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Introduction

Linear programming is one of the most powerful and popular tools of mathematical model-
ing, covering vast areas of human activity, including the economy, the environment, technology,
complex networks, research and more. Linear programming exists in various forms. A large part
of the scientific literature is devoted to linear programming problems. Thousands of researchers
were involved in carrying out these researches. The results of Ivan Ivanovich Eremin are prominent
among these studies. In his research, I.I. Eremin studied various problems of linear and convex
programming, including improper and conflicting objectives, problems of lexicographic and Pareto
optimization, problems of disjunctive programming and pattern recognition, and more [1-5]. The
merit of prof. Eremin is that he studied all these problems in primal and dual forms simultane-
ously [6]. Continuing this line, we consider the linear programming problem in terms of dynamics.

In general, the linear programming problems are static, and they describe the state of a system
at a fixed time. However, real objects, immersed in some medium, vary under the influence of
various external factors. For example, economic facilities vary with economic conditions. This
means that in the coming times static economic models will not be adequate to the changing real
objects. This entails a mismatch between the real object and its mathematical model. To resolve
this inadequacy, it is reasonable to introduce the time factor in the mathematical model. In this
paper, it was done for boundary value problems of optimal control.

1. Problem statement

Consider the simplest formulation for the linear boundary value problem of optimal con-
trol. When controls u(-) run over the set U, the linear controlled dynamics generates the cor-
responding trajectories. The right ends z(¢;) = z1 of the trajectories describe the terminal set
X1 = X(t1) € R" called the set of attainability.

IThis work was supported by the Russian Foundation for Basic Research (project no. 15-01-06045-a),
and the Program for Support of Leading Scientific Schools (project no. NSh-4640.2014.1.)
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In the Hilbert space Lal[to, t1], we consider the terminal control problem with linear programming
problem as the boundary value problem (at the right end):

%x(t) = D(W)x(t) + Blyu(t),  (ty) = 20, () = o, (1.1)
2} € Argmin{(p1, z(t1)) | A1z(t1) < a1, z(t1) € X1 € R"}, (1.2)
u(-) € U = {u(-) € Lylto, t1]| |lu(-)||z, < const}. (1.3)

Here D(t), B(t) are n x n, n x r -matrix functions depending continuously on time, A; is a fixed
matrix of size m x n (m > n, these constraints > 0 are included in the polyhedron); a;, z¢ are
given vectors. Controls u(-) are elements of the space Lj[to, 1], and satisfy the condition (1.3) at
all points of the interval [¢o, 1] to within a set of measure zero. The vector ¢; € R" is fixed and
determines the normal to a linear function.

Any pair (z(-),u(-)) € Ly[to, t1] x U satisfying identically the condition

t

x(t) = x(to) —I—/ (D(T):B(T) + B(T)u(T))dT (1.4)

to

for almost all ¢ € [to, t1], is considered as a solution to a differential system (1.1)—(1.3).

Identity defines a generalized solution of (1.1)—(1.3). As it was shown in [7, Book 1, p. 443],
for any control u(-) € U and given xz( there exists a unique trajectory z(-) subject to (1.1)—(1.3),
and these functions satisfy the identity (1.4). In applications, the control u(-) is often a piecewise
continuous function. The presence of break points on controls u(-) does not affect the values of the
trajectory z(-). Moreover, the trajectory remains unchanged even if we change the values of u(-)
on the set of measure zero.

The trajectory z(-) in (1.4) is an absolutely continuous function [8]. The class of absolutely
continuous functions is a linear variety, which is everywhere dense in L5 [to,¢1]. In what follows
we shall denote this class as AC"[tg,t1] C Li[to,t1]. Newton-Leibniz formula and the formula for
integration by parts obviously hold for any pair of functions (z(-),u(-)) € AC™[to,t1] x U.3 In [7] it
was proved that the solution z7 € X, (z*(:),u*(-)) € AC"[to,t1] x U of the problem always exists.

Consider how the system (1.1)—(1.3) operates. This controllable system is a linear constraint
that allocates the variety of linear functions x(-),u(-) defined on the interval [to,t1]. As already
noted, the right ends of the trajectories generate the set X;. On this set, the linear function (@1, x1)
is defined and allocates either a unique minimum point or a closed convex set of such points.

Now the problem is as follows: it is necessary to choose a control u*(-) € U such that the
right end of the trajectory x*(-) coincides with a solution of the linear programming problem (1.2)
formulated on the attainability set for the dynamical system (1.1)—(1.3).

The problem is treated as a dynamic system, which by using a selected control transfers the
linear problem (1.2) from the initial state to the terminal state. Such construction allows us to
adapt and adjust the model of an object to the constantly changing realities of the environment in
which it is immersed.

2. Classic Lagrangian

The considered problem is a linear programming problem formulated in the Hilbert space.
In the linear programming theory for finite-dimensional spaces, it is well known that the primal
problem always exists simultaneously with the dual problem in the dual space. Through appropriate

ty

3Scalar products and norms are defined as (z(-),y(+)) = 1 (@(t), y(t))dt, lz()|? = ttol |z(t)|%dt, where

(.Z’(t),y(t)) = Xylljxi(t)yi(t% |.’1?(t) 2= 2?:3712(75)’ $<t) = (Il(t)a -",xn(t))Tv y(t) = (yl(t)v "'7yn(t))T7 te [thtl]'
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analogy, one can try to obtain explicit dual problem for the system (1.1)—(1.3). For the system
(1.1)—(1.3), we introduce a linear convolution known as the Lagrangian:

L(p1,x1,9(), 2(-),u(")) = (p1,71) + (p1, A121 — a1)

t1 d (21)
+/t (p(t), D(t)x(t) + B(t)u(t) — @x(t»dt,
0
for all p1 € R, z1 € R™, (-) € Wh[to, t1], (x(-),u(-)) € AC™[tg,t1] x U, where U3to, 1] is a linear
variety of absolutely continuous functions from the dual space. This set is everywhere dense in
L3 [to, t1], i.e., the closure of the variety W5[to, t1] in the norm of L3 [to,t1] coincides with L3 [to, t1].
The saddle point (p},¢*(¢); x*(t1), *(t),u*(¢)) of the Lagrange function, consisting of primal
(x*(t1), *(t),u*(t)) and dual (p7,*(t)) solutions of (1.1)—(1.3), satisfies, by definition, the system
of inequalities:

(s (0)) + (. vz (1) =) [ (000, D) (0 + BOwW () ~ G ()

< fora () + i Av' () —an) + [ (070, D0 (1) + B’ (0 - GOt (22)

< fpran) + 0 A —an) + [ (00, D) + Blu(e) — Ga(t))de

to dt
for all p; € R, 1 € R", (-) € Y5[to, t1], (x(-),u(-)) € AC"[to,t1] x U, x(to) = wo. Next, we use
the notation z*(t;) = z7.

So, if the original problem (1.1)-(1.3) has the primal and dual solutions, then they form the
saddle point of the Lagrange function. We now show that the converse proposition is also true:
a saddle point of the Lagrangian (2.1) is formed by the primal and dual solutions of the original
problem (1.1)—(1.3).

The left-hand inequality of (2.2) is the problem of maximizing the linear function in the variables
(p1,%(+)) on the whole space R[" x Wi[tg, t1]:

o pi At~ [ (0 0. D00+ B0 - S @) <0 (23

with p1 € R, ¢(-) € ¥[to, t1]. From (2.3) we have

<p1 —pT,Ale - G1> S 07

d (2.4)
D(t)z"(t) + B(t)u(t) — -,2"(t) =0, 27(to) = 2o,
for all p; € R!'. Putting at first p; = 0, then p; = 2p], we obtain
(p1, A1z} —a1) =0, Apr] —a; <0,
(2.5)

d
D(t)z*(t) + B(t)u*(t) — £a:*(t) =0, z*(to) = zo.
The right-hand inequality of (2.2) is the problem of minimizing the Lagrangian in the variables
(x1,2(-),u(-)) at fixed values p1 = pj, ¥(t) = *(t). We show that (p},z],¢¥*(¢),x*(t),u*(t)) is the
solution of (1.1)—(1.3). In view of (2.5), from the right-hand inequality of (2.2) we have

d

(1) < (o) + o A —an) + [ (070, D(0(0) + Blju(t) = Za)de (20

for all ;1 € R™, (z(-),u(-)) € AC™[to, t1] x U.
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Consider the inequality (2.6) under the additional scalar constraints

Wiz - ) <0, [ (60, D@ (0) + BOju(t) - (o)t =0.

to
Then we get the optimization problem (¢, x7) < (¢1, 1) under constraints
t1
Wiz =) <0, [ (0. DOl + BOu() ~ ()t =0 2.7
to

for all z1 € R™, (z(-),u(-)) € AC"[to, t1] x U.
From (2.5) we see that the solution (z*(¢), u*(t)) belongs to a narrower set than (2.7). Therefore,
this point remains a minimum on a subset of solutions of (2.5), i.e

(p1,21) < (p1,71), Arzr < an, (2.8)
%x(t) = D(t)x(t) + B(t)u(t) (2.9)

for all 21 € R", (z(-),u(-)) € AC™[to, t1] x U. Thus, if the Lagrangian (2.1) has a saddle point then
its primal components form a solution to the original problem of convex programming.

3. Dual Lagrangian

Show that the Lagrangian plays the role of ”bridge” allowing to move from the original problem
(in the primal space) to the dual problem (in the dual space). Using the formulas for the transition
to the adjoint linear operators (v, Dz) = (D4, x), (¢, Bu) = (BT+,u) and the formula for
integration by parts on the interval [tg, t1]

t1 d t1 d
(¥(t1), z(t1)) — (Y (to), 2(to)) = <dt¢(7f)a$(t)>dt+/ (¥(t), " (t))dt, (3.1)
to to
we write out the dual to (2.1) Lagrange function and the saddle-point system (2.2) in the dual form

L(p1, w1, ¥(t), x(t),u(t) = (p1 + Al p1, 1) — (a1, p1)

(DT (@ule) + G, a()de+ [ (BT 00, u®)d— (bl0). o))+ (ko) (k) (3:2)

to
for all p1 € RT, 1 € R", 1/}() € \I’g[to,tl], (SE(),’LL()) S AC”[to,tl] xU; xg = l‘(to), ¢0 = @Z)(to),

Y1 =(t1).
Both Lagrangians (primal and dual) have the same saddle point (pf,y*(t); =7, 2*(t),y*(t))
which satisfies the saddle-point dual system

o1+ Alprai) + (-arp) + [ (DTOU) + Lol (0)de

to

(BT () (), u (8) )t — ((tr), ) + ((to), z0)

< (o1 + AT, 2) + (—a1, 5} + / (DT (7 (0) + e (0), 47 (1)
t ’ (3.3)
+ [ (B0 0.0 @)t - (7 0). D) + 0 o))

< (o1 ATp o) + (o) + [ (DTOW(0) + G0 (0, a()ds

to

+/ (BT (0 (1), ul)dt — (" (1), 1) + (6" (t0), a0)

to
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for all p1 € Rna T1 € Rn? ¢() € \Ilg[tO,tl]7 (SL‘(),U()) € Acn[tovtl] xU.
From the right-hand inequality of (3.3) we have

(o + ATt = ()i =)+ [ (D0 (1) + G (0.°(0) = alt)

4 / BT (1), w (1) — ()t < 0

to

for all x; € R™, (x(-),u(-)) € AC™[to,t1] x U. Putting u(-) = v*(-) in the resulting inequality, we
get

t1
(o1 + Al py —¢*(t1), 2} — 1) +/t (DT (t)y*(t) + %w*(t),x*(t) — a(t))dt <0 (3.4)
for all z; € R", z(-) € AC™[to,t1]. Assuming z(-) = z*(-), we find

(BT @0 @), — uit)ar <0 (35)

for all u(-) € U.
Given that (3.4) is the problem of maximizing a linear function in the variables (z1,z(-)) €
R™ x AC"[to, t1], the inequalities (3.4), (3.5) can be rewritten in the form

d
DT (t)y* () + ZV =0, o+ Alpi =47 =0,

/ BTt (0,0 (1) — u®)dt <0, ul.) € U. (3.6)
to
From the left-hand inequality of (3.3) with the equations (3.6) we have
t1
(pr+ ATpy = )+ o)+ [ (DT@R() + FoE.a" O)dt + Wlto), )
t1
+/ (BT (#)(8), u* () )dt < (—ay,p?) / (BT (61" (8), w* () )dt + (0" (to), o).
to

Note that ¥*(tg) = 0. Indeed, suppose that ¥*(tg) # 0, and fix the values of all variables, except
¥ (to), in this inequality. Passing to co in those components for which the corresponding components
of x(ty) are greater than zero, we obtain a contradiction with the existence of the saddle point of
the Lagrange function.

Given that ¥*(tg) = 0, we consider this inequality provided two scalar constraints

(p1+ AT p1 — 1, 27) =0
t1
(DT () (t) + 1/1( (t))dt = 0.
Then we get the problem of maximizing the scalar function
t1 t1
(—ar,p1) + [ (), B(t)u"(t))dt < (—a1,p]) +/ (¥"(t), B(t)u*(t))dt
to to

under two scalar constraints
(p1 + ATpr — 1, 27) =0
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(DT (1) + Sab(e), @ (1))t = 0,

to
where we come to the dual problem under the vector constraints:
t1

i, (0) € Avgmax{ (~ar,pn) + [ (wle), Bl (©)at| (37)

to

p1+ A{pl - 77/)1 = 07 DT(t)w(t) + %¢(t) = 07 p1 € RTa d)() € \Ijg[tﬂatl}} (38)

Thus, the system (3.7), (3.8) gives the dual problem with respect to (1.1)—(1.3). This problem
can be viewed as a generalization of dual problem in the finite-dimensional linear programming.

4. Mutually dual problems

Write out together a pair of mutually dual problems.
Primal problem:

(23, 2"(t),u*(t)) € Argmin{{p1,z(t1)) | Az(t1) < a1, z(t1) € R,
%x(t) — D(®)2(t) + Bu(t), to<t<t, (A1)
x(t()) = xg, x(tl) = :L“T € Xy, u() S U}

Dual problem:

i v (1) € Avgmac{ (~an.p) + [ (000 BOW ()t | = 0. v() € Bleo. 1)

o1+ ATpy —vr =0, DY) + i) =0}, (1.2
t1
/t (BT ()" (£), u* (t) — u(t))dt <0, u() €. (4.3)

If there is no dynamics in (4.1)—(4.3), the system takes the form of primal and dual linear program-
ming problems for finite-dimensional optimization:

x] € Argmin{(gpl,x1> | Ay < ay, w1 € Rn},

pi € Argmax{(—a1,p1) | 1+ A{p1 =0, p1>0}.

Each problem in the system (4.1)—(4.3) (separately or in combination) can be the basis for the
development of methods for calculating the saddle points of the Lagrangian [9-18]. Another family
of methods can be obtained by combining the left-hand inequality of the saddle-point system for
the primal Lagrange function with the right-hand saddle-point inequality for the dual Lagrangian.
Thus constructed methods will converge monotonically in the norm to saddle points of Lagrangians.
With regard to the initial boundary value problem of optimal control it means the weak convergence
in controls, the strong convergence in trajectories, conjugate trajectories and terminal variables.

In this paper, we will consider an iterative process for solving a boundary value differential
system obtained from the saddle point inequalities. It will be shown that this system is close to
the similar differential system received from the Pontryagin maximum principle.
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5. Primal-dual (combined) differential system

Consider the left-hand saddle-point inequality of (2.2) for the classical Lagrangian together with
the right-hand saddle-point inequality of (3.3) for the dual Lagrangian. Subsystems (2.5) and (3.6)
were obtained as a result of these systems.

Combining them together, we write out the primal-dual differential system

d

5% (1) = D(®)27(t) + B(t)u™(t), 2" (to) = 2o,

(p1 —p, A1z} —ar) <0,
d * * *
DT (t)y*(t) + %1# (t) =0, ¢1+A{p;—¢=0,

t1
/ (BT ()™ (), u*(t) —u(t))dt <0, wu(-) €U, p€ R
to

The primal-dual system (5.1) was obtained from the necessary and sufficient conditions for
a saddle point of the Lagrange function. A similar system can be obtained on the basis of the
Pontryagin maximum principle. Due to the linearity of the dynamics, the Hamiltonian for this
optimal control problem takes the form of variational inequalities. In view of the convexity of U,
the Pontryagin maximum principle can be written as

%x*(t) = D(t)z"(t) + B(t)u™(t), z*(to) = wo,
(p1 —p}, A1z} —a1) <0,
(5.2)

d
DT (" (6) + 59" () =0, 1+ ATpi — i = 0,

(BT (t)y* (1), u*(t) — u(t)) <0,
for all p; € R, u(-) € U and almost all ¢ € [tg, t1].

The variational inequalities (5.1) and (5.2) with variable u(-) are, in fact, different inequali-
ties. The first inequality describes the problem of maximizing a linear function in functional space
on given set U. The second inequality is actually a family of finite-dimensional variational in-
equalities, depending on certain parameter ¢ € [to,t;]. Moreover, each of these inequalities is a
finite-dimensional problem of maximizing the linear function in variable u.

Without a doubt, the system (5.2) is more universal statement than (5.1), but (5.1) clearly
emphasizes its saddle-point nature and allows us to build techniques within the Hilbert spaces.
These methods converge to the problem solution in all its variables: controls, trajectories, conjugate
trajectories as well as primal and dual variables of terminal problems. Similar methods based on
the maximum principle are not known to the authors. The variational inequality (5.1) is usually
associated with the integral maximum principle [7, Book 2, p. 450].

Return to the system (5.1). The variational inequalities of the system can be rewritten in the
equivalent form of operator equations with operators of projection onto the corresponding convex
closed sets. Then we arrive at the system of operator and differential equations

%x*(t) = D(t)z*(t) + B(t)u*(t), z*(to) = =0, (5.3)
pi =74 + At - ), (5.4
DY (1) + () =0, g1+ ATpi i =0, (55
(1) = mu (' (1) — BT (10 (1), (5.6

where 74 (-), my(-) are the projection operators onto the positive orthant R and the set U of
admissible controls, a > 0. Here (pj, ¢*(t); 7, z*(t), w*(t)) is the solution of (5.3)—(5.6).
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6. Saddle-point method for solving problem

Consider an iterative process constructed on the basis of (5.3)—(5.6). Suppose, the values of the
dual variable p; = p} € R and the control u(t) = u*(t) € U are known on the k-th iteration. Then
you can solve the differential equation (5.3) and find the trajectory z*(¢). Then you calculate the
terminal value 2% (¢1) = ¥ and using p¥, ¥ implement the step (5.4). Then, using the transversality
condition you calculate the terminal value ¢ = 1 + ATpl| solve the system (5.5) and find the
conjugate trajectory 1*(t). Finally, when ¥*(t) and u*(t) became known you make a move by the
control variable (5.6) and define the next iteration u**1(t) € U.

Formally, the process described above has the form

%xk(t) = D(t)z*(t) + B(t)u*(t), xF(tg) = o, (6.1)
Pyt =1 (pF + a(4izf — ), (6.2)
DYk (r) + Suk() =0, ok = o1+ Aok, (63
WMt = mp (uF(t) — aBT ()R (1), k=0,1,2,... (6.4)

Note that in this method, each iteration is actually reduced to the solution of two systems of
differential equations (6.1), (6.3).

The process (6.1)—(6.4) refers to the methods of simple iteration and is the simplest of the
known computational processes. In the case of strictly contractive mappings this process converges
at a geometric rate. However, in our case we deal with the saddle-point problem for which the
simple iteration methods do not converge. Therefore, to solve the saddle-point problem, we use
the saddle-point extragradient approach. Other gradient-type approaches were considered by many
authors, mainly applied to variational inequalities [19].

The extragradient method for solving the problem (5.3)—(5.6) is the controlled process (6.1)—
(6.4), each iteration of which is divided into two half-steps.

The formulas of this iterative method have the form:

1) predictive half-step

%xk(t) — D)2k (1) + B)uh(t),  2*(to) = o, (6.5)
pi =T (pf + a(Arzf — ar)), (6.6)
SOk + DR =0, vk =1 + ATHh, (67)
a*(t) = mu (uf(t) — aBT (t)Y"(1)); (6.8)
2) basic half-step
%ik(t) = D()z*(t) + B(t)a*(t), z*(to) = o, (6.9)
P = (o] + a(AiEf —a)), (6.10)
SO + DT H =0, 3 =1 + TR, (6.11)
W) = mp (uF(t) — aBT (H)9F(t), k=0,1,2,... (6.12)

Here, two differential equations are solved and the iterative move in controls is carried out on each
half-step.

From the formulas of this process, we can see that the differential equations (6.5), (6.7) and
(6.9), (6.11) are only used to calculate the functions z*(t), Z¥(t), ¥*(t) and *(t), so the process
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can be written in a more compact form

Py =7 (0} + a(Araf — ar)), (6.13)
uF(t) = mu(u*(t) — aB ()44 (1)), (6.14)
Py =m0 + a(AiZ] — a)), (6.15)
WM () = mo (WP () — aBT (£)9"(1)), (6.16)

where t € [to, t1], 2(t), ZF(t), ¥*(t) and ¥*(t) are calculated in (6.5), (6.9) and (6.7), (6.11).
For auxiliary estimates we present the operator equations (6.5)—(6.12) in the form of variational
inequalities

(P = pf — a(Arz] — ay), p1 — pY) > 0, (6.17)

P+ - pi”' —a(A7f —ay), pr—pi) >0, (6.18)
<u ) + aBT (£)yF(t), u(t) — a¥(t))dt > 0, (6.19)

t <uk“(t) —u"(t) + aBT ()" (1), u(t) — u* T (2))dt > 0 (6.20)

to

for all p; € R, u(-) € U.
The following estimates were obtained from the operator equations (6.17)—(6.20):

7 — P < o] Ai(2f — 77)| < ol Aullf2] — 7], (6.21)

17" () =« O < @l BT @) @) = 9P ()] < aBumaxl|$*(-) = % ()], (6.22)
where Bpax = max||B(t)|| for all ¢ € [to,t1], o > 0.

1. In the proof of the method convergence to the solution, we need two more estimates. This
refers to the deviations |2*(t) — z¥(¢)| and |*(t) — ¥¥(t)|, t € [to,t1]. By the linearity of the
equations (6.5) and (6.9), we have

% (wk(t) - a’f"”(t)) = D(t)(aF (1) — " (1)) + B (W (1) — @ (1)), 2" (to) — 7*(to) = 0.

Integrate the resulting identity from tg to t:

t

(a*(t) = 2*(t)) — (2" (to) = 2"(t0)) = | D(7)(2"(7) —2"(r))dr + / B(r)(u* (1) —ua"(r))dr.

to to
From the last equation, we get the estimate

t t1
\xk(t) — fk(t)] < Diax ]a;k(T) — Ek(r)\dr + Bmax/ |uk(r) - ﬂk(T)]dT, (6.23)
to to
with Dpax = max ||D(t)||, t € [to,t1]. We apply the lemma Gronwall [7, Book 1, p. 472] as:
inequality 0 < ¢(t) < aft o(T)dr + b, tg < t < t1, leads to the inequality ¢(t) < be®(t1—t0),
to <t < t1, where ¢(t) is continuous, a > 0, b > 0 are constants. Using this lemma, we obtain
from the (6.23)
t1
|28 (t) — 2%(t)| < BmaxePmaxti—t0) / [k (t) — a¥(t)|dt.
to

Evaluating the integral in the right-hand side of this inequality by the Cauchy-Schwarz inequality,
we have

[2(8) = 2" ()7 < Blaxe =170 (11— to) [u () — @ ()17 (6.24)
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Hence for t = t; we find the deviations for terminal values of the trajectories
|2} — ZH[* < Biaee®Pmx 70 (1 — to) Wb () — @ ()] (6.25)

To prove that the sequence {2"(-)} is limited, we actually have to repeat the above arguments.
Recall the highlights. Write down the difference of two linear equations (6.5) and (5.3):
d * * * *
= (#* 0 = 2" () = D@ (1) = 2" (1) + BOWHE) = (1), 2" (to) = 2" (1) = 0.
Passing from this difference to the analog of (6.23), we have

t t1
|xk(t) — 2" (t)| € Dmax t ]mk(T) —x*(7)|dr + Bmax/t |uk(7') —u*(7)|dT.
0 0

Concluding these considerations, we obtain the analogue of (6.24):

| (1) — & (1) < Bhaxe® 70 (1) — to)|Ju* () — u* ()% (6.26)

max

2. Finally, from the equations (6.7), (6.11) we obtain the similar estimates for conjugate
trajectories [1F(t) — ¥F(1)]:
d B _
o (0 =) + DT WH ) — @) =0, (6.27)
where F — ¢ = AT (pk — p¥). Integrating (6.27) from ¢ to ¢, we have
31

/ttli(“(t)—@’“(w)dw [ DT w0~ e =0,

from whence

() — BH(t) = / " DT () k() — (1))t + 0k — .

Consequently, the estimate is valid:

0" (1) =" ()] < / DT (&) (@W" () = " (O)]dt + [} — 5| < D [ 05 () =" (2)]dE +0, (6.28)

¢ t
where t € [to,t1], b = |¢F — ¢F|. Apply again the Lemma Gronwall [7, Book 1, p. 472]: if
0 < p(t) <afo(r)d(r) +b, to <t < t1, then the inequality ¢(t) < be®1=%) is also true. Here
©(t) is a continuous function, a > 0, b > 0 are some constants. Based on this statement, we get
out of (6.28)

[WF (1) = F O < [uf — i PP, (6.29)
From (6.7), (6.11) for terminal values, we have
[of = Ot = AT (0} — pD)I” < AT I IpY — 5. (6.30)

Substitute (6.30) into (6.29)
[W5(8) = ()7 < | AT |Pe*Pmax =0 pf — pi.
Integrating inequality from tg to t;, we find

[5 () = 55 ()P < IAT I/ (2 D) (22700 — 1) [pf = ph 2 (6.31)

Similarly we prove the boundedness of conjugate trajectories by evaluating |* (t) —*(t)|. From
(6.7) and (5.5), we have

d . *
= (V0 =) + DT (1) — v 1) =0,
Passing from this difference to analogs of (6.28)-(6.31), we obtain

[6#() = 0 () < AT/ (2Dpa) (€2Pms(Bt0) — 1) ok — pi 2. (6.32)
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7. Proof of method convergence

Show that the process (6.5)—(6.12) converges monotonically in norm to one of solutions of the
original problem.

Theorem 1. If the set of solutions (pi,V*(t); x5, x*(t), u*(t)) for the problem (5.3)~(5.6) is not

empty, and the terminal problem is a linear programming problem then the sequence (p]f,wk(-); x’f,

k k . . 1
x®(+),u”(+)), generated by (6.5)—(6.12) with step length chosen from the condition 0 < o < T
where K = max (K1, K»),

I(vl2 = Br2nax||A’{H2/(2DmaX) <€2DmaX(tlitO) - ) K2 - ”A1H Bmax 2DmaX(t17tO)(t1 - tO)?

contains a subsequence which converges to the solution of the problem. Namely, the convergence
in controls is weak, while the convergence in trajectories, conjugate trajectories as well as in the
finite-dimensional variables of the terminal problem is strong.

In particular, for this subsequence the sequence of total deviations

k k
(Il ) = ) + 1ok — piP?}
decreases monotonically on the Cartesian product Li[t,t1] x R

P r o o f. The main efforts in the theorem are focused to obtain the estimates of |1 (t) —u*(t)|?
and | p]f —p] |2. For this purpose we will use variational inequalities. In the proposed iterative process,
one part of the formulas is written in the form of variational inequalities, the other part — in the
form of differential equations, so in order to uniform the reasoning we will write the differential
equations also in the form of variational inequalities.

1. Write down the equation (6.11) in the form of variational inequality
Tk k N Tk d 5 k
(1 + ATy — 97, 2} — 7Y) +/ (DT ()Y (t) + %T/J (t), " (t) — z"(t))dt > 0.
to
Similarly we proceed with the equation (5.5):
T "o d k
1+ ATy — wiai —ab) — [ (DT 0+ G0 (007 (0) — 20 de > 0
to
Sum these inequalities
(ATpY — ATp} — (OF — o), 27 — 2F)
t1 T —k . d —k . . K (71)
+/t (D7) () =¥ (8) + - (7(t) = ¥7(1), 27 (t) — T7(2))dt = 0.
0
Using the formula for integration by parts

| GO = O)a ) = Ot = [0~ 00, (@) o))

to

Tk —k
+<¢1 - ¢TaxT - :1:1>)
we transform the differential term in the left-hand side of (7.1) (this transformation means the
transition to the conjugate differential operator)

<A1p1 A1p17371 ’f> - <7/;l1C - wi‘,x’{ - i’lf>
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+/ 1 (F () =" (), D) (2" (1) — () — — (2" (t) — T"(¢)))dt + (P} — ¥i, 2] — 7}) > 0.

to

By reducing similar terms, after multiplication by «, we obtain the inequality

d

— 2 (@"(0) —zF(t)))dt > 0. (7.2)

(AT (5 —p7), 25 —2) +a / M) — (1), D) (o (1) — 2 (1)

to

2. Obtain now a similar inequality with respect to the variable p;. To do this, put p; = plfﬂ

in (6.17):
(B —pk — a(Ayah — ay), it — 5F) > 0,

Add and subtract the term a4z}

(B — b, T — ) — Ay (=3 + b)), pE T — ) — (A EY — ag, pTT - ) > 0.

Put p; = p} in (6.18):
Py =P pt — oY) — a(Auz) — an,ph - Pt > 0.
Add up these inequalities
Py — P, YT =P + (o = oot — P
—a(MZ} — ay, pf — pF) — o As (2} — 27), p} ! - ) > 0.

Assuming p; = ﬁ’f in the second inequality of the system (5.1), we have

ap; — pf, A1z —a1) >0

Summarize the last two inequalities
ko k+l ok k+1_  k k1
R S A T R (AR I I U
—al Ay (3 — o), p} — BY) + o Aa (3 — ), py T = B) 2 0,
Finally, add up the resulting inequality with (7.2)
(Bf — pb it = pF) + (T = o pt = o) + afAn (@} - 2f), P - )

g (7.3)

ror [ ) 00, DO (1)~ 2H0) — )~ 0 2 0

3. Consider the inequalities in controls. Put u(-) = «**1(-) in (6.19)

/ ! (@*(t) — u(t) + aBT (t)*(t), u* T (t) — @ (t))dt > 0.

to

Add and subtract the term v*(¢) under the sign of the scalar product:

(@ () — uF(8), * (1) — B () dt - a / " (BT — R (0), T 0) — ()

" fo (7.4)
+a / (BT ()" (1), u* T (t) — a¥ () )dt > 0.
Put v = w*(-) in (6.20)
! (" (t) — P () + aBT (#)9F (), u* () — uFTH(2))dt > 0. (7.5)

to
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Add up (7.4) and (7.5) then

/t :1 (@ (t) — u(t), u" T (t) — a”(t))dt + /t :1 (WFTL(E) — uF (1), u*(t) — uF T (t))dt
o [ B OO -0 - Oara [ B0 0.0 0¥ 0)ar > 0 "
Substituting u(t) = @*(t) in the variational inequality of (5.1), we have
/t:l<BT(t)w*(t),ak(t) — o (t))dt > 0. (7.7)

Summarize (7.6) and (7.7)

/t1 (@ (t) — uP(t), uF () — @k (t))dt + /tl (WP () — uF (), u (t) — W) dt

_a/t (BT ()R () — 0F (1), a8 — a (8)dt + Oc/t R () — 0 (1), B (1) — (1)) dt > 0.
’ ’ (7.8)
4. Summing (7.3) and (7.8), we obtain
oy — P o =0 + oV = pip = i)+ A (@] — o), o - )
+a/t R — 07 (1), D) (8) — 7(1) + B (1) — (1)) %(m*(t) — ¥ (t)))dt+
’ (7.9)

+ / " (@ (t) — uP(t), W1 (t) — @ (t))dt + / " (WP (E) — uF (1), u (1) — uFTL(t))dt

to to

o [ BTOEAO @) o) = 0

to

5. Estimates obtained in points 1-4 of this theorem follows from the right-hand inequality
of (2.2). Get a similar estimate from the left-hand inequality of the same system. Subtract the
equation (6.9) from (5.3):

D(t)(x*(t) — 2" (1)) + B(t)(u" () — " (¢)) - %(ﬂ:*(t) - a*(t) =0.

By the last equation, the fourth term in the inequality (7.9) resets to zero, and as a result we have

(0 — b — B + (0 = ph,pi — o) + alAu (2 — o), b — )
t1 t1

[0 - OO - o)+ [ W0 - k0,000 - O (7
to to

—a [ BT OERO - v @) 0 - o) = o

to

Taking into account (6.21), (6.22) we estimate the third and last terms in the left-hand part of
(7.10) and obtain

(F = Pk, i = o8 + (ol — ok pt — P + (el Asl)? )l — )
t1 t1
[ -t ) e+ [ o - e
to to

+(aBmax)? /tl [E () — R ()| 2dt > 0.

to
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6. Using the identity |y1 — y2|? = |y1 — ys|® + 2(y1 — y3,y3 — y2) + |y3 — y2|%, we can rewrite the
scalar product from (7.11) in the form of the sum (difference) of squares

P —pi > =[P} — Pk — pE PP = piPr2(al| Ay )2k —af P4 [k () —ut ()2

— [ () =aF (P = [k ()= TGP =l ) =t ()P 2(aBmax) 2|07 () = ()2 > 0.
Rewrite (7.12) in the form
T = P4 —pF P4 1PE - T P —2( | Axl]) 2 K — 2 P b ) =t () |2k () —ak () ||

Hak () =t (P =2(0Bmax) 19" () =" (P <l () = ()P +pf —pi .

k+1 —llq’2 (7 12)

P}

(7.13)
Estimate, given the inequalities (6.25) and (6.32), the fourth and last terms in the left-hand side
of this inequality:

2(all Aal)?|7F — af ] < 2(all Arl)? BP0 (1 — to) Jul () — @ ()11

max

2(0Buna I () = 6F O < 20 Bunan) A1)/ (2Dimas) (2P0 1) ok - g2

Substituting these estimates in (7.13), we finally get

PV = pi P+ Y — o2 ) — wr ()P 4 R () — P2 (7.14)
+di|pf — PE? + daflu () — a* () * < [pF = pif? - [luF () = w ()P,
where dy = 1 — 202K?, dy = 1 — 2a%K3,
K12 - maxHA H /(2Dmax) <62DmaX(t1_t0) - 1) HAIH Bmax 2DmaX(tl_tO)(t1 - tO)'

Denote K = max(K1, K2) then provided d; > 0, dy > 0, ie. 0 < a < ﬁ, from (7.14) we get

a monotone decreasing of the sequence {||u®(-) —u*(-)||* + [p}{ — pi|*} on the Cartesian product
Lg[to,tl] X RT:

P =PI+ ) = O < JpF = pifP + et () =t ().
7. Summarize the inequality (7.14) from k£ =0 to k = N

N * N k k
e N O H2+Z| “2+ZHU —u ()

+d Z Ipt — PE[* + da Z [ (- I < 1pY = pi? + u() — " ().
From this inequality, provided 0 < a < ﬁ, it follows that the sequence is bounded for any N

pr = o ) = wt O < 1Y = i () — () (7.15)

From here also we get the boundedness for series

(o.9]
> 1o = ot < o, Z 17 () = "+ < oo, Z [ —PY[* < oo, Z (- (II* < oo;
k=0 k=0

and therefore the convergence to zero for the following terms

Py =P = 0, (@t C) = T OIP =0, ot =5 =0, [WF() =@t (O))? — 0. (7.16)
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Hence by the triangle inequality, we obtain |[pF — p"*!| — 0, [|[u®(-) — u**1(:)|| — 0, k — co. From
(6.25) and (6.32), it follows that

ja*(t) =25 (t)] — 0, |2f — T =0, [[9F() = () =0, k— oo (7.17)
Moreover, from (7.15) we get the boundedness of the sequences
[Pt — il < const, |[lu*(-) —u*(-)|| < const,
and from (6.26) and (6.32) — the boundedness of the sequences in other variables:
|*(t) — 2*(t)| < const, |a¥ — a2} < comst, ||¥F(-) —*(-)| < const.

8. Since the sequence (p§, ¥*(-); 2%, 2%(-),u*(-)) is bounded on R x W3[tg, t1]x R" x AC™ [, t1] %
U then it is weakly compact [8]. The latter means that there exists a subsequence (p’fi, PFi(); :U]fi,
2% (-),u¥ () and a point (py, (-); 2}, « (-),u (-)) which is the weak limit of this subsequence. Weak
convergence is understood in the sense of pointwise convergence of the linear functionals on the
Cartesian product R* x W3 [tg, t1] x R™ x AC"[to,t1] x U for any fixed element (p1,(-); x1,2(:),
u(+)) as i — oo. In finite-dimensional spaces the weak and strong convergences coincide [8].

Now we can show that (py, %’ (-); 2,2 (-),u (-)) is a solution of (5.3)~(5.6). To do this, first note
that the pair of equations (6.8), (6.12) and variational inequalities (6.19), (6.20) are equivalent,
because the projection operator represents the problem of minimizing of the quadratic function
Slu(t) — (uki(t) — aBT (t)y*i(t))[* on the set U, and the variational inequalities (6.19), (6.20) are
necessary and sufficient conditions for a minimum of this quadratic function.

In [7, Book 2, p. 651] it was shown that a linear operator is weakly continuous. Taking the
limit as k; — +oo in the system (6.5)—(6.12) (except for the equations (6.8) and (6.12), we obtain

%4/ () = D) (1) + B (), 4 (t0) = w0,

/

Py = (py + a(Arz —ar)), (7.18)
/ d / ! /

DT () (t) + 4 (1) =0, @1+ ATpy — ¢y =0,

Since the point (py, ¥’ (-); 2,z (-),u (-)) satisfies the system (7.18), or what is the same, the system
(5.1), it is a saddle point of the Lagrange function (2.1) (Sec. 2 ”Classic Lagrangian”). As shown in
Sec. 3 ("Dual Lagrangian”), this point is also the saddle point of the dual Lagrangian (3.2). Thus,
the point (p}, % (-); 2,z (-),u (-)) satisfies the saddle-point system (3.3). In turn, this system leads
to the fulfillment of conditions (3.6), i.e.

DT(t)'(t) + G/ () =0, o1+ Afpy =4y =0,

t1 , , (719)
[ BT 0w 0.0 0 - uv)de <0, () e v

to

Comparing (7.18), (7.19) with (5.3)-(5.6), we can conclude that (p}, ¢ (-);z},z (-),u (-)) = (7,
P*(+); 27, 2 (+),u*(+)). In other words, any weak limit point of the sequence (6.5)-(6.12) is a solution
to the original problem. This process decreases monotonically in the norm in the sense of the
inequality

t1 t1
P pi? 4 / L) — (1) 2t < P — prP? + / b (8) — u* () P,
to to

Here (k + 1)-th iteration is embedded in the ball on the k-th iteration. Note that the component
fttol |uF*1(t) — u*(t)|2dt due to its weak convergence does not necessarily tend to zero as k — +oo.
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Along with the common process taking place in the functional space, there is a sub-process in
the terminal space — on the attainability set. This sub-process is described by the formulas (6.6),
(6.10) and takes place in the finite-dimensional Euclidean space. By the common scheme, this sub-
process converges to a saddle point of the Lagrange function I(p1,z1) = (1, z1) + (p1, A121 — a1)
for the convex programming problem formulated on the set of attainability. The convergence of
the sub-process to a saddle point of the Lagrangian is strong due to the fact that the weak and
strong convergences in finite-dimensional spaces coincide. The theorem is proved.

8. Conclusion

In this paper, the terminal control problem is treated as a saddle-point dynamic problem with
the boundary value condition. This condition is defined implicitly as a solution to the linear
programming problem. The saddle-point dynamic problem generates a system of saddle-point
inequalities in functional space. These inequalities are seen as strengthening the Pontryagin max-
imum principle in the convex case. The saddle-point inequalities generate the differential system,
which is close to a similar system in the maximum principle. Based on this system, the saddle-
point process was formulated, and its convergence to the saddle point of the Lagrange function was
proved. Namely, it was proved the weak convergence in controls, the strong convergence in phase
and conjugated trajectories as well as the strong convergence to a solution of the boundary-value
optimization problem on set of attainability.
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