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Value Function of an Infinite Dimensional Infinite Horizon Problem

Helene Frankowska' and Nobusumi Sagara®

Abstract— We investigate the value function of an infinite
horizon problem in the setting of an infinite-dimensional differ-
ential inclusion. In particular, we provide an upper estimate of
its Gateaux subdifferential in terms of the Clarke subdifferen-
tial of the integrand and the Clarke normal cone to the graph of
the set-valued dynamics. We also derive a necessary optimality
condition in the form of an Euler-Lagrange inclusion, the
maximum principle and a sensitivity relation.

I. INTRODUCTION

Optimal control and dynamic programming are instru-
mental cornerstones of modern economic growth theory
originated in [28]. In the general reduced model of capi-
tal accumulation, necessary (and sufficient) conditions for
optimality are employed under the convexity assumptions
on utility functions and technologies to investigate the exis-
tence of competitive equilibria and support prices [7], [27],
[34], transversality conditions at infinity [1], [7], and the
uniqueness and global stability of stationary states [11],
[14], [30], [31]. One of the advantages of convex economic
models lies in the crucial observation that the differentiability
of the value function is guaranteed under the smoothness
assumptions on data, see [6], [7], [9], [29].

On the contrary, the absence of convexity and smoothness
are two major sources of complex economic dynamics in
continuous time as illustrated in [2], [8], [20], [25], [33],
[35]. The lack of convexity results in the failure of the
differentiability of the value function even if the underlying
data are smooth. One can expect at best the local Lipschitz
continuity of the value function. This causes problems with
expressing optimal synthesis in many nonconvex economic
growth models when one attempts to apply the Hamilton—
Jacobi—Bellman (HJB) theory.

The failure of differentiability of the value function has
stimulated two alternative approaches. One is the application
of a “generalized” subdifferential calculus along the lines of
[15], leading to the formulation of a relation between the
maximum principle and the value function [16], [17]. The
other one is the concept of “viscosity solutions” to the asso-
ciated HJB equation (initiated in [18], [19]), whose unique
(viscosity) solution is the value function. For the connections
between the maximum principle and the superdifferentials of
the value function, see also [13], [21], [23].
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The purpose of this paper is twofold. Firstly, we provide
an upper estimate of the Gateaux subdifferential of the value
function in terms of the Clarke subdifferential and the Clarke
normal cone to the set-valued mapping describing dynamics.

Secondly, we derive a necessary condition for optimality in
the form of an adjoint inclusion, the maximum principle and
a relation of the adjoint variable to the subdifferentials of the
value function along the optimal trajectory. To deal with the
adjoint variable in dual spaces, we use the Gelfand integrals
of the Gateaux and Clarke subdifferential mappings, which
is a new feature that does not arise in the context of finite-
dimensional control systems. We also consider the relaxed
variational problem, which is a suitable convexification of
the original variational problem, and derive the necessary
condition that narrows the class of candidates for optimality.
Our dynamical system in the form of a differential inclusion
being very general, these results are derived under quite
restrictive “interiority assumption” (Hg). In the particular
case of dynamics described by a control system we may
remove assumption (Hsg).

For the finite-dimensional infinite horizon problem, nec-
essary conditions without convexity assumptions using
Gateaux, Clarke, and limiting subdifferentials were derived
in [3], [13], [32], [36], while for the control systems in
Hilbert spaces, a necessary condition under the convexity
assumption was obtained in [5]. For the semilinear control
systems in Banach spaces, the necessary and sufficient con-
ditions were derived in [12] in the finite horizon setting when
the sets of admissible velocities are convex.

The outline of the paper is as follows. Section 2 collects
some definitions. In Section 3 we formulate the nonconvex
variational problem and investigate the Lipschitz continuity
and subdifferentiability of the value function. We derive in
Sections 4, 5, 6 some necessary optimality conditions for
the original and relaxed variational problems. Because of
the lack of space some of proofs are omitted. They will be
published elsewhere.

II. PRELIMINARIES

Let (E,| - ||) be a real separable Banach space with the
dual system (E*, FE), where E* is the norm dual of E. For
a nonempty subset C' C E denote by d¢ : E — IR, the
distance function from the set C, by K¢(z) and Te(z)
respectively the contingent and Clarke tangent cones to C
at x € C and let N¢(x) stand for the Clarke normal cone
to C at x € C, see for instance [4, Chapter 4] or [15] for
the precise definitions. The lower (resp. upper) directional
derivative of ¢ : E — IR U {400} at T € domy in the



direction v € E is defined by

(T + 0u) — o(T) € RU {4oo},

. RTINS 4
¢~ (z;v) := lim nf

010 ¢
©T(z;v) := limsup P& + 0%) —#l@) € RU{£o0}.
U—v

040
respectively. The Dini-Hadamard subdifferential of ¢ at T is

0~ ¢(@):={z" € E* | (z",v) < ¢~ (T;v) Yv € E}

and the Dini-Hadamard superdifferential of ¢ at T is defined
by

0t p(x) :={z* € E* | (x*,v) > ¢ (7;0) Vv € E}.

If ¢ is locally Lipschitz at Z, denote by ¢°(Z;v) the Clarke
directional derivative of ¢ at Z in the direction v, see [15]
for the definition.

We denote by IR, the set of all nonnegative reals. Below,
by measurable, we shall always mean Lebesgue measurable.
Let Wllo 1 ([t,00); E), where t > 0, denote the Sobolev space
of continuous functions « : [t,00) — F, whose derivative
Z(s) exists for a e s>t x( ) is locally Bochner integrable
on [t,00) and (1) = [ @(s)ds+(t) for every T € [t,00).

III. VALUE FUNCTION
Let L : Ry x E X E — IRU {400} be an integrand.

Given an arc z() € VVlicl([t, o0), E), define
o] T
/t L(s,x(s),4(s))ds = Th_r)lgo t L(s,z(s),4(s))ds

for every ¢t € IR provided the above limit does exist.

LetI': R x E ~ FE be a multifunction. Define the set of
admissible trajectories starting at time ¢t € IR, from a given
initial condition § € E by A(;¢) =

{2() € Wi (1t 00), B) | i(s) € T(s,a(s)) ae., a(t) = &}
Then the value function V : Ry x E — IR U {%o0} is
inf

(oo}
L(s,x(s),z(s))ds.
o[ na.a)

In the above we set V (¢,€) = +oo if A(t 5) is empty or if
for every xz(-) € A(¢) the integral [ L(s,z(s), &(s))ds
is not well-defined. The effective domain of V is domV =
{(t,z) € Ry x E | V(t,z) < 4o0}. For every (t,&) €
dom V, an admissible trajectory x( ) € A(se) is said to be
optimal for (Py) if [ L(s,2(s),&(s))ds = V(t,£) > —o0.
The standing hypothesis are as follows.

V(t,§) = (Py)

(Hy) Agq,¢ is nonempty for every (¢,¢&) € Ry x E.

(Hz) L(-,z,y) is measurable for every (x,y) € E X E.

(Hg) There exist integrable functions lp, l; : R4 —
R4, and a locally bounded, integrable function
I3 : IRy — IRy such that |L(¢,0,0)| < lo(¢),

|L(t, 2, y)—L(t,2",y)| < h()|z—2'[+0)ly—y/|

for a.e. t € Ry and all (z,y), (2',y’) € E x E.

(H4) T has nonempty closed values.

(Hs) I'(-,z) is measurable for every x € E.
(Hg) There exist locally integrable vy : IRy — IR and
v1 : IRy — IR such that T'(¢,0) C vo(¢) B,

L(t,x) CT(t, ') + n(t)|z — 2’| B

fora.e. t € Ry and all z,2' € E.
(Hr)

[ e ([ ) (14 [ ot

(l1(s) + l2(s)71(s))ds < 0.

The above assumptions and the results from [22] imply

Theorem 1: If (H)—(Hy) hold, then V is bounded, lower
semicontinuous on IR x F, and V (¢, -) is Lipschitz of rank
k(t) on E for every t € IR, with a continuous decreasing
function k : Ry — IR, satisfying k() — 0 as ¢t — oo.

A. Subdifferentiability of the Value Function

Let us denote by L (t,Z,y;v) (resp. L} (t,z,y;v)) the
lower (resp. upper) partial directional derivative of L(¢, -, 7)
at £ € FE in the direction v € E; L. (¢Z,y;v) and
Ly (t,z,y;v) have obvious meanings. Then 0J, L(t,7,y)
(resp. OF L(t,z,7y)) denotes the Dini-Hadamard partial
subdifferential (resp. superdifferential) of L(t,-,y) at &;
0, L(t,z,y) and 8;L(t,f,gj) have similar meanings.
The Clarke partial directional derivatives L2 (t,Z,7;v)
and L;(t,f,g;v), and the Clarke partial subdifferentials
0y L(t,7,y) and O, L(t,r,y) are defined in a similar way.

We need another continuity assumption on I':

(Hg) T'(-,z) is lower semicontinuous for every x € E.

Using the Filippov type theorem from [22] we prove

Lemma 1: Suppose (Hy), (Hj), (Hg). Let zo(-) € A(,¢,)
and t € IR4 be such that ©¢(t) € T'(t,z0(t)). Fix any
v € I'(t,xzo(t)). Then for every h > 0 there exists zx(:) €
WLL([t,t + h]; E) such that:

(i) Zp(s) € T'(s,zp(s)) ae., zp(t + h) = zo(t + h);
(i) [l () — o(t) — ho(t) — v)]| = o(h);
(iii) [|Zn(-) = vllL(t,e4ny) = o(h).
The results below substantially improve those from [6],
(71, [9], [29].
Let zo(-) € A(q,¢,) be optimal and [t] := (¢, zo(t), To(t)).
Theorem 2: Assume (Hip)—(H,), (Hy), (Hy) and (H,).
Then for a.e. ¢ > 0 and any v € T'(¢, zo(t)),

Q) V (t,zo(t); 2o(t) —v) < L(t, xo(t),v) — L[] ;
(ll) —81 V(t,ito(t)) C 8;L[t] + Np(tyzo(t))((t(](t)).

Moreover, if for a.e. ¢t > 0, L(t,20(t),-) is Gateaux differ-
entiable at & (t), then for a.e. ¢t > 0,

=0, V(t,2o(t)) C{Vy L[t} + Nr(t,ag ) (0 (t))-

Proof: (i): Let t > 0 be such that the two inclusions in
(H6) hold, v € T'(t,x¢(t)) and zp(-) € WHL([t, t + h]; E)
be as in the claim of Lemma 1. Then, for every s € [t, ¢+ h]



we have

lzn(s)

—2o(®)[| < llzn(s) = zn(®)l + lzn(t) — 2o ()]

< hf[vll + hlldo(t) — ]| + o(h)

< h(o(t) + 1 @®)llzn (@)l + l[Eo(t) — ) + o(h)

< h(vo(t) + 71 (@) (lzo (D)l + hllEo(t) — o)
+hll#o(t) — vl + o(h)

= k(@) + 1 @)llzo(®)] + [[E0(t) —v[]) + o(h)

which yields the following estimates:
S L(s,an(s), @n(s))ds — [T L(s, wo(t), v)ds
h .

< ST () llan(s) — o )H +1a(s)[@n(s) — vl) ds
St+(}h(70(t) +n®llzo (B + [lZo(t) — vl]) + o(h)) x

ft l1(s)ds + SUPse(t,t+h] la(s)[|#n(-) — U||L1([t,t+h])~
So the above is equal to o(h). By the separability of F and
[24, Theorem 2.5], there exists a subset I of IR such that
the Lebesgue measure of its complement IRy \ I is zero

with limp o h_lj;tJth(s,x,v)ds = L(t,z,v) for every
(t,z,v) € I x E x E. We thus obtain: for every t € I,

t / in(s))ds =

Let t € IR, be a Lebesgue point of L(-,xzq
the dynamic programming,

L(t,zo(t),v).
(-)s@o(+)). By

S l‘h

t+h
V(t,zp(t)) < /t L(s,xp(s),2n(s))ds+V (t+h, zo(t+h)).

R Ls)ds + V (t+ R, wo(t+ h))

,+) is locally Lipschitz, we get

t+h t+h
/t L(s,xh(s),j:h(s))ds—/t Lis]ds

> V(tvxh(t)) - V<t’x0(t))
>V (t,zo(t) + h(zo(t) —v)) — V(t,z0(t)) — o(h).
Dividing by h > 0 and taking the limit as h — 0 yields
Voo (t, zo(t); o(t) — v) < L(t,x0(t),v) — L[t].

Since v € T'(¢, zo(t)) is arbitrary, we proved (i).

(i): Let z* € 0,V (t,zo(t)), u € Kpaow)(Zo(t))
Then for some #,, — 0+ and u, € FE with u,, — u we
have #o(t) + Opu, € T'(t,z0(t)) for each n € N. Since
Vo (¢, 2o(t); —Onun) < L(t, xo(t), o(t) + Onun) — L[t],

L(t, 2o(t), do(t) + Opun) — L[]
0y, '

Subtracting V (¢, z(t)) =
and using that V(¢

<5E*7 _un> S

Letting n — oo yields

(—a*,u) < L (t,xo(t), 2o(t);u) < L (t,20(t), 2o(t); u)

ey
for every u € Kr(¢,z,(+))(Z0(t)). Suppose for a moment that
—z* & Oy L[t] + Nr(t,00())(Z0(t)). Since 9, L[t] is weakly*
compact, and Np(; (1)) (Z0o(t)) is weakly* closed, 9y L[t] +
Nr(t,20(¢)) (Z0(t)) is weakly* closed. Then, by the separation
theorem, there exists v € E such that

(—z* v) > (y*", vy +

(2, v).

sup
y* €93 L[t]

sup
2*€NT(t,20t)) (Z0(t))

Thus (z*,v) < 0 for every z* € Np( zo))(%o(t)). This
means that v € TF(t,mo(t))(iO(t)) C Kp(t’z()(t))(.i‘o(t)).
The above inequality also implies that (—z* v) >
Ly (t,x0(t), 20(t); v), in contradiction with (1). This proves
(ii). If ¢ is so that L(t,xo(t), -) is Gateaux differentiable and
locally Lipschitz at &o(t), then (1) can be replaced by

To(t); u)

for every u € Kp(tz.(4))(Z0(t)). The above arguments are
also valid when we replace 0, L[t] and Lj (t,x0(t), Zo(t);v)
respectively by V, L[t] and (V,L][t],v). |

(=", u) < VyL(t,zo(t),

IV. MAXIMUM PRINCIPLE

A function p : IRy — E* is locally absolutely continuous
if its restriction to any bounded closed interval is absolutely
continuous. A function p(-) is said to be weakly* differen-
tiable at t > 0 if there exists * € E* such that

for every x € E. Then z* is called the weak™ derivative of
p at t and is denoted by p(t) with 4 (p(t),z) = (p(t),z).

The weak™ differentiability of locally absolutely contin-
uous functions is fundamental in the sequel and can be
deduced from the proof of [26, Lemma].

(Hg) For every t € IR there exists > 0 such that

(zo(s) +nB,40(s)) C gphl'(s,)

where gphT'(s, -) stands for the graph of T'(s,-).
Define the Hamiltonian H : Ry X E X E* — RU{+400}

sup {<$*,y> _L(tvxvy)}' (2)
yel'(t,z)

ae. s €10,t],

H(t,z,z") :=

Theorem 3: Assume (H;)-(H,), (H), (Hgz)—-(Hs). If
97V (0,20(0)) # 0 and J;F L[t] is nonempty a.e., then for
every z* € 0,V (0,z(0)) there exists a locally absolutely
continuous p : IRy — E* with p(0) = —z* such that

i) —p(t) € O, V(t,zo(t)) for every t € Ry

(i) p(t) S 8;L[t] + NF(t,mo(t))(iO(ﬁ)) a.e.;
(iii) p(t) € OF Lt] ae
(v) H(t,zo(t),p(t)) = (p(t), 20(t)) — L(t, z0(t)), Z0(t))
a.e.;
) Jim p(0) =0
where p(t) denotes the weak™* derivative of p(-). In partic-
ular, if 9, V(0,20(0)) is nonempty, then O, V (t,xzo(t)) is
nonempty for every ¢t € R,.
Proof: Lett € Ry and n > 0 be as in (Hg). Fix
any z* € 9;V(0,20(0)) and let f : [0,¢{] — E* be a
Gelfand integrable selector of the mappmg s 8+L[ ]
over the interval [0,¢]. Define p(t fo s)ds — z* as a
Gelfand integral. We claim that — ( ) € 05 V(t,xo( ))- To
this end, fix any v € E and consider the local perturbation
of xo(-) over [0,t] given by wo(s) := wxo(s) + Ov for
€ [0,t]. By construction, @g(s) = @o(s) ae. s € [0,t]



and z(s) € zo(s) +nB whenever 0 < 6 < (1 + |jv|)~1n
and hence, (z¢(s),Zg(s)) € gphT'(s,-) a.e. s € [0,t]. Thus

V(O,xg(O))§/0 L(s, z0(s), 30 (s))ds + V (¢, zo(t)).

Subtracting V' (0, z0(0)) = fot
V(0,20(0)) <V (t,zo(t)) —

L{s|ds + V(t,zo(t)) yields
V(t,zo(t))+
/0 (L(s,wg(s),d9(s)) — L[s]) ds.

Let 6,, — 0+ be such that
V(t,x +0,v) —
v) = lim (2o (t) 0)

n— 00 0,

V(0,20(0)) —

Vi (¢, 2o(t); V(t,zo(t))

Using the Lebesgue dominated convergence theorem and
Fatou’s lemma and taking the limit as n — oo yields

n<7mmxv<f%ﬁ@ma>'<xmw+

T (t,mo(t);v) < fo (s),v)ds + V.~ (t,xo(t);v)

= (p(t),v) + (z*,v) + V= (txo(t)v) Vv e E.
Since (z*,v) < V7 (0,20(0);v), we obtain (—p(t),v) <
Vo (t, zo(t);v) for every v € FE and (i) follows.

Since (p(t),y) = f(() y)ds — (z*,y) for all t € Ry,
y € E and [(f(s),y)| < [If(s )|||1y|| < Li(s)llyll, we get
Kp(t + h) — p(t),y)| < ||ij; s)ds, and therefore,
lp(t 4+ h) —p(t)]] < ftt+ l1(s)ds for every h > 0. Hence

p is locally absolutely continuous and its weak™® derivative
p(t) = f(t) exists a.e. This proves (iii). By Theorem 2 and
(@), (p(t), 2o(t)) — L[t] = (p(t), y) — L(t, o (t), y) for every
y € I'(t, 2o (t)) implying the maximum principle (iv). Thus,
for ae. t € Ry and every v € Tp(sq0(¢))(L0(t)), we have
(p(t),v) < Ly (t,wo(t),zo(t);v) < Ly(t,xo(t),oo(t);v)
and condition (ii) follows from the separation argument as
in the proof of Theorem 2. To get (v) recall that by Theorem
1, V/(t,-) is Lipschitz of rank k(¢) with k() — 0 as t — oo.
Therefore, ||p(t)|| < k(t) — 0. |

V. RELAXED VARIATIONAL PROBLEMS

The significance of Theorems 2 and 3 is severely lim-
ited whenever, #o(t) happens to be an isolated point in
D(t,zo(t)) on a set of positive measure, because on this
set Np(¢,0(¢))(T0(t)) is the whole space. To overcome this
limitation, the relaxation technique provides some additional
information on the subdifferentiability of the value function.

Define the multifunction T : Ry x E ~» R x E by

(t,z,y), y €L(t, )}
Then T'(t,z) is the augmented velocity set. The relaxed
variational problem, which is a convexified problem corre-
sponding to (F%), is as follows.
/ Y(s)ds
t
2(-)EWL. ([t,00); )

(,d)(s) € oL (s,

L(t,z)={(r,y) e RxE|r=1L

V(t, &) = inf

'lb( )GL (]R+) (RPt)

x(s)) a.e., x(t) =¢&.

V :RxE — IRU{=oc} is the value function of the relaxed
problem. Define the set of admissible relaxed trajectories
starting at time ¢ > 0 from the initial condition £ € E by

Age = { (Jy o(r)dr,2()) € WEL ([t 00 R x E) |

loc
(¢(s),2(s)) €ecol'(s,

2(s)) ae. s € [t,00), x(t) = g} .
For (t,¢) € domV, a trajectory (Jo ®(T)dr, (- )) E fl (,€)
1s said to be optimal for (RP,) if it satlsﬁes ft s)ds =

V(t, &) > —oo. Then V (t,£) < V(t,£), ¥ (t,€) € domV.

Denote by B the open unit ball in IR x E, where the norm
in R x E is given by ||(r, x)|| := |r|+ ||x|. It is easy to see
that if (Hy)—(Hg) hold, then T has nonempty closed values,
is measurable with respect to the first variable and satisfies
assumptions similar to (Hg).

The following relaxation result for differential inclusions
is a special case of [22, Theorem 2.5].

Lemma 2: Let 0 < tg < t;. If (Hy), (H5) and (Hg)
hold, then for any y(-) € Wh([tg,t1]; E) with g(t) €
col'(t,y(t)) ae. and every € > 0 there exists z(-) €
Whi([to,t1]; E) with @(t) € T(t,x(t)) ae. such that
z(to) = y(to) and sup,epy, 41 [l2(t) — y(t)]| <e.

It implies the following theorem.

Theorem 4: If (H;)—-(H7) hold, then V' coincides with
V. In particular, If z(-) € A(t@ is optimal for (P;), then
(f; L(r,2(7), &(7))dr,2(-)) € Aq¢) is optimal for (RP,).

Define the “relaxed” Lagrangian L : Ry x ExE —
IR U {+0o0} of L by: for any y € co'(¢, x)

L(t,z,y) = inf {r eR | (ry) e wf(t,x)}

and set L(t,x,y) = +oo if y ¢ @ (L, x).
Then L < L on gph oL, and L(t, x, -) is lower semicon-
tinuous and convex on FE for every (¢t,z) € R.
(H5) L(-,z,y) is continuous for every (x,y) € E x E.
Theorem 5: 1f (Hy), (Hb), (Hz), (H,), (Hy), (H) and
(H,) hold, then:
() V, (t,xo(t); o(t) —v) < L(t, zo(t),v)
t € IRy and every v € GO I'(t, zo(1));
(i) —0; V(t,zo(t)) C 0, L[t] ae. t € Ry;
(iil) 9, L[t] C 0y L[t] + Nesr(t,z0(t)) (T0(t)) ae. t € Ry.
Proof: (i): (Hs) implies that for a.e. t > 0, E(t, -,+) has
finite values on gphco I'(¢, +). Since I5(-) is locally bounded,
(HS) guarantees that L(-, x, -) is continuous on IR x E for
every z € E. Then I'(-,x) is lower semicontinuous, and
hence, Go I'(-,z) is also lower semicontinuous. Let ¢t € R,
be a Lebesgue point of s — [ L(7,20(7),40(7))dr such
that do(t) € T(t,zo(t)). Take any (r,v) € col'(t,zo(t)).
Applying Lemma 1 to o, for every h > 0 there exists
(an(-),zn(-)) € WH([t,t + h]; R x E) such that:
(@ (an,zp)(s) € col'(s,zn(s)) ae., zp(t+h) = xo(t+h);
() llon(t) — 20(t) — hlio(t) — )| = o(h);
© llan(-) = rllrqeeny + 18 () = vllLr(e,e+n)) = o(h).
By Theorem 4, V (¢, z,(t)) =

— L[t] for ae.

- t+h
V(t,zp(t)) < / an(s)ds + V(t + h,zo(t + h)).



Subtracting V (t, zo(t)) = [/ Lislds +V (t + h, zo(t + 1))
from the both sides of the above inequality yields

t+h t+h
/t i (s)ds — /t Lislds > V (£, 2(t)) — V (¢, 20(L)
> V(t,zo(t) + h(zo(t) —v)) — V(t,20(t)) — o(h).

Thus V,~ (¢, zo(t); £o(t) —v) < r— L[t]. We proved that for
every v € coI'(t, zo(1))

Vo (t, xo(t); 4o(t) — v) < L(t, zo(t),v) — L[t].

(ii): Take any z* € 9, V (¢,x0(t)). In the same way as in
the proof of Theorem 2(ii), we obtain

(—a*,v) < Ly (t, z0(t), 20 (t);v) 3)

Vv € Keor(t,eo(t)) (Z0(t) If v & Keor(t,zo(1)) (F0(t)), then
Ly (t,xo(t), #o(t); v) = +oo. Thus inequality (3) is true for
every v € E. Therefore, —2* € 0,/ LIt].

@iii): If 0, L[t] is empty, then the inclusion is trivial.
Assume next that 0y L]t] is nonempty. Observe that L[t] =
L[t] ae. t € Ry, for otherwise we must have V (0,&) #

V(0,&p), which contradicts to Theorem 4. Since L < L,

L; (t,zo(t), Zo(t);v) < Ly(t, xo(t), To(t);v) 4)

for every v € E. Take any z* € 0, L[t] and assume for a
moment that 2* & 0 L[t] + Neg 1(t,20(¢)) (€0(t)). In the same
way as before we derive a contradiction. [ ]

Corollary 1: Assume (Hy), (Hb), (Hs), (H,), (Hy),
(Hg)-(Hg). If 9;V(0,20(0)) is nonempty and 9 L[t]
is nonempty for ae. ¢t € IR,, then for every z* €
9,V (0,2¢(0)) there exists a locally absolutely continuous
function p : IRy — E* with p(0) = —z* such that all
conclusions of Theorem 3 hold with I' replaced by coI' and
moreover p(t) € 8y’i[t] a.e. In particular, if 9, V' (0, z0(0))
is nonempty, then 9, V(t,xo(t)) is nonempty for every
t E R+.

VI. NECESSARY CONDITIONS WITHOUT THE
INTERIORITY ASSUMPTION

Hypothesis (Hg) in Theorem 3 is stringent, mostly be-
cause the velocity multifunction I' is too general. Hence, a
“structural assumption” on () compensates this generality.
If instead some “structural” assumptions are imposed on
T, then hypothesis (Hg) can be omitted. To illustrate this
observation, we consider a standard optimal control problem.

Let X be a complete separable metric space, f : IRy X
E x X — FE be a velocity function, and U : R4 ~~» X
be a control multifunction. Denote by M (IR, X) the space
of measurable functions on IR} with values in X. Define
the integrand L : Ry x E x X — R by L(t,z,u) :=
L(t,z, f(t,z,u)). The optimal control problem under con-
sideration is as follows:

inf / L(t, z(t), u(t))dt
2()EWL! (R4, B)
u(EM(Ry,X)

st.u(t) e U(t) ae. t € Ry,
2(t) = f(t,x(t),u(t)) ae. t € Ry,

(Po)

z(0) = ¢&.

The Hamiltonian for problem (Po) is given by:

H(t,x,x*) = sup {(w*,f(t,x,u)) - i(t,x,u)} )

ueU(t)
The velocity multifunction is defined by I'(t,z) :=
f(t,z,U(t)). Now impose “usual” assumptions on f and U
in order that T satisfies (H;)—(H,), (Hy), (Hy), and (H.).
Note that 3, L(t, x, u) is nonempty at (¢, z,u) € R, x ExX
whenever so is é);ﬁyL(t, x, f(t,z,u)) and f(t,-, u) is locally
Lipschitz and Gateaux differentiable at x. Denote by L(E)
the space of bounded linear operators on F.

The following reasonable hypothesis is a “structural as-

sumption” on f that dispenses with (Hs).

(Ho)(i) f is a Carathéodory function, i.e., f(-,z,u) is
measurable for every (z,u) € ExX and f(t,-,-)
is continuous for every t € IR ..

(i) For every R > 0 and T > 0 there exists an
integrable function k : [0,7] — IR such that:

a) [|f(t,z,u)| < k(t) for every ¢t € [0,T], z €
RB, and u € U(t);

b) f(t,-,u) is Lipschitz of rank k(¢) on RB for
every t € [0,T] and w € U(%).

(iii) f(t,-,w) is Fréchet differentiable on E for every
(t,u) € Ry x X and the mapping (¢, z,u) —
V. f(t,z,u) is continuous in the uniform oper-
ator topology of L(E).

Conditions (Hg)-(i), (ii) guarantee the existence of solutions
of the integral equation

- et

for any control u(-) € M(IR4+, X). Moreover the locally
absolutely continuous function z(-) : Ry — E is a unique
mild solution to the ordinary differential equation (ODE) in
(Py)), which has the strong derivative z(t) ae. t € Ry (in
view of the separability of £ and the Lebesgue theorem).

Let (z0(-),uo(-)) € Wlf)cl(Im,E) x M(IRy,X) be an
optimal trajectory-control pair for optimal control problem
(Po). Denote by V. f(s,zo(s), uo(s))* € L(E*) the adjoint
operator of V. f(s,zo(s),uo(s)) € L(E).

(s))ds+ & forevery t € Ry

Theorem 6: Suppose that (H;)—(H,), (H5), (Hy),
(H,), and (Hy) hold with I'(t,x) = f(t,z,U(t)).
If 0,;V(0,29(0)) 1is nonempty and the mapping

I+ L(-,z0(-),u0(-)) : Ry ~» E* admits a locally Bochner
integrable selector, then there exists a locally absolutely
continuous function p : R4y — E* such that:

—p(t) € 0,V (t,zo(t)) for every t € Ry;

p(t) € Oy L(t, zo(t), f(t, xo(t), uo(t)))+
NF(t,xo(t ) f(ta xO(t)a UO(t))) a.e.te ]P”-i-;

) (
—p(t) € Vaf(t,z0(t), uo(t))*p(t)—
OFL(t, zo(t),up(t)) a.e. t € My;

H(t,zo(t), p(t)) = (p(t), (£, 0(t), uo(t))) —
L(t, xo(t), uo(t)) a-e. t € Ry



where p(t) denotes the strong derivative of p(-) at t €
R;. In particular, if 9,V (0,20(0)) is nonempty, then
0,V (t,zo(t)) is nonempty for every ¢t € IR.

The proof of the above theorem is quite technical and will
be published elsewhere.

Remark 1: The existence of locally Bochner inte-
grable selectors from the superdifferential mapping ¢ ~~
OF L(t, xo(t), uo(t)) follows from (Hz) and (Hg) when-
ever E* is separable in the dual norm. For the case
with nonseparable E*, the Fréchet differentiability of
the integrand L(t,-,-) on E x E and the continuity of
(t,z,y) — (VizL(t,z,y),V,L(t,x,y)) in the dual norm
of E* x E* guarantee the local Bochner integrability of
t = VoL(t,zo(t),uo(t)) in E* under (Hs) and (Ho). If
Oyt L(t, xo(t), £o(t)) is nonempty, then take any (p,q) €
O, L(t,xo(t), £o(t)) and observe that for every v € E and
u € U(t), we have:

‘Z/-x‘r (t7 x? u’ U) é L;_,y(t7 ‘r) f(t7 'Tv u)? ,U) Vﬂ?f(t7 ‘r) u)v)
<(p,v) +{¢, Vo f(t,z,u)v) = (p+ Vo f(t, z,u)"q, ).
VII. CONCLUSIONS

It is well known that in optimal control of finite horizon
problems the adjoint state can be related to generalized gradi-
ents of the value function. In the present paper we considered
an infinite horizon problem with dynamics described by a
differential inclusion and derived relations of subdifferential
of the value function to generalized gradients of the integrand
and normals to the set of admissible velocities along the
optimal trajectories. Under an additional assumption we have
also shown that for any optimal trajectory there exist solu-
tions of the Euler-Lagrange inclusions satisfying in addition
the Weierstrass type conditions and a sensitivity relation.
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