR 6p2
62,11 e 62,1;}2
O] =
[62 ] 52,m1 62,mp2
Cm—i—l,l e Cm—i—l,pg
Cpa—1,1 " Cpo—lpy

Consequently, the following theorem takes place.
Theorem 2.1. Let conditions (i), (ii) and (iii) be satisfied. Then the system of differential
equations (2.2), (2.8) of Ité type has the given integral manifold (2.1) if and only if the sets of
vector functions { f1}, {c2} and columns o9; of the set of matrices {o2} of the closing stochastic
differential equations (2.3) can be represented in form (2.12).

3 Scalar case of the closure’s inverse problem

Let us give the set
A(t) :n(y, z,v,w,t) =0, where 7€ R, (3.1)
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and the system of scalar stochastic differential equations

yzg(y,szt)

3.2
= ga(y, 2,0, 0, 1) + Y1(y, 2, v,w, )¢ + [ w1 (x, 1) PO(t, dx), (3:2)

where y, z,v,w € R!, it is required to finish building the closing system of scalar stochastic

equations
{ 0= 93(3/7 Z,’U,UJ,t),

. . (3.3)
w = 94(y7 Z>an7t) + 72(3/7 Z>an7t)<0 + f 52<x7t)P0<t7 dl’),

so that set (3.1) is an integral manifold of the system of equations (3.2), (3.3), where (y = {o(t,w)
is a scalar Wiener process, P? is a scalar Poisson process, P°(t,dz) is the number of jumps of
the process in the interval [0, ¢].

The problem consists in the definition of functions g3, g4 and 5 by the given functions gy, gs,
~ and by the given integral manifold 7n(y, z, v, w,t) = 0.

Let us differentiate a composite function n = n(y, z, v, w,t) by the rule of 1td [4] in the case
of a process with independent increments

Oy On  On  On on In In

n= a + a—yg1 + &92 + %93 + 0_1094 + 51+ S+ S5+ (8_71 + _'72) COv (3'4)

where L /8 o2
5 U U
S = -_ — —
1 2(8271+8w72>’

~ 0 0
SZ = /{T/(yvz + Kl(x7t>7vvw + KQ(xat)vt) - 77(3/7270770775) - a_zﬁl<x7t) - a_Z)KJQ(x7t)}dx7

§3 = /[77(% z+ "il<x>t>a v, w + /42(1’,75), t) - 77(3/7 Z,U,w,t)]PO(t, d.’ﬂ),

Further, following FErugin method [2|, we will introduce scalar functions a3 =
= a1(n,y,z,v,w,t), ag = as(n,y, z,v,w,t) and b = b(n,y, z,v,w,t), which possess the property
a1(0,y, z,v,w,t) = as(0,y, z,v,w,t) = b(0,y, z,v,w,t) = 0. Then equality (3.5)

=+ 4o+ [ ol )P do) (35
also holds.
The following relations follow from (3.4) and (3.5)
on on (3.6)

—_ ! =ph - — ,
aw% 8271
77(% z+ Xl(t)7vaw + X2(t>7t> - 77(y7Z’U7w7t) = a2,

on  0On an
Ly 7
where m = " + yg1 + Zg

Conditions (i), (ii), (iii) in this section will take the corresponding forms

2—|—§1+§2.

(") the scalar function n(y, z,v,w,t) is continuously differentiable with respect to all its ar-
guments;
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(ii") the given scalar functions g1, g2, ¢1, 71 and also the unknown sets of scalar functions

{93}, {91}, {12} belong to the class K;
(iii’") the scalar function n is linear in z and w and has the form

n=pu(y,v,t) + xi(t)z + x2(t)w, (3.7)

where (1 € K; x1(t), x2(t) are scalar functions continuous in t.

Let us suppose that conditions (i’), (ii’), (iii’) are satisfied and that the function g3 is equal
to some arbitrary function ¢ from a class K: g3 = g(y, z,v,w,t), g € K. Then from (3.6), (3.7)
we have S; = Sy =0, S5 = [[x161 + X2ke]P°(¢,dz) and the following relations follow:

_ Ou
X294 = Q1 —M — ¢,

ov
X272 = b— x171, (3-8)

X2k2 = a2 — X1K1,

_ Op Oxa X2 o
where m = 5 + T z+ BT w + aygl + x1(t)g2.

From (3.8) under the supposition that x, # 0, we have

91= X5 al—fﬁ—a—'u

2 aU )
Yo=xa2" (b—x1m), (3.9)
Ko = X5 (az — x1K1) -

Relations (3.9) represent a solution of stochastic problem of closure, i.e. the problem of
construction of the set of closing equations (3.3) by the given integral manifold (3.1) and by the
given stochastic equation (3.2).

Conclusion

We have constructed the set of the closing stochastic differential It6 equations of the first
order with diffusion degenerate with respect to a part of the variables, such that the joint system
of given and constructed differential equations possesses the given integral manifold. It should
be noted that random perturbations are assumed to be in the class of processes with independent
increments.
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