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Abstract

In this paper, we study a class of subdifferential evolution inclusions involving history-
dependent operators. First, we improve an existence and uniqueness theorem and
prove the continuous dependence result in the weak topologies. Next, we establish
the existence of optimal solution to an optimal control problem for the evolution
inclusion. Finally, we illustrate the results by an example of an optimal control of
a dynamic frictional contact problem in mechanics, whose weak formulation is the
evolution variational inequality.
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1 Introduction

This work studies an optimal control problem for a nonlinear infinite dimensional
system, whose dynamics is monitored by an evolution inclusion of the subdifferential
type involving history-dependent operators. The evolution inclusion is studied in the
framework of an evolution triple of spaces.
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The optimal control of evolution problems has been extensively studied in the
literature; the results on existence, necessary conditions of optimality, and applications
can be found, for instance, in Lions [ 1], Troltzsch [2] for differential equations, Ahmed
and Teo for distributed parameter systems [3], and Barbu [4] and Tiba [5] for variational
inequalities. The optimal control problems for the subdifferential evolution inclusions
have been examined in many works; see, e.g., [6—11] and the references therein. In all
aforementioned contributions, the subdifferential term has values in a Hilbert space
or in the pivot space of an evolution triple.

Our initial motivation to study the subdifferential evolution inclusion comes from
contact mechanics, where several models of the contact problems can be formulated as
the evolution variational inequalities with history-dependent terms. We refer to [12—
18] for the related papers, successfully exploiting the notion of the history-dependent
operator, and to a recent monograph [ 19] for a comprehensive study. On the other hand,
despite great importance, the optimal control for contact problems in solid mechanics
has been studied only recently and mainly for static formulations; see [20-27].

In the present paper, we turn our attention to the Cauchy problem for a class of
evolution inclusions considered in the framework of an evolution triple of spaces. The
main feature of the inclusion under consideration is that the potential function is convex
and finite, and the multivalued term is generated by the subdifferential operator, which
takes its values in the dual space. Moreover, such inclusions involve two nonlinear
operators supposed to be history dependent. Existence and uniqueness results for
such problems have been recently proved under various strong hypotheses involving
smallness conditions; see [28—33]. The novelties of our paper are the following. We
remove the smallness condition used in the earlier works. Further, for the first time,
we examine the continuous dependence of the solution to these inclusions on the
second member and initial condition and study the Bolza-type optimal control problem.
Finally, we provide an illustration of our abstract results to an optimal control problem
for a dynamic model of a viscoelastic contact with friction.

The outline of the paper is as follows. After recalling essential tools in Sects. 2
and 3, we establish the unique solvability of a history-dependent inclusion with the
Clarke subdifferential term. Sections 4 and 5 deal with a continuous dependence on
the data and an optimal control problem, respectively. Section 6 provides an example
of an optimal control problem for a dynamic frictional contact problem, whose weak
formulation leads to an evolution variational inequality equivalent to the evolution
inclusion. Finally, we note that the continuous dependence result, in the weak topolo-
gies, obtained in this paper can be used in the analysis of various optimal control
problems for variational inequalities with history-dependent operators.

2 Notation and Preliminaries

Let X be a Banach space. Throughout the paper, we denote by (-, -) x*x x the duality
pairing between X and its dual X*, and by || - | x the norm in X. When no confusion
arises, we often drop the subscripts. A function ¢: X — R U {400} is proper, if its
effective domain dom¢ = {x € X : ¢(x) < +oo} # . It is sequentially lower
semicontinuous (l.s.c.), if ¢(x) < liminf ¢(x,) for x, — x in X. Given a convex

@ Springer



576 Journal of Optimization Theory and Applications (2020) 185:574-596

function ¢: X — R U {+00}, an element x* € X* is called a subgradient of ¢ at
ue X,if

(x*, v —u)xrxx < @) — @) forallv € X. (1)
The set of all elements x* € X*, which satisfy (1), is called the (convex) subdifferential
of ¢ at u and is denoted by d¢(u). Next, we recall the notion of the Clarke generalized

gradient for a locally Lipschitz function ¥ : X — R. The generalized gradient of v
atu € X is defined by

Y (u) = {(u* € X* Y ®u;v) > (U, v)yeyy forall ve X},

where the generalized directional derivative of ¢ at u € X in the direction v € X is
given by

WOu; v) = limsup LT =V
y—u, t{0 1

In what follows, the generalized gradient of Clarke for a locally Lipschitz function
and the subdifferential of a convex function will be denoted in the same way.

Given a set S in a normed space E, we define ||S||g = sup{||x||g : x € S}. The
space of linear and bounded operators from a normed space E to a normed space F is
denoted by L(E, F). It is endowed with the standard operator norm || - || z(g, ry. For
an operator L € L(E, F), we denote its adjoint by L* € L(F*, E*).

An operator A: X — X* is said to be demicontinuous, if for all v € X, the
map u — (Au,v)x+xx 1S continuous, i.e., A is continuous as a functional from
X to X* endowed with the weak topology. The Nemytskii (superposition) operator
A: L20,T; X) — L2(0, T; X*), associated with A: 10, T[xX — X*, is defined
by (Av)(¢) = A(t, v(z)) for v € L%(0,T; X), ae.t €]0, T[. A multivalued operator
A: X =3 2X" is called coercive, if either its domain D(A) = {fueX:Au # 0} is
bounded or D(A) is unbounded and

inf { (u, u)x+xx :u* € Au}

1m
llull x =00, ueD(A) [lull x

Recall that the spaces (V, H, V*) form an evolution triple of spaces, if V is a reflex-
ive and separable Banach space, H is a separable Hilbert space, and the embedding
V C H isdense and continuous. In addition, we assume that V' C H compactly. In con-
crete applications, evolution triples are generated by Sobolev spaces. Let0 < T < 0o
and define V = L2(0, T; V), V* = L?(0, T; V¥),and W = {w € V : w’ € V*}. It
follows from standard results, see, e.g., [34, Section 8.4], that the space WV endowed
with the graph norm ||w|yy = ||lw|ly + ||w’ ||y« is a separable, reflexive Banach space,
and each element in WV, after a modification on a set of null measure, can be identified
with a unique continuous function on [0, T'] with values in H. Further, the embedding
W C C(0, T; H) is continuous, where C (0, T'; H) stands for the space of continuous
functions on [0, 7] with values in H. For more details, we refer to [34-36].

Finally, we recall a fixed point result (see [37, Lemma 7] or [38, Proposition 3.1]),
which is a consequence of the Banach contraction principle.
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Lemma 2.1 Let X be a Banach space and 0 < T < oo. Consider an operator
F: L%0,T: X) — L%0, T: X) such that

t
I(Fu) @) — (Fu) D))k < Cfo loi (s) = va(s) 1% ds

forall vy, vy € L2(0, T; X), ae. t €]0, T[ with a constant ¢ > 0. Then, there exists
a unique v* € L*(0, T; X) such that Fv* = v*.

3 History-Dependent Evolution Inclusions

We begin with the study of existence and uniqueness for an abstract first-order sub-
differential evolution inclusion. Our study is a continuation of paper [32], where a
class of history-dependent variational inequalities has been investigated. The aim is
to provide an improved version of the result in [32, Theorem 5], which actually holds
with a relaxed smallness hypothesis.

We study an operator inclusion in the standard functional setting used for evolution
problems, which exploits the notion of an evolution triple of spaces (V, H, V*). We
use the notation VV, V* and W, recalled in the previous section.

Given A: 10, T[xV — V* .10, T[xV = R, f:]0,T[— V*and wy € V,
we consider the following Cauchy problem:

Problem 3.1 Find w € W such that

w'(t) + A, w(t)) + 0¥, w()) > f(t) ae.t €]0, T,
w(0) = wy.

Here, 0y denotes the Clarke generalized gradient of a locally Lipschitz function
Y (t, -). We recall that a function w € WV is a solution of Problem 3.1, if there exists
w* € V* such that w'(¢) + A, w(®)) + w*(t) = f(@t) ae. t €]0, T[, w*() €
Y (t,w(t)) ae.t €]0, T[, and w(0) = wo.

In the study of Problem 3.1, we need the following hypotheses:
H(A): A:10,T[xV — V*issuch that

(i) A(-, v) is measurable on |0, T'[ forallv € V.
(i1) A(z, -) is demicontinuous on V for a.e. t €]0, T|.
>iii) |A®, )|y < aop(t) +ar|lv]y forallv e V,ae.t €]0, T[
with ag € L*(0, T), ap > 0 and a; > 0.
(iv) A(t, -) is strongly monotone for a.e. t €]0, T[, i.e., for a constant m 4 > 0,

2
(A(t,v1) — A(t, v12), v1 — V2)y=xy = mallvr — v2lly

forall vy, vy € V,ae.t €]0, T[.

HQ): :]0, T[xV — Ris such that
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(i) ¥ (-, v) is measurable on ]0, T'[ forallv € V.
(i1) ¥ (¢, -) is locally Lipschitz on V for a.e. r €]0, T[.
>iii) |0y (z, v)|lvx < co(t) + ci||v|ly forallv € V,ae.t €]0, T[
with ¢y € L?(0,T), co > 0,c; > 0.
(iv) 9y (t, -) is relaxed monotone for a.e. t €]0, T'[, i.e., for a constant my, > 0,

2
(z1 — 22, V1 — V) vrxy = —myllvg — v2|ly,

forall z; € 0y (t,v;),z; € V*,v; € V,i =1,2,ae.t €]0, T|.

(Hy): feV:55wgeV.
(Hy) : ma > my.
We have the following existence and uniqueness result.

Theorem 3.1 Under hypotheses H(A), H(Y), (Ho), and (Hy), Problem 3.1 has the
unique solution.

The proof of Theorem 3.1 is similar to [30, Theorem 6], and, therefore, it will
be omitted here. Note that the existence and uniqueness result of Theorem 3.1 was
proved earlier in [32] under more restrictive smallness assumptions. Theorem 3.1 is
of independent interest and can be used in the study of various evolution problems.
We apply this theorem to examine the following evolution inclusion of subdifferential
type with history-dependent operators.

Problem 3.2 Find w € W such that

w' (1) + A(t, w(1)) + (Riw) (1) + N*de(r, (Rw) (1), Nw(1)) 3 f(1)
a.e. t €]0, TJ,
w(0) = wy.

Here, d¢ represents the subdifferential of a convex and lower semicontinuous
function ¢(¢, y, -), and two nonlinear operators R and R; are assumed to be history
dependent, that is, they satisfy condition (H3) below.

We introduce the following hypotheses on the data of Problem 3.2. Let Y and U be
separable and reflexive Banach spaces.

H(p): ¢:]10,T[xY x U — Ris such that

(i) ¢(-, y,u)is measurable on |0, T[forally € Y, u € U.

(1) (¢, -, u) is continuous on Y forallu € U, a.e.t €]0, T|.

(iii) ¢(t,y,-)isconvex and l.s.c.on U forall y € Y, ae.t €]0, T|.

iv) [19g(t, y, wWllus < cop(t) + clpllylly + copllully forall y € ¥, u € U, ae.
t €10, T[ with cop, € L?(0, T), cogs C1g, €29 > O.

V) @, y1,u2) — o(t, y1, u1) + @, y2, u1) — @(t, y2, u2)
< By llyt — »2liyllur —uzlly forall y; € Y, u; € U,i = 1,2,ae.t €]0,T[
with g, > 0.

H(N): N eL(V,U).
(H)): R:V — L*0,T;Y)and R;: V — V* are such that
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t
@) I(Rv) () — (Rvo)(®D)ly = CR/ lvi(s) — va(s)llvds for all v, v2 € V, ae.
0
t €]0, T[ with cg > 0.
!
(i) [(Riv) (@) — (Riv2)(@)llvx < cr, / lvi(s) —v2(s)|lvds forall vy, v € V, ae.
0
t €]0, T[ with cg, > 0.

Exploiting Theorem 3.1 and using ideas from [32, Theorem 5] and [30, Theorem 9],
we obtain the following result.

Theorem 3.2 Under hypotheses H(A), H(p), H(N), (Hoy), and (H), Problem 3.2
has a unique solution.

4 Continuous Dependence Result

In this section, we provide the continuous dependence result for the evolution inclusion
in Problem 3.2. We are interested in the continuity, in the weak topologies, of the map,
which to the right-hand side and initial condition in Problem 3.2 assigns its unique
solution.

We first establish some a priori bounds for the solution.

Proposition 4.1 Under hypotheses of Theorem 3.2, if w € W is a solution to Prob-
lem 3.2, then there exists a constant ¢ > 0 such that

||lU||C((),T;H) +lwlw <c¢ (1 +llwolly +11.flly«+ ||ROVHL2(0,T;Y) + ”RIOV”LZ(O,T;V*))’
where 0y denotes the zero element of V.

Proof We denote by w € W a solution to Problem 3.2. This means that there exists
n € L*(0, T; U*) such that

w' () + A(t, w(®t)) + (Ryw) (1) + N*n(t) = f(t) ae.t €]0,T|, )
n(t) € dp(t, (Rw)(t), Nw(t)) a.e.t €]0, T, 3)
w(0) = wo. 4

Taking the duality in (2) with w(z), we have

(w'(®) + Az, w(®) + (Riw) (1), w®))vexy + (1), Nw(t))yxy
= (f (), w(®))y+xv (5)
fora.e.t €]0, T[. In the bounds below, we repeatedly use Holder’s inequality, Young’s
inequality ab < %cﬂ + 28%[72 with ¢ > 0, and the elementary inequality (a + b)> <

2(@?+ b3 foralla,b € R.Lets € [0, T]and & > 0. From hypothesis (H>), we have
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t
I(Rw)(®)]I3 < 2c§t/() lw(s)II3 ds + 2 (ROV) (D13, (©6)
t
I(Riw)(®)]I7+ < 2¢F, r/o lw(s) 15 ds + 2[(R10V) (D[ ()

By the assumption H (¢)(iv) and (6), we obtain

I(afp(f (Rw)(1), 0), Nw(®))y+xy| < (cop(t) + c1g(Rw)D) Iy ) IN[w®) Iy
1
=< —IINII w15 + (Co(ﬂ(t)+61¢||(Rw)(t)|I )

0(0( ) 2c %(pCR

&2

< 7||N||2II O3 + / lw(s)[I3 ds + 2 II(ROV)(I)IIY
The latter, combined with (3) and the monotonicity of the convex subdifferential,
yields

(1), Nw(®)ysxy = (d¢(t, (Rw)(1), Nw(t)), Nw(®))ysxy
2
> (dg(t, (Rw)(1), 0), Nw(t))ysxy = —%nannw(t)uzv
() 22 AT gt 2¢2
e - R /0 W) ds = —EIRONOIF. — (®)

g2

From inequality (7), we have

t 82 t
/0((R1w)(s)),w(s))v*xvdsi —/ lw(s) I3 ds
2
+— f ||w<r)||vdr)ds+— f IRV ds.  ©)

On the other hand, a simple calculation gives

t 2 t 1 t
/(f(S)),w(S))v*xvdSS%/ ||w<s>||%ds+2—2/ 1F )12 ds, (10)
0 0 & 0

t 82 ) 1 )
/0 ao @Iy ds = 10l .y, + 57190020 1 (11

Next, we integrate (5) on ]0, [ for all ¢ € [0, T'], use the integration by parts formula
in [36, Proposition 8.4.14], H (A)(iii) and (iv), and the inequalities (8)—(11), to deduce

1 5 32 &2 N (! )
M@+ (ma = = = SINIE) | w1 ds
1

1
2
_”wO”H 2 ”aO”LZ(O T) 8_2||CO(/)||L2(O,T)

\S)
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1 2 2 2 ! ’ 2 1 ! 2
+QAGT D | ( i ||w(r)||Vdr)ds+2—82 AFOIAE
2c§w t 5 1 [ )
+8—2 A ||(ROV)(S)||YdS+8_2 A I(R10v)(s) |y« ds.

Now, we choose ¢ > 0 such that

C N0
myg— — — — > 0.
2 2
Hence, for some positive constants d;, i = 1, ..., 5, we have

ai [ w6 ds < Eluolly + a2l 12 +d t( ol dr) ds
1 o \%4 = 2 ol g 2 L2(0,t;V*) 3 o o \%4
t
s [ (IR + 1RO ) ds + s

for all + € [0, T']. Invoking Gronwall’s inequality, see, e.g., [31, Lemma 2.7], we
deduce the desired estimate on the term [Jw||y. Directly from Eq. (2), we obtain the
bound on |jw’||y+ and finally also on the norm of the solution in C(0, T; H). This
proves the bound in the statement of the proposition and completes the proof. O

To discuss the continuous dependence, we need stronger versions of the hypothe-
ses introduced in the previous section. In particular, the operator A is assumed to
be time independent and weakly—weakly continuous, which obviously implies the
demicontinuity in H (A)(ii).

H(A);: A:V — V*issuch that

(i) A is weakly—weakly continuous.
(1) |[Av|ly* < ag + ail|v|ly forall v € V with ag, a; > 0.
(iii) A is strongly monotone with constant m4 > 0, i.e.,

(Av) — Ava, v1 — v2)vexy = mallvy — v2} forall vy, vy € V.

H(N); : N € £L(V,U) and its Nemytskii operator N': W Cc V — L?(0, T; U) is
compact.
(Hy) : R and R satisfy (H3), and

i) R:WcCV— LYX0,T;Y)is compact.
(i) Ry:V — V*is weakly—weakly continuous.
(iii) (ROy, R;0y) remains in a bounded subset of L2(0, T; Y x V*).

Theorem 4.1 If hypotheses H(A), H(¢), H(N)1, (Hp), and (Hy) hold, { f,,} C V*,
fo — f weakly in V*, {wi} C V, wy — wo weakly in V, and {w,} C W, w € W
are the unique solutions to Problem 3.2 corresponding to {( fy, w6’)} and (f, wp),
respectively, then w,, — w weakly in W, as n — 0.
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Proof The unique solvability of Problem 3.2 follows from Theorem 3.2. We prove the
continuous dependence result. Let {f,} C V*, f, — f weakly in V*, {wg} C V,
wy — wo weakly in V, and {w,} C W be the unique solution to Problem 3.2
corresponding to {( f;, wg)}, n € N. Then, there is a sequence {n,} C L2(0, T,U")
such that

wy, (1) + Aw, (1) + (Riw,) (1) + N0, (1) = f(t) ae. 1 €]0,T[, (12)
M (t) € do(t, (Rwy)(t), Nwp (1)) ae. t €]0, T, (13)
w, (0) = wp. (14)

Thus, by Proposition 4.1 combined with (Hy4)(iii), we know that the sequence {w,,} is
uniformly bounded in WW. From the reflexivity of VV, by passing to a subsequence if
necessary, we may assume that w, — w weakly in W with w € W, asn — oo. It
remains to prove that w is the unique solution in WV to Problem 3.2 corresponding to

(f, wo).

Using an argument similar to [39, Lemma 13], from the hypothesis H(A);, we
known that
Aw, — Aw weakly in V*, asn — oo. (15)

By the assumption (Hy)(ii), it follows
Riw, — Ryw weakly in V*, asn — oo. (16)

Further, we use H(N); to get Nw, — Nw in L%(0, T:; U), which, for a next subse-
quence if necessary, entails

Nw,(t) — Nw(t) in U, forae.t €]0, T|. a7

On the other hand, by (Hs)(@i), we have Rw, — Rw in LZ(O, T; Y). Hence, again at
least for a subsequence, we may suppose that

(Rwy)(t) > (Rw)(t) inY, fora.e.t €]0, T|. (18)
Claim If¢: (0, T) x Y x U — R satisfies H(@)(ii)—(iv), then the multivalued map
Y xU 3 (y,u) = d¢(t,y,u) CU*

is upper semicontinuous from Y x U into subsets of U* endowed with the weak
topology, with nonempty, closed, and convex values, for a.e. t €]0, T|.

Indeed, since ¢ has finite values, we apply [36, Proposition 6.3.10] to see that
the map d¢(t, -, -), for a.e. ¢ €]0, T[, has nonempty, closed, and convex values. Let
t €]0, T[\Z; withm(Z;) = 0, E C U™ be weakly closed, and let

@) (E):={(y,u) €Y x U :d¢(t,y,u) NE # 4 }.
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Let {(yy, u,)} C (@¢)~ (E) be such that (y,, u,) — (y,u)inY x U, as n — oo.
We can find {p,} C U* such that p, € d¢(t, yn, u,) N E for each n € N. It follows
from H (¢)(iv) that the sequence {p,} is bounded in U*, which by the reflexivity of
U* implies, at least for a subsequence, that p, — p weakly in U*. Clearly, we have
p € E, and

(Pns W —up)urxu < @, yu, w) — @(t, yn, u,) forall w e U.

From [34, Proposition 5.2.10], we know that ¢(¢, y, -) is locally Lipschitz, for all
y € Y. Then exploiting H (¢)(ii)—(iv) and [31, Lemma 3.43], we obtain that ¢(t, -, -)
is continuous on Y x U. This allows one to pass to the limit

(o, w —u)ysxy = limsup{p,, w — up)u*xv
n—oo

< limsup (¢(t, yu, w) — @3, Yn. Un)) = @(t, y, w) — @(t, y, u)

n— 00

for all w € U. Hence p € dp(t, y,u) N E and also (y, u) € (d¢)~ (E). This means
that the set (d¢) ™ (E) is closed in Y x U, which by [34, Proposition 4.1.4] implies the
desired upper semicontinuity of d¢(z, -, -), for a.e. t €]0, T'[, and proves the claim. O
Next, we treat the inclusion (13). The main tool is the convergence theorem
of Aubin—Cellina [40, p.60], in a version provided in [41, Proposition 2] or [42,
Lemma 2.6]. By H(¢)(iv), it follows that the sequence {7, } is uniformly bounded in
L*(0, T; U*). Hence, again, by passing to a subsequence if necessary, we may assume

that
ne — 1 weakly in L2(0, T; U*) (19)

with n € L2(0, T; U*). Using the convergences (17)-(19) and the claim, we apply
the aforementioned convergence theorem to deduce

n(t) € dp(t, (Rw)(t), Nw(t)) ae. t €]0, T|. (20)

On the other hand, it is immediate to see that
N*n, — Nn weakly in V*. (21)
Further, observe that the map
Wswr w) e H

is linear and continuous, and hence, the convergence w, — w weakly in }V entails
wp (0) — w(0) weakly in H. Passing in (14) to the weak limit in H, we immediately
get w(0) = wy. Finally, invoking convergences w), — w’ weakly in V*, (15), (16),
(21), and f,, — f weakly in V*, and passing to the limit in the equation w), + Aw,, +
Riw, + N*n, = f, in V*, as n — 00, we have

w 4+ Aw + Rjw + N*np = f in V*.
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The latter, combined with (20) and w(0) = wg, implies that w € WV is the solution to
Problem 3.2 corresponding to (f, wp). Since the solution is unique, we conclude that
the whole sequence {w,} converges to w weakly in V. This completes the proof of
the theorem. O

5 Optimal Control Problem

In this section, we provide an application of the continuous dependence result to
study an optimal control problem for the evolution inclusion with history-dependent
operators.

Given a separable, reflexive Banach space X of controls, an element f € V*, and
a family of operators B: 10, T[— L(X, V*), we consider the following controlled
evolution inclusion.

Problem 5.1 Find (w, v, wg) € W x L%(0, T; X) x V such that

w' (1) + Aw(t) + (Riw)(1) + N*dg(r, (Rw) (1), Nw (1)) 3 f(t) + B(t)v(r)
a.e. t €]0, T,
w(0) = wo, v(t) € Uyy(t) a.e.t €]0, T[, v(-) measurable, wy € V4.

In this problem, (v, wy) € LZ(O, T; X) x V denotes the control pair, and w € W
is the corresponding state (solution) of the system. The sets U,4(-) and V4 represent
the constraints sets of admissible controls.

Consider the following Bolza-type optimal control problem:

T
J(w, v, wo)zll(wo)—i—lz(w(T))—G—/ L, w(),v(t)dt — inf =-m (22)
0

in the class of triples (w, v, wg) € W X L20,T: X) x V satisfying Problem 5.1.
We will need the hypotheses on the data of problem (22).

H(B): BeL®0,T;L(X,V*), fe V*.

H(V,4) : V.4 is a bounded, closed, convex subset of V.

HWU, ) : Uy:10,T[= 2X\{(()} is a map with closed, convex values such that

t = |Uga ()] = sup{||v]lx : v € Ugq(t)} belongs to L2(0, T).

H(,lb): 11: V— Randlp: H — R are sequentially weakly lower semicontin-
uous.

H(L): L:10,T[xHxX — RU{o0}is7 x B(H x X)-measurable function such
that

(i) L(t,w,-)isconvexon X, forallw € H,a.e.t €]0, T|.
(1) L(t, -, -) is sequentially lower semicontinuous on H x X, a.e. t €]0, T'[.
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(iii) Thereis M > 0 and ¥ € L' (0, T) such that
Lt,w,v)>vY(@) —M(|w|lg + |vlx) forallw € H,v € X, ae.t €]0, T[.
We introduce the set of admissible state-control triples defined by
S ={(w, v, wy) € W x L2(O, T;X)xV :(w,v, wy) satisfies Problem 5.1 }.

As a consequence of Theorem 3.2, we obtain the following property.

Lemma 5.1 If hypotheses H(A)1, H(¢), H(N)1, (Hy), (Hy), and H(B) hold, then
S £ @.

Next, we introduce the set of optimal state-control triples defined by
O={(w,v,wp) € Wx L*0,T: X) x V: J(w,v,wy) =m}.

Since the integrand L of the cost is extended valued, we need the following feasi-
bility hypothesis:
H (feas) : there exists (w, v, wg) € S such that J (w, v, wg) < 0.

Using [34, Proposition 4.7.44], [43, Theorem 2.1], and Theorem 4.1, and applying
the direct method of the calculus of variations, we deduce:

Theorem 5.1 Assume hypotheses of Lemma 5.1, H(V,q), H(Uuq), H(l1,[2), H(L),
and H (feas). Then, Q is a nonempty subset of VW X L20,T; X) x V.

6 Application to a Frictional Contact Problem

In this section, we illustrate the applicability of our results of Sects. 3—5 and work
out, in detail, a nonlinear optimal control problem for a dynamic viscoelastic contact
problem with friction. The latter can be formulated, for instance, as the history-
dependent evolution inclusion or the history-dependent variational inequality. Note
that the contact problem considered below has been examined earlier in [32], where
the existence and uniqueness result was obtained under more restrictive hypothe-
ses.

We recall shortly the necessary notation and the weak formulation of the problem,
already obtained in [32]. We skip the model description and its physical interpretation
since they can be found in [32]; see also [18,19,31].

Let 2 be a regular domain in RY. d =23, occupied in its reference configuration
by a viscoelastic body with long memory. The boundary €2 = I' consists of three
disjoint measurable parts I'p, 'y, and I'y such that the measure m(I'p) > 0. The
body is clamped on I'p (the displacement field vanishes there), the surface tractions
act on I'y, while I'c is a contact surface. The volume forces of density f act in the
body €2, and surface tractions of density f » act on part I"y. These forces depend on
time. We use u = (u;), 0 = (0;;), and e(u) = (&;;(u)) to denote the displacement
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vector, the stress tensor, and the linearized strain tensor, respectively. The latter is
defined by

1
gij(u) = 3 (uij+uji),

where u; j = du;/0x ;. For a vector field, the notation v, and v, stands for the normal
and tangential components of v on €2, given by v, = v - v and v; = v — v, v, where
v is the outward unit normal on the boundary. The normal and tangential components
of the stress field o on the boundary are defined by o), = (ov)-vando,; = ov —oyv,
respectively. The symbol S¢ denotes the space of symmetric matrices of order d, and
the canonical inner products on R? and S9 are given by u - v = u;v; forallu = (u;),
v=(v;) € R, ando - T = o0ijTij forall o = (035), T = (1;}) € s, respectively.
Allindices i, j, k, [ run between 1 and d, and, unless stated otherwise, the summation
convention over repeated indices is applied.

We are interested in the evolution process of the mechanical state of the body,
in the finite time interval 10, 7[ with 0 < T < oo. We use the following notation
0 =Qx]0,T[, 2 =Ix]0,T[, ¥p =T'px]0,T[, 2y = 'y x]0,T[ and ¢ =
I'cx]0, T[. The classical formulation of dynamic contact problem with friction reads
as follows:

Problem P. Find a displacement field u: Q — R? and a stress field o: Q — S¢
such that

u’(t) —Dive (t) = fo(t) in Q,
t

a(t)=szf(t,s(u/(t)))+%”(t,e(u(t)))+/ H(t—s,e'(s))ds in Q,
0

ut) =0 on Xp,
sy =fy@ on Ty,

t t
—o, (1) =k(/0 uv(s)ds) p(t,u,,(t))—i—/o b(t —s,uy(s))ds on S,

u, (1)
[l () || ga
u) =ug, w0 =wo in Q.

oI < plov®], —o (1) =plov@)] , if up #0 on Zc,

To state the variational formulation of Problem P, we introduce the evolution triple
of spaces (V, H, V*) with

V={ve H' (R :v=0o0onTp}, H=L*:RY. (23)
The inner product and the norm on V are given by (u, v)y = (e(u), e(v))3, ||v] =
lle(v)|l7 for u, v € V, where H = L?(Q; S?). Further, by the continuity of the trace
operator, we deduce that V C H'(2; R?) is a closed subspace. Based on the Korn
inequality

o]l g1 (@:ray < clle@)|ly forv e V withc > 0,
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we conclude that the norms || - || ;71 q.ray and || - || are equivalent on V. Recall that
the trace operator y: V — L%(I'; RY) is linear and continuous. We use the notation

v for the trace of v on the boundary I".

We state the following assumptions on operators and functions which occur in

Problem P:

The viscosity operator &7 : Q x S¢ — S is such that
(a) (-, -, €) is measurable on Q for all € € s,
(b) </ (x, t, -) is continuous on S? for a.e. (x,t) € Q.

(©) (A (x.t,81) — A (x.1,€2)) - (1 — €2) > m /|1 — €213,

forall &1, e, € Sd, ae. (x,7) € Q withmg > 0.
@A) |7 (x,t,€)llge <ao(x,t)+aillellgs foralle e se.

ae. (x,1) € Q withag € L*>(Q),ap > 0and a; > 0.
(e) (x,t,0) =0forae. (x,7) € Q.

The elasticity operator Z: Q x S — S7 is such that
(a) 4(, -, &) is measurable on Q for all € € s,
(®) |B(x, 1, 61) — B(x,1,€2)llse < Lyler — eallsa
forall e, e, € §%, ae. (x,1) € Qwith Ly > 0.
(©) B(,-,0) € L*(Q; 8.

The relaxation operator % : Q x S — S? is such that
(a) A (-, -, &) is measurable on Q for all € € se.
®) | H (x,t,e1) — H (x,1,€2)llsa < Lyller— eallsa
forall e, e, € Sd, ae. (x,1r) € Qwith L » > 0.
(©) (- 0) € L*(Q; 8.

The stiffness coefficient k: £ x R — R4 is such that
(a) k(-, -, r) is measurable on X¢ for all » € R.
®) |k(x,t,r1) —k(x,t,rp)| < Lr|ri — ro| for all
ri,m €R, ae. (x,1) € Xc with Ly > 0.
(©)0 <k(x,t,r)| <kforallr e R, ae. (x,1) € ¢
with k > 0.

The contact function p: ¢ x R — Ry is such that
(a) p(-, -, r) is measurable on X forall r € R.
(®) [p(x,t,r1) — p(x,t,r2)| < Lplry — rzf forall

ri,r2 €R, ae. (x,1) € Xc with L, > 0.

(24)

(25)

(26)

27)
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©) |px,t,r)| <pforallr eR, ae.(x,t) € ¢
with p > 0. (28)

The memory function b: £¢c x R — Ry is such that
(a) b(-, -, r) is measurable on X¢ for all r € R.
®) |b(x,t,r1) —b(x,t,r2)| < Lplr; — rp| for all
ri,rm eR, ae. (x,1) € ¢ with L, > 0.
(¢) b(x,t,0) € L*(S¢) ae. (x,1) € T¢. (29)

We list the regularity for the densities of body forces and tractions, the initial data,
and the coefficient of friction.

fo € L*(0,T; LA RY)), fy € L2(0,T; L*(Ty; RY), ug, wo € V,(30)
we L®T¢c), ux)>0 ae. on I'c. 31)

To shorten the notation, let f: 10, T[— V* stand for
(f@), v)vexy = (fol0), )2 ey + (Fn (D), v) 20y RY) (32)

for all v € V and ae. t €]0, T[. By a standard procedure, we get the variational
formulation of Problem P.

Problem Py. Find a displacement field u: Q — R% and a stress field - Q — $¢
such that

o(t) =/ (t, e (1)) + B, eu)))
t
+/ H(t —s,eW(s)ds forae. t€l0,Tl, (33)
0
@' (), v —u' (1) yexy + (0(1), e(v) — @ (1)1

t t
+/ <k </ uy,(s) ds> p(t, uu(t)) +/ b(t —s,u,(s))ds)
I'c 0 0

(vy — u)y(t))dl’

+frc (u (k (/O uu(S)dS> p(r,uu(o)

t
+/O b(r —s, uu(S))dS)) (Ivellga — llu (1) lga) AT

> (f(@), v)y=xy forae. t €0, T, (34)
u(0) = ug, u' (0) = wy. (35)

Now, we comment on the equivalent formulations of Problem Py . First, we denote
S
w=uie.,

t
u(t) =/ w(s)ds +up forall r € [0, T].
0
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Using this notation and inserting (33) into (34), we obtain the following formulation.

Problem Py. Find a velocity field w: Q — R? such that

(w'(1), v — w(r)) V*><V + (1, e(w())), e(v) —e(w(®)))n
(%’ (t, e ( w(s)ds + u())) +/ H(t—s,e(w(s)))ds, e(v) — e(u/(t))>

0 H
(k(/( w(r)dr+u0)vds) (,(/Sw(r)dr—l—uo) )
0 0 v
+/ (t < ' w(r)dr + uo) ) ds, v, — u;(t))
0 v L2(I'c)
+<,u<k</ ( w(r)dr+u0> ds> p(l, </sw(r)dr+uo> )
0 0 v
/ b( </ w(r) dr +u0) ) ds)) el — ||u;(r)||Rd)L2(rc)

> (f@),v)yxxy forall veV, ae t€]0,T[,
w(0) = wy.

+

Obviously, Problems Py and P; are equivalent. Indeed, if (u, o) is a solution to
Problem Py, then w = u’ solves Problem P;. If w satisfies Problem P, then we find
a displacement u, while the stress field in Problem Py can be uniquely determined by
(33).

Next, we pass to other formulations of Problem P, in terms of the velocity. To
this end, let Y = L?>(I'¢c), U = L*(I'¢c; RY), and define the following operators
A:10,T[xV — V* R:V — L*(0,T;Y), R, S:V — V*, N: V — U and
functional ¢: ¥ x U — R, respectively, by

(A(t,u), v)yxxy = (A (t,em)), e(w))y forallu,v eV, ae.r€]0, T,
(36)

t
Sw)(t) = / w(s)ds +ug forallw eV, ae.t €]0, T, 37
0

t t
(Rw)(1) = k( /0 (Sw), (s)ds) pt, (Sw), (1) + /0 blt = 5. (Sw), (s)) ds

forallw € V, ae.t €]0, T|, (38)
t
(Riw)(t) = AB(t, e(Sw)(1)) + / H(t —s,e(w(s)))ds
0
forallw € V, ae.t €]0, T, 39
N = y:V — U is the trace operator, (40)

ey, 2) = 22wy + (Y, zellgd) 2(r) forally e Y,z e U. 41)

Under this notation, we consider the following history-dependent variational
inequality and the evolution inclusion.

@ Springer



590 Journal of Optimization Theory and Applications (2020) 185:574-596

Problem P,. Find w € W such that

(W'(1) + A, w(n) + (Riw) () — f(1), v — w(t))y+xy
4+ @o((Rw)(t), Nv) — ¢((Rw)(t), Nw(t)) > 0 forallve V, ae.t,
w(0) = wy.

Problem Ps. Find w € W such that

w'(t) + A(t, w(t)) + (Riw)(#) + N*9¢(t, (Rw) (1), Nw(1)) > f(t) ae.t,
w(0) = wy.

Theorem 6.1 Under the hypotheses (24)—(31), Problem P3 has the unique solution.
Moreover, Problems Py, P>, and Pz are equivalent.

Proof For the proof of existence and uniqueness, we will verify the hypotheses of
Theorem 3.2.

It is clear that under (24), the operator A defined by (36) satisfies H(A) with
ma = mgy, ao(t) = V2l[ao(®)ll ;2. and a; = +/2ay, see [18, Theorem 14.2].
Using (31), the function ¢, given by (41), satisfies H (¢) with ¢y, = ¢2y = 0 and
clp = By = 1+ |l Lo(re), see the proof in [32, Theorem 7].

Next, obviously, the operator N defined by (40) satisfies H (V). Because of (30),
function f given by (32) satisfies (Hp). Subsequently, from the proof of [32, Theo-
rem 7] and (27)—(29), it follows that operator R defined by (38) satisfies

t
I(Rw) (@) — (Rw2)(D)]ly < ¢ /0 lwi(s) = wa)ll2rpimay ds (42)
for all wi, wy € V,a.e.t €]0, T[ with ¢y = EL,, + (P Ly + Lp) T. This implies that
the condition (H3)(i) holds with cg = c¢ ||y || and, moreover,
t

IROVDly <kP+ fo 160 ()1l 2 ds 43)

with bo(x, t) = [|b(x, t,0)||g« and by € L%(Z¢), ae. t €]0, T[. Further, exploiting
(25) and (26), we know that the operator Rj, given by (39), satisfies the condition
(Hy) (1) with cgy = Lg + L 4, and

t
[(R1OV)(@D) v+ < 1b1 (D120 +/0 k1 ()Ml 2 (g ds (44)

with b1 (x,t) = || AB(x.t,0)||se and k1 (x, 1) = [|F (x,t,0)|ge, b1, k1 € L*(Q). In
conclusion, R and R; are history-dependent operators. Having verified hypotheses
H(A), H(p), H(N), (Hop), and (H>), we are now in a position to apply Theorem 3.2
to deduce that Problem P3 has a unique solution.
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Next, by the definition of the subdifferential, it is easy to see that the solution to
Problem Ps solves also Problem P,. Further, using our notation, we can see that every
solution to Problem 7P, is a solution to Problem P;. Finally, by a direct calculation,
we show the uniqueness of solution to Problem ;. This completes the proof. O

From Theorem 6.1, we deduce our existence and uniqueness result for Problem Py .

Corollary 6.1 Under the hypotheses (24)—(31), Problem Py has the unique solution
such thatu € W'2(0, T; V), 0 € L*(0, T; H), Dive € L*(0, T; V*).

Note that Corollary 6.1 was first proved in [32, Theorem 7] under the additional
smallness condition of the form m_4 > 2+/2(1 + el oo rey) ly %, which is relaxed
now.

Consider the following nonlinear optimal control problem that contains distributed,

boundary and initial condition controls, and the cost functional that combines obser-
vations within the domain, on the boundary, and at the terminal time.

min J(w, fo. fy. wo) = p1llwoll? +f9pz|w(x, T) — wr(x)]*dx
+/ pslw(x,t)—Wd(x,t)lzdxdt+/ pal fo(x, O)|* dxdt
0 0

+ / ps| £ (x, DI dTds (45)
N

subject to

w' (1) + Aw(r) + (Riw) (1) + N*dp(t, (Rw) (1), Nw(r)) > g(1) a.e. t
w(0) = wy (46)

with <g(t)7 v)V*XV = (70)5 v>V*XV+<f()(t), v>H+<fN(t), v)LZ(FN;]Rd) forv S V,
a.e.t €]0, T[, and

1fo®ln < r1@). 1 NOll2ypa) < r2(0) ae.t €10, TI,
foC, ), fn(, ) aremeasurable, [|lwoly <r. A7

In problem (46), the operator A: V — V* is given by
(Aw, v)y*xy = (Fe(w), e(v))y forall w,veV, (48)

and the data R, R, N, and ¢ are defined by (36)—(41) with, recall, Y = LZ(FC) and
U = L3(T¢; RY). The state w € W of system (46) is associated with the constrained
control (f, fy»wo) € L>(0, T; X) x V, where we set X = H x L*(T'y; RY).

We need the following hypotheses on the data of problem (45)—(47).
H(): o QxS?— S?is such that

(i) o/ (x,e) =a(x)eforalle € S, ae. x € Q.
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() a(x) ={aiju(x)}, aiji = ajinn = aiij € L°(Q), 1, j, k,1=1,...,d.
(iil) ajjr(x)eijen > o|le|? forall e = (&ij) € S4 ae. x € Q witha > 0.

H(#): PB:QxS?— S is such that

(i) #(x,e) =b(x)eforalle € S ae. x € Q.
(i) b(x) = {bijrt(X)}, bijii = bjiky = biij € L®°(Q), i, j, k,1=1,...,d.
(iii) bjjki(x)eijer = O forall e = (g;;) € S9, ae. x € Q.

H(¥): A 0 xS? — S is such that

(i) H(x,t,e) =«k(x,t)eforall e € S9 ae. (x,1) e Q.
(i) k(x,1) = {Kkiju(x, )}, Kijk = Kjire = Kikij € L2(Q), 1, j, k, I =1,...,d.

(Hs) : p1, p2 € L®(Q), p3, p4 € L™(Q), ps € L*®(Zy), p; are nonnegative
weights fori = 1,...,5, r;, p € L0, T),r > 0, f € V*, wr € H, and
wy € L*(Q).

Theorem 6.2 Under the hypotheses H (7)1, H(%#)1, H(¢)1, (Hs), and (27)-(31),
the optimal control problem (45)—(47) has an optimal solution (w, f, fy, wo) €
W x L?(0,T; X) x V.

Proof We will apply Theorem 5.1, and to this end, we verify its hypotheses. Recall
that we work in the evolution triple of spaces with V and H defined in (23).

First, under H (7)1, A defined by (48) clearly satisfies A € L(V, V*),and H(A);
with ap = 0, a1 = ||Allzv, v+ and ma = a. By [29, Theorem 2.18], we know that
the Nemytskii operator N': W C V — L*(0, T; U) corresponding to N is compact.
Therefore, the condition H (/N); holds.

Second, we verify the condition (Hs)(i)—(iii). We prove the compactness of the
operator R. Let v, — v weakly in W. From [29, Theorem 2.18], we know that
yv, — yvin L?(0, T; L>*(Tc; R?Y)), where y: V — L2(0, T; L>(I'c; RY)) is the
Nemytskii operator corresponding to the trace y (for simplicity denoted in the same
way). By (42) and Holder’s inequality, we have

t
[(Rvy) (1) — (Rv)(D]ly = C/ [va(r) — vl L2(re;re) A7
0
< Cﬁ”vn — v”LZ(O,T;LZ(FC;Rd))
fora.e.t €]0, T[ with ¢ > 0. Hence, it follows that (Rv,)(t) — (Rv)(¢t) in Y, for a.e.
t €]0, T[. By the Lebesgue dominated convergence theorem, we get Rv, — Rv in

L2(0, T;Y). Thus, the operator R: W C V — L2(0, T;Y) is compact.
To prove the continuity of R in weak topologies, we set

t
(Riw) 0. 0oy = (2( [ e ds +uo).ew),
t
(Rizw) (1), ) vy = (/0 H (= 5)e(w(s) ds. ev))
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forallw € V,v € V,r €]0, T[. Let {v,} C V be such that v, — v weakly in V.
Then, for all x € V*,all ¢t € [0, T], we have

t t
(fo va(s)ds, x)vexy =/0 (Va(s), X)vexv ds = (v, X)Vexy

t

1
- (v,Xh/*xv:/O V(). X)vexv ds = (/0 v(s)ds, x)vexv,

that is,
t t
/ v, (s)ds +up — / v(s)ds +uo weaklyin V, forallr € [0, T]. (49)
0 0

Since 4 is linear and continuous, we deduce that Ryjv, — Rjjv weakly in V*. Also,
since Rj; is linear and continuous, it is also weakly—weakly continuous, and hence,
R12v, — Rjpv weakly in V*. We infer that R| is weakly—weakly continuous. Further,
from (43) and (38), it is easily seen that (R0y,, R10y,) belongs to a bounded subset of
L2(0,T: Y x V*). Hence, (Ha) is verified.

Third, let B: X — V* be defined by

(B(z1,22), V)vexv = (21, i) + (22, Y V) 121 R4

for (z1,22) € X, v € V,wherei: V — H is the embedding operator. It is obvious
that B is a linear and continuous operator. Let U : 10, T[= 2%\ {#}} be given by

U =1{z1 € H: lzilm <)) x {z2 € LXOns RY < 21l 2wy < r2(0)

for a.e. r €]0, T[ and V,4 be the closed ball in V centered at zero and radius » > 0.
By the hypotheses, we deduce that H(B), H(V,4), and H (U,g) are satisfied.

Finally, we consider the components of the cost functional which are defined by
Li(v) = pi|[v||* forv € V, L (v) = [, p2lv — wr|>dx forv € H, and

L(t,w,v1,vz)=/ p3|u)—wd|2dx+/ p4|v1|2dX+/ ps|va|*dT
Q Q

Iy

forw € H, (v, v2) € X,a.e.t €]0, T[. Itis easy to see, using the weak lower semi-
continuity of the norm, that these functionals satisfy H (/1, ) and H (L). Furthermore,
the hypothesis H (feas) is evidently satisfied.

Under the above notation, we can rewrite problem (45)—(47) in the abstract form
(22) and invoke Theorem 5.1. We conclude that the optimal control problem (45)—(47)
has at least one optimal solution. The proof is complete. O
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7 Conclusions

We have studied the optimal control problem for the weak formulation of the contact
problem in terms of the velocity. Alternatively, following the technique of this paper,
it is possible to obtain results for the optimal control problem for the variational
inequality formulated in terms of the displacement.

The formulation and hypotheses on the optimal control problem (22) are quite
general, and they allow one to incorporate other types of cost functionals, whose
interpretation in contact mechanics is very important. The cost in (45) measures the
deviation from a given state and fulfills a minimum expenditure condition. It permits
to assign the relative importance of each criterion with respect to the other by an
appropriate selection of the weight coefficients.

It would be of significant interest to extend our results to evolution variational-
hemivariational inequalities, which are applicable to other dynamic contact problems
in mechanics. Furthermore, it would be desirable to study problems of practical impor-
tance. They include a time optimal control problem, a maximum stay control problem,
problems with controls in the potential, and minimax problems, in which one tries to
minimize the maximum cost. It is also natural to explore optimal control for problems
of contact mechanics, when the state of the system is not uniquely determined.

Moreover, the systems under consideration in this paper cover particular cases of
evolution inclusions governed by various types of hereditary and delay-differential
inclusions, differential-algebraic inclusions with time delays, functional-differential
inclusions of neutral type, etc. Optimal control problems, for all the aforementioned
history-dependent evolution inclusions, were also studied in detail in [44, Chapter 7].
Finally, it would be interesting to study classes of subdifferential evolution inclusions,
which model the so-called sweeping/Moreau processes. Optimal control problems for
sweeping processes have been formulated quite recently, and they occur to be highly
challenging mathematically; see [45—47].
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