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DYNKIN GAMES WITH INCOMPLETE AND
ASYMMETRIC INFORMATION

TIZIANO DE ANGELIS, ERIK EKSTROM AND KRISTOFFER GLOVER

ABSTRACT. We study Nash equilibria for a two-player zero-sum optimal
stopping game with incomplete and asymmetric information. In our
set-up, the drift of the underlying diffusion process is unknown to one
player (incomplete information feature), but known to the other one
(asymmetric information feature). We formulate the problem and reduce
it to a fully Markovian setup where the uninformed player optimises
over stopping times and the informed one uses randomised stopping
times in order to hide their informational advantage. Then we provide
a general verification result which allows us to find Nash equilibria by
solving suitable quasi-variational inequalities with some non-standard
constraints. Finally, we study an example with linear payoffs, in which
an explicit solution of the corresponding quasi-variational inequalities
can be obtained.

1. INTRODUCTION

The primary focus in this paper is to devise methods to establish the
existence of Nash equilibria for two-player Dynkin games with incomplete
and asymmetric information. The process underlying the game is a one-
dimensional linear diffusion X. Both players observe the path of X and
Player 2 (the informed player) knows exactly the drift and diffusion co-
efficient of the process. Player 1 (the uninformed player) has incomplete
information in the sense that she cannot observe directly the drift coeffi-
cient of X but has a prior distribution for it and can improve upon her
initial estimate by sequential observation of the process. For simplicity and
clarity of exposition we consider the case in which the drift can be either of
two continuous functions of the state process, denoted pg(-) and pq(-).

Crucially, the one-sided lack of information introduces an asymmetry in
the game because, contrarily to the informed player, the uninformed one
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cannot compute the true expected payoff of the game (for each given stop-
ping rule).

In line with the literature on differential games with asymmetric informa-
tion, it turns out that the informed player must use randomised stopping
strategies in order to maximise the benefits of their informational advan-
tage. The effect of randomisation is indeed to ‘hide’ the true drift from the
uninformed player in an attempt to mislead her into acting in a way that
benefits the informed player. On the contrary, the uninformed player can-
not improve her performance by using randomisation (see Remark 2.6]) and
therefore will simply rely on stopping times for the filtration generated by
X.

The key contributions of the paper are: (i) we give an explicit Markov-
ian formulation of the problem and show its equivalence with a three-player
nonzero-sum game of singular control and optimal stopping (Section []); the
resulting nonzero-sum game features a peculiar structure of the interaction
among the players (Remark B.6]); moreover, the game is non-standard in
the sense that the singular controls (played by Player 2) are not observable
by Player 1; (ii) building on the previous item we formulate a verification
theorem that allows us to construct Nash equilibria for the original game
with incomplete and asymmetric information (Section [Bl); the verification
result (Theorem [B.1]) is formulated in terms of a quasi-variational inequal-
ity with a set of non-standard constraints; it appears that such constraints
are a special feature of the asymmetric information setting; (iii) using the
quasi-variational inequality approach we solve explicitly (up to numerical
root-finding) a version of our game with linear payoffs (Section [@]); the ex-
ample illustrates how ‘reflected adjusted likelihood ratios’ are used to hide
information in an optimal way.

To the best of our knowledge all the three items above are new in the liter-
ature. In particular, we would like to emphasise that the majority of papers
on zero-sum games with asymmetric information focus on the existence of
a value for the game, whereas the construction of Nash equilibria is mostly
overlooked (we will elaborate more on this point in the literature review
below). In this sense, we depart from the existing literature and present a
feasible method for the characterisation of Nash equilibria. Moreover, the
value of the game is normally obtained when both players are allowed to
use randomised strategies; here instead we only allow pure strategies for
the uninformed player. Finally, the approach developed in Section [3] is not
specific to our setting and it can be used more broadly to link zero-sum
Dynkin games with asymmetric information to n-player nonzero-sum games
of singular control and stopping.

1.1. Motivations and literature review. Dynkin games were originally
introduced in [I5] as a game variant of optimal stopping problems. Their
popularity in the last two decades is largely due to their applications to
finance. Indeed many financial contracts are equipped with exit strategies



DYNKIN GAMES WITH INCOMPLETE AND ASYMMETRIC INFORMATION 3

that allow one or several parties to abandon their obligations early but at an
additional cost. These ‘exit options’ embedded in the contracts are known
in the mathematical finance literature as game options.

In 2000 Kifer [25] showed that the arbitrage-free price of a game option
can be found by solving a related Dynkin game. In the full information case,
general conditions under which a Nash equilibrium for the game exists were
derived in [28] (in a martingale setting) and in [I7] (in a Markovian set-up).

Acknowledging the importance of information in applications of such
games, more recent literature has considered games with asymmetric in-
formation structures. For example, asymmetric information about the time
horizon of the game was considered in [27], who concluded that, in the set-
ting of that paper, the more you know, the longer you wait. Moreover, Grin
[23] studied the effect of asymmetric information about the payoff structure
of the game; motivated by earlier studies (see [6] and [7]) of differential
games with asymmetric information as well as by an explicit example, Griin
allowed the informed player to use randomised stopping strategies to manip-
ulate the beliefs of the uninformed player, and she characterised the value
of the game as the unique viscosity solution of a related variational inequal-
ity. Note that the concept of ‘value’ here (and in the existing literature on
zero-sum games with asymmetric information) coincides with the expected
payoff in equilibrium of the uninformed player in our paper (see Remark [3.4]
for further details). A more general situation was considered in [22], in which
each player has access to stopping times with respect to different filtrations.
In such a scenario each player must learn about the state of the world from
the actions (or inaction) of the other player. Again, a variational character-
isation of the value of the game is obtained in a similar form to [23]. The
article [23] does not consider the question of existence for Nash equilibria
but constructs optimal randomised stopping times for the informed player.
Nash equilibria, instead, are addressed in [22] for non-diffusive dynamics.

It is important to notice that the setting in [23] is different from ours
because in that paper the observable dynamics are fully known. Then, in
contrast to our setting, in [23] there is no learning from the observation
of the process. It is also worth noticing that the variational problem in
23] (and the one in [22]) looks very different from ours: Griin obtains a
single variational inequality (as opposed to our coupled variational problem
in Theorem [5.1]) which involves three nested obstacle problems of the type
‘max-max-min’. Existence of smooth solutions to such variational problems
remains an open question and the explicit motivating example of [23] does
not include a random dynamic. It does not seem trivial to show a clear
connection between our variational problem and that in [23]. However, our
method allows to solve an example with diffusive dynamics by proving that
the associated quasi-variational inequality has a unique classical solution
(see Section [A]).

Another formulation of asymmetric information within a Dynkin game
was treated in [I9], who provided conditions for the existence of a Nash
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equilibrium in stopping times for a setting where learning for the unin-
formed player is not considered. In [19] both players use stopping times,
although those of the informed player are taken with respect to a larger
filtration which includes extra information on the structure of the game.
Randomisation is not needed in their setting because the informed player
does not need to hide the information. It is indeed stated in Section 3.1,
p. 288, of [I9] that the uninformed player ‘does not care about’ or ‘is not
allowed to use’ the additional information. This stands in sharp contrast
with our setting (as well as that of [23] 22], among others).

Finally, in [I6] a Dynkin game in which both players had differing beliefs
about the drift of the underlying process was studied. However, in that arti-
cle, information is fully symmetric and complete, with both players agreeing
to disagree.

In comparison to [16] and [19], where the set-up involves no learning, and
[23] and [22], where the players learn only from the actions of the opponent,
our players are faced with a more complex, two-source, learning situation.
In particular, the uninformed player learns about the drift of the underlying
process by continuous observations of the process itself and from the actions
of the informed player.

Since learning is a key ingredient in our problem formulation, we naturally
draw on the literature on stochastic filtering. Early contributions in the
area include treatments of statistical problems in sequential analysis, see
for example [3], [§] and [35]. A general treatment of stochastic filtering
can be found in [29], and some important early work on the application of
such techniques to investment problems with incomplete information can
be found in [30] and [31]. More recent contributions along the financial
lines include [2], [4], [10], [14], [33] and [39] (and the references therein). For
incomplete information in the context of optimal stopping, an early reference
is [I3] which treats the effect of incomplete information on American-style
option valuation; see also [21] and [38]. An optimal liquidation problem with
unknown drift was studied in [I§], and with an unknown jump intensity
in [32). A Dynkin game with symmetric and incomplete information was
studied in [12], in which the existence of a Nash equilibrium was established.
Finally, a related paper from the economics literature is [9], which considers
the problem of a privately informed seller attempting to trade in a market of
less informed buyers, and where information about the asset’s type (‘good’
or ‘bad’) is gradually revealed to them. In this setting, the market places
offers based on this information and on the observation of the offers rejected
by the seller so far. In this sense the learning process occurs from two sources
as in our paper. However, the key difference with the current paper is that
the buyers (i.e., the market) are non-strategic. Hence the mathematical
formulation of the problem in [9] may be interpreted as a one-dimensional
singular control problem with discretionary stopping for the seller, where the
reaction of the market to new information is fully prescribed by a function
of the underlying process.
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1.2. Comments on the example with linear payoff and outline of
the paper. As mentioned above we obtain an explicit solution of the game
(in Section [@) in a particular case with linear payoffs. This includes explicit
strategies for both players as well as computable equilibrium payoffs.

In this example the underlying process is a geometric Brownian motion
with drift x. Then the uninformed player (Player 1) has a two-point prior
distribution for u (i.e., p € {po, 1}, with po < 0 < p1) whose support
contains the true drift. Player 1 knows standard filtering theory and updates
her belief about 1 by computing, at each time ¢ > 0, the likelihood ratio ®;.
This represents the ratio between the (conditional) probability that the true
drift is p1 and the probability that it is o, given the observation of (X;)o<s<t
(see Section [3)). However, Player 1 also observes the (lack of) actions of
Player 2 (informed) and she should modify her estimate of ®; accordingly.
This happens particularly if the informed player does not stop when the
process X is in some specific regions of the state space (loosely speaking, if
Player 2 does not stop at points where she would be supposed to stop in a
game with full information with u = 1, then Player 1 may be more inclined
to believe that u = pg). Following this rationale, in equilibrium, Player 1 will
produce an adjusted likelihood ratio ®* (see ([B3])), which depends on both
the observation of the process and the lack of actions from the opponent.

As it turns out in our analysis, in equilibrium the informed player stops
according to a generalised intensity specified in such a way that the ad-
justed likelihood ratio process is reflecting at an upper boundary, and the
uninformed player stops when this process falls below a certain threshold.
To prove the existence of such a Nash equilibrium we solve explicitly the
associated quasi-variational inequalities and then invoke our verification re-
sult (Theorem [B.1J). Our verification result indicates that reflection of the
adjusted likelihood ratio plays a vital role also in the general case; however,
reflection is then along curved boundaries that need to be determined as
part of the solution of the variational inequalities. It is hoped that our anal-
ysis in the specific example with linear payoffs can be used to inform future
work on more general optimal stopping games and on the solvability of the
quasi-variational inequality that we derive in Section [l

We conclude with an outline of the material in the paper. In Section [2] we
formulate the general Dynkin game and introduce the class of randomised
stopping times used by the informed player. The learning dynamics are
derived and the game is reformulated as an equivalent game of stopping and
singular control in Section Bl In Section Ml we explain how the informed
player manipulates the beliefs of the uninformed one. A verification result
based on quasi-variational inequalities is provided in Section Bl Finally,
Section [fl investigates the example with linear payoffs in detail, and Section [
illustrates the Nash equilibrium in this example numerically with a base-
case set of parameters providing intuition for the optimal strategies used in
equilibrium.
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2. SETTING

Assume that on a probability space (2, F,P) we have two random vari-
ables # and U together with a standard Wiener process W mutually inde-
pendent of each other, and such that P(# = 1) =7 and P(0 =0) =1—=
where m € (0,1) and U is uniformly distributed on [0,1]. We consider an
optimal stopping game written on an underlying process X with dynamics

(1) dXe = ((1 = 0)po(Xe) + 0pa(Xy)) dt + o(Xe) AW,

on a (possibly unbounded) interval Z. Here pg(+), p1(-) and o(-) > 0 are
given continuous functions such that the state space of X is Z on both events
{6 =0} and {0 = 1}. Then ([Il) admits a weak solution which is also unique
in law, and to avoid further technicalities we assume that the boundary
points of Z are unattainable.

The game is specified by Player 1 choosing a (random) time 7 and Player 2
choosing a (random) time ~, and at 7 A ~y, Player 1 receives the amount

R(Ta 7) = f(XT)]‘{T<’Y} + g(X'Y)l{TZ’\/}
from Player 2. Here the payoff functions f and g are two given functions
satisfying ¢ > f > 0. The objective of Player 1 (2) is to choose 7 (7)
from a set of admissible stopping strategies to maximize (minimize) the
expected value of R(7,7). The notion of admissible stopping strategies will
be specified below. To avoid further technical complications, we will assume
continuity of the payoff functions.

Assumption 2.1. The payoff functions f and g are continuous on T.

Both players observe the process X, however we assume that Player 1
is partially informed whereas Player 2 is fully informed: initially, the only
available information for Player 1 is the distribution of 8 given above, while
Player 2 knows the true value of 6 already at the start of the game (the
opposite case can be treated similarly). This asymmetry is modeled by
letting the information available to Player 1 be given by the augmentation
with P-null sets of the filtration

FX=0(X,,0<s<1),

whereas the information available to Player 2 is given by the augmentation
of the filtration
F = 0(0, X,,0 < s < t).

We stress that the set-up of the game is known to both players. In par-
ticular, the initial probability = and the functions pg, 1 and o are known
to both players, Player 1 is aware that Player 2 knows the true value of
the drift, and Player 2 knows the distribution of 6 from the perspective of
Player 1.

When considering games with asymmetric information, hiding of infor-
mation plays a crucial role. This is modeled mathematically by allowing
stopping strategies to be randomised stopping times. In fact, below we allow
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the informed player (Player 2) to use randomised stopping times, whereas
the uninformed one (Player 1) uses strategies that are stopping times.
The following notations will be needed in the rest of the paper. We let
FX = (FX)>0 and FX9 = (}}X’G)tzo and denote
T := {r: 7 is a P-a.s. finite F~-stopping time}
T := {r: 7 is an F~-stopping time}
A:={T: (T'¢)i>0 is FX_adapted and a.s. right-continuous,
non-decreasing, with I'o— =0 and I', < 1}
Al = {I': (T)e>0- is FXO adapted and a.s. right-continuous,
non-decreasing, with I'o_ = 0 and I'o, < 1}.

In the definitions above we use I'g_ = 0 to indicate that I'y > 0 can only be
achieved by a jump of the process at time zero.

Clearly, A C A’ also note that I' € A? if and only if I' = Foﬂ{gzo} +
Fl]l{gzl} for some I'°, T'! € A.

To define randomised stopping times (see, e.g., [37]), recall that U is
a random variable which is independent of W and 6 and Uniformly(0,1)-
distributed.

Definition 2.2 (Randomised stopping times).
(A) An FX-randomised stopping time is a random variable vy given by

(2) y=inf{t >0:Ty > U}, for someT € A.
We denote the set of FX -randomised stopping times by Tg.

B) An FX9 randomised stopping time is a random variable vo given by
(3) vo=inf{t>0:T; >U}, for someT e A°.

X0 : : : 0
We denote the set of F*7-randomised stopping times by Tg.

We then have
TCTCTrCTH.
Indeed, the first inclusion is clear by definition and the third inclusion is
immediate from A C A?; moreover, if 7 € T, then the construction @) with

0 t<r
Pt:{ 1 t>71

gives a randomised stopping time that coincides with 7, which proves the
middle inclusion.
Furthermore, any vy € T}g can be decomposed as

Y0 = Yol{p=0} +11lp=1y

for some (v9,71) € Tr x Tr. We say that v € Tgr is generated by I' € A if
v is defined as in (2]). Similarly, vy € Tg is generated by T' € A? if vy is
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defined as in (3)). For future reference, given a v € Tg gﬁnerated by I' € A,
we also introduce FX-stopping times (i.e., members of T)

4) v(z) :=1inf{t > 0: T} > z}, for all z € [0,1].

Definition 2.3. A randomised stopping pair is a pair (1,79) € T X T}g. A
couple (1,T') € T x A% or a triple (1,T°,T!) € T x A x A are equivalent
characterisations of a randomised stopping pair.

With a slight abuse of notation, we sometimes write 79 = I' = (I'°,T'!),
where (I, T'!) is the decomposition of I' that generates v5. Given a ran-
domised stopping pair (7,79) € T X T}g , the expected payoff of the game
from the point of view of the uninformed player is

(5) j(7—7 /79) = j(7—7 Fovrl) =K [R(Tv 79)] :

(See Remark B4 for further details around this interpretation of J.) The
lower value v and the upper value T of the game (for Player 1) are defined
by

(6) v:=sup inf J(7,7) < inf sup J(7,79) =: 7,
€T VETH YETE €T

and we say that a value v exists if v = 7.

Definition 2.4. A randomised stopping pair (7%,v;) € T X T}g is a Nash
equilibrium if

E[R(r,75)] S E[R(7",75)] < E[R(T", 70)]
for all other pairs (1,79) € T x TH.

It is immediate to check that the existence of a Nash equilibrium implies
the existence of a value. Although the definition above only makes use of the
expected payoff of the uninformed player, it will be shown in Proposition 3.5
that this is the right concept of Nash equilibrium in our context.

Remark 2.5. Note that we restrict our attention to stopping times in T, i.e.
stopping times that are finite P-a.s. This has the advantage that the notation
and calculations become easier. Moreover, a Nash equilibrium (7*,v;) €
T x Tlg (as in Definition [2.7) would also be a Nash equilibrium for the

corresponding game with strategies in T X Tg and with expected payoff

j/(T, ’Y@) = E[R(Ta 79)]1{7—/\79<oo}]'

Remark 2.6. As mentioned above, there is no benefit for Player 1 in choos-
ing a randomised stopping time if the game has a value (compare, e.g., [26] ).
Indeed, first note that

sup J'(1,79) = sup J (1, 79)
TeT TET
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for any ~y € Tg by Fatou’s lemma. Consequently, for any g € Tg and
v € Tr, recalling @), we have

"(7,70) /J ),79)dz < sup J'(v(2),7)

z€[0,1]
< sup J'(1,79) = sup J (7, 7p)-
TeT TeT

The inequality above implies

v<sup inf J'(y,7) < inf sup J'(y,7) <
YETR waeTR ’YQETR YETR

which validates our claim, provided that v = .

Remark 2.7. For bounded payoff functions f and g, the set-up and results of
the present article straightforwardly extend to the opposite case when instead
Player 1 knows the drift and Player 2 only has partial information. However,
additional care is needed for unbounded payoffs; in particular, one needs to
be careful with the specification of the payoff at time infinity, as well as in
specifying appropriate transversality conditions as in Theorem [51] below.

3. AN EQUIVALENT GAME OF STOPPING AND SINGULAR CONTROL

Here we formulate the game in a Markovian setting and show that it
is equivalent to a 3-player nonzero-sum game of singular control and stop-
ping. We begin by rewriting the expected cost functional in a more explicit
form, which takes into account Player 1’s learning of the true drift through
observations of the process X.

For t > 0 denote by

(7) I, == P(0 = 1|7")
the conditional expectation of the larger drift given observations of the un-

derlying process X. By standard filtering theory (see [29] Chapter 9]) we
have

dXy = (po(Xe)(1 — I0y) + pq (X)) dt + o(Xy) dBy, Xo==x
and
(8) dlly = w(X) (1 — I1;) d B, Iy = 7.
Here the innovation process

¢ IU'O(XS) + (,Ufl(Xs) - /’LO(XS))HS
o(Xs)

is a (P, FX)-Brownian motion and w(-) := (u1(-) — po(+)) /o () is referred to

as the signal-to-noise ratio.

Now the process (X¢,I1;);>0 is Markovian and adapted to FX. In what
follows, for (z,7) € Z x (0,1), we will denote

Per(-) =P Xo=a,llp =7n) and E,,[-]:=E[-|Xo=uz1IIj =]

Bt = ds




10 TIZIANO DE ANGELIS, ERIK EKSTROM AND KRISTOFFER GLOVER

Also, in () we use Jz.(7,79) to emphasise the dependence of the expected
game payoff on the initial data.

In preparation for the reduction of our game to one of control and stop-
ping, we introduce integrals of the form

/ Y:f_ dFt = Y()F() + / th_ dFt,
0 (0,7]

for I' € A and Y a right-continuous, non-negative process adapted to FX.
Integrals of this type are to be interpreted in the Stieltjes sense, and it is
important to remark that, in this context, both the (possible) initial and
terminal jumps of the process I' are accounted for. Moreover, recalling ()
and using [34, Prop. 4.9, Ch. 0], we have

1 T
9) /Og(X’y(Z))]l{’y(z)ST}dZZ/O g(Xy)dly

forreT.

Proposition 3.1. For (z,7) € Z x (0,1) and any (1,79) € T x T§ we have
(10) jx,ﬂ(ﬂ ’YG) :Ex,ﬂ [(1 - HT)(l - F?’)f(XT) + (1 - HT)/O g(Xt)ng:|
# e [0 - TH00) + 1L [gar],
0

where (I°,T'1) € A x A is the couple that generates vg.
Proof. By definition of the game’s payoff and by the definition of T}g we have
T (1,70) = Eor [F(XD)Lirang) +9(X00)Lypr)]
(11) = Eun [f(XT)]l{T<'yo}ﬂ{0:0} + Q(X*/o)]l{*/oér}ﬂ{ezo}]
B r [f(Xr) L aniino=1y + 9(X5 )Ly <rpngo=11] -

With the aim of using the tower property in the expression above, we claim
that
(12) Eex [f(X'r)]l{T<'yo}ﬂ{€=0}|-’r%X] = (1 -1 f(X7)(1 - Fg)
(13) Egx [f(X'r)]l{T«n}ﬁ{G:l}‘-’r—f(] = I f(X7)(1 - Fi)

(14) Ey » [Q(X’Yo)]l{voéf}ﬂ{ezo}‘f—f(] = (1 - HT)/O g(Xt)dF?

(15) EIEJF [g(X’Yl)]l{“ﬂST}ﬂ{G:l}‘f}] = HT/O g(Xt)dF%

Taking conditional expectation inside (II]) and using the above expressions

we obtain (I0).
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It therefore only remains to prove the formulae above. Let us start by
noticing that

(16) {I9 <u} C{r <~} C{TY <u}.

Since X is .FTX -measurable, using simple properties of conditional expecta-
tion and (7)) we have

EIEJI’ [f(XT)ﬂ{T<’yo}ﬁ{9=0}‘]:'rX] = f(XT)]P)ZE,T( (7— < /70“7:7%(7 0= 0) (1 - HT)

Then, by definition of 7, using that ¢ is independent of 0, T? is FX-
measurable and (I0)), we also obtain

Py (7 < 0| FX,0 =0) =Py r (T2 <U|FX,0=0) = (1-T2).

Combining the last two expressions leads to (I2). Clearly (I3) follows by
the same argument.

For ([[4) we follow a similar approach and we also recall v(u) as in ()
and ([@). Then we have

Eoir [9(X00) L (no<ringo=0y | F7 ]
(17) =By x [9(X00) 1502y | FX, 0 = 0] (1 - T1;)

1
=E, . [/0 9(Xoo () Lo (2)<ryd2| FE,0 = 0| (1~ 1)
1
:(1 _HT)/O g(X'yo(z))]]‘{“/O(z)ST}dz
“o-ny [t
0

where in the penultimate equality we used that g(X,, )1y (z)<r} 18 FX-
measurable for all z > 0, and the last equality is due to ([@)).
The proof of ([IH]) is analogous. O

It will be convenient in what follows to also use the likelihood ratio process
o, := 11 /(1 — II;), whose dynamics under P are derived from (8) and Itd’s
formula as

dd,

(18) D,

= w(Xy) (dBy + Iy w(Xy)dt) Dy = o,

where ¢ = /(1 —m). The dynamics of the two-dimensional diffusion (X, ®)
are somewhat involved under PP, and we prefer instead to use the measures
PY and P! specified by

Pi(A) :=P(A|0 =)
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for A € FX. Tt is well-known (see [29, Chapter 9]) that

dP° 1-11I 1
(19) ar” _ t_ +
dP l7x — 1—7 14+ &
t t
= exp (-%/ w2(XS)H§ds—/ w(XS)HSdBS>,
0 0
dP! 1L, L[ 2

t
+/ w(Xs)(1 — Hs)st> ,
0
and that X and & satisfy

dXt = ,uZ(Xt) dt + O'(Xt) thZ
(21) dq)t = w(Xt)<I>t thO
= wz(Xt)CDtdt + w(Xt)CDt thl,

where

t
Wi ::—/ W(X.)(i — T, ds + B:
0

is a P-Brownian motion. Note that the system (ZI)) is semi-decoupled in
the sense that the dynamics of X do not depend on .

We now rewrite our problem under the measure PY. In what follows we
set E[-] for the expectation under the measure P!, with i = 0, 1.

Corollary 3.2 (The expected payoff for the uninformed player). For
(z,7m) € Z x (0,1) and any (1,79) € T x T§ we have

22) Tearion) =y (B0 [0 - TF00) + [ gCxiar)

ey [(1 e X+ /0 @tg(Xt)dr%D :

where o = 7/(1 — 7).

Proof. We start by looking at the first term on the right-hand side of (I0).
For any 7 € T, the P-martingale property of II; and (I9) give

E[(1—T)(1 =T f(X)1(r<p]
=E[E[1 - IL|IFX ] (1 -T2 (X))
=E[(1-I)(1 - I)f (X)) = (1= m)E [(1 - D) F(X) 1<y

: dPY
Since =

x is bounded (see (@), P(7 < oo) = 1 implies that P(r <
o) = 1. Cotnsequently, letting t — oo yields
E[(1- )1 - T9F(X,)] = (1 - m)E” [(1 - T2 £(X)]
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by monotone convergence. By the same argument we also obtain

B |- [ et = - mz° | [ ]
0 0
For the remaining terms in (I0) we notice that

E [IL,(1 - T1f(X,)] = E[(1 = TL)(1 - T1)®, £(X,)]
= (1 - W)EO [(1 - F}')Q)Tf(XT)]

and
E [Hr/ g(Xt)dF%] = (1-m)E’ [/ (I)tg(Xt)dF%:| :
0 0
Combining the above expressions we obtain (22]) upon noticing that 1 —m =
(1+p)~ L a

The next corollary follows in a similar way using (I9]) and (20]) in the first
and second term on the right-hand side of ([I0]), respectively.

Corollary 3.3 (The expected cost for the informed player). For
(z,7m) € Z x (0,1) and any (1,79) € T x T§ we have

(23 Telr) = (L= m)T0n (7,10 + 7T (7, TV,
where

@) I =B, =T + [ gtrar]
and

@) =B |- + [ e

Remark 3.4. The expression in 23) offers a nice interpretation of the
functional Jy . Imagine that before the game starts (i.e., at time t = 0—),
neither of the players knows 6. However, they both know that as soon as
the game starts (i.e., at time t = 0) Player 2 will learn the true value of 6.
Then, we can think of Ty as the expected payoff for both players at time
t = 0— (given the randomised stopping pair (T,7p)). As one would expect in
this context, the payoff at time t = 0— 1is the average according to the prior
distribution of 0 of the payoffs in the two possible scenarios.

As soon as the game starts at time t = 0, the payoff of the informed
player ‘collapses’ into either Jfﬂr or jxlm because she learns the true value
of 0. On the contrary, the expected payoff of Player 1 remains Jy », which
also clarifies our terminology for eqs. (@) —(@).

It is worth noting that many papers in the literature on asymmetric games
(see, e.g., [0, [T, 23| 22]) only use the payoff Ty~ for their analysis. The
‘value’ of the game in those papers corresponds in our setting to the expected
equilibrium payoff for the uninformed player.
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We now come to the final formulation of the game’s expected payoff,
which is also the one that we find most convenient for our solution method.
For (7,79) € T x TS and ¢ = 7/(1 — ), let us denote

(26) fw,ip(Tv 79) = (1 + C,D)jx’ﬂ(T, 79)7
and notice that (23] now gives
(27) Toio(T:7%0) = Tgp (1, T°) + 9T, (r, T).

Let a stopping time 7 be given. It follows from Corollary B3] that a strat-
egy I' = (%, T'!) of the informed player minimizes jx’¢(T, v9) if and only if
'Y and T'! minimize 7 ,(7,T%) and J; ,(7,T'"), respectively. Consequently,
we have the following characterisation of a Nash equilibrium.

Proposition 3.5. Let (z,p) € Zx R, be given. A randomised stopping pair
(7*,73) € T x T4 is a Nash equilibrium if and only if, letting (I'*9,T*1) €
A x A be the couple that generates vy, we have

0 * k,0 0 * 10
(28) T (75, I57) < Ty o (77, 17),
1 * 1 1 * 1
(29) Too(T5157) < T (775, 17)
and
(30) jx,go(Ta '7;) < jm,go(T*a'V;)

for all randomised stopping pairs (1,T) € T x A%,

We refer to @7¢(7’*,7§), jgw(T*,F*’O) and jxlﬁp(T*,F*vl) as the corre-
sponding equilibrium payoffs.

Remark 3.6. We observe that Proposition 3.1 gives an interpretation of the
game as a 3-player nonzero-sum game between a stopper and two controllers.
Notice that the stopper plays simultaneously against both controllers, whereas
each controller only plays against the stopper. This is in parallel with clas-
sical results on games with incomplete information, see [24].

We also remark that, in contrast with more usual formulations of controller-
stopper games, the processes I'0 and T'! are not to be considered observables
for the stopper and are not part of the state process. Nevertheless, the un-
informed player may of course calculate an equilibrium strategy (I'*0, 1)
(should one exist) of the other player.

It is intuitively clear that the informed player (Player 2) should never stop
in a case where the drift is favourable for her. We end this section with a
result along these lines that is useful for constructing a Nash equilibrium in
certain cases; see Section [l below for an application in a particular example.
Proposition 3.7. Fir (z,¢) € Ry x Ry and assume that (7%,1%0,T*1) €
T x T,g’ 1s a Nash equilibrium such that
(31) JO(r.0) < 77, 17)
for all 7 € T. Then (7*,0,T%1) is a Nash equilibrium.
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Proof. First note that (29) holds since (7,19 T"*1) is a Nash equilibrium.
Moreover, for any I'? € Tg,

(32) TP (75,0) < TP (7%, T0) < 77 (7%, 1),
where the first inequality comes from (BI]) and the second from (28)). Thus
(28) holds for the candidate equilibrium (7*,0,T*1).

It remains to show that (B0]) holds for the candidate equilibrium. To do
that, note first that inserting I'Y = 0 in (B2)) yields

0 0 0
jx,ap(T*7O) - jx,ap(T*7P* )
Consequently,
Taip(,0.T51) = Ty (77,070,151,
SO
t?\'1‘780(7—7 O7F*71) S ‘?507%0(7-7 P*’07P*’1)

= jm,gO(T*v F*707 F*J) = jm,gO(T*v 07 F*’l)

for 7 € T, where the first inequality follows from (31) and the second one
from (7*,T%% T*1) being a Nash equilibrium. This completes the proof. [

A

4. ADJUSTED BELIEFS AND NASH EQUILIBRIA

Since we assume fully rational players, if an equilibrium exists both players
are able to compute it in the sense that they both know the stopping time
7* and the increasing processes I'? and I'*! that are used to generate
vg. Assume that the players agree on an equilibrium (7%,v;). Given the
generating processes I'*? and I'!, the uninformed player calculates what
may be refered to as the adjusted posterior probability

(33) I} :=P(0 = 1|F~,v >t), t=>0.
Using properties of conditional expectations we can write

(34) I :]P’(H =17, > t!]—"tX)

P(v; > t|F¥)

P(vi > t|F*,0 = 1)P(6 = 1|FX)
P(v; > t‘}"tX)
_ (@ -rph,
where the last equality is obtained using the same arguments as those used
in the proof of Proposition Bl Similarly, for the denominator we have
(35) P(y; > t|F) = P(yg > t|F*,0 = 0)P(0 = 0| F)
+P(vf > t|FX,0 = 1)P(0 = 1| F)
=(1-I%)(1 - I0) + (1 - TP
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Combining ([B34)-(B3) gives

* (1 - P*J)(I)t
(36) I = 0 : Iy g
1-Ty7 "+ (1 -Tp)d,
and then it becomes straightforward to see that the adjusted posterior prob-
ability satisfies

1T} 1—17!
37 O = L —@ L t>0.
( ) t 1_1—[; tl_r;k,()

Thus @; is the likelihood ratio of the adjusted posterior probability.

Before proceeding we would like to emphasize a subtle point whose under-
standing is key to the proof of Theorem [5.1] below. When constructing Nash
equilibria we will need to verify conditions ([28)) and (29)); so the question
arises as to what 7 should depend on. To this end we recall that processes
I' € A? are not observable by Player 1 (Remark B.6) because the two play-
ers do not communicate (they only see their opponent stop at some point).
Therefore, if Player 2 plays a non-equilibrium pair (I'%,T'!') the stopping
time 7* is not affected by this choice. In fact, since both players are equally
clever and know the equilibrium pairs (7*,1*), Player 1’s choice of 7* should
depend only on the (equilibrium) adjusted belief process associated with I"*.
That is, one should expect that 7% is a stopping time for the paths of the
process (X, ®*). This fact will be key in the second step of the proof of
Theorem 5.1

5. A VERIFICATION RESULT

In this section we provide a verification result (Theorem [B.I) which ad-
dresses the question of existence of a Nash equilibrium from the point of view
of PDE theory. In particular we show that a triple of functions (u,u’,u!)
with u := wug + @u; that solves an appropriate quasi-variational inequal-
ity provides the equilibrium payoffs for the game as in (28]), (29) and (B0]).
This is done by identifying a Nash equilibrium from the candidate func-
tions (u,u’,u'). The formulation in terms of a quasi-variational inequality
bridges the probabilistic formulation of our problem to PDE theory and will
be used in the next section to construct a full solution to a specific example
with linear payoffs.

Denote by VVliCOO(I x (0,4+00)) the usual Sobolev space of functions in
Ly? whose first and second derivatives are also functions in L7 (recall also
that letting C}( be the space of C'' functions on a compact K, by Sobolev
embedding leo’coo C C} for any compact K, [I, Thm. 4.12]). In what follows,

for i = 0,1, denote by £’ the second order differential operator associated
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with the dynamics of (X, ®) under the measure P!, that is
(33) L0 i=5(w (@) Opp + 0% (1) + 2(0w) (@) 0up ) + ()0
(39) =1 (w2(az)4p2&p¢ + 0%(2) Oy + 2(0w)(m)cp8w>
+ p1(2)0y + W (@) 0, .
In the next theorem we will use the following localising sequences of stop-
ping times: for a C' function h, let

I(h); := /0 t(a2(Xs)(6mh)2(Xs, F_) + w?(X)PE_(9,h)* (X5, L)) ds,

with ®* as in (37, then we set
(40) Tp(h) :=1inf {t > 0: I(h); > n} An.

Before stating the theorem we also notice that given a set U C Z x (0, —I—OOL
its closure should be understood relatively to Z x (0, +00), in the sense that U
does not include the boundary of the state-space, i.e. UNI(Z x (0, +00)) = .

Theorem 5.1 (Quasi-variational inequality). Let Assumption[2.1] hold.
Let u,u®,ut : T x (0,400) — [0,00) be continuous functions with u =
u® + pu'. Denote

C:={(z,0) € Z x (0,+00) : u(z,p) > (1 + ) f(z)},
Chi={(z,9) €T x (0,400) : u'(z,¢) < g(x)},

and S = (T x (0,4+00))\ C, 8" := (Z x (0,+00)) \ C* fori=0,1.
Fori=0,1, assume that

ue w2t nchynct(conchnc?Cnconch),

loc

and
u' € C*(CNCoNncCt),

and that (u,u®,u') solve the quasi-variational inequality
(41) max{L%(z,¢),(1 +¢)f () —ulz,9)} =0, ae. (r,9) €CONC,
(42) L'u'(x,p) =0, for all (z,0) €CNC°NC and fori=0,1,
with the additional conditions
(43) u'(z,0) = f(x), for (z,¢) €S,
(44) ufp(x, ©) =0, for(z,¢)eS'US

Assume also that there exists T* € A?, with PI(T7Y < 1) = 1 and
IP’i(FI’l < 1) =1, forall t > 0 and i = 0,1, such that, recalling B7),
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we have: P° and P'-a.s.,

(45) AT AP =0, for allt >0,
(46) (X;,®) € CONCY, forallt >0,
forZ—O 1 andfor allt> 0,

fc}* Xt z ggz}dz =0.

Moreover, assume that 7" := inf{t > 0 : (X, ®}) ¢ C} is finite P-a.s., and
that the transversality conditions

(48) lm E. Lo, yu' (Xs,, @5 )] =0, i=0,1,

n—-+0o00

hold for 7, = 1,(u’) and 7, = 7,(u) as in @A), and for all (x,¢) € T x
(0, +00).

Then, letting v, € AY be the randomised stopping time generated by I'*,
we have that (7%,7;) forms a Nash equilibrium. Consequently, a value v
exists, and the equilibrium payoffs are given by

(49) v =wul(w,p) = Top(t", %) and u'(z,¢) = T} (75,75), fori=0,1.

Proof. We start by observing that under our assumptions the stopping times
To(u'), i = 0,1, and 7,(u) are such that 7,(u’),7,(u) — oo as n — oo, PV
and Pl-a.s. (for this result we need I';* < 1 for all ¢ > 0).

Optimality of 7*. Let 7 € 7. Thanks to the assumed regularity of
u we can apply a version of [t6’s formula for functions in I/Vlifo (see, e.g.,
[20, Thm. 4.1, Ch. VIII]) to u(X, ®*), upon noticing that (X, ®*) only takes
values in CO N C! as per [ Q). Letting {7,}5°, be the localizing sequence of
stopping times 7, = 7,(u) and using that £% < 0 almost everywhere on
C'NC', we obtain

(50) B2, [(1= T3 u(Xoar, ®inr,)]

TNATn
< u(m, (10) - E(x),ap |:/ u(Xta @:—)dr;k’07c:|
0

TNTn
+ E2,¢ [/0 up (X, @) <(I)f_dI’:’O’C _ @tdfr’l’c)]
+Eg<p[ Z ((1—I‘:70)u(Xt,(I>t) (1— ) (Xt7(1)t )):|7

t<TATn

where I'%¢ denotes the continuous part of I'*%, i =0, 1.
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Since uy(z, ) = ug(:n, ©)+ gpuslp(:n, @) +u'(z, ) and recalling [@T) we see
that ([@4]) implies

(51) u¢(Xt,CI);‘_) ((I)z‘_dr;*,o,c . @th:’LC)
= ul(X;, @)@ AT — g(X,) D T

Then combining the integrals with respect to the continuous parts of the
increasing processes one finds

(52)

TNATn,
B2, [ [ a0 (wary e - auary) - [

TNATn, 0 1
— —E2,| /0 g(X) (AT} + BaT; ).

TN\Tn

w(Xy, ®F_)d FI’O’C]

Next, we compute the contributions from jumps and recall [{#5). On the
event {AL7 > 0} we have, recalling @) and (@T),

(X, @) = ul (X, 91) = g(X3)
ul (X, @F) = ul (X, 7).
Consequently, using ([B7) and that AT} 1 =0, we get
(63) (1 -T7"u(Xe, &) — (1= T3 0u(X;, @7 )
= (1-T7")(g(Xy) + Bul (X, B))
= (1= TP (g(X0) + ' (X, @) = — AL} "g(Xy).

Similarly, on the event {AL}"" > 0} we have

(54) (117 (X0, ) — (X, @) ) = —AT; Rig(Xy).
By combining (B0), (52)), (B3) and (B4) we obtain
(55)  ED, [(1-TE u(Xenn, @3]

TNATh
<ule,p) — E2, [ [ sexoar <I>tdrrvl>] ,

where we notice that the integral with respect to the increasing processes
now includes the jump part as well. Rearranging terms and using that
u(z, @) > (14 @) f(z) for (x,¢) € CO°NC! we get

(56) w(e, ) ZED (1= T3 ) f (Xrnn, )1+ )
TNATn
+/ g(X)(dT +<I>td1“f’1)].
0

Passing to the limit as n — oo and using Fatou’s lemma gives

u(z, ) > sup Jp.o(T,75).
TET
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To obtain the reverse inequality we repeat the steps above with 7% A 7,
in place of 7, where 7,, = 7,,(u) as in ({@0]). In this case we can use standard
Ito’s formula because u € C?(CNCONCL) and (Xinrs, ®fr 0+ )e>0 is bound

to evolve in C N CO N CL. Then the inequality in (B0) is an equality, so (55
becomes

T*NTn,
u(z, o) =E) [(1—Til0ATn)U(XT*ATn, <I>imn)+/0 g(Xt)(dT?’OJr‘Pth?’l)]

= B, [(1 ST A (1 + @i*)l{T*STn}]
+ Eg,cp [(1 - Pilk":LO)u(XTn7 @:7L)]l{7-7l<7—*}j|
T*NTn,
+Ep, [/ g(X)(dT7° + @df?l)] ;
0
where we have used that u(X,«, ®X.) = f(X+)(1 + ®%.). From u(z,p) =
ul(x, @) + pul(x, ) and ([@R) we obtain
: 0 *,0 * o
nllg-loo Ex,ap [(1 - FTn )u(XTn7 (I)Tn)ﬂ{Tn<T*}] - 07

so using monotone convergence we take limits as n — oo to conclude that
w(@, @) = sup Joo(7,75) = Too(T",7)-
TET
Optimality of I'*. Pick T' € A’ and note that (X;a+, ®}r,)>0 €

CNeYNCt. Since u' € C2(CNCoOncCt) for i = 0,1, we can apply standard
Ito’s formula to u!(X, ®*) and use that £'u’ =0 on CNC°NC'. This gives

(57) Eix,cp [(1 - Fi*/\rn)ui(XT*/\Tn7 CI);k'*/\Tn)]
T AT )
/ u' (X¢, @7 )dT°
0

T*/\Tn 1 _ P%— ) (X ¢* )(¢* dr*,O,c _ ¢ dl—w*,l,C)
o T w0 Yol An P (P aly t@ Ly

= ui($7 90) - Ei,go

—I—Eigo o U
1T

+EL[ S (- T (X, @) - (1 - T (X, B)) ],

t<T* AT,

where {7,}°°, is the localizing sequence of stopping times 7, = 7,(u’).
Recalling that u!, = 0 on the support of ¢ — dT'}" (cf. (@) we immediately
see that

(658)  Eiy

AT 1- F%— i * * *,0,c *,1,c
A Ul (Xy, @) (;_d T} — 3 dT;) | = 0.
- I

Moreover, ([@T) guarantees

u' (X, @F) — u' (X, @) = 0, ip—a.s.
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so that by simply adding and subtracting (1 — T'i_)u’(Xy, ®}) in the sum of
jumps in (B7]) we obtain

(59)  Ei,[ S (01— Thu'(Xe,®) - (1-Ti)u'(X,, ;)]

t<T*ATp,

= —E, | Y u'(X,®)Ar]]

t<T*ATp,
> L[ > g(Xn)Ar,
t<T*ATp

where the final inequality uses that ! < g on C N C'~, '
Next, plugging (58) and (B9) in (57), and using again that u’ < g on
CNC' we arrive at

(60)
B o [(1 = Topp W' (Xronr,, @7 r )] > 0 (@, 0) — B /0 9(X)dTi],

where the integral now includes both the continuous part and the jump part
of the increasing process. Using (3] we see that

u'(z, ) <Ejp, [(1=T5h) f(Xr )L frecry]

+ Efagp [(1 - F:'n)ul(XTn? ®;k'n)]l{7'n<7'*}j|+ Efagp

T*ATp, )
/ g(X)dT} | .
0

Passing to the limit as n — oo, using the transversality condition (@8] and
monotone convergence we obtain

u'(z, ) <EL,

(1—TL)F(X) + /0 ' g(Xt>dri] .

Consequently,
u'(z, ) < 111611};6 ij(T ,70), fori=0,1.

The reverse inequality is obtained by taking I' = I'* in the proof above
and observing that in doing so the inequalities in (B9) and (60) become
equalities. We thus obtain

w'(o,p) = inf T3 (7 0) = To o795
for ¢ = 0,1, which completes the proof. O

Remark 5.2. The assumption u € C*(C NCONCY) is needed in the gener-
ality of the theorem because a priori the law of (X, ®*) may have atoms on
the boundary of the domain, i.e. on d(CNCONCY). However, in practical
examples where something is known about the geometry of C° N C' one may
be able to rule out the existence of such atoms and the assumption may be
relaved to u € C1(C NCO N CL) with bounded second derivatives.
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Remark 5.3. The assumption that P(I7° < 1) =1 and PIT} < 1) = 1
for all t > 0 is useful for the localisation of the stochastic integrals in the
proof, and to avoid that the process ®* reaches the endpoints of its state-
space (where u and u' are not properly defined). However, this is also a
natural assumption as we now explain: if for example, for some t > 0 one
has IP’i(FI’O = 1) > 0, then full information is revealed at time t, for all
w € {F:’O = 1}. This is an undesirable situation for Player 2 and one may
expect that such strategies should not be optimal.

We are not aware of any standard PDE results that guarantee the solv-
ability of the quasi-variational inequality above. Nevertheless, the structure
of ([@I)—(@2]) resembles that of quasi-variational inequalities for nonzero-sum
Dynkin games (see, e.g., [5] and more recently [I1]), as we should expect
from Proposition and Remark Hence one may hope that general
existence of solutions can be found following ideas from that literature.

We will show in the next section that the assumptions in Theorem [5.1]
hold in an example with a linear payoff structure.

6. AN EXAMPLE WITH LINEAR PAYOFFS

In this section we study an example where the underlying diffusion is
a geometric Brownian motion and the payoff functions are linear. More
explicitly, let
dX; = Xy dt + o X dWy,
where = po(1 — 0) + p10 and (with a small abuse of notation) po and g
now are constants satisfying po < p1. In this case, the signal-to-noise ratio
w = (1 — pp)/o is also a constant. Furthermore, let

(61) fx) ==z and g(z)=(1+e)z,

where € > 0. Given a randomised stopping pair (7,79) € T x T3, the
stopping game with asymmetric information has a payoff

R(7,7v9) = X71{7<~/9} + (1 + E)X“fel{TZ“fe}’
where we also recall that under P we have
dX; = poXydt + o X dWY
{ dd; = wddWy

and under P! we have
dX; = m Xydt + o X dW}
d®; = w?®,dt + w(I)tthl .

Remark 6.1. Clearly, the case p = pg is advantageous for Player 2, while
the case i = p1 would be preferred by Player 1. Furthermore, if pg < pp < 0,
then the inf-player (Player 2) would never stop, whereas if 0 < pg < uy the
sup-player (Player 1) would never stop.
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In light of the above remark, in the rest of this section we make the
following standing assumption.

Assumption 6.2. We have pg < 0 < pq.

One key advantage of the linear structure of our example is that we can
effectively reduce the problem to one state variable, hence simplifying the
rest of the analysis. In particular we will see below that @ is the only relevant
dynamic in the optimisation. For i = 0,1 let P’ be defined by

(62) Zg: X exp {—;t + aWt’} ,

and notice that Wti = —ot+ W/ is a Pi-Brownian motion. For future
reference we note that

(63) dX, = (p; + o) Xdt + JXtthi, under P*

and

(64) APy = owdydt + wPdW?, under P,

(65) dd; = (0w + w?)Pydt + w@tthl, under P'.

It is also easy to verify that ® and X are effectively linked by direct propor-
tionality, that is

a

2 ~ .
(66) o = ol (X)) g

)

Lemma 6.3. For (z,¢) € Ry x Ry and (1,79) € T x T§ our game payoff
can be rewritten as

(67)  Toplr,20) = 2 (B[ (1 -T2 + (1+¢) /0 erotr]

+E [eHOTcpTa ~ThH+(1+ e)/ eﬂotcptdrﬂ )
0

Moreover, we have fwm(ﬂ Vo) = J&O(T, % 4 gojxl,@(T,Fl), where

(68) To (1. T%) = 2 EY [eW(l —T9) + (14 /0 e“OtdF?]
and
(69) T (T = 2K} [ewu T4 (1+e) /0 e“ltdfﬂ .

Proof. The expression in (67) follows from ([22]) and (26l), upon noticing that
PY-a.s.,

and arguing as in the proof of Corollary Likewise, (68]) and (69) follow
from (24) and (25)). O
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It is intuitively clear that Player 2 should never stop in the case p = pyg.
Note that, for any I'° € A, integration by parts allows us to rewrite (G8]) as

j;ggp(ﬂ I0) ::17<1 + IE?D [,uo/o etot(1 —T)dt + 6/0 e”‘)tdI‘gD.

Using that pg < 0, we immediately obtain
~ T
jxo,cp(7—7 FO) > $<1 + E?p [IUO /0 euOtdt:|) = jg?,cp(Tv 0)7

i.e. ([BI) holds. Consequently, Proposition B.7] shows that it is sufficient to
look for a Nash equilibrium in the subclass of v € T}g for which vy = +o0
(equivalently, T = 0).

Now we need to work out the remaining equilibrium control I'**! and the
stopping time 7*. We first formulate an educated guess on the structure
of 7% and I'!, and subsequently we verify that using such a guess we can
produce a solution of the quasi-variational inequality from Theorem [B.11

6.1. Candidate adjusted likelihood ratio. In the case p = 1, the exis-
tence of asymmetric information creates an incentive for the informed player
not to stop immediately in order to ‘fool’ the uninformed player. Indeed, if
the uninformed player is made to believe that the drift is low (i.e., u = o),
then the uninformed player may choose to stop early, which is beneficial for
the informed player since then only the smaller payoff has to be paid. Thus
it is natural that Player 2 will only want to stop when ® becomes too high
(i.e., the uninformed player has a strong belief that the drift is pu1).

Including the idea of randomisation in the reasoning above, we expect
that the informed player will stop at some upper threshold according to
some ‘intensity’. The effect of randomisation is to generate an adjusted
likelihood ratio ®*, which can be interpreted as the belief of the uninformed
player after manipulation performed by the informed one. For Player 2 it is
therefore a question of finding the optimal trade-off between manipulating
Player 1’s beliefs and stopping not too late.

Following the heuristics above we conjecture that Player 2 will construct
! in a way that reflects the process ®* = ®(1—-I"*!) at an upper threshold.
With this idea in mind, let B € (0,00) and an initial belief ¢ € (0,00) be
given. It is well known that there exists a unique pair of processes (Y, L)
such that @?D—a.s. one has

(70) (L)>0 is continuous and non-decreasing with Ly = 0,
(71) Yoo =p, Yo=¢pABandY; € (0,B] for t > 0,

dY; = owY, dt + wY, dW? — dL,

72 Y, L) solves
(72) ( ) { fot liy,<pdLs = 0.



DYNKIN GAMES WITH INCOMPLETE AND ASYMMETRIC INFORMATION 25

Then Y is a diffusion process with reflection at B. Define the process I'? € A
by T =0, ¥ = max{0,1 — B/p} and

(73) IP=1-1-18e /B, Plas.

Next we show that the adjusted likelihood ratio corresponding to the pair
I' = (0,T'B) is given by the reflected process Y.

Proposition 6.4. Fiz B € (0,00), and consider the processes (Y, L) and
I'B as above. Then for any ¢ € (0,00) we have

(74) 8 = 0,(1-TP)=VY;, forallt>0, ]I~”?0—a.s.

Proof. Noticing that (72)) implies dL; = L¢y,—pydLs we can write the first
equation in (72)) as

dY, = owY; dt + wY, dW? — B~1Y,dL,.

Recalling now (70)—(7I]) and thanks to the above equation we can write Y’
explicitly under Pg as

Y; =(¢p A B)exp (wa + (0w — L)t — B_lLt) :

A direct comparison of the expression above with T'? in (73) and ® in (G4)

gives ([(4)). O

Below we formulate and solve a variational problem based on the con-
jecture mentioned at the beginning of the section: Player 2 will select a
threshold B € Ry and adopt the randomised stopping time generated by the
couple (0,I'%) € A x A. Player 1 will instead choose a threshold A € (0, B)
and stop at

(75) T4 :=inf{t >0 : ®F < A}

6.2. Quasi-variational inequality for the problem with linear pay-
off. Here we use a constructive approach to obtain the candidate quasi-
variational inequality for the game, which we will then test against the
requirements of Theorem [5.1]in the next section.

As mentioned above, we look for an equilibrium with 'Y = 0. If Player 2
plays T' = (0,I'?) and Player 1 plays 74, we obtain from (G8)

(76) T2 (14, T0) = 2K [e"0™4] =: V().

The idea is that we should verify that u’(z,¢) = zVy(p) with v as in
Theorem [5.11 This will be done in Theorem [6.I0], using facts collected in
this section.

It is easy to check (see, e.g., [36]) that Vj satisfies

CEVI(0) + owpVi () + noVo(p) =0, ¢ € (A, B)
(77) Vo(yp) =1, o e (0,4]
Vo(B—) =0.
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Notice that the condition at B is the usual normal reflection condition.
Moreover, observing that IP’?D(@(? = B) = 1 for ¢ > B, it follows that

Eg [eroTa] = IE% [etoTA] for ¢ > B, and therefore

(78) Vo(p) =0, ¢>B.
Moreover, we also note that puy < 0 implies that
(79) Volp) <1, o> A

Conversely, an application of 1t6’s formula gives

Lemma 6.5. Assume there exists VONE C([A, +00)) with Vo € C*([A, B])
that solves ([[0)—([T8). Then Vo(yp) = E?O [etoma] = VO(yp).

Next we introduce a function xVj(y) which we want to associate with
jj}M(TA, I'B) from (63). We cast a boundary-value problem for V; according
to the following logic:

(i) In the interval (A, B) neither of the two players should stop, so the
function Vi should be harmonic for the process ®# with creation at
rate p1;

(ii) The informed player will only stop when the process ®” exceeds B
(although not necessarily at the first hitting time of B). Then we
expect V1(B) =1+¢;

(iii) For the choice of B to be optimal for Player 2 (given that Player 1
uses T4), the classical smooth-fit condition should hold, that is we
expect V{(B—) = 0;

(iv) If the uninformed player stops first (according to 74) then the cost
for Player 2 is Vi (A) = 1.

Combining the four items above gives us the boundary value problem

LYV () + (w2 + ow)pVI(9) + mVi(p) = 0, ¢ € (4, B)

Vi(p) =1, € (0, A]
(0 Vi) —1+e o e B.)
V/(B) = 0.

Notice that if V; € C'([A, +00)) N C2%([A, B]) solves the above system,
then it is easy to verify
(81) 2Vi(p) = Tp (14, T7)

thanks to an application of It6 calculus. Further we can establish mono-
tonicity of V4, which will be useful later in this section.

Lemma 6.6. Assume that 0 < A < B and V; € C?*([A, B]) solves (&0).
Then V{(¢) >0 for ¢ € [A,B] and 1 < Vi(¢) <1+ € for ¢ € [A, B).

Proof. Let us start by observing that the first, third and fourth equations
in (B0) imply

LB YI(B-) = —ui(1+¢) < 0.
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The above and V{(B) = 0 imply that there exists Ao > 0 (with B—Xg > A)
such that

(82) V(@) >0, forpe (B—,B).

With the aim of reaching a contradiction, assume that there exists ¢ €
(A, B) such that V] (¢) < 0. Then we can also define

c:=sup{p € (4,B) : V{(p) <0},

and clearly ¢ € (A, B — A\o]. Due to continuity of V{ it must be V{(c) = 0.
Since the ODE is of Euler type, its solution is a linear combination of power
functions; thus V; € C*°(A, B). Then, setting v, := V{ and differentiating
the first equation in (80) we get that v; must solve the boundary value
problem

Mv”( )+ (2w? + ow)pv (¢) + avi(p) =0, ¢ € (¢, B),
(83) { vlz(c—k% jvl(B—) =0, T v ’

with o := w? + ow + ;. It then follows, e.g. by the Feynman-Kac formula,
that v1(¢) =0 for ¢ € (¢, B), which contradicts (82)).

Then V{(¢) > 0 in [A, B] as claimed. Moreover, 1 < Vi(p) < 1 + € for
¢ € [A, B), by the second and third equation in (80). O

Hereafter, when referring to V4 we will implicitly assume that it solves
(B0 (we show in the next subsection that (80) and (84]) below can be solved
simultaneously in a unique way).

Recalling (7)) it is now natural to associate ij(TA, 0,T'%5) to the func-
tion

2V (p) = z(Vo(p) + ¢Vi()).

Using the second equations in (77) and (80), we see immediately that V(A) =
1+ A. Moreover, recalling also (26]), the function =(z, ¢) := 2V (¢)/(1 + ¢)
should represent the equilibrium payoff for the uninformed player (notice
that indeed =(z, A) = x). Thus, by optimality, we expect that the classical
smooth-fit condition holds at the boundary A, i.e. Z,(x, A+) = 0 or, equiv-
alently, V'(A+) = 1. Hence, using (7)) and ([B0) we obtain that V' should
solve the boundary value problem

LYV () + 0wV () + uoV () =0, ¢ € (A, B)

Vi) =1+¢, o € (0, 4]
4
(84) V/I(A+) =1,
V(B-)=1+e.
Moreover,
(85) V'(p) =1+, 0> B

by (8) and (B0). Before closing this section we provide some useful prop-
erties of V.

Lemma 6.7. Assume that V € C?([A, B]) solves (&4)). Then V(o) > 1+ ¢
and V'(¢) > 1 for p € (A, B).
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Proof. First note that the ODE is of Euler type, so V € C*(A, B). Differ-
entiating the first equation in (84]) and imposing the boundary conditions
for V' at A and B, we find that v := V'’ solves

#””((P) + (W + ow)ev' (p) + pv(p) =0, ¢ € (A,B)
(86) v(A+) =1,
v(B—)=1+e

Recalling the dynamics of ® under P! (see (B3)), setting
pa:=inf{t >0: &, < A} and pp:=inf{t>0: & > B},

and using It6’s formula, we easily obtain
(87) vlp) =Ep |2 0(D, 0, |
:E}p [eﬂl (PA/\PB)} +e E}p [empB]l{pB<pA} )

Now both claims in the lemma follow from (87), due to pu; > 0 and
recalling that V(¢) = 1+ ¢ for ¢ < A. O

Finally, we notice that Lemma and the fact that V/(A+) = 1 imply
that V”(A+) > 0. Then plugging the second and third equation of (84)) into
the first one and using V”(A+) > 0 we obtain

w2 A2
2
Corollary 6.8. Assume that V € C%([A, B)) solves B4)). Then it must be
A< —po/pr.

6.3. Solution of the variational problem and Nash equilibrium. We
now show that (80) and (84]) can be solved simultaneously in a unique way.
Note that once the functions V' and V; and the boundary points A and B
are found, the function Vj is automatically determined from the relation
Vo(p) :==V(e) —eVi(e).

The general solution of the ODE for V; in (B0) is

(88) Vi(p) = C1 ™1 4+ Oy 271,

V"(A+) +owA + po(1 +A) =0 = 1 A+ po <0.

where C1 and Cy are constants and 8; € (0,1) and f2 < 0 are solutions of
the quadratic equation

%wzﬁ(ﬁ —1)4+owB+ po =0.

The third and fourth boundary conditions in (80) can be used to determine
C1 and Cy as

(-840 s o o Br-D+

1-p2
b1 — B b1 — B2 B

C) =
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From the condition Vj(A) = 1 and the derived expressions for Cy and Cs,
we arrive at the equation

o) o) A

Lemma 6.9. There exists a unique value of A/B € (0,1) satisfying (89).

Proof. Letting h(z) = (1 — B2)227 1 4+ (B — 1)2%271 — (81 — B2)/(1 + ¢)
we can see that h/(z) = (1 — B2)(B1 — 1) [7172 — 2%272] > 0 for 2 € (0,1)
since B € (0,1) and 2 < 0. Furthermore, lim,|oh(z) = —oco and h(1) =
€(B1 — P2)/(1 + €) > 0. Hence we conclude that there is a unique root of
h(z) =0in (0,1). O

Next, the general solution of the ODE for V in (&4 is
(90) V(p) = D1p™ + Dy
for constants D and Dy. The second and third boundary conditions in (84))
can be used to determine D and D9 as
AB AP
=55 [~B2+ (1 —F2)A] and Dy = R [B1+ (B1 —1)A].
From the boundary condition V/(B—) = 1 + € and the derived expressions
for D1 and Dy, we arrive at the equation
(1+ ) (A1 — ) B = (A/B) ™ By [B1 + (A1 — DA]
—(A/B)™ Bu (B2 + (B2 — DA
Denoting the unique root of [B89) as § = A/B € (0,1) we set A = 0B to
obtain
(91) (1+€)(B1 — B2)B =075 [B1 + (81 — 1)0B]
— 0P By By + (B2 — 1)0B].
The linear equation (@I]) has the unique solution
B1Ba(6P2 — 5P
(1+€)(B1 — B2) — Ba(Br — 1)81F2 + B (B2 — 1)61 P’

and it is straightforward to check that B > 0, using that § € (0,1) in both
the numerator and denominator.

From the above we see that A and B are uniquely determined by (89)
and ([@2), and the corresponding candidate values V3 and V' are given by
(B]) and (@0), respectively. Notice that in order to define V on (0, +00) we
simply extend V constructed above, in a C'! way, by taking

(93) Vip) =V(B)+ (1+¢€)(p—B), for ¢ > B,
(94) Vip) =1+, for p < A.

D,

(92) B=
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Moreover, we extend V; to [B, +00) in a C! way and to (0, A] in a continuous
way by taking

(95) Vi(p) =1 +¢, for ¢ > B,
(96) Vi(p) =1, for p < A.

Theorem 6.10. Let A < B be the unique solution of ([89) and [@O2), and
let Vi and V' be constructed as in (88]) and @0) with @3)—-@0). Denote
Vol(e) == V(p) — oVi(p) and recall ®F and 74 from (@) and (5). Let
™ = (0, FB), let vy be the randomised stopping time generated by I'*, and set
7" :=74. Then the randomised stopping pair (7*,7}) is a Nash equilibrium
for the game with linear payoffs as in ([&Il). Moreover, for all (z,p) €

R4+ x Ry we have

jx,<,0(7—*7fyg) = xv(@%
jﬂ?,ap(T*7O) - I'VQ(QD),
Ta (7, TF) = 2Vi().

Proof. The proof relies on showing that u(z,¢) = 2V (¢) and u'(x,¢) =
xVi(p), i = 0,1, fulfill all conditions in Theorem [G.11
Let us start by setting, for i =0, 1,

C:={(z,9) : ulz,p) > (1+p)z} and C":={(z,¢) : u'(z,¢) < (1+e)x}

and S :=R2 \ C, 8" :=R2 \ C'. From Lemma and the second equation
in (B0) we obtain C! = R, x (0, B) and S' = Ry x [B, +00). Similarly, from
[B5) and Lemma [6:7 we get C = R4 x (A, +00) and S =R x (0, A].

Since V and V; solve (84)—(85) and (B0), respectively, it is immediate to
check that Vj solves ([7)—(T8). Moreover, Lemma guarantees that Vj
also satisfies (76). Then (79) holds as well, implying C° = R% and S° = 2.

Now that C, C?, S, S* are specified, it is easy to check that on S we have

(97) Lou(z, ) = L2[e(1 + )] = 2t + ) < 0,

where the last inequality follows from Corollary (recall that L' is the
infinitesimal generator of (X, ®) under the measure P?). Therefore, (@7
and (&4)) imply (@Il). Moreover, (1) and 80) imply ([@2). Furthermore,
the second equations in (7)) and in (80) imply (@3], and (78)) and the third
equation of (80l imply (@4]).

It is clear that (X¢, ®7);>0 meets conditions @H)-(@T) by construction
since all probability measures we consider are equivalent on JF;, for each
t < oo. Moreover, Pi(14 < oo) = 1 since 74 is the first hitting time of
a constant level for a reflected diffusion, so it follows that P(14 < o0) =
(1 —m)P%14 < 00) + 7PL(14 < 00) = 1.

It only remains to check the transversality condition ([@8]). First we notice
that 7,(u) and 7,(u’), i = 0,1, defined as in ({@0) converge to infinity as
n — oo under P! and P!, i = 0,1, thanks to the regularity of u and wu’.
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Using that ®7 € [0, B] for all ¢ > 0, IP’?CM—a.s. and that Vj is bounded by
one, we obtain

0< Tm ES | Xn, Vo(@2 )L ryory ] € Tim D[ X5 Lirynn | =0

n——+o0o Tn ~ no4oo ¥

since the P’-geometric Brownian {X;,¢ > 0} is uniformly integrable. Thus
#8) holds for i = 0.

To prove (@8] for i = 1 we see that it follows from (80) and an application
of Ito’s formula that Z; := et ATV (B5 L) isa ]P’Slp—martingale. By Fatou’s
lemma,

E, [e‘“”} < lim E, [e‘“(w"‘)vl(q’gm)} < Vi(p) < oo,
which also implies P (74 < 400) = 1, as needed below.

Finally, we have

0< lim E:1(:7gp [XTnVl(q)fn)]l{TA>Tn}:|

n—-4o0o

<(1+¢) lim lim E! [an{mmm}]

n——4oot—too ¥

=z(l4+¢ lim lim IE;[EMT”]I{TAADM}}

n——+o00 t—4-00
<z(l+e) nll)]grloo Eslp [T sy ] =0,
where we used that <I>tB € [0, B] for all t > 0, Elp-a.s. and that Vj is bounded
by 1+¢€ on (0, B], and the last equality is due to dominated convergence. [

7. NUMERICAL RESULTS

To illustrate the Nash equilibrium found in Section [0l we consider a base-
case set of parameters with pug = —1, uy = 1, 0 = 0.5 and € = 0.1. For
these parameters, the boundaries defined by ([89) and ([@2) are found to
be A = 0.329 and B = 0.868. For ease of interpretation, however, in the
following we will return to the posterior probability process II*, where we
denote the lower boundary as a := A/(1 + A) and the upper (reflecting)
boundary as b := B/(1+ B). For our base case this corresponds to a = 0.248
and b = 0.465. Furthermore, we let z = 1 and note that u(1,p) = V(¢) and
u'(1,p) = Vi(p); accordingly, we refer to V and V; as value functions.

Firstly, Figurelldemonstrates a typical sample path of the IT*-process and
its associated I'*'!-process. Note that in this particular example, Player 1
stops at 7" =~ 0.06, and that F:L} ~ 0.13. Consequently, Player 1 stops
before Player 2 if either y = pg or if 4 = p1 and the uniformly distributed
randomisation device U takes a value larger than 0.13.

Next, Figure [2] shows the value functions for Player 1 and Player 2 corre-
sponding to our base case. Note that V' and V; satisfy smooth fit conditions
at a and b respectively, and V|, satisfies the reflection condition at b. We also
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FIGURE 1. A typical sample path of the IT*-process (left)
and its associated I'*!-process (right) for our base-case pa-
rameters. Note that the dashed lines on the left represent
the optimal boundaries ¢ = 0.248 and b = 0.465 and that we
have chosen m = 0.35.

observe the properties of Vj described in (8) and ({9, along with the prop-
erties of V7 and V described in Lemmas 5.5 and 5.6, respectively. When the
true drift is @1, the informed player expects to pay out considerably more
than Player 1 has reason to believe, and when the true drift is pg, the in-
formed player expects to pay out less. When p = uq, the gap between 1+ ¢
and the value of the game to Player 2 can be seen to represent the reduction
in Player 2’s expected cost due to Player 1 being uninformed. Similarly,
when pu = po, the gap between 1 and the value of the game to Player 2
represents the reduction in Player 2’s expected cost due to Player 1 being
uninformed.

Figure Bl shows comparative static results for the changing of all four pa-
rameters (g, (1,0, €) with the base case used above. We first note that the
signal-to-noise ratio, w = (u1 — po)/o, plays a crucial role in understanding
these results since a higher w will result in faster learning by the uninformed
player. In this sense, changes in the parameters pg, p1 and o will affect
the signal-to-noise ratio and hence the speed of learning, which will ulti-
mately have an impact on the equilibrium outcome. Furthermore, changing
o, 1 and o will not only have an effect on the speed of learning (through
the signal-to-noise ratio) but also on the expected payoff of the game, po-
tentially resulting in non-monotone dependencies due to these competing
effects. Finally, we note that € only influences the problem through the pay-
off structure of the game and has no impact on the rate at which Player 1
is able to learn about the drift. With this understanding in mind, we now
proceed to describe the comparative statics results observed in Figure 3

We first consider the effect of changing pq on the equilibrium outcome. As
11 increases (all else being equal), the good scenario for Player 1 gets better,
both due to a larger drift, and also due to an increased signal-to-noise ratio
which speeds up the learning process. This indicates that the threshold a
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FIGURE 2. The value of the game to Player 1 (solid line;
(1—m)Vy+ V1) along with the value of the game to Player 2
when p = pg (dotted line; V) and p = py (dashed line; V7).
The base-case parameters are g = —1, uy = 1, 0 = 0.5 and
e = 0.1; therefore a = 0.248 and b = 0.465 (represented by
the two vertical lines).

FIGURE 3. The optimal boundaries (a = solid line and b =
dashed line) for the base-case parameters (ug = —1, u1 = 1,
o =0.5and € = 0.1) as we vary g, i1, o and €, respectively.
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should be decreasing in the drift p1, which is also confirmed numerically, see
Figure Likewise, if 4 = p1 and py is large, then continuing is costly
for Player 2, and at the same time, the advantage of having additional
information about the drift is smaller (because of the increased signal-to-
noise ratio). Consequently, the threshold b should be decreasing in j11, which
is also confirmed numerically.

When considering a change in pug, there are two competing effects on
both players. On one hand, a decreasing p is bad for Player 1 (the sup-
player), and hence has an increasing effect on the threshold a. On the
other hand, a decreasing i increases the signal-to-noise ratio, which speeds
up the learning process, and hence decreases a. Figure confirms the
suspicion that there is no monotone dependence of a on pg. For the same
reasons as above, the effect of a change in pg on the upper threshold b is
ambiguous. However, this potential ambiguity is not visible in Figure
for our base-case parameters.

From Figure we see that as o increases the optimal threshold is
increasing for Player 1 and decreasing for Player 2. The intuition behind
this is that, as o increases, the signal-to-noise ratio decreases, resulting in
slower learning and hence a smaller value function for Player 1 and hence an
increased a. For Player 2, however, while an increased o means that they are
better able to hide their information from Player 1 (an incentive to increase
b), the reduced variance of the II-process also means that first hitting time
of a given threshold is larger for an increased o. Since p; > 0, a longer
expected time to stop would ultimately result in an increased expected cost
for Player 2 (an incentive to decrease b). By the numerics, the net result
for our base-case parameters is that Player 2 reduces their threshold b as o
increases.

Lastly, we consider the effect of a change in €. Since the value of € does
not impact the ability of Player 1 to learn about the drift, its effect on the
equilibrium can only be through the payoff structure of the game. Therefore,
all value functions clearly increase in ¢; for Player 1 this means that the
continuation region is increasing in €, so that the threshold a is decreasing.
However, no easy monotonicity for b can be deduced as there is no obvious
effect on the continuation region for Player 2 (since also the obstacle depends
on €). From Figure we observe the anticipated monotonic dependence
of a on € and, for our base-case parameters at least, b is also seen to be
monotonic decreasing in €.

Finally, to calculate the value of information for the game, we end the ar-
ticle with an informal discussion on the case with symmetric and incomplete
information. Assume that both players have the same initial prior distribu-
tion for u, that is they agree on 7 as the initial probability that the drift is
1, and 1 — 7w as the probability that the drift is pg. Then randomisation
is not needed for either player and a Nash equilibrium in stopping times
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(11, 72) can be obtained. In fact, the game with linear payoffs reduces to

x e -
Ulz,¢) = 1 ooy I%fE%OO [T (14 7 )1y <)
T1

_|_(1 + E)GMOTQ(l + (1)72)1{72371}]

where

APy = ow®y dt + wby AW,

under PO. Tt is then straightforward to check that one can find A, B € (0, )
with A < B and a function V with 1 4+ ¢ <V < (14 €)(1 4 ¢) such that

%‘7//(90) + UWSDV/((P) + Mo‘?(cp) =0, for p € (A4,B)

V(p) =1+ A, for ¢ € (0, A]
V(A+) =1,
V(o) = (1+ )1+ B), for € [B, o)
V(B-)=1+e.
Using standard verification arguments, (77, 75) := (74, 7p) is a Nash equi-

librium of stopping times, and the corresponding value function is given by
Uz, o) = zV(p)/(1 + ¢).

T . . . T

n L L L
0.0 0.2 0.4 06 0.8 1.0 0.2 04 0.6 0.8 1.0

FIGURE 4. On the left: The common value function for both
players in the symmetric incomplete information case (solid
line) in comparison to the value function in the asymmetric
case (dashed line). The two vertical lines correspond to the
values a ;== A/(1+ A) and b := B/(1+ B) (for the symmetric
case). On the right: The difference between these values,
which represents the value of information in our game. Base-

case parameters: pg = —1, up = 1, 0 = 0.5 and ¢ = 0.1,
which yields @ = 0.193 and b = 0.758 (for the symmetric
case).

Figure [ plots the value function U(1,7) = U(z,7)/x for our base-case
parameters, along with the value function of the uninformed player for the
asymmetric case for comparison. The difference between the asymmetric
value function and the symmetric one is also plotted and can be interpreted
as the value of information in this setting.
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