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Optimal control problem with multipoint boundary conditions is considered. Sufficient conditions for the existence and uniqueness
of the solution of boundary value problem for every fixed admissible control are obtained. First order increment formula for the
functional is derived. Pontryagin’s maximum principle is proved by using the variations of admissible control.

1. Introduction

Boundary value problems appear in a large field of sciences
to describe physical, biological, and chemical phenomena
and several practically important problems lead to multipoint
boundary value problems. Some examples are given in the
area of elasticity and on the effects of soil settlement [1-
5]. For boundary value problems with multipoint boundary
conditions and comments on their importance, we refer the
reader to the papers [6-11] and the references therein.

Pontryagin’s maximum principle is the first order nec-
essary optimality condition and occupies a special place
in theory of optimal processes. Originally the maximum
principle was proved for the Cauchy system of ordinary
differential equations [12]. Later on this result was carried
over the most complex objects described by the equations
with a delay, integral equations, partial equations, stochastic
equations, and so forth (see, e.g., [13, 14] and the references
therein).

At present, there exists a great amount of work devoted
to derivation of necessary optimality conditions of first and
second orders for the systems with local conditions (see [12,
14-19] and the references therein).

Recently, the optimal control problems with nonlocal con-
ditions are intensively investigated. In the papers [13, 20-24]

the necessary optimality conditions for optimal control
problems described by the systems of ordinary differential
equations with nonlocal conditions were obtained. In these
papers the nonlocal conditions contain two-point and inte-
gral boundary conditions.

It is known that the solution of problems of mechan-
ics and control processes is reduced to multipoint boundary
value problems. The constructive sufficient existence and
uniqueness conditions and also the methods of numerical
solution of such boundary value problems were studied in [6—
9].

In the present paper, Pontryagin'’s maximum principle
for optimal control problems for the ordinary differential
equations with multipoint boundary conditions is proved.
Since in optimal control problems with multipoint bound-
ary conditions the solution of the associated system has
discontinuities of the first kind of inner points, the direct
applications of the solution methods of two-point boundary
value problems to optimal control problems with multipoint
boundary conditions are impossible.

The paper is organized as follows. First, we give the
statement of the problem. Second, theorems on existence and
uniqueness of the solution of problem (1)-(3) are established
under some sufficient conditions on the nonlinear terms.
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Third, the first order increment formula for the functional is
presented and Pontryagin’s maximum principle is provided.

2. Problem Statement

Let the controlled process on a fixed time interval [0, T] be
described by a system of differential equations

dx
e f(t x,u) ¢y

with multipoint boundary conditions
N
2.Bjx(t) = C, @
=0

where x(t) € R"; f(t, x, u) is the given u dimensional vector-
function; C € R” is the given constant vector; 0 = £, < t; <
-+ < tyy = T are fixed points; u(t) is the r dimensional and
bounded vector of control actions with the values from the
nonempty, bounded set U; that is,

u(t)eUcCR, tel0,T]. (3)

It is required to minimize the functional

T
J () = ¢ (x(0),x(T)) + L F(t,x,u)dt (4)
subject to (1)-(3).

Here we assumed that the functions f (¢, x, u), F(t, x, u),
and ¢(x, y) are continuous over the set of arguments and have
bounded partial derivatives with respect to the arguments x
and y. Under the solution of problem (1)-(3) that corresponds
to the fixed admissible control u(t) we take the function x(t) :
[0,T] — R" absolutely continuous on the interval [0, T].

Denote by C([0, T], R") a space of continuous functions
on the interval [0, T'] with the values from R”. Obviously, such
a space is Banach with the norm

x = max |x (t)],
¢l cpory max |x ()] (5)

where | - | is the norm R".

The admissible process {u(t), x(t, u)}, being the solution
of problem (1)-(4), that is, delivering minimum to the
functional (4) under restrictions (1)-(3), will be called an
optimal process and u(t) an optimal control.

3. Existence of Solutions of Boundary
Value Problem (1)-(3)

Introduce the following conditions.
(A1) Let det B # 0, where B = Zgo B,.

(A2) The function f:[0,T]xR"xR" — R"is continuous
and there exists a constant K > 0 such that

|f (b~ f ()| < K=y,
tefo0,T], ueU.

(6)
x,y €R",

(A3) L = KTM < 1, where M = maxg, .| M(t, )|l
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M(t,s) is a piecewise matrix such that t;,_; < s < t;, (k =
1,2,...,N):

k-1
B'YB, ifs<t
= (7)

-B'YB, ift<s.
i=k

M (t,s) =

Theorem 1. Let condition (A1) be fulfilled. The function x(-) €
C([0,T], R") is an absolute continuous solution of problem (1)-
(3) if and only if

T
x(t)=B'C+ J M (t,s) f (s,x(s),u(s)ds, (8

0
where the matrix function M(t, s) is determined by equality (7).

Proof. Let the function x = x(f) be a solution of (1). Then for
t € (0, T) the formula is valid:

x(t) = x(0) + L f(s,x(s),u(s)ds, 9)

where x(0) is an arbitrary constant vector. In order to deter-
mine x(0) the required function defined by equality (9)
satisfies condition (2):

N N t;
YBx0)=C-YB [ flex®.u@nds.  (0)
i=0 i=0 70

Since, according to condition (Al), det B # 0, then it fol-
lows from equality (10) that

N t
x@©=B"C-B'YB [ fex@uds
i=0 70

which may be rewritten in the form

7S]

N N t
x(0)=B'C- B’IZ [ZBi J f(s,x(s),u(s))ds:| .
k=1 Li=k (12)

Now taking into account the value of x(0) determined by
equality (12) in (9) we get

k=1

N N t
x(t)=B'C- Bilz [ZBi J f(s,x(s),u(s) ds:|
i=k Yt

t
+ J f(s,x(s),u(s))ds.
0 (13)

Obviously, for t;,_; < t < t;, we can write equality (13) in
equivalent form:

t N
x () =B_1C+j [E—B_lzB,- fs,x(s),u(s))ds
0 i=k

t N
:J (B‘lzB,.>f(s,x(s),u(s))ds.
£ i=k

(14)
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So

1N 1
E-B'YB =B
i=k

N N k-1
(ZB,. - ZB,) = B“ZB,. (15)
i=0 i=k i=0

holds; then by using (7) we can rewrite equality (14) in the
following equivalent form:

T
x(t)=B'C+ J M (t,s) f (s,x(s),u(s))ds. (16)
0

Thus, it is shown that boundary value problem (1)-(3)
may be rewritten in equivalent integral form (8). By direct
calculation we can show that the solution of integral equation
(8) is a solution of boundary value problem (1)-(3). O

Theorem 2. Let conditions (A1)-(A3) be fulfilled. Then for any
C € R" and any fixed admissible control, boundary value
problem (1)-(3) has the unique solution satisfying the integral
equation (8).

Proof. Let C € R" and u(-) € U be fixed. Let us consider
the mapping P : C([0,T],R") — C([0,T],R") determined
according to the rule:

T
(Px)(t) = B'C+ I M) f(sx(s),u(s)ds.  (7)
0

Obviously, the fixed points of the operator P are a
solution of boundary value problem (1)-(2). Using the Banach
method of contractive operators we show that the operator P
determined by equality (17) has a fixed point. For any v,w €
C([0,T], R") we have

|(Pv) (t) - (Pw) (t)]

T
< L IM (t,9)] - | f (s, v(s),u(s) = f (s, (s),u(s))|ds
< KTM |Iv(-) = wO)llcro,m
(18)

or

I(PV)(#) = (Pw)(®)llcro,r) < KTM [Iv(-) = @(llcpo,r -

(19)

Here taking into account condition (A3) we get that the
operator P has the unique fixed point in (17). This shows that
integral equation (8) has the unique solution and therefore
the equivalent boundary value problem (1)-(3) also has a
unique solution. Theorem 2 is proved. O

4. Increment Formula for the Functional

The increment method is one of the simplest ones among
the methods for proving the maximum principle. In order to
obtain the necessary conditions for optimality, we will use the
standard procedure (see, e.g., [16]).

Let u = u(t) and %(t) = u(t) + Au(t), t € [0,T], be
two admissible controls and let x(t), x(t) = x(t) + Ax(t),

t € [0,T], be appropriate trajectories. Then, obviously, Ax(t)
is the solution of the following boundary value problem:

Ax () = Af (bx,u),  t€[0,T],

(20)

N
ZB,-Ax (t) =0.
i=0

Here Af(t,x,u) = f(t,X,%) — f(t, x,u) are the denotations
of total increment of the function f (¢, x, u). We can write the
increment of functional (4) in the form

AJ (u) =] (u) =] (1) = Ap (x(0),x(T))
T (21
+ I AF (t, x,u) dt.
0

Let w(¢) € R" be an arbitrary nontrivial vector-function
and let x € R" be a scalar vector. Then we can rewrite the
increment of functional (4) in the form

AJ (u) =] (@) =] (u) = Ap (x(0), x(T))
T
+I F(t,x,u)dt
0

T (22)
+ I (w (1), A% () - Af (t,x,u)) dt
0

<A ZBAx t)>

After some standard operators usually used in deriving
necessary optimality conditions of the first order, for the
increments formula we get the following equality:

A (u)

T
= _J AgH (t, v, x,u)dt

0

T OH (t,y, x,u)

- L <A5T,Ax (t)> dt
T/ OH (t, v, x,u)

+ L <1//(t) e , Ax (t)> dt

< 1//(0)+B )L+a )’ Ax(0)>

<1//(T)+B /\+a (T) , Ax (T)>

(g

(H+0)+y(t;-0)+ B;A] , Ax (ti)> +

T
1z = 0, (1Ax (O)II, [Ax (THII) - L og (Aflx ()])) dt,
(23)

where H(t, y, x,u) = (y(t), f(t, x,u)) — F(t, x, u).



Now assume that the unknown vector-function y(t) € R”
and the A scalar vector is a solution of the following boundary
value problem:

OH (t, v, x,
Rb(t):—w,
* (24)
tel0,T), t+t, i=12...,N-1,
Jg ol dg
v @ YO =By
(25)
y(t;+0)-y(,-0)=BA, i=12,...,N-1.
(26)

The difference-differential (24)-(26) boundary value
problem is called an adjoint problem in parametric form since
it conditions the unknown parameter A. From the adjoint
system (24)-(25) it is seen that the solution of this system at
the points t = ¢;, i = 1,2,...,N — 1), has the first order
discontinuities. This is the essential peculiarity of multipoint
boundary conditions.

From condition (A1) and from the system (24)-(25) we
can exclude the unknown vector A. Indeed, from equality (25)
we have

dp
BA= 0)- 2% _ -
;) vO-576 YD 5D
(27)
N-1
+ ) (y(t;+0) -y (t;-0)).
i=1
Hence
_ (R 99 _ 9%
A=(B) vO-26 YD 5w
(28)
N-1
) (y(t+0) -y (4 -0)
i=1

Now take into account the found value of A expressed in
(26) in equalities (25) and (26). Then equalities (25) and (26)
take the form

v (0)

_ ol (p\ ! a(P
=B,(B) [y - 576 v (D - 5

+Z (y(t+0) -y (-0))

T ox (0)
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y(T)
=By (B)" w0 )—aa—(m—w(T —aa—Z”T)
N1
3 w0 -y(e-0) | - 5
v (t;+0) -y (-0)
- B(B)"
|y - 52y - 32
-
£Y (w64 0)~y (- 0)
h (29)

Taking into account equalities (24) and (25) in (23), we
get the final form for the increment of the functional

T
AJ (u) = - Jo AgH (t, v, x,u)dt
OH (t,y, x,u)

T
_ A- >
Jo < ¥ ax

5. Pontryagin’s Maximum Principle

, Ax (t)> dt + ng.
(30)

At different proofs of the maximum principle, the needle-
shaped variation plays one of the main parts. We choose the
“perturbed” control #(t) in the special way:

{u(t), t¢[0,0+¢),
i) = (31)
v, te[0,0+¢),

where the parameters of the needle-shaped variation satisfy
the following conditions. 6 € [0, T] is a regular point of the
control u(t), e > 0,0 + & < T, v € U. For any 0, ¢, v satisfying
the enumerated conditions, the control u(t) is admissible.

The traditional form of necessary optimality conditions
will follow from increments formula (30) if we show that
on the needle-shaped variation #(t) = u,(t) the increment
of phase states A, x(t) is of order e. This will follow from
conditions (A1)-(A3) and boundary value problem (20):

T
Ax(t) = Jo M (t,s)[f (s, x+ Ax, @) — f (s, x,7)] ds

T
+ J M(t,s) Ay f (s,x,u)ds.
° (32
From (32) we get

T
lAx ) < (1-L)"' M L |Agf & x, w)| dt. (33)
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If in inequality we take #(t) = u,(t), we have

[A.x @) <Le, tel0,T], L=const>0. (34)

Estimation (33) shows that, for %i(t) = u,(t),

Jms < OH (t,y. %, 1) w, Xou (t)> p
o\ " (35)

+11, ([Aex ®) = 0(e),

where A x(t) = x(t,u,) — x(t,u) ~ €.
Use the increment formula (30) and the property of the
needle-shaped variation. Then

O+e
AJ (u) =—L AH (t,y,x,u)dt+o().  (36)

Since the point t = 0 is a regular point of the control u =
u(t), from the Taylor formula it follows that
AJ (u) =-A,H (6,9 (0),x(0),u(d)e+o(e),

37)
veU, 6¢€[0,T).

Pontryagin’s maximum principle follows from formula
(37).

Theorem 3 (maximum principle). Let the admissible process
u°(1), x°(t, u®) be optimal in problem (1)-(4) and let 1//0(t) bea
solution of conjugated problem (24)-(25) calculated on optimal
process. Then for all t € [0, T] the following equality is fulfilled:

maxH (v’ (1), x°(1),v) = H(t,y° (1), x° (1), u° (1)).

(38)

Corollary 4. If in the optimal control problem the function
f is linear with respect to (x,u) and the functions ¢, F are
convex with respect to x(0), x(T') and x(t), respectively, then the
maximum principle is necessary and sufficient for optimality.
This fact follows from increment formula (30). Indeed, in this
case,

T
A ) = = [ g (69 x.)dt + 0, (1% O) 1A% (D)D)
T
v [ ortaxmar
(39)

Since the functions ¢ and F are convex, then o, > 0, o >
0.

Other Optimality Conditions. In this item we suppose that the
function f(t, x,u) is differentiable and the set U is convex.
Then from Theorem 3 we get the following theorem.

Theorem 5 (differential principle of maximum). Let the pro-
cess (1°(t), x°(t,u®)), t € [0,T), be optimal in problem (1)-
(4) and let y°(t) be an appropriate solution of adjoint problem
(24)-(26). Then,

<aH(t’1//0 (£),x° (1), u° <f>),u° (t)>

ou

<6H(t,1//°(t),x0(f),u0(t)) >
= max U ).

(40)

ou

Proof. Suppose the contrary. Let there exist 6 € [0,T],v € U,
« > 0, such that

OH (6.° (0).%°(0).4°0)
ou e ®

(41)
< 0H (6,v° (6),x° (6),u" (6)) >
= ,U ) — .
ou
Let 0 < € < 1. Construct the vector
v(Ee)=u’(0) +e (v —° (0)) . (42)

Since the set U is convex, then v(e) € U. From maximum
principle (38) and equality (41) it follows that the inequality

0> A,H (6,9°©0).x° ©0).u°(9))

oH (0,v° (8),x°(9),u’ (0
:< ( ‘“)"”””),U(s>_u°(e>>

ou

o ("v (&) - u° (9)") =ac+o(e)
(43)

is valid for all rather small &, which is impossible, since by
supposition « > 0. Indeed, the right part of (43) for rather
small € > 0 is positive. The theorem is proved. O

Note that condition (40) for verification is simpler than
condition (38) by virtue of linearity of the right hand side of
(43). However, assumptions on convexity of U and differen-
tiability of the function f(t, x, u) with respect to u contract
the application of condition (41).

Note that there exist optimal control problems for which
condition (40) is valid, and the maximum principle gives
no information. This determines the value of the differential
principle of maximum.

The following theorem follows from the maximum prin-
ciple.

Theorem 6 (stationary state principle). Let U ¢ R” be an
open set. Then at each t € [0,T] the optimal control delivers
the stationary value to the function H(t, v, x, u); that is,

oH (" (1, (1,1 ()
ou -

(44)



6. Discussion of the Obtained Results

In this paper different necessary optimality conditions of
first order were obtained for optimal control problems with
multipoint boundary conditions. This problem is rather
general and contains different special cases.

(i) The first case is the Cauchy problem (in this case N =
0 and B, is a unit matrix).

(ii) The second case is the problem with two-point
boundary conditions (in this case N = 1).

(iii) Each equation of (1) has its initial condition; that is,
dimension of the vector x equals N+ 1 and B; = (B’jk)
(i=0,1,...,N; j,k=1,2,...,N + 1) and

1, j=i+Lk=k(),
(45)
0.

Here (k(0),k(1),...,k(N)) is some permutation
(1,2,...,N +1).
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