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TIME OPTIMAL CONTROLS FOR SEMILINEAR DISTRIBUTED
PARAMETER SYSTEMS—EXISTENCE THEORY
AND NECESSARY CONDITIONS*

By JioNGMIN YONG

Abstract

For a semilinear controlled evolution system with state dependent control
domain, we study the existence of admissible trajectories, the properties of
attainable set as well as the existence of time optimal controls. For the case
the control domain is independent of the state, a Pontryagin’s type maximum
principle is proved.

§1. Introduction.
In this paper, we consider the following controlled evolution system

(L.I) FO=Ax@O+/(, x@), u(®)),

where A: 9(A)C X—X generates a C,-semigroup ¢4’ on the underline space X,
u(t) is the control function valued in some metric space U, x(f) is the state of
the system valued in X and f: [0, o)X XXU—Xis a given map. Let us denote

ULs, r]1={u(-): [s, r]>U]|u(-) is measusable},

for any 0<s<r<o. For any yeX, 0<s<r<o and u(-)e€U[s, r], a function
x()eC([s, r]; X) is called a (mild) solution of (1.1) corresponding to (y, u(-)),
if it satisfies the following integral equation

1.2) x(By=ett0y+( 4 f(z, 1), whdr,  tels, 7]

Now, we are also given (multivalued) maps I": [0, o)X X—2U and Q: [0, )
—2%, They will be the (state dependent) control domain and the target set.

DEFINITION 1.1. Let 0=s<r<o and y=X. We say (x(-), u(-))&
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C([s, r]; X)XU[s, r] is an admissible pair (corresponding to y<.X) on [s, 7],
if (1.2) is satisfied and

(1.3) u@®el ¢, x@), a.e. te[s, r].
In this case, we refer x(-) and u(-) admissible trajectory and control, respec-
tively.

We denote

ALs, r1; M)={x(), u(-NDeC([s, r1; X)XULs, r1 | (x(), u(-)
is an admissible pair corresponding to ye X},

2([s, r1; y)={x(-)eC((s, r]1; X) | (x(), u(-)eAHLs, r1; y),
for some u(-)eUls, rl},

R(r; s, y)={x@) | x(-)€X({[s, r]; »)}.
Next, we let

B(s; y)={(x(), “('))E}J,J([s’ r1; ») | x(Heg(d), for some i=s},
F(x(-N={i<[0, ) | x(He0(@)}, Vx(-)é()gég@ C(ls, r]; X).
Then, our time optimal control problem can be stated as follows:

PROBLEM T. Let B(s; y)+@. Find (x*(-), u*(-))= B(s; y) and t* T (x*(+)),
such that
(1.4) = min inf T(x(-)).

CXCUCNEB(S, Y)

If x*(-), u*(-), t* exist solving Problem T, we refer x*(.), u*(-), (x*(+), u*(-))
a time optimal trajectory, control, pair, respectively and #* the minimum hitting
time.

Time optimal control problems were studied by many authors. We refer
the readers to [4, 17, 18] for finite dimensional (linear and nonlinear) cases, to
[1, 3, 10, 13] for infinite dimensional linear case and to [19] for infinite dimen-
sional semilinear case. We should note that [19] discussed the necessary con-
ditions for a semilinear distributed parameter system with target sets having
nonempty interior. Thus, the results of this paper differ those of [19] in the
following two aspects. First, we discuss the existence of the admissible trajec-
tories as well as optimal controls for the case of state-dependent control domain.
Second, we prove a Pontryagin’s type maximum principle for the case of state-
independent control domain and the target sets not necessarily having non-
empty interior. Also, the method used in proving the necessary conditions is
adopted from [15] and is different from that used in [197].
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§2. Preliminaries.

We refer the readers to the Appendix for results about multivalued mapp-
ings. Now, we list basic assumptions for our control problem:

(H1) X is a reflexive Banach space, U is a Polish space ([5]).

(H2) The operator A: 9(A)CX—X generates a compact C,-semigroup e’
on X.

(H3) f:[0, ©)XXXU—X is Borel measurable in (¢, x, u), continuous in
(x, u) and there exists a constant L >0, such that

@1 { [ f&, x, w)y—f@, £, w)SL|lx—%], Vt€[0, ), x, f€X, ucl,
. lf@ x, w)|SLA+x]), Vte[0, ), xeX, ucU.

(H4) I':[0, o)X X—2V is pseudo-continuous.
(H5) @Q:[0, «0)X X—2% is pseudo-continuous.
(H6) For almost all t=[0, ),

2.2) Qo o f(t, Ts(x), I' (At xN)=F, x, ' (¢, x)),

where J(x)={i=X||x—2%| <0} and similar for T, x).
Following result gives a sufficient condition for (H6).

PROPOSITION 2.1. Let I':[0, o)X X—2V be upper semicontinuous and take
closed set values and let f(t, x, u) be uniformly continuous in (x, u) and t<[0, o).
Then, (H6) holds iff f(t, x, ['(t, x)) is closed and convex.

Proof. It suffices to prove the sufficiency. By the uniform continuity of
f(t, x, u) in (x, u), for any ¢>0, there exists a ¢>0, such that

f(tr mo‘(x)) 5217(1—, (ty x)))cme(f(t} xr F(t, x)))'

Then, by the upper semicontinuous of I, there exists a  with 0<d<a, such
that

I (7st, x)CTTL(L(E, x)).
Then, (2.2) follows. O

Remark 2.2. (H6) is a sort of Cesari property ([1, 4]).

Remark 2.3. In [1], the existence theory of optimal controls for the dis-
tributed parameter systems was given under the framework of strong solutions
of the evolution equations. It was asked if one can do the same thing under
the framework of mild solutions. This paper actually gives a positive answer
for the time optimal control problems of a class of distributed parameter sys-
tems. For various other optimal control problems of distributed parameter sys-
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tems, the above approach will also work. We will carry out the full details as
well as some related problems in a forthcoming paper.

§3. Existence of Adimissible Trajectories and Time Optimal Controls.

In this section, we first establish the existence of adimissible trajectories.
Then, we will discuss the existence of time optimal controls.

THEOREM 3.1. Let (H1)-(H4) and (H6) hold. Then, for any y= X, 0Ss<r< o,

3.1 X([s, r]; )+ .
Moreover, the set %([s, r]; y) is compact in C([s, r]; X).

We note that in the case I'(¢, x)=1I"(?), Y(¢, x)[0, )X X, i.e., the control
domain is independent of the state x, then, to get (3.1), we only need that
I'(+): [0, )—2Y is measurable, A generates a C,-semigroup on X and (2.1) holds.
However, in the case I'(t, x) depends on x, the problem becomes a little com-
plicated. To prove the above Theorem 3.1, we need the following lemma.

LEMMA 3.2. Let e*® be a compact C,-semigroup on X. Then, for any p>1,
the operator

(3.2) S(g(-))———gse“""’g(r)dr, Vg(-)el?(s, r; X),
is a compact operator from LP(s,r; X) to C([s, r]; X).

Proof. Without loss of generality, we let [s,r]=[0, 1]. Next, we let
g:(-)eL?, 1; X) with

3.3) lge(ere. =1, Ve=1.

We need to prove that {S(g:(-))}s: is relatively compact in C([0, 17; X). To
this end, we first claim that for each t<[0, 1], the set {S(g:(-))®)}sz: is rela-
tively compact in X. In fact, the case t=0 is trivial. Let t=(0, 1]. Then, for
any ¢>0, we can find a § with 0<0<t¢, such that

(3.4) \S ADg (dr| <<, Vkzl.
t-3 2
Next, it is clear that if we put
t-8
n=l g @de, V1,

then, the set {y:}ss is bounded in X. Thus by the compactness of ¢4, we
can find a finite set {z,, I</<m} in X, such that
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(3.5) (€34} 4a1C U Menz) -
Then, we see that
(3.6) (S DO} snC U (2.

Hence, for each t<[0, 11, {S(gx(-))(®)} 2 is relatively compact in X. Next, we
show that {S(g.(-))}es: is equicontinuous on [0,1]. In fact, for '>¢>0 and
0<0<t, we have

S (N~ Sgs(NO={ e*¥gu)de
t-o
+S0 (eA([’-T)_eA(l—T))gk(T)dT

+[, e —eatrg e

EIl +Iz+13 .
It is easy to see that for some constant C,

|LISClt—t|P/@n,

L1 C et em—etrjaz,
[I5]<Cd.

Thus, by the fact that ¢4’ in continuous in the operator topology in (0, ) ([16]),
we obtain the equi-continuity of the set {S(g.(-))} on [0, 1]. Then by Arzela-
Ascoli Theorem ([20]), we have our conclusion. O

Proof of Theorem 3.1. Again, we only prove the case [s, »]=[0, 1]. For
any k=1, let

].
t1= —k—,

0=</=k.
We set
k-1
uk(t):J§ u]xu,.zjﬂ)(t) , te[0, 1].
Here, u’’s are constructed as follows: First, we take
w°erl’, y).

By (2.1), we know that there exists a unique x.(-) satisfies
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xk(t)ze“y-I—g:e‘““”f(r, x:(7), u')dr, Vit t,].

Then, we take
wel'(t, xi(t)).
We can continue the above procedure to obtain x,(-) on [#, f,], etc. By induc-

tion, we end up with the following :

(3.7 { xk(t)ze"ty'!'g:em—”f(‘t‘, x:(2), us(@®)dr,  Vie[o, 1],

wEl'(t,, x:t,), t€[t, ti), 0=j<k—L
By Gronwall’s inequality and (2.1), we see that
(3.8) [x:()I=C, Vie[0,1], k=1.
3.9 @ x:(@), ux@)ISC, a.ce te[0,1], k=l.

By Lemma 3.2, we know that {x,(-)}zs: is relatively compact in C([0, 1]; X).
Then we may assume

(3.10) x5(+) ——S—> x(+), in C([0, 1]1; X),

for some %(-)eC((0, 11; X). Also, we may let

(3.11) JCy xa(e) uk(-))Lf(-), in L?(0, 1; X),

for some f(-)eL?(0, 1; X). By the compactness of the operator S, we have
3.12) sW=etty+{ s nieidr,  te[0, 1.

By (3.10), for any >0, there exists a k,, such that

(3.13) (OENLEQD), V[0, 1], k=k,.

On the other hand, by the definition of u.(:), one may assume

(3.149) uOEl' W, NI (T, 21)), V[, ti), 0=jSk—1.

Next, by (3.11) and Mazur Theorem, there exist a,,=0 (j=1 and finitely many
i for each j) with 3,.,a,,=1, such that for some p<oo,

s
(3.15) ¢;(~)Ei§ af(, x:(:), us(-)) —> f(-), in L?Q, 1; X).
Then, we may assume

(3.16) ¢,-(t)-i> f®, in X, a.e. ts[0,1].
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On the other hand, by (3.13) and (3.14), we see that for ; large,
3.17) dityeco [, T(x), [T, (1)), a.e. 1[0, 1].
Thus, for any >0, we have
(3.18) FETo £, N(EW), [T, @), a.e. t<[0, 1].
By (H6), we get
(3.19) Foere, @), I'¢t, 2®), a.e. te[0, 1].

By Theorems A.3 and A.4 of the Appendix, we know that there exists a #(-)
cU[0, 1], such that

ahHelt, @), a.e. t<[0, 17,
{f(t)=f(t, x(t), u(t)), a.e te[0,1].
Combining (3.20) and (3.12), we see that

(z(), a(-NeAL0, 11; ).
Thus, (3.1) follows. Finally, let {x*(-)}s::C22([0, 17; y) with

(3.20)

”xk(')"c'([o,u;X)écy Vk=1.

Then, as in the above proof, we see that {x*(-)}.s: is relatively compact in
C([0, 17; X). Moreover, if for some subsequence (still denoted by itself), one
has
S
xk() —> £(-), in C([0, 17; X).
Again, by (H6), we have i(-)e2([0, 1]; ¥). Thus, 2([0, 1]; ¥) is compact in
C([0, 17; X). O

COROLLARY 3.3. Let (H1)-(H4) and (H6) hold. Then for any veX and
0=s<r<oo, the set R(r,s, y) is nonempty and compact in X.

PROPOSITION 3.4. Let (H1)-(H4) and (H6) hold. Then, for any ye X and
s&[0, ), the map R(-; s, ¥): [s, o0)—2% is continuous (with respect to the Haus-
dorff metric pg).

Proof. By Theorem 3.1, we know that for the given ye X, s<[0, o) and
any r<[s, «), we can find a continuous, nondecreasing function w: [0, co)—
[0, o) with w(0)=0, such that

3.21) lx()—x@)|=a(lt=t']), ¢ V'<ls, 7], x()EX([s, r]; 9).

Then, it is easy to see that
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(3.22) or(R(@t; s, ¥), R ; s, yNSw(t—2']), Vi, t'e[s, r].
This proves the continuity of the map R(-; s, ¥). O

THEOREM 3.5. Let (H1)-(H6) hold. Then, Problem T admits at least one
solution.

Proof. Let xo,€X, (x&(+), us(-DEB(0; x0), z=T(x4(+)) and

(3.23) limf,=t*= inf inf T(x(+)).

ko0 CZCuUCEBW; )

Thus, by the definition of (x,(-)), we have
(3.24) xx(f)EQUEINR{E; 0, x0), Vekz=1.

On the other hand, by Theorem 3.1, we may assume that all x,(-)’s are defined
on [0, {,] and we may also let

3.25) () —> £, in C(C0, £1; X),

for some z(-)eX([0, {,]1; x,). As a consequence, we have

(3.26) xe(fs) —s> @), in X.

By Proposition 3.4 and (3.24), we have

(3.27) e RE*; 0, x0).

It follows from (3.23) that for any 0>>0, provided % large enough, one has
x()EQE DT Q) -

Thus, by the pseudo-continuity of Q(-), we have
f(t*)ea«;\o QE)=0(t*).

which gives,
INeR({M*; 0, x)NQE*),

and our conclusion follows. O

§4. Necessary Conditions for Time Optimal Controls

In this section, we prove a Pontryagin type maximum principle for our
time optimal control problem. To this end, let us first make the following
assumptions :

(M1) X is a Banach space with strictly convex dual X*, U is a metric
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space.

M2) A:9(A)cX—X generates a C,-semigroup ¢4’ on X.

(M3) f:[0, ©)XXXxU—X is measurable in #, continuously Frechet differ-
entiable in x and continuous in u#. Moreover, f.(¢, x, u) is bounded.

(M4) I':[0, o0)—2V is measurable (see Appendix).

(M5) Q: [0, «)-»2% is continuous (with respect to py) taking closed convex
set values.

We define

Uga={u(-): [0, =)—=U|u(-) is a measurable selection of 7I'(-)}.

Sometimes, by Uaqs[a, b] we mean the elements U,, restricted to the interval
[a, b]. It is clear that under (M2)-(M3), for any x,=X and u(:-)EU,q, there
exists a unique solution of

4.1 x(t)=e‘“xo+S:e‘“"” f(e, x(0), u(e)dr, 1[0, ).

Thus, (%o, u(+))—x(-) is a well-defined map from XXU,, to C([0, «); X).
Sometimes we use the notation x(-; u(-), x,) or x(-; u(-)) to indicate the corre-
sponding dependence. It should be pointed out that the conditions on the map
f can be slightly relaxed. But we prefer not to give the most general one.

We find that due to the different nature of the existence theory and the
necessary conditions, the sets (H1)-(H6) and (M1)-(M5) are quite different. From
[2], we know that if X is reflexive or separable, then one can renorm the
space so that the dual X* is stractly convex.

Now, we let (£(-), #(-)) be an optimal pair with  being the optimal hitting
time. We set

a®={e®160={ e 10, 20), aNEIr
(4.2) +[ e rrre, 200, wen—10r, 20, a1

Viero, 1], u(-)e"l]ad} .

We usually refer the set ®(-) the reachable set of the variation system alone
the pair (%(-), #(:)). Following notion will be necessary.

Definition 4.1. A subset KC X is said to be finite codimensional if for some
xe&co K, span{to K—x} is a finite codimensional subspace of X and €6 A—x has
nonempty relative interior part in span{co K—x}.

Our main result of this section is the following

THEOREM 4.2 (Maximum Principle). Let (M1)-(Mb) hold. Let (x(-), @#(-), 1)
be optimal. Suppose RE)—Q®E) is of finite codimension. Then, there exists a
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¢(-)#0, such that

43 gO=er 0P| 0L, 7)), 1eL0, 1],

@ (g, 16 70, aopdi=, max | G, £t 20, uo)dt,

and
4.5) ), g—x()>=0, Yo Q).
Moreover, if U is a Polish space, then, (4.4) becomes

4.6) <P, f(&, 2@), ﬂ(t))>=u121§()t<)<¢(l‘), f@, &0, w>, a.e te[0,T].

Proof. Let T>t be a fixed constant. We define
4.7 du(-), a(-))=meas{t=[0, T]: u(@t)+a(t)}, Vu(:), a(-)=Uqq -

Then, similar to [11, 15], we see that (U..[0, T], d) is a complete metric space.
Next, we define
F(u(-)=dgq-ex(xE—¢; u(-))
= inf |x(@—e;uC-)—yl, VYu(-)EVaq.

veQ-9

It is clear that F.(-) is continuous on (U..[0, T1, d). Also, by the optimality
of (%(+), @(-), I), F.(+) is strictly positive on U,.[0, T]. Moreover, (note %(:)=

x(+, #(+))
(4.9) F(a(-))=dga-o(Z(E—e)=a(e) — 0,  e—0.

4.8)

Thus, by Ekeland’s variational principle ([9]), one can find a u*(-)EU.4[0, T],
such that
Fus(-)=F(a(-)),
(4.10) d(u*(+), a(-)EVa(e),
F(u(-)—F(us(:)=—va(e)d(u(-), u(-)).
Now, we let u(-)EUqq[0, T] be fixed. Then, as in [14, 15], for any pe
(0, 1], there exists a measurable set E,C[0, 7], such that meas E,=pT and if

one defines
uZ(‘):us(‘)xto,T]\Ep(' )+u(’)pr(') )

then, ui(-)&Uaqq.[0, T] and the trajectory x(-) of (4.1) corresponding to (x,, u5(-))
satisfies

(4.11) x5 =x()+p&.(D)+o(p), uniformly in t<[0, T],
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where &.(-) satisfies the following variation system

&= e Lulr, 40, u DT
4.12)

+§:e"“"’[f(r, x5(r), u()—f(r, x5(r), u*(x))1dr, Vt<[O0, T].
Then, as in [15], under (M1) and by the convexity of Q(f—e), we know that
adQ(Z-s)(xs(Z—E))E{sbe},
is a singleton and moreover
(4.13) [¢%| xs=1.
Then, by (4.10), we obtain
4.14) —Va(e)<(¢r, E(F—e)),

and

() — &() as ¢—0, uniformly in t<[0, T],
with
t

s0={ " folr, 2r), BENET)r
(4.15) :

+§Oe‘“"”[f(r, x(r), u(r)—f(r, x(r), a(r))ldr, vie[o, T1.
Thus, combining (4.14), we have
(4.16) ¢t E@y=—16D)—E(—e) | —Va(e).
On the other hand, by the convexity of Q(f—e¢), one has
4.17) {Pf, y—x(F—eN=doa-o(¥)—dea-o(x(t—¢), VyeX.
Thus, for all y= X, we have
(4.18) (P, y—=E@>=(¢", x°F—e)—ZE>+<¢P*, y—(F—e)>
S|xfE—e)—x@)| +doi-xX(¥)
SlxsE—e)—z@D | +ou(QE—¢), Q).
From (4.17) and (4.18), we obtain
(4.19) g, 6—(y—xDN=—0., VEER®D, y=Q®), 8.-0.

Hence, if ®(F)—Q(f) is of finite codimension, then, as in [11, 15], we can find
a subsequence of {¢°} (still denoted by itself), such that



250 JIONGMIN YONG

(4.20) ¢f—> §#0, 0.
Then, from the above, one has

4.21) (g, &@>=0,

(4.22) (g, y—X(EH=0, VyeQ@).

Now, we let

@2 gi=—ettog+{ e o, 50), aPCIEr,  te[0, 4.
Then, one can easily check that

(4.24) 0=<¢(), S(f)>=gz<¢(r), f@r, (), u(r)—f(r, 2(r), @(r))>dr .

This gives (4.4), and (4.5) follows from (4.22) easily. By (4.20), we see the
costate ¢(-) is nonzero. Finally, we prove (4.6) in the case U is a Polish space.
To this end, we first note that (%(-), #(-)) is an optimal pair for the problem

with I'(¢) replaced by T'(1). Then, by the above proof, we see that
(4.25) §z<¢(r), f(r, Z(r), u(r))>dr§S:<</)(t), fr, Z@), a(r)>dr,

for all measurable u(:): [0, {]1-U with u@®)el'(¢) a.e. t<[0, T].
Now, if (4.6) were not true, then, there exists a set EC[0, 7] with positive
Lebesgue measure, such that for some >0, we have

(4.26) sup <P@), f@, B, u)>=<LP®), f(¢, @), @@®)>+20, Vi€E.

uel'(t)
Then, we set
@20 AQ={ucl®) | <P@), f(t, ZQ), w>=LPD), f(t, @), a®)>+d}, t<E.

It is not hard to show that A: E—2Y is measurable and taking closed-set values.
Thus, by Theorem A.3, we can find a measurable selection #(-) of A(-). Then,
by taking

u()=a(t) o, r2ne(@®)+0(OX&() , te[0, T]

in (4.25), we end up with a contradiction. Thus, (4.6) follows. O

To close this section we state the following result, the proof of which is
easy.

PROPOSITION 4.3. Let K be a subset of finite codimension in some Banach
space X. Then, for any subset S of X, the set K—S is of finite codimension.

From the above Proposition, we see that in Theorem 4.2, the condition that
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K@—Q@) being of finite codimension holds provided either &) or Q@) is of
finite codimension.

Appendix. Multivalued Mappings.

In this appendix, we recall some results about multivalued mappings. First,
we recall the following definition.

DEFINITION A.l. Let T and Z be metric spaces, 4:7T—27={nonempty
subsets of Z}.

(i) 4 is said to be continuous (with respect to the Hausdorff metric py) at
teT, if

(A.D) lim p x(A(@®), A2))=0.
it
(ii) A4 is said to be upper semi-continuous at ¢t=T, if for any ¢>0, there
exists a 6>0, such that
(A.2) A@ )T T(AR)) ,
(iii) A is said to be pseudo-continuous at t<T, if

(A.3) Qﬂ A@)=A@). ‘

(iv) If T is a domain in R™, then, 4 is said to be measurable, if for any
closed subset FCZ, the set

At={teT | AONF+= @}

is (Lebesgue) measurable.
If in (i)-(iii), the mentioned properties hold for all t=7T, we simply say A
is continuous, upper semi-continuous and pseudo-continuous, respectively.

PROPOSITION A.2. Let Z be a complete metric space and A:T—Z take
closed subset values. Then,
(i) If T is a metric space, then, the following implication chain holds

A is continuous = A is upper semicontinuous
&=V closed set FCZ, A is closed in T
=3 A is pseudo-continuous
& G(A)=the graph of A is closed in T XX.
(i) If T is a domain in R™, then,

A is pseudo-continuous = A is measurable.
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THEOREM A.3. ([12]) Let T be alocally compact metric space, U be a Polish
space, X be a complete metric space, A: T—2V be measurable taking closed subset
values, f:TXU—X be measurable in t, locally uniformly continuous in x and

f:T—X be measurable with

(A.4) Foere, Aw), a.e. teT.
Then, there exists a measurable function uw:T—U, such that
ut)e @),

{ FO=£(t, ut),

(A.5) a.e. teT.

THEOREM A.4. Let T be a domain in R", X be a metric space, U be a
Polish space, I': TXX—2Y be pseudo-continuous and X%: T—X be measurable.
Then, I'(-, %(-)): T—2Y is measurable.

The proof follows easily from the definition.
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