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Abstract

We study an infinite-horizon discrete-time optimal stopping problem under non-exponential
discounting. A new method, which we call the iterative approach, is developed to find subgame
perfect Nash equilibria. When the discount function induces decreasing impatience, we establish
the existence of an equilibrium through fixed-point iterations. Moreover, we show that there
exists a unique optimal equilibrium, which generates larger values than any other equilibrium
does at all times. To the best of our knowledge, this is the first time a dominating subgame
perfect Nash equilibrium is shown to exist in the literature of time-inconsistency.
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1 Introduction

When faced with time-inconsistency in an optimal control or stopping problem, if the agent cannot
precommit his future behavior, Strotz [27] suggested the strategy of consistent planning. First,
one should figure out the strategies that he will actually follow over time. These strategies are
formulated as subgame perfect Nash equilibria in subsequent literature, and constantly called equi-
librium strategies. Next, in Strotz’ own words, one should “choose the best plan among those he
will actually follow”. Mathematically, consistent planning gives rise to two problems:

(a) How do we find equilibrium strategies?

(b) How do we select the optimal equilibrium strategy? In particular, how do we formulate
optimality for equilibrium strategies?

In a discrete-time model with a finite time horizon, backward sequential optimization gives simple
answers to (a) and (b). As detailed in Pollak [23], given an N-period model with time points
t=0,1,...,N, one first determines an optimal strategy at ¢t = N — 1 for the last period [N — 1, N].
Then, at each t = N — 2, N — 3,...,0, one chooses an optimal strategy for the period [¢t,t + 1],
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in response to his future selves’ given strategy on [t + 1, N|. It is well-known that the resulting
strategy on [0, N] is the unique equilibrium; see e.g. the introductions of [15] and [2], and also
Corollary 2.1 below for a similar result.

When the time horizon is infinite, (a) and (b) become much more involved. First, the above
backward construction breaks down, as there is no fixed terminal time to start the procedure.
While one can still manage to apply the backward idea to infinite-horizon problems, as shown in
[22], [21], and [9], among others, the methods employed are normally ad hoc and the main purpose
is to demonstrate existence of at least a few specific equilibria. In short, a general systematic
approach for finding equilibrium strategies is lacking. More importantly, there can be multiple
equilibrium strategies under infinite horizon, as observed in [22], [2] and [15]. How to select the
appropriate equilibrium is then a genuine problem. The main approach in the literature is to impose
additional delicate assumptions, besides subgame perfection, on how an agent makes decisions.
These assumptions, such as “reconsideration-proofness” in [15] and “revision-proofness” in [2], lead
to a refined collection of equilibrium strategies, which can be much smaller than the whole set of
equilibrium strategies. The hope is that every refined equilibrium might generate the same value,
and thus resolves (b) in a trivial way. Despite some positive progress in this direction, refined
equilibrium strategies are not always unique in value. It is still unclear in general how to select the
appropriate equilibrium, even though we have a smaller set of candidates.

In this paper, we investigate a general infinite-horizon stopping problem in which an agent
maximizes his expected payoff, under non-exponential discounting, by choosing an appropriate
time to stop a discrete-time Markov process X valued in some Polish space X. Under current
context, a stopping rule for the agent can be represented by the corresponding stopping region in
X. To tackle (a), a new method, which we call the iterative approach, is developed. Specifically,
we formulate equilibrium stopping regions (or equilibria for short) as fixed points of an operator ©,
defined precisely in (2.5) below. To find equilibria, we simply carry out fixed-point iterations: for
any stopping region S C X, we show that

Soc := lim ©"(S) (1.1)
n—oo
is indeed an equilibrium (i.e. ©(Sx) = Sx), as long as O(S) C S holds in the first iteration; see
Theorem 3.1 for details.

Note that the traditional backward sequential optimization and our iterative approach both
treat an time-inconsistent problem as an intra-personal game between current and future selves.
The key difference is that the former uses a sequential-game point of view, whereas the latter takes
up a simultaneous-game perspective. This new perspective gets rid of structural limitations of a
sequential game, which allows the iterative approach to be very flexible: it can be applied with
ease to discrete-time infinite-horizon problems (as in the present paper), as well as continuous-time
problems (as in Huang and Nguyen-Huu [12] and Huang, Nguyen-Huu, and Zhou [13]); see the
detailed discussion below Remark 2.5.

The iterative approach has novel consequences for (b). We show that there exists a unique
equilibrium that always dominates other equilibria: it generates larger value to the agent than any
other equilibrium does, at any state x € X of the process X; see Theorems 4.1 and 4.2. This
particular equilibrium is certainly “the best plan among those the agent will actually follow” as
Strotz [27] prescribed, and thus we call it the optimal equilibrium. To the best of our knowledge, this
is the first time a dominating subgame perfect Nash equilibrium is shown to exist in the literature
of time-inconsistency.

Theorems 4.1 and 4.2 hinge on two crucial conditions. First, we require the payoff function of the
agent to be either lower or upper semicontinuous, and the transition kernel of the Markov process X



to be lower semicontinuous under the weak star topology. Second, the discount function is required
to be log sub-additive, i.e. satisfy (3.2) below. This condition corresponds to decreasing impatience,
a widely-observed feature of empirical discounting in Behavioral Economics and Finance; see the
discussion below (3.2) for details. Furthermore, we demonstrate in Example 3.1 that if (3.2) is not
satisfied, an equilibrium may not even exist. We can thus consider (3.2) as a necessary condition
for all the game-theoretic derivations to resolve time-inconsistency.

It is worth noting that over the past decade, Ekeland and Lazrak [6] have aroused vibrant
research on time-inconsistency in Mathematical Finance. This includes [8], [7], [11], [29], [5], and [4],
among others, which all focus on continuous-time models. They work on formulating continuous-
time definitions of equilibrium strategies, and characterizing equilibrium strategies through delicate
systems of differential equations. How to deal with multiple equilibria, nonetheless, has not yet
been addressed. It is then of interest to investigate if an optimal equilibrium can exist in continuous
time, as in our current discrete-time setup. We will take this as a separate research project.

The paper is organized as follows. Section 2 introduces our time-inconsistent stopping problem,
and proposes the iterative approach to finding equilibria. The approach is made rigorous in Section
3, where the convergence of the fixed-point iteration (1.1) is proved. Section 4 establishes the
existence of a unique optimal equilibrium. Section 5 studies a practical stopping problem, which
illustrates our theoretic results explicitly. Section 6 concludes the paper.

2 The Iterative Approach

Consider a probability space (€2, F,P) that supports a time-homogeneous Markov process X =
(Xt)t=0,1,... taking values in some Polish space X. Let B(X) be the family of Borel sets in X, and @
the transition kernel of X. Specifically, for any = € X and A € B(X),

PXim €Al Xy =2)= / Q(z,dy), forallt=0,1,.... (2.1)
A

Let F = (F;)en be the filtration generated by X, and 7 be the collection of all F-stopping times.
For each x € X, if Xg = z, we will constantly write X as X% to emphasize the initial point, and
denote by E*[-] the expectation conditional on Xy = x.

For any z € X and 7 € T, consider the objective function

J(a,7) =BT [5(r)f (X,)]. (2.2)

Here, f: X+ R is a payoff (or, profit) function, assumed to be non-negative, bounded, and Borel
measurable; 6 : NU {0} — [0,1] is a discount function, assumed to be a strictly decreasing with
5(0) = 1 and limg o0 d(k) = 0. For any w € Q, if 7(w) = oo, we set §(7)f (XZ¥) (w) := 0 for all
x € X, which is consistent with limy_,o, 6(k) = 0 and the boundedness of f.
Given current state x € X, an agent intends to maximize his expected discounted payoff (or,
profit) by choosing an appropriate stopping time, i.e.
sup J(z, 7). (2.3)
TET
Under fairly general conditions, an optimal stopping time for (2.3), denoted by 7, € T, exists
for each z € X. A natural question is then whether optimal stopping times obtained at different
moments, for instance 7, and Txy with ¢ > 0, are consistent with each other.

Definition 2.1 (Time-Consistency). The problem (2.3) is time-consistent if for any x € X and
t >0, To(w) = Txr (W) for a.e. w € {7 > t}. We say (2.3) is time-inconsistent if the above relation
does not hold.



It is well-known that the problem (2.3) is time-consistent with J(s) := ﬁ, for any given

B > 0, but time-inconsistent in general for an arbitrary discount function 4. Since one may re-
evaluate and change his choice of stopping times over time under time-inconsistency, his stopping
strategy is not a single stopping time, but a stopping policy defined below.

Definition 2.2. A Borel measurable function 7 : X — {0,1} is called a stopping policy.

The intuition behind is as follows. Given current state x € X, a stopping policy T governs when
the agent stops: he stops at the first time 7(X7) yields the value 0.

Remark 2.1. Definition 2.2 can be equivalently formulated using “stopping regions”. By definition,
7: X — {0,1} is a stopping policy <= 7(z) = lge(x) for some S € B(X).
Obviously, S = {z € X : 7(z) = 0}, and we call it the stopping region of the policy T.

To resolve time-inconsistency, the agent should first figure out “the strategies that he will
actually follow” as Strotz [27] proposed. To this end, he needs to take into account his future
selves’ behavior, and find the best response to that. Specifically, suppose that the agent initially
planned to take S € B(X) as the stopping region. Now, at any state € X, the agent carries out the
game-theoretic reasoning: “assuming that all my future selves will take S € B(X) as the stopping
region, what is the best stopping strategy today in response to that?” The agent today actually
has only two possible actions: stopping and continuation. If he stops, he gets f(z) immediately.
If he continues, given that all his future selves will follow S € B(X), he will eventually stop at the
moment

plx,S):=inf{t >1: X7 e€S}teT. (2.4)

This leads to the expected payoff J(z,p(z,S)). Thus, by comparing the two payoffs f(x) and
J(x,p(x,S)), we obtain the best stopping strategy for today, whose stopping region is given by

6(8) = {z €X: f(z) > J(z, pla, S))}. (2.5)
Remark 2.2. For any S € B(X), ©(S) is nonempty. In fact,
OS)DE:={zeX: f(x)>Moé(1)} #0, where M :=sup f(z) < cc. (2.6)
rzeX

Indeed, by (2.2), J(x,p(z,5)) < §(1)M < M. The definition of M ensures that E is nonempty.
Now, for any x € E, f(x) > Md(1) > J(x, p(x,S)), and thus x € ©(S). Hence, E C ©(S).

Definition 2.3. We call S € B(X) an equilibrium stopping region (or equilibrium for short) if
O(S) = S. We denote by £ the set of all equilibria.

Remark 2.3. By definition, S € £ if and only if

flx) < J(z,p(z,9)), ze€X\S.
Remark 2.4. If an equilibrium exists, it must contain the nonempty set E defined in (2.6). In-
deed, if S € B(X) is an equilibrium, then S = ©(S) 2D E # (), where the inclusion follows from
Remark 2.2.

In view of (2.5), we can consider © as an operator mapping B(X) to itself. An equilibrium is
then a fixed point of ©. To find an equilibrium, we carry out fixed-point iterations: for any initial
stopping region S € B(X), we expect S, defined as in (1.1), to be an equilibrium. To make this
iterative approach rigorous, we need to show that (i) the limit in (1.1) converges, so that Sy is
well-defined, and (ii) S is indeed an equilibrium, i.e. ©(Sx) = So. These will be analyzed in
detail in Section 3 below.



2.1 Comparison with Backward Sequential Optimization

In this subsection, we will show that in the finite-horizon case, our iterative approach and the
traditional backward sequential optimization yield the same result. Consider a finite horizon N € N
and let T := {0, 1,..., N — 1}. The objective function (2.2) becomes

J(t,z,7) = E"[6(r —t)f(X,)], for (t,z) € (TU{N}) xXand € T;.

Here, 7; denotes the set of stopping times 7 € 7 with t < 7 < N a.s. and E»? is the expectation
conditional on X; = x. The stopping problem (2.3) now takes the form

sup J(t,z,T).
TET:

We now formulate stopping policies and equilibrium stopping regions as in Definitions 2.2 and 2.3.

Definition 2.4. Under current finite-horizon setting, a Borel measurable function 7 : T x X +—
{0,1} is called a stopping policy (here, we use the discrete topology for T). Moreover, we say
S € B(T x X) is an equilibrium stopping region (or equilibrium for short) if ©(S) = S, where

O(S) :={(t,z) e TxX: f(x)> J(t,z,p(t,z,5))}, (2.8)

with p(t,z,8) :==inf{s >t+1: (s, Xc") € SYAN.

Since the agent will stop at the terminal time NV if he has not stopped before then, the iteration
(1.1) has a fairly simple structure. In the proofs below, for any S € B(T x X), we will use the
notation S, := ©"(S) for all n € NU {0}.

Lemma 2.1. Under current finite-horizon setting, fix S € B(T x X). For any t € T, we have
(i) the t-section of S, coincides with the t-section of Sny—_¢, for alln > N —t. That is,
SpN({t} xX)=Sy_:N({t} xX) foralln> N —t.
(11) Sn—t N ({t} x X) is independent of the choice of S € B(T x X).

Proof. We will prove (i) and (ii) by showing that S, N ({¢t} x X) is independent of n > N — ¢ and
S € B(T x X). For any fixed t € T, by (2.8) and the definition of S,,, we have

S, N{t} xX)={(t,x) :x € X, f(z) > J(t,z,p(t,x,5-1))}, VYneN.

For t = N — 1, since the agent will stop at the terminal time N if he has not stopped before then,
we must have p(N — 1,2,5") = N for any x € X and 5" € B(T x X). It follows that

S, NN -1} xX)={(N-1,2):2z€X, f(z) >J(N-1,2,N)}, VYneN. (2.9)

This shows that S, N({ N —1} xX) is independent of n > 1 and S € B(T xX). For t = N —2, observe
that whether p(N — 2,2,5,,_1) is equal to N — 1 or N depends solely on S,—1 N ({N — 1} x X).
Since (2.9) indicates that S,,—1 N ({N — 1} x X) is independent of n > 2 and S € B(T x X), we
conclude that for each z € X,

T(N —2,2) :=p(N —2,2,5,-1)
is independent of n > 2 and S € B(T x X). It follows that
Sp NN =2} xX)={(N—-2,z):z€X, f(z)>J(N—-2,2,T(N —2,2))}

is independent of n > 2 and S € B(T x X). A straightforward induction gives the desired result. [J



Corollary 2.1. Under current finite-horizon setting,
(1) for any S € B(T x X), Se = Sy is an equilibrium;
(ii) for any S,S’ € B(T x X), we have Soo = S’.
Hence, there exists a unique equilibrium.

Proof. To prove (i), note that Lemma 2.1 (i) immediately implies that for any n > N,
Sp,N({t} xX)=SyvN({t} xX), forallteT.

That is, S, = Sy for all n > N. It follows that S = Sy, and Sy is an equilibrium (as
O©(SNn) = Sn+1 = Sn). Finally, (ii) is a direct consequence of the independence of S € B(T x X) in
Lemma 2.1 (ii). O

Remark 2.5. The proof of Lemma 2.1 indicates that each additional iteration of © corresponds to
a further round of backward optimization in Pollak [23]. Indeed, the first iteration of © determines
the (N — 1)-section of S, which is precisely the backward optimization in [23] for the period
[N — 1,N]. Similarly, the n'" iteration of ©, n = 2,3,...,N, determines the (N — n)-section of
Soo, which amounts to backward optimization for the period [N —n, N —n + 1]. Therefore, under
finite horizon, the unique equilibrium Ss obtained through the iterative approach is the same as the
equilibrium generated by backward sequential optimization.

Although giving the same result under finite horizon, backward sequential optimization and our
iterative approach are quite different in nature. Let us call the agent at time t “Player t”, for all
t € T. The standard backward approach views the time-inconsistent problem as a sequential game.
Player (N — 1) chooses his action first; Player (IV — 2) does so later, given Player (N — 1)’s choice
of action; similarly, for all ¢ < N — 2, Player ¢ makes a decision, given the actions of all his future
selves. Note that the sequential game structure entails (i) identifying a specific player who acts
first (the “first player”), and (ii) at most countably many players.

By contrast, our iterative approach materializes the traditional wisdom, “take into account
future selves’ actions”, in a simultaneous game. All players choose their actions simultaneously,
without prior knowledge of others’ choices. Each player decides his best strategy based on his
initial belief on how the others will behave. Expecting that other players are reasoning in the same
way, each player pursues recursive reasoning (“I think that you think that I think...”), which is
characterized by the fixed-point iteration of © in (1.1). Specifically, suppose that an agent initially
planned to take S € B(X) as the stopping region. At time 0, with current state zy € X, the agent
carries out the game-theoretic thinking as depicted below Remark 2.1, and finds that it is better
to take ©(S) as the stopping region. Any of his future selves, at a possibly different state y € X
can reason in the same way and conclude that ©(S) is a better choice, too. Thus, this first round
of game-theoretic thinking, performed simultaneously by all players (indexed by = € X), changes
the choice of stopping regions from S to ©(S). Given this, all players (indexed by x € X) can carry
out the same game-theoretic thinking again simultaneously, and conclude that ©2(S) is a better
choice than ©(S). This procedure continues until one reaches the equilibrium S.,, which cannot
be improved further by the game-theoretic thinking, i.e. applying ©.

Note that this gets rid of structural limitations of a sequential game, making the iterative
approach very flexible: it can be applied easily to (i) infinite discrete time, where the “first player”
cannot be identified (as in the present paper), and (ii) continuous time, where there are uncountably
many players (as in Huang and Nguyen-Huu [12] and Huang, Nguyen-Huu, and Zhou [13]).



3 Existence of an equilibrium

In this section, we will derive the main convergence result for our iterative approach in Theorem 3.1,
which immediately leads to the existence of an equilibrium in Corollary 3.1.

First, observe that unlike the finite-horizon case where there is a unique equilibrium (see Corol-
lary 2.1), an equilibrium may fail to exist under infinite horizon.

Example 3.1. Consider X = {1,2}, f(z) = =, and let

1

PXip1=11X=1)=P(X1 =2|Xe=1) = 3 P(Xip1=2|X:=2)=1 (3.1)
forallt =0,1,.... Set §(1) = 2, and we will choose §(k), k =2,3,..., later.

Suppose there exists an equzl@bm’um S € B(X). Since J(2,p(2,5)) = E*[6(p(2,9)) X p2,5)] =

20(1) = 3/2 < 2, by Remark 2.3 we have 2 € S. On the other hand, a similar argument shows

1¢S. Indeed, if 1 € S, then

J(1,p(1,5)) = EMs(1)X;] = Z (; 14 % : 2> - % > 1,

a contradiction to Remark 2.3. However, with 1 ¢ S, we have

J(1,p(1,8)) = E[6(p(1,5)) 22( ) Z 2i< )

By choosing 6(k) decaying fast enough as k increases, we can make J(1,p(1,S)) < 1, which again
contradicts Remark 2.3. In short, we have shown that when the discount function 6(k) decays fast
enough, there exists no equilibrium in this example.

To ensure the existence of an equilibrium, we will assume that the discount function J satisfies
0(i)0(5) <o(i+j), foralli,j=0,1,.... (3.2)

This condition is closely related to decreasing impatience (DI) in Behavioral Economics. It is well-
known in empirical studies (see Remark 3.1 below) that people admits DI: when choosing between
two rewards, people are more willing to wait for the larger reward (more patient) when these two
rewards are further away in time. For instance, in the two scenarios (i) getting $100 today or $110
tomorrow, and (ii) getting $100 in 100 days or $110 in 101 days, people tend to choose $100 in (i),
but $110 in (ii). Following [24, Definition 1] and [20], the discount function § induces DI if

(i +37)
o(4)
Observe that (3.3) readily implies (3.2), as §(i + 7)/d(i) > 6(5)/0(0) = d(j) for all ¢ > 0 and 5 > 1.

That is, (3.2) is automatically true under DI Note that (3.2) is more general than DI, as it
obviously includes the classical case d(s) := T3 B)S’ for any given 8 > 0.

forany j=1,2,..., is strictly increasing. (3.3)

Remark 3.1. There is substantial empirical evidence in Behavioral Economics (see e.g. [28], [18],
[17]) that individuals do not discount exponentially. To model empirical discountmg, many discount
functions have been proposed: in continuous time hyperbolic in [1], [24] (6(t) == ﬁﬂt with 8> 0),

generalized hyperbolic in [17], [16] (5(t) = (1+Bt)k with B,k > 0), and pseudo-exponential in [6],

7



[14], [8] (5(t) == Xe™P1t + (1 — N)e P2t with X\ € (0,1) and p1,pa > 0); in discrete time, quasi-
hyperboic in [16] (5(0) := 1, §(i) := Bp’, with B, p € (0,1)). Note that all these discount functions
induce decreasing impatience, and thus satisfy (3.2).

Non-exponential discounting beyond “decreasing impatience” has been studied much less. To the
best of our knowledge, [10] is the only work that seriously investigates discounting with “increasing
impatience”. It however suffers the criticism of lacking empirical relevance; see e.g. [19].

Remark 3.2 (Market-implied v.s. innate discounting). Classically, one can use the price of a zero
coupon bond as the discount factor. In this case, (3.2) will imply that the forward rate should never
exceed the spot rate, as long as the length of the corresponding time period is the same. This seems
to be a strong assumption, as the forward rate is forged by market participants’ expectations for
future prices and need not have specific relations with the spot rate.

The discounting discussed above is however market-implied, distinct from the context of this
paper: we focus on an individual’s innate time preference, regardless of other market participants,
or whether there is a market to start with. This is the standard setup in Behavioral Economics,
and a widespread finding is that individuals discount more intensely in near, than distant, future.
Condition (3.2) serves to summarize this feature of innate discounting. Also, we stress that the
payoff we discuss may not be monetary: the function f may describe an agent’s utility, level of health
or happiness, etc. The connection to zero coupon bonds breaks down for non-monetary payoffs.

Lemma 3.1. Suppose (3.2) holds. For any nonempty S € B(X), if ©(S) C S, then
J(x,p(x,8)) < J(x,p(x,0(S5))) forallxz € X. (3.4)
In particular, this implies ©2(S) C ©(9).
Proof. By contradiction, suppose that (3.4) does not hold. Then
= sup [J(z, p(x,S)) — J(z, p(x,0(S))] > 0.

Choose y € X such that
J(y, p(y,5)) = J(y, p(y, ©(5))) > 6(1)a. (3.5)

Consider the event A := A N Ay, where
A= {weQ:p(y,S)w) <oo} and Ay:={weQ: XY o (w)e 5\@(5)}.

On the event (A7)¢, ©(S) C S implies that p(y, O(S)) > p(y,S) = 00. In view of the discussion
below (2.2), we have 0(p(y,5))f (X)) = 0(p(y, (S)))f( o(sy)) = 0. On the event A; N
(A2)¢, p(y,S) < oo and @(S) cs 1mphes that X 9) € 0(9). It follows that p(y, ©(5)) = p(y, S),

and thus §(p(y, 9))f (X,.9)) = e(9)))f (X (y’@(s))) As a result, we have
o(

J(y,p(y,S)) — ( ( 5)))
=E[14 (d(p(y S))f(X( s)) = 8(p(y, O (Xpiy005))]
S

= EY [1A d(p [f o(,5)) Wf (X,.005)) ‘ ]:p(y,S)”
=[EY [1,4 o(p < (Xp )
R [5 (p(y, ) ;—(;’((;’(;:q(%s)» OGN ¢ (%1, 0059) | fp(y,s)} )]

<EY [1A 3(p(y,9)) (f (Xp(y.s)) — E {5 (P(X o), ©(9))) f (Xp005)) ‘ Foly, S)])} (3.6)



where the inequality follows from (3.2) and the nonnegativity of f. Thanks to the strong Markov
property of X, it holds a.s. that

EY (3 (X9 O(S))  (Xpio090) | Fos)] 1
= EXews) [5 (P(Xp(y.9),©(9))) f (Xp(xp(yys),@(snﬂ La = J (Xpy.5), P(Xp(y,9), ©(9))) 1a.
This, together with (3.6), gives
J(y,p(y,S)) — J(y p(y,@(S)))
<EY [14 0o, S (Xpw,9)) = T (Xow.5), P(Xp(y,5), O(5)) }] -

From the definition of ©, we have f(x) < J(z, p(x,S)) for all x ¢ ©(S). Thus, from the definition
of A, the above inequality implies

J(y,p(y,5)) — J(y,p(y,@(S)))
< EY[1a 0(p(y, 9)) {7 (Xp(y,8): P(Xp(y,5):9)) = T (Xpiy,5) P(Xp(y,5), ©(9))) }]
e i06,50] < 60
This however contradicts (3.5). Hence, (3.4) is established.

By Remark 2.2, ©(S) # 0. For any = ¢ O(S), the definition of © and (3.4) yield f(z) <
J(z,p(z,9)) < J(z,p(x,0(9))), which implies = ¢ ©%(S). It follows that ©2(S) C O(S). O

We are ready to present the main convergence result for our iterative approach.

Theorem 3.1. Suppose (3.2) holds. For any nonempty S € B(X) such that ©(S) C S,

Seo 1= ﬁ 0"(S) £ 0 (3.7)

18 an equilibrium.

Proof. Note that S € B(X) implies O(S) € B(X), which in turn yields ©"(S) € B(X) for all n € N.
Therefore, So € B(X) by definition. We claim that for all z € X and w € €2,

p(@,800)(w) = lim p(z,0"(5))(w). (3.8)

Fix z € X and w € Q. By Lemma 3.1, {©"(S) },en is a nonincreasing sequence of nonempty Borel
sets, and thus p(z, ©™(S))(w) is by definition nondecreasing in n. The limit on the right hand side
of (3.8) is therefore well-defined, and

p(r, 5oc)() = lim plz, 07 (5)) () =: A(w).

If f(w) = oo, then (3.8) trivially holds. If S(w) € N, then there exists N € N large enough such
that p(z,0"(5))(w) = B(w) for all n > N. This implies, by (2.4), that XZ(w) € ©"(S) for all
n > N. Hence, X§(w) € (,2; ©"(5) = S It follows that p(z, Se)(w) < B(w). We thus conclude
that (3.8) holds.



By Remark 2.2, ©"(S) D FE for all n € N, with E # ) defined in (2.6). Thus, Soc 2 E
by definition, and is thus nonempty. For any x € S, since z € ©"(S) for all n € N, we have
f(@) > J (z,p(z,0"71(9))) for all n € N. As n — oo,

f(x) > lim J (z, p(z, 0"71(S)))
= lim 7 (3 (p(z,0"71(9))) f (Xpw0n-1(5))]
=E* [6 (p(x, Soo)) f (Xp(x,Soo))] =J (.21?, p(l’, SOO))

where the third line follows from the dominated convergence theorem and (3.8). Thus, z € ©(S4),
and we conclude that Soo C ©(Ss). On the other hand, for x ¢ S, there exists N € N such that
x ¢ ©™(S) for all n > N. This implies f(z) < J (z, p(z,0" (S))) for all n > N. It follows that

f(x) < J(z, p(z, ON71(9)) < nlg]gOJ (z, p(x,0"71(9))) = J (2, p(z, Sx)) »

where the second inequality is due to (3.4) and the last equality follows again from the dominated
convergence theorem and (3.8). This implies = ¢ O(Ss), and we thus conclude that O(Se) C Sec.
Hence, we have obtained ©(Ss) = Sxo, i.6. So is an equilibrium. O

Remark 3.3. The iterative approach embodies the hierarchy of strategic reasoning in Game Theory,
introduced in [25] and [26]. For any S € B(X), each application of © to S represents an additional
level of strategic reasoning. Specifically, ©™(S) corresponds to level-n strategic reasoning in [26],
and Soo = [Npen ©™(5) reflects full rationality of “smarts” players in [25].

Theorem 3.1 immediately gives the existence of at least one equilibrium.

Corollary 3.1. Suppose (3.2) holds. Then, X, defined as in (3.7), is an equilibrium.

Proof. Since X trivially satisfies ©(X) C X, the result follows from Theorem 3.1 directly. O
In general, the uniqueness of equilibria does not hold, as the next example demonstrates.

Example 3.2. Consider X = {1,2}, f(x) = x, and let the transition probabilities be given as in

(3.1). For any e > 0, take
v k
= —(1— =1,2,....
5(k) 12( 6) ? k » <
It can be easily verified that (3.2) is satisfied. When ¢ > 0 is small enough, we claim that S := {2}

and X = {1,2} are both equilibria. Indeed, by similar calculations in Ezxample 3.1,

00 k [e's) e k
J<1,p<1,s>>=E1[6<p<1,5>>Xp<1,s>1=2Z<§> 5<k>=22<12 ) ’
k=1

k=1

7(2.9(2,5)) = E[5(p(2,9)) Xypa,5)] = 26(1) = L (1 —) <2,

As e | 0, J(1,p(1,S)) approaches 7/6 and thus strictly larger than 1. Hence, by Remark 2.3,
S = {2} is an equilibrium as € > 0 small enough. On the other hand,

7 7
Thus, by Remark 2.3, X = {1,2} is an equilibrium for any ¢ > 0.
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4 The Optimal Equilibrium

Since there may be multiple equilibria under infinite horizon (see Example 3.2), how to select the
appropriate one is a crucial, unsettled question. In this section, we will first define optimality of
an equilibrium: an equilibrium is optimal if it generates larger value than any other equilibrium
does at all times. While this seems to be a rather strong condition, we show that a unique optimal
equilibrium does exist in Theorems 4.1 and 4.2, under appropriate continuity assumptions.

For any S € &£, the associated value function is defined by

V(z,S) := f(x)V J(z,p(x,S)) forall xzeX.

By Remark 2.3, we immediately have

if
Ve,5) =417 e, (4.1)
J (z, p(x,S)), if x € X'\ S.
This in turn implies that V' can be expressed as
V(z,S) = J(z,p"(x,S)), with p*(z,5):=inf{t >0: X € S}. (4.2)

Definition 4.1 (Optimal Equilibrium). We say S* € £ is an optimal equilibrium if for any S € &,
V(z,S*) > V(z,S) VzxeX
The next result shows that if an optimal equilibrium exists, it must be unique.
Proposition 4.1. If §* € £ is an optimal equilibrium, then S* = (Ngce S

Proof. We only need to show S* C (g S, as the other inclusion is trivial. By contradiction,
suppose there exists S € & such that S* ¢ S. For any =z € S*\ S, we deduce from (4.1) and
Remark 2.3 that

V(:Ev S*) = f(l‘) < J(:E,p(IL‘,S)) = V(ZE,S),

which contradicts the optimality of S*. O
Lemma 4.1. Suppose (3.2) holds. For any S, T € &,

J(z,p(x,SNT)) > J(z,p(x,S)) vV J(z,p(x,T)) VzeX (4.3)
In particular, this implies ©(SNT) C SNT.

Remark 4.1. This lemma provides a way to construct a “better” equilibrium from old equilibria.
For any S, T € £, Remark 2.4 and Lemma 4.1 imply that SNT # () and ©(SNT) C SNT. Thus,
we can apply Theorem 3.1 to get a new equilibrium (S NT ) through the iterative approach. This
new equilibrium is better than S and T in the sense that

V(z,(SNT)x) > V(x,S)VV(x,T) VxeX,
which is a consequence of (4.3) and (3.4).

Proof of Lemma 4.1. Fix x € X. Throughout this proof, for simplicity of notation, we define, for
alln=0,1,..., the following:

o O Yon o Yon+1 .
Loyo:=2, yont1:= Xp(y%T), Yon+2 1= Xp(y2n+175),
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2. 10:=0, Ton41:=pWn,T), Tont2 := p(y2n+1,5);

3. Ay i ={weQ: 1(w) <ooand y,(w) € SNT};

4. €,[Z] :=E¥-1[14,0(my) Z], for any random variable Z : Q — R;
5. J(z,5") := J(x, p(x,5")), for any S’ € B(X).

By the definition of Ay, we have

J(x,SNT) = J(x,T) =EP [1a, (8(p(y0, SNT))f (Xpyo,s50m)) — 0(10) f (41))]
> B [1,416(71)1@% [(5(p(y1, SO (Xppo.som) — f @1)) ] ]—"” . (4.4)

where the inequality follows from (3.2) and f being nonnegative. The strong Markov property of
X implies that

E¥0 [5(P(y175 ND))f (X piyo,501)) ‘ ]"ﬁ} 1a,

=E" [3(p(y1, SN T)f (X ,s0m))] 1y = J(y1, SN T)1a,. (4.5)
Moreover, note that on the event Aj, we have y; ¢ S. Then Remark 2.3 implies that
flyr) < J(y1,5). (4.6)

With (4.5) and (4.6), (4.4) yields

J(x,SNT)— J(x,T) > E¥ [14,0(m1) (J(y1,SNT) — J(y1,5))]
=& [J(y,SNT) = J(y1,9)]. (4.7)

In the following, we will carry out the above argument recursively. First, repeating the argument
above (4.7) for J(y1,SNT) — J(y1,S), instead of J(x,SNT) — J(z,T), yields

J(y1,SNT) — J(y1,5) > E[J(y2, SNT) — J(y2,T)).
This, together with (4.7), implies
J(x,SNT)— J(x,T) > & 0CE[J(y2,SNT) — J(y2,T)]. (4.8)

Next, repeating the argument above (4.7) for J(y2, SNT)—J(y2,T), instead of J(z, SNT)—J(x,T),
and using (4.8), we obtain

J(x,SNT)— J(x,T) > € 0 &yo0 E[J(y3,SNT) — J(ys,5)].
Continuing this procedure, we get
J(@,SNT)—J(x,T) > €E10...0C[J(y2n,SNT) — J(y2n,T)], Vn €N. (4.9)
Since f is bounded, there exists C' > 0 such that |J(y,S")| < C for all y € X and S” € B(X). Then,

’61 0...0 €2n[J<y2mS N T) - J<y2n7T)]|
< Epo...0C|[J(y2m, SNT) — J(y2n, T)|] < 5(1)2" -2C =0 asn— oo,
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where the convergence follows from §(1) < 1. We then conclude from (4.9) that
J(x,SNT)—J(x,T) >0, VzxeX

By simply switching the roles of S and 7" in the proof above, we can also obtain
J(x,SNT)—J(x,5) >0, VxeX

It follows that (4.3) is established.

By Remark 2.4, SNT # (. For any x ¢ SNT, if z ¢ S, then f(z) < J(z,5) < J(z,SNT),
which implies ¢ ©(SNT); if x ¢ T, the same argument shows z ¢ ©(SNT). Thus, we conclude
that ©(SNT)C SNT. O

Under (3.2), we have a partial converse of Proposition 4.1.
Proposition 4.2. Suppose (3.2) holds. If S* := (\gce S is an equilibrium, then it is optimal.

Proof. Let T be an arbitrary equilibrium. By Lemma 4.1,
Vi(z,T) = f(z) v J(z,p(z,T)) < f(x) VI (@, p(x, S NT)) = f(z) vV J (2, p(x,5%)) = V(z,5),
for all x € X. Hence, S* is optimal. O

The next result establishes the existence of the optimal equilibrium. Under appropriate conti-
nuity conditions, it is shown that S* := (\g.¢ S, the candidate from Propositions 4.1 and 4.2, is
indeed the optimal equilibrium.

Theorem 4.1. Suppose that (3.2) holds and f is upper semicontinuous. In addition, assume that
the transition kernel Q in (2.1) is lower semicontinuous under the weak star topology, i.e. for any
bounded Borel measurable g : X +— R and {xy }nen in X with x,, — x,

lim inf /X 9(y) Qarn, dy) > /X o(y) Q(z. dy). (4.10)

n—oo
Then, S* :=(\gee S is the optimal equilibrium.
Proof. For any S € B(X), observe that J(z, p(z,5)) can be expressed as

J(x plz. 5)) = /X 1(4,5) Q(a. dy),

where

I(y, ) == E[6(p"(y, 5) + D Xpe(y,9)]
and p*(y, S) is defined as in (4.2). Thus, under (4.10), J(z, p(x,S)) is lower semicontinuous in z.
Now, if S is additionally an equilibrium, then

S=0(S)={zeX: flz)>J(z p(z,9))}

is a closed subset of X, thanks to the upper semicontinuity of f and the lower semicontinuity of
J(-,p(-,5)). Hence, S* := (Ngce S is also closed and thus Borel measurable.

Since S is closed and thus 1g is upper semicontinuous for all S € £, Proposition 4.1 in [3] asserts
the existence of a countable subset (S,)nen of € such that

lg« = inf 1¢ = inf 1¢ . 4.11
s+ = inf1s = inf 1s, (4.11)
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It follows that S* = mnGN Sn. Now, let T := S1. By the same argument in Remark 4.1, T :=
(Th N S2)ee € T1 NSy is an equilibrium with J(z, p(z, T2)) > J(x, p(x,T1)) for all = € X. Similarly,
T3 := (T2 N S3)00 € To N S3 is an equilibrium with J(z, p(z,T3)) > J(z, p(x,,T>)) for all z € X.
Repeating this procedure, we get (T, )nen in € such that T),41 C T, N Sp41 and J(z, p(z, Tpt1)) >
J(z, p(x,T,)) for all n € N. As a result,

S*=(1SC()TnC ()5 =5

Se& neN neN

which implies S* = (), cyTn. Then, by following the same arguments in the proof of Theorem
3.1, with ©"(S) replaced by T,, we can show that S* is an equilibrium. It is thus the optimal
equilibrium thanks to Proposition 4.2. O

When f is instead lower semicontinuous, the existence of the optimal equilibrium still holds.

Theorem 4.2. Suppose that (3.2) holds, f is lower semicontinuous, and the transition kernel Q in
(2.1) is lower semicontinuous under the weak star topology, as stated in (4.10). Then, S* := \gee S
1s the optimal equilibrium.

Proof. As shown in the proof of Theorem 4.1, (4.10) implies that J(x, p(z,.S)) is lower semicontin-
uous in z for any S € B(X). Thus, V(z,5) = f(x) V J(x, p(x,S)) is lower semicontinuous in x for
any S € £. By Proposition 4.1 in [3], there exist (Sp)nen in € such that

supV(z,S) =supV(z,S,), VreX (4.12)

Se& neN
Let Tp := X and T3 := S;. By the same argument in Remark 4.1, T5 := (71 N S2)se € 71 NS is an
equilibrium with J(z, p(x,T3)) > J(z, p(x,T1)) for all x € X. Similarly, 75 := (72N 53)ec € T2 N S3
is an equilibrium with J(z, p(z,T3)) > J(z, p(z,,T>)) for all x € X. Repeating this procedure, we
get (Tn)nen in € such that T,, C T,,_1 NS, and J(x, p(x,Th+1)) > J(z, p(x,T},)) for all n € N.
Now, by following the same arguments in the proof of Theorem 3.1, with ©"(S) replaced by T,
we can show that T := (", .y Ty is an equilibrium and J(z, p(x,T%)) > J(z, p(z,T,)) for all z € X
and n € N. Recalling T,, C T,,_1 N S,, and (4.3), for each = € X we have

J(@,p(2,T7)) = J(z, p(x,Tn)) = J (2, p(x, T N Sn)) = J (2, p(x, Sp)), VneN.
This implies V(z, T*) > V(z,Sy,) for all € X and n € N. We therefore conclude from (4.12) that

supV(z,S) =V(x,T*), VzeX
Se&

That is, T* is an optimal equilibrium. By Proposition 4.1, T* = [\gce S = S*. O

Remark 4.2. If X is a finite or countable set, both the semicontinuity of f and (4.10) are satisfied
trivially, under the discrete topology of X. The discrete topology, however, cannot be used anymore
when X is uncountable. This is because the metric space induced by the discrete topology is not
separable when X is uncountable, and thus forbids the use of Proposition 4.1 in [3], a key step in
the proof of Theorem 4.1.

We provide below a sufficient condition for (4.10).
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Remark 4.3. Assume that, for any x € X, the transition kernel Q(z,-) admits a probability density
function. That is,
Q(z, dy) = q(z,y)dy.

If x = q(x,y) is lower semicontinuous for each y € X, then Q is continuous under the weak star
topology, i.e. for any bounded Borel measurable g : X — R and {x, }nen in X with x, — z,

lim [ g(y) Q(an, dy) = /X 9(y) Q(z. dy). (4.13)

n—oo X

Indeed, for any Borel measurable g : X — R with C := sup,cx |g(x)| < 0o, Fatou’s lemma gives

liminf/X(Cig(y))q(xmy)dy > /X(Cig(y))q(w,y)dy-

n—oo

This implies that

lim sup /X o()a(en y)dy < / o(v)a(a y)dy < liminf /X 9(0)a(zn, v)dy,

n—oo X n—oo

and thus (4.13) follows.

5 An Example

To illustrate our theoretic results, we focus on a practical stopping problem in this section. Our
goal is to characterize explicitly the optimal equilibrium.

Consider a value process X in a discrete-time binomial model. Specifically, let u > 1 and assume
that X takes values in X := {u’: i =0,41,42,...}. Suppose that there exsits p € (0, 1) such that

p=P(Xe11/X; =u) and 1-p=P(Xp1/X;=u""), Vt=0,1,2,..

We assume additionally that X is a submartingale, which corresponds to the condition p > —-

u+1°
Let the payoff (or, profit) function be f(z) := (K —x)* on X, where K > 0 is a given constant.
Also, consider the hyperbolic discount function §(¢) := ﬁ for t e NU{0}, where 5 > 0 is a given
constant. It can be easily verified that (3.2) is satisfied. The objective function (2.2) then becomes
(K — X,;)*
J(w,7) = |22
@n =5 | S

This can be viewed as a real options problem where the management of a company considers an
investment plan, which has constant revenue K and stochastic cost evolving as X, and would like
to decide when to carry it out.

To find the optimal equilibrium S* = (\gc¢ S, we need to first characterize the collection £ of
all equilibria. Recall from Corollary 3.1 that £ is nonempty.

Lemma 5.1. For any S €&, S = (0,y] NX for some y € (0, K).

Proof. Fix S € £. We will first prove that S C (0, K) N X. By Remark 2.4, S # (). Note that
S must intersect (0, K). Indeed, if SN (0,K) = 0, then J(z,p(x,5)) =0 < (K —x2)" = f(x)
for all x € XN (0, K), which contradicts the fact that S € £. Now, assume to the contrary that
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SN[K,o0) # 0. Take zp := min{S N [K,c0)}. By definition, xy € S and z¢o > K. This, together
with SN (0, K) # 0, implies P* (X, ¢y < K) > 0. It follows that

fxo) = (K —x9)" =0 < E™ [(K — Xowo.9)"

1+ Bp(zo, S) ] = J(2o, p(x0, 5)).

This implies that xo ¢ S, a contradiction.

Now, to prove the desired result, suppose by contradiction that there exists S € &£ such that
S # (0,y] NX for any y € (0, K). Then, there must exist x € X\ S such that (z,00) NS # (). Set
w = max{(0,z) N S} and z := min{(z,00) N S}. Then we have w < < z < K, where the last
inequality follows from S C (0, K) N X established above. Since X is a submartingale,

(K — X,(,9)"
14 Bp(x, S)

- o] K= Xpafwe) |
o) =K ez | el | e

This, however, contradicts x ¢ S and S € €. O]

| = swpte ).

A natural question ensuing Lemma 5.1 is for which values of y € (0, K) the set S = (0,y] N X
is an equilibrium. To answer this, we need a careful analysisiimiolving random walks. Specifically,
let Y be a random walk defined on some probability space (€2, F, P) such that

PYiy1-Yi=1)=p and PYi1—-Yi=-1)=1—-p, Vt=0,1,2,..

Consider
E:=inf{t>0: Y, =0}

and define

— M 1 r._ ol 1
ap =F [14-5{] Vn e N and o =F [1—%5(5—%1)]7 (5.1)

where E™ denotes the expectation under P conditional on Yy = n. Note that a,, n € N, and o’
can all be computed explicitly. For example,

(5.2)

% — 1 1182k —1) a:kzl % — 1 1428k

oo (2k—1\ k—1 k oo (2k—1\,6 k—1 k
p 1-p 1 P 1—-p 1
) = Z ( k ) ( ) / ( k ) ( )
k=1
The next result establishes an upper bound of y for equilibria of the form (0,y] N X.

Lemma 5.2. If S = (0,y]NX belongs to € for some y € SN (0, K), we must have y < U - K, where

1— 12 pe
U=~ . -, (5.3)

T u(irp) P

Proof. In view of S € £ and y € SN (0, K), we have
(K = Xpw.9)"
K—y=Ff)=JW,py,S ZEy[ : ]
() = . ply. 8)) = B | A0
K —yu™! ,

=1-p) ———— (K — 4
(1-p) 150 +p (K -y, (5.4)
where o is defined as in (5.1). Solving the above inequality for y yields the desired result. O
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The next result establishes a lower bound of y for equilibria of the form (0, y] N X.
Lemma 5.3. If S = (0,y]NX belongs to £ for somey € SN (0, K), we must have y > L- K, where

I = 1—0[1

(5.5)

uU—aq

Proof. Since L < % by definition, the desired result holds trivially for y > K/u. In the following,
we assume that y < K/u. Since u > 1, we have y < yu < K, which particularly implies yu ¢ S. It
follows that
(K — Xﬂ(yu75)>+]
1+ ﬁp(yu,S)

where the inequality follows from yu ¢ S and S € €. Noting that p(yu,S) = inf{t > 1: X" =y},
we realize the expectation on the right hand side above can be reduced to an expectation involving
the random walk Y, i.e.

K — yu= f(yu) < J(yu, plyu, 5)) = E™ [ (5.6)

Evv At =E" | ——%—| =E' =a1(K —y). 5.7
1+ /Bp(yu,S) 1+ /Bp(yu,S) 1+ Bg 1< y> ( )
Combining (5.6) and (5.7) yields y > zl;aiK, as desired. O

We intend to show that the upper and lower bounds, U and L in (5.3) and (5.5), are in fact
sharp, which induces a complete characterization of £. To this end, we need the following estimate.

Lemma 5.4. ay, > (a1)", for alln € N.

Proof. Let {F} };>0 be the natural filtration generated by Y. For any n € N, consider o := inf{k >
0: Yy =n—1}. Then we have

_ 1 . m n 1 Y
o= b [HBJE [E [HB&’E’H

>EHPW[1j&f1+Bé—aﬂﬁﬂ}:EnL4i%EnL+ﬁé—Uﬂﬁﬂ]

1
== OznflEn |:1 T ﬁo‘:| = Op—1 7.
The desired result then follows from an induction argument. O

A complete characterization of £ can now be stated, which in turn gives an explicit formula for
the optimal equilibrium.

Proposition 5.1. S € £ if and only if S = (0,y] N X for some y € (L - K,U - K] N X, where U
and L are given in (5.3) and (5.5). Consequently, S* = (0,y*] N X is the optimal equilibrium, with
y* == min{(L - K,00) N X}.

Proof. The sufficiency follows from Lemmas 5.1, 5.2 and 5.3. For the necessity, consider S =
(0,y]NX for some y € (LK,UK]NX, and we intend to prove that S € £. Fix x € S. If x < y, since
y < U-K < K, by the fact that X is a submartingale and using the optional sampling theorem,

[Kme

Craeg) ~7E )
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On the other hand, if z = y, the same argument in (5.4) gives
K —yu™!
1+

where the inequality is due to y < U - K. Thus, we conclude that f(x) > J(z, p(x,S)) for all z € S.
Now, fix x € X\ S. If x > K, obviously

J(z,p(x,5)) = (1 —p) +p- (K —y)d <K —y= f(y),

(K - ‘Xr,o(:z?,S))Jr

1+ Bp(z,5)

) = (0 = o)t =0< 7| | = s@pta ).
If < K, since x > g, there must exist n € N such that yu"~! < = yu™. Since y > L - K and

u > 1,
1 24 nl 1— ()"
y> I K- +ag + (1) + ... + (a1) _ (a1) I (5.8)
w4 ur20q +un 3 ()2 + 4 ()" wt — ()"
Recall o, in (5.1), and observe that
K-y
1+ Bp(z,5)
where the first inequality follows from Lemma 5.4 and the second inequality is due to (5.8). Thus,
we conclude that f(z) < J(z,p(z,S)) for all x ¢ S. This readily shows that S € &.
The second assertion of this proposition follows from either Theorem 4.1 or Theorem 4.2. [

Iz, p(z. 5)) = E¥ [ } — (K — y)an > (K — y)(o)" > K —yu" = K — 2= f(z),

Remark 5.1 (Numerical results). Let § = 0.2, v = 1.3, p = 0.5 and K = 1. Then X =
{.,(1.3)72,(1.3)71,1,1.3,(1.3)%,...}, and L = 0.5814, U = 0.7737 (by (5.5), (5.3), and (5.2)).
Since (L - K,R-K]NX = (0.5814,0.7737] N X = {(1.3)72,(1.3)71}, we conclude from Proposi-
tion 5.1 that

E=1{(0,(1.3)72]nX, (0,(1.3) " nX} = {(0,0.5917] N X, (0,0.7692] N X},

and (0,0.5917] N X is the optimal equilibrium.

6 Conclusion

For a time-inconsistent problem in discrete time, questions (a) and (b) proposed in Section 1 are
nontrivial, when the time horizon is infinite. In this paper, we focus on an infinite-horizon stopping
problem under non-exponential discounting, and develop the iterative approach to resolve both (a)
and (b).

The iterative approach is motivated by the continuous-time framework in Huang and Nguyen-
Huu [12]. The current discrete-time setup, however, gives rise to fundamental differences. First,
when rephrased using the notation in the present paper, [12, Proposition 3.2] states that [ J,,cy ©"(5)
is an equilibrium, as long as S C ©(S) holds in the first iteration. While the condition S C ©(S)
is easily satisfied in continuous time (as explained in [12, Remark 3.5]), it is not true in general in
discrete time. In response to this, we develop the fixed-point iteration in the opposite way: Theo-
rem 3.1 shows that [1),.y ©"(S) is an equilibrium, as long as ©(S) C S holds in the first iteration.
This in particular leads to the existence of an optimal equilibrium (Theorems 4.1 and 4.2), a result
that has not been established in continuous time. Note that the proofs in the present paper hinge
on the discrete-time structure, and cannot be extended to continuous time in an obvious way. It
is therefore of interest to investigate, as a future research project, whether an optimal equilibrium
exists in continuous time.
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