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Abstract

In a series of papers, we proved theorems characterizing the value function in exit time optimal
control as the unique viscosity solution of the corresponding Bellman equation that satisfies appro-
priate side conditions. The results applied to problems which satisfy a positivity condition on the
integral of the Lagrangian. This positive integral condition assigned a positive cost to remaining
outside the target on any interval of positive length. In this note, we prove a new theorem which
characterizes the exit time value function as the unique bounded-from-below viscosity solution of
the Bellman equation that vanishes on the target. The theorem applies to problems satisfying an
asymptotic condition on the trajectories, including cases where the positive integral condition is
not satisfied. Our results are based on an extended version of “Barbalat’s lemma”. We apply the
theorem to variants of the Fuller Problem and other examples where the Lagrangian is degenerate.
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1 Introduction

This note is devoted to the study of Hamilton-Jacobi-Bellman equations (HJBE’s) for a large class of
unbounded optimal control problems for fully nonlinear systems

y(t) = flyt),a(t) ae t=0, oft)€A, y(0) =z (1)

for compact sets A. The optimal control problems are of the form
ta(a)
Minimize / Uy (t,a),a(t))dt over o€ A(z), (2)
0

where A := { measurable functions [0, +00) — A}, y. (-, @) is the solution of (1) for each o € A, 7 C RV
is a fixed closed set which we refer to as the target,

to(a) = inf{t>0:y,(t,a) €T} € [0,+c] Vac A, VoecRY
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and A(x) is the set of all inputs 8 € A for which ¢,(8) < co. We will refer to £ as the Lagrangian of
(2), A as the control set, and t,(3) as an exit time. Our hypotheses also allow exit time problems with
possibly unbounded A (cf. §6), including cases where the target 7 is unbounded.

The value function of (2) will be denoted by v, and R denotes the set of all points that can be brought
to 7 in finite time using the dynamics (2). Therefore,

R :={z e RN : A(z) # 0},

and

acA(x)

te ()
v(z):= inf </0 K(ym(t,a),a(t))dt> (3)

In particular, v = 400 outside R. Our results extend to problems with variable discount rates from [1]
(cf. §4.2). Notice that if A is bounded, then it need not be the case that R is all of R, even if the
dynamics (1) has the form & = Az + Ba and (A, B) is a controllable pair (cf. [18]). The Hamilton-
Jacobi-Bellman equation (HIJBE) of (2) is

igg{—f(w,a)-Dv(aﬁ) = lz,a)} =0, z¢T (4)

We will study solutions w of (4) on open sets of the form Q\ 7 for which w = 0 on 7 (cf. §2 for the
precise conditions we put on the data, the solutions of (4), and their domains).

We prove a new uniqueness theorem which characterizes v as the unique bounded-from-below solution
of (4) on R\ 7 that satisfies appropriate side conditions. ! These side conditions reduce to the nullness
of the solution on 7 if R = R¥. Since v will not be differentiable in general (cf. [1, 14]), we will use
the definition of solution from viscosity solutions theory (cf. [1, 11] and §2 below). Our new result
applies to variants of the Fuller Problem (cf. [17], [24], and §4.1 below) and problems with possibly
unbounded targets which satisfy a certain asymptotics condition (namely, (A4) below). This asymptotic
assumption is more stringent than the asymptotic condition used to prove uniqueness of bounded-from-
below solutions in [14]. However, [14] also requires a positive integral condition on the integrated costs
(cf. (12) below) which will not be needed in our new theorem. In particular, our new theorem applies
to examples with non-Lipschitz, “very degenerate Lagrangians” with general null sets, which are not
tractable using the known results (cf. §4). (For a discussion of the uniqueness results of [12, 13, 14], and
other known uniqueness results, see Remark 3.2.) The hypotheses of our new theorem can be checked
from the data of the HIBE using a variant of “Barbalat’s lemma” (cf. Lemma 2.5 and Remark 2.6).

Value function characterizations of this kind have been studied and applied by many authors for
a large number of stochastic and deterministic optimal control problems and differential games. Also,
uniqueness characterizations form the bases for convergence proofs for numerical schemes for approx-
imating value functions. One generally proves the convergence of such schemes by showing that the
value function v, of the n-th discretization of the problem converges uniformly on compact sets to a
viscosity solution of the HJBE as the mesh of the discretization converges to zero, and then one uses
the uniqueness characterization to show that the viscosity solution being approximated is actually the
desired value function. Recent accounts of work in these areas are in [1, 3, 11]. The papers [4, 19] give
uniqueness characterizations for the HIBE for problems whose Lagrangians satisfy 2

Ve >0, 3C. >0 such that ¢(x,a) > C. for all ¢ B(T,e) and all ac€ A (5)

Since we are allowing ¢(-,a) to vanish on open sets outside 7 for some choices of a € A, these earlier
results will not in general apply to (4) (cf. [13] for examples where (5) fails and the HJBE has several
bounded-from-below solutions vanishing on 7). For theorems characterizing v as the unique nonnegative
viscosity solution of the HIBE (4) on R \ 7 that satisfies appropriate boundary conditions, see [9, 21].

LA function w is said to be bounded-from-below provided there exists a finite constant b such that w(z) > b for all
z in the domain of w.

2 We set B(S,¢) := {p € RN : inf{||p—s||: s € S} < ¢} for all S C RN and ¢ > 0. For singleton S = {p}, we write
B:(p) to mean B({p},¢).
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Our work is part of a larger project which generalizes uniqueness characterizations for HIBE’s to well-
known applied problems with non-Lipschitz dynamics and general nonnegative Lagrangians, such as
linear quadratic (LQ) problems. Earlier work can be found in [2] (which covers LQ problems on a
fixed finite horizon), [9] (which covers infinite horizon LQ problems), and [12] (which gives a uniqueness
characterization for the HJBE for a class of exit time problems with non-Lipschitz dynamics, including
Sussmann’s Reflected Brachystochrone Problem from [23]). For a stronger definition of solution for a
subclass of these problems, leading to a characterization of the maximal solution as a unique solution,
see [6].

This note is organized as follows. In §2, we list assumptions used in most of the sequel, and we state
our main lemmas. In §3, we state our main theorem, and we show how the theorem improves what was
known about solutions of the exit time HJBE. This is followed in §4 by applications, including cases
with “very degenerate Lagrangians” which are not tractable using the earlier results. We prove our
theorem in §5, and §6 shows how to extend our results to problems with unbounded control sets whose
Lagrangians take both positive and negative values.

2 Definitions, Assumptions, and Main Lemmas

For any M € Nand S C RM let C(S) = {continuous functions S — R}, and, if S is also open, let C1(.9)
denote those functions in C'(S) with one continuous derivative. The boundary of S will be denoted by
bd(S), and S denotes the closure of S. Recall the following definition of viscosity solutions:

Definition 2.1 Assume G C RY is open, S D G, F € C(RY x RY), and w € C(S). We call w a
(viscosity) solution of F(z, Dw(z)) =0 on G provided the following conditions are satisfied:

(Cy) If v € C1(G) and =z, is a local minimizer of w — =, then F(x,, Dy(z,)) > 0.
(Cy) If A € CY(G) and 1 is a local maximizer of w — A, then F(xy, DA(z1)) < 0.

This definition is equivalent to the definition of viscosity solutions based on semidifferentials used in
[9] (cf. [1]). The extension of our results to discontinuous viscosity solutions (cf. Chapter 5 of [1]) is
easily done, so we limit our discussion to continuous solutions, in the sense of Definition 2.1. We next
list our main assumptions (but see §6 for the case of unbounded A and possibly negative Lagrangians
¢). Recall that for any closed set 7, STCT is defined to be the following property: For all ¢ > 0,
T C Interior R(g), where R(e) := {z € RV : 3t € [0,¢) & a € A such that y,(t,a) € T}, and y, (-, a) is
the unique trajectory for (1). The condition STCT holds under suitable assumptions on the directions
of the vector field f and its Lie brackets at 07 (cf. [22]). Our main assumptions are

(Ap) The control set A is a nonempty compact metric space.

(A;) The dynamics f : RY x A — RY is continuous, and there is a constant L > 0 such that
||f(z,a) — f(y,a)|| < L||x —y|| for all 2,y € RN and a € A.

(A3) The target 7 C RY is closed and nonempty, and STC7 holds.
(A3) £:RN x A —[0,00) is continuous.

(Ay) If B e Aand x € RN, and if [ £(y.(s,8),8(s)) ds < oo, then lim y,(s, ) € 7.

§— 00

The meaning of (Ag)-(A4) is as follows. Conditions (Ag)-(A;) imply that for each a € A and each
x € RV there is a unique trajectory v, (-, «) for the dynamics (1) which starts at 2 and which is defined
on [0, 00). Moreover, one can show (cf. [1], Chapter 3) that if (A1) holds, then for all & € A and g € RY,
Yq(+, o) satisfies the condition

lyq(t; ) —gll < Mgt for all ¢ € [0,1/M,], (6)
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where
M, :=max {||f(z,a)|| s a € A, |z — ql| <1}

if the maximum is nonzero and M, = 1 otherwise. Notice that 7 is allowed to be unbounded, that £(-, a)
is allowed to vanish outside 7 for some choices of a € A, and that the positive costs condition (cf. (12)
below) required in [12, 13, 14] is no longer assumed. In particular, £(-, a) is allowed to vanish on open sets
outside 7 for some values a € A, which is not allowed under (5) or under the hypotheses of [12, 13, 14]
(cf. §4.1 below). On the other hand, condition (A4) is stronger than the asymptotics condition used in
[14] (cf. §4.1 for applications which are tractable by [14] where (A4) does not hold). Note also that ¢
is not required to be convex in the state or locally Lipschitz (cf. [20, 21] for complementary results for
compact control sets A and locally Lipschitz ¢). For sufficient conditions for (44) in terms of the data
f and ¢, see Lemma 2.5, Remark 2.6, and Example 6.1.

For given open sets (2, we will give conditions guaranteeing that if w is a solution of the HJBE on
Q\ 7, and if there is a value w, satisfying the boundary condition

BC(Q,w,) w: Q — R is bounded below, w, € RU{+c0}, w(z) < w,

on Q,w =0 on 7, and lim w(z) = w, for all z, € 0N.

T—T,

then w = v on . Notice that when R = R the limit condition in BC(R,w,) is satisfied vacuously. In
particular, there are no growth restrictions on functions w which satisfy BC(R”, +00). Our uniqueness
results are based on the following representation lemma from Chapter 3 of [1]:

Lemma 2.2 Let (A4g)-(A3) hold, let B C RY be a bounded open set, and let w € C(B) be a viscosity
solution of the HIBE (4) on B. For each ¢ € B, 8 € A, and § > 0, set

7,(8) = inf{t >0: y,(t,8) € bd(B)} and Tjs(q) =inf{t: dist (y,(t,a),bd(B)) < §,a € A}.3

Then the inequalities

zM)gAV@@mmmﬁ+w%mm (7)

w@>iﬁM«MWM@m+MMM» ®)

acA

hold for all ¢ € B, B € A, r € [0,7,(8)), 6 € (0, 1dist(¢q,bd(B)), and t € [0, T5(q)).
We use the following definition from [16]:

Definition 2.3 We say that a continuous function v : R — [0, 00) is of class MK, and write v € MK,
provided (0) = 0 and ~ is strictly increasing on [0, c0) and even.

Remark 2.4 Notice that any function g of class Ko, (cf. [10]) gives rise to a function v € MK defined
by v(z) = g(|z]). Also y(z) = |z|? is of class MK for all ¢ > 0. In some of our applications, we will use
the Lagrangians ¢(z,a) = vy(z) for v € MK. Notice that functions of class MK need not be bounded,
convex, or locally Lipschitz.

From the point of view of PDE, it is desirable to be able to check asymptotics hypotheses such as
(A4) by verifying conditions on the data f and ¢, rather than assuming complete information about
the trajectories y. (-, ). To develop ways of checking (A4), we will use the following generalization of
“Barbélat’s lemma”, which can also be used to check the asymptotics condition from [14] (cf. Remark
2.6). Introduce the notation a A b := min{a, b} and a V b := max{a, b}.

3We set dist(q, P) := inf{||¢ — p|| : p € P} for all ¢ € RN and P C RY.
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Lemma 2.5 Assume we are given the following:

1. a compact topological space A
2. continuous functions g : R2x A - R, h: R x A — R, and v € MK
3. constants R > 0 and ¢ > 0 for which

3a. inf{g(z,z,a):x € Rja€ A} > dzforall z > R
3b. sup{g(x,z2,a) :z € R,a€ A} <dzforall z < —R

4. a trajectory 7 = (11,72) of & = g(x, z,a), 2 = h(z,a) for which [;°~(71(s))ds < oo

Then liIJP 71(s) = 0 and limsup |2 (s)| < R.

s——+00 s— 400

Proof. We assume ~(r) = 12, the general case being similar. Let ¢ € (0,1/2), and let o € A be the
input for 7. First suppose there is a sequence t,, — +oo for which R+ & < |m(t,)] < R+ 1 for all
n. By passing to a subsequence without relabeling, we may assume ¢, 11 —t, > 1 for all n. Introduce
the constants C' = max{|h(z,a)| : a € A,|z| < R+ 2} and p = ¢/(8][C + 1]), and, for each n € N, set
ap, =ty — P, by = t, + p, and I, = [an, by]. By the choice of € > 0, the intervals I,, are disjoint. We
claim that |m2(s)| < R+ 2 for all s € I,, and all n € N. To verify this claim, suppose the contrary. Let
t € I, be the time closest to ¢, at which |m2(t)| > R+ 3/2. Since |m2(s)| < R+2for all s € [t Aty tVi,],

Vi,
7a(t) = 7a(tn)| < / [h(ra(s), als))lds < (2p)C < &/2 (9)
tAt,
Therefore, |m2(t)| < |m2(ty)] +¢/2 < R+ 1+¢/2 < R+ 3/2. This contradiction verifies the claim. It
follows that (9) holds for all ¢t € I,, and n € N.

Claim: If 72(t,) > R+ ¢, then 7{(t) > $(R +¢) for almost all (a.a.) t € I,,. If 75(t,) < —R — ¢, then
m(t) < —$(R+e¢) for aa. t € I,.

Indeed, if 75(t,) > R + ¢, then, by (9), 72(t) > R+ § for all ¢t € I,,. Therefore, by 3a. and (9),
() = g(7(t),a(t)) > 0ma(t) > —b|ma(t) — Ta(tn)| + 072(tn) > —de/2+06(R+¢e) > §(R+¢)/2

a.e. t € I,. The second assertion of the claim is proven similarly, using 3b. and (9). We may now
assume that R +e < 7(t,) < R+ 1 for all n, so 7{(t) > $(R+¢) > 0 ae. t € I, for all n € N, possibly
by passing to a further subsequence without relabeling. (Otherwise, we can apply the argument we are
about to give to —7y, instead of to 71, to get the same contradiction.) Set v, = inf{|r1(¢)| : t € I,,}, and
choose s, € I, so that |7(s,)| = v, for all n € N. If 71(s,,) > 0, then (since 74 > %(R—i— g) >0 a.e. on
I,) $p = an, so we get 11(t) > (6/2)(R+¢€)(t — a,) for all ¢t € I,. Therefore,
2 62 2 2 Lo 2-3
/ T (s)ds > g(R‘l’{f) / (s —ap)*ds = 56 (R+¢e)p> > 0
I, I

n

The preceding inequalities remain true if 71(s,) < 0 (in which case s, = by, 71(b,) < 0, and we have
—7(t) > g(R—l—a)(bn—t) on I,) or if 71 (sy,) = 0 (in which case we argue as in the 71 (s,,) > 0 case on [sy,, by]
and as in the 71(s,) < 0 case on [a,, $,], and then we use [b, — s,,] V [s, — a,,] > D). This contradicts the
4. and the disjointedness of the I,,’s. Therefore, there exists T, > 0 such that either (S1) |m2(t)] > R+1
for all t > Ty, or else (S2) |m2(t)] < R+ ¢ for all t > T,. If situation (S1) occurs with 72(t) > R+ 1 for
all t > T, then we get 7{(t) > (R+1)d for all t > T (by 3a.) so 7y (t) > §(R+1)(t —T.) + 1 (T%) for all
t > T.. This contradicts 4.. A similar contradiction arises if 7o(t) < —(R + 1) for all ¢ > T.. Therefore,
(S2) occurs, so the arbitrariness of € > 0 implies lim sup |72(t)| < R.
t——+oo

A similar argument which we now sketch shows that 7(¢) — 0 as t — 4o00. Given € € (0,1/2),
assume there exist ¢, — oo with ¢ < |ri(t,)] < 1 for all n. We can assume that ¢, — ¢, > 1 for
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all n and |2(t)] < R+ 1 for all t > 0. Set K = max{|g(z,z,a)|] : a € A,|z| < 2,|z| < R+ 1} and
7 =¢/[8(K +1)], and, for each n € N, set a, = ¢, — 7, B, = t,, + 7, and J,, = [ap, Bn]. A slight variant
of the above argument shows that |71(t) — 71(t,)| < § for all £ € J,, and n € N. This gives

/Jan(s)ds > (3)2(277) >0

for all large n, which contradicts the integrability of 72 and the disjointness of the intervals .J,,. By again
invoking the integrability of 77, it follows that there is a 7. > 0 for which |7 (¢)| < € for all ¢ > T.. Since
¢ was arbitrary, it follows that 71 (¢t) — 0 as ¢ — 400, which completes the proof of the lemma. [ |

Remark 2.6 We will use Lemma 2.5 to verify assumption (A4) for two-dimensional dynamics. However,
this lemma also gives a criterion for the less stringent asymptotics condition

oo
sl (ta)l| =+oc| = | [ tln(s,a).a(e)s = oo (10)
t—o0 0

required in [14]. In particular, given 1.-3. of the lemma, (10) holds for the dynamics f(z,z,a) =
(g9(z, z,a), h(z,a)) and any Lagrangian ¢ that satisfies £(z, z,a) > () for all (x,2) € R? and a € A. If,
in addition, 3. holds for R =0, and if 7 = {6}, then (A4) holds. For an alternative approach to verifying
(A4), in which the compactness assumption for A is replaced by a penalizing term in the Lagrangian,
see Example 6.1. For criteria for (A,) under additional boundedness assumptions on f, see [20], §4.

Remark 2.7 It is worth noticing how Lemma 2.5 extends “Barbalat’s lemma”. In the special case
where the conditions of the lemma hold with g(z,z,a) = z and globally bounded h, it follows that
T2(-) = 71(-) is globally Lipschitz. In that case, (A4) follows from the following lemma in [16]:

v e MK, ¢:[0,00) = R, ¢ Lipschitz ,/ v(¢(s))ds < oo} = [ lir+n é(s) = lim ¢'(s) =0| (11)
0 S—T00 §—0C0
This is the special case of Lemma 2.5 where g(z,2,a) = z and h(z,a) = a, with « chosen to be the
bounded a.e. derivative of ¢’. However, (11) cannot in general be applied to the perturbed cascades of
Lemma 2.5 since 7{ might not be Lipschitz. The classical version of “Barbalat’s lemma” is the following:
If ¢ : [0,00) — R is Lipschitz, and if [~ ¢?(s)ds < oo, then ¢(t) — 0 as t — +oo. This follows from
Lemma 2.5 by picking g(x, z,a) = a+ z, h(z,a) =0, 2(0) = 0, and « to be the a.e. derivative of ¢.

Remark 2.8 Under the hypotheses of Lemma 2.5, it may or may not be the case that 72(t) — 0 as
t — +oo when R > 0. For example, consider the cascade & = 23, 2 = a € [-1,+1]. If ¢ = (¢1, 2)
is a trajectory of this cascade for which fooo ¢2(s)ds < oo, then Lemma 2.5 and (11) give ¢(t) — 0 as
t — 4-00. On the other hand, consider the dynamics

T=z4+ay, z=as, |a1|§1, |a2|§1,

which has the trajectory 7(¢) = (0,sin(¢)) for the input a(t) = (—sin(¢),cos(¢)). In this case, the
hypotheses of the lemma hold with § = 1/2, R = 2, and ~v(z) = 2?2, but , lim 7o(t) does not exist.

——+00

3 Statement of Main Result and Remarks

3.1 Main Result
We will prove the following theorem:

Theorem 1 Assume conditions (Ag)-(A4) are satisfied. If w € C(R) is a wviscosity solution of (4) on
R\ T which satisfies BC(R,w,) for some w, € RU {400}, then w=v on R.
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Remark 3.1 If v € C(R) satisfies BC(R,v,) for some v, € RU {400}, then this theorem becomes a
uniqueness characterization for v. This follows from the fact (cf. [1]) that v is then a viscosity solution
of the HIBE (4) on R\ 7. If we also have R = R" | then the limit in BC(R,+00) holds vacuously, so
v is the unique continuous bounded-from-below solution of the HJBE that is null on 7.

Remark 3.2 Theorem 1 remains true if the hypothesis w € C(R) is relaxed to the local boundedness
of w and all the other hypotheses are kept the same (cf. [1] for the definition of viscosity solutions in
this more general case). We then get a characterization of v as the unique locally bounded solution on
R\ 7 which in null on 7, as long as v € C(R) satisfies v(z) — +00 as x — x, for all z, € bd(R). For
versions of Theorem 1 for unbounded A and possibly negative ¢, see §6. The statement of Theorem 1
remains true if R is replaced by any open set 2 C RY containing 7 (by the same proof). Therefore, we
also get local uniqueness characterizations for the HJBE.

3.2 Comparison of Theorem 1 With Other Uniqueness Characterizations

Theorem 1 applies to exit time problems which are not tractable by means of the known uniqueness
results in [1, 12, 13, 14]. The (undiscounted) exit time results in [1, 4, 19] assume (5), i.e., positive
uniform lower bounds for ¢ outside neighborhoods of 7, and deduce that v is the only possible viscosity
solution of the HIBE (4) on R \ 7 which is continuous on R and which satisfies BC(R,w,) for some
wo € RU {+00}. On the other hand, condition (5) will not in general be satisfied in the applications
considered below (cf. §4.1). Therefore, our uniqueness characterization does not follow from the well-
known results. In [6], a stronger definition of solution is given for a subclass of the problems we are
considering in this note, and then a maximal solution is characterized as a unique solution.

The papers [12, 13] give conditions under which v is the unique solution of the HIBE (14) on R\ 7
in the class of functions w which vanish at 7, are continuous on R, and satisfy a generalization of
properness. (Properness of a function w is the condition that w(z) — +oo as ||z|| — 400.) This
generalized properness condition can be satisfied by functions which are not bounded-from-below. The
main argument of [12, 13] is a generalization of arguments for free boundary problems from Chapter 4
of [1]. The results in [12, 13, 14] do not require (A4), but they do require

t
/ U (yn(s,a),a(s)ds >0 Vi>0,z2¢7, and a € A", (12)
0

where A" := {measurable « : [0,00) — A"}, A" is the set of Radon probability measures on A viewed
as a subset of the dual of C(A), y%L(-,«) is the trajectory of the relaxed dynamics f" starting at z,
and h"(z,m) := [, h(z,a)dm(a) for all z € RN, m € A", and h = f,{. (The set A" is called the set
of relaxed controls on A. See [1] for discussions of relaxed controls.) Condition (12) is less restrictive
than (5), since it allows cases where f immediately moves the state out of the null sets of ¢ to produce
positive integrated costs (e.g., the Fuller Problem below). Also, (12) allows a € A for which £(z,a) — 0
as ||x|| — 400, which is not allowed under (5) if 7 is bounded. The novelty of Theorem 1 is that (i)
it gives a uniqueness characterization for v within a class of functions which includes functions which
violate the growth and nonnegativity conditions of the known uniqueness characterizations, and that (ii)
it applies to cases of “very degenerate Lagrangians” where neither (5) nor (12) is satisfied, e.g., to cases
where the vector fields £(-,a) vanish on an open set outside 7 (cf. §4.1 for examples). In particular,
we do not require any regularity such as Lipschitzness for ¢. Our results can therefore be regarded as
an extension of the results [12] on exit time problems with non-Lipschitz dynamics. (For uniqueness
results for cases where £ satisfies Lipschitz-like conditions, leading to a characterization of v as a unique
nonnegative solution of the HIBE, see [20, 21].)

Remark 3.3 The paper [14] proves that if R = RY and v € C(RY), and if (Ag)-(43), (10), and (12)
all hold, then v is the unique bounded-from-below solution of the HIBE on R™ \ 7 in C(RY) that is
null on 7. For bounded targets, (10) is a less restrictive condition than (A4) and could be satisfied
by problems violating (A4), e.g., the ‘Shifted FP’ in Remark 4.3 below, which is tractable by [14]. For



Optimal Control Problems with Exit Times and Nonnegative Lagrangians 8

example, (10) allows trajectories that oscillate around 7 without ever approaching any target point.
However, we will not need to assume (12). The arguments of [14] are based on an iteration of arguments
from [13]. Condition (A4) is used in [20] to establish uniqueness of nonnegative solutions of the HJBE.

4 Applications

4.1 Variations of the Fuller Problem and Its Perturbations

We first show how to apply Theorem 1 to variants of the Fuller Problem (FP) from [17, 24]. The classical
FP is an exit time problem with the following data:

N=2 A=[-1,+1], lz,z,a0) =22, T={0} CR? f(z,2a)=(za0) (13)

As shown in [14], the FP value function vz, is the unique continuous bounded-from-below viscosity
solution of the corresponding HJBE

— 2(Dw((z,2) )1 + [(Dw((z,2)))2l — 2* = 0, (x,2) eR*\ {0} (14)

that is null at 0. This also follows from Theorem 1, since (Ay4) is satisfied.

Let us now show how Theorem 1 also applies to generalized ‘flattened’ versions of the FP which are
not tractable using the known uniqueness characterizations. Set n = (0,4) € R?. For each § € [0,1], let
®5 : R? — [0,1] be any C'(R?) function which is null on Bs(n) and 1 on R?\ Bas(n). In particular,
®, = 1. For given v € MK and ¢ € [0,1], the exit time problem data for the “Flattened FP” is then

N=2 A=[-1,+1], {(z,z,a) = Ps(z,2)y(x), T ={0} CR?, f(z,2,a)=(za) (15)

These data reduce to (13) when § = 0 and v(z) = z2. The data differ from (13), because when & > 0, ¢
is null on an open set containing a portion of the y-axis. Consequently, for § € (0, 1], these data are not
tractable by the known uniqueness results, because neither (5) nor (12) is satisfied. Let vs, denote the
exit time value function (3) for data (15). A slight modification of the proof of Lemma 2.5 shows that
the data (15) satisfy (A4).* Since STCT holds as well (cf. [1]), we conclude as follows.

Corollary 4.1 Let v € MK and § > 0 be given, and choose the exit time problem data (15). If
w : R? — R is a continuous, bounded-from-below viscosity solution of the corresponding HJBE

— z(Dw((z,2))1 + [(Dw((x,2))2| — @s(z,2)y(x) = 0 (16)

on R?\ {0} that is null at 0, then w = vs, on R

Remark 4.2 In particular, since vy, € C(R?) (cf. [24]), vpp is the unique continuous bounded-from-
below solution of the corresponding HJBE that vanishes at 0. This PDE characterization for vy, was

4The modified proof is as follows. Fix § € (0,1]. One can easily find constants 71,12 > 0 (both possibly depending on
6 > 0) for which

e for all @ € A and x € B3s(n), there exists t € [0,71] such that yz (¢, a) € bd(Bss(n)).

e for all @ € A, all z € R?\ Bss(n), and all ¢ € [0,72], y=(t, @) € Bas(n).
Now let z € R?, a € A, € > 0, and [~ £(yz (¢, @), a(t)) dt < oo. Set yu(t, o) = 7(t) = (1), 72(t)). Suppose tn — +o0 is
such that |12(tn)| > € for all n. We can assume as before that 72 (tn) > € and ¢n41 — tn > max{1,3n:1} for all n. We can
also assume that for all n, 7(t,) € Bss(n), possibly by replacing ¢, with

tn = tn + inf{t>0:7(tn +t) € bd(Bss(n))} < tn+m

without relabeling. The argument of Lemma 2.5 gives disjoint intervals I, = [t, — P, tn + P] such that m2(t) > /2 for all
t € I. By replacing I, with the subinterval [tn,tn + D A (n2/2)] without relabeling, we can assume that for all ¢ € I, and
n €N, 7(t) € Bas(n). We then get the same contradiction as before, since ¢ agrees with the v € MK outside Bas(n). It
follows that 2(t) — 0 as t — +o0, so 7y is Lipschitz, so (A4) holds by (11).
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shown in [14]. However, the data (15) is not tractable by [14], since the required positive integral
condition (12) from [14] is not satisfied when ¢ > 0. More generally, we get a uniqueness result for

tp(a) 1

For each p € R?, infimize / Z’Yj [z;(t, )] dt subject to o€ A(p), z(0)=p, and
j=1
Z1(t, ) = xo(t, @), @o(t,a) = x3(t,a), ..., Zn-1(t,a) =z,(t,a), Z,(t,a)=at)e A

with the target {0} C R™ for any nonempty compact set A C R and 7; € MK. This follows from a
repeated application of (11) which we omit.

Remark 4.3 As shown in [14], if we perturb the FP data to
N = 2a T= {(kvk)}a A= [_17+1}7 f(l',Z,Cl) = (Z - kq)(xaz)7a')a é(xazva) = Jf2 + k(l - ‘a|)2 (17)

where k > 0 and ® : R? — [0,1] is any C'(R?) function which is 1 at all points of By 4((k, k)) but
identically 0 on R? — By 5((k, k)), then Theorem 1 above no longer applies, since (A4) would not hold
for k > 0. In fact, [14] shows that for all k£ > 0, we can construct trajectories for (17) such that

[ t0a(5.) 5060 ds < 00, bt 0a(6,) = TET a5 4o

However, one shows (cf. [14]) that the hypotheses from [14] are all satisfied for (17) for all choices of
k > 0. Therefore, [14] shows that any continuous bounded-from-below solution w : R? — R of the HIBE
that vanishes on 7 must coincide with the corresponding value function v. The results of [14] generalize
to discontinuous solutions of the HIBE in neighborhoods of 7. Therefore, while Theorem 1 applies to
problems with “very degenerate Lagrangians” which violate (12), including cases where the Lagrangian
¢ can vanish on open sets outside 7 (e.g., the “Flattened FP”), the results of [14] apply under less
stringent asymptotics, e.g., to perturbations of the FP which are not tractable by Theorem 1.

4.2 Other Applications

Condition (A4) holds automatically when all trajectories asymptotically approach 7. In particular,
Theorem 1 can be used to give a uniqueness characterization on any strongly invariant robust domain of
attraction if we choose 7 to be the attractor. (See Theorem 3 below, and also [15], which uses Theorem
1 to give PDE characterizations for maximal cost type Lyapunov functions for asymptotically stable
dynamics and sublevel set characterizations for the domains of attraction). A totally different application
of Theorem 1 is as follows. Notice that (A4) also holds automatically if [ £(y.(s,3),3(s)) ds = oo for
all z € RY and 3 € A. In particular, it applies to the shape-from-shading equation

1) 1+ 1Du@)|P) =10, 1) = nln e e R T (19)

from image processing for cases where 0 ¢ 7T, since (18) can also be written in the HIBE form

el -
max {1@)a- Duto) - 1= 5L 0= )] <o (19)

(See [14] for the verification of (A4) for the shape-from-shading data in (18) and further applications to
image processing PDE’s). Notice that (5) does not in general hold for (19). This example was studied in
[14, 20]. In a similar way, Theorem 1 also applies to the eikonal equations studied in [14]. The natural
extension of our result to the variable discount rate equation

216112 { —f(z,a) - Dv(z) — L(z,a) + p(z,a)-v(z)} = 0, zeR¥\T (20)

is straightforward. For further applications to problems with unbounded control sets, see §6 below.
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5 Proof of Main Result

Let w satisfy the hypotheses of Theorem 1, and let £ € R\ 7 be given. The fact that v(z) > w(Z) is
an easy consequence of (7) of Lemma 2.2 which is obtained by fixing an input o € A(Z), taking B to
be an appropriate open tube containing the trace of yz(-, @) on [0,%z(«)], and then infimizing over all
a € A(Z) (cf. [13] for a generalization of this argument). Such a tube exists since trajectories that reach
7 in finite time remain in R on [0, tz(a)] (because points which are outside R cannot be brought to 7
in finite time). We therefore only show that w(z) > v(z).?

Choose ¢ € (0, 1) such that
w(T) < w, — €. (21)

This is possible since BC(R,w,) is satisfied. (We allow w, = 400, in which case (21) holds for all € > 0.)
The inequality w(Z) > v(z) will follow if we find an input @ € A(Z) such that

tz (&)
w(z) > / Uys(s.a)a(s)ds — e, (22)

since that would give w(Z) > v(Z) — €, by definition (3) of v, and then we can let € | 0. We now prove
the existence of such an &. In what follows, we define the functions Ey, Es, ... by

E;t) = Z [e_(j_l)—e_(t"’j_l)] for each t>0.

Note for future use that Fy(1) 4 Ea(1) 4 ... 4+ E,(1) = §[1 —e™"] for all n € N. Set
(t,v): 0<t<1, and~: [0,t] = R is a trajectory
Z = for & = f(z,a) for some a € A with v(0) = Z
so that w(z) > fot L(v(s),a(s))ds +w(v(t)) — E1(t).
Then Z; is partially ordered by the relation
(ti,m) ~ (t2;72) if [ t1<t2 and %f[0,t] =7 | (23)

Moreover, one can check that every totally ordered subset of Z; has an upper bound in Z;.

Indeed, let {(s;, )}, be a totally ordered subset of Z;, set 5§ = sup; s;j, and define the trajectory
f:[0,5) — R by i(p) = pj(p) for any j so that s; > p. (This is valid since the s;’s increase and p;
extends py, for k£ < j. We assume § > 0, since otherwise (s1, 441) is the desired upper bound.) Let §; € A
be a control for the trajectory p;, fix @ € A, and define 81 : (0,00) — A by B1(s) := B;(s) on (s;j_1, /]
for all j € N and 3f(s) = a for s > 5 (where so = 0). Then §' is measurable and therefore admits
a corresponding trajectory yz (-, 37) on [0,00). Moreover, yz(-, 3) coincides with fi on [0,5). Setting
i(3) = yz(5,87), it follows that (5, /1) is an upper bound for {(s;,p;)}; in the relation (23). Also, the
choice of € > 0 guarantees that fi(5) € R, which implies that (5, 7) € Z;. To see why [i(5) € R, suppose
f(5) € OR. Then R > p,;(s;) — f(5) € OR. It would then follow from BC(R,w,) and the nonnegativity
of ¢ that

I
v

w()

/0 7 Uu3(),55(5)) ds + w(pei(s,)) — Er(s;) (24)

w(p;(s;)) — Ei(s;) = wlpi(sy) —e — wo —¢,

Y

so w(Z) > w, —e. This contradicts (21), so we conclude that fi(5) € R. Since w is continuous at
f(5) € R, it follows that (5, &) € Z; is an upper bound for {(s;, )},

5The proof that v(Z) > w(Z) is slightly more complicated if R is replaced by a more general open set € containing 7°
(cf. §3.1), since one must consider trajectories starting at Z but exiting Q before the first time they reach 7. The proof of
this inequality for such cases is the same as the proof of this inequality in [13]. On the other hand, the proof of the reverse
inequality we are about to give remains valid if R is replaced by any open neighborhood Q of 7, as long as w satisfies
BC(R2,w,) for some w, € RU {+o00}.
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It follows from Zorn’s Lemma that Z; contains a maximal element, which we will denote by (£,7). We
can assume that J(¢) € 7 (since otherwise, we can satisfy (22) with the input for 7). We will now show
that ¢ = 1. Let B be an open set containing (¢ ) whose closure lies in R \ 7. Such a set exists since our
hypothesis STC7T implies that R is open (cf. [1]) and 7 is closed. Suppose that ¢ < 1, and set ¢ = ¥(%),
§ = jdist(g,bd(B)), and T5(q) = inf {t : dist(y,(t, @), bd(B)) < &, € A}. By (6), T5(g) > 0. Indeed,
for each p > 0, we can use (6) to find a ¢ > 0 so that y, (¢, ) € B({q}, ) for all &« € A and all t € [0,¢].
Choosing p = 1/4dist(g,bd(B)), we get dist(y,(t,a),bd(B)) > dist(q,bd(B)) — ||ys(t,a) —q|| >
1dist(¢q,bd(B)) > é for all t € [0,¢] and a € A. In particular, T5(q) >t > 0.

By Lemma 2.2, there exist a ¢ € (0,1 —¢) and a 3 € A so that

w(y(t)) > /0 Uyse)(8,08), B(s)) ds + w(yyi)(t,8)) — Ei(t+1t) + Ei(t) (25)

and so that y5) (-, §) remains in B on [0,t]. Let ¢; denote the control for 4. Since (t,7) € 21, it follows
that 4(s) € R for all s € [0,7], and that

t

w(z) — wF(t)) = ; ((3(s), e1(s)) ds — Ex(t). (26)

Let 3% denote the concatenation of the restriction of the input ¢; to [0,7] followed by the input 3. If we
now add the inequalities (25) and (26), then we get

t+t
w(z) > /0 Uyz(s, 0%), B8(s)) ds + w(yz(E+t,B%) — Ei(f+1). (27)

Since t was chosen so that {4+t < 1 and B C R, we conclude from (27) that (Z +¢,yz(-, 3%)) € Z;. Since
yz (-, B1) is an extension of ¥, this contradicts the maximality of the pair (Z,5). Therefore, = 1.

We will now extend 7 : [0,1] — R to get the desired trajectory. Set
(t,v): 0<t¢t <1, and~v: [0,f] — R is a trajectory
Zy = for © = f(z,a) for some o € A with y(0) = (1)
so that w(7(1)) > [ €(y(s), a(s)) ds + w(y(t)) — Ea(t).

and partially order Z5 by (23). By the preceding, Z; contains a maximal element (1,72). Let as € A
denote the input for 7o. We can assume that 72(1) € 7, since otherwise we can satisfy (22) by using
the concatenation of ¢4 [[0, 1] followed by as. Let co denote the concatenation of ¢4 [[0, 1] followed by az,
and let ¢o denote the corresponding concatenated trajectory for co starting from z and ending at 72(1).
We can assume ¢2(2) € T, as argued before. Now reapply the procedure to ¢2(2) to get a trajectory
¢3 : [0,3] — R that starts at Z, and which reaches 7 at some time ¢ € [0, 3] or runs for three time units
without leaving R \ 7. The procedure is iterated, and it results in a sequence of trajectories

)

8’_)¢n(s):yf(3’cn)a (Z)n[[oan_uE(ﬁn—lv Cn[[o,n—l}ECn_l, n>2

which are defined on [0, n], and which we can assume remain in R \ 7. Therefore, for all n € N,

w(@) > /0” U(fn(s),cn(s))ds + w(dn(n)) (I—e™™). (28)

_ £
2

Setting &(s) = cp(s) if n — 1 < s < n for all n € N, letting ¢ denote the trajectory for & starting at z,
and letting b denote a lower bound for w, a passage to the limit as n — oo in (28) gives

< o0,

| ™

/Oooe(as(s),d(s))ds < w@ — b+

since ¢ = ¢, on (0,7n]. It follows from (A4) that ¢(s) — p as s — 400 for some point p € 7.
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Set p,, = ¢, (n) for all n, so p, converges to p. By (Ag), (4s3), and (6), it follows that

sup Uyp, (s,a),a) < o0 (29)
neN,0<s<1l,acA,acA

Since STCT is satisfied and w € C(R), the argument of [13] gives n € N and 3 € A(p,) such that

€

pn (B) -
T BB < 5 (30)
0

3
n) > —~
w(pn) > =3

Fixing n € N and (3 satisfying (30), and letting @ denote the concatenation of the input ¢, [[0, 7] followed
by the input 8, we combine (28) and (30) to get

w(@) > /Onewn(s),cn(s))ds + w(p)

tp, (B) o 3
[ A as - T (31)

tz (&)
z/o Uys (5, 3), a(5)) ds — .

Therefore, & satisfies the requirement (22). This proves Theorem 1.

6 Unbounded Control Sets and Negative Lagrangians

In [13], uniqueness characterizations for proper viscosity solutions of the HIBE were given, under the
additional integral condition (12). The methods of [13] can be extended to cases where A is unbounded
and ¢ can assume negative values (cf. [13], §6). In this section, we show how Theorem 1 can also be
extended to problems with unbounded A and Lagrangians ¢ that take both positive and negative values.

6.1 Unbounded Control Sets

If we add the regularity assumptions on £ required in [20, 21], then Theorem 1 can be extended to
problems with unbounded control sets A and unbounded Lagrangians. Indeed, assume that A C RM
is closed and nonempty but possibly unbounded, and that there are positive constants L, Ls, Cs and
1 < g < p so that the following conditions from [20, 21] hold:

(As) f:RY x A — R¥ is continuous, and the estimates ||f(z,a) — f(z,a)|| < L(1 + ||a||%)||z — z|| and
| f(z,a)|| < L(1+ ||z|| + ||a||?) hold for all z,z € RN and a € A.

(Ag) £:RN x A — [0,00) is continuous, and the estimates |¢(z,a) — €(z,a)| < Ls[1 + ||a||?]||z — z|| and
Cslla||P — Ls < l(z,a) < Ls(1 + ||a|?) hold for all z,z € Bs(0) and a € A and for all § > 0.

(A7) 3 compact set C' C A so that f[[RY x C] satisfies STCT, where T C R¥ is closed and nonempty.
These assumptions imply the continuity of (z,p) — max{—f(z,a) -p — €(x,a) : a € A} (cf. [21], p.278).

Moreover, Lemma 2.2 remains valid if the hypotheses (A;)-(A3) are replaced by (As)-(A7), except that
we choose as our set of admissible controls A = L¥, ([0, 00), A) (cf. [21]). By (4s),

9ot ) — g (t, )| < exp (L [+ ||a<s>||q]ds) e — =] (32)

forallt >0, a € A, and =,z € RY. By (32) and (A7) and a standard argument (cf. [1], Chapter 4),
R\ 7 is open. Also, if (A5)-(A4g) hold, then any viscosity solution w of the HIBE on R \ 7 satisfies

wie) = i, _sup [ / ((ya(s,0), a(s))ds + w(ya (1, a>>} Ve e R\T, (33)
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where
ex(a) =inf{t > 0:y,(t,a) € bd(R\T)}
(cf. [21]). By (As), it follows that e,(a) > 0 for all z € R\ 7 and « € A. Letting v denote the value

function (3) with this modified A, this allows the construction of §5 in a single iteration. ¢ This gives
the following:

Theorem 2 Let ) # A CRM be closed. Assume (A4)-(A7). Let w: R — R be a viscosity solution of
(4) on R\ T that satisfies BC(R,w,) for some w, € RU{400}. Then w =v.

In the linear quadratic (LQ) case, the data has the form
f(z,a) = Px+ Qa, {(x,a)=x'Rr+adSa, zcRY, A=RM, T ={0}

for constant matrices P, @, R, and S with R > 0 and S > 0. In that case, (45)-(A7) hold with
C = [-1,+1]M C RM if the controllability matrix [Q PQ P?Q ... PY~1Q] has rank N (cf. [1]). Then
Theorem 2 applies if (A4) holds. Here is an application of Theorem 2 that includes an LQ problem.

Example 6.1 Take as before the dynamics & = z, 2 = a € R, but now let A C R be any nonempty closed
(but possibly unbounded) control set that satisfies A = —A (i.e., symmetry). Fix ¢ > 1, T = {0} C R?,
and ((z, z,a) = a*+|a|. We check (A4). Let 7 = (71, 72) be a trajectory satisfying [ £(7(t), 72(t))dt =:
k < co. Given 0 < s < t, it follows that

o L o] = 5 [ =

I72(t) — 72(s)| < K|t —s|'% Vit s> 0. (35)

To prove 72(t) — 0 as t — 400, we can suppose as in the proof of Lemma 2.2 that there exist a sequence
t, — +00, with t, 41 —t, > 1 for all n, and € € (0,1/2), for which 72(¢,) > ¢ for all n. Set

SO

_ _ 1 _ Py
I, =[t, —t,t, +1t] Vn €N, where t:2min{1,klic (%) !

c } (36)

TI(t) = 7a(t) = To(t) — Ta(tn) + Ta(tn) > —kYC|t —to|' ¢ +£>¢/2 ae. tel, VneN.

It follows from (35)-(36) that

Condition (A4) now follows from the proof of Lemma 2.5. 7 In particular, by taking A = R, Theorem 2
therefore proves uniqueness of bounded-from-below solutions w € C(R?) of the HIBE

—4z(Dw); + |(Dw)s|? — 422 =0, (x,2) € R?\ {0}

that are null at the origin.

6The construction is as follows. Fix x € R\ 7 and 0 < ¢ < wo — w(z). Use (33) to find 8 € A such that

t
w(@)+ 52 [ bla(s.0).B0)ds + (et 8)) V€ 0.e2(9)) (31)
First assume E := ez(8) < oo. If yz(E,B) € 7, then we can let ¢ T E in (34) to get w(z) + /4 > v(z). If instead
yz(E, ) € bd(R), then a passage to this limit and the nonnegativity of £ give w(z) 4+ €/4 > w,, contradicting the choice
of e. If E = 400, then (34) gives fooo £(ya(s,3),B(s))ds < oo, since w is bounded-from-below. By (A4), there exists p € T
such that yz(s,3) — p as s — 4-o00. Since STCT holds for the compact control set C' C A, (30) holds for large enough n,
where now p, = yz(n,8) and 8 € C. This again gives w(x) + € > v(x) and the desired inequality w(z) > v(z), by (31)
with the choices ¢n (s) = yz (s, 8) and cn(s) = B(s). The reverse inequality is shown as before.
"More generally, we get the following analogue of (11) for all v € MK:

6:[0,00) — R,¢" € L2([0,00),R), /0 oy (o()dt < oo} = | lm_o() = lim ¢'(t) =0
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Remark 6.2 In [2, 7, 9], uniqueness results for viscosity solutions of the HIBE were given for problems
with unbounded control sets A. The conclusions of those results were that the value function is the
unique nonnegative solution of the HJBE that has locally bounded subdifferentials and satisfies certain
side conditions. As shown in Theorem 1.7.3 in [8], the requirement that the solutions have locally
bounded subdifferentials is equivalent to assuming that the solutions are locally Lipschitz. On the other
hand, Theorem 2 extends these earlier results by proving uniqueness of solutions within a more general
class of functions whose subdifferentials are not necessarily locally bounded, and which can take negative
values.

6.2 Extension to Negative Lagrangians

As shown in §6 in [13], the uniqueness results for proper viscosity solutions in [13] can be applied to
problems whose Lagrangians take negative values, under additional assumptions on the positivity set

t
P:= {xERN:/ (yr(s,a),a(s))ds >0 Vae A" Vt>0}
0

One of these required assumptions was that £ was “not very negative”, meaning

(NVN) For each x € R\ [PUT], there is a bounded open set B C R containing x so that B C R\ 7T
and a positive number

ae

U o< ing{t >0 dist(y,(t, ), bd(B)) < ;dist(:c,bd(B))}

such that y,(¥,a) € PNR and fO\P Uy (s,a),a(s))ds > 0 for all a € A.

Roughly speaking, (NV N) says each point ¢ ¢ P admits an escape time T'(¢q) such that y,(T(¢), ) € P
for all & € A. In practice, (NV N) may not be easy to verify. An alternative approach to uniqueness of
HJBE solutions for possibly negative Lagrangians ¢, based on Theorem 1, is as follows. We set

T
Az) = {a e A" Tliff 0 (y(t, @), at))dt exists in R}

and write as usual

oo T
/O Ot a),a))dt = tim | OO ),a)dt  Ya € Az).

T—+o0o 0

Also, for a given dynamics f, an open set G C R containing the origin is called asymptotically null
for f provided (i) yL(t,a) € Gforall z € G, ¢ > 0, and o € A" and (ii) y% (¢, ) — 0 as t — +oo for all
x€Gand ae A"

Theorem 3 Assume we are given the following.

1. a compact metric space A.
a dynamics f : RN x A — RN satisfying (Ay).
a continuous function £: RN x A — R.

an open set G C RN which is asymptotically null for f.

AN

a continuous viscosity solution of (4) on G\ {0} satisfying w(0) = 0

Then w(z) = inf {fooo M (yr(t, o), at)dt : a € j(m)}



Optimal Control Problems with Exit Times and Nonnegative Lagrangians 15

Proof. We show how to modify the proof of Theorem 1. Let V' (x) denote the infimum in the conclusion
of Theorem 3. Let Z € G\ {0}. For each ¢ > 0, the proof of Theorem 1 gives a pair (1,a.) € Z; such
that

w(Z) > /0E(yi(&as),as(s))ds—&—w(yi(l,ae))—E > w(T)—¢ (37)

with the last inequality following from Lemma 2.2. Using the classical Compactness Lemma for relaxed
controls (cf. [1]), we can find a sequence of the a.’s (which we do not relabel) and 8 € A" such that
(i) ae — B weak-x on [0,1] and (ii) max{||yz (¢, ) — y%(t,08)]] : 0 <t <1} - 0ase | 0. Since G is
asymptotically null, it follows that y%(¢t,3) € G for all t € [0,1]. Letting € | 0 in (37) and using the
continuity of w now gives

wiw) = | (s B).B(s)) ds + w1, B) (38)

The argument, which is based on the continuity of the maps a — £¢(z,a) for all z, is similar to the
argument in the appendix of [12]. Now repeat the preceding construction, but with the starting point Z
replaced by y%(1, 3), and substitute the resulting expression for w(y% (1, 3)) into (38). This procedure is
iterated and gives & € A" such that

M
w(Z) :/0 0 (yi(s,a),a(s))ds +w(ys(M,&)) VM €N (39)

Since G is asymptotically null for f and w is continuous,
w(yz(M,&)) -0 as M — 4o0. (40)

By (39)-(40), & € A(Z), so (39) gives w(Z) > V(). The proof that w(z) < V(&) is similar to the proof
of the corresponding inequality in Theorem 1, except with A replaced by A", using the fact (cf. [1]) that
sup{—f"(z,a) - p—{"(z,a) : a € A"} =sup{—f(x,a) -p— l(z,a) : a € A} for all x,p € RV. n

Remark 6.3 Notice that in Theorem 3, it was not necessary to assume that w was bounded-from-below,
or that ¢ assumed any positive values. By applying the methods of Theorem 1 to negative ¢, one can
also prove PDE characterizations for maximum cost type robust Lyapunov functions, which generalize
Zubov’s method for calculating domains of attraction (cf. [5]). These PDE characterizations will be the
subject of [15].
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