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VALUE FUNCTION AND OPTIMALITY CONDITIONS

Kyung Eung Kim

ABSTRACT. In the optimal control problem, at first we search the
expected optimal solution by using Pontryagin type’s necessary con-
ditions called the maximum principle. Next we use the sufficient
conditions to conclude that the searched solution is optimal. In this
article the sufficient conditions are studied. The value function is
used for sufficient conditions.

1. Introduction

Let Z be a complete metric space. Consider the controlled system:

min 1 (z (7))
subject to
() = f(t,z(t),u(t)) ae in[0,T],
u(t) € U(t) ae. in[0,T],
z(0) = &,
g(t,z(t)) < 0 Vtelo,T],
where

f o [0,T] xR"x Z — R",
U071 = Z

(the symbol ‘=" means that the related function is a set valued function).
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To solve this problem, at first we should find the x(-) which can be
optimal. At this time we use the necessary conditions for optimality
called the maximum principle. See [4] and [6] for this subject. Secondly,
we should verify by the sufficient conditions that the searched solution
is really optimal. In this article we study the sufficient conditions for
optimality by using the value function.

We set

F(t,x) = f(t,z,u(t)),
and assume that
(i) V(t,z) € [0,T] x R™, F(t, x) is nonempty, convex and compact,
(ii) Vo € R™, F(-, x) is measurable,
(iii) Im € L*(0,T) such that for almost all ¢t € [0, 7], Vx € R™,

sup o]l < m(&)(1 + [l),
veF (t,x)

(iv) 3k € L'(0,T) such that F(t,-) is k(t)—Lipschitz a.e. in [0, 7],

(v) g and v are continuous.
Some notations are needed:

Bp(z) ={y e R" | |ly—zl| <R}
Q={(t,x) € [0,T] xR"* | g¢g(t,z) <0}
2'(t) € F(t,z(t)) ae  [to,T),
SﬁmT](:vo) =qx(-) € AC(to,T) | g(t,x(t) <0 Vte [t T),
x(to) = xo

where AC(ty,T') is the set of absolutely continuous functions from ¢y, T’

to R™. The value function associated to the above problem is defined
by: for all (t(), ZL‘Q) c [O, T] x R™ with g(to, ZL‘Q) <0,

Vito, o) = inf {4 (2(T)) | () € S§, py(w0)}
We set
V(t,z) =400 V(t,z) ¢ Q,
and define
Dom(V) ={(t,z) e RxR" | V(t,z)# £oo}.

See [3] for the properties of the value function. In general, the value
function is not differentiable. Therefore we need to define the more
generalized derivatives and differentials for our purpose.



Value function and optimality conditions 285

DEFINITION 1.1. Let ¢ : R™ — R™ U {o0} be an extended function,
v € R, and xy € R" such that ¢(zg) # oco. We define:

@+<’0(x0) — {p c Rn| limsup SO(I) - QO(.%D)— <p,T— Ty > < 0} ,

50 [ = ol

Dyo(zo)(v) = liminf p(xo + h') — (o)

h—0t,0'—v h ’

D p(xp)(v) = limsup ol + h) = ng).

h—0t v/ —wv h

2. Some basic results

Let z € Sj 1(z0) and set
p(t) = V(¢ 2(t) Vielt,T].

LEMMA 2.1. Assume that f is continuous and U(-) = U is compact.
If for a constant C' > 0 and p(t) € R™, we have

p(t) € 0LV (t,2(1), Vit lto,T],

and
o) <C,  Vitelty, T,

then there exists a constant M such that

Dip(H)(1) < M, Vte [ty T]

Proof. We have
V(t+ hv, z(t + hv)) — V(t, 2(1))

D 1) = liminf
e®)(l) = liminf, 2
1% (t + ho, z(t) + hM) — V(t,2(t))
(1) = liminf :
h—0t v—1 h

But, since f is continuous and U(:) = U is compact, there exists M,
such that for all ¢ € [to, T7,

1F (¢, 2(2), u(@)]| < M.
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Therefore we have

z(t+h) — 2(t) 1t
CAR 20— 2 [ fs. o) u()ds
t
1 t+h
€ E MlBl ds
t
€ M, B;.

This implies that there exists a sequence h, — 07 and & € M;B; such
that

) MEh) ¢

Therefore (1) and (2) imply that

DﬁO(t)(l) _ hl_%%lil_f)g V(t + hv, Z(t) —|—th) — V(t, z(t))
DV (t,z(t))(1,€)

<p(t),(1,§) >

C(1+ M)

M.

IA A

]

LEMMA 2.2. Suppose that V' is lower semi-continuous. Under the
same hypotheses with Lemma 2.1, () is Lipschitz continuous in [to, T).

Proof. Consider the set valued function F : R?> = R? such that
F(r,y) = {(1,M)} where M is the constant of Lemma 2.1. Set K =
Ep(¢) (see [2] for the definition of Ep ). Note that K is closed. We fix
s > to. Now we consider the following differential inclusion:

(r,y) € F(r,y)
3) (r0)(0) = (s.0(s) € K.

By Lemma 2.1 and the fact that

Tx(1,y) D Tr(T,0(1)) Yy = p(7)
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(see [2] for the definition of Tk ), we have for all (7,y) € K,
(1, M) € Ep(Drp(7))
= Tx(1, (7))
C TK (T? y)7
in other words, for all (1,y) € K,

F(ry) NTr(r,y) = {(1, M)} # 0.

See [2] for the definition of Tk. By the viability theorem, there exists a
solution of (3) such that (7,y)(r) € K for all 0 < r < T —s. But (3)
has only one solution. Therefore
(1,y) = (s +10(s) + Mr) € K,
in other words,
0<p(s+r)—p(s) < Mr.
[
LEMMA 2.3. Suppose (i) ~ (v). Then for all R > 0 and for all

(to,xo) € Q, with ||zo|| < R, there exists L > R such that for all
x € S (o) and for all t € [to, T,

[z < L.

Proof. Let x € Sfi 1y(xo). Then for almost all ¢ € [to, 77,
2'(t) € F(t,z(t)) C F(t,0) + k(t)||z(t)|| By
Therefore for all ¢ € [ty, T1,

le@1 < ol + / m(s)ds + / B(s)|(s)]ds.

to

We can apply the Gronwall’s Lemma for the conclusion. O

PROPOSITION 2.4. Assume (i) ~ (v). Furthermore, suppose that
V(t,-) is Lg-Lipschitz on Bg(0) N Dom(V(t,-)) for all t € [ty,T]|. Then

for all (ty,zo) € Dom(V), for all x € S[?fo,T] (x0), the function

[to, T 2t — V(t,z(t))

is absolutely continuous.
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Proof. Let z1 € S[ZO 1] (x0) and to < t; <ty < T. Since

Vito,0) = inf {V(t,2()) | @() € f (o)}
there exists x5 € S r(21(t1)) such that
V(tz, $2(t2)) S V(tl, l‘l(tl)) + tQ — tl-
By the proof of Lemma 2.3, for all i = 1,2, we have,

o) =) < [ misyds+ [ k)la)lds

t1 t1

< /Qm(s)ds—i— Lz / 2 k(s)||zi(s)||ds.

t1 t1
Therefore
0 S V(tg,.Il(tQ)) — V(t1,$1(t1))

S V(tQ,LEl(tQ)) — V(tz,fﬂg(tg)) + ‘tQ - t1’

< Lgllai(tz) — z2(t2)|| + [t2 — 1]

< Lr([lza(te) — ()] + [[22(t2) — z1(t)]) + [t2 — ]
t t

< 2Lg (/ : m(s)ds + Ljjao) / ) k(s)ds) + |ta — t1].
t1 t1

By the definition of absolutely continuity, this implies that the function
t— V(t,z(t))

is absolutely continuous. O

3. Suflicient conditions

We define the map G for all (¢,z) € Q,
G(t,z) ={ve F(t,x) | DyV(t,z)(1,v) <0}.
THEOREM 3.1. Under the hypothesis of Proposition 2.4 if
' (t) € G(t,z(t)) a.e. inl[ty,T]
(4) _
£L‘(t0) = 29

then
V(to, o) = ¥(2(T)).

Therefore x(-) is optimal.
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Proof. By the definition of GG, we have
2'(t) € F(t,z(t)) ae. in [t T],
and
g(t,xz(t)) <0 in [to, T].
Set
p(t) = V(tx(t)).

Proposition 2.4 implies that ¢ is absolutely continuous. Hence ¢ is
differentiable almost everywhere. On the other hand ¢ is nondecreasing,
therefore ¢’ > 0 a.e. Hence to end the proof, it is sufficient to prove that

O'(t) <0 ae. in [ty,T).

The condition (4) implies that there exist h; — 07 and v; — /() such
that for almost all ¢ € [to, T,

0 > DyV(t () (1,2'(t))
V(t+h,z(t) + hv) = V(t,z(t))

> ..
(5) - hﬁl(%g}vl—?af’(t) h
1—00 i

Since for all (¢,z) ¢ Dom(V'), V(t,z) = oo, we have for sufficiently large
i
(t + hi, x(t) + hiv;) € Dom(V)
Fix t € [to, T] such that ¢'(t) exists. Then
V(t+ h,z(t) + hv) — V(t,2(t))

"(t) = 1i <0
o) = 1, h <
by (5) and Lipschitz continuity of V'(¢,-). O

Consider the set valued function: V(¢,z) € €,

Gt,z) ={f(t,m,u) | weU(t),Ip,p.) €0.V(t ),
it < po, f(t, z,u) >> 0}.
DEFINITION 3.2. Let y : [ty,T] — R". For all ¢ € [to,T"), we define

y(s) —y()

Dy(t) = Limsup,_, .+ p

(see [2] for the definition of Limsup).
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DEFINITION 3.3. We say that a continuous function y : [to, 7] — R”
is a contingent solution of the system:

(6) () € Gt z(t)),

I(to) = Xy,
if

Dy(t)NG(t,y(t)) #0,  Vtelt,T).

PROPOSITION 3.4. Suppose that U(-) = U is compact and [ is contin-
uous. If z is a contingent solution of (6), then z is Lipschitz continuous.

Proof. Let R = sup{|f(t,z(t),u)] | weU, telt,T]} Consider
the viability problem:
S/<t) = 1, S(to) = to,
y/(t) = BR? y(tﬂ) = Zo,
(s(t),y(t)) € Graph(z) VYt € [to,T].
By the viability theorem and the fact that z is a contingent solution of
(6), the above problem has a solution. We have s(t) = t and y is R-

Lipschitz continuous. Since z(t) = y(t), z is also Lipschitz continuous.
0

THEOREM 3.5. Under the assumptions of Proposition 3.4 if z is a
contingent solution of the system (6), then z is optimal.

Proof. By Proposition 3.4, z is Lipschitz continuous and therefore z
is differentiable almost everywhere. Therefore we have

Z(t) € G(t,2(t)) C f(t,2(t),U) ae. in [ty, T).

By applying Theorem 8.2.9 of [2], z is also a trajectory of the dynam-
ical system. Set ¢(t) = V(t,z(t)). Since z is a contingent solution,
O,V (t,2(t)) # 0 for all t € [ty, T). Therefore by the definition of G, for
allt € [, T), for all v € Dz(t)NG(t, 2(t)), for all (ps, p.) € DLV (¢, 2(t)),

Dyp(t)(1) < DYV (2, 2(8)) (1, 0) << (pr, p2), (1,0) >= 0.
By Lemma 2.2, ¢(-) is 0-Lipschitz continuous. Therefore

V(L z(t) = o(t) = p(to) = V(to,z0), VtE[to,T].

In other words, z is optimal. O



Value function and optimality conditions 291

References

[1] J. P. Aubin and A. Cellina, Differential Inclusion, Springer-Verlag, Griindlehren
der Math. Wiss. (1984).

[2] J. P. Aubin and H. Frankowska, Set-Valued Analysis, Birkhduser, Boston, Basel,
Berlin, (1990).

[3] P. Cannarsa and H. Frankowska, Some characterizations of optimal trajectories
in optimal control theory, SIAM J. Control Optim. 29 (1991), 1322-1347.

[4] F. H. Clarke, A general theorem on necessary conditions in optimal control, J.
Discret. Contin. Dyn. Syst. 29 (2011), 485-503.

[5] H. Frankowska, Optimal Trajectories Associated to a Solution of Contingent
Hamilton-Jacobi Equation, Applied Mathematics and Optimization 19 (1993), 291—
311.

[6] R. Vinter Optimal Control, Birkhauser, Boston, (2000).

Kyung Eung Kim

Department of Mathematics

School of Liberal Arts

Seoul National University of Science and Technology
Seoul 139-743, Korea

FE-mail: kimke@seoultech.ac.kr



