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ABSTRACT. WWe consider a two-player zero-sum stochastic differential
game with a random planning horizon and diffusive state variable dy-
namics. 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 solu-
tion techniques. Under some mild assumptions, we prove that the value
of the game exists and is the unique viscosity solution of a certain nonlin-
ear partial differential equation of Hamilton-Jacobi-Bellman-Isaacs type.
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1. INTRODUCTION

The central object of study of differential game theory are games taking
place over a whole interval of time and, thus, with decisions continuously be-
ing made — 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
theory aim is to describe from a general point of view the interaction among
agents, eventually in conflict, occurring in the most various situations, such
as armed conflicts, economic competition and parlour games. One very in-
teresting 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 with optimal control theory, namely, the Pontryagin max-
imum principle and Bellman’s dynamic programming principle and the cor-
responding Hamilton-Jacobi-Bellman-Isaacs (HJBI) equation. 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
with the fact that, unlike optimal control problems, differential games corre-
spond to the case where more than one controller or player are involved but,
more importantly, there isn’t an immediately obvious notion for what con-
stitutes 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 did successfully set up the framework of differential game theory
even if he did not have a mathematically rigorous theory of differential game
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value. Early definitions of differential game value made use of time dis-
cretizations [18] and were later substituted 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 HJBI PDEs by employing the theory
of viscosity solutions introduced by Crandall and Lions [13]. Resorting also
to viscosity solution methods, Souganidis [40] showed that the Elliott-Kalton
value functions are actually the same as those defined using time discretiza-
tions. The notion of differential game value extends naturally to the setup
of stochastic differential games. Fleming and Souganidis [17] proved the ex-
istence of value for two-player zero-sum stochastic differential games under
the assumption that the Isaacs condition holds. Recent developments of the
theory address 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 setup
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 was developed by Petrosyan and Shevkoplyas in [33, 34]. The theory
developed in [32, 33, 34] concerns a setup on which the random time horizon
has a probability measure with unbounded support and continuous density.
Moreover, the state variable dynamics considered therein are deterministic,
given by an ordinary differential equation.

In the present paper we study a two-player zero-sum stochastic differen-
tial game (SDG) with a random planning horizon. The planning horizon
is assumed to be of the form ¢ = min{r, T}, where 7 is a continuous non-
negative random variable whose distribution is common knowledge to the
Players, and T' > 0 is a deterministic constant. As a consequence, the prob-
ability measure of the random planning horizon £ has support on a bounded
interval. Additionally, its distribution function is, in general, discontinuous
at T'. The game’s state variable dynamics are given by a stochastic differen-
tial equation (SDE) of diffusive type, with the Brownian motion driving the
dynamics assumed to be independent of the random variable 7 determining
the random planning horizon £. The game’s payoff functionals depend heav-
ily 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 7 < T and 7 > 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 hori-
zon £ = min{7, T’} under consideration herein. We should remark that this
is somewhat connected with 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
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absolutely continuous probability measure with a continuous density with
unbounded support. On the other hand, the main similarity with [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 game (with an additional term
due to the specific form of £), with non-constant discount rate related with
a certain family of conditional probabilities. Such transformation to a de-
terministic 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) litera-
ture is mostly focused in games with either a deterministic finite time horizon
or an infinite time horizon. Henceforth, we believe in the value of extend-
ing 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 understand-
ing of a number of economic and financial applications exhibiting random
planning horizons (see, e.g. [7, 8, 14, 27, 30, 36, 37, 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 solutions techniques to prove that
the value of the game exists and is the unique viscosity solution of a certain
nonlinear partial differential equation of HJBI type. We find this approach
to be rather amenable, as we are able to rely on some now classical and
seminal results, extending only those on which the influence of the random
planning horizon, or its distribution, is of relevance. 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
employing such approach, two subgames are defined, with one player having
an information advantage on one of the subgames and the remaining player
having a similar advantage on the second subgame. The stronger player
uses Elliot-Kalton strategies while the weaker player resorts to open-loops
controls. Other examples where a dynamic programming principle is proved
resorting to asymmetric game formulations include, for instance, the papers
by Katsoulakis [25] and by Cardaliaguet and Rainer [11]. A very interest-
ing alternative approach, recently introduced by Sirbu [38] building up on
previous related work by Bayraktar and Sirbu [1, 2, 3], uses the stochas-
tic Perron’s method to show that the value of stochastic differential games
formulated symmetrically over appropriately specified elementary feedback
strategies are the unique continuous viscosity solutions of the corresponding
HJBI equation. Moreover, using such techniques, 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
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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 herein and
state our main result.

2.1. Notation and setup. Let 1" > 0 be a deterministic finite time horizon
and, for every t € [0,T] and s € [t,T], let €, be the set of RM-valued
continuous functions on [t, s] taking the value 0 at ¢, i.e.

ts = {we C’([t,s];RM) w(t) =0} .
Let G, be the o-algebra generated by paths w € Qs up to some time
u € [t,s] with GYy = {Gf, : u € [t,s]} being the corresponding filtration.
When endowed with the Wiener measure Py/; on Gy, QF; becomes a clas-
sical Wiener space. Let B' = {B'(s) : s € [t,T], B'(t) = 0} be a Brownian
motion on the filtered probability space (1, Gp, G, IP"{?T).
Let us introduce the following technical assumptions:

(A1) U and V are compact metric spaces.

(A2) The maps f: [0,T] xRV xUxV = RN, g:[0,T| xRV xUxV —
RVNM - [0, 7] x RY — Rand L:[0,7] x RN x U x V — R are
bounded, uniformly continuous with respect to all its variables, and
Lipschitz continuous with respect to (¢,z) € [0,7] x R uniformly
n (u,v) €U x V.

(A3) 7 is an (absolutely) continuous random variable (with respect to the
Lebesgue measure on RT = (0, +00)) defined on a probability space
(Q7,G7,P7) and has a positive, bounded and Lipschitz continuous
probability density function defined on RT.

(A4) For each t € [0,7] the random variable 7 is independent of the
filtration Gy generated by the Brownian motion B*(:).

Fort € (¢,T) and w € Qfp, let

it _ LT _ R
W =wly g and W =w =Wl

and define 7 : QY7 — th X QET to be the map given by

m(w) = (wt’i,w{’T> .
Then, 7 induces the identification

W Ow w
o = < Qg
and the inverse of m acts on pairs of paths (wt’i,wiT) € Q;"f X Q%"T by
concatenation, i.e. w = Wﬁl(wt’i,wf’T) € Qfp. Finally, notice that Py, =
w w w w 1 w w
Pt,f ® Pf,T’ where Pt,i and IF’);’T are the Wiener measures on Qt,f and Qf,T’
respectively.
For each t € [0,T], the probability measure P™ of the random variable 7
induces a conditional probability measure on 2] = (¢, 00) determined by

Pi(re A)=P"(r € Alr > 1), Acgl,
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where GJ = B(£]) denotes the Borel o-algebra of Q]. Resorting to assump-
tion (A4) regarding independence between the Brownian motion B! and the
random variable 7, we define €); as the direct product

Qe =Qr x Qf
defining accordingly the probability measure
Py =Pir @ P, (1)

the g-algebras G s, s € [t, T}, as the completion of Gf’; ® G/ with respect to
the measure P, and the filtration G; 7 as Gy = {G; s : s € [t,T]}.

2.2. A Stochastic Differential Game with a Random Horizon. Let
us define the random horizon & as

& =min{r, T} (2)

and notice that £ takes values on the interval [0, 7] Ps-a.s.. The two-Player
zero-sum stochastic differential game with random horizon is defined on the
filtered probability space (4, Gy, Gt r,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) = = (3)

and payoff functional

3
J(t,z;u(-),v(-)) = Ep, [/t L (s, X5 (s), u(s), v(s)) ds

+U (6 X0 ©) | (4

where X, (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 ¥ determining the payoff functional J as the running payoff and
terminal payoff, respectively. Thus, in what the game is concerned, the
payoff functional (4) represents some payoff that a first Player is trying to
minimize (and thus a second Player 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 > ¢.

An admissible control process u(-) (resp. v(-)) for Player I (resp. II) on
[t,T] is a G} p-progressively measurable process taking values in U (resp. V).
The set of all admissible controls for Player I (resp. II) on [¢,T] is denoted
by U(t,T) (resp. V(t,T)). We say that two controls wuy(-),us(-) € U(¢t,T)
are the same on [t, s], for some s € [t,T], and denote it by ui(-) =~ ua(-),
if PPr{ui(-) = uz(-) a.e. in [t,s]} = 1. A similar convention is used for
elements of V(¢,T).

An admissible strategy o (resp. () for Player I (resp. II) on [t,T] is a
mapping « : V(t,T) — U(t,T) (resp. B : U(t,T) — V(t,T)) such that if
v(+) = 0(-) (resp. u(:) =~ u(-)) on [t,s] for every s € [¢t,T], then afv(-)] =
afo(+)] (resp. PBlu(-)] = Blu(-)]). The set of all admissible strategies for
Player I (resp. II) on [t,T] is denoted by A(t,T) (resp. B(t,T)).

~
~

~

~
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Let (t,x) € [0,7] x RN. The lower value function of the stochastic differ-
ential game (SDG) with random horizon (3)-(4) is given by

Vo (t,x) = 5&55@ u(~)SEIZ{I()t,T) J(t, x5 u(-), Blu()]) (5)

while the corresponding upper value function is

+ _ ; :
Vit @) gy o ooy B zsale()]v() (6)
We say that the SDG with random horizon (3)-(4) has a value if V¥ (¢,z) =
V= (t,z) 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.

Choosing the controls at time ¢, the Player who moves first (the maxi-
mizing 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 1
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. For all 0 < ¢ < s, denote by G (s, )
and G~ (s,t) the conditional probabilities

GT(s,t) = Pl (r>35)=P" (1r>s|r>1)
G (s,t) = P{(71<s)=P" (1 <s|t>1). (7)

Moreover, notice that for each fixed ¢t € [0,7], G~ (s,t) is the probability
distribution function of a continuous random variable and let g~ (s, ) denote
the corresponding conditional density function

(50 = 5 G 0

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

Theorem 2.1. Assume that assumptions (A1)-(A4) hold. The lower and
upper value functions V™~ and V' are the unique viscosity solutions of the
Hamilton-Jacobi-Bellman-Isaacs equation

{Wt — g (LW + H (¢, 2, Wa, Way) =0

W(T,z) =9(T,x) ©)
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and
Wt_g_(t7t)W+H+(taanx7Wxx) :0 (10)
W(T,z) =¥(T,z) ,
where, for A € SN (the set of symmetric N x N matrices), p,x € RN and
t € [0,T], we have

H™(t,z,p, A) = max gIél‘I/l H(t,z,u,v,p, A)
Ht(t,x,p,A) = min max H(t,z,u,v,p, A
(t,z,p, A) min max H(t,z,u,v,p, A)

and
1
H(t,z,u,v,p,A) = tr <2a(t,x,u,v)A> + f(t,z,u,v)p

FL(t 2 0,0) + g (1,00 (1 2)
with a = oo’, o’ denoting the transpose of o.

Note the presence of the additional (non-standard) terms —g~ (¢, ¢)W (¢, x)
and g~ (t,t)¥(t,x) related with the conditional probabilities (7)-(8) on the
HJBI equations (9) and (10). Such terms reflect the randomness of the
planning horizon and encapsulate the agents behavior planning their actions
as if the horizon was fixed at T', but with subjective rate of time preferences
determined by the conditional probabilities (7).

We say that the Isaacs condition holds if for all (t, z,p, A) € [0,T] x RN x
RN x SN the following relation holds:

HE (t,z,p,A) =H (t,z,p, A) . (11)

The next result is then a consequence of combining Isaacs condition above
with the uniqueness of the viscosity solutions to (9) and (10), guaranteed
by Theorem 2.1. In particular, this ensures existence of value for the SDG
with random horizon (3)-(4) in the sense of Elliot and Kalton [15].

Corollary 2.2. 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 2.1. The anal-
ysis, in Section 3, of a related discounted SDG plays a central role in such
endeavor.

3. A DISCOUNTED STOCHASTIC DIFFERENTIAL GAME WITH
DETERMINISTIC HORIZON

We will now momentarily divert our attention towards the following prob-
lem: a SDG with deterministic horizon T' > 0 and non-constant discount
factor specified by a function © : D(O©) — R, where D(0©) = {(s,t) €
[0,T)?: s > t}. Suppose the following conditions hold:

(D1) © is positive, bounded, and continuously differentiable on D(0O).

(D2) For every (s,t),(8,s) € D(©), we have that

O(5,t) = ©(8,5)0(s,t) .
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(D3) The derivative
d
e(t) = gg(svths:t

is positive, bounded, and Lipschitz continuous on [0, 7.

The two-Player zero-sum discounted stochastic differential game is de-
fined on the filtered probability space (Q;‘jT, g;jT, G;‘jT, IP’;‘jT) and consists of
the controlled stochastic differential equation (3) and the discounted payoff
functional

T
J(t,xyu(-),v(-)) = Ep«;T /t @(s,t)L(S,ngﬂv(s),u(s),v(s))ds

+O(T, t)¥ (T, X,/ (T)) [12)

where X7 (s), s € [t, T], denotes the solution of the initial value problem (3
associated with a specific choice of admissible controls (u(-),v(:)) € U(t,T) x
V(t,T).
The lower value function of the discounted SDG determined by (3) and
(12) is given by
W= (t,z) := inf sup  J(t,z;u(), Blu(-)]) , 13
()= dnf o () Sl (13)
while the upper value function of the discounted SDG determined by (3) and
(12) is
Wt(t,z) == sup inf  J(t, z;alv(-)],v()) . 14
(t,z) D ( [v()],v(-)) (14)
This section goal is to characterize the lower and upper value functions
W~ and W of the discounted SDG determined by (3) and (12) as, respec-
tively, the unique viscosity solutions of the Hamilton-Jacobi-Bellman-Isaacs
equations

{Wt—e(t)W+H—(t,x,Wx,Wm) =0 15)
W(T,z) =¥(T,x)
and
{Wt—e(t)W+H+(t,x,Wx,Wm) =0 16)
W(T,z) =¥(T,x) ,

where, for A € SV (the set of symmetric N x N matrices), p,z € R and
t €10, T], we have

H™(t,z,p,A) = max min H(t,z,u,v,p, A

(bapA) = g mip Btz A

HT(t,z,p,A) = min max H(t,z,u,v,p, A)
veV uelU

and

1
H(t,z,u,v,p,A) = tr <2a(t,x,u,v)A> + f(t,z,u,v)p
+L(t,x,u,v)

with a = 00/, ¢’ denoting the transpose of o.
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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 HJBI equations (15) and (16).

3.1. Some preliminary results. Before proceeding, we need to introduce
further notation and terminology that will be useful in the sequel. Let
(t,z) € [0,T] x RY be fixed and for any given u(-) € U(t,T) and v(:) €
V(t,T), define
7(87 w) = (U(S, w)v U(S, w))

for every s > t and w € Qp. By definition of the control processes
u(-) € U(t,T) and v(-) € V(¢,T), it immediately follows that () is G{p-
progressively measurable. Moreover, by standard results from stochastic dif-
ferential equations theory (see e.g. [24, 28] for further details), it is known
that the SDE (3) admits a unique solution X;%’(-) on the filtered probability
space (X, Gip, Gi'p, Py'p) for any fixed u(-) € U(¢,T) and v(-) € V(¢,T).
Moreover, X, (+) satisfies

XI(s) = Xp(E / S X (), A(r) dr
/{ o(r, X2 (), () dBY(r) . (17)

where t <t < s <T. Additionally, noticing that

Bt(sm—l(wt,t”,wi,T)) _ Bt(f ﬂ_—l(wt,f wi’T)) _ wi’T(s) , (18)
we obtain that for IP"’J —ae. wh € Q"J the left hand side of (18) coincides
with the standard Brownian motion Bt(s,th) on the filtered probability

space (QfT, tT,GfT,IP’;ij).
Define also
(s, w0t W) = s, 77w, W)
X(s wtt wt,T) _ thf;; s, 1(wt,£7w£,T))

and notice that the relation

X(s,wt’f, )= XM+ f(r, X(r, wt’f, ), 5(r, wt’f, ))) dr

t,x

N

+/£Sa(r,)2(r,wtf,.), (r,w, ) dBi(r)  (19)

holds Pwt a.e. wit € Q‘” as a consequence of (17) and the comments follow-
ing it. Moreover, by unlqueness of solutions of (3), we get that the paths
of X(s,wh,-), s € [f,T], coincide with those of (3) with initial condition
(t,XZf;( )) and controls (u(-,w™), v(-,w'?)) for IP’“J —ae wht € th. From
this point onwards we will also use the notation Xt’ ’(+) to refer to the sto-

gw IPJUJ )

chastic process X () on the filtered probability space (£2¢ i tT,

i
The comments above, together with the fact that

EPZfQ@PzT {¢ <wt’t, wt’T) ]gff} = EP%J,T [qﬁ (wt’t, wt’Tﬂ PZg — a.s. (20)
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for any bounded and measurable function ¢ : Q7 — R yield the following
technical lemma.

Lemma 3.1. Suppose that (A1)-(A2) hold and let X;";(-) denote the solu-
tion of (3) with initial condition (t,x) € [0, T]xRN and controls (u(-),v(-)) €
U, T) x V(t, T). For any bounded continuous function ¢ and any deter-
ministic s € [, T] we have that

Bey, [0 (X2 6)7(5:) 1657] = By [ (X o936t )|
holds PY; almost surely.

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 t.

Lemma 3.2. Suppose that (A1)-(A2) and (D1)-(D2) hold. We have that:

i) For every u(-) € U(t,T), v(-) € V(t,T), o € A(t,T), and €
B(t,T), the discounted payoff functionals

= J(t5afo()) o) and 2z — J(t-5u(), Blul)])

are bounded and Lipschitz continuous in z, uniformly in t, o, v(-)
and t, 3, u(-), respectively.

ii) the discounted SDG value functions W~ and W7 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
= J(t, 5 afv()], (), (21)

where t € [0,T], v(-) € V(¢t,T) and o € A(t,T). The proof for z —
J(t, 5 ul(-), Blu(-)]), with t € [0,T], u(-) € U(t,T) and B € B(t,T), is similar.
Boundedness of (21) follows from boundedness of L and V¥, guaranteed
by Assumption (A2), as well as boundedness of the non-constant discount

factor ©, guaranteed by Assumption (D1).
As for Lipschitz continuity of (21), this will follow from

EPZJ,T UX;;}(S) - Xﬁy”(s)u < Clz —y| for all z,y € RY, (22)

where X;"(s) and X;""(s), s € [t,T], are the solutions of (3) starting at ¢
from x and y, respectively, with the same control pair (u,v). To see that
(22) holds, set Z(s) = X, (s) — X, (s), s € [t,T]. From Itd’s formula, we
obtain

Epy, [ X153 (s) = X1 ()] = |2 — yf?

te, | [ 2200 R0 X2 (). X (), 0(0)

t+tx(or07)(r, X;f;:(r),ng;(r),u(r),u(r))}dr] ,
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where f; and o are defined by

fl(t7x7y7uvv) = f(ta%U’U)_f(tvy,U;U)
oi1(t,z,y,u,v) = o(t,z,u,v)—o(t,y,u,v)

for t € [0,T], 2,y € RN, w € U and v € V. Using Assumption (A2) and
Fubini-Tonelli’s Theorem, we obtain that there exists a positive constant C
such that

S
Eps, [|Xi5(s) — X152 (9] < |z — y> + O / Epy, [|X050(r) — X050 (r)P] dr

Applying Gronwall’s inequality, we get that there exist positive constants
C5 and (5 such that the following inequalities hold

Epe, [|X5(s) = X157(s)%] < (1 + ecﬂdr) v~y < Cila —y[? . (23)
t

Inequality (22) now follows from combining (23) with Holder’s inequality,
and Lipschitz continuity of (21) with respect to x follows from combining
inequality (22) with Lipschitz continuity of L and ¥, as guaranteed by As-
sumption (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, follow as a consequence of the
corresponding uniform properties of the discounted payoff functionals. [J

In the next section we will introduce a special class of restrictive strate-
gies and the corresponding 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 prin-
ciples. 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 setup. To overcome such 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 notice that by def-
inition of admissible control process, for 0 <t <t < T, u(-) € U(t,T), and
Py, a.e. wht € Qf,, the map u(wgy) : [¢,T] x Qfp — U defined through the
relation

t,T)

u(wh) (s, whT) = u(s,w) ,

where w = 7w, w
U, T).

Given the discounted SDG determined by (3) and (12), we say that a r-
strategy B for Player II on [t, T] is an admissible strategy with the following
additional property: for every £ < t < ¢ and u(-) € U(Z,T) the map (s,w) —
Blu(w ) ()] (s,wT) is (B([t, {]) @ ., B(U))-measurable, where B(X) stands
for the Borel o-algebra of a set X . The set of r-strategies 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 such strategies by A, (¢,T).

7 is an admissible control for Player I, i.e. u(wz;) €
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The r-lower and r-upper value functions of the discounted SDG deter-
mined by (3) and (12) with initial data (¢, x) are given by

W, (t,z) = inf sup  J(t,z;u(-), Blu(-
@)=, s T, B0

and
Wt(t,z) = sup inf  J(t,x;alv(-)],v(-)) .
- (t ) e D) ( [w()],v(-))
The next result is a consequence of Lemma 3.2, as well as of the definitions
of admissible strategies and r-strategies. We skip its proof.

Corollary 3.3. Suppose that (A1)-(A2) and (D1)-(D2) hold. Then:

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

(b) For every (t,z) € [0,T] x RY,

W= (t,x) < W (t,x) and W,5(t,z) < WT(t,z) .

Although the r-value functions do not satisfy the full dynamic program-
ming principle, it is nevertheless possible to obtain sub- and super-optimal
dynamic programming principles for such functions. This is the content of
the next result.

Proposition 3.4 (Sub-optimal and super-optimal dynamic programming
principle). Suppose that conditions (A1)-(A2) and (D1)-(D2) hold. For any
(t,z) € [0,T) x RN and every t € [t,T), we have that:

W, (t,x) < inf sup  Epe

o, )W, (£, X7 (& 24
S T By OGO, (1, X D) (24)

/ O(s, )L (s, X=2(s), u(s). Blu()](s)) ds] ,

where X7 () is the solution of (3) with v(-) = Blu(-)](-) € V(t,T) for
u() eU(t,T), and

Wf t,x) > sup inf Epe
(t,2) ac A, (t,7)v()eVET) 0T

+ /t O(s,t)L(s, X;3; (), afv(-)](s), v(s)) dS],

O, )W, (, X, (D)) (25)

where X, () is the solution of (3) with u(-) = afv(-)](-) € U, T) for
v(-) e V(t,T).

Proof. We only prove inequality (24), with the proof of (25) being analogous.
For simplicity of notation, we will drop the superscripts w, v from the solution
X;f >’(+), with the precise controls used at each instant being clear from the
context.

Let (t,x) € [0,T) x RY be fixed, t € [t,T) be arbitrary, and denote the

right-hand side of (24) by W (t,x). Notice that for any € > 0 there exists



STOCHASTIC DIFFERENTIAL GAMES WITH A RANDOM HORIZON 13

Be(+) € By(t,T) such that

W(ta CC) > EP;’T @(f’ t)W'ri (7?7 Xt,:(} (5))

+/t O(s,t)L(s, Xt z(s),u(s), Belu(-)](s)) ds| — €(26)

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

W (t,y) = inf sup Tt ysu(-), Blul-)]) - (27)
BeB(t,T) w(-yeu (£,T)

Hence, there exists 3, € B,.(t,T) such that

Wr_(tu y) > SupA \-7(7?7 Y; u()a 521[“()]) —€. (28)
u(-)eU(t,T)

Let {D;};en be a Borel partition of RY with diameter diam (D;) < § and
pick y; € D; for each i € N. By items a) of Lemma 3.2 and Corollary 3.3,
the diameter § > 0 can be picked sufficiently small so that for any y € D;,
we have that

T (& ysul), Blu()]) — T (E,yi;ul), Blu-)])] < e (29)

for every u(-) € U(t,T) and 3 € B(t,T), and also

|W7j(£a y) - W;(ta yl)‘ <e€.

For each ({,w) € [t,T] x Q¢ r and u(-) € U(t,T), define

PR 1-A10) X% A _ifsefti)
Al ) {zieN1D1.<Xt,x<£>>ﬁyi[u(wtvt><->]<s,wtT) it s e [i,7)

where w = (wh, wtT) € Q. xQF, and w(w')(-) € UL, T) is the admissible
control introduced immediately before the definition of the r-value functions.
Notice that 8 is an r-strategy by construction, i.e. 8 € B,.(¢,T).

Moreover, whenever X, ,(f) € D; for some i € N and u(-) € U(t,T),
relation (28) and inequality (29) yield

W) 2 Ty u(@)0), fylu@)0) — e
> T Xia(B:u@)(), By lu(@ () ~ 26 (30)

for all u(-) € U(t,T) and ]P";{—a.e. Wit e Q;‘ji.
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From the definition of the discounted payoff functional in (12), we get

Tt x;u(), B
= Epw / O(s,t)L(s, Xi (s (s),B[u()](s)) ds + (T, )V (T, X; »(T))
— Ep, / O (s, 1) L(s. X a(s). u(s). Blu()](s)) ds

+3 " 1p, (Xp(d (/@st (s, Xt.0(s),u(s), Blu(-)](s)) ds  (31)

ieN

+O(T, )W (T, Xt,x(T))) :

Combining assumption (D2) with (31), we get

It ul-), — Ep,

/@st (8, Xe.0(5), u(s), Blu()](s)) ds

+0(0,1) 3 1, (X1 (D) (/est (5, X1,0(s), u(s), Blu())(5)) d

€N

+O(T, 1)V (T, X0 (T)) )

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

J(t, x5 u(-), E[Pw

/ O(s,1)L(5, X1.0(s), u(s), felu())(s)) ds
0(i.1) Y 1, (Xeal0) B, | [ 00605 Xerlo), ), 1))

€N

+O(T, 1)V (T, Xe.0(T)) gt,fH :
Combining the previous relation with Lemma 3.1, we obtain

T (t,z5u(-), Blu()]) = Eee,, /t@(Svt)L(SaXt,x(S)aU(S)aﬁe[U(')](S))ds

+0(E,6) 3 10, (X2 (DT (£ X1a(@); u(@)(), By uw)()]) ] .

€N
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Using inequalities (30) and (29), we get

J(taiu(), Blu()])) < Epe, /tG(SJ)L(&Xt,x(S),U(S)vﬂe[U(-)](S))dS

+O(,) > 1p,(Xea )W, (E i) | + 26

1€EN

/t9(8»75)13(8,Xt,x(S)aU(S)aﬁe[U(-)](S))dS

]Ep;u’ -

+O(t, )W, (£, X; 2 (£)) | + 3e .

Finally, combining the previous inequality with (26), we conclude
T (35 0(), Blu()]) < W(t,z) + e
for every u(-) € U(t,T). As a consequence, we obtain
W, (t,x) < W(t,x) + 4e .
The proof is completed by letting € go to zero. U

Proposition 3.4 can be used to guarantee Holder continuity of W~ and
W, with respect to t.

Corollary 3.5. Suppose that (A1)-(A2) and (D1)-(D2) hold. The r-value
functions W,~ and W, 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 t, with the corresponding argument for W, being similar. To simplify
notation, we will drop the superscripts u, v from the solution XZf 27(+), with
the precise controls used at each instant being clear from the context.
Without loss of generality, suppose that ¢1,ts € [0, T] are such that t; < to
and |to — t1] < 1. Using (24) and rearranging terms, we get

Wr_ (tlv 33) - Wr_ (tQ’ 33)

t2
< inf sup Epw O(s,t1)L(s, X, 2(5),u(s), Blu(-)](s)) ds
P s P A (s, 1) L(s, Xt ,2(s), u(s), Blu(-)(s))
+ O(t2, t1) (W, (t2, Xp 2(t2)) — Wy (t2,2)) (32)

+ (@(tg,tl) — @(tl,tl))Wr_(tQ,fL') .

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

Wy (@) = Wi (t2,) < C1 (It = til + Bpe (1Ko a(ta) —al]) - (33)

A first-moment estimate for SDEs [28, Corollary 2.4.6] guarantees the exis-
tence of a positive constant C5 such that

Epo [ Xt 2 (te) — 2] < Caltz — t|'? (34)
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Putting together inequalities (33) and (34), we conclude that
W, (t1, @) — W, (ta, 2) < Kylty — t]'/? (35)

for some positive constant K.
Given u(-) € U(te,T), define u*(-) e U(t1,T) as

*( ) u(tg, wtl’tg) if s e [tl, tQ]
U $7w = . )
u(s,w2) if s € (ta, T

and given $* € B, (t1,T), define 5 € B, (t2,T) as

BN, 5 ) = B () 5,77 (w2, w2 T))
We now observe that for 8* € B,.(t1,T), we have

T
j(tlaf;u*(.)’ﬁ*[u*(-)]):EIP;JLT /t O(s,t1)L (s, Xy, o (s),u*(s), B*[u*(-)](s)) ds

+9(Ta tl)\IJ (Ta th,a:(T))

t2
= Er, | [ O )L (s Xy (s).0"(9), 5w ()] (5) ds
+O(ta, t1)T (b2, Xty o (t2); ul-), /J’[U(-)])]
to
= Er | [ O )L (s Xy (s).0"(9), 8" ())(5) ds

+O(ta, t1) (T (2, Xy (t2); u(-), Blu()]) = T (2, ; U(-),ﬂ[U(-)J))]

+(O(t2,t1) = O(t1,11)) T (b2, w5 u(-), Blu(-)]) + T (b2, ; U('),ﬂ[U(')])]

Combining the equality above with boundedness and Lipshitz continuity of
x = J(t,x;u(-),v(-)), as guaranteed by Corollary 3.2, as well as bounded-
ness and Lipshitz 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 (t, ;0™ (), B¥[u” (4)])
> —C (It~ + Boy, , (X ot2) = )} + T (12,25 (), Blu(-))
As a consequence, we have that

sup  J(t1, z;u(-), 85 u(-)])

u(-)EU(tr,T)

> —C (|t =t + Bz, X alt) —all )+ sup  T(taziu(), Blu()
v u(-)eU(t2,T)

> =C (Itz = t1l + Bp , [1Xr0(t2) — 2l]) + W, (t2,2) |
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Resorting once more to the first-moment estimate (34), using the previous
inequality we are able to obtain that

Wr_ (tl, .%') — Wr_ (tQ, .%') Z —Kg’tg — t1‘1/2 (36)

for some positive constant K. Holder continuity of W~ follows from com-
bining the estimates (35) and (36). O

We now observe that the r-value functions W,~ and W,' are continuous
functions of (¢,x), a consequence of Corollaries 3.3 and 3.5. Indeed, the
r-value functions W,~ and W, are, respectively, viscosity subsolutions and
supersolutions of the HIBI equations (15) and (16). The proof of such 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 3.6. Suppose that conditions (A1)-(A2) and (D1)-(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)).

The next section employs an approximation procedure originally due to
Fleming and Souganidis [17, 39, 40]. Such procedure is based on a dis-
cretization of the time variable and yields viscosity solutions for (15) and
(16).

3.3. Time-discretization procedure. Let 1 = {0 =1ty <t; < ... <ty =
T} be a partition of [0, 7] and denote by

Imll = max (t —ti-1)
the mesh of the partition .

A m-admissible control u(-) for Player I on [t,T] is an admissible control
with the following additional property: If iy € {0,...,m — 1} is such that
t € [tiy, tig+1), then u(s) = u for s € [t,t;y4+1) with v € U and u(s) = wuy, for
8 € [th,tgr1) for k =1ip+1,...,m —1 where uy, is Gi; -measurable. The set
of m-admissible controls for Player I on [t, T] will be denoted by U (t,T). A
m-admissible control v(-) for Player II on [t,T] is defined similarly and the
set of all such controls will be denoted by V. (¢,T).

A 7m-admissible strategy « for Player I on [¢t,T] is an element of the set of
admissible strategies A(t, T') with the additional properties that a[V(¢,T')] C
U (t,T), if t € [tiy,tiy+1) then for every v(-) € V(¢t,T) the resulting control
a[v(-)]ltt;, 1) does not depend on v(-), and if v(-) =~ ¥(-) on [t,t;], then
alv()|(tr) = a[o()](tk), Pr-a.s. for every k € {io +1,...,m}. The set of
all m-admissible strategies for Player I on [¢t,T") will be denoted by A (¢, T).
A m-admissible strategy § for Player II on [t, T is defined similarly and the
set of all such strategies will be denoted by B (¢,T).

Let C’g ’1(]RN ) denote the space of bounded, Lipschitz continuous func-
tions on RY. For every t € [0,T) and ¢ € (¢,T], define the operator
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F7: G (RN) = G (RY) by

Foo(x) =sup inf Epy, [@(f, t)gb(XZf;Cv(f))
’ uEUU(')EV(tvt) ’

+/t O(s,t)L(s, X;7 (), u,v(s)) ds| (37)

where V(t,t) denotes the set of admissible controls for Player IT on [t, ) and
X,/ (+) is the solution of (3) on [t, t) associated with the choice of admissible

controls u(-) = u and v(-) € V(t,1) having initial condition z at time .
In a similar fashion, define the operator F;ri : CS’I(RN) — C’l?’l(]RN) as

+ . ~ U 7
Frpéle)=inf sup Epy, [®(t,t)¢<Xt,x (1))
u(-)EU(t,t)

n /t (s, ) L(s, X" (5), u(s), v) ds| ,

where U(t, 1) denotes the set of admissible controls for Player I on [t,£) and
X/ (-) is the solution of (3) on [t, ) associated with the choice of admissible
controls v(-) = v and u(-) € U(t,t) having initial condition z at time .

Let w, : [0,T] x RY — R be such that w; (T,z) = ¥(T, ) and

m
wy (tx) = Fiy, | I 79T ) (38)
k=ig+2

whenever ¢ € [ti,,ti,+1), and similarly, let w;} : [0,7] x RN — R be such
that wi (T,z) = V(T,z) and

m
wi(t,x) = F | II 7l ., 9T (39)
k=i9+2

whenever t € [t;,, ti,+1). Under assumptions (A1)-(A2) and (D1)-(D2), w;
and w; are both well defined. Moreover, w, and w;} admit a stochastic
game characterization, as described in the next result.

Proposition 3.7. Suppose that conditions (A1)-(A2) and (D1)-(D2) hold.
For every (t,x) € [0,T] x RN, we have

wy (t,r) = Beggj) u(.)sgﬁm Ttz u(-), Blu(-)]) (40)

and

wi t,x) = su inf J(t,z;afv()],v()) . A1
() aeA(It),T)v(JeV,r(t,T) ( [w()],v(-)) (41)

Proof. We prove relation (40) only, with the proof of (41) being similar. The
proof of (40) relies on the following two claims:
1) For every (t,r) € [0,7] x RY and every ¢ > 0, there exist o, €
A (t,T) and e € B(t,T) such that
j(t,a?;u(-), Bs[u()]) —€= w;(t, x) < j(tvx; ae[v(-)],v()) te (42)
for all u(-) € U(t,T) and v(-) € V(t,T).
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2) For any 8 € B(t,T), the pair of strategies a. € A(t,T) and § €
B(t,T) define controls u () € U (t,T) and v(-) € V(¢,T') for which

T (s acfv ()], 0°() = T (8 250 (-), Blu()]) - (43)

Indeed, once the two claims above are proved, the result follows from

noticing that the left hand side of (42) guarantees that
wy (t,x) > inf sup T (t,@su(-), Blul-)]) ,
" BEB(tT) u(-) ety (,T)

while combining the right hand side of (42) with (43) yields the reverse
inequality.

The proof of claim 2 is similar to that of the corresponding statement in
[17] and we skip it. Let us prove claim 1) then. For ¢ € Cg’l(RN), z e RN,
uweU,te0,T] and t € (t,T], define

b(out o) = inf  Es [@(ﬂthﬁf(ﬁ))
v(evtd) BT ’

+/t O(s,t)L(s, X, (s), u,v(s)) ds| |,

where X, (+) is the solution of (3) under the choice of the admissible controls
u(s) = v and v(-) € V(t,1) and initial condition x at time ¢. Using assump-
tions (A1)-(A2) and (D1)-(D2), we obtain that (-, -, t,,¢) € CS’I(RN xU)
and

Fo(z) = sup¥(z,u,t,t,¢) ,
bt ueU

where F) ; is the operator defined in (37).
Ifte [timtio-ﬁ-l) for ig € {O, 1,....m— 1}, let

Pm = \Il(T’ )
80] = Ft;,tj+180]+1 ) .] :Z0+ 17"‘7m7 1
807;0 = Ft;f7;0+1 SDZO+1 .

Hence, we obtain that
Pip(x) = wy (t,2) .

Using [31, Lemma 1], we partition R and U into Borel sets of diameter
less than some positive constant §, to be determined below. Denote such
partitions by {Ax : k=1,2,...} and {By: £ =1,2,..., L}, respectively, and
pick zp € A and uy € By for each k =1,2,... and £ =1,2,..., L. For any
~v > 0 there exists § small enough and up; = Uk € U, k=1,2,... and
j=19+1,...,m, such that

qp(mkaqu?tj*lvtja (p]) > Ft;_htngj(ﬂfk) -7 - (44)

Additionally, we choose vﬁj(-) € V(tj-1,t;) such that for u(-) identically
equal to ug € U on the interval [t;_1,t;) we have that

Bey_,, [O05:tj-1)0(X,_ i (1)

J

tj
+/ @(s,tj_l)L(s,Xf__hmk(s),ue, Uij(s)) ds| <Y (xp,ue, tj—1,t5,05) +7,
t

Jj—1
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with ¢;, = ¢ whenever j = ig + 1. The notation X£ _,.z,, () stands for the
solution of (3) with initial condition z, at time t;_; subJect to the admissible
controls u(-) = uy and vf;j().

We will now exhibit the strategies ae and . in (42). Fix (t,z) € RV x
[0,T). For v(-) € V(t,T), define

acfv(-)](s) = [ttloﬂ) ZukzolAk

m—1
T Z I[tjvtﬂl)(‘g)ZUZJIAk(X(tj))’
k

Jj=to+1

where X(-) is defined on each of the intervals [t,t;,+1] and [tj,t;41], 7 =
io+1,...,m—1, as the solution of (3) with u(-) = a.[v(-)]. Foru(-) € U(t,T),
define

where X (-) is now defined on each of the intervals [t,¢;,+1] and [t;,t;41],
j =10+1,...,m—1, as the solution of (3) with v(-) = Se[u(-)], and f;ij(-,w) =

vﬁj( w'T) using the identification of QY with Q;ftj X ij’T provided by
m(w) = (whti, wT) discussed in Section 2.1.

Let J stand either for J (¢, z; ac[v(-)],v(:)) or J(t, z;u(-), Be[u(-)]). For
any v(-) € V(t,T) and u() = ac[v(-)] or u(-) € Uz (¢, T) and v(-) = fe[u(")],

we have

w,(t,x) =T
(t,z) .
= pio(z) —Epy, {/t O(s,t)L (s, X (s),u(s),v(s))ds + O(T, t)gom(X(T))]

= > {EP;T [©(tj-1,1)pj-1(X(tj-1))] — Eps,. [@(tjat)%(x(tj))]}

Jj=to+1

T
—Epe, [/t O(s,t)L (s, X (s),u(s),v(s))ds| . (45)
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Using Assumption (D2), we obtain that

m

> {Eee, 101,051 (X (4-1))] — Bre, (05, )25 (X ()]}

Jj=to+1

By, [/ (s, 1)1 (5, X(s) ). 0(5)) s

— Z O(tj_1, ){EPgT [pj—1(X(tj-1))]

J=io+1
Bz, |00, 1) (X (1))
w7 et s, X (0 uts) (s 5]
=B | Y O {31650
Jj=to+1
~Ep, Ot ti-1)05 (X (1)) (46)
2
Oty )L (5, X(s)uls).vls)) ds (ggjtj_l}}] .
Combining (45) and (46), we get
wy (t,x) =T
- B, | Y 00fe(xs)
Jj=to+1

~Epy, | Ot (X (1))

+ [ O(s,t; 1)L (5, X(s), uls), v(s)) ds (g;;jtj_l}}] .

tj_l

Inequality (42) follows from the relation above after checking that the
following two statements hold Py A
(A) For any v(-) € V(t,T) and u( ) = a[v(+)], we have that

i1 (X(tj1)) < Bpw, {e@j,tj_l)soj(X(tj))

# [ 0t o, X (o) uls) vl ds 68|+ elty — 1)

(B) For any u(-) € Ur(¢t,T) and v(-) = Be[u(-)], we have that
Bey, (0 t;-1)p3(X / (5,151 (5, X(9).u(s), () d oz, |

< @1 (X (1)) + ety — £ 1) :
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. O
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The next lemma follows from assumptions (A1)-(A2) and (D1)-(D2), as
well as the characterizations of w; and w; given above.

Lemma 3.8. There exists a positive constant C, depending solely on as-
sumptions (A1)-(A2) and (D1)-(D2), such that the inequalities

]wf(t,x)] <C, and
Wkt 2) — wi(l, ) < C (Jo - 3l + ¢ — /?)
hold for all x,& € RN and t,t € [0,T).

Resorting to Lemma 3.8 above and the Arzela-Ascoli Theorem, we obtain
that the families of functions {w; } and {w; } converge uniformly as ||7| — 0
along subsequences to bounded uniformly continuous functions. We will see
that such uniform limits are viscosity solutions of (15) and (16). That is the
content of the result below.

Proposition 3.9. Assume that (A1)-(A2) and (D1)-(D3) hold and let w,

and w} be given by (38) and (39), respectively. Then the limits
T = lim w, and wh = lim wl
lI7ll—=0 [|7]|—0
exist locally uniformly and are the unique viscosity solution of (15) and (16),
respectively.

Proof. Existence of w™ and w™ follow from a Comparison Theorem (Theo-
rem A.2 in the appendix) and Lemma 3.8 as long as one guarantees that any
subsequential limit of the families {w; } and {w}} as ||7|| — 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. O

3.4. W~ and W characterization as viscosity solutions of (15) and
(16). In what follows, we will compile the results obtained in the preced-
ing 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 noticing that since the limit
functions w~ and w™ of Proposition 3.9 are the unique viscosity solutions of
(15) and (16), respectively, then Proposition 3.6 and a Comparison Theorem
(Theorem A.2 in the appendix) yield the following result.

Lemma 3.10. For every (t,x) € [0,T] x RY we have that
W, (t,z) <w™ (t,x) and Wr(t,x) >wt(t,x) .

We will now show that W~ (t,z) > w™ (t,z) and W (t,z) < w™(¢,z) for
every (t,x) € [0,T] x RY. 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 3.11. Suppose that (A1)-(A2) and (D1)-(D3) hold. The lower
and upper value functions 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
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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 3.3 with Lemma 3.10 we obtain that W~ < W~ <
w™ on [0,7] x RY. On the other hand, by Proposition 3.7 we have that for
every partition 7 of [0, T], the inequality w,; < W~ holds on [0,T] x R¥.
Proposition 3.9 then implies that w= < W~ on [0,T] x RY | guaranteeing
that w~ = W~ on [0,T] x RY.

Finally, if the Isaacs condition holds, then the HJBI equations (15) and
(16) coincide. Hence, uniqueness of the viscosity solutions — a consequence
of Theorem A.2 — ensures that W~ and W™ are identical. O

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 3.12 (Dynamic programming principle). Assume that conditions
(A1)-(A2) and (D1)-(D3) hold and let t,t € [0,T] be such that t < t. Then,
for every x € RN, we have that:
(i) the lower value function of the discounted SDG (3)-(14) is deter-
mined by the recursive relation

W~ (t,x) = inf sup [Epe

O, YW~ (&, X2 (t 47
SEBUT) et (&)W~ (i, X/ (1)) (47)

+ /t O(s, 1) L(s, X; (5), u(s), Blu()](s)) ds | ,

combined with the boundary condition W~ (T,x) = V(T,x), where
X5 (s), s € [t, T, is the solution of (3) with v(-) = Blu(-)] € V(t,T)
foru(-) e U(t,T).

(ii) the upper value function of the discounted SDG (3)-(13) is deter-
mined by the recursive relation

Wt(t,z) = sup inf Epe,

o, W™ (£, X0 (t 48
€ A(t,T) vEV(ET) ( ) ( t, ( )) ( )

+ / O(s,t)L(s, X; (5), a[v(-)](s), v(s)) ds|
t

combined with the boundary condition Wt (T,z) = ¥(T,x), where
X,"(s), s € [t, T}, is the solution of (3) withu(-) = afv(-)] € U(t,T)

t,x
foro(-) e V(¢t,T).

Proof. We start by proving that the lower value function of the discounted
SDG (3)-(12) satisfies relation (47). The corresponding proof for the upper
value function is similar and we omit it here.

Let £ € (0,T] be fixed and let W (¢, ) denote the right hand side of (47).
It is enough to consider in (47) controls u(-) and strategies § defined in
[t,t]. By Theorem 3.11, we have that W is the viscosity solution of (15) on
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[0,%] x RN with W (f,2) = W~ ({,z). Since W~ is the viscosity solution of
same problem, uniqueness of viscosity solutions yields that W =W~—. [

4. PROOF OF THEOREM 2.1

This section is devoted to the proof of Theorem 2.1. We will see that
the payoff functional (4) can be related with 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 4.1. The identities

Gt(s,t) = GT(s,t) GT(t,1)

g (s,t) = g (s,1) G*(i,1)
holdforeveryOStSszﬁT.
Proof. Recall the definition of the conditional probability GT (¢, s) given in

(7):
G (s,t) =P (1>5)=P" (7> 3|7 >1) . (49)

Using the definition of conditional probability and the fact that ¢t < ¢ < s,
we get,

P™ ({7 >s}tn{r >t}
P (1 > t)
P ({r>stn{r >t P ({r>t}n{r>t})
P7 (1 > 1) P (7 >1t)
= P (r>slr> )P (r>{r>t) .

P (r>s|tr>1t)=

(50)

The first relation in the statement follows from combining (49) and (50).
The second relation is a consequence of the first one after noticing that
g~ (s,t) is the density function associated with the distribution function
G (s,t) =1—GT(s,t). 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 4.2. Let u: [t,T| x Qfp = U and v : [t,T] x QFp — V be Gf -
adapted processes. For every (t,z) € [0,T) x RN, the payoff functional
J(t,z;u(-),v()) defined in (4) admits the representation

T
J(tzu(r),v() = Eps, /t G+(s,t)£(S,ng(s),u(s),v(s))ds

+GH(T, ) (T, X5 (1)) | . (51)
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where L is the conditional running payoff
L(t,z,u,v) =L(s,z,u,v)+g (¢ )¥ (¢t ) , (52)

G* and g~ are as given in (7) and (8), respectively, and X, (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

St x5 u(), () =

T
Ep, | 1(7,100)(T) (/t L (s, X7 (s),u(s),v(s)) ds + W (T, XZf;’(T)))

() ( /t "L (5, X2 (), u(s),v(s)) ds 0 (7, X;j;m)) ] .

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 w5 u(-),0() =

T
= EPZJ,T GT(T,t) </t L (s, ng(s),u(s),v(s)) ds+ ¥ (T, XZf;”(T)))

T r
+ /t (1) /t L (s, X (s), u(s), v(s)) dsdr (53)

T
+/t g (5,1)¥ (s, X7 (s)) ds] )

Applying Fubini-Tonelli’s Theorem to the second term on the right hand
side of relation (53), we get

T pr
/t /t g_(T,t)L(S,XZf;)(S),u(s),U(S)) dsdr
T T
:/t / gi(rat)L(S,Xg;(s),u(s%v(s)) drds
T

= / (G+(s,t) — G™(T, t)) L(S,X;&v(s),u(s), v(s))) ds .

t

Combining the last equality with (53) and rearranging terms, we get

Itz u(), o

T
- EPZJ,T /t G (s,t)L (s, XZf;Cv(s), u(s), v(s)) +g (s,1)¥ (s, X,jff;cv(s)) ds

+GH(T, )V (T, X5 (1))
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The result now follows from Lemma 4.1 after factoring out the term G (s, t)
from the integrand in the equality above. U

The representation (51) for the payoff functional (4) reflects the transfor-
mation of the SDG under consideration from a random planning horizon to
a deterministic one via the introduction of a subjective rate of time prefer-
ences, that resembles a non-constant discount factor related with the family
of conditional probabilities (7).

Proof of Theorem 2.1. We employ the representation for the payoff func-
tional (4) provided in Lemma 4.2. Start by observing that the payoff func-
tional (51) is of the same form as the discounted payoff functional (12), with
non-constant discount factor given by O(s,t) = G*(s,t) and running payoff
of the form (52). Moreover, combining assumption (A3), the definition of
the conditional probabilities (7) and (8), and Lemma 4.1, we obtain that
hypotheses (D1)-(D3) hold. Therefore, Theorem 3.11 ensures that the value
functions, say W~ and W™, associated with the auxiliary discounted SDG
specified by (3) and (51) are, respectively, the unique viscosity solutions
of the HJBI 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 O(s,t) and the running payoff L(¢,x,u,v). Finally, by
Lemma 4.2, we conclude that the lower and upper value functions V'~ and
V* 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 such game is the unique viscosity solution of a certain HJBI
equation. Additionally, under the Isaacs condition, we have obtained that
the value of the game exists.

APPENDIX A. VISCOSITY SOLUTIONS AND A COMPARISON THEOREM

Let © be an open subset of R™. For any function u :  — R, define
u* Q= RU{—00,00} as
u*(r) = lim sup{u(y):y € B(z;r)NQ} for z €,

r—0t
and u, : Q — RU {—00,0} as
u(r) = lim inf{u(y) :y € B(z;r)NQ} for z €.

r—0+
Notice that u* > u > u, on Q, u* is upper semi-continuous (u.s.c.) on
and u, is lower semi-continuous (l.s.c.) on Q. Note also that u, = (—u)*
and that if w is u.s.c. at x € Q, then u*(x) = u(x). The functions u* and
us 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 nonempty, and set A = Q x A x B.
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Consider functions X : A > R™" h: A > R* ¢c: A >R, d: A — R, and
define A: A — S™ as

Az, a, 8) = ¥ (z,a, B)X(z, @, B)
and F: Q xR xR*"xS" — R as

F(z,r,p, X) = inf sup{—tr (A(z,a, 8)X) + (b(x, @, B), p)
BEB qecA

+c(z, o, B)r +d(z, o, B)} .
Consider the nonlinear PDE
F(x,u, Du, D*u) = 0 in Q . (54)
A function u : © — R is called a viscosity subsolution of (54) if u*(z) < oo

for x € Q and if, whenever ¢ € C%(Q), y € Q and (u*—¢)(y) = maxq(u*—¢),

F (y,u*(y), Do(y), D*¢(y)) <0 .
In a similar way, a function u :  — R is called a viscosity supersolution
of (54) if us(z) > —oo for x € Q and if, whenever ¢ € C%(Q2), y € Q and
(ux — @) (y) = ming(u. — @),

F (y,u.(y), Dé(y), D*(y)) > 0 .

A function u : 2 — R is called a viscosity solution of (54) if it is both a
viscosity sub- and supersolution of (54).
Consider the following assumptions:
(H1) For each bounded subset B of €, the functions A,b,c and d are
bounded on B x A x B.

(H2) ¥ and b are Lipschitz continuous with respect to z, i.e.

HZ(.’L‘,O&,ﬂ) B Z(y?au@)H < 0

[z =yl
and ; ;
sup ” ($aa,ﬂ)_ (yaavﬁ)” <00,
|z -yl
where the supremum is taken for all (z,«, ), (y,a,8) € A with

(H3) The functions f = ¢, d satisfy
tim sup{( (2. . 8) — f(y.0.8)] 2.y € B
(@,8) € AxB,Jz—y| <7} =0,

for bounded subsets B of 2.
(H4) inf{c(z, 0, 8) : (z,0,8) € A} >0 |

The following comparison result is due to Ishii [22, Thm 7.3].

Theorem A.1. Assume that (H1)-(H4) hold. Let u and v be, respectively,
viscosity sub- and supersolutions of

F(z,u, Du,D*u) =0 in Q .

If Q) is unbounded, then assume that
u ()

+
im - (=) =0 and lim =0
z€Q,|z| 00 lOg |.T| z€Q,|z|—00 lOg |ZL"
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Suppose that u*(z) < vi(x) for x € OQ. Then, u* < v, on Q.

Details regarding further extensions of the Theorem above, including on
how to extend to parabolic equations such as the ones under consideration
herein, may be found in [23] and the user’s guide to viscosity solutions of
second order partial differential equations [12]. In particular, the following
theorem holds.

Theorem A.2. Assume that the functions o, f, L and ¥V are bounded and
Lipschitz continuous. If v and © (resp. w and @) are a viscosity subsolution
and supersolution of (15) (resp. (16)) with boundary condition ¥ and ¥
and if U < U on RN x {T}, then v <o (resp. u <) on RN x [0,T].
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