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DETERMINISTIC IMPULSE CONTROL PROBLEMS*
G. BARLESY

Abstract. We prove that the optimal cost function of a deterministic impulse control problem is the
unique viscosity solution of a first-order Hamilton-Jacobi quasi-variational inequality in R,

Key words. deterministic impulse control, dynamic programming principle, viscosity solution, first-order
Hamilton-Jacobi equations, quasi-variational inequality

Introduction. Impulse control problems lead, via the dynamic programming prin-
ciple, to the study of various kinds of quasi-variational inequalities (see for more
details and for many examples A. Bensoussan and J. L. Lions [3]).

In this work, we are interested in deterministic impulse control in R". More
precisely, our main result states that the optimal cost function of a deterministic impulse
control problem is the unique viscosity solution of a first-order Hamilton-Jacobi
quasi-variational inequality in R™ of a particular form:

(P) max (H(x, u, Du), u— Mu)=0 inR",

where

H(x, t, p)=sup (b(x, v) - p+At—f(x, v)),

veV

Me(x) =, i(gf)N (p(x+8)+c(£);

V is a separable metric space, b and f are functions from R™ X V into RY, c is a
continuous positive function, A >0 (precise assumptions are detailed in §2). Let us
just mention that the state of the controlled system is given by the solution y,(t) of
the following problem:

dy:;f D e b0 0(1) =0, 1€16, 8,
yx(o) = x’

yx(oi +O) = yx(ei _0)+ ‘fi’

where 6 = (6;);.n is a nondecreasing sequence of positive reals which satisfies: 6, »> +o
when n—+00 and £ = (&) is a sequence of elements of (R*)™.

Finally, v(t) is any measurable function which states its values in a compact subset
of V. Finally, K =(6, £ v(+)) is the control. The optimal cost function u is given by:

u(x)=ir,1(f(f Fe(1), 0(1)) e dt+ 3, C(§.-)C‘“").
0 ieN

We first recall below the definition and main properties of the notion of viscosity
solutions for problems like (P). These results are easy extensions of those obtained
by M. G. Crandall and P. L. Lions [6], M. G. Crandall, L. C. Evans and P. L. Lions
[5] and P. L. Lions [10] for first-order Hamilton-Jacobi equations. Let us ;ust mention
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that the form of M creates some difficulties for stability results (see for more details
G. Barles [1]).

In § 2, we introduce the deterministic impulse control problem and we prove
various results concerning the optimal cost function u which are similar to those
obtained in the classical deterministic case (see P. L. Lions [10]). An essential tool is
the dynamic programming principle (we give two forms of this result). We indicate
some properties of u (its regularity, its behavior at infinity, the fact that u is the
maximal subsolution of the Q.V.I. in the distribution sense). Finally, we show that u
is a viscosity solution of (P).

In the last section, we prove that problem (P) has a unique viscosity solution. In
this context, the particular form of H and the well-known results of optimal stopping
time problems enable us to adapt a proof due to B. Hanouzet and J. L. Joly [9] for
the elliptic Q.V.I.

The methods we use combine elements from the deterministic control (see P. L.
Lions [10]), from the first-order Hamilton-Jacobi equations (especially the methods
due to the notion of viscosity solutions—see M. G. Crandall, L. C. Evans and P. L.
Lions [5], M. G. Crandall and P. L. Lions [6] or P. L. Lions [10]) and from the theory
of elliptic Q.V.1. (see A. Bensoussan and J. L. Lions [3]).

1. Viscosity solutions for first-order Hamilton—Jacobi quasi-variational
inequalities. We just want to recall the main equivalent definitions and to mention the
most important properties of the viscosity solutions of first-order Hamilton-Jacobi
quasi-variational inequalities, without proofs. More details and complete proofs can
be found in G. Barles [1]. The notion of viscosity solutions of first-order Hamilton-
Jacobi equations was introduced by M. G. Crandall and P. L. Lions [6] and all the
results mentioned below are straightforward extensions of those obtained by M. G.
Crandall and P. L. Lions [6], M. G. Crandall, L. C. Evans and P. L. Lions [5] or
P. L. Lions [10].

1.1. Main definitions. We denote by BUC (R"), the space of bounded and uni-
formly continuous functions on R™.

We recall the following notions of sub- and superdifferential of continuous func-
tions considered in [5] and [6]. Let ¢ € C(R™).

DErINITION 1.1. (i) The superdifferential of ¢ at x,eR", denoted by D*¢(x,),
is the set (possibly empty) defined by

(1) D" p(x0) = {p eR™, Tim sup £ ‘Pf;“’_);(lplx — o) o}.

(ii) The subdifferential of ¢ at xoe R™, denoted by D~ ¢(x,), is the set given by
D-Qo(xo) = _D+(_QD)(X0), i'e"

) D g (x)) = {p e RV, lim inf £~ €00 = (Plx = xo) 0}.
x>0 |x = Xql

Remark 1.1. For xeR™, D" ¢(x) (resp. D™ ¢(x)) is a closed convex set in R".

Remark 1.2. The notion of subdifferential considered in [6] has been introduced
independently for different purposes, by E. de Giorgi, A. Marino and M. Tosques [7]
and A. Marino and M. Tosques [12].

DEFINITION 1.2. ue BUC (R") said to be a viscosity solution of the problem (P)
if we have:

(3) VyeRM,Vpe D u(y), max (H(y, u(y), p), u—Mu)=0,
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(4) VyeRY,V¥pe D u(y), max (H(y,u(y),p), u—Mu)=z0.

Let us give another equivalent definition which is more practical in particular to
show uniqueness results.

ProposITION 1.1. ue BUC (R") is a viscosity solution of the problem (P) if and
only if the two following properties hold :

V¢ e C'(RY), at each local maximum point x, of u— ¢, we have

) max (H (xo, u(xo), Dp(x,)), u(xo) — Mu(x,)) =0;

V¢ e C'(R"N), at each local minimum point x, of u— ¢, we have
max (H (xo, 4(xo), D (x,)), u(x,) — Mu(x,)) 0.

Remark 1.3. The proof is exactly the same as for first-order Hamilton-Jacobi
equations; we just have to consider the Hamiltonian:

(6)

I:I(x, t,p)=max (H(x, t, p), t — Mu(x)).

The two definitions mean that u is a viscosity solution of the obstacle problem,
with the implicit obstacle Mu. The following proposition shows how we can use the
particular form of M.

ProposITION 1.2. ue BUC (R") is a viscosity solution of the problem (P) if and
only if the two following properties hold: for all ¢ € C,(R"):

at each global maximum point x, of u— ¢, we have
max (H (xo, u(xo), De(x0)), ¢(x0) — Mp(x,)) =0;

(7)

at each global minimum point x, of u— ¢, we have

8
® max (H (xo, u(x,), De(xo)), ¢(x0) — Me(x,)) Z0.

Remark 1.4. This proposition can be extended to more general operators M. It
suffices that M is nondecreasing and that M satisfies

V¢ eBUC (RV),VceR, M(p+c)=M(sd)+ec

1.2. Main properties of viscosity solutions of problem (P). Most of the properties
of the viscosity solutions of first-order Hamilton-Jacobi equations are still valid for
the viscosity solutions of the problem (P). It is an easy consequence of Remark 1.3.
Only the stability results need to be considered because of the nonlocal form of M.
So, we give a stability result.

ProPosITION 1.3. Assume that u, is a viscosity solution of
max (H.(x, u®, Du®), u* — Mu®)=0 inR"

and that H, converges to H uniformly on compact subsets of RN xR XR" and u® converges

to ue BUC (R™) uniformly on compact subsets of R™ when ¢ goes to zero, with the
following condition:

) u(“s"“)_“L”(RN)—>0 when £ > 0.

Then u is a viscosity solution of the problem (P).

Remark 1.5. With the same assumptions, the result is also valid for the vanishing
viscosity method.

Remark 1.6. The condition (9) is quite optimal. One can find in G. Barles [1] a
counterexample of the statement in Proposition 1.3 in the case when (9) is not satisfied.
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More details and complete proofs can be found in G. Barles [1]; the proof of this
result being essentially routine adaptations of M. G. Crandall and P. L. Lions [6].

2. The deterministic impulse control problem. Our purpose is to show that the
optimal cost function of a deterministic impulse control problem is always a viscosity
solution of a problem (P).

We also give regularity results and results concerning the behavior at infinity for
this optimal cost function. All these results are analogous to those obtained in the
classical deterministic control problem (see P. L. Lions [10]). These are obtained
essentially by using the dynamic programming principle.

2.1. Setting of the problem. Through all this section, 6 =(6;);.y Will be a non-
decreasing sequence of positive reals satisfying:

(10) 0, +co when n-+o0

and £=(£);cn will be a sequence of elements of (R*)™.
Letting V be a separable metric space, we consider the functions b;(1=i= N)
and f satisfying:
¢ € C(RNxV),

(11)
VveV ¢(-,v)e W'(RY) and sup|e(:, v)]i0<,
veV

where ¢ =b; (1=i= N), f.

Finally, v(:) will be measurable function which takes its value in a compact
subset of V. Then the collection K = (6, £ v(-)) will be called the control.

Next, we consider a system whose state is given by the solution y,(t) of the
following problem:

dy‘,;it)_+ b(y.(1),v(t))=0 fortel6, 6;.,[ forallieN,

(12) ¥x(0) =x,
Vx(0; +0) = y,(6;,—0)+ &.
The assumptions (11) imply the existence and the uniqueness of a solution y,(#) of (12).
Then we define the cost function (or pay-off function) for each control K:

(13) J(x K)= I (), o(0) e di+ T e() e,

where A >0 and c is a continuous function from (R*)™ into R which satisfies
c=k+c, wherek>0,

(14) col &1+ &) S co(£)) +eo(£y) forall &€ (RN,
(0) =0, c(&)=c(&) if(&-&)e (RN

The problem to solve is to minimize the cost function over all controls K, that is
to find for all xeR":

(15) u(x)=i11}f(.l(x, K)).

2.2. Dynamic programming principle. The dynamic programming principle is the
essential tool to obtain the solution of our problem. We shall give two forms of this
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result; the first shows that u is the solution of an optimal stopping time problem, the
second being more classical.

Remark 2.1. In the introduction of this part, we took 6,=86,---=6,=---; in
fact the assumption (14) implies that we may assume without loss of generality:
0p<0,---<0,<---in (15).

THEOREM 2.1. Under assumptions (11), (14), we have

00
(16) u(x)= (ir;fo)” F(e(1), v(2)) e dt+ Mu(y,(6,—0)) e““’°).
v(-),6 0

Remark 2.2. The formula (16) means that u is the solution of an optimal stopping
time problem as should be expected (for optimal stopping time problems, see for
instance A. Bensoussan and J. L. Lions [3]). Remark also that if we take 6,=0, we
have: u(x) = Mu(x).

THEOREM 2.2. Under assumptions (11), (14) we have

T
17) u(x)=ir’§f(j fO(), v(1)) e™dt+ T (&) e"”""e'”u(yx(T—O)))-

0 6<T

Remark 2.3. These two results are easy adaptations of classical results and we
just recall briefly the ideas of their proofs (cf. also [10]).

Proof of Theorem 2.1. We call u(x) the right-hand side of (16).

Step 1. u(x)=1(x).

VK u(x)= L (1), (1)) e dt + .ZN c(&) e

Then

u(x)= L"f(yx(t), o(1)) e~ dt

0 i=1

+e ™% rf(yx(t+ 00), v(t+6o)) e dt+ ¥ (&) e‘*“"“"o)+c(§o)]-

Taking the infimum in the bracket, we obtain easily

[ o,

u(x)= . 0f(yx(t), (1)) e dt+ e [u(y.(6,—0)+ &) + c(&)].

As the left-hand side does not depend on K, we conclude easily by taking the infimum
in the right-hand side.

Step 2. u(x)=u(x). Let £>0; we choose K such that u(x)+ &= J(x, K), where
K =(0, & v). The same computation yields

6,

u(x)+ez J 0f(yx(t)', v(t)) e dt+ e [u(yx(8o—0) + &) + c (&)1

0

Then
u(x)+e = a(x).

Since ¢ is arbitrary, we conclude easily.



424 G. BARLES

Proof of Theorem 2.2. The proof is essentially the same as the proof of Theorem
2.1. We just take T instead of 6,. In fact, we obtain

u(x)=igf(j SO0, v() e dt+ T (&) e

0 6,<T

+e " min (u(y.(T-0)), Mu(yx(T—O))))~

The result is then given by the inequality u(x)= Mu(x) in R".
2.3. Properties of u. First, we give a result concerning the regularity of u: let

(_ (x—x'|b(x, v) = b(x', v)))

|x —x'?

Ag=su
0 x#g’
veV

PROPOSITION 2.1. Under assumptions (11), (14), we have: ue BUC (R™). More
precisely, we have:

e if 0<A<Ag,ue C™(R"N) with 8=21/Ao;

o if A =2Ao, uc C*®R") for all 5[0, 1[;

o if A>A5, ue WHRN).

Proof of Proposition 2.1. The proof is exactly the same as in the standard
deterministic case (see P. L. Lions [10]).

We use (17) to obtain

T

u(x)—u(x')=sup (I

0

LFO0, 00) = F30), o) ™ di+2 ™ s )

(Recall that ||u]l @™ = (|| f/A)LZ(RY).)
For a given control K, we have (see [10]):

|y (2) = (1) = e™'|x — x|.
So we use (11) to obtain
T

u(x)—u(x)= J C e ™M x —x'| dt+2||u|| (=g™ e T
0

where C =sup,cy || (-, V)10 If A> A5, we let T co.

In the other case, we may assume |x —x'| <1 and we choose T such that e 7 =
|x —x'|. Then one concludes easily.

Now, we can show the relation between the deterministic impulsive control and
the first-order Hamilton-Jacobi quasi-variational inequalities.

THEOREM 2.3. Under assumptions (11), (14) and if u is differentiable at x, we have

(18) max (sup (b(x, v) * Du(x)+Au—f(x, v)), u(x)— Mu(x)) =0.

veV
Remark 2.4. We shall use the notation

(19) H(x, t,p)=sup (b(x, v)p+At—f(x,v)).

By the well-known Rademacher theorem, we have the following corollary:
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COROLLARY 2.1. Under assumptions (11), (14) and if A > A}, then ue WH°(R"™)
and satisfies

(20) max (sup (b(x, v)Du+ Au—f(x, v)), u— Mu) =0 a.e inR™

veV

Proof of Theorem 2.3. Itis again a more or less standard proof (see P. L. Lions [10]).
Step 1. max (H(x, u(x), Du(x)), u(x)— Mu(x))=0. We take the particular con-
trol v(t)=v e Vand 6,= +c0. For all T, we have by the dynamic programming principle

u(x)§J Fe(1), v(1)) e dt+ e *Tu(y.(T)).

0
Dividing by T and letting T - 0, we obtain the result as in [10]:
H(x, u(x), Du(x))=0.

As we know that u(x) = Mu(x), the proof of the first step is complete.
Step 2. max (H(x, u(x), Du(x)), u(x)— Mu(x))=0. If u(x)= Mu(x), we have
nothing to show.

If u(x) < Mu(x), we must prove that H(x, u(x), Du(x)) = 0. We need the following
lemma:

LEMMA 2.1. Let x € R™ such that u(x) < Mu(x). Then there exists € >0 such that

u(x) = inf (L fp(0), 0(1)) e d1+ ¥ (&) e—w)_

ieN
Op=¢e

Proof of Lemma 2.1. Let K" = (8", ¢£", v") a sequence such that
J(x, K")- u(x).
We denote by x(n)=J(x, K")—u(x),

“(x)+X(”)=J FaD), v"(2) e M dt+ ¥ c(£]) e M
0 ieN
By the same computation as in the proof of Theorem 2.1, we obtain
05
)t xn = [ 7200, 07(0) € dir e iMuy (85 -0).
0

Since |y2(66—0)— x| =||b||.~@~xv)05, if there exists a subsequence 6§ which
converges to 0, we deduce easily that

u(x) = Mu(x).

(Recall that Mu e BUC (R™) because ue BUC (R"), so Mu is continuous at x.) So
we obtain a contradiction which proves the lemma.

Using Lemma 2.1 and (17) with T < ¢, we obtain:
T

VT<e u(x)=i¥1.t;('|'

0

FOult), (1)) dt+e-”u(yx<T)))

¥x is defined by (12) with 6,=e.
We conclude as in the standard case of continuous control only (see [10]).
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THEOREM 2.4. Under assumptions (11), (14) and A >0, ue C**(R")N L°(R")
for some a €10, 1] and satisfies:
u(x) = Mu(x),
VveV b(x,v)Du+iu—f(x,v)=0 inD'(RN).
In addition, if we BUC (RN) and satisfies:

w= Mw,

(21)

(22)
YveV b(x,v)Dw+Aw—f(x,v)=0 inD'(R"),
then w=u.

Remark 2.5. The last property means that u is the maximum subsolution of (P)
in D'(R") (for related results see P. L. Lions [10], R. Gonzalez and E. Rofman [8] or
P. L. Lions and J. L. Menaldi [11]).

Proof of Theorem 2.4. We choose the particular control 6, = +00, v(t)=ve V. Then

VIZO0 S (u(x) - u(n() e S I fO(n), ) e d.

We conclude in the same way as in P. L. Lions [10].

Remark 2.6. For the second part, in order to be clear we use the following remark.
We can consider in the definition of u only the case of a finite number of impulses
(i.e. a finite number of 6, or 6,,,=+0).

Then

u(x)= jnf (L F(ye(8), v(1)) e dt + i‘;l c(£) e’“"’)-

LEMMA 2.2. Under the assumptions of Theorem 2.4, if we L>(RY)N C'(RN)
satisfies

w(x) = Mw(x),
VveV, b(x,v)Dw(x)+Aw(x)=f(x,v)+8 inRN
for §=0, then w=u+5/A.

Proof of Lemma 2.2. Let 8=(0,,---,86,),&=(&, -, &), v(t) a control. We
assume that 6,> 0 Then, since we C'(RN):

VieN w(y(6,+0)) e %~ W(px(6i41—0)) e %

(23)

6;

) J " {DW(()b(3(5), v(5)+ Aw(y(s))} e ds,

0;
[}

w(x) = w(px(8o—0)) e™*%= J " {DW(3()b(3:(5), v(5)) + Aw(ye(s))} e dis.

[

Since Dw- b+ Aw=f+ 5, we obtain

T
w(x)—w(y(T)) e = L f(r(s), v(s)) e ds

T

+1 MO0~ w(yx(0i+o)))+j se ™ ds.

But y,(6;,+0)=y,(0;,—0)+ ¢ and from (23)
w(yx(oz —0)) - W(J’xw- +O)) = c(fn)'
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Therefore, we finally obtain

w(x)=w(y(T)) e = L J(u(s), v(s)) e ds + él (&) e +%

Letting T - o0, we have the result (because w is bounded).
In order to prove the theorem, it is enough to build w, € C(R™) N L°(R"), which
converges uniformly to w in R" and such that:

Vve V. b(x, v)Dw.(x)+Aw.(x)=f(x, v)+8(e),
W (x) = Mw,(x)

(24)

where 8(g)->0, as £ > 0".
Let pe D*(R"), supp p < B,, g~ p(x) dx =1 and let p, defined by:

pe(x) =;l7v-p(f>.

It is well known that w,=w * p, = [~ w(y)p.(x —y) dye C*(RN)N L*(R"), con-
verges uniformly to w (actually ||w,—w| 1=@~)) = supp=. [|W(x+h) = w(x)|| o@N))-
Moreover w, satisfies the first inequality in (24) (see P. L. Lions [10]).

To conclude, we just have to prove w, = Mw,. Since w(x) = k+ co(€)+w(x+¢)
and p=0:

w(x)= k+cy(&)+w(x+ ).

Then, w, = Mw, and the proof is complete.
Let us finally give a result concerning the behavior of u at infinity.
ProrosITION 2.2. Under assumptions (11), (14) and if we assume

(25) c(§)>+0 if |¢]>+oo

and

(26) f(x,v)>1 if|x|->+co uniformly with respect to v,
then

27 u(x)>1/x if|x|>+oo.

Remark 2.7. The boundedness of u implies that in the definition of u we can
impose the following additional condition on the control:

VT>0 Y c(&)=Ce*™.

O=T

But from assumption (14), we have

c(oér f‘) =1 )= CetT

o=

Then, from (25), we obtain

(28)

L&

o=

=C(T).

Proof of Proposition 2.2. Let € >0. We want to show that for |x| large enough, we
have: |u(x)—1/A|=e.
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Since f is bounded, we can choose T independent of x and of all controls (6, ¢ v)
such that

(29) j F(ls); v(s)) e ds| ==,
T 4
Now we fix T with the property (29) and such that
(30) j e as| =5
T 4

We use the following inequalities:
i,r<1f<J fe(t), v(2)) e dt) =u(x) éigf(J (1), v(1)) e™™ dt>,
1 0 2 0

where K, ={K = (v, 6, £) such that ¢ satisfies (28)} and K,={K = (v, 6, £)/ 6, = +}.
Then, from (29) and (30),

. “§+12f(Jw [f(yx(t), 1)([)) - l] e M dt)
(31) ! 0

I [s o)
éu(x)—xég+illng(J’0 [F(re(1), 0(£)) =1] e—“d:).

Considering Remark 2.7, we have for all K € K, and for all xe R":
0=t=T, |y(t)=x|=|bllT+C(T),

and then
(D= |x| = [|bl|« T — C(T).
So, for |x| large enough, we have |f(y.(t), v(¢)) —I|=eA/2 for t [0, T). Finally:

T
(32) I [fe(t), v(t)) =1 e dt§§ forall K € K, and K € K;
0
(31) and (32) give the result.
Remark 2.8. The result of Proposition 2.2 is false without (25). Take in R: b=0,
0<A<l,c=k<l;f=1if|x|=2,0if |x|=1and 0=f=1if |x|€[1,2]. Then u- k if
X > —00,

2.4. The viscosity formulation of the dynamic programming principle.
THEOREM 2.5. Let u be the optimal cost function defined by (15). Under assumptions
(11), (14), then ue BUC (R") is a viscosity solution of

(33) max (H(x, u, Du), u— Mu)=0 inR".

Proof of Theorem 2.5. The proof is inspired from the corresponding one in P. L.
Lions [10].

Let ¢ € C'(RN) and x, a local maximum point of u — ¢. We fix a control K such
that v(t)=ve V and 6,=+0c0. Then for all T >0 we have

u(xo) = j To(t), v) e dt+u(y(T)) e 7.

0

If T is small enough we have u(y(T))=d(y (T))+ (u(x,)—d(x,)) because
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|¥(t) — Xo| = Ct. So we obtain easily

M<l T —At —AT[¢(yxo(T))_¢(x0)]
T =TL S(e(t), v) e Mdt+e T :

u(xo)

Letting T - 0, we obtain
Vve V. b(x,, v) Dd(x5) + Au(xe) —f(x, ) =0,

which ends the first part of the proof.
Let ¢ € C'(RY) and x, a local minimum of u — ¢ ; then two cases are possible.
Case 1. u(x,) = Mu(x,) and there is nothing to prove.
Case 2. u(xy) < Mu(x,). We use Lemma 2.1 to claim, for 0< T <,

u(xo) = inf <L (), v(1)) e dt+u(y,,(T)) e‘”)-

By assumption for T small enough u(y, (T)) = ¢(y,,(T)) + (u(x,) — d(x,)). So we have

“("0)(1 —;— ) = inf (% L (D), 5(0)) e dr+ e T LED T)T} - ¢(xo)]>.

But

|f (1), 0(£)) = f(x0, (1) = Clyy (1) = xo| = Ct
and

T

¢ (1x(T)) = b(x0) = J = b(yx(s), v(s)) D$(yx(s)) ds,

0

1b(yx,(5), v(5)) D (yx(s)) — b(Xo, v(s5)) Dep(x0)| = C (),

where C(s)-0 if s> 07", using the fact that b is Lipschitz and D¢ continuous at x,.
We deduce easily:

0

e (ZE5) 2 (£ [ (50 0 = b, 00 D ) =),

where £(T)~->0 when T-0.
Now we remark that:

1

7[ (5o, (1)) = b(xo, (1)) Db (x0)) it = inf (£ (%o, v) = b(x0, ) Db (x0)):

Letting T - 0, we obtain the result
sup (b(xo, v) D (xo) + Au(x,) — f (0, v)) Z 0.

Remark 2.9. We have shown that u is a viscosity solution of the problem (P). In
fact, this result will be completely satisfactory if we prove a uniqueness result for
viscosity solutions of (33). This is the goal of the third part.

3. A uniqueness result for viscosity solutions of quasi-variational inequality (33).

THEOREM 3.1. Under assumptions (11), (14) and A > 0, there exists a unique viscosity
solution of the problem (33) in BUC (R").

Remark 3.1. The idea of the proof consists in adapting the method due to B.
Hanouzet and J. L. Joly [9] for elliptic Q.V.I. (see also A. Bensoussan [2] or A.
Bensoussan and J. L. Lions [4]).
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Remark 3.2. The proof uses in an essential way results concerning optimal stopping
time problems (in the deterministic case) that we give briefly in the following proposi-
tion. For more details and complete proof of this result, see P. L. Lions [10], A.
Bensoussan and J. L. Lions [3] or the part II which gives all the ideas necessary to
the proof.

Let us define the optimal stopping time problem

%;—x(t)+b(yx(t), v(t))=0 forallt=0,
(34)

¥x(0)=x,
(35) J(x,v,0)= L S(), (1)) e dt+ ¢ (y.(6)) e,
(36) u(x)= (ivng') J(x, v, 0).

Now we have the following result:
PROPOSITION 3.1. Under assumptions (11) and A >0, and if ¢y e BUC (R"), then
u given by (36) is the unique viscosity solution in BUC (R") of

(37) max (H(x, u, Du), u—y)=0.

In addition, if € W"°(R™) and A > A, then ue WH°(RMN).

Proof of Theorem 3.1. Without loss of generality, we can assume that f= 0 (if this
is not the case, we add constants to u and f).

We define the operator 7, for we BUC (R"), by:

0

(38) Tw(x) = glef) (J

0

S(y(1), (1)) e dt+ Mw(y,(6)) e‘“’),

where y, is defined by (34).
We need the two following lemmas:

LEMMA 3.1. Tmaps BUC (R") into BUC (R"), is increasing and concave. Further-
more, Tw is the unique viscosity solution in BUC (RN) of

(39) max (H(x, z, Dz), z— Mw)=0 inR".
LEMMA 3.2. Let u, defined by

u(x) = inf (L fy(1), v(2)) e dt),
with y, defined by (34).

Let p >0 be such that w||uo| 1w~ <k and u <1. Let z and Z two positive functions
of BUC (R") satisfying

(40) z—Z=vyz foroneye[0,1].
Then
(41) Tz-TZ=y(1—p) Tz

Remark 3.3. The formulation of Lemma 3.2 is very much akin to the lemma due
to B. Hanouzet and J. L. Joly [9] used in elliptic Q.V.I.

Remark 3.4. Let us just recall that uy defined in Lemma 3.2 is the unique viscosity
solution in BUC (R™) of: H(x, u, Du)=0 in R" (cf. P. L. Lions [10]).
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Moreover, by uniqueness result in R (see M. G. Crandall and P. L. Lions [6] or
P. L. Lions [10]) or directly, we have Tw = u, for all we BUC (R"). (This inequality
can be obtained by (38).)

We first show the theorem using the two lemmas.

If we consider two viscosity solutions u and v of (33), we can assume that they
are positive: it suffices to add max (||u||«, ||v]l«) to u and v and so f is changed in
S+ max ([|ulw, |0]lw)-

Besides, by Lemma 3.1, u and v are fixed points of T. (It is a consequence of the
uniqueness for the obstacle problem in BUC (RV) for Mu and Muv).

To conclude, we just have to use the Lemma 3.2: since v=0, u — v = u, then:

Tu—To=(1—pu)uy,
but u = Tu and v = Tv; we obtain by induction
VneN u—v=(1-pu)"u

Since u is bounded, letting n - 00, we have u = v. Changing u and v, we have the result.

Next, we prove the two lemmas.

Proof of Lemma 3.1. T maps BUC (RV) in BUC (R") is an easy consequence of
the Proposition 3.1 because M maps BUC (R") in BUC (R"). The fact that T is
increasing is obvious. Let us prove the concavity.

Let w, and w,e BUC (R") and u €[0, 1].

T(uwi+(1-w)ws)(x) = inf (I F0), () €™ dr

+e MM (uw,+(1- N)Wz)(J’x(e)))
But M is concave:

T(pw,+(1=p)wy)(x)= ) (L (1), (1)) e dt

+e M (uMw,(y,(8))+ (1 - #)sz)(}’x(o)))-
We conclude easily using that:

I Se(8), v(8)) e dt+ &7 (Mw) (y<(8)) + (1 — n) Mw;(1<(6)))

0

= P«(J Fe(), v(1)) e™* dt + e_”Mwl(yx(G))>

[\]

+(1- M)(J (), v(2)) e dt + MW2(yx(0))>-

0

Then
T(uw;+(1—pw)wy) = uTw,+ (1 —u) Tw,, T is concave.

Finally, we prove that Tw is the unique viscosity solution of (39) in BUC (R"). In
fact, it is an easy consequence of uniqueness results for first-order Hamilton-Jacobi
equations in R™. It suffices to consider the Hamiltonian

H(x, 1, p)=max (H(x, t, p), t = Mw(x))

(see M. G. Crandall and P. L. Lions [6] or P. L. Lions [10]). This ends the proof of
Lemma 3.1].
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Proof of Lemma 3.2. According to the monotonicity of 7, (38) implies that
T2z T((1-7v)z).

Using the concavity gives TZ = (1 —vy) Tz + yT(0).
We first prove that pwu,= T(0):

T(0)(x)= inf <La (), v(1)) e M dt+k e'”)-

Now we use that k= uuy(y,.(0)) and that uf=f (f=0):
]

Tz inf, ( | wrouo, o) e et (o) ).

0

But, for all 6> 0, using the dynamic programming principle for standard deter-
ministic control problems, we have

P«[J F(e(1), v(t)) e dt + uo(yx(9)) e_o] = puo(x).

0

This last inequality gives the result we need.
Now using Remark 3.4 gives u,= Tz. Then

TZz(1—y)Tz+ yuTz,
and we easily deduce the result:
Tz—-TZ=y(1—w) Tz
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