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Abstract

A general result is obtained for the existence of saddle-point in a stochastic game of timing, by
exploiting its connection with a bounded-variation control problem. Weak compactness arguments
prove the existence of an optimal process for the control problem. It is shown that this optimal
process generates a pair of stopping times that constitute a saddle-point for the game, using the
method of comparing costs at nearby points by switching paths at appropriate random times.

1 Introduction and Summary

In three very important and influential papers, Bensoussan & Friedman [4], [5] and Friedman [11]
developed the analytical theory of stochastic differential games with stopping times. Their setting
is that of a Markov diffusion process, and of a pair of players, each of whom can chose when
to terminate the process. At that time, and depending on who made the decision to stop, one
of the players (the “minimizer”) pays the other (“maximizer”) a certain random amount. The
problem then is for one player to minimize, and for the other to maximize, the expected value of
this payoff. Bensoussan and Friedman studied the value and saddle-points of such a game using
appropriate partial differential equations, variational inequalities, and free-boundary problems.
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Detailed expositions of their approach can be found in their monographs Bensoussan & Lions [6],
pp. 462-493, and Friedman [12].

Along a parallel track, the purely probabilistic approach to such games of timing (stopping)
was being developed in progressively greater generality, by Dynkin [9], Krylov [19], Neveu [22],
Bismut [7], Alario-Nazaret [1], Stettner [24], Alario-Nazaret, Lepeltier & Marchal [2], Lepeltier &
Maingeneau [20], Morimoto [21], among others. This theory relied on the martingale approach to
the problem of optimal stopping introduced by Snell [23], but now applied in the more challenging
setup of two coupled such stopping problems. More recently, this problem has been connected by
Cvitani¢ & Karatzas [8] to the solution of backwards stochastic differential equations with upper-
and lower-constraints on the state-process (see also Hamadeéne & Lepeltier [13], [14]), and has
received pathwise (Karatzas [15]) and mixed-strategy (Touzi & Vieille [26]) treatments.

This paper presents another approach to the general, non-Markovian stochastic game of timing
(“Dynkin game”), and brings it into contact with a suitable bounded-variation or singular control
problem. We show that the game has a value, which coincides with the derivative of the value-
function of the auxiliary control problem. An optimal process to this latter problem generates in
a simple way a pair of stopping times, that constitute a saddle-point for the game of timing; see
Theorems 3.1, 3.2. Then a result of Komlés [18] is coupled with weak compactness arguments, to
show that such an optimal process indeed exists; cf. Theorem 3.3.

The approach is very direct and “pathwise”. It uses the method of comparing costs at nearby
points by switching paths at appropriate random times, initiated by Karatzas & Shreve ([16], [17])
in the context of optimal-stopping/reflected-follower problems for Brownian motion, and further
developed in Baldursson & Karatzas [3]. The connections of singular stochastic control with games
of stopping were first noticed by Taksar [25], in a Markovian context and using very different
(analytical) methods.

2 The Two Stochastic Optimization Problems

Consider a complete probability space (2, F, P) equipped with a filtration F' = {.7-" (t) } o<t<p Which

satisfies the usual conditions (of right-continuity and augmentation by IP-null sets). We denote by
A the class of increasing, left-continuous and F-adapted processes ¢ : [0,7] x Q@ — [0, 00) with
¢(0) =0, and by B the class of processes £ : [0,7] x 2 — R that can be written in the form

(2.1) () =&7(t) — € (1), 0<t<T

for two processes ¢+ € A. We assume in fact that the decomposition of (2.1) is minimal, and thus
the total variation of the function s — &(s) on any interval [0, ¢] is given by

(2.2) E=¢(+E (1), VO<t<T

almost surely. In the control problem of (2.5), (2.6) below, £1(¢) (resp., £~ (t)) represents the total
cumulative push in the positive (resp., negative) direction exerted up to time ¢, so that

(2.3) X(t) =z +£(t), 0<t<T

represents the state (or position) at time ¢, when starting at X(0) = z € R and employing the
“strategy” & € B. We shall denote by S the set of all F-stopping times p : 2 — [0,7]. In order to
formulate the two optimization problems that will occupy us in this paper, let us introduce:



e A random field H : [0, T xQ xR — R, such that (¢,w) — H (t,w, x) is F-progressively measurable
for every z € R, and = + H (t,w, ) is convex and of class C! for every (t,w) € [0, 7] x €.
e T'wo continuous, IF-adapted processes «:[0,7] x Q — [0,00) and v:[0,7T] x Q — [0,00).
e A random field G : Q2 x R — R, such that G(-,z) is F(T')-measurable for every x € R, and
G(w,-) is convex and of class C! for every w € €.

On these random functions we shall impose throughout the regularity requirements

T
(24) E [/ |Hy(t,z)| dt + |G'(z)|| <o, Vz€R and E| sup v(t)+ sup v(t)| < <.
0 0<t<T 0<t<T

2.1 A Bounded-Variation Control Problem

Suppose that when in state X (¢) =y € R at time t € [0,T'), we incur a running cost H(¢,y) per
unit of time, and a running cost 7(t) (resp., v(t)) per unit of fuel spent to push in the positive
(resp., negative) direction. Suppose also that we incur a terminal cost G(x) for being in position
X (T) =y at the terminal time ¢t = T'. Then we should try to find a strategy £* € B that attains

A
(2.5) V(z) = Inf E[J(& )],

the minimal expected cost of our stochastic control problem with
T

(26)  J(&a) 2 / H(t, X (t))dt +/ v(t)dEt (t) +/ v(t)dé (t) + G(X(T)),
0 [0,T) [0,T)

in the notation of (2.1)-(2.3). If there exists a strategy £* € B that attains the infimum in (2.5), it
is called optimal for the initial condition x.

2.2 A Game of Timing (Dynkin Game)

Consider two players, N' and G, each of whom chooses a stopping time (o and 7, respectively) in
S. The game terminates at o A 7, that is, as soon as one of the players decides to stop. If player G
stops first, he pays N the amount (7). If player N stops first, he pays G the amount v(o) (resp.
G'(z)) when the game terminates before (resp., at) the end of the time-horizon T; and as long as
the game is in progress, N keeps paying G at the rate H, (¢, x) per unit of time. In other words,
the total payment from N to G is given by the expression

ONT
(2.7) I(o,752) £ / Hy(t,z) dt + v(0)loory — V(7)1 <o) + G(2) 1 {o=r=1},
0

a random variable whose expectation N tries to minimize and G to maximize. We obtain a stochastic
game of timing (or “Dynkin game”, after Dynkin [9]) with lower- and upper- values

(2.8) u(x) 2 sup inf E[I(o,7;2)] < u(x) S inf sup E[I(o,T;2)],
reS0ES 0E€S 78

respectively. We say that the game has value u(x), if w(z) = @(z) = u(x). A pair (o4, 7) € S? is
called saddle-point of the game, if

(2.9) E[l(ox, 1;2)] < E[I(04, 7 x)] < E[I(0, Ty )] holds for all c €S, 7€ S.



It is easy to see, that the existence of a saddle-point implies that the game has value

(2.10) u(z) = E[I(04, T 2)] = u(z) = u(z).

3 Results

The stochastic control problem of subsection 2.1 and the stochastic game of subsection 2.2 turn
out to be very closely connected. Under the conditions of Section 2, it can be proved that every
optimal strategy for the control problem induces a saddle-point for the game (Theorem 3.1), whose
value u(+) is then shown to coincide with the derivative V'(-) of the value of the control problem
(Theorem 3.2). And under certain additional conditions on the random quantities H, G,~ and v,
it can be shown that such an optimal strategy for the control problem indeed exists (Theorem
3.3). Consequently, under the conditions of Theorem 3.3, the Dynkin Game of section 2.2 has a
saddle-point, and this is of the type (3.1) below.

Theorem 3.1. Suppose that the process &, € B is optimal for the control problem of subsection 2.1,
i.e., attains the infimum in (2.5). Write this process in its minimal decomposition &, = & — &7 as
in (2.1), and define the stopping times

(3.1) o, 2 inf{t€[0,T) /& (t) >0} AT, 2 inf {t €[0,T) / & (t) >0} AT.

Then the pair (o4, 7+) € S? is a saddle-point for the game of subsection 2.2, whose value is given
by

1>

(3.2) u(x) = u(r) = u(x)

E[I(ox, 74 2)] .

Theorem 3.2. Under the conditions of Theorem 3.1, the value function V(-) of the control problem
of (2.5), (2.6) is differentiable, and we have

(3.3) V'(z) = u(z), vV z € R.

Suppose now that, in addition to the conditions in Section 2, the random functions H, G, ~ and
v satisfy

(3.4) B [ /0 ' (i&% H(t, x)) dt + (i&% G (¢, m)] < 0,

and the a.s. conditions

(3.5) AT)<G'(z) <u(T), VzeR

(3.6) yt) >k, v(t)>k; Vte€[0,T] for some k > 0.

Theorem 3.3. Under the conditions (3.4)-(3.6), in addition to those of Section 2, the control
problem of (2.5), (2.6) admits an optimal process &, € B.

Corollary 3.1. With the assumption of Theorem 8.8, the Dynkin game of subsection 2.2 has a
saddle-point and a value given by (3.1)-(3.2), and the relation (3.3) holds.



4 Proofs of Theorems 3.1, 3.2

We begin with a simple observation.
Lemma 4.1. The function V (-) of (2.5) is proper, convex.

Proof : Convexity of V(-) is a consequence of the convexity of the functions H(t,w,-), G(w, ),
and follows by taking infima over ¢ € B, n € B on the right-hand side of the inequality

(4.1) V(Az1+(1-Na2) < E[J(Az1+(1=N)22; A+ (1=A)n)] < NE[J (21; Q)]+ (1=A) E[J (225 1)] ,
valid for z1 € R, 29 € R, 0 < A < 1; and (2.4) implies V(z) <E [fOT H(t,z)dt+ G(z)| < oo for
every x € R, which gives properness. O

As a corollary of convexity, the right- and left- derivatives

A . V(4 h)=V(x)
(42) D)= hli%li h

exist, and we have D~ V(z) < D™V(z), Vz€R.

Lemma 4.2. Under the assumption of Theorem 3.1, we have in the notation of (2.7), (3.1), (4.2):
(4.3) DYV (z) < E[I(o,7xx)] forevery z€R, 0€S.

Proof : We compare costs at nearby points using the technique of “switching paths at appropriate
random times” introduced in Karatzas & Shreve [16]. Let us consider the stopping times

(4.4) S {te(0,T) /&) >l AT, O<e<l

and notice that 7. | 7« as € | 0, a.s. Introduce also the auxiliary process

N =& t) ;5 0<t<oAT:
(4.5) 55(t)_{5*(t)—5 ; a/\7'5<t§T} € b

for each given 0 € S, 0 < & < 1. The state-process X.(-) = x+e+£.(+) corresponds to the strategy
of “starting at z + ¢ and following a modification of the optimal strategy &.(-) for x, whereby we
suppress any movement to the right up to time o A 7.; after which we jump onto the optimal path
X.(-) = x + & () for z, and follow it up to time 7”. The cost associated with this strategy is

ONTe

(4.6) J(x—l—s;fe):/OUAT*H(t,a?—I—E—f*_(t))dt—i—/ H(t,x+e— & (t)dt

NTx

T
- / H(t,z+ &5 () — & (1) dt + Gz + EHT) — &(T)) - Lioar.<1y

NTe
+ G(.Z‘ +e— 5*_(T)) : 1{0’:7'*:T} + G(.Z‘ +e— 5*_(T)) : 1{T*<0':TE:T}

) - (&5 (r — F v .
bl (7( ) (EF ) — ) + /(TE,T)W(t)df* ) + /[0 PRI <t>>
+ lir<o<r} ( /( T)v(t) def(t) + v(o) - (e —&F(o+)) + /[OT)W) df:(t))

+ v N vio .
bl ( /[TMT)ﬂt)ds* () + /[0 ) e >>



In a similar vein, we have the decomposition

A7) J(x:6) = /00 T*H(t,x—f*_(t))dt—l—/g U H(tx e () - € (1) di

NTx

T
T / H(t,x+E5(t) — € (1) dt + G2+ EF(T) — £(T)) - Lignroy

NTe

+ G(.Z‘ - 5*_ (T)) ’ 1{0':T*:T} + G(.Z‘ + fj(T) - 5;(T)) : 1{T*<0':TE:T}

+ 1{7—530} (/[T* ) 7(t) dfj(t) + 7(7_6) : (5;’—(7—6—1_) - fj(TE))

+ y -
T /( PRCIGOR /[0 PRCLE <t>>

+ + y -
F lpcoen ( /[) V() dEF (1) + /( PRCLEOR /[0 PRI <t>>

+(t) deF (1) + /

[7,T) [0,T)

+ () [&(0+) = &5(0) | Lncoarny + Lio<ry (/ v(t) d&?@))

for the cost corresponding to the optimal process &, € B at position € R. Comparing (4.7) with
(4.6), we see that V(z +¢) — V(x) is dominated by E[J(z +¢;&.)] — E[J(x; )], namely

Vizt+e) — V(z) < ]E[/OMT* [H(t,x4+ec—¢&, (1) — H(t,x — & (t))] dt]

ONTe

[H(t,x+e— & (t)) — H(t,x + & (1) — & (1))] dt

ONTx

[G(.Z‘ +e— 5;(T)) - G(.Z‘ - 5*_(T))] ’ 1{0':7'*:T}
[G(.Z‘ +e— 5;(T)) - G(.Z‘ + fj(T) - 5*_(T))] ' 1{T*<0':TE:T}

- 1{7'5§0'} (7(7_6) (5 - 5;’—(76)) +/

7*77—5)

_|_
(4.8) +
_|_
(t) gt (t)> +ev(o)  lioery

[7,0)

— Yr<o<ry ([7(0) +u(0)] (& (0+) — ) +7(0) (e = & (0)) +/ (1) d&f(ﬂ)] :

Let us look at all the terms under the expectation on the right-hand side of (4.8), one by one. From
the convexity of the functions H(t,w, -) and G(w, -), we deduce that the first and second terms are
dominated by

O N\Tx ONTe
5/ H,(t,z +¢)dt and / (e —&F () Hu(t,z +¢) dt,
0 o

NTx

while the third and fourth are dominated by

EG/(.Z‘ + 5) ) 1{0':7'*:T} and (5 - fj(T)) G/(.Z‘ + 5) ) 1{T*<0':T€:T} )



respectively. We also observe that the fifth term can be written in the form

7*77—5)

ey (T ) rco} T € V(T ) frcoy = V(1) ir<o}] + Lir<oy [7(%)5?(75) - /[ v(t) dff(t)] :

We can now put these observations together, and deduce from (4.8) the inequality

7
(4.9) V(x—l—ai—V(x) < E[I(o, 7 2)] +ZLj(5), where
j=1
L1(e) é‘E/MRUﬂ@x+@ﬁ—Iﬂ@xﬂﬁ, L) 2B [ ot s o)dt
0 ONATx
Ly(e) £ E|v(r) <oy — 1(7) lpneo |
Lie) = E[é GG IO 1{@}]
Ls(e) £ E ! V(U)(E—Ei(ﬁ))—/ Y()AE (1) | 1ir.<o<r }]
. o \<o<r
Li(e) 2 E|C(@+e) 1pmery|, Lile) £ E|G(x+2) - C(2)] .

It is not hard to see that lim.|o L;(¢) = 0, for all j = 1,---, 7, thanks to the dominated convergence
theorem and the conditions of (2.4). For instance, Lz(¢) < E [|v(7:) = ()| + [V (7)1 r.cocny] »

et
ne < B S wp pey-awl| < B sw b -0,
L € T <t<7Te T <t<Te
[ & (o) | & (o)
LS(E) < E i 1{T*§O'<TE} : <V(U) <1 - - + 5 : ng%%((r’y(t)
< B max (v(t) +v(t)) - 1{7@@}] :
all tend to zero, as € | 0; and (4.3) follows. O

Lemma 4.3. With the same assumptions and notation as in Lemma 4.2, we have
(4.10) D V(x) > E[l(o.,7;2)], forevery xeR, 7€S.

Sketch of Proof : The situation is completely symmetric to that of Lemma 4.2, so we just sketch the

broad outline of the argument. For each given 7 € §, 0 < € < 1, we introduce the analogue o, 2
inf {t € [0,T) / & (t) > e} AT, 0<e <1 of the stopping time in (4.4), as well as the analogue

s &) 5 0<t<TAO
19“'(75)_{ HOREEE TAUe<t§T}

of the auxiliary process in (4.5), and note that P[lim.|o | oo = o.] = 1. The state-process
X.[(-) = x — e + ¥-(-) corresponds then to the strategy of “starting at x — ¢ and following a



modification of &,(-), whereby we suppress any movement to the left, up to the time 7 A o.; after
which we follow the optimal state-process X, (-) = x+&.(+) for x, up to time 7”. Comparing the cost
J(x — g;9.) of this strategy to the cost J(x; &) of the optimal strategy at x, taking expectations,
dividing by € > 0, and then letting £ | 0, we arrive at (4.10) — much as we derived (4.3) through
the comparisons (4.6)—(4.9).

Proof of Theorems 3.1, 3.2 : From (4.2), (4.3) and (4.10), we obtain
D V() < D'V(z) < E[l(0s,7;2)] < D V(z), Vze R.

This shows that V (-) is differentiable with V'(z) = E[I (04, 7x; )] , proving (3.3). Again from (4.2),
(4.3) we conclude now E[I (o, 7;2)] < V/(2) = E[I(04, 7v; )] < E[I(0, 7 2)] for every o € S,
T € S, proving (3.2). O

5 Proof of Theorem 3.3

Let {n,(:) }new € B be a minimizing sequence of processes for the control problem of (2.5)-(2.6),
that is, limy, oo E[J(7n;2)] = V(2) < co. From the conditions (3.4) and (3.6), we have
(5.1)

1
sup E[n,(T)] < — |sup E[J(n,;z)] + ]E/ (sup H™ )) dt+E (sup G_(x)>] = M < .
nelN n€N zeR zeR

It follows that SUPne]N]Efo [nn(T)| dt < SUPne]N]Efo Mn(T) dt < MT < oo, so that the sequence
of processes {Nn(-)}new is bounded in T1(\ @ P), where X denotes Lebesgue measure on [0, 7.
Thus, thanks to a theorem of Komlds [18], there exists a subsequence (relabelled, and still denoted
by {7(:) }nen) and a pair of B([O,T]) ® F(T)—measurable processes 9F : [0,T] x Q — [0, c0),
such that the Cesaro sequences of processes

(5.2) 2 Zn] C A converge (A®@P)—ae. to 9F().
n€N

Define &,(+) = EF() =&, (0) € B, for every n € N. ;From the convexity of J(-,z) in (2.6), it is
clear that {&,(-) }new C B is also a mininizing sequence, namely

(5.3) lim B[J(6,:2)] = V(z) < oo,

and from (5.2) that the sequence of processes

(5.4) é Zn] converges (A ® P)—a.e. to () 2 IH() =97 ().
nelN

Using Komlés’s theorem one last time, we deduce from (5.1) the existence of two F(T') —measurable
random variables ¢*: Q — [0, 00) , such that the sequences of random variables

1 n
(5.5) E5(T) = EZn;E(T) converge P—a.s. to ¢F
—
nelN



and thus lim, .. & (T) = ¢ 2 (T — (¢, P—a.s. (possibly after passing to a further, relabelled,
subsequence, for which each of (5.2), (5.4) and (5.5) holds).

Proposition 5.1. The processes 9 () of (5.2) have modifications ¢£(-) € A (i.e., F-adapted,
left-continuous, increasing, with £(0) =0) that satisfy

(5.6) lim &5(t) =X (t), P — as.

n—oQ

for A—a.e. t € [0,T]. In particular, we have the analogue

(5.7) lim &,(t) = &(t) = &8 (1) & (1), P-as.

n—oQ

of (5.6), for A—a.e. t € [0,T], where the process &(+) = EF() =& (+) belongs to B, as well as
(5.8) &) < ¢t P-as.

This result can be proved in a manner completely analogous to Lemmata 4.5-4.7, pp. 867-869
in Karatzas & Shreve [16].

Proposition 5.2. For the process £X(-) € A, &.(-) € B of Proposition 5.1, we have

(5.9) V(z) > E

T N B
/0 H(t,x—l—&(t))dt—i—/[(LT)y(t)df* (t)+/[07t) v(t)dé; (t) + Gz + &(T))

Corollary 5.3: The process &x(+) of (5.7) is optimal for the control problem of (2.5), (2.6).

Proof : This is clear if the decomposition & (-) = & (-) =&, () is minimal, because then (5.9) reads
V(z) > E[J(&;2)]. But even if this decomposition is not minimal, the right-hand side of (5.9)
dominates IE[J(&4; x)], and the conclusion follows as before. O

Proof of Proposition 5.2 : From (5.5), (5.7), the assumption (3.4), and Fatou’s Lemma, we obtain

(5.10) ]E/OTH(t,x+£*(t))dt < liminf B OTH(t,x—l—fn(t))dt,

(5.11) E[G(z+()] < liminf E[G(z + &(T))].

It can also be shown that we have

(612) B [for (00 +(T) (T —€HT)] < timinty o B f 5 (08 (D)
(5.13) E [ fiory VO () +0(T) (= &(T)] < Timinfyog B fig 1y (DS (1),

Indeed, denote by 7 the set of full Lebesgue measure in B([0,77]) on which (5.6) and (5.7) hold.
For any partition IT = {t;}7, C 7 of [0,T] with 0 =ty < t; < -+ < ty, < typ41 =T, we have

Y in & () — &5 (ti in (T) — & (tm +
;Qi_lgfgtﬂ“)) (& (1) = & <tz—1>]+(tm<tf<Tv< >) [65(T) — &5 (tm)] < /[0 RUCE



P—a.s. and, by (5.5) and Fatou’s lemma, liminf, .. E f[o T) v(t)d&;(t) dominates the expression

m

> (t inf 7(75)) &) — &5 (tin)] + ( inf y(t)) ¢t - fpj(tm)]] .

i i—1<t<t; tm <t<T

E

As we let ||IT]| 2 maxo<j<m |ti+1 — ti| — 0, this expression approaches the left-hand side of (5.12),
which is then established; (5.13) is proved similarly. Now let us put (5.10)-(5.13) together; in
conjunction with (5.3), and using repeatedly the inequality lim inf,, x,+lim sup,, y,, < lim sup,,(x,+
Yn) , We obtain

x n v . x

E [ [, e+ [ a0t [ i o+ Gt e )| + B
(5.14) < 1i7rlrisolip E[J(&n;x)] = V(z), where
(5.15) o2 G(z+¢) = G(x+&(T)) +(T) [¢T = &H(D)] +v(T) [ = &(T)].

In order to deduce (5.9) from (5.14), it suffices to show that the random variable of (5.15) satisfies
P[© > 0] = 1; indeed, (3.5), (5.5), (5.8) and the convexity of G(w, -) imply

Glz+() -G +&(T) = Glz+ (T = ()= Gz + &(T)T = &(T)7)
> G'a—() [(F=&D)T] -G (z+C7) [ - &(T)7]
> (D) [T -] - [ -6 (T)] . as.

whence © > 0, a.s. O
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