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1. Introduction

By considering the three major approaches (variational calculus, the Pontryagin maxi-
mum principle, and dynamic programming) associated with the optimal control theory,
many researchers have investigated certain controlled processes in nature using some func-
tionals with ODE/PDE or mixed constraints. In this regard, Treanta [1-3], Jayswal et al. [4],
and Mititelu and Treantd [5] studied some classes of optimization problems defined by
integral functionals of multiple and/or path-independent curvilinear type, having various
constraints involving first-order partial differential equations and inequations. Schmiten-
dorf [6], by transforming the considered control problems into the standard form and then
using Pontryagin’s principle, formulated necessary conditions of optimality for a class of
control problems subjected to isoperimetric constraints. Later, Forster and Long [7] derived
an alternative transformation technique for obtaining the necessary optimality conditions
for the control problem considered in Schmitendorf [6] (see also Schmitendorf [8]). On the
other hand, Benner et al. [9] studied bang-bang control strategies for a control problem
with isoperimetric constraints. For other studies on this subject, we direct the reader to
Batista [10], Caputo [11], Enache and Philippin [12], Takahashi [13], or Sabermahani and
Ordokhani [14].

Nevertheless, let us consider the following real problem: Under the action of gravity,
let us find a homogeneous chain of length ly, which is fixed at its ends. If we consider the chain
represented by the graph of the function x = x(7), fixed at its ends x(19) = xo, x(71) = X1,
then the shape of the considered chain is given by the stipulation that the potential energy
is minimal. Consequently, we have to extremize the following simple integral

T

1x0) = [

T(x(-) = /:1 J1+ 2(1)dt = Ig

x(1)y/1+ %%(1)dt

subject to
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x(10) = x0, x(1) = x1.

Keeping in mind the form of the previous optimization problem and motivated and
inspired by continued research in this field (see, for instance, Hestenes [15], Lee [16],
Schmitendorf [6], Udriste and Tevy [17], and Treantd [2]) in the present paper, we study
new classes of variational control problems with isoperimetric constraints defined by
multiple and curvilinear integrals. More precisely, without limiting our investigation
to convex costs as in Lee [16], the current framework is more comprehensive than in
Schmitendorf [6], Hestenes [15], Udriste and Tevy [17], or Treantd [2] both by the inclusion
of integral functionals of multiple and curvilinear type as constraints and by the inclusion of
new proofs. Additionally, compared with a very recent research paper (see Treanta [18]), the
present paper takes into account the isoperimetric constraints defined by multiple integral
functionals (see Section 2.2). Moreover, due to the very important physical applications
of the functionals used (for example, mechanical work), this paper is a very good starting
point for researchers in the field of applied mathematics that deal with the design, theory,
and applications of mathematics, management science, operations research, optimal control
science, and economics.

The rest of the paper is structured as follows: Section 2 deals with the optimization of
a multiple integral functional with constraints given by curvilinear and multiple integrals.
Two main results are formulated and proven (see Theorems 1 and 2), and two illustrative
examples are given. This section is concluded with an algorithm that highlights the steps
for solving such problems. Section 3 provides the conclusions of this paper and formulates
further developments.

2. Constrained Optimization Problem with Multiple Integral Objective Functional

The following class of problems is motivated by generalized Dieudonné-Rashevski
type problems, which are seen as isoperimetric constrained variational problems and occur

when we talk about resources (see Pitea [19]). For this purpose, we start with a function

O(x(1),8(1), T) of Cl-class, called multi-time Lagrangian, where T = (77) = (t%,--- , ") €

Quon CRY, x= (xi) = (x1,~ . ,x") 1 Qg = R'isa C2-class function (called the state

varigble) and ¥ = (9*) = (191,- . ,19]‘) QO — RFisa piecewise continuous function

(called the control variable). Additionally, denote x, (1) := %(7), ye{l,---,m}, and

consider Qy, ¢, = [0, T1], @ multi-time interval in R'}.

Isoperimetric constrained control problem. Find (x*,0") that provides the minimum for
the following multiple integral objective functional

T((),80)) = [ O(x(x),8(x), D)t - dr” )

Oy
among all of the pair functions (x, ®) with
x(1) =x, x(m)=mx,
or
xX(7)[a0y,,., = §iven
and satisfying the following isoperimetric constraints:

2.1. Curvilinear Integrals as Isoperimetric Constraints

We begin with the next constraints

/ gz(x(r),xy(l'),19('1.'),1')111’é =1, a=12,---,r<m,
r

0,7
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where I'y ; represents a piecewise smooth curve, which is contained in Q) ; and join
T, 71 € R The C!-class functions

gg(X(T),Xry(T),ﬂ(T),T)dTg, a= 1/2/' T

are considered complete integrable differential 1-forms, more exactly, D,g; = D; gy, 7 #

. 0
é/ ’)//ge {1, /m},WItth), = a?, ’Ye {1, ,m}'

This kind of problem arises when we have in mind the optimization problems associ-
ated with convex bodies and the geometrical constraints. More precisely, the maximization
of a surface with fixed width and diameter.

For the study of the aforementioned variational control problem (1), associated with
the above constraints, we consider ') C I'y,r; and the auxiliary variables

o) = [ )59, 00), 905, a=12:0

0,7

satisfying ¥ (10) = 0, ¥/(7y) = I°. In other words, the functions ¥* are solutions for the
next first-order complete integrable PDEs

g(ﬂ = g8 (x(1),x,(1),8(7), 1), ¥(m) =1"

Introducing p = (pg(r)) (Lagrange multiplier) and considering ¥ = (¥“(7)), we
build a new Lagrangian

01 (x(1), 3, (1), B(1), ¥(1), ¥ (1), p(1), ) = O(x(1), 8(1), 7)

+5(0) ($4(3(0) 1, (1), 8(0), 1) = 22 (7))

that modifies the original problem (with constraints of isoperimetric type) into an uncon-
strained optimization problem

min O (x(1), x+(1),0(7), ¥ (1), ¥z (1), p(T), T)dT" - - - dT™ 2
x<.>,ﬂ(.>,w<.>,p<.>/% L (x(1), x4 (7), 8(7), ¥ (1), ¥ (1), p(7), T) 2)

x(10) =x0, x(m) =1
Y() =0, ¥(m)=1

An extreme pair function of (1) can be found among the extreme pair functions of (2).
The next theorem is the first main result. It establishes the necessary optimality conditions
of the considered optimization problem.

Theorem 1. Consider (x*(-), 9*(:), ¥*(-), p*(-)) solves (2). Then,
("), 97C), ¥ (), p* ()
solves the following Euler—-Lagrange PDEs

00, 00, )
Er R T
90, 90, B
aon  Drag ~ 0 A=K
8& a®1—0, a=1,r

oy 597‘1”5’
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00, 00,
— - DWT
op; s,y

aps

where piv =

Proof. Consider that (x(7),9(t), ¥ (1), p(7)) solves (2) and x(7) + wh(7), p(7) + wf(7),
and (1) + wm(7), ¥(7) + wn(t) are some variations of x(7), p(t), #(7), and ¥(7),
respectively, with ()|, . — £(T)lan, . — m(T)lan, . = n(*)lon, . — 0. Therefore,
the multiple integral funct10nal turns into a function of w, more precisely

I(w) = /ﬂ @1 (x(7) + wWh(T), x,(7) + why (T), 8(7) + wm(7),

TO ’Tl

Y(7) +wn(t), Yo (1) +wng (1), p(T) + wf(1),T)dt! - -dr™.

By our hypothesis, we must have

d
0= %I(wﬂwzo

00, 00, 8(91 00, 00, 00,

— ] j L% n® nt L Am
/QTOT<ax1h +axh TR R LA gfg dt
= BT + a—Ql—D 901 et g

QTO T ox/ ax
- D adrt .o 4™
- QT0T1<3T“ %Tg)” roe
" 001 8®1> 1
+ = — Dyorr | m¥dT - dT"
SOy (819"‘ 904

¥ / (a@l D, a@1> fodrt . drm,
QTO'Tl apa apay

By using the following equalities

901 T, = —thyaﬁ +D, 91,
E)x7 axw axv

00, 00, 004
awg”z = _”aDéa‘fg +D§<a‘¥g ’

and the formula of divergence, the boundary terms BT (see below) disappear (see n°(T) as
the normal vector associated with 0Q)y ;, and dy¢ as the symbol of Kronecker),

/ D, %@Ly dTl---dTm:/ ,/g@h]n‘zda
QT(]J] Bx]ny Q) axv

0,71

20, ,\ 201 ,
/ow b (aw ) /aom Out a1
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X
Now, by using a fundamental lemma of variational calculus (“If / 1 f(x)p(x)dx =
X0

0, for all C?-class functions satisfying f(xo) = f(x1) = 0, then ¢(x) = 0.”), the proof
is complete. O

Remark 1. We notice that the above PDEs of Euler—Lagrange type can be formulated as follows

00, D 00,

oxi Yax% =0, 1=1n
00, 00
W — ’YW = O, N = 1,k
e
%:0, a=Tr (€{1,2,--,m}
oY
ﬁ(T) = gg(x(f)/xv(T)/ﬁ(T)/T)-

Consequently, we obtain that p has zero total divergence. Moreover, this multiplier is well defined
only if the optimal pair function is not an extreme pair function for at least one of the following

functionals /r g7 (x(7), xy (1), 8(t),7)d7%, a =1,r.

S|

Example 1. Let us find the optimal pair function for the next objective functional
2 1.2
I(x(), 8()) = / )+ 82(x) ) drldr
subject to / X1 (T)dtt 4 x2(7)dT? = 0 and the boundary conditions x(0,0) = x(1,1) = 0,
r

where T is a curve of Cl-class that is contained in Q = [0,1)% and join (0,0), (1,1).
Solution. The auxiliary Lagrangian is

0= 2 (R(0) + (1)) + p(0) (¥ 11 (1) — xa (1)) + () (¥ (1) — 22 (1)),

The extreme pair functions are given by the following partial differential equations

9 9 (00 9 (00)
ox ot \oxp/) o9t2\oxpn/)

00 9 (00 9 (00)
09 9tl\dds/) ot2\dd.)

0 0
anl 8.32 =0, 1II’rl (T) — X (T> =0, TTZ (T> — X2 (T) =0,
or, equivalently,
op 99 _
X o7l + ot 0
=0
d d
B0, Fa(D) - xa(®) =0, Fa() ~xa(0) =0,

which involves (x*, 9*) = (0,0).
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2.2. Multiple Integrals as Isoperimetric Constraints

Let the following be constraints:

/ " (x(1), x4 (1), 8(7), T)d" - - dT" =0, a=12,--,r<n.
0

011

This type of problem arises when we characterize the torsion of prismatic bars in the
elastic and elastic-plastic case (see Ting [20]).

By introducing the variations £(t) = x(7) + wih(t) and d(1) = (1) + wym(7)
associated with x(7) and 9(7), respectively, we convert the multiple integral functionals in
functions depending on (w1, wy). Furthermore, we introduce the constant vector multiplier
p = (pa) and the auxiliary Lagrangian

O2(x(7), x4(7), (1), p, T) = O(x(7), 8(7), 7)

+pag" (x(7), x4(7), 8(7), 7).

In this way, we modify the original constrained optimization problem (1) (with isoperimetric
constraints) in a new optimization problem (without constraints of isoperimetric type)

min / @2 (x(1),x,(7),8(7), p, T)dT! - - - dT™ (3)
(), 80),p SOy g
subject to
x(1) =x0, x(m)=1x
or
x(7)[a0,,, = given.
An extreme pair function of (1) is found among the extreme pair functions of (3). The

next theorem is the second main result. It formulates the necessary optimality conditions
of the considered constrained optimization problem.

Theorem 2. Consider that (x*(-), 9*(-)) solves (Equation(1)). Then, (x*(-), 9" (-)) solves the
following system:

00, 00, .
Do T IT L
90, 90, B
W—Dyaﬂg_o, « =1,k

Proof. As mentioned above, by introducing the variations x(7) + wih(t) and
() + wym(T) associated with x(7) and 9(7), respectively, we convert the multiple inte-
gral functionals in functions of (w, wy), namely

F(wy,wy) = /Q O(x(1) + wih(7), (7) + wym(t), T)d7! - - - dT™

10,71

G'(wy,wr) = /Q §7(x(T) + wih(T), x4 (T) + wihy (T), 9(T) + wym(7), T)d7 - - - dT™,

TO/Tl
fora=1,2,--- ,r<mn.

Let (x(-),9(-)) be an optimal solution for (1). In consequence, (0, 0) is the solution for
the following optimization problem

min F((U], (Uz)
w1,W3
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subject to
G*(wi,un) =0, a=12,---,r<mn

a0y = Moy, =0,

and there exists the constant vector p = (p,) such that the following Karush-Kuhn-Tucker
conditions at (0,0) are fulfilled

VF(0,0) + p,VG*(0,0) =0, (4)

where Vf(x,¥) represents the gradient of f at (x,¥). The relation (4) can be rewritten

as follows:
00 g’ 98"
nt nt W ldtl . do" =
/QTO,Tl <axl + Pagi ox i * Pagyi ox l ) T 0

00 agu w 1 m __
/nro,n<al9“ Py )dT =0

or, equivalently,

00 g’ g \ i, 1
D, ==~ |h'dT ---dt" =
/Qro,rl <8x1 Pagyi — Pty oxh, ) t i 0,

00 aga x g1 m __
/QTO,q(aﬂa—l-paaﬂa)m dr ar" =0.

Furthermore, by using the conditions h|aQTM1 = m|aQT0’T1 = (), it follows that

00 0 d .

@*Pag ~ Pa ’Yagz—of i=1n
00 ag”
gon TPige =0 =1k

or, equivalently,

99 _p,9%2 _o -1
ot Toxi 7
00, 00, B
W—D,yal%fo, a=1k

and this completes the proof. [

Remark 2. We notice that the Lagrange multiplier p is well defined only if the optimal pair function
is not an extreme pair function for at least one of the following functionals

/Q 7 (x(1), x4 (1), 0(7), T)d7! - dT™, a =1, 7.

TO , Tl

Example 2. For Q = [0,1)%, let us compute the extreme pair functions associated with the
following functional

1(x(-),9 2/ 7) + 0%(7) ) d'dr?

subject to / X1 (T)x2(T)dtlde? = 0and x(0,0) = 0, x(1,1) = 1.
Q

Solution. The auxiliary Lagrangian is

Q= %(xz + 192) +pxaxe.
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The extreme pair functions are provided by the following partial differential equations

90 _ 0 (00 2 (00
ox ot \dxp 0t2\oxp2 )
90 9 (90 _ 9 (90 _,
09  otl\ddn /) ot2\dd.)

X —2pxap2 =0

¥ =0.

or, equivalently,

Furthermore, the optimal pair function is given by the above second-order partial differential equation
associated with the boundary conditions x(0,0) = 0, x(1,1) = 1. The constant p is determined by
imposing the isoperimetric condition, as well.

Taking into account the aforementioned applications and the theory presented in this
paper, we establish the following algorithm. Its main purpose is to highlight the steps used
to solve a problem such as the one formulated here.

More precisely, for a cost functional of multiple integral type, and a set of isoperimetric
and boundary restrictions, together with self and /or normal data, our purpose is to find
(x*,9*) such that T(x*, 9*) < T(x,9), for all (x,8). For this, we consider a feasible solution
(x,9). If it satisfies the necessary conditions of optimality in Theorem 1 (or Theorem 2),
then the “Stage of Generating” is verified and we move on to the next stage; otherwise, the
algorithm stops. If the self/normal data set is satisfied, then we move on to the next stage,
namely “Stage of Deciding”; otherwise, the algorithm stops. For (x*, 9*) derived in “Stage
of Detecting”, if the inequality T(x*, 9*) < T(x, 9) is true for all feasible solutions (x, 9),
then (x*, 9*) is an optimal solution; otherwise, the algorithm stops (see Algorithm 1).

Algorithm 1: for new classes of constrained optimization problems involving
multiple and curvilinear integral functionals

DATA:

e the objective functional of multiple integral type

min T(x,9) = /Q O(x(1), 8(t), T)dtt - - - dt™;

(xrﬂ) 0,7
e the constraint set
/ g (x(1), 2y (1), 8(7), T)dTE = 1%, a=1,2,-- ,r <,
rTO/Tl

or
/Q " (x(1),x,(7),8(7), T)dT - - dT" =0, a=1,2,---,r<n

0.7
x(1) = x0, x(11) = x1,
or
x('L')|aQTO,T1 = given;

e the self/normal data set
-g= ( gg) fulfils the complete integrability conditions;

RESULT:

S={(x*,0")|T(x*,9%) < T(x,0),

with (x*,9*) fulfiling the constraint and self/normal data set};
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Algorithm 1: Cont.
BEGIN

e Stage of Generating: let (x,¥) be a feasible solution
if the necessary optimality conditions

are incompatible with respect to (x,0)

then STOP

else GO to the next stage

e Stage of Detecting: the analysis of Lagrange multipliers
if the self/normal data set is not satisfied

then STOP

else GO to the next stage

e Stage of Deciding: 1let (x*,0") is obtained in Stage of Detecting
if T(x,9) > T(x*,0") is true for all (x,0)

then (x*,¥*) is an optimal solution

else STOP

END

3. Conclusions and Further Developments

We studied two classes of optimization problems with isoperimetric constraints in-
volving multiple and path-independent curvilinear integrals. More precisely, by using
some tools of variational analysis, necessary conditions of optimality have been established
for the considered problems. In order to illustrate the mathematical development derived
in the paper, two examples were provided as well. Additionally, to synthesize the concrete
steps in order to solve an optimization problem such as those analyzed in the paper, an
algorithm was formulated.

As further developments associated with this paper, we mention the study of multidi-
mensional variational problems with deviating arguments.
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