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Abstract. In the work, a numerical method is proposed to solve a system of linear non-
autonomous ordinary differential equations with non-separated multipoint and integral
conditions. The proposed approach is based on the introduced operation of convolution
of integral conditions into local ones. The method allows to reduce the solution of the
original problem to the solution of Cauchy problem with respect to a system of ordinary
differential equations and of linear algebraic equations. The stability of the computational
schemes is shown.
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1. Introduction

Much research activity in the past years has been directed at solving boundary problems
involving non-local multipoint and integral conditions, and the corresponding optimal
control problems. This is connected with non-local character of information provided by
measurement equipment. Namely, the measurements are not taken instantly, but during
some time interval and the measurements at a separate point actually characterize the
state of the object in some domain which contains the measurement point. Problems of
this kind arise when controlling an object if it is otherwise impossible to affect the object
instantly at time and locally at its separate points [5], [8]-[13].

In the present work, we derive formulas for the gradient of the target functional in
optimal control problems with non-separated multipoint and integral conditions. To solve
the corresponding boundary value problems, we use the approach proposed by the author
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in the works [1]-[4], [6], [7]. Results of some numerical experiments and their analysis will
be given at the presentation.

2. Problem Statement

Consider the following optimal control problem:

#(t) = A(t,u)a(t) + B(t,u), t € [to, T], (1)

(2

I ta; Iy
/ Di(r)z(r)dr + Y Dja(t;) = Co, (2)
=1 j=1

toi—1

T
J(w) = B(a()) + / @, u, t)dt — min | ()
w(t)eU
to
where z(t) € R™ is the phase variable; u(t) € U C R" is the control function from
the class of piecewise continuous functions, admissible values of u(t) belong to a given
compact set U; A(t, u)#const is (n X n) matrix function, B(t, u) is n—dimensional vector
function, A(t,u), B(t,u) are continuous with respect to ¢ and continuously differentiable
with respect to w; D; (7) is the continuously differentiable (n x n) matrix function; D; is

the (n x n) scalar matrix; C is the n-dimensional vector; ¢;,t; are given time instances
from [tg,T]; the function @ and its partial derivatives are continuous with respect to
its arguments, and f°(z,u,t) is continuously differentiable with respect to (x,u) and
continuous with respect to t; i = (f1,f2, ...,fgll+l2) is the ordered union of the sets ¢ =

(t~1,t~2,...,LZZZ) and t = (51752,...,£2l1), i.e. tj < tj+1, ] = 1,2,..,2[1 + lg - 1, i‘(t) =

('l:(fl)a ) $(E211+l2))-
Without loss of generality, assume that

min (fl, t ) =1y, max (fgll, t, ) =T, (4)

ti€ [tai1,t2i], i=1,2,.,2l;, j=1,2,.,ls. (5)

3. Formula for the Gradient of the Functional of
Problem

To solve optimal control problem (1)—(5) numerically with the application of first order
optimization methods, we obtain formulas for the gradient of the functional.

With respect to an arbitrary admissible process (u(t), z(¢;u)), we define problem (1),
(2) in increments, corresponding to an admissible control @& = u + Au:

Az(t) = A(t,u) Ax(t) + A A w)x(t) + A, B(t,u) ,
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I t2; Iy
Z / D;(1)Ax(t)dT + Z D;Ax(t;) = 0.
i:1f2i—1 J=1

Here the following notations are used:

Ax(t) = z(t,a) — z(t,u), ALAu)=A(t,a)— A(t,u),
Ay B(t,u) = B(t,u) — B(t,u).

Let 9 (t) € R™ be an almost everywhere continuously differentiable vector function
and let A € R™ be as yet arbitrary numerical vector. Taking into account that x(t)
and z(t) + Az(t) are the solutions to problem (1)—(2) under corresponding values of the
controls, we can write:

T T
J(u) = ®(x(t)) + / Oz, u, t)dt + /w*(t) [2(t) — A(t,u)z(t) — B(t,u)]dt+

L tai l2
|3 [ Dingatrdr + 3 Djalls) - G
i=1{21‘,—1 J=1
T
J(u+ Au) = &(x(t) + Ax(t)) + /fo(x + Ax,u + Au, t)dt+

to

+/¢*(t) [ + Ai) — A(t,u + Au)(z + Az)— B(t, u + Au)dt+

o |Y [ Din)ar) + Aatr)ydr + 3 DyGalls) + Aaldy) - Co

where “*” is the transposition sign. Then for the increment of the target functional,
after performing partial integration and grouping of the corresponding terms, with an
accuracy up to the terms of the first order of smallness, we shall have:

T I

s = [ [—1/3*(15) V(DA ) + A Y () = x()] Dilt) +
T

+f2(z,u,t)] Ax(t)dt + / {f(@,u,t) + 0% (t) [ ALt w)a(t) —

to
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(i) — o (i) + 228 t())) Ax(i)+

“Bu(t,u)] Au(t)dt + Y 9

201 +1ls—1 |:
k=2

2

+3 N D;Ax(ly) + 9" (1) Aw(T) — 9* (to) Ax(to) +

Jj=1
T T

+ / or([| Ax(t)]))dt + / ool Au(t)ll)dt + os([| Az (E)|).

to to
where ¥ (i) = ¢(lx +0), ¥~ (i) = ¢(Er —0), k=1,2,.., (2l +12).

Here and from now onwards, the norms of the vector-functions ||z (¢)| and ||u(¢)|| will

be thought of as ||x(t)\|L£[t07T] and H“(t)”Lg[to,T]a respectively; A, (t,u) = ( Méjiu(?u)

and B, (t,u) = ((%ﬁ)) are regarded as (n xn xr) and (n X r) matrices, respectively,
the result of their transposition being (nxrxn)and (r xn) matrices A% (¢, u) and B (¢, u),

respectively.
Let 9(t) be the solution to the following system of equations

G(t) = —A"(t, u)y(t) + Z (f21) = x(f2i-1)] D" (A + £ (2, u, 1), (6)
with the following boundary conditions

2@\ | P , 7
(W) +D1)\7 Zf t() = tl,
P(to) = (7)
oe@)\* g, _ 7
( 6w?{1) ) B Zf tO - t17

(@) \ " _ ceT
_ (W) —DpA if B, =T,

CLCIO) A
_ (W) , if ta, =T,
as well as jump conditions at the intermediate fj such that ¢ty < fj <T,

0o(2(1))

DX, j=1,..1 9
8$())+ ]a] ) 25 ()

vt @) - v (@) = (
and at the points #;, i = 1,2,...,21; such that ty < t; < T,

() - (8) = (8;5;; )>)) ,i=1,2,...20;. (10)

Thus the gradient of the target functional under the admissible control u() in problem
(1)-(3) is determined as follows:
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(grad J(w))" = filz, u,t) + 9" (1) [=AL(t, w)a(t) — Bu(t,u)], (11)

where z(t) and ¥(t) are the solutions to direct system (1), (2) and to adjoint system
(6)-(10), respectively, corresponding to this control.

On condition that there is a constructive algorithm for computing the value of the
gradient of functional (11), it is not difficult to implement iterative techniques of first
order minimization, particularly, of gradient projection method [14]:

u* () = Py(u(t) — ap grad J(uF(t))), k=0,1,..., (12)

oy, = argmin J(Py (u*(t) — a gradJ(u®(t)))),
a>0
where Py (v) is the projection operator of the element v € R” on the admissible set U; ay
is the one-dimensional minimization step.

On every iteration (12), the calculation of the gradient of the functional under given
control confronts with two the most essential difficulties associated with the specific char-
acter of the problem, namely, with the problem of solution to non-autonomous differential
equations system involving non-separated multipoint and integral conditions (1), (2), and
with the problem of solution to adjoint boundary problem (6)—(10), the non-local con-
ditions of which contain an unknown n-dimensional vector of parameters A. As a whole,
system of relations (1), (2), (6)—(10) for determining the gradient of the functional under
given control u(t) is closed: to determine unknown 2n functions x(t), ¢ (¢), their 2n ini-
tial conditions, and n-dimensional vector A\, we have 2n-dimensional differential equations
system, n conditions in (2) and 2n conditions in (7), (8).

4. Numerical Scheme of Solution to the Problem

We shall give below an algorithm of computing the gradient of the target functional
under given control. To solve the problem (1), (2) under given admissible function w(t),
we can make use of, for example, the numerical method proposed in [3], [4], [6].

Solve the adjoint boundary value problem (6)—(10) on the condition that the phase
variable x(t), the solution to the problem (1) and (2), is already determined for given
u(t) by application of the procedure described above. To avoid cumbersome expressions
in the formulas and in the description of numerical scheme of solution given below, we
assume that £; = tq and #;, = T, and rewrite adjoint problem (6)-(10) in the following
form:

I
P(t) = AL(t)Y(t) + Z [x(f2:) — x(t2i—1)] Di(t)X + C(2), (13)
i=1

with the following boundary conditions:

G19(to) = K1 + Dy, (14)
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w(T) = _KIQ - DIQ)‘v (15)

and jump conditions at the intermediate points fj, for which ty < fj <T:

V() — Y (E) = K+ D\, j=2,3,..1>—1, (16)
and at the points #;, for which tqg <t; <T,i=1,2,...2l;:

(&) - () = K, i=1,2,..,21. (17)
Here G = I, is the n-dimensional identity matrix, and the following notations are
introduced for the matrices and vectors:
AL(t) = —A*(t,u), C(t) =0f%(x,u,t)/0x,
f(j = 09(z(t))/0x(t;), Dj = Dj, i=1,2,..1s,
Di(t) = Di(t), K;=0d(x(t)/ox(t;), i=1,2,...,2l,

that were already calculated when solving the direct problem.

In problem (13)—(17), defined by system of n differential equations (13), in general
case, we have 2n boundary conditions that include the unknown n-dimensional vector
A. Thus the conditions of problem (13)—(17) are closed, but there is a specific character
which lies in the presence of discontinuities of the function ¢ (t) defined by jumps (16).

Condition (14) is called a condition shifted to the right in the semi-interval ¢ € [t1, t2)
by the matrix and vector functions G1(t), Di(t) € R™*™, K;(t) € R™ such that

Gi(t) =Gy, Ki(t) =Ky, Di(f1) = Dy, (18)
if for the solution () to (20), the following relation holds:

Gr()(t) = K1 (t) + Di(t)\, t€ [fh,ia). (19)

Next, using the results of [8], we give the techniques to find the shifting functions
G1(t), D1(t), K1(t). By using formula (19), we shift initial conditions (18) to the point

t = t3 — 0 and, taking shift condition (16) into account at the point ¢ = 3 + 0, we obtain

Gr(E2)0(Es +0) = | Ky(f2) + G(fz)fg} + [ Di(i2) + Gi(i2) Dy | .
Introducing the notations
tr =12+ 0, G} = Gi(f2), Ki = Ki1(f2) + G(f2) K2, D} = Di(f2) + G1(f2) Dy,
we obtain the conditions similar to (14) and defined at the point Zo:
Gl(ty) = Ki + DI,

By shifting condition (14) I3 —1 times and taking (18) into account, we obtain a linear
system of 2n algebraic equations with respect to 1 (t;,) = ¥(T) and A. After solving this
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system, we determine the vector function () from right to left from Cauchy problem
with respect to (13).

Tllustrate the stages of the shift process applied to condition (14). To be specific we
assume that [f1,f2] C [t1,%2) and £; = to. Shift of condition is carried out successively
in the intervals [f1,%1), [f1,%2), [f2,2), by using formulas (19).

1) For t € [t1,%1), we shift initial conditions (14) to the point ¢t = #; — 0 and, taking
shift condition (17) into account at the point ¢ = ¢;, we obtain

Gi(t)v(t +0) = [ Kq(t1) + G1(t) K1 | + D1(t1) M.

Assuming #; = ; + 0, introduce the notations

Gl =Gi(fh),K{ = Ki(t1) + G1(t1) K1, D} = D1(h1),

following which, we obtain the initial conditions similar to (14) and defined at the point
Ela

GiY(t) = K{ + Di\. (20)
2) For t € [t1,12), we shift conditions (20) to the point ¢ = 5 — 0 and, taking shift
condition (17) into account at the point ¢ = t2, we obtain
G1(t2)¥(f2 +0) = [ K1(t2) + G1(t2) K2 | + D1 (t2)\.
Assuming ¢, = 5 + 0, introduce the notations
G =Gi(l2), Ki=Ki(t)+Gi(t2)K2, Di=Di(ta),
and obtain initial conditions equivalent to (20) and defined at the point Zs
Gl(f2) = KT + DiA. (21)
3) For t € [ta,12) we shift conditions (21) to the point ¢ = #5 — 0 and, taking shift
condition (16) into account at the point ¢ = t3, we obtain
G1(£2)¢({2 + 0) = [Kl({g) + Gl({Q)K—Q] + |:D1(t~2) + G]({Q)DQ A
Assuming to = t5 + 0, introduce the notations
G3 = Gi(la), K} = K1 (y) + G1(t2) Ko, D3 = D1 (ty) + G1(f2) Do,
and obtain the conditions equivalent to (21) and defined at the point f,
G3y(ta) = K3 + D3

The functions G;(t), K;(t), D;(t), j = 1,2,...,l5 that shift conditions (14) succes-
sively to the right (i.e. the functions G,(t), K,(t), D;(t), j =1,2,...,12 must satisfy (18),
(19), are not determined uniquely. For example, it is possible to use functions proposed
in the following theorem.
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Theorem 1. Let the functions G1(t), Ki(t), Di(t) be the solution to the following
Cauchy problems for t € (ty,ts]:

Gi(t) = Q(t)G1(t) — G1(H)As(t), Gi(tr) = G,

Di(t) = Q°(t)D1(t) + Ga(t) il [X(t2i) — X(f2i-1)] Di(t), Di(f1) = Dy, o)
i= 22

Ki(t) = QU)K (t) + G1(1)C(t), Ki(t) = K,

Q(t) = Qo(t)Q(t)a Q(tl) = I,
I

Q(t) = [G1(t)A1(t)GT(t) - G1(?) Z [X(t2:) — x(t2i—1)] Di(t) D} (t)—

=1
~Gi(t)CH)KT ()] x [GL(1)G1(t) + Di(H) D5 (t) + K1 () K (1)] '

Then these functions shift condition (14) to the right on the semi-interval t € [t1,12),
and relation (19) holds true for them. The following condition

2 2 2
1G1 () lIgnsxn + [D1(E)l|gnxn + K1 () l|gn =
~ 12 -2 -2 o (23)
= HGl‘ +HD1' +HK1‘ :const,te [tl,tg),
Rn Xn Rn Xn Rn

also holds. Condition (23) provides stability for the solution to Cauchy problem (22).

It is not difficult to carry on similar considerations and to obtain formulas for shifting
condition (15) successively to the left.

Thus to implement iterative procedure (12), it is necessary to go through the following
steps on each iteration for given u(t) = u*(t),t € [to,T], k=0,1,...:

1) to solve the problem (1), (2) by using the numerical scheme proposed in [7], and
to determine the phase trajectory x(t), t € [to,T];

2) to solve the problem (6)—(10) by using the shift procedure (19) applied to the
boundary conditions, and to determine the adjoint vector function ¢ (t), ¢ € [to,T] and
the vector of dual variables A;

3) to substitute the values of x(t), ¥(t), t € [tg,T], obtained into the formula (11),
and to determine the value of the gradient of the target functional.

5. Conclusion

In the work, we propose numerical method for optimal control problems for ordinary
differential equations with non-separated integrals and multipoint conditions . Note that
the numerical solution of such differential systems is difficult. The adjoint system also
has some specific features determined by the equation itself and by the fact that the
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unknown vector of the Lagrange multipliers is involved in the problem conditions. The
formulas and the calculation schemes proposed in this paper make it possible to take
into account all the specific features encountered in the calculation of the gradient of the
objective functional. On the whole, the proposed approach makes it possible to use of
numerical first-order optimization methods and the corresponding standard software for
solving optimal control problems.
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