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ON THE BELLMAN EQUATIONS WITH VARYING CONTROL

SHIGEAKI KOIKE

The value function is presented by minimisation of a cost functional over admissible
controls. The associated first order Bellman equations with varying control are
treated. It turns out that the value function is a viscosity solution of the Bellman
equation and the comparison principle holds, which is an essential tool in obtaining
the uniqueness of the viscosity solutions.

1. INTRODUCTION

In this article, we consider the following Bellman equations of first order:

(1.1) sup {Mu(z) — (g9(z,a), Du(z)) — f(z,a)} =0 forz € Q,
a€A(z)

where A > 0 is a positive constant, A(z) is a subset of A for each z € (2, and
g:0Ox A—> R™and f:0Q x A — R are given continuous functions. Here, @ C R™ is
a bounded open set and A a compact set in RY (for n, N € N).

In the case when A(:) does not depend on z € §, many authors have investigated
the Bellman equation (1.1) particularly via the viscosity solution approach. We only
refer to Fleming and Soner [3] and the references therein.

In applications, for example in [1] and references therein, it is important to study
the case when A may depend on the position z. In fact, it is well-known that, if we
consider minimisation of a cost functional at each point z € Q over all controls in A4,
then the value function satisfies (1.1) with A(z) = A (in the viscosity sense). On the
other hand, if the available controls depend on the position of the associated states, then
it will turn out that the associated value function satisfies (1.1) with varying A(z).
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Here we shall mainly treat the problems when A(-) moves “smoothly”. In fact,
as we shall see in an example, we can not expect in general that the associated value
function is continuous if we do not make the smoothness assumption.

Our first aim here is to present a general setting to treat the Bellman equations
with varying control. In our framework, we show that the associated value function is
a viscosity solution of (1.1). We also establish the comparison principle for viscosity
solutions of (1.1), which implies the uniqueness and continuity of viscosity solutions. In
order to make our statement and argument simpler, we shall only consider the Dirichlet
boundary value problem although other boundary conditions may be treated. We notice
that, in order to apply the comparison principle to the uniqueness result under the
Dirichlet condition, we need to know some continuity of viscosity solutions near the
boundary. Since it seems another task, we shall not give the uniqueness result in this
note. We refer to [4, 2] and references therein for the details.

We shall moreover discuss the case when A(-) may vary rather drastically but
the comparison principle holds. It will give new scope to the formulation of the state
constraint problem introduced in [6].

This paper is organised as follows: Section 2 is devoted to defining our value
function and to giving the dynamic programming principle for it. In Section 3 we show
that, under appropriate hypotheses, the value function is a viscosity solution of the
Bellman equation (1.1). In Section 4, we present our comparison principle for viscosity
solutions under the Dirichlet condition, which implies that the value function is the
unique viscosity solution of (1.1). In the final section, we discuss a special case when

A(-) does not vary continuously.

2. VALUE FUNCTION

First of all, we make at least the following regularity assumption for the given
functions throughout this paper:

( (1) fe€ C’(ﬁx A;R), g€ C(ﬁ X A;R"’), h e C(O0; R).
There is w € C(R*; R*) with w(0) = 0 such that

(2) |f(z,a) - f(Z,8)] < w(|z - Z| + |a — @)

(3) lg(z,a) ~ g9(=,3)| < w(le —3J)
for z,z € § and a,a € A.

(4). sup{lsCo)lwsoniay + 151 0Mimiar} < oo

(A1) !

\

Here, h will be the Dirichlet data on 0.
We shall present the value function, which satisfies (1.1) in the viscosity sense under
appropriate hypotheses. We shall only consider the Dirichlet type boundary condition
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for simplicity although other boundary conditions (oblique, state-space constraint et
cetera) may be treated under suitable hypotheses.

We denote by A the set of all measurable functions a : [0,00) — A. For each
a € A and z € 9, we denote by X(-;z,a) the unique solution of

(2.1) { ;('((()‘))::.(X(t),a(t)) for t > 0,

We occasionally use a € A as an element of A. For instance, we denote by
X(+;z,a) for a € A the solution of (2.1) with a(-) = a.
We denote by 7(z,a) > 0 the first hitting time on 9Q of X(-;z,a);
T(z,a) =inf{t 2 0| X(¢;z,a) € 00}.
Now we define the admissible control set, over which we shall minimise a cost
functional:

A(z) = {a € A| a(t) € A(X(t;z,a)) for almost all t € [0, 7(z, a))}.
The restriction in the definition of .A(z) causes the z-dependence of the control set in
the Bellman equation (1.1) (that is A(z)), which the associated value function satisfies.

We notice that this restriction is often required in practical control problems. We refer
to [1] for our motivation. In what follows, we suppose the following:

(A2) A(z) #0 forall zeQ.
We also denote the admissible control set up to a time s > 0 by the following:
A’(z) = {a € A|a(t) € A(X(t;z,a)) for almost all ¢ € [0,s)}.
Note that (A2) implies that, for each z € 2, there exists s > 0 such that A°(z) # 0.

Our value function is as follows:

(z,a)
Ve = nt ([ ez a)al)dt + VDR (r(z, a)iz,0))

It is easy to find a bound for the value function:
PROPOSITION 2.1. Under assumptions (Al) and (A2), we have
IVl Loo () < oo
By employing the standard argument, we easily obtain the dynamic programming
principle, which will be useful in deriving our verification theorem.

PROPOSITION 2.2. (See [6].) Under assumptions (A1) and (A2), for each
z € {1, there is a small sy > 0 such that

V(z) = aeig'f(z){‘/o“ e MF(X (L z,a),at))dt + e V(X (s; 2, a))}

for s € (0,30).
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3. VERIFICATION

In this section, we verify that the value function in the previous section is indeed
a viscosity solution of (1.1) under appropriate hypotheses.
We denote by A(z) for z € 2 the following subset of 4:

There is * > 0 such that a € A(X(¢;y,a))
A(z) = A
(@) {a G, \ fort € [0,7) and y € B.(z) C .
We denote by B,(z) the standard open ball of R™ or RV with the radius s > 0 and
the centre z € R™ or z € RV.

We shall assume the following hypothesis, which implies (A2):

(A2") A(z)#0 forall ze€Q.
We shall utilise the following notation for simplicity:

H,(z,r,p) = Ar — (9(z,a),p) — f(z,a) and H(z,rp)= su}() )H,,(:c,r,p)
a€A(z
for a € A and (z,7,p) € 2 x R x R™.
We now give our definition of viscosity solution for (1.1).
DEFINITION: We call u : @ — R a viscosity subsolution (respectively, supersolu-
tion) of (1.1) if, for any ¢ € C'(2) and for any z € € such that u* — ¢ (respectively,
u. — ¢) attains its local maximum (respectively, minimum) at =,

H.(z,u*(z), D¢(z)) <0 (respectively, H*(z,u.(z),D¢(z)) > 0).

We also call v : 2 — R a viscosity solution of (1.1) if it is both a viscosity sub-
and supersolution of (1.1). .

We remark that, for real valued functions, we denote their upper and lower semi-
continuous envelopes, respectively, by putting the superscript * and the subscript * as
in the standard notation of the theory of viscosity solutions. We refer to [2] for these.

In applications, it is important to treat the following case (see [1]):

EXAMPLE 1. Set 4 = [-1,1) C R, k; € C(Q) (for i = 1,2) satisfying —1 < k1(z) <
ka(z) < 1for z € Q, A(z) = {a € A | ki(z) < a < kz(2)}, and g(z,a) = agi(z) +g2(z)
for some g; € W1°(Q) (for i =1,2).

It is easy to check that this example satisfies (A1) and (A2').

We also give an example which satisfies (A1) and (A2') but the value function is
discontinuous. The example indicates that we can not obtain the comparison principle
in general since it implies the continuity of the value function.
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ExAMPLE 2. Consider = (~1,1), A=1, h = 0 and 4 = {1,2}. Set g(z,1) =
1, g(=,2) = -1, f(=,1) =1 and f(2,2) =b€ (0,1) for z € (—1,1). We define

Alz) = { {1} forze[0,1),
{1,2} for z € (-1,0).

Then, it is easy to check that the value function of (1.1) of the above case is explicitly
given by
1—e*? for z € (0,1
Vo) 0,1,
b(1 —e =) for z € [-1,0).
Thus, V is discontinuous at z = 0. It is also easy to verify that this is a (discontinuous)
viscosity solution of (1.1).

In order to verify that the value function is a viscosity solution of (1.1), we assume
the following condition on A(z):

For z € Q, € > 0, there are r,s > 0 satisfying the following;:
(A3) For any z € B,(z) and a € A(z), thereisa € B,(a)N A
such that @ € A(X(t;z,8)) for t € [0,s).
This condition indicates that we may not choose s > 0 so that a € A°(z) uniformly

in @ € A(z) but we can approximate any a € A(z) by @ € A*(z) with a small s >0
independent of a € A(z). We notice that assumption (A3) holds for Examples 1 and 2.

THEOREM 3.1. Under assumptions (A1), (A2') and (A3), the value function V
is a viscosity solution of (1.1).

ProoF: We only give the subsolution assertion since the other assertion can be
proved similarly.

If V is not a viscosity subsolution of (1.1), then we may suppose that there are
z € ) and ¢ € C! such that V*(z) - ¢(z) = maxV (y) - ¢(y) = 0 and that

H.(z,¢4(z), Dé(z)) 2 v for some constant v > 0.
For small § > 0, we can choose z5 € Bgs(z) such that
(3.1) 02> V(ze) — d(zs) > —
Moreovel:, by (A1)-(2) and (4), we have

H(zs,¢(zs), Dd(26)) > 7.
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Hence, we can find as € A(zs) such that
Ha,(zs,9(zs), D(v5)) > 7-

By using the uniform continuity with respect to @ € A of the given functions in

-~

(A1)-(2) and (3), (A3) implies that there are ¥ > 0 and @5 € A"(z5s) such that

H, (z5,8(2s), Dg(zs)) >

00 {2

By (A1)—(2) and (4), we find r € (0,7] such that
(3:2) B, (Xs(2), 6(Xs(1)), DA(Xs(1)) > 75 for £ € (0,7),

where X;s(t) = X (¢;zs,d5). Multiplying (3.2) by e~** and then integrating over (0,r),
by (2.1), we arrive at the following:

—e B Xe(r) + Bes) [ e NA(Ke(0),8e)dt > T (1 7).
0
Hence, by (3.1) and the fact that V < ¢ in 02, we have

—e MV (Xs(r)) + 6 + V(zs) — /0 e M f(X5(t),a5)dt > -I—;SY—A(I —e ).

By taking the supremum of the above over all a € A"(zs), Propostion 2.2 yields

bl -Ar
> —(1- .
6> ) (1 e )

Therefore, for small § > 0, we get a contradiction. 0

4. COMPARISON PRINCIPLE

In this section, we give the comparison principle for viscosity solutions of (1.1),
which implies that, if the value funciion is continuous on the boundary (that is,
V* = V, = h on 8Q), then it is the unique viscosity solution of (1.1) among possibly
discontinuous solutions. (In fact, it turns out that such a value function is continuous
in ©2.) We only refer to [4] for a sufficient condition which implies the continuity of the
value function on 9.
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For our comparison principle, we assume the following hypotheses, stronger than
(A1), on the regularity for the given functions:

( (1) Thereis K > 0 such that

lg(=,e) — 9(2,3)| < K(|z — | + |a —a])

for (z,a),(%,a3) € O x A.

(A1') { (2) Thereis w € C(R*;R*) with w(0) = 0 such that
[f(z,a) - f(z,a)| S w(lx — 2|+ [a ~3)
for (z,a),(Z,3) € Q x A.

(3) sup{llf(-;a)llLeo(ay + l9(:s @)l ooy} < o0
a€A

We also make the following “locally Lipschitz continuity” assumption on the set-
valued mapping A(-):
For any 2z €  and € > 0 with B.(2) C , thereisr >0
{ such that A(z) C A,jz—y(y) provided z,y € B.(z),
where A4,(y) = {a € A| dist(a, A(y)) < s} for s > 0.

THEOREM 4.1. Assume (Al'), (A2') and (A4) hold. Let u and v be bounded
viscosity sub- and supersolutions of (1.1), respectively. If u* < v, on 0Q, then u* < v,

in Q.

PROOF: We shall write u and v instead of u* and v, , respectively.

(A4)

The proof is by contradiction: Suppose max(u —v) = 4 for some v > 0. By a
)
perturbation technique (if necessary), we may find the unique maximum point z € Q;
u(z) — v(z) > u(z) — v(z) for z e Q\{z}.

Consider ®(z,y) = u(z) —v(y) — (Iz - y|2)/2e for € > 0. Let (z.,y.) € QA x Q be

the maximum point of & over £ x 1. By the standard argument, we see

=0.

. . . Ize - yclz
(4.1) !.13(1) T, = ll_rﬁ)y, =z, and 113(1) —

For simplicity, we shall write z and y in place of z. and v, , respectively.

From the definition, for § > 0, we can choose (zs5,7s,ps),(¥s,36,95) € 2 xR x R"

such that

(4.2) lmz; = 2, limys =y, Lim (|rs| + [ss] + |ps| + lgs]) = 0,
(4'3) 62 H(1:5,u(1:)+1‘6,(:c—y)/e-}-pg),

and

(4.4) —8 < H(ys,v(y) + s6,(z — y)/e + g5).
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From (4.4), we can choose a5 € A(ys) such that

(4.5) —26 < Hag(ys,v(y) + 35, (z — y)/e + g5)-

By (A4), we choose ro > 0 such that as € A,g|s5—y,(%5). Hence, from (4.3) and
(A1')—(1) and (2), we have

§ + w(ro |zs — ys|) + Kro |25 — ys) (Iz ;yl + |P6|)
2 Hqy(zs,u(z) + rs,(z — y)/e + ps).
Combining (4.5) with this, we have

A(u(z) —v(y)) — 38 — C(Irs| + |ss] + Ips| + lgs])

|z — vl
£

L w(|zs — ys]) +w(ro lzs —ys]) + K(1 + 7o) |zs — ys] .

Here and later, C denotes various positive constants depending only on known quanti-
ties. Sending § — 0 with (4.2) in the above, we have

|z —yI’

Mu(z) —2(y)) S w(lz —yl) + w(ro |z —yl) + K(L + 7o) ——
Using ®(z,y) > v and sending € — 0 in the above with (4.1), we have Ay < 0, which
is a contradiction. 0

5. A CASE WITHOUT ASSUMPTION (A4)

In this section, we discuss the case when A(-) does not satisfy the continuity
assumption (A4). As indicated in Example 2, we can not expect in general to obtain
the comparison principle.

For simplicity, in this section, we only consider the case when § consists of several
nice components: Set L = {1,2,...,{} for some integer ! € N.

(1) There are {Qx}reL such that QN Q- =0, for k # k,

int(Qx) #0, forke L, and |J Ok =9.
(A4") kEL
(2) Forany z € Q and e > 0, thereisr > 0

such that A(z) C Ayz_y(y) provided z,y € B.(2) N Q4.

We also suppose that at most two of {Q04}rcr have nonempty intersection and,
at such a point, we assume some order of the sets of available controls in the following
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manner:
s _
(1) ) Qk; = 0 for any distinct ky,kz, ks € L.
i=1
(A5) (2) For z € 8, N N, with ky < k, and for € > 0,

there is » > 0 such that A(y) C A.(z) holds
for z € Qk, N B,(2) and y € Qi, N B,(z2).
We moreover assume certain condition on the vector fields g near the intersection
of {00 }rer:
( For z € 8%, N O, with k; < ki, there are 7,0 € (0,1)
and ¢ € ™! satisfying the following properties:

(A6) ! () U Bie(z +1€) C Q, for 2 € D N Br(2).
o<t r

(2) g(z,a) € tL>Jo Byg(—t£) for any a € A(z)\A(y)

{ with ¢ € 4, N B.(z) and y € O, N B.(2).

Notice that Example 2 does not satisfy (A6). In fact, this condition requires that
A(z) (= € Q4 N By(z)) can only have more controls than A(y) (y € Qx, N Bx(z))
which directs inside g, .

We also suppose that the vector fields on the intersection of {Q;}xer do not vanish:

There are 7 > 0 and r > 0 such that, if z € 8Q, N O,
(AT) with k1 < k2, then |g(z,a)| 2 7 for any a € A(z)\A(y)
with z € Q4, N B.(z) and y € O, N B.(2).

We remark that, under these assumptions, we can treat the state-space constraint
problem in control theory as follows:

EXAMPLE 3. Let §; C Q be a (smooth) open set with Q CQand O, = Q\Q;.
Suppose A(z) = A for z € Q; and A(z) = {a € A | (g9(z,a),n(z)) < O0for z € I} #
0 for z € Q,. Here, n(z) denotes the exterior unit normal vector at = € 9, relative
to Q. If we restrict ourselves to considering the value function in Q;, then it is the
unique viscosity solution of (1.1) in Q; under suitable hypotheses. We refer to [6] for
the details of the state-space constraint problems and their appropriate formulation.

Now we shall present our comparison principle:

THEOREM 5.1. Assume (Al'), (A2'), (A4') and (A5)-(A7) hold. Let u and v
be bounded viscosity sub- and supersolutions of (1.1), respectively. If u* € v, on 89,
then u* < v, in Q.

PROOF: We shall write u and v instead of u* and v, , respectively, for simplicity.
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The proof is by contradiction: Suppose max(u —v) = v > 0. We may suppose
0

that there is a unique maximum point z € {1 as in the proof of Theorem 4.1.

If z € int(Q) for some k € L, then the same argument as in the proof of Theorem
4.1 leads to a contradiction. Thus, we may assume z € 8, N 9f),.

Now we choose 7,0 € (0,1) and ¢ € S™! satisfying (A6) for z € 3N, N 99,.
Using this notation, we can find the following function:

LEMMA 5.2. (Lemma 6.1 in [7).) There exists ¢ € C*(R™) such that

(5.1) o V2> < ¢(z) < o lz|?, |Dé(z)| < o|z| for some o >1,

and

(5.2) (n, Dé(z)) > 0 for n € | J Beo(~1£) and = ¢ | | Bus(1£).
>0 >0

Define the function & : 2 x @ — R by

2(2,y) = u(z) ~ o(3) ~ ~8(z ~ v) + plE,= — ),

where u > 0 will be fixed later.
Let (ze,y.) € & x @ be the maximum point of & over I x . The standard
argument implies that

0.

. T _ . |3¢ —y¢|2 _
(5.3) 1.1_% z, = 113})3/, =2z, and 31_15 — =

For the sake of simplicity, we shall write z and y instead of z. and y..
We first note that the definition of u yields

0> H,.(z,u(z), D¢(z — y)/e — pé).
Thus, for small § > 0, there exist (z5,75,p5) € @ x R x R™ such that

(5-4) lim 25 = =z, lim (|rs| + |ps]) = 0,

and

(5.5) 62> S:(P )Ha(zs,u(Z) + 75, Dé(z — y)/e — p€ + ps)-
a€ 25

Similarly, we can find (ys, 85,95) € @ x R x R™ such that

(5.6) lim ys =y, lim (|ss + lge]) = O,

and

(5.7) -8 < sup Ha(ys,v(y) + 35, Dd(z — y)/e — p€ + ¢5).
a€A(ys)
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We first note that it is easy to get a contradiction in the case when (zs,ys) €
for i =1 or 2 by the same argument as in the proof of Theorem 4.1.

Next, we note that if z; € ; and ys € Q; for any § > 0, then we easily obtain a
contradiction. Indeed, in this case, from (5.7), we find a5 € A(ys) such that

(5.8) —26 < Ha,(ys,v(y) + 85, Dé(z — y) /e — p€ + g5)-

For any fixed r > 0, we find § > 0 such that A(ys) C Ap(zs) for 6 € (0,3). Hence,

we can choose @5 € A(zs) such that [d@s — as| < r. Therefore, combining (5.5) with
(5.8), by (Al'), we have

Au(z) — v(y)) — C(Ips| + lgs| + Irs| + lss])

.
<Cles = ol (B2 4 ) + wllos - wel) + O

Sending § — 0 with (5.4) and (5.6) in the above, we have

Au(a) ~ o)) < Cle —l (2 4 4) 4wz w0

Using (5.1) and ®(z,y) > v, and sending ¢ — 0 in the above with (5.3), we have
A7 £ Cr, which is a contradiction for small » > 0.

Thus, we may suppose that z5; € }2 and ys € §; for any § > 0.

Fix a € A(ys)\A(zs). We claim that there exists z > 0 such that

(5.9) Mv(y) — (9(vs, a), Dé(z — y)/e — € + gs) — f(ys a) < =6
for small § > 0 and ¢ > 0. Indeed, noting z5 —ys ¢ |J Biw(t€) (by (A6)—(1)) and
>0
9(ys,a) € |J Beo(—1t€), we can estimate the left hand side of (5.9) from above by
>0

C + p{g(ys,a),€). Hence, by (A7), we can estimate this from above by

TH
_EA—e
c ) 1

provided € and 8 are small enough. Therefore, for a fixed g > 0, we have shown that
(5.9) holds.

Noting (5.9) in (5.7), we have

-5 < sup Ho(ys,v(y) + 85, Dp(z — y) /e — pé + gs).
a€A(ys)INA(25)

Therefore, combining (5.5) with this, we can proceed by the same argument as in the
proof of Theorem 4.1 to get a contradiction. a
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