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NECESSARY OPTIMALITY CONDITIONS IN
PROBLEMS INVOLVING SET-VALUED MAPS
WITH PARAMETERS

PHAN QUOC KHANH AND LE MINH LUU

Dedicated to Pham Huu Sach on the occasion of his sixtieth birthday

ABSTRACT. The Fritz John and Kuhn-Tucker necessary optimality conditions
are proved for problem min F(z,u), s.t. G(z,u) C —M, 0 € P(x,u) or s.t.
G(z,u)N(—=M) # 0,0 € P(z,u), where z is the state variable, u is a parameter,
F, G and P are multifunctions.

1. INTRODUCTION

Optimization problems with parameters, which appear not because of the prob-
lems being perturbed but as a second kind of variables and on which the imposed
assumptions should differ from that imposed on the main variables are important
and often met in applications. For instance, in control problems, the control vari-
ables should be considered separately from the state variables. Such parameter-
ized optimization problems involving only single-valued functions are considered
in [6], [8-12] with applications in deriving the Pontryagin maximum principle for
control problems with state constraints.

On the other hand, optimization problems involving multi-valued functions
become more and more the forms of the literature, see, e.g., [1-4], [13-21]. In
[14], [15] the main results in [6], [11] are extended to multifunction optimization
problems with an equality constraint still being single-valued. Such problems are
of practical importance since in many situations the equality constraint represent
equations, say differential equations, and initial conditions. However, in other
cases, differential inclusions may replace the differential equations to describe the
system under consideration. The aim of this note is to extend the results of [14],
[15] to such cases. Namely, we consider the following problems.

Let X, Y, Z and W be Banach spaces, Y and Z being ordered by convex cones
K and M, respectively, containing the origin and with nonempty interiors. Let
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U be a nonempty set. Let F';, G and P be multifunctions of X x U into Y, Z and
W, respectively. Our problem is

min F(z,u),
(P) G(z,u) C —M,
0 € P(z,u);
min F(z,u),
(P) Gz, u) N (=M) # 0,
0 € P(z,u).

Here “min” indicates a minimum or weak minimum. Recall that a multifunction
F : X ~> Y is said to have a (global) weak minimum at (xo; fo), where fy €
F(zp), on aset A C X, if

(1) F(A) — fo C Y\ (—int K).

If there is a neighborhood N of xp such that (1) holds with F(A) replaced by
F(ANN), then (z¢; fo) is called a local weak minimum of F. Ifin (1) Y\ (—int K)
is replaced by Y\ ((—K) \ K), then we have the definition for (global) minimum.

Let Z* be the topological dual to Z and M™* the dual cone of M, i.e.
M*:={peZ": (uz) >0, Vz€ M}.

In the sequel a feasible point (xg,up) and some gy € G(zg,up) N (—M) will be
fixed. Then we use the notations

My := {'y(z-i-go) Y€ Ry, 2 € M},
Mg = {pe M*: (u,g0) =0} = (Mo)".
The graph of a multifunction F : X ~— Y is
grF :={(z,y) e X xY :y € F(z)}
and the domain of F is
dom F := {z € X : F(z) # 0}.

Recall that the Clarke derivative of F at (xo, fo) € grF, denoted by DF(zo; fo),
is a multifunction of X into Y whose graph is

g?"_Df(l‘(),fO) = {(Uuw) eEX xY: V(.’En,fn) —F ($07f0)7th - O+7

I(vp, wp) = (v,w),Yn, fr, + tpw, € Fla, + tnvn)}a

where — means that (z,, f,) € grF and (x,, fn) — (20, fo). Recall also that
DF(xo; fo) is always a closed convex process, i.e. a multifunction whose graph is
a nonempty closed convex cone.

We shall need the following directional differentiability and lower semicontinu-
ity with respect to (w.r.t.) x.
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Definition 1 [14]. Let X and Y be Banach spaces, Y being ordered by a convex
cone K. A multifunction F : X ~— Y is called uniformly K-differentiable in the
direction T € X at (xg, fo) € grF if for each neighborhood V' of zero in Y there
is a neighborhood N of T and a real 79 > 0 such that ¥y € (0,79), Vx € N,
Vf e F(xo +yx), Vf € DF(xo; fo)T

Yf—f)-fev-k
.

F is said to be uniformly K-differentiable at (z; fo) if this differentiability holds
for all directions x in dom DF(zo; fo)-

Definition 2 [14]. Let X, Y and F be as in Definition 1. Let zp € domF
and T' C F(zp) be nonempty. Then, F is called K-strong lower semicontinuous
(K-s.ls.c.) with T" at z¢ if for each neighborhood V of zero in Y, there is a
neighborhood N of zy such that Vo € N,3f, € F(x),

fo—-TCV-K.

If 3f, € F(x) is replaced by Vf, € F(x), then we have the definition of uniform
K-lower semicontinuity (K-u.l.s.c.).

Note that if zg € intdom F, then K-u.l.s.c. implies K-s.l.s.c. and if F is
K-s.ls.c. with F(zg), then F(.) + K is lower semicontinuous in the usual sense
for multifunctions.

As for parameter u, the set U is equipped with no structure. However, the
following extensions of the usual convexlikeness [5] are needed.

Definition 3. Let U be a set, Y and Z be vector spaces ordered by convex cones
K and M, respectively.

(i) A multifunction F : U ~— Y is said to be K-convexlike if Yu; € U, Vf; €
Fui), i =1,2,Vy €[0,1], Ju e U, 3f, € F(u),

1=y fi+trfo—fu€ K.

(ii) (F,G) : U ~> Y x Z is said to be K x M convexlike strongly with respect to
G ifVu; € U, Vf; € F(ui), Vg; € G(w;), it = 1,2, Yy € [0,1], Ju € U, Vg, € G(u),
3fu € F(u),
(L= +7fe— fu €K,
(1 =7)g1 +792 — gu € M.

Like the convex case, from the above properties for ¢ = 1,2 it follows that the
properties are true for ¢ = 1, ....m for any natural number m.

m
Let ¥ = {(al,ag,...,am) Y <104 > O}.
=1

Definition 4. A multifunction (F,P) : X x U ~— Y x W is said to be weakly
K x {0} -convexlike in (U,{ug}) at xo, strongly with respect to P, if for any
finite set {u1,...,u,} C U, there is a neighborhood N of z( such that Vo € N,
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V(g .apy) € XM, 3fli € F(x,u;), Vp¥ € P(x,u;), i = 0,...,m, Ju € U,
Af¥ € F(z,u), Ip¥ € P(z,u) such that

m
P ailfi - i) - S €K,
=1
m
i+ Y ai(pl — p) — py =0,
=1

To work with inclusions we also need some notion for sections of a multifunction

F: X~Y.

Let g € dom F, fo € F(xg). A map f: X — Y defined in a neighborhood
N of xq is called a regular local section of F at (xo, fo) if f(xg) = fo, f(x) €
F(z) for all x € N(NdomF and f'(z9)X =Y, where f’ denotes the Fre’chet
derivative. f is said to be a subregular local section if f'(xo)X =Y is replaced
by f'(z0)X = DF(xo; fo)X and DF(xg; fo)X has finite codimension.

2. NECESSARY OPTIMALITY CONDITIONS

The following necessary optimality condition for local weak minima and local
minima is an extension of Theorem 1 of [14].

Theorem 1. Assume that (xo,u) is feasible for (P) and

(i1) for each T € X, pl. € DyP(x0,u0;0)ZT, P(.,up) has a subregular local
section p(.,ug) at (xg,0) being continuously dz’ﬁerentz’ab{e and such that pl, =
P (20, uo)T, where Dy P(x0, uo; po) :== DP(., up)(x0; po) with py € P(zo,uo0);

(i2) For each u # ug and p € P(xg,u), P(.,u) has a continuously differentiable
local section p(.,u) at (zg,p);

(13) F(.,up) and G(.,ug) are uniformly K -differentiable at (z¢, uo; fo) and uni-
formly M-differentiable at (z9,up;go), respectively, where fo € F(xg,up), go €
G(x(]v UO) ﬂ(—M);

(7i1) for each u # ug, F(.,u) (G(.,u), respectively) is K-s.l.s.c. with F(xq,u)
(M-s.l.s.c. with G(xg,u)) at xg. Moreover, F(.,ug) (G(.,up)) is K-s.l.s.c. with
fo (M-s.l.s.c. with gg, respectively) at xg;

(v) for each x in a neighborhood of x¢, (F,G,P)(x,.) is K x M x {0}-
convezlike.

If (0, uo; fo) is a local weak minimum of (P), then there exists
()\0,/,1,0,1/0) € K* x Ma x W* \ {O}
such that, for all (z,u) € X x U,

(Xos Dy F (0, uo; fo)xr + F(xo,u) — fo) + (1o, D2G(x0,u0; go)x + G(x0,u) — go)
(2) + (1o, Dy P(x0,u0;0)x + P(z0,u)) C RT.
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Proof. For x outside the intersection of the domains of the three Clarke derivatives
on the left-hand side of (2), this side is empty and (2) holds. So we may assume
that = belongs to this intersection. However, for simplicity we write z € X.

Let
L = Dy P(x0,u0;0)X, B= L+ P(x0,U).
Then B is convex, since P(zg,U) is convex by the convexlikeness assumed in (iv).
Aff (B) is a subspace with finite codimension. If Aff(B) # W then there exists
vg € W*\ {0} such that, for all (z,u) € X x U,
(v, Dy P(x0,u0;0)z + P(xg,u)) =0
and (2) is satisfied with \g = 0, o = 0.

Now assume that Aff(B) = W and let II stand for the canonical projection of
W onto W/L. Since II(B) is convex and Aff (II(B)) = W/L, one has int II(B) # 0.
AsTI-YII(B)) = B,int B# (). If 0 ¢ int B, 0 can be separated from B by some
vo € W*\ {0}, ie., for all (z,u) € X x U,

<V07 D:BP(xO’UOS 0)33 + P(.I‘(),u)> >0
and (2) holds again with A\g = 0, pg = 0.

It remains the case 0 € int B. Consider the set C of all (y,z,w) € Y x Z x W
such that 3(z,u) € X x U, 3f. € DyF(xo,uo; fo)x, 39, € DyG(xo,uo;g0)z,
3p), € Dy P(xo,u0;0)z, 3fy € F(xo,u), 3gy, € G(xo,u), Ipy, € P(xo,u),

fo+ fo — fo—y € —int K,
e + gy — 9o — 2 € —int M,
Pl + Py —w = 0.

Similarly as in [14], by the convexity of the Clarke derivatives and the K x

M x {0}-convexlikeness assumed in (iv) one sees the convexity of C.

By the uniform directional differentiability of F(.,ug) and G(.,up) stated in
(i) and by a similar argument as that of Lemma 2.2 of [15] it is not hard to check
that intC # (0. If

(3) C({(~int K) x (—int M3*) x {0}} = 0,

then by a standard separation theorem we obtain (2). Therefore, it is sufficient
now to prove (3). Suppose to the contrary the existence of (&,1) € X x U, f] €
QxF(ﬂfo,uo;fo)i"a QCI;;AG DG (0, u0; g0)Z, Py € DeP(wo,u0;0)Z, fi € F(xo,1),
9o € G(wo,u) and py € P(xo, ) such that

(4) fh+ fi — fo € —int K,
(5) gh + g% — go € —int MZ™,
(6) P +pl = 0.

With there & and pf, by (i1) one has a subregular local section p(.,ug) at (x,0)
such that p’ = pl (xo,uo).
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Since 0 € intII(B) and Aff(II(B)) = W/L is finite dimensional, there exist
21y ey 2m € II(B) such that Aff{z,...,2,} = W/L and 21 + -+ - + 2, = 0. By the
deﬁmtlon of B there are vy € X, u; € U, py! € P(xo,u;), i = 1,...,m, such that

(7) H(ng) =z,

(8) Pl (2o, uo)T1 + Zp;“ =0,
=1

(9) AL {P(zo, wi) i =1,...,m}) = W.

By (i2) there are local sections p(.,u;) such that p(zo,u;) = pyi.
In virtue of (5), there is § > 0 such that

(10) o+ g% —go+ 0Bz — M C —int Mg*,

where By is the open unit ball in Z.

The uniform M-differentiability of G(.,ug) stated in (ii) implies the existence
of a neighborhood Nj of Z and of t; > 0 such that Vz € Ny, Vt € (0,t1),
Vg, € G(xo + tz,up),

)
(11) 9= € go+tgs + t7Bz — M.
Choose €1 such that Z 4121 € Ny. Take arbitrarily gyi € G(zo,u;), i = 1,...,m,

)
and e9 such that e9 Z(gxé —qo) € ZBZ. Set ¢ = min{e, 2} and
i=1

Pz, a0, a1, ..., o) = p(,u0) + ao(p(x,4) — p(z,up) —I—EZal z,u;)) — p(z,up)).

We have
P(x0,0,...,0) =0,

Pl(l‘o70,...70)($,a0,a1,...7a ) px(x07u0)$+a0p($07 +Ezalp xOuul)
i=1

P (20,0, ...,0)(Z + ex1, 1, ..., 1) = pl(w0,u0) (% + ex1) + p(xo,0) + sz:p 20, U;)

= pl (20, u0)Z + p(o, @) + (pl, (o, uo)fm
m
+3  plag,ui) =0
=1

So (Z +exq,1,...,1) € KerP'(x0,0, ...,0). Hence, by the Lusternik theorem, there
are mappings t — Z(t),t — ap(t),....,t — au(t) of some interval [0, 7] into R
such that T(t) — 0, a;(t) - 0,i=1,...,m, as t — 0T, and

(12) P& + exy +T(1)), H(1 + ag(t), s t(1 + am(t))) = 0.
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By setting x(t) := xo + t(& + ex1 + T(t)), (12) becomes
p(x(t),uo) + (1 + ao(t))(p(x(t), @) — p(z(t), uo))

m

+¢ Z t(1 4 a;(t)) (p(x(t), u;) — p(x(t),up)) = 0.
i=1

By virtue of the strong lower semi continuity assumed in (iii), for given x(t)
and @ there are g, € G(z(t),a), gg?t) € G(x(t),up), frw) € F(x(t),a) and

f;t(ot) € F(x(t),up) such that, for all ¢ and e small enough,

(13) Gawy — 9a € Bz — M,
(14) —g;‘?t) +go €eBy — M,
(15) fow — I €eBy — K,
(16) —fiy+fo€eBy — K.

The convexlikeness supposed in (iv) now yields u(t) € U, f; € F(x(t),u(t)),
and ¢g; € G(z(t),u(t)) such that

(17)

Faty +t 1+ ao)(fiy = futy) + Dt + @) (frly — futy) = fr € K,
=1

(18)
g%+ 11+ ao(0) (g — 9%) +& 001+ () (g% — 9"%) — g € M,
=1
(19) 0 € P(xz(t),u(t)).

At this point, a contradiction to the minimality of (xq,ug; fo) will be achieved
if we can show that for all ¢ small enough, g; € —M and f; — fo € —int K. We
argue in detail for g; since the reasoning for f; is similar.

We consider the terms in (18). By (13), (14) and since «;(¢) is small for small
t,i=0,...,m, we have

t(L+a0(t) (9 — Iaty) = tL+ o) Gy — 9o — Iaty T 90)
+t(gy, — 90) + tao(t) (g5, — 90)
C t(1+ ao(t))(2eBz — M) +t(gh — go) + teBy

N 1)
C t(9z, _90+ZBZ_M)

for t and € small enough. Similarly, for ¢ = 1,...,m,

(20) t(1+ ai(t))(gx(t) - gx?t)) C t(g}vto —go + EBZ - M).
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Combining (11) with z = & + ex1 + Z(¢) and (20) shows that the left-hand side
of (18) belongs to the left-hand side of the inclusion

m
i | 5 5 5
go + t(gh + g5 — g0 +€Z;(93§5 ~90) + Bz + Bz + Bz~ M)~ g
Z:

C go +t(gs + 9% — go+ 6By — M) — g;.
Therefore, for some b5 € Bz and m! € M, (18) becomes
(21) go +t(gh + g% — go + b —m') — g, € M.

To verify that g; € —M for all sufficiently small ¢ > 0, we suppose to the contrary
that 3t, — 07, Ju, € M*, ||u,| = 1, (then assume that p, tends *weakly to
e M), (n,gt,) > 0. We claim that @ € M{. Indeed, if 7 ¢ M} there would
be > 0 such that (&z, go) < —f5. On the other hand, (21) implies

(22) (tins 9t) < (bns 90) + tulpin, g + gt — go + by —mi™).
Hence, (fin,9t,) < 0 for ¢, small enough, which is a contradiction. As i €
M, (10) gives, for large n,
tntn, 95 + gy — g0 + by —m') <0,
and then (22) is impossible due to the supposed nonnegativity of (i, gt,, ).
The above reasoning for g; applied to f; shows that
fo—foet(fo+fL —fo+rbs—k)—KC-K—intK = —int K.

Thus a contradiction to the minimality of (xg,ug; fo) has been obtained and the
proof is complete. O

With a constraint qualification of the Slater type added to the assumptions of
Theorem 1 we obtain a Kuhn-Tucker necessary condition as follows.

Theorem 2. Assume additionally to the assumptions of Theorem 1 that
Dy P(xg,up;0)X + P(x0,U) contains a neighborhood of zero in W and that there
are (Z,u) € X x U, g5 € DyG(x0,uo; 90)Z, py € Dy P(z0,u0;0)Z, gf;‘o € G(zp,u)
and p%, € P(xo, @) such that

gs + g5 — go € —int Mg,
P+ pl, =0.
Then, Ao # 0.

Proof. The same as in [14]. O

Remark 1. Theorem 1 extends Theorem 1 of [14] to the case where P : X XU ~—
W is a multifunction. Moreover, it is an improvement, even when applying to
the case of P being single-valued. Namely, in (i), p(.,up) is assumed subregular,
not necessarily regular. However, in (iv), (F,G, P)(z,.) needs to be assumed
K x M x {0}-convexlike (in U, not only in (U,{up})). This strengthening in
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turn can be relaxed if we replace the strong semicontinuity in (iii) by the uniform
semicontinuity as follows.

Theorem 1°. Let the assumptions (i1), (iz) and (ii) be as in Theorem 1. Assume
further

(13i") for each u # g, F(.,u)(G(.,u), respectively) is K -u.l.s.c. with F(xq,u)(M -
u.l.s.c. with G(xg,u)) at xg. Moreover, F(.,up) (G(.,up)) is —K-u.l.s.c. with fy
(—M-u.l.s.c. with gg, respectively) at xo;

(') (F,G, P)(xg,.) is K x M x {0}-convezlike. Moreover, (F,G,P)(.,.) is
weakly K x M x {0}-convexlike in (U, {uo}) at xq, strongly w.r.t. P.

Then the conclusion of Theorem 1 is still valid.
Proof. The proof is similar to that of Theorem 1. O

Passing to problem (P), it is not hard to verify that Theorems 1, 2 and 1’ still
hold if the convexlikeness and weak convexlikeness assumed in (iv) and (iv’) are
strong w.r.t. G (following Definition 3 (ii)).

In order to apply the Fritz John and Kuhn-Tucker conditions to optimal control
problems with state constraints to derive the Pontryagin maximum principle,
the assumed convexlikeness is replaced in [6], [11] by what we call approximate
convexlikeness. This result is extended to multifunction optimization problems
with single-valued equality constraints in [15]. Now we prove the corresponding
extension to (P) and (P). This time, a detailed presentation is devoted to (P)
instead of (P).

Definition 5. Problem (P), or the composite multifunction (F,G, P), is said to
be approximate-convexlike at (zg,ug) if there exists a section p(.,.) of P(.,.) such
that for each u € U, p(., u) is continuously differentiable at xp and p(xo,up) = 0,
and that for each finite set {uj,...,us} C U, for each § > 0, there are ¢ > 0, a
neighborhood V of zg, a mapping v : V x e¥® — U, e € K, ¢ € M such that
for all z,2’ € V, there are f¥ € F(x,u;), g% € G(x,u;), i =0,1,...,s, so that for
all o, € €Y% g, € G(z,v(z,a)), there exists f, € F(x,v(x,«)) such that, for
all p' € Dy P(x0,up;0)(x — ') and Dy € P(xo,u;),

v(x,0) = ug,

S
(23) Zaz — f2) +4(] Iw—xoll+Zai)e—fxeK,

(24) Zaz +(5(||:L‘—3:OH+ZOQ —gs €M,
=1



288 PHAN QUOC KHANH AND LE MINH LUU

(2, v(z, 0)) = Bla’,v(2’, o)) =7 + Z ;)P

(25) S5(II$—9¢'H+Z\O@—QQI)-
=1

Now assume that (zg, ug) is feasible for (P) and fo € F(zg,uq), go € G(z0, uo).
Theorem 3. Assume (i1), (1) and (iii") as in Theorem 1°. Assume further

(") (F,G,P) is approximate convezlike at (xq,up).

Then the conclusion of Theorem 1’ still holds.

Proof. Set
L =D,P(xg,up;0)X, B = L+ convp(xo,U).

If Aff(B) # W, 0 ¢ int B, the conclusion is obtained exactly as in Theorem 1.

For the case 0 € int B, define the set C of all (y, z,w) € Y x Z x W such that
dre X, I {ur,....,un}t CU, Iv >0, 3(fi,q:,pi) € (F,G,P)(xo,u;), i =1,....,m
3fz € Do F (20, u0; fo)x, 395 € DaG(x0,u0590)z, 3p, € DyP(x0,u0;0)z,

(26) fr+ Z% i —y € —int K,
(27) gx + Z’Yz gi —z € —int M,
(28) Py + Z%pi —w=0.

i=1

Similarly as in [15], C' is seen to be a convex set with nonempty interior. If (3)
holds, the proof will be complete by applying a standard separation theorem.

Now suppose, incontrary to (3), that there are 2’ € X, uo1, ..., uom, € U, Y01 >
07 "’7’y0m0 > 07 ( ]07997179) S (F7 G7 P)(J:Ouu(]j)u .] - ]-7 ...y, f, S DIF(x07u0;f0)$,7
g € D.G(x0,u0;90)x’, p' € Dy P(x0,u0;0)x’, such that

f’—i-Z’Yoj(fjo — fo) € —int K,

j—l

9+270g | — go) € —int Mg™,

P+ Z’Yo;‘p? =0.
j=1
Since Aff(II(B)) = W/L is finite dimensional, there exist z1, ..., 2 € II(B) such
that Aff{z1,...,2x} = W/L and z1+...+2; = 0. The definition of B yields z; € X,
Y11 > 07 c Ymy > 07 e Ykl > 0) ooy Vemy, > 07 ULLy oo Ulmy g -+ WEL s +- Ukmy, € U>
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Py, € DuP(x0,u0;0)z1, and Py € P(xo,ug), ¢ = 1,...,k, and i = 1,...,mg such
that

Mq
H(Z’YQZPQZ) = Zq, q:17°'°7k7

=1
k. mgq
(29) pfrl + Z Z'Yqipqi =0,
q=1i=1
(30) AL fpgica =1, ki =1,..,mg}) =W.

By Lemma 1.2 of [15] the conditions (26), (27), (28) show that for all (f7,g7) €
Y'xZ, all small 6 > 0, there are f € D, F(xg,up; fo)(@'+0x1), 7 € D.G(xo,up; go)(z'+
0x1), and for ' = p' + 0pl,, € Do P(x0,u0;0)(z" 4 0x1),

k mgq
(31) 7 +270] P+ (Zeyqi(fg - fo)) € —int K,
Jj=1 qg=1 i=

k mq
(32) 7+ Zyoj SYOEDD (Z@’yqi(giq - go)) € —int M3*,
=1 =1
k mq
(33) p + Z ’YO]p] + Z Z 07¢ipqi = 0.
g=111=1

. p— / J— J— J—
Setting T = 2’'4+0x1, U1 = up1, -, Umg = U0mgs Umo+1 = U115 -, Us = Umo+my+. +mk =
Ukmys Q1 = Y015y Qmg = Yomos Omotl = OVi1ses@s = Oy f1 = f1,

?mo = fgm, ?mOJrl = fi,o fs = f,’%k and similarly for g,,...,9,, and Py, ..., Ds.
(31), (32), (33) together with (29), and (30) become

(34) T+ Zaj(fj — fo) € —int K,
(35) 7+ Z @;(g; — go) € —int M,
(36) P+ Zajﬁj =0,

7j=1
(37) ML\ D5 =1,...8}) =W

Taking into account assumption (iv”), for these @y, ..., us and some 6 > 0 we have
(23)-(25) (with @y, ..., us in the place of uq, ..., us).

In accordance with assumption (i1), for T and P’ there is a local section p(.,up)
with p(zg,up) = 0 and P’ = pl,(x0,u0)Z. Define a mapping P and a bounded
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linear mapping A of a neighborhood of (z¢,0) € X x R* into W by

P(x,a) =p(z,v(z, aJr)) + Z O‘j_ﬁja
=1

S
Az, @) = pl(xo,up)z + Z D,
j=1

* at = (af,..,al). By (25), for all

where o := max{q;,0}; a; = a; — a;r,
(z,a) and (2/,a’) in V x € 3. we have

IP(z,0) — Pz, &) — Az, a) + A, )|

= [P, (. a)) = Ba’ v, 0)) = P, wo) (@ = 2) = D (af — a7 )
j=1

(38)
S

<6(lle =/ + " lay — aj).
j=1

By (37), A(X x R®) = W. Let A : (X x R*)/Ker A — W be the one-to-one

mapping corresponding to A. If ¢ is chosen so small that § HZAH < 1/2, then
by the Ioffe-Tihomirov generalization of the Lusternik theorem [6,p.34] (or [7] for
more general setting), there exist ¢ > 0,k > 0 and a mapping ¢t — (z(¢), a(t)) of
[0,] into X x R® such that, for all ¢ € [0, 7],

P(xo +tx + x(t), ta + a(t)) =0,

S
)]+ las(t)] < klIP(xo + t7, ta)]|
j=1
= k||P(x¢ + tz, ta@) — P(x0,0) — A(xg + T, ta) — A(xg,0)]|

(39) < ths([z + Y _ @),

j=1
Therefore, z(t) and u(t) tend to 0 as t does. If ¢ is also satisfied

S
k:(S(HEH n Zaj) < min{@, ..., @},

j=1
then (39) implies that

=)+ ley(t)] < tmin{ay, ..., a}.

j=1
Hence ta; + j(t) > 0 for all j and all small t. Consequently,
P(z,ta + a(t)) = p(z,v(z, ta + a(t))) € P(x,v(z, ta + aft))).
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Setting
T(t) =xo+tT+ 2(t) , u(t) =v(@T(t), ta + alt)),
we have
0=p(@(t),u(t)) € P((t),u(t)).
Now the same lines in the last part of the proof of Theorem 2.1 in [15] indicates
that for all ¢ small enough, G(Z(t),u(t)) C —M and there is f, € F(T(t),u(t))

such that f, — fo € —int K. By this, a contradiction to the minimality of
(o, uo; fo) is obtained and the proof of the theorem is complete. O

Examining the above proof it is easy to see that for problem (P), Theorem 3
is still valid even with the relaxation in (iv”) that we only require the existenxe
of g, € G(z,v(z,a)).

3. EXAMPLES

The assumptions of the theorems presented in this paper have complicated
formulations (they look so even in the corresponding results of [6], [11] for the
single-valued case), but they are weak and not hard to check as shown by the
following examples.

Example 1 (Illustration of Theorem 1). Let X = W = C[lo pY=2=U=

Rand K = M = Ry. Let f : X — R be continuously differentiable in a
neghborhood of x satisfying z¢ # const and xy(0) = 0. Consider the following
optimization problem involving a differential inclusion

1
(40) min (/f(a:(t))dt + u2>,
0

(41) ll& — zol* (Jul[0,1] = 1) € =Ry,
on o
(42) {mo T+ 2aToTo — Aol . | o R}, 2(0) = 0.
arg+ 1

It is easy to see that if there is a neighborhood V' of xy such that f(z) > f(zo) for
all x € V, then (z9,uo) := (0,0) is a local minimum of the problem (40)-(42). To
reduce this problem to a problem of the type (P) observe that (42) is equivalent
to

0 € {adxo + & — do — 2adoxo + adozr : a € R}, x(0)=0
or, what is the same,
d
0€ {%[(az —xp)(axzg+1)]: a€ R}, z(0) = 0.
Integrating this shows that (42) is equivalent to

0 € {(x —zp)(axg+ 1) :a € R},
which is of the form 0 € P(z,u) (but P does not depend on u).
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Taking fo = f f(x(t))dt and gy = 0 we verify that all the assumptions of the

necessary optlmahty condition for (P) corresponding to Theorem 1 for (P), are
satisfied.

Since F' is single-valued, assumptions (i) and (iii) for F are clear. As for G,
an argument similar to that of the Example in [14] will do. Passing to (i1) let
Z € X and p € D, P(20,0;0)Z. Then the section

T — X ifz =0,

P(x,ug) = -

(W) =V By e 20
T

apparently meets (i1). For (i2), observing that P(xg,u) = {0} for each u € U,
the section P(z,u) = x — x¢ is seen to be suitable. Finally we check (iv) (with
the strong- w.r.t.—G convexlikeness). Va € C[}) it Vu €U, Yuy €U, ¥y €0,1],

taking u =0, f, = ff ))dt and g, = —||x — z0||*> we have

1 1 1
(/f ))dt +u1 /f ))dt +u2 - /f(a:(t))dt

0 0 0

= (1 —)uf +u3 € Ry,

(1 =)l = 2ol *(Jur[0,1] = 1) + vl|lz — mo||*(Juz|[0,1] — 1) + ||z — o>
= (1= )llz — @ol[*ua|[0, 1] 4+ ||z — xo||*uz|[0,1] C Ry,

(1 —=7y)P(x,ur) +yP(x,u2) = P(x,u).

Thus, (iv) is fulfilled.

Example 2 (Illustration of Theorem 3). Let X =Y =2 =W =U = R and
K=M=R;. Let F: X~Y, v: X —>Y, w:U—-Yand P:U ~> W be
given multifunctions or (single-valued) mapping. Let o € X and ug € U. The
problem under consideration is

min[(z — z0)?F(u) 4+ v(z) + w(u)],
(@ — 20)*(Jua[[0,1] + uo) C =Ry,
0 € (x — zo)P(u).

Let the following technical assumptions be satisfied.

(a) F(u) is bounded for all uw € U. F(.) has a section f(.) such that sup{|f(u)| :
u € N(up)} := A is finite, where N(ug) is a neighborhood of uy.

(b) v(.) is differentiable at xy and w(.) is linear.
(c) 1 € P(u) for all w € U and P(up) = {1}.
Now we verify the assumptions of Theorem 3 with fo = v(z¢) +w(ug), go = 0.
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A direct calculation gives us the Clacke derivatives
(43) D, P(xg,uo;0)T = {7},
Dy F (20, uo; fo)T = {v'(20)T}.

for each T € R. By (43), (i1) is easy to be checked with the regular section
p(.,ug) = & — xg. Assumptions (i7) and (i#7') for G are shown to be satified in
a manner similar to that of the Example in [14]. As for F, to consider (i) let
T € R and € > 0. We have to show that for all sufficiently small v > 0, and all x
near to T,

1
;(F(:z:o +yz,u0) — fo) — V' (20)T C (—€,6) — Ry
This is true by (a) and (b) since the left-hand side is

v(xo + ) — v(2o)

'y$2.7:(u0) +
v

— ' (20)7.

Now examine the uniform lower semicontinuity of F(.,u) stated in (i#i'). For
given ¢ > 0, we have

F(z,u) — F(xg,u) = (x — x0)?F(u) + v(z) — v(zg) C (—¢,¢)

whenever x is near to zp since F(u) is bounded and v(.) is continuous. So F'(.,u)
is Ry-u.ls.c. with F(xg,u) at xo. Similarly, F(.,ug) is —R4-u.l.s.c. with fy at
Zg-
Now pass to (iv”). We choose p(x,u) = x — xg. Let uy,...,us and § be given.
Put
M = max{|u;|, i =1,...,s},
Q = max{A, 1, maz{|f(u;)|, i =0,...,s}},
- . { o d 1}
=min{ ——, —
4QM7 4Q7 b
V= (J:O —&,20 +€)7

S
v(w,e) = ug+ Y o (u; — up),
j=1

e=1and g = 1. Then, for z,2’ € V we take

[t = (& = 20) f(w;) + v(x) + w(u;)
gl = (x — z0)?up.
Next, for all o,/ € eX° take

fo= (& —20)*f(v(z,0)) + v(2) + w(v(z, ).
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Further more, in our case o’ = x — 2’ and i = 0. Then (23) is checked by the
following estimation

S S
o (- go)—fx+5(|x—xo\+2ai)
=1

:(m—x0)2<f( uo—i—ZaZ i — up) )

(x — x0) Zaz u;) (uo))+5(\x—xo|+2al)

=1

> —(z — 20)%2Q — (v — xO)QQQZai + (5(\:5 — x| + Zai)
i=1 i=1

5 5 S S
> —§\$—$0| - 52%‘4—5(\@‘—@‘0\ —i—ZOéi) >0,
i=1 i=1

Similarly as the Example in [15], condition (24) is satisfied. In turn (25) is clear
for p(x,u) = x — xo.

4. FINAL REMARKS

The necessary optimality conditions of the Fritz John type obtained in [4],
[17], [18], [19] for multifunction optimization need a crucial assumption that the
ordering cone in the product of all the image spaces has nonempty interior because
the main tool of the proof is a standard separation theorem. In our consideration
the ordering cone in W is {0} since the optimization problem involves equality
constraints. This leads to numerous applications in control problems.

The emptyness (together with the parameter involved) requires a complicated
technical machine to overcome. The core of this machine is the Lusternik theorem.
We restrict ourshelves to the case where the multifunction P in the inclusion
constraint has suitable (single-valued) sections. We think that, in order to omit
this restriction a generalization of multifunctions of the Lusternik theorem is
needed and general results of [7] may be concerned.

Another further consideration should be applications of the results presented
here to control problems involving differential inclusions. Note that the corre-
sponding results for the single-valued case have been succesfully applied to control
problems involving diffrential equations.
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