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Abstract

We consider a two-player zero-sum stochastic differential game with a random plan-
ning horizon and diffusive state variable dynamics. The random planning horizon is
a function of a non-negative continuous random variable, which is assumed to be
independent of the Brownian motion driving the state variable dynamics. We study
this game using a combination of dynamic programming and viscosity solution tech-
niques. Under some mild assumptions, we prove that the value of the game exists and
is the unique viscosity solution of a certain nonlinear partial differential equation of
Hamilton—Jacobi—Bellman—Isaacs type.
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1. Introduction

The central object of the study of differential game theory concerns games taking place over
a whole interval of time and thus with decisions being made continuously — a class of problems
first addressed by Isaacs [21] and later studied in greater detail by Berkovitz and Fleming [5]
and Friedman [18, 19]. The aim of the theory is to describe, from a general perspective, the
interaction between agents, eventually in conflict, occurring in the most diverse situations, such
as armed conflicts, economic competition, and parlor games. One very interesting aspect is that
any actions by the players both influence and are influenced by the evolution of the state of the
system over time, determined by a given differential equation.

The key mathematical techniques used to address this class of problems are closely related
to optimal control theory, namely Pontryagin’s maximum principle, and Bellman’s dynamic
programming principle and the corresponding Hamilton—Jacobi—Bellman-Isaacs (HIBI) equa-
tion. It should be noted, however, that differential games are usually far more complex than
optimal control problems. The reason behind this feature is not only related to the fact that,
unlike optimal control problems, differential games correspond to the case where more than
one controller or player is involved but, more importantly, there is no immediately obvious
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notion of what constitutes a solution for the game. Indeed, over time, multiple proposals were
put forward for what should be considered a solution. Among these one can list, for instance,
minimax, Nash, Stackelberg, open-loop and closed-loop solutions.

Isaacs successfully set up the framework of differential game theory even though he did not
have a mathematically rigorous theory of differential game value. Early definitions of differ-
ential game value made use of time discretizations [18] and were later replaced by the more
convenient Elliott—Kalton notion of differential game value [15]. Evans and Souganidis [16]
characterized the upper and lower Elliott—Kalton value functions as unique viscosity solutions
of the corresponding HIBI partial differential equations (PDEs) by employing the theory of
viscosity solutions introduced by Crandall and Lions [12]. Also resorting to viscosity solution
methods, Souganidis [40] showed that the Elliott—Kalton value functions are in fact the same
as those defined using time discretizations. The notion of differential game value extends nat-
urally to the set-up of stochastic differential games. Fleming and Souganidis [17] proved the
existence of value for two-player zero-sum stochastic differential games under the assumption
that the Isaacs condition holds. Recent developments of the theory have addressed differential
games with more general state variable dynamics [6, 20] and payoff functionals [9, 10, 26], as
well as alternative control sets [4, 41] and game formulations [11, 35].

To the best of our knowledge, differential games with a random time horizon were first
considered by Petrosyan and Murzov [32] within the set-up of zero-sum pursuit games with
terminal payoffs at a random terminal time. A more general formulation for differential games
with a random planning horizon has been developed by Petrosyan and Shevkoplyas in [33, 34].
The theory developed in [32, 33, 34] concerns a set-up in which the random time horizon has a
probability measure with unbounded support and continuous density. Moreover, the state vari-
able dynamics considered therein are deterministic, given by an ordinary differential equation.

In the present paper we study a two-player zero-sum stochastic differential game (SDG)
with a random planning horizon. The planning horizon is assumed to be of the form & =
min{z, T}, where T is a continuous non-negative random variable whose distribution is com-
mon knowledge to the players, and 7' > 0 is a deterministic constant. As a consequence, the
probability measure of the random planning horizon & has support on a bounded interval.
Further, its distribution function is, in general, discontinuous at 7. The game’s state vari-
able dynamics are given by a stochastic differential equation (SDE) of diffusive type, with
the Brownian motion driving the dynamics assumed to be independent of the random variable
T determining the random planning horizon &. The game’s payoff functionals depend heavily
on the planning horizon & in the sense that the running payoff is given as an integral over
the random time interval [0, £] and the terminal payoff is evaluated at time £&. We handle this
issue by transforming the problem under consideration herein into one with a fixed planning
horizon. This is achieved by taking the expected value with respect to the distribution of the
random variable 7, carefully distinguishing the two complementary cases where T <7 and
T > T. As a result, we obtain a payoff functional which resembles that of a differential game
with non-constant discount rate, but with an additional term reflecting the specificity of the
random time horizon £ = min{r, 7'} under consideration. We should remark that this is some-
what connected to the analysis of Marin-Solano and Shevkoplyas [29], with the key differences
being that [29] concerns differential games with deterministic state variable dynamics and a
random time horizon with an absolutely continuous probability measure with a continuous
density with unbounded support. On the other hand, the main similarity to [29] is that, at an
intermediate step of our analysis, a transformation from a random to a deterministic planning
horizon is performed, yielding a payoff functional resembling that of a discounted differential
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game (with an additional term due to the specific form of &), with non-constant discount rate
related to a certain family of conditional probabilities. Such a transformation to a deterministic
planning horizon admits the following intuitive interpretation: agents plan their actions as if
the game would continue until time 7', but with a subjective rate of time preferences.

We remark that the current stochastic differential games (SDGs) literature is mostly focused
in games with either a deterministic finite time horizon or an infinite time horizon. Henceforth,
we believe in the value of extending the current literature to include the case of a random
planning horizon. Moreover, we think that this is not only relevant from a theoretical point
of view, but also that it might eventually contribute to a better understanding of a number of
economic and financial applications exhibiting random planning horizons (see e.g. [7], [8],
[14], [27], [30], [36], [37], and [42]).

We extend the strategy introduced by Fleming and Souganidis in [17] to account for the
introduction of the random time horizon into the stochastic differential game formulation.
More specifically, we employ a combination of dynamic programming and viscosity solu-
tions techniques to prove that the value of the game exists and is the unique viscosity solution
of a certain nonlinear partial differential equation of HIBI type. We find this approach to be
rather amenable, as we are able to rely on some classical and seminal results, extending only
those for which the influence of the random planning horizon, or its distribution, is of rel-
evance. We should remark that the approach developed by Fleming and Souganidis in [17]
relies on an asymmetric formulation of the game under consideration. Indeed, when employ-
ing this approach, two subgames are defined, with one player having an information advantage
in one of the subgames and the remaining player having a similar advantage in the second
subgame. The stronger player uses Elliot—Kalton strategies while the weaker player resorts to
open-loop controls. Other examples where a dynamic programming principle is proved resort-
ing to asymmetric game formulations include, for instance, the papers by Katsoulakis [25]
and Cardaliaguet and Rainer [11]. A very interesting alternative approach, recently introduced
by Sirbu [38] building on previous related work by Bayraktar and Sirbu [1, 2, 3], uses the
stochastic Perron’s method to show that the values of stochastic differential games formu-
lated symmetrically over appropriately specified elementary feedback strategies are the unique
continuous viscosity solutions of the corresponding HIBI equation. Moreover, using such tech-
niques, a dynamical programming principle can be shown to hold over stopping rules, i.e.
stopping times where the decision to stop is based solely on observing the state variable, but
not for stopping times on the physical probability space.

This paper is organized as follows. In Section 2, we describe the problem we propose to
address and state our main results. Section 3 is concerned with the characterization of the
value functions of an auxiliary two-player zero-sum discounted SDG with a deterministic time
horizon. We prove our main result in Section 4 and conclude in Section 5.

2. Framework and main results

In this section we formulate the problem under consideration and state our main result.

2.1. Notation and set-up

Let T > 0 be a deterministic finite time horizon and, for every t € [0, T] and s € [¢, T], let
Q;‘fs be the set of R”-valued continuous functions on [#, s] taking the value O at ¢, that is,

QP = {we C(t, sl; RM): (1) =0}.
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Let G/, be the o-algebra generated by paths @ € Q( up to some time u € [t, 5] with Gf’; =
{Ql“’u' uelt, s]} being the corresponding filtration. When endowed with the Wiener measure
s on G, QP becomes a classical Wiener space. Let B' = {B/(s): s € [z, T], B'(t) =0} be a
Browman motlon on the filtered probability space (27, G;°7, G, Py’7).
Let us introduce the following technical assumptions.

(A1) U and V are compact metric spaces.

(A2) The maps f: [0, T] x RV xUxV >RV 6:[0,T] x RV x U x V- RVXM
V[0, T]xRY >R, and L: [0, T] x RN x U x V — R are bounded, uniformly con-
tinuous with respect to all its variables, and Lipschitz-continuous with respect to (¢, x) €
[0, T] x RN uniformly in (#, v) e U x V.

(A3) t is an (absolutely) continuous random variable (with respect to the Lebesgue mea-
sure on R™ = (0, +00)) defined on a probability space (7, G7, P?) and has a positive,
bounded, and Lipschitz-continuous probability density function defined on R*.

(A4) Foreach € [0, T], the random variable 7 is independent of the filtration G7’; generated
by the Brownian motion B'(-).

For f € (t, T)anda)teT,l

o"=ol; and o =w—ol;y.
and define 7 : %y — Q. x Q2 to be the map given by

i 0T
T(w)=(w"", ®"").

Then, 7 induces the identification

w (]
tT—Q X Qs

and the inverse of 7 acts on pairs of paths (", w"'T) € Q‘”A X Q‘” by concatenation, i.e.

w=1"Yo", i wh Ty e Qr. Finally, note that PP, = ]P’“’ ® ]P’“’ , where ]P’;"; and IP’;PT are the
Wiener measures on Q“C and Q“’ , respectively.

For each 1€ [0, T] the probabﬂlty measure P? of the random variable t induces a
conditional probability measure on 2] = (¢, 00) determined by

Pl(rcA)=P(teA|t>1), AegG/,

where G/ = B(2] ) denotes the Borel o -algebra of 27 . Resorting to assumption (A4) regarding
independence between the Brownian motion B’ and the random variable 7, we define 2, as the
direct product

Q=Qr x Qf,

defining accordingly the probability measure
P, =PY; @ FF, (1)

the o-algebras G, 5, s € [, T], as the completlon of G’ ® G/ with respect to the measure Py,
and the filtration G, 7 as G; 7 ={G,s: se[t, T1}.
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2.2. A stochastic differential game with a random horizon
Let us define the random horizon & as
§ =min{z, T}, ()

and note that £ takes values on the interval [0, 7] P;-a.s. (almost surely). The two-player zero-
sum stochastic differential game with random horizon is defined on the filtered probability
space (€2, G;. 7, Gy 1, P;) and consists of the controlled stochastic differential equation

dX(s) =f(s, X(s), u(s), v(s)) ds + o (s, X(s), u(s), v(s)) dB'(s), s>t

X(t)=x ®)
and payoff functional
3
J(t, x;u(), v(-)) = Ep, [ / L(s, X; (s), u(s), v(s)) ds + W(E, X,y (5 ))}, “)
1

where thf’xv(s), s € [t, T], denotes the solution of the initial value problem (3) associated with
a specific choice of u(-), v(-). We will refer to the functions L and W determining the payoff
functional J as the running payoff and terminal payoff, respectively. Thus, as far as the game
is concerned, the payoff functional (4) represents some payoff that a first player (Player I) is
trying to minimize (and thus a second player (Player II) seeks to maximize) subject to the state
variable dynamics defined by (3) and some constraints of the form u(s) € U and v(s) € V for
every appropriately defined instant of time s > t.

An admissible control process u(-) (resp. v(-)) for Player I (resp. II) on [£,T] is a G;‘jT-
progressively measurable process taking values in U (resp. V). The set of all admissible
controls for Player I (resp. II) on [¢, 7] is denoted by U(¢t, T) (resp. V(t, T)). We say that
two controls u1(-), ua(-) € U(¢t, T) are the same on [z, s], for some s € [, T], and denote it by
u1(-) R us(+), if P;?T{ul () =uy(-) a.e. (almost everywhere) in [z, s]} = 1. A similar convention
is used for elements of V(¢, T).

An admissible strategy o (resp. B) for Player I (resp. II) on [¢, T'] is a mapping «: V(¢, T) —
UL, T) (resp. B: U(t, T) — V(t, T)) such that if v(-) = v(-) (resp. u(-) = u(-)) on [, s] for every
s € [t, T], then a[v(-)] = a[v(-)] (resp. Blu(-)] &~ B[u(-)]). The set of all admissible strategies for
Player I (resp. II) on [z, T] is denoted by A(¢, T) (resp. B(¢, T)).

Let (¢, x) € [0, T] x RN. The lower value function of the stochastic differential game (SDG)
with random horizon (3)—(4) is given by

V= (t,x)= inf sup  J(t, x;u(-), Blu(-))), (5
BeB.T) y()eld(1,T)

while the corresponding upper value function is

Vi, xy= sup inf J@ xelv()], v(). ©6)
ae A, T) VOEV(E.T)

We say that the SDG with random horizon (3)—~(4) has a value if V¥ (¢, x) = V™ (¢, x), and call
it the common value of the SDG game. We also note that this definition is consistent with
the standard notion of common value of the game introduced by Elliot and Kalton [15] for
differential games with a deterministic horizon.

https://doi.org/10.1017/apr.2019.47 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.47

1214 M. FERREIRA ET AL.

Choosing the controls at time ¢, the player who moves first (the maximizing player for the
lower game, and the minimizing player for the upper game) is allowed to use the past of the
Brownian motion B'(-) driving (3), while the player with the advantage (Player II for the lower
game, Player I for the upper game), is allowed to use both the past of B'(-) and the other
player’s control.

2.3. Statement of main results
Forall 0 <t <s, we let G (s, 1) and G~ (s, t) denote the conditional probabilities

G (s, t)=Pl(t>5)=P(t >s|T>1),

7
G (s5,)=Pl(r <s5)=P'(r <s|T>10). ™
Moreover, note that for each fixed # € [0, T], G™ (s, ?) is the probability distribution function
of a continuous random variable and let g~ (s, 7) denote the corresponding conditional density
function

d
87(5s t) = d_v Gi(sv t) (8)
\)

In general, the value functions V™~ and VT defined by the variational identities (5) and (6)
are not smooth. Nevertheless, they can still be characterized using the language of partial dif-
ferential equations, relying on the notion of viscosity solutions originally proposed by Crandall
and Lions in [12] for the case of first-order Hamilton—Jacobi equations. See Appendix A for the
definition of viscosity solution used herein. A central step of the proof of our main result is the
introduction of an auxiliary SDG, with a non-constant discount rate related to the conditional
probabilities (7) and a deterministic time horizon. Indeed, the lower and upper value functions
V™ and VT can be characterized in terms of the value functions of said auxiliary game.

Theorem 1. Assume that assumptions (Al)—(A4) hold. The lower and upper value func-
tions V™ and V7 are the unique viscosity solutions of the Hamilton—Jacobi-Bellman—Isaacs
equation

Wi—g t, 0 W+H (t,x, Wy, Wer) =0, W(T, x)=V(T, x) ©)]

and
Wl_gi(tv Z)W+H+(t7 X, WXa W)Cx):()v W(Tv )C):\II(T, )C), (10)

where, for A € SV (the set of symmetric N x N matrices), p, X € RN andte [0, T], we have
H™(t, x, p, A) =max min H(t, x, u, v, p, A),
uelU veV

HT (@, x, p,A)=min max H(t, x, u, v, p, A),

veV uelU

and

H(t, x,u,v,p,A) =1tr (%a(t, X, U, v)A) +f(t, x, u, v)p+ L(t, x, u, v) + g~ (¢, HW (¢, x),
with a=oo’, o’ denoting the transpose of o.

Note the presence of the additional (non-standard) terms —g~(f,/)W(¢,x) and

g~ (t, H\W (¢, x) related to the conditional probabilities (7)—(8) on the HIBI equations (9) and
(10). Such terms reflect the randomness of the planning horizon and encapsulate the agents’

https://doi.org/10.1017/apr.2019.47 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.47

Two-player zero-sum stochastic differential games with random horizon 1215

behavior planning their actions as if the horizon were fixed at 7, but with subjective rate of
time preferences determined by the conditional probabilities (7).

We say that the Isaacs condition holds if, for all (¢, x, p, A) € [0, T] x RY x RV x SV, the
following relation holds:

HT (@, x, p, A)=H(t, x, p, A). (11

The next result is then a consequence of combining Isaacs condition above with the unique-
ness of the viscosity solutions to (9) and (10), guaranteed by Theorem 1. In particular, this
ensures existence of value for the SDG with random horizon (3)—(4) in the sense of Elliot and
Kalton [15].

Corollary 1. If the Isaacs condition (11) holds, then the upper and the lower value functions
of the SDG with a random horizon (3)—(4) coincide.

The rest of the paper is devoted to the proof of Theorem 1. The analysis, in Section 3, of a
related discounted SDG plays a central role in this endeavor.

3. A discounted stochastic differential game with deterministic horizon

We will now momentarily divert our attention towards the following problem: an SDG
with deterministic horizon 7 > 0 and non-constant discount factor specified by a function
©: D(®) — R, where D(®) = {(s, 1) € [0, T]?: s > t}. Suppose the following conditions hold.

(D1) O is positive, bounded, and continuously differentiable on D(®).
(D2) For every (s, t), (8, s) € D(®), we have that
O, 1) = 05, 5)O(s, 1).
(D3) The derivative
d
0(1) = —OC(s, )js=
ds
is positive, bounded, and Lipschitz-continuous on [0, 77.

The two-player zero-sum discounted stochastic differential game is defined on the filtered
probability space (€277, G, Gy’7, P{’7) and consists of the controlled stochastic differential
equation (3) and the discounted payoff functional

T
J (@, x;u(), v(-)) = Epe, [ / OCs, NL(s, X; (), u(s), v(s)) ds + O(T, (T, XZ’XV(T))}
' t
(12)

where X,Lf’xv(s), s € [t, T], denotes the solution of the initial value problem (3) associated with a
specific choice of admissible controls (u(-), v(-)) e U(t, T) x V(t, T).
The lower value function of the discounted SDG determined by (3) and (12) is given by

W= inf  sup  J(xuC), BluC), (13
BeB.T) yyeld(t,T)

while the upper value function of the discounted SDG determined by (3) and (12) is

Wt x):= sup inf  J(t, x;a[v()], v(+)). (14)
ac A, T) VOEV(T)
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The goal of this section is to characterize the lower and upper value functions W~ and
W of the discounted SDG determined by (3) and (12) as, respectively, the unique viscosity
solutions of the Hamilton—Jacobi-Bellman—Isaacs equations

Wt_e(t)W+H_(ta X, WXa W)C)C)zoﬂ W(T7 x)ZLIJ(T’ x) (15)
and
W, —0@OW +H (1, x, We, W) =0,  W(T, x) =W(T, x), (16)

where, for A € SV (the set of symmetric N x N matrices), p, x € RN, and ¢ € [0, T], we have
H (¢, x, p, A) =max min H(t, x, u, v, p, A),
uelU veV

H*(t, x, p, A) =min max H(t, x, u, v, p, A),

veV uel

and
1
H(t,x,u,v,p,A)=tr (ga(t, X, U, V)A) +f(t, x, u, v)p+ L(t, x, u, v)

with a = o 0’, 0’ denoting the transpose of .

We will resort to the concepts of r-strategies and r-lower and r-upper values introduced by
Fleming and Souganidis [17], which combined with an appropriate discretization procedure,
yield the existence and uniqueness of viscosity solutions to the HIBI equations (15) and (16).

3.1. Some preliminary results

Before proceeding, we need to introduce further notation and terminology that will be useful
below. Let (¢, x) € [0, T] x RN be fixed and, for any given u(-) e U(t, T) and v(-) € V(t, T),
define

Y (s, w) = (u(s, ), v(s, )
for every s>t and we€ Q;‘jT. By definition of the control processes u(-) € U(¢t, T) and
v(-) e V(¢t, T), it immediately follows that y(-) is G;?T—progressively measurable. Moreover,
by standard results from stochastic differential equations theory (see e.g. [24, 28] for further
details), it is known that the SDE (3) admits a unique solution X;f’xv(-) on the filtered probability
space (2°r, Gp, Gy, PPp) for any fixed u(-) € U(z, T) and v(-) € V(t, T). Moreover, X;(-)
satisfies

Xiy () =X (1) + / fr, X5 (), y () dr+ [ o(r, Xy (r), y(m) dB'(r), (17
1 1

where 1 <7 < s < T. Further, noting that
B'(s, n ' (@", ")) — B, n7 (", ot T)) = T (s), (18)

we obtain that for IP’;”?-a.e. ol e Q;”f the left-hand side of (18) coincides with the standard
Brownian motion B’ (s, W' *T') on the filtered probability space (Q;FT, gthT, G?’T, IP’;PT).

Also define ’ ’ ’ ’
(s, o oMy =y (s, 7 @, 0 T)),

X(s, o, "1y = X5 (s, (0", 0T,
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and note that the relation
~ s ~ ~ ~
X(s, 0", )= X5 (F) + / fr, X(r, 0", ), 7(r, @, ) dr
t
N n R N
+ / o(r. X(r, o, ), 7(r, 0, ) dBL(r)
t

holds ]P’;"f-a.e. Wi e Q;’Jf as a consequence of (17) and the comments following it. Moreover,

by uniqueness of solutions of (3), we get that the paths of X(s, whl , ), s €[f, T], coincide
with those of (3) with initial condition (7, X;'}' (7)) and controls (u(-, 0"), v(-, 0"")) for Pe.-

ae ol e Q;”f. From this point onwards we will also use the notation X' (-) to refer to the

stochastic process X(-) on the filtered probability space Q¥ G20 GPr PP
The comments above, together with the fact that

Epogpe [$(0", 0"1) |G =Epo [p(@", " 1)] P -as.
for any bounded and measurable function ¢ : Q;?T — R, yield the following technical lemma.

Lemma 1. Suppose that (A1)~(A2) hold and let X", (-) denote the solution of (3) with ini-
tial condition (t, x) € [0, T] x RN and controls (u(-), v(-)) € U(t, T) x V(t, T). For any bounded
continuous function ¢ and any deterministic s € [f, T},

t

Epo, [6(X1 (), v (5, o) 1G7] = Bpo [@(X 7 (5), 7 (5, 0, o' N)] PCeas.

The next lemma ensures boundedness of the value functions W~ and W+ introduced in
(13) and (14), as well as their Lipschitz continuity with respect to x and Holder continuity with
respect to 7.

Lemma 2. Suppose that (Al1)—(A2) and (D1)—(D2) hold. We have the following.

(1) For every u(:)eU(t,T), v(-)eV(t, T), a € At,T), and B € B(t, T), the discounted
payoff functionals

x—=> J@ savlv() and x— J(, sul), flu-)])

are bounded and Lipschitz-continuous in x, uniformly in t, «, v(-) and t, B, u(-),
respectively.

(ii) The discounted SDG value functions W~ and WY in (13) and (14) are bounded and
Lipschitz-continuous in x, uniformly in t.

Proof. Let us start by proving item (i) for the discounted payoff functional
x— J, salv)l, v()), 19)

where 7€ [0, T], v(-) € V(t, T) and « € A(t, T). The proof for x — J(t, -; u(-), Blu(-)]), with
te[0,T),u(-)eU(t,T)and B € B(t, T), is similar.
Boundedness of (19) follows from boundedness of L and W, guaranteed by assumption

(A2), as well as boundedness of the non-constant discount factor ®, guaranteed by assumption
(D1).
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As for Lipschitz continuity of (19), this will follow from

Epo [1X5'(9) = Xy (Ol < Clx—y| forallx, y e RY, (20)

where X'/ (s) and X;'}/(s), s € [1, T, are the solutions of (3) starting at ¢ from x and y, respec-
tively, with the same control pair (u,v). To see that (20) holds, set Z(s) = X' (s) — X/} (s),

8
s € [t, T]. From It6’s formula, we obtain

Epe, [IX75 () = Xty ()] = [x = yI* + Epe, [ / [22) i X ). X ). (), v()
t

+tr (o10] )0, Xiy (), X1y (), u(r), V(r))]dr],
where f] and o7 are defined by

f](t7 X, y, U, V) Zf(t, X, U, V) _f(t7 y, u, v)a
o(t, x,y,u,vy=o0(t,x,u,v) —o(t,y, u,v)

for r€[0,T], x,y€ RN, ueU, and veV. Using assumption (A2) and the Fubini—Tonelli
theorem, we obtain that there exists a positive constant C; such that

S
Epo, [1X/5(5) = X5 (9)]*] < lx =y + Cy f Epo, [IX15(r) = X7 (1)?] dr.
s

Applying Gronwall’s inequality, we get that there exist positive constants C» and C3 such that
the following inequalities hold:

N
Bey, [1X (9 - X3 O)] < (1 i f e’ dr> -y <Cl—y? @D
, t

Inequality (20) now follows from combining (21) with Holder’s inequality, and Lipschitz conti-
nuity of (19) with respect to x follows from combining inequality (20) with Lipschitz continuity
of L and W, as guaranteed by assumption (A2).

As for the proof of item (ii), we note that boundedness of W~ and W, as well as Lipschitz
continuity with respect to x, follows as a consequence of the corresponding uniform properties
of the discounted payoff functionals. (]

In the next section we will introduce a special class of restrictive strategies and the corre-
sponding value functions, following a method originally developed by Fleming and Souganidis
[17]. These will enable us to prove certain sub- and super-optimal dynamic programming
principles.

3.2. Sub-optimal and super-optimal dynamic programming principles

As noted by Fleming and Souganidis in their seminal paper [17], serious measurability
issues seem to prevent a generalization of the method for the proof of the deterministic dynamic
programming principle to the stochastic set-up. To overcome these difficulties, Fleming
and Souganidis have introduced the concept of restrictive strategies or, more commonly,
r-strategies, that we employ here.

Before proceeding to the definition of r-strategies, we note that by definition of admis-
sible control process, for 0 <7<r<T, u(-) €U, T), and IP’;jt a.e. wt*’eﬂg’t, the map
u(wsg): [t, T] x Q;’fT — U defined via the relation

w(@")(s, 0" 1) = u(s, w),

where w = 7~ 1(w"!, ®"T), is an admissible control for Player I, i.e. u(ws,) €U, T).
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Given the discounted SDG determined by (3) and (12), we say that a r-strategy 8 for Player
I on [z, T] is an admissible strategy with the following additional property: for every f < <7
and u(-) € U(z, T) the map (s, w) — Blu(w; )()1(s, @" Tyis (B([t, {]) ® g“ﬂ, B(U))-measurable,
where B(X) stands for the Borel o-algebra of a set X. The set of r- strategles for Player II is
denoted by B,(t, T'). We define r-strategies for Player I in a similar fashion and denote the set
of these strategies by A,(z, T).

The r-lower and r-upper value functions of the discounted SDG determined by (3) and (12)
with initial data (¢, x) are given by

Wt x)= ﬁell’j’n(fl i )ZILJII()t . T (@, x;u(), Blu()])

and

W;"(t, X)= sup inf  J@, x;a[v(-)], v(+)).
ae A, T) VOEV(ET)

The next result is a consequence of Lemma 2 as well as the definitions of admissible
strategies and r-strategies. We skip its proof.

Corollary 2. Suppose that (Al)—(A2) and (DI1)—(D2) hold.

(a) The r-value functions W, and W," of the discounted SDG determined by (3) and (12)
are bounded and Lipschitz-continuous in x, uniformly in t.

(b) For every (t,x) € [0, T] x RV,
W= (t,x) <W,.(t,x) and W, (t,x) < WT(z, x).
Although the r-value functions do not satisfy the full dynamic programming principle, it is

nevertheless possible to obtain sub- and super-optimal dynamic programming principles for
these functions. This is the content of the next result.

Proposition 1. (Sub-optimal and super-optimal dynamic programming principle.) Suppose
that conditions (Al)-(A2) and (D1)~(D2) hold. For any (t,x)€[0,T) x RN and every
te[t, T), we obtain

Wo0< inf  sup Eps [@(f, OW=(E, X 0)
BB yoyetury T

f
+ / OCs, L(s, X'y (), u(s), Blu(-)](s)) dS} (22)
t
where Xt”,’xv(-) is the solution of (3) with v(-) = Blu(-)]1(-) e V(t, T) for u(-) e U(t, T), and

Wi, x)> su inf  Epo |OF OWE X0 (F
P aeArBT)V()EV(tT) ]P’TI:( W, (7, X (1))

7
+ / O(s, NL(s, X1 (), a[v()](s), v(s)) dS} (23)
t
where X[y (-) is the solution of (3) with u(-) = a[v(-)](-) €U(t, T) for v(-) e V(t, T).
Proof. We only prove inequality (22), with the proof of (23) being analogous. For simplicity

of notation, we will drop the superscripts u, v from the solution X“ v( ), with the precise controls
used at each instant being clear from the context.
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Let (t, x) € [0, T) x RY be fixed, let 7 € [#, T) be arbitrary, and denote the right-hand side of
(22) by W(t, x). Note that for any € > 0 there exists B(-) € B,(t, T) such that

7
W(t, x) > Epo, [9(5, W, (&, Xp (1)) +/ O(s, DL(s, X1x(5), u(s), fe[u(-)1(s)) dS} —€ (24)
1

for every u(-) € U(t, T). Moreover, for each y € RV, we have

BEBET) u(yeld (i,T)

Hence, there exists fy € B,(f, T) such that

Wo (7, y)>  sup Ty, u(), Bylu(-)]) —e. (25)
u(-)eU(f,T)

Let {D;};cn be a Borel partition of RY with diameter diam(D;) < § and pick y; € D; for each
i € N. By Lemma 2(i) and Corollary 2(a), the diameter § > 0 can be chosen to be sufficiently
small that, for any y € D;,

| T (@, y; u(-), Blu()]) — T @, yis u-), Blu()])| < e (26)
for every u(-) e U(f, T) and B € B(f, T), and also
For each (7, w) € [1, T] x Q7 and u(-) € U(1, T), define

Belu()]1(s, w) ifselr, 1),
Y ieny 1o, (X () By [u(™ ()]s, ™T) if s € [£, T,

where w = (a)”f , a);’T) € Q;Uf X Q?’T and u(a)”f)(~) eU(t, T) is the admissible control intro-

Blu()1(s, ®) =

duced immediately before the definition of the r-value functions. Note that f is an r-strategy
by construction, i.e. ,3 eB.(,T).

Moreover, whenever X; (7)€ D; for some i€ N and u(-) €U(t, T), relation (25) and
inequality (26) yield

W= (@, yi) = T, yis u(@" D)), By lul@")()]) — €
> T X x(); (@) (), Bylu(@")()]) — 2€ @7)

for all u(-) € U(r, T) and P®-ae. o' € Q2.
From the definition of the discounted payoff functional in (12), we get

T, x;u(-), Blu(-)])
T
=Epo, [ f OCs, HL(s, Xy x(5), u(s), Blu(-)1(s)) ds + O(T, HW(T, X,,X(T»]
t
f
=Ep, [ / O(s, DL(s, X1 x(5), u(s), Blu(-)1(s)) ds
t
T
+>° 1D,.<x,,x<f»( / O(s, DL(s, X1 x(), us), Blu(-)1(s)) ds
ieN 4

+ (T, )W (T, X,,X(T))>]. (28)
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Combining assumption (D2) with (28), we get
Tt x;u(), Blu()]) = Epe, [ f f O(s, DL(s, Xp.x(5), u(s), Blu(-)](s)) ds
+Od, 0y 1D,.<Xt,x(f)>< [ s, D5, Xpals), uts), ALY ds
ieN
+ O(T, HW(T, X,,X(T))> ]

From the definition of the r-strategy B, we get

i
T, x5 u(), Blu-)]) ZEPij[ / OC(s, DL(s, Xi.x(s), u(s), Belu(-)I(s)) ds
t

T
+0(@, 1 Z 1p,(Xi,x(1)) Epo, [ / OC(s, DL(s, X1 x(s), u(s), Blu()1(s)) ds
t

ieN
+ O(T, DW(T, X, (1)) | Q,,;ﬂ-

Combining the previous relation with Lemma 1, we obtain

1
J(t, x,u(), Blu-)]) = Epe, [/ O(s, DL(s, X1,x(5), u(s), fe[u(-)1(s)) ds
t

+ O )Y Ap (X, NI @, Xox(D); u(@" D), By (e )(')])]

ieN

Using inequalities (27) and (26), we get
7
T, x;u(), Blu()]) < EP;{,[/ OCs, L(s, X1 x(s5), u(s), Belu(-)1(s)) ds
t

+O3, 0 p, X OHW, (. y»] +2¢
ieN

t
<Epo, [ / O(s, DL(s, Xi,x(5), u(s), Pe[u(-)1(s)) ds
t
+ O, YW, (7, Xy 1(F ))} + 3e.

Finally, combining the previous inequality with (24), we conclude
T, xu(), BluC)]) < Wit x) + 4e
for every u(-) e U(t, T). As a consequence, we obtain
W (t, x) < W(t, x) + 4e.

The proof is completed by letting € go to zero.
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Proposition 1 can be used to guarantee Holder continuity of W, and W;" with respect
to r.

Corollary 3. Suppose that (Al)—(A2) and (D1)—(D2) hold. The r-value functions W~ and W,Jr
of the discounted SDG determined by (3) and (12) are %—H&lder—continuous in t, uniformly
in x.

Proof. We will focus on establishing Holder continuity of W~ with respect to 7, with the

corresponding argument for W," being similar. To simplify notation, we will drop the super-

scripts u,v from the solution Xff;c"('), with the precise controls used at each instant being clear

from the context.
Without loss of generality, suppose that ¢, > € [0, T] are such that #; <1, and [t — 11| < 1.
Using (22) and rearranging terms, we get

W;(t19 -x) - W;(IL -x)
n
< inf  sp Ep [ | 0 106,109, uts). 1) ds
BEB D uyeldn, 1y L

+ O, )W, (12, Xy x(22)) — W, (12, X))

+(O(12, t1) — O(t1, )W, (12, X)}

Combining the inequality above with uniform Lipschitz continuity of W (¢, x) in x and of
O(s, 1) in s, as well as boundedness of ®, L, and W, we obtain that there exists a positive
constant C; such that

W, (01, %) = W, (12, %) < Co (112 = 11| + By [1Xs, x(12) = 41]). (29)

A first-moment estimate for SDEs [28, Corollary 2.4.6] guarantees the existence of a positive
constant C» such that

Epo (X x(12) —2l] < ol — ]2, (30)
Putting together inequalities (29) and (30), we conclude that
W, (11, %) — W] (12, %) < K|t — 1] /2 (31)

for some positive constant K.
Given u(-) e U(tp, T), define u™(-) e U(ty, T) as

w u(tr, ") if s €1, 2],
ui(s, w)= A
u(s, o''2) if s e (1, T,

and given B* € B,(t1, T), define 8 € B,(t2, T) as

Blu()(s, 0>) = B Lu* )5, w7~ (@172, 0 T)).
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We now observe that for 8* € B,(t;, T) we have

Tt x;u* (), B ()]
r T
= ]EP;f;_T / OCs, t1)L(s, Xy x(5), u™(s), B*[u*()1(s)) ds + O(T, 1) W(T, th,x(T))]

L J1

= ]EP?;,T

n
/ OCs, 1)L(s, Xy, x(s), u*(s), B [u*()](s)) ds
n

+ O(t2, 1) T (12, X1y x(2); u(-), ﬂ[u(')])}

= Eﬂyw

1.7

n
/ OCs, 1)L(s, Xy, x(s), u*(s), B [u*()]1(s)) ds
n
+ O(t2, 1)(T (12, Xpy x(2); u(-), Blu(-)]) — T (t2, x5 u(-), Blu(-)]))
+(O(t2, 11) — O(t1, t)) T (t2, x; u(-), Blu(-)]) + T (t2, x; u(-), ﬂ[u(~)])].

Combining this equality with boundedness and Lipschitz continuity of x+— J(t, x; u(-),
v(+)), as guaranteed by Corollary 2, as well as boundedness and Lipschitz continuity of ®
and boundedness of L, guaranteed by the assumptions in the statement, we obtain that there
exists a positive constant C such that

T, xu (), B () = —C(l — | + EIP;‘:’TUXH,X(IZ) —xl]) + T (2, x; u(), Blu()]).
As a consequence, we obtain

sup  J(t1, x;u(-), BH[u(-)])
wHeU(n,T)

> =C(lt =t +Epo [IXiy (t2) =xI]) +  sup T2, x;u(), BluC-)])
' u()el(t2,T)

> —C(lt2 =t +Epo  [I1Xiy x(12) = x[]) + W, (12, ).

Resorting once more to the first-moment estimate (30), using the previous inequality we are
able to obtain

W, (11, x) — W, (12, ) > —Ka |ty — 11]'/2 (32)

for some positive constant K. Holder continuity of W~ follows from combining the estimates
(31) and (32). O

We now observe that the r-value functions W,~ and W;r are continuous functions of (¢, x), a
consequence of Corollaries 2 and 3. Indeed, the r-value functions W, and W,! are, respectively,
viscosity subsolutions and supersolutions of the HIBI equations (15) and (16). The proof of
this fact is similar to that of [17, Proposition 1.12], with only minor adjustments being required.
We skip the details here for the sake of brevity.

Proposition 2. Suppose that conditions (Al)-(A2) and (DI1)—(D3) hold. The r-lower value
function W~ (resp. r-upper value function W) of the discounted SDG determined by (3) and
(12) is a viscosity subsolution (resp. supersolution) of (15) (resp. (16)).
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The next section employs an approximation procedure originally due to Fleming and
Souganidis [17, 39, 40]. This procedure is based on a discretization of the time variable and
yields viscosity solutions for (15) and (16).

3.3. Time-discretization procedure
Letr ={0=1t <t <---<t, =T} be a partition of [0, T], and let

lr|| = max (# —ti—1)
1<i<m

denote the mesh of the partition .

A m-admissible control u(-) for Player I on [#,T] is an admissible control with the fol-
lowing additional property. If ig € {0, ..., m — 1} is such that ¢ € [#;,, #i,+1), then u(s) = u for
s € [t, tiy+1) with u € U and u(s) = uy, for s € [tx, tyy1) fork=ip+ 1, ..., m— 1 where u,_ is
Gy -measurable. The set of 7-admissible controls for Player I on [z, 7] will be denoted by
U (t, T). A m-admissible control v(-) for Player II on [z, 7] is defined similarly and the set of
all such controls will be denoted by V; (¢, T).

A m-admissible strategy a for Player I on [£,T] is an element of the set of admissible
strategies A(z, T) with the additional properties that a[V(t, T)] CUx(t, T), if t € [tiy, tiy+1)
then for every v(-) € V(¢, T) the resulting control oz[v(-)]|[,,,,.0 1) does not depend on v(-), and if
v(-) ~ V() on [t, t], then a[v(-)](tx) = a[v(-)](t), P;‘fT—a.s. for every ke {ip+ 1, ..., m}. The
set of all w-admissible strategies for Player I on [f,7) will be denoted by A, (¢, T). A 7-
admissible strategy g for Player Il on [z, T is defined similarly and the set of all these strategies
will be denoted by B, (¢, T).

Let C(b)’ ! (RV) denote the space of bounded, Lipschitz-continuous functions on R". For every

te[0, T)and 7 € (¢, T], define the operator F;f: Cg‘l(RN ) — Cg‘l(RN ) by

f
Fop=sup inf Eg [@(f, NG + / O(s. OLis, X(5), u, v(s))ds}, (33)
Lt ueUv(evad o7 ' t '

u

where V(t, 7) denotes the set of admissible controls for Player II on [z, 1) and X;"'(-) is the
solution of (3) on [¢, f) associated with the choice of admissible controls u(-)=u and v(-) €
V(t, f) having initial condition x at time z.

In a similar fashion, define the operator F' t+t Cg’ l(IRN ) — Cg’l(RN ) as

t
Fro(x)=inf sup Epo |:®(f, NPX;5 (1)) + / OC(s, NL(s, X} (s), u(s), v) dsj|,
’ Vauoeuah " '
where U(z, 1) denotes the set of admissible controls for Player I on [, 7) and X;'y'(-) is the
solution of (3) on [¢, 7) associated with the choice of admissible controls v(-)=v and u(-) €
U(t, 1) having initial condition x at time .
Letw;: [0, T] x RY — R be such that w (T, x)=W¥(T, x) and

wet.)=F, ] Fp, ,YT.» (34)

»lig+1
k=ip+2
whenever 7 € [t;, tj,+1), and similarly, let wi: [0, T] x RY — R be such that w} (T, x) =
W(T, x) and

+ _
wo(t, x) = Ft,ti0+1

m
[] Fi, %0 (35)
k=ip+2
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whenever t € [t;), tj,+1). Under assumptions (A1)—(A2) and (D1)-(D2), w,; and er_ are both
well-defined. Moreover, w, and wj; admit a stochastic game characterization, as described in
the next result.

Proposition 3. Suppose that conditions (Al)—(A2) and (D1)—(D2) hold. For every (t, x) €
[0, T] x RN, we have

(t,x)= inf Cxu(s), . 36
wy (1, X) ﬁean(t’T) u(‘)eslillf(l,T) J@, x;u(-), Blu(-)]) (36)

and

wh(t,x)=sup inf  J(t, x; a[v()], v()). (37)
we A(.T) VOV (t.T)

Proof. We prove relation (36) only, with the proof of (37) being similar. The proof of (36)
relies on the following two claims.

(i) For every (t,x) €0, T] x RN and every € >0, there exist ae € A (¢, T) and B¢ €
B (t, T) such that

T, x;u(-), Belu()]) — € =wz (t, x) = T (1, x;ae[v()], v()) + € (38)

for all u(-) e U, (¢, T) and v(-) € Vr (¢, T).
(i1) For any B € B(t, T), the pair of strategies ae € A, (t, T) and 8 € B(t, T) define controls
u¢(-) € Uy (t, T) and v¢(-) € V(¢, T) for which
T, x;ae [V ()], v () =T (@, x;u (), Blu (D). (39)

Indeed, once the two claims above are proved, the result follows from noting that the left-
hand side of (38) guarantees that

w(t,x)> inf sup  J, x;u(-), Blu()]),
BEBWT) u()elty 1,T)

while combining the right-hand side of (38) with (39) yields the reverse inequality.

The proof of claim (ii) is similar to that of the corresponding statement in [17] and we
skip it. Let us then prove claim (i). For ¢ € Cg’l(]RN), xeRN ueU,te[0,T],and 7€ (1, T,
define

;
Vx,ut,i,9)= inf Epo [®(f, DXy (1) + / O(s, NL(s, X3 (), u, v(s)) ds],
voevaeh T ' ' '

where X}f’xv(-) is the solution of (3) under the choice of the admissible controls u(s) = u and
v(-) € V(t, £) and initial condition x at time ¢. Using assumptions (A1)—(A2) and (D1)—(D2), we
obtain that ¥(-, -, £, 1, @) € Cg’l(RN x U) and

F o) =sup ¥ (x, u, 1,1, ¢),

uelU

where F, ; is the operator defined in (33).
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If t € [tjy, tig+1) forig € {0, 1, ..., m — 1}, let

om =Y(T, ),
<Pj=F,;tj+l<Pj+la j=io+1,....m—1,

Pig = Ft,t,-0+1‘/’io+l~

Hence, we obtain that
®ig(X) = w (1, X).

Using [31, Lemma 1], we partition RV and U into Borel sets of diameter less than some
positive constant §, to be determined below. Denote these partitions by {Ax: k=1, 2, ...} and
{Be: £=1,2,..., L}, respectively, and pick x; € Ax and uy € By for each k=1,2, ... and
£=1,2,...,L. For any y > 0 there exists § small enough and u;:j =wp €U, k=1,2,...
andj=ip+ 1, ..., m,such that

w(xkv u;:]’ l“]'flv t]’ (p]) > th_il,t/(pj(xk) - y'

Further, we choose vﬁj(~) € V(tj—1, tj) such that, for u(-) identically equal to u, € U on the
interval [#;_1, t;), we obtain

i
Epo |:®(tjv 09X | () + f OCs, G- DL(s, X | 1 (5), e, vis(s)) ds}
-1 J h1 J—1s
< Y(xx, ue, tji—1, 4, )+ v,

with t;; =t whenever j = iy + 1. The notation Xfl__ () stands for the solution of (3) with initial

1:Xk
condition x; at time #;_; subject to the admissible controls u(-) = u, and vij(~).

We will now exhibit the strategies o and B¢ in (38). Fix (¢, x) € RY x [0, T). For v(-) €
V(t, T), define

m—1
A VOIS =Tty 1)) Y i e+ D Ty Y uila (X)),
k J=io+1 k

where X(-) is defined on each of the intervals [7, #jy11] and [#;, tjr1], j=io+1,...,m—1, as
the solution of (3) with u(-) = a¢[v(-)]. For u(-) e U(t, T), define

Belu(HIS) = Ij1,19+1)(5) Z %O ()L, ()1, (u(s))
k,t
m—1
+ D0 Dl WP X g, W(s)),

Jj=igH1 k.t

where X(-) is now defined on each of the intervals [7,#41] and [, tj11], j=1io +
1,...,m—1, as the solution of (3) with v(-) = Be[u(-)], and 9£j(., w):vﬁj(-, o' T) using
the identification of ;. with Q;‘ft/ X .QZ,”T provided by 7(w)= ("%, "T) discussed in

Section 2.1.
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Let J stand for either 7 (¢, x; e [v(-)], v(+)) or J(t, x; u(-), Be[u(-)]). For any v(-) € V(¢, T)
and u(-) = ae[v(-)] or u(-) € U (t, T) and v(-) = Be[u(-)], we have
w(t, x)—J
T
= @iy (x) — Epo, [ / O(s, HL(s, X(s), u(s), v(s)) ds + (T, t)wm(X(T))}
t

= Z {EpyfT[®(tj—1,t)wj—l(X(tj—l))]—E]P;*jT[@(tj, DX (1)1}

J=io+1
T
— IE]p;uT |:/ OCs, L(s, X(s), u(s), v(s)) ds]. 40)
' t
Using assumption (D2), we obtain that
Z {E]P’;‘.’T[@(tjfl, N@j-1(X(1-1)] — Epe, [0(, N X ()1}
J=io+1

T
_ EP?”T[ f (s, DL(s, X(s), u(s), v(s)) dS]
’ t

= > 0. t){ﬂng]. [gj—1(X(5-1))]

Jj=io+1

U
— Eps, [@(t,,, G-D@X([5)) + / (s, 1j-1)L(s, X(s), u(s), v(s)) ds} }

fj-1
m

=EP5T[ > OG-, r>{<oj_1(X<rj_1>) (41)

J=io+1
)

i
— Epo, [6(5-, ti-D)ei(X(@)) + / O(s, ti—1)L(s, X(s), u(s), v(s)) ds
11

Combining (40) and (41), we get
W;(ta x) - j
= ]EP?)T[ Z ®(tj*1’ t){‘ﬂj](X(lj]))

Jj=ig+1

U]
— Epo, [9(0, 1i-D)g(X(1) + /t OC(s, 1j—1)L(s, X(5), u(s), v(s)) ds

j—1

)]

Inequality (38) follows from the relation above after checking that the following two
statements hold P{’-a.s.

(A) For any v(-) e V(¢, T) and u(-) = ae[v(-)], we have

@j-1(X(5j-1)) < Epo, |:®(tj, 1i—-D@;(X(1))

fj
+ / (s, fi-1)L(s. X(s), u(s), v(s)) ds
1

li—1

g;?,jl] + et — 1),
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(B) For any u(-) € U, (¢, T) and v(-) = B[u(-)], we have

i
Epe, [@(rj, 00X+ [
i

lj—1

< @i 1(X(#j-1)) + €t — tj—1).

OCs, ti-1)L(s. X(s), u(s), v(s)) ds ‘ g;j,jl}

The proofs of (A) and (B) can be obtained by performing appropriate adjustments to the
proofs of analogous statements in [17]. We skip them to keep the presentation brief. U

The next lemma follows from assumptions (A1)-(A2) and (D1)-(D2), as well as the
characterizations of w,, and w given above.

Lemma 3. There exists a positive constant C, depending solely on assumptions (Al)—(A2) and
(D1)—(D2), such that the inequalities

Wi, | <C and  |wE(t, x) —wi B < Clx — 3| + |1 — 7]1/%)
hold for all x, X € RN and t, f € [0, T].

Resorting to Lemma 3 above and the Arzela—Ascoli theorem, we obtain that the families
of functions {w;} and {w}} converge uniformly as || || — 0 along subsequences to bounded
uniformly continuous functions. We will see that these uniform limits are viscosity solutions
of (15) and (16). That is the content of the result below.

Proposition 4. Assume that (Al)~(A2) and (D1)~(D3) hold and let wy; and w} be given by
(34) and (35), respectively. Then the limits

w- = lim w_ and wh= lim wl
Iz ]—0 7]—0

exist locally uniformly and are the unique viscosity solution of (15) and (16), respectively.

Proof. Existence of w~ and wT follows from a comparison theorem (Theorem 5 in the
appendix) and Lemma 3 as long as one guarantees that any subsequential limit of the families
{w;} and {w}} as ||| — 0 is a viscosity solution of (15) and (16), respectively. This can be
achieved by employing the same arguments as in [17, Proposition 2.5]. We omit the details
here for the sake of brevity. (|

3.4. W~ and W characterization as viscosity solutions of (15) and (16)

In what follows, we will compile the results obtained in the preceding sections to complete
the characterization of the lower and upper value functions W~ and W as the unique viscosity
solutions of (15) and (16), respectively. For that purpose, we start by noting that since the limit
functions w~ and w of Proposition 4 are the unique viscosity solutions of (15) and (16),
respectively, then Proposition 2 and a comparison theorem (Theorem 5 in the appendix) yield
the following result.

Lemma 4. For every (¢, x) € [0, T] x RN we have that

Wo(t,x)<w (t,x) and W' (t, x)>w"(, x).

https://doi.org/10.1017/apr.2019.47 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.47

Two-player zero-sum stochastic differential games with random horizon 1229

We will now show that W=(t, x) > w(t, x) and WT(z, x) <wT(z, x) for every (t,x) €
[0, T] x RN, As a consequence, we will obtain that the lower and upper value functions
W~ and W are the unique viscosity solutions of (15) and (16), respectively.

Theorem 2. Suppose that (Al)—(A2) and (D1)—(D3) hold. The lower and upper value func-
tions W~ and W of the discounted SDG determined by (3) and (12) are, respectively, the
unique viscosity solutions of the Hamilton—Jacobi—-Bellman—Isaacs equations (15) and (16).
Moreover, if the Isaacs condition (11) holds, then the discounted SDG determined by (3) and
(12) has a value.

Proof. We only prove the statement concerning the lower value function, with a similar
proof holding for the corresponding statement concerning the upper value function.

Combining Corollary 2 with Lemma 4 we obtain that W~ < W <w™ on [0, T] x RN. On
the other hand, by Proposition 3 we have that for every partition 7 of [0, 7], the inequality
w> < W~ holds on [0, T] x R". Proposition 4 then implies that w~ < W~ on [0, T] x R,
guaranteeing that w~ = W~ on [0, T] x R,

Finally, if the Isaacs condition holds, then the HIBI equations (15) and (16) coincide. Hence,
uniqueness of the viscosity solutions — a consequence of Theorem 5 — ensures that W~ and W+
are identical. t

Finally, we are able to state a dynamic programming principle for each one of the value
functions W~ and W, defined in (13) and (14).

Theorem 3. (Dynamic programming principle.) Assume that conditions (Al)—(A2) and (D1)-
(D3) hold and let t, f € [0, T| be such that t < t. Then, for every x € RN, we have the following.

(1) The lower value function of the discounted SDG (3)—(14) is determined by the recursive
relation

W-(t,x)= inf sup Epo [@(f, HW—E XUV (E))
BeB(t,T) MEZ/{(ET) tT e

i
+ / (s, DL(s, X (), u(s), BLu()](s)) ds], 42)
t

combined with the boundary condition W~ (T, x) = V(T x), where X,Lf’xv(s), selt, T, is
the solution of (3) with v(-) = Blu(-)] € V(t, T) for u(-) e U(¢t, T).

(ii) The upper value function of the discounted SDG (3)—(13) is determined by the recursive
relation

Whe,x)= sup  inf Epo [@(f, HWT(E, X (D))
ac A T)veVan b ’

t
+ / O(s, DL(s, X, (8), a[v()](s), v(s)) ds:|,
t

combined with the boundary condition W (T, x) = W(T, x), where X, (s), s € [t, T, is
the solution of (3) with u(-) = a[v(:)] e U(t, T) for v(-) e V(t, T).

Proof. We start by proving that the lower value function of the discounted SDG (3)—(12)

satisfies relation (42). The corresponding proof for the upper value function is similar and we
omit it here.
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Let 7€ (0, T] be fixed and let W(¢, x) denote the right-hand side of (42). It is enough
to consider in (42) controls u(-) and strategies 8 defined in [z, f]. By Theorem 2, we have
that W is the viscosity solution of (15) on [0, 7] x RV with W(7, x) = W~ (f, x). Since W~
is the viscosity solution of the same problem, uniqueness of viscosity solutions yields that
W=w-. O

4. Proof of Theorem 1

This section is devoted to the proof of Theorem 1. We will see that the payoff functional
(4) can be related to the payoff functional of an auxiliary problem, with deterministic time
horizon, but readjusted running and terminal payoffs accounting for the uncertainty induced by
the random horizon via the introduction of a non-constant discount rate. We will then discuss
how to formulate the resulting problem as a zero-sum discounted SDG, studied in detail in
Section 3.

We start by stating and proving a simple lemma concerning an iterative property for the
conditional probabilities defined in (7).

Lemma 5. The identities
G (s, )=GT(s,1) GT(i, 1),
g (s, 0=¢"(s,H) GT(1,1)
hold for every 0 <t <f<s<T.

Proof. Recall the definition of the conditional probability G (¢, s) given in (7):
G (s, ) =Pl (t>5)=P"(r > 5|7 >1). (43)
Using the definition of conditional probability and the fact that t <7 < s, we get
P'({r > s}N{t >1})
Pi(t > 1)
CP({r>sin{r > i) P*({r >} N{r >1})
N PT(t > 1) PT(t > 1)
=P (t>s|t>DP(r>7|t>1). (44)

P(t>s|t>1)=

The first relation in the statement follows from combining (43) and (44). The second relation
is a consequence of the first one after noting that g~ (s, 7) is the density function associated with
the distribution function G=(s, £) = 1 — G (s, ). O

The next lemma plays a central role in the formulation of an auxiliary discounted SDG with
a deterministic time horizon associated with the SDG with random horizon (3)—(4). In what
follows we will denote the indicator function of a set A by 14.

Lemma 6. Ler u: [t, T] x Q;?T —Uand v: [t,T] x Q;*”T — V be Gfr-adapted processes.
For every (t, x) € [0, T) x RV, the payoff functional J(t, x; u(-), v(-)) defined in (4) admits the
representation

T
J(t, x;u(), v(-) =Epe, [ / G (s, L5, Xp3 (5), u(s), v(9)) ds + GT(T, nW(T, XZ;CV(T))],
' t

(45)
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where L is the conditional running payoff
L(t, x, u, v) = L(s, x, u, v) + g~ (¢, )\¥(t, x), (46)

G™T and g~ are as given in (7) and (8), respectively, and X;‘ ’xv(s), s € [t, T, denotes the solution
of the initial value problem (3) associated with (u(-), v(+)).

Proof. Given the definition of the random horizon & in (2) and that of the payoff functional
J in (4), we obtain

J(@, x5 u(-), v(+))
T
=Ep, |:1(T,+OO)(17)<’/ L(s, XZkv(S)7 u(s), v(s))ds + W(T, X;f;cV(T)))
!

+ 1(m(f)(/ L(s, X;5 (5), u(s), v(s)) ds + W(z, X,”,;f(t)))].
t

Combining the representation (1) for the probability measure P, with the linearity of the
expected value with respect to the distribution of 7 and the definition of the conditional
probabilities (7), we are able to rewrite the relation above as

J(t, x5 u(-), v())
T
=Epo_ [G+(T, t)( / L(s, X7 (5), u(s), v(s)) ds + W(T, X,’f’xv(T)))
' t
T r
+/ g / L(s, X, (5), u(s), v(s)) ds dr
t t
T
+/ g (s, )Y (s, XZ’XV(S)) dsi|. A7
1

Applying the Fubini—Tonelli theorem to the second term on the right-hand side of relation
(47), we get

T pr
/ [ g (r, DL(s, X;5 (5), u(s), v(s)) ds dr
t t
T /T
= / f g (r, HL(s, X,Lf;(v(s), u(s), v(s))drds
t N
T
= f (GF(s, 1) — G (T, ))L(s, X; (5), u(s), v(s))) ds.
t
Combining the last equality with (47) and rearranging terms, we get

J(, x5 u(-), v(-))

T
=Epe, |:/ G (s, DL(s, X1 (), u(s), v(s)) + g~ (s, DW(s, X5 (5)) ds

t

+ G(T, H\W(T, X,Lf’xV(T))}.
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The result now follows from Lemma 5 after factoring out the term G (s, ¢) from the integrand
in the equality above. (]

The representation (45) for the payoff functional (4) reflects the transformation of the SDG
under consideration from a random planning horizon to a deterministic one via the introduction
of a subjective rate of time preferences, that resembles a non-constant discount factor related
to the family of conditional probabilities (7).

Proof of Theorem 1. We employ the representation for the payoff functional (4) provided
in Lemma 6. Start by observing that the payoff functional (45) is of the same form as the dis-
counted payoff functional (12), with non-constant discount factor given by @(s, 1) = GT (s, 1)
and running payoff of the form (46). Moreover, combining assumption (A3), the definition of
the conditional probabilities (7) and (8), and Lemma 5, we obtain that hypotheses (D1)—-(D3)
hold. Therefore, Theorem 2 ensures that the value functions, say W~ and W, associated with
the auxiliary discounted SDG specified by (3) and (45) are, respectively, the unique viscosity
solutions of the HIBI equations (9) and (10), each of which can be obtained from (15) and (16)
by performing the appropriate adjustments listed above to the discount factor ®(s, f) and the
running payoff L(z, x, u, v). Finally, by Lemma 6, we conclude that the lower and upper value
functions V= and V7 associated with the SDG with a random horizon (3)—(4) are, respec-
tively, identically equal to the lower and upper value functions W~ and W™ associated with
the auxiliary discounted SDG mentioned above. U

5. Conclusions

We have studied a two-player zero-sum stochastic differential game with a random horizon
and diffusive state variable dynamics. We have employed dynamic programming and viscosity
solutions techniques to prove that the value function of this game is the unique viscosity solu-
tion of a certain HJBI equation. Further, under the Isaacs condition, we have obtained that the
value of the game exists.

Appendix A. Viscosity solutions and a comparison theorem

Let Q be an open subset of R”. For any function u: Q— R, define u*: Q—
RU{—00, oo} as

u*(x) = h%l+ sup (u(y): ye B(x;r) N Q} forxeQ,
r—

and u,: © — R U {—00, 00} as

uy(x) = lim inf{u(y): ye B(x;r)NQ} forxe Q.
r—0t

Note that u* > u > u, on 2, u* is upper semi-continuous (u.s.c.) on Q and u, is lower semi-
continuous (L.s.c.) on Q. Note also that u, = (— u)* and that if u is u.s.c. at x € Q, then
u*(x) = u(x). The functions u* and u, are called, respectively, the u.s.c. and l.s.c. envelopes
of u.

Given A € R™*" let A’ and ||A|| stand, respectively, for the transpose and the norm of A. Let
A and B be non-empty, and set A = Q x A x B. Consider functions X : A — R™*" b: A —
R c: A—R,d: A— R, and define A: A — S" as

Alx,a, B)=2'(x, a, B)Z(x, a, B)
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and F: Q x Rx R" x S" — R as

Fx,r,p,X)= ﬂmg sup{—tr (A(x, «, B)X) + (b(x, a, B), p) + c(x, o, B)r +d(x, o, B)}.

acA
Consider the nonlinear PDE
F(x, u, Du, D*u) =0 in . (48)

A function u: Q — R is called a viscosity subsolution of (48) if u*(x) < oo for x € Q and if,
whenever ¢ € C2(Q), y € Q and (u* — ¢)(y) = maxq (u* — ¢),

F(y, u*(y), Dg(y), D*p()) <O.

In a similar way, a function u: €2 — R is called a viscosity supersolution of (48) if u.(x) > —o0
for x € € and if, whenever ¢ € C2(Q), y € Q and (uy, — ¢)(y) = ming (us — @),

F(y, ux(y), Do (), D*p(y)) > 0.

A function u: Q2 — R is called a viscosity solution of (48) if it is both a viscosity sub- and
supersolution of (48).
Consider the following assumptions.

(H1) For each bounded subset B of €2, the functions A, b, ¢, and d are bounded on B x A x B.

(H2) X and b are Lipschitz-continuous with respect to x, that is,

1Z(x, a, B) — Z(y, o, Bl o
[x =yl

sup

and

”b(-x’ o, ﬁ) - b(y’ o, ﬁ)”
sup <00
lx —yl
where the supremum is taken for all (x, ¢, ), (v, @, B) € A with x # y.

’

(H3) The functions f = c, d satisfy

lim sup{[f(x, a. ) —f(y. &, )l x.y € B (e, B eAX B, |x—yl =r}=0,

for bounded subsets B of 2.
(H4) inf{c(x, o, B): (x, o, B) € A} > 0.
The following comparison result is due to Ishii [22, Theorem 7.3].

Theorem 4. Assume that (HI)-(H4) hold. Let u and v be, respectively, viscosity sub- and

supersolutions of
F(x, u, Du, Dzu) =0in Q.

If Q is unbounded, then assume that

ut(x) : u”(x)
im =0 and lim =0.
xeQ,|x|—o0 log |x]| xeQ,|x|—o0 log |x]

Suppose that u*(x) < v (x) for x € Q. Then u* < v, on Q.

https://doi.org/10.1017/apr.2019.47 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.47

1234 M. FERREIRA ET AL.

Details regarding further extensions of the theorem above, including how to extend to
parabolic equations such as those under consideration herein, may be found in [23] and the
‘User’s guide to viscosity solutions of second order partial differential equations’ [13]. In
particular, the following theorem holds.

Theorem S. Assume that the functions o, f, L, and V are bounded and Lipschitz-continuous.
If v.and v (resp. u and u) are a viscosity subsolution and supersolution of (15) (resp. (16))
with boundary condition ¥ and U and if U< U on RN x {T}, then v <V (resp. u<ii) on
RN x [0, T).
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