EQUILIBRIUM CONCEPTS FOR TIME-INCONSISTENT STOPPING
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ABSTRACT. A new notion of equilibrium, which we call strong equilibrium, is introduced for time-
inconsistent stopping problems in continuous time. Compared to the existing notions introduced
in (Huang & Nguyen-Huu, 2018) and (Christensen & Lindensjd, 2018), which in this paper are
called mild equilibrium and weak equilibrium respectively, a strong equilibrium captures the idea
of subgame perfect Nash equilibrium more accurately. When the state process is a continuous-
time Markov chain and the discount function is log sub-additive, we show that an optimal mild
equilibrium is always a strong equilibrium. Moreover, we provide a new iteration method that can
directly construct an optimal mild equilibrium and thus also prove its existence.
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1. INTRODUCTION

On a filtered probability space (€2, F, (Ft)ic[0,00); P) consider an optimal stopping problem in
continuous time
sup E,[6(7) X ], (1.1)
TET
where X = (Xt)te[o,oo) is a time-homogeneous Markov process taking values in some space X C R,

T is a set of stopping times, J is a discount function, and E, is the expectation given Xg = x. It is
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well known that when ¢ is not exponential, the problem (1.1) may be time-inconsistent. That is, the
optimal stopping strategy obtained today may not be optimal in the eyes of future selves. There
are mainly three ways to approach such time inconsistency: pre-committed strategy, naive strategy
and consistent planning strategy, dating back to (Strotz, 1955). Our paper focuses on consistent
planning, which is formulated as a subgame perfect Nash equilibrium: once an equilibrium strategy
is enforced over the planning horizon, the current self has no incentive to deviate from it, given
all future selves will follow the equilibrium strategy. For discussions on different approaches, see
(Pollak, 1968), (Ekeland & Lazrak, 2006), (Bjork & Murgoci, 2014), (Bjork, Khapko, & Murgoci,
2017), (Christensen & Lindensjo, 2018), (Huang, Nguyen-Huu, & Zhou, 2019), (Huang & Nguyen-
Huu, 2018) and references therein.

There are two general notions of equilibrium stopping strategies in continuous time in the litera-
ture. The first notion is proposed in (Huang & Nguyen-Huu, 2018) and further studied in (Huang
et al., 2019; Huang & Zhou, 2020; Huang & Yu, 2019), which we will call mild equilibrium in
this paper. Following (Huang & Nguyen-Huu, 2018, Definition 3.3) and (Huang & Zhou, 2020,
Definition 2.2), we have the following definition of mild equilibrium.

Definition 1.1. A measurable set S C X is said to be a mild equilibrium, if

r <E;[0(rs)Xrs], Yz &S5,
{ x> E,[0(18)Xr), Vz €S,

where
Tg:=inf{t >0: X, € S}, and 7¢:=inf{t>0:X;€ S} (1.4)

In the above S is the stopping region, and the economic interpretation for Definition 1.1 is clear,
there is no incentive to deviate. That is, in (1.2) when = ¢ S, it is better to continue and get
E,[6(7s)X+¢], rather than to stop and get z; on the surface a similar statement applies to (1.3).
However, when the time of return for X is 0 (i.e., IP(T{—;} =0|Xo=x)=1), which is satisfied for

continuous-time Markov chain and many one-dimension diffusion processes, 75 = 7'; and thus (1.3)
trivially holds. In other words, when the time of return is 0, there is no actual deviation captured
by (1.3) from stopping to continuing, and Definition 1.1 is equivalent to the following.

Definition 1.2. A measurable set S C X is said to be a mild equilibrium, if

x <E,[0(rs)Xrs] = J(x,5), Vaz¢&s. (1.5)

Consequently, with the time of return being 0 the notion of mild equilibrium cannot fully capture
the economic meaning of equilibrium. It is easy to see that S = X is always a mild equilibrium,
and it is not clear why always stopping immediately is a reasonable strategy. = Notice that in
discrete time there is no such degeneration issue for equilibrium since 7'5? =inf{t >1: X, € S}
in discrete time setting. See (Huang & Zhou, 2017, Remark 2.3) and (Bayraktar, Zhang, & Zhou,
2019, Definition 2.2).

As can be seen from (Huang & Nguyen-Huu, 2018; Huang et al., 2019; Huang & Zhou, 2020;
Huang & Yu, 2019), there is often a continuum of mild equilibria in many natural models, which
naturally leads to the question of equilibrium selection. In (Huang & Zhou, 2020), optimal mild
equilibrium in the sense of point-wise dominance is considered. In particular, from (Huang & Zhou,
2020, Definition 2.3) we have the following definition.

Definition 1.3. A mild equilibrium S* is said to be optimal, if for any other mild equilibrium S,

VvV J(x,S*) >aVJ(x,S) (<= J(x,5%) > J(x,5)), VzreX
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Note that = V J(x,S) represents the value associated with the stopping region/strategy S. In
(Huang & Zhou, 2020) the existence of optimal equilibrium is established. A discrete-time version
is in (Huang & Zhou, 2017).

The second notion of equilibrium, which we call weak equilibrium in this paper, is proposed
in (Christensen & Lindensjo, 2018) and further investigated in (Christensen & Lindensjo, 2020).
Following (Christensen & Lindensjo, 2018), we have the definition of weak equilibrium (we adapt
the definition slightly for our setting).

Definition 1.4. A measurable set S C X is said to be a weak equilibrium, if
x <Eg[0(r5) X, Vax ¢S,

o w = B [6(75) Xrg]
lim inf £ >0, Vxes, (1.6)
e\0 5

where
¢ =inf{t >e: Xy € S}. (1.7)

Compared to (1.3), the first-order condition (1.6) does capture the deviation from stopping to
continuing. However, similar to that for time-inconsistent control (see e.g., (Bjork et al., 2017,
Remark 3.5) and (Huang & Zhou, n.d.)), the first-order criterion does not correspond to the equi-
librium concept perfectly: when the limit in (1.6) equals zero, it is possible that for all e > 0,
z < E;[6(7§)Xrz], in which case there is an incentive to deviate.

To sum up, the economic interpretation of being “equilibrium” for mild and weak ones is inad-
equate. There are similar issues in continuous-time time-inconsistent stochastic control problems
as mentioned in (Bjork et al., 2017, Remark 3.5). In response to (Bjork et al., 2017, Remark
3.5), a new definition of continuous-time equilibrium control is introduced in (Huang & Zhou,
n.d.). In time-inconsistent optimal stopping problems, we introduce the following concept of strong
equilibrium, which is inspired by (Huang & Zhou, n.d.).

Definition 1.5. A measurable set S C X is said to be a strong equilibrium, if
r <E;[0(r9)Xr], Vx ¢S,
Je=c¢(x) > 0,5t Ve € (0,¢), x> E;B[é(Tg,)XTEI], Vo e S. (1.8)

S

Compared to (1.3) and (1.6), condition (1.8) not only captures the deviation from stopping to
continuing, but also more precisely indicates the disincentive of such deviation. Consequently, a
strong equilibrium delivers better economic meaning as being an “equilibrium”.

In this paper, when X is a Markov chain we show that an optimal mild equilibrium is a strong
equilibrium (see Theorem 2.1). (Obviously, a strong equilibrium is also weak, and a weak equilib-
rium is also mild.) We also provide examples showing that a strong equilibrium may not be an
optimal mild equilibrium, and a weak equilibrium may not be strong. Therefore, we thoroughly
obtain the relation between mild, weak, strong, and optimal mild (and thus optimal weak, optimal
strong) equilibria. Moreover, we provide a new iteration method which directly constructs an op-
timal mild equilibrium and thus also establish its existence (see Thoerem 2.2). In (Huang & Zhou,
2017, 2020), an optimal equilibrium is constructed by the intersection of all (mild) equilibriums. In
principle, this requires us to first find all (mild) equilibria in order to get the optimal one, which
may not be implementable in many cases. The new iteration method proposed in this paper is much
easier and more efficient to implement. Examples are provided to demonstrate the application
of the new iteration method (see Example 3.1 and Example 3.2). It would be interesting to see
whether such results can be extended to diffusion models, which we will leave for future research.
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As in reality people often discount non-exponentially, our results can be applied to stopping
problems in finance ad economics. Generally we can use X = f(Y') for some nonnegative payoff
function f and some price process of underlying asset Y. Our results still hold and the proofs
still work when replacing X with f(Y'). For instance, in Example 3.2, Y is a stock price process
and X = f(Y) is the payoff of an American put option. This can be viewed as an example
of exercising an American option when the investor tries to maximize the expected payoff yet
subject to hyperbolic discounting. We refer to (Huang & Zhou, 2017, Section 5) and (Huang &
Zhou, 2020, Section 6.3) for more such examples. The two-state example provided in Section 4
of this paper can also be thought of as an application of stopping (e.g., selling a house) when
the economy (e.g., property market) is good/bad. Our paper is inline with the work (Grenadier &
Wang, 2007), where equilibrium stopping strategies are considered in an entrepreneur’s investment-
timing problem under time-inconsistent preferences due to quasi-hyperbolic discounting. People
have considered to incorporate non-exponential discounting into decision making including optimal
stopping. However, this leads to time inconsistency as argued by Grenafier and Wang in (Grenadier
& Wang, 2007). They proposed the time-consistent modeling framework and our result can be
seen as making advances on proposing better equilibrium concepts in this line of work. Let us
also mention that the notion of strong equilibria also applies to other types of time-inconsistent
stopping, such as mean-variance stopping problems and stopping under probability distortion.!

This paper provides very novel and conceptual contributions in the topic of time-inconsistent
stopping. First, we analyze existing notions of equilibrium and their inadequacy in continuous time.
A new notion of equilibrium, strong equilibrium is introduced. It captures the economic meaning
of being “equilibrium” more accurately. Second, we show that an optimal mild equilibrium is
also a strong equilibrium, which is far from obvious. This result together with the examples in
this paper completely shows the relations between mild, weak, strong, optimal mild/weak /strong
equilibria. No such result has been obtained before. Moreover, we completely obtain the existence
and (non)uniqueness results of these equilibria. Third, we provide an iteration method, which
directly constructs an optimal equilibrium and is much more implementable than the existing
method in (Huang & Zhou, 2017, 2020). Moreover, although the proofs are relatively short, by
no means they are trivial, routine or easy to come up with. Those key ideas provide some novel
proof approaches in the literature of time-inconsistent control/stopping. Let us mention the recent
work of (He & Jiang, 2020), where the authors also discuss notions of equilibrium control based
on condition (1.3) in (Huang & Zhou, n.d.). The focus of their paper is to distinguish between
weak and strong (and regular) equilibrium controls. It is intuitively like distinguishing between
local maxima and critical point. In our paper we not only distinguish between strong, weak and
mild equilibrium stopping times, but also obtain that an optimal mild equilibrium is a strong
equilibrium. The notions of mild equilibrium and optimal mild equilibrium only make sense for
stopping problems not control problems. Thus the focus of our paper is different from (He & Jiang,
2020) and our intuitively unexpected result makes a novel contribution to the literature.

Iror instance, consider G(x, T), where z is the initial position for the underlying process X, and G is payoff utility. For
example, G(z,7) = E;[6(7) f(X+)] for stopping with non-exponential discounting, G(z,7) = Eo[f(X-)]—cVar,[f(X,)]
for mean-variance stopping, G(z,7) = [;° w(P[f(X7) > y])dy for stopping under probability distortion. Note that
G(x,0) = f(z). Then in general strong equilibria can be formulated accordingly as: S C X is said to be a strong
equilibrium, if

f(@) < Gz, 7s), Vo s,

Je=¢(z) > 0,s.t. Ve' € (0,¢), f(z) > G'(:cﬂ'g,)7 Vz € S.
The mild and weak equilibria can also be defined accordingly, and they still suffer from being short of economic
meaning.
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The rest of the paper is organized as follows. Section 2 collects the main results of the paper. An
optimal mild equilibrium is proved to be a strong equilibrium, and can be directly constructed via
a new iteration method. Section 3 provides examples to illustrate the iteration method in Theorem
2.2. Section 4 focuses on a concrete two-state model, which demonstrates the differences between
these equilibria.

2. THE MAIN RESULTS

In this section, we apply the concepts in Section 1 to a continuous-time Markov chain and present
our main results under this setting. Let X = (X;):>0 be a time-homogeneous continuous-time
Markov chain. It has a finite or countably infinite state space X C [0, 00). Let A; be the transition
rate out of the state x € X, and ¢,, be the transition rate from state x to y for y # x. Then we
have that A\, = Zy#: ¢zy- The discount function ¢ +— 6(t) is assumed to be non-exponential and
decreasing, with 6(0) = 1 and lim;,o 6(t) = 0. Let the filtration (F)icp,00) be generated by X.
Furthermore, we make the following assumptions on X and 4(-).

Assumption 2.1. (i) C :=supX < 00 and X := sup,cx Ay < 00.
(ii) X is irreducible, i.e., for any z,y € X, inf{t > 0: X; = y| Xo =z} < 00, a.s..
Assumption 2.2. (i) 0 is log-subadditive, i.e.,
d(s)o(t) <d(s+t), Vs, t>0. (2.1)

(ii) t — 6(t) is differentiable at t =0, and §'(0) < 0.

Remark 2.1. Assumption 2.2 (i) is closely related to decreasing impatience (DI) in Behavioral
Finance and Economics. ? Following (Prelec, 2004, Definition 1) and (Noor, 2009), the discount
function 0 induces DI if

t
S+ s+t is strictly increasing, Yt > 0. (2.2)

d(s)
Observe that (2.2) implies (2.1), since 6(s +t)/d(s) > d(t)/6(0) = 6(t) for all s,t > 0.

Note that hyperbolic, generalized hyperbolic, quasi-hyperboic, pseudo-exponential discount func-
tions all induce DI, and thus satisfy Assumption 2.2 (i). Consequently, (2.1) is often used when
studying problems involving non-exponential discounting; see e.g., (Huang & Nguyen-Huu, 2018;
Huang & Zhou, 2017, 2020).

The following is the first main result of this paper, which shows that an optimal mild equilibrium
is a strong equilibrium. The proof is provided in Section 2.1.

Theorem 2.1. Let Assumptions 2.1 and 2.2 hold. If S is an optimal mild equilibrium, then it is
a strong equilibrium.

Since all mild equilibria are strong equilibria, an optimal mild equilibrium will generate larger
values than any strong equilibrium as well. With Theorem 2.1, we can conclude that any optimal
mild equilibrium is a strong equilibrium and in fact is an optimal strong equilibrium.

2As mentioned in (Huang & Nguyen-Huu, 2018): “It is well-documented in empirical studies, e.g. (Loewenstein
& Prelec, 1992; Loewenstein & Thaler, 1989; Thaler, 1981), 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).”
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The following is the second main result of this paper. It provides an iteration method which
directly constructs an optimal mild equilibrium, and thus also establishes the existence of weak,
strong, and optimal mild equilibria. The proof of this result is presented in Section 2.2.

Theorem 2.2. Let Sy := 0, and

Spy1 =S, Uqr e X\ S, x> sup J(x,8) ;. (2.3)
5:5p,CSCX\{z}

Let
Soo = U?LO:OSH. (24)

If Assumptions 2.1 (i) and 2.2 (i) hold, then S is an optimal mild equilibrium. If in addition
Assumption 2.2 (ii) holds, then S is a strong equilibrium.

2.1. Proof of Theorem 2.1. Recall 75,75, J(:, ) defined in (1.4),(1.7),(1.5) respectively. We have
the following characterization of (1.6) in Definition 1.2.

Proposition 2.1. Let Assumptions 2.1 and 2.2 (i) hold. Then S C X is a weak equilibrium if and
only if S is a mild equilibrium and for all x € S,

e = 0'0) = D ey + > T, 5)day.

yGS\{x} yese

Proof. By definition, we only need to check condition (1.6) in Definition 1.2 is equivalent to the
above inequality.

Denote T, := inf{t > 0: X; # x, Xo = =} as the holding time at state =, which has exponential
distribution with parameter \,. Then

Eo[6(r8) Xrg] = Eol0(r§) Xrs Limney]l + D Eal0(7§) Xrg Limu<e Xp, =y 1 1125e)] + O(E7)
yeX\{z}

=d(e)we M+ Y ey me o > Eyd(e+79)X X328 8 (e + O(2)) + O(e2

yeS\{z} yese Az

Notice that d(¢) = 1+ 6'(0)e + o(e). Therefore we have

Eo[6(7§)Xre] =2+ —2(Ae = 5(0) + D Yy + Y quyByl0(c + 75)Xrg] p e + 0(€).
yeS\{z} yese

Therefore, (1.6) is equivalent to
()‘ - 5/ Z Yqzy + Z E Ts Qxy
yeS\{x} yese
O

Corollary 2.1. Let Assumptions 2.1 and 2.2 (ii) hold. If S is a mild equilibrium and satisfies

()‘ - 5/ Z YQzy + Z E TS Qxya

yeS\{z} yese

then it is a strong equilibrium.

This article is protected by copyright. All rights reserved.
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For the rest of the paper, we will sometimes use the notation
p(xz,S):=inf{t >0: X7 €S}

in the place of 7g to emphasize the initial state Xg = x (X7 here is the Markov chain starting at

Lemma 2.1. Let Assumption 2.2 (i) hold. For z € S, denote S = S\{z}. If S is an optimal mild
equilibrium, then for any y ¢ S,

J(y,S) = J(y, 8) = Ey[8(rs5) 1 (x, —a}](J (x, 5) — ).

Proof. Since S C S, we have p(y,S) < p(y, 5’) Then
J(y,8) = J(y,5)

=E [5( (y ,S’))X o(y, S)l{Xp(y ) :a:}] + Ey[(S(P(y, S))Xp(y,g)l{Xp(y’S)Es’}} - Ey[é(p(y, S))Xp(y,S)]
=By [6(n(y,9)X .8 L(x, .=} + Ey[0(n(y, INXpw.9)1ix,, 5 e8] — Eul0(p(y, ) Xpy.s)]
= Ey[6(n(y, 5)) X 1 )L (X0 =t = TE[0(0(y, )L (x5 =}

> By[5(p(y, S)L(x, (0=} B (0(Y: ) = p(y, )X 0 )| Fow.)]] — 2By [6(p(y, ) 1ix,, 5)=a1]
= Ey[0(79)1(x, =2} (Ea[0(74) X7, ] — @),

where we use (2.1) for the inequality above. O

Lemma 2.2. Let Assumption 2.2 (i) hold. If S is an optimal mild equilibrium, then for any x € S
we have that

x> J(z,8), where §=8\{z}.
As a result, 0 ¢ S and J(y,S) >0 for all y € X.

Proof. 1f S is also a mild equilibrium, then
< J(x,8) < J(x,8) ==z
and thus = = J(z, 5).

If S is not a mild equilibrium, then there exists y ¢ S such that J(y,5) < y < J(y,5). By
Lemma 2.1,

0> J(y,9) = J(y, ) > By[d(rs)Ix, —ay](J (2, 5) — x),
which implies that

x> J(zx,S). (2.5)
Now suppose 0 € S. By the above result, we have 0 > J(0,5\{0}). Since Xy ,, > 0,
J(0,5\{0}) > 0, which is a contraction. As a result, 0 ¢ S and J(y,S) > 0 for all y € X. O

Proof of Theorem 2.1. By Assumption 2.2, §(t) > "% for all ¢ > 0. Moreover, there exist
to > 0 such that for ¢ > to, () > ¢ 0% gince § is non-exponential. As a result, for any z € X,

x o , )\
_ At GO A gy _ Ao
E,[5(T,)] /O Nd(t)e Mt > /0 Aoe o= o

Denote Cy = )\:\736,(0)
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If S = {z}, then as = # 0 by Lemma 2.2 we have that

ZJy, qu<xZ]E W azy < 2Ae < z(Ap — §(0)),
yF#T y#z

which implies that S is a strong equilibrium.

For the rest of the proof, we assume S contains at least two points. Fix any « € S, we have
vesiar yes
Since for y € S\ {z},
Ee[6(7g) Xoy | X1, = y] = YE[0(79)[ X1, = y] = yEo[0(T2)| X7, = y] = yE[0(T2)],
and for y € S¢,
Ee[6(7g) Xre| X1, = y] = Eo[0(T5)0(75 — To) X7 | X1, = 9]
= B [0(T2)| X1, =y - Ba[d(7g — To) X | X7, = y] = Eu[0(T2)] - I (y, 5),

we have that

J@S=| Y % oy, Z%yJ B [6(T5)]. (2.6)

yeS\{z} Az y¢s

Z ‘hyy’ H_quyj ), ﬂ:zzq)\ﬂj(y’g)-

yesS\{z} y¢S ygs ¢

By Lemma 2.2, y > 0 for all y € S and J(y,S) > 0 for all y ¢ S, thus I + II > 0. This together
with E;[0(T;)] > ¢, implies that

Denote

J(x,8) > (1 +1)cy.
Then

A~

x—J(,8) <z — (I +I)ec,
=z — (I +1)c, + (I —1D)e,
=2~ (1 + e+, Y T2y, 9) = J(3,9))
ygs "

dx
<z— (1 +Mep+er Y Tj(Ey[é(TS)l{stzz}](x - J(z,5)),
Y¢S

where the last line follows from Lemma 2.1. Thus

s Z & (5, 5(rs)1ix, =) | (2 = J(2,8)) < 2 — (1 + ey (2.7)
y¢Ss
Notice that
cxzq Tsl{X _x}<cxzqy<cx<1
Y¢S ygs As

Then by Lemma 2.2,
z—(I+1I)c, >0, VzeX,

which implies S' is a strong equilibrium. O
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2.2. Proof of Theorem 2.2. We start with the following lemma, which in particular indicates
that a smaller mild equilibrium generates larger values.

Lemma 2.3. Let Assumption 2.2 (i) hold. If S is a mild equilibrium, then for any subset R C X
with S C R, we have
J(x,S) > J(x,R), VreX

Proof. Since S C R, p(z,S) > p(x, R) for all z € X.
J(2,5) = Ea[d(p(2, 5)) X p(z,9)]
= Eo[Ex[0(p(2,5)) Xp(a,9)| Fp(a,m)l
> B [6(p(x, R))Ez[0(p(2,5) — p(a, R) X p(a,9)| Fp(a,m)]
=E.[0(p(z, R)Ex,, 1 [0(0(Xp(z,r): ) X p(z,5) ]
Eo[0(p(z, R)) X p(o,m)] = J(z, R).

The last inequality holds because S is a mild equilibrium and by definition,

EXp(z,R) [5(p(Xp(x,R)7 S))X,o(:p,S)] > Xp(w,R)-
O

Corollary 2.2. Let Assumption 2.2 (i) hold. If S is the smallest mild equilibrium, i.e. S C S for
any mild equilibrium S, then S is an optimal mild equilibrium.

Thanks to this corollary, in order to show S., defined in (2.4) is an optimal mild equilibrium, it
suffices to show that S, is the smallest one.

Recall S,, defined in (2.3). We have the following lemma.

Lemma 2.4. For any mild equilibrium R, we have that S, C R for alln € N.

Proof. We prove this lemma by induction. First Sy C R. Suppose S, C R for n > 0. Since R is a
mild equilibrium, for any = ¢ R,

x<J(z,R) < sup J(x,9).
S:8, CSCX\{x}

Therefore = ¢ Sy, +1. As a result, S,+1 C R for all n € N. O
Lemma 2.5. Let Assumption 2.1 (i) hold. For y ¢ S, denote
Vn = sup J(ya S)a Voo = sup '](y7 S)v
S:SnCSCX\{y} S:S00 CSCX\{y}

then we have Vy, \( Voo, n — 00.

Proof. Since Soo = ;51 Sn, We have p(y, Soc\Sp) — 00,n — co. Then for any £ > 0, there exists
N = N(e,y) such that for n > N, E,[6(T5_\s,)] < € since lim;_, §(t) = 0.
For any R, such that S, C R, C X\{y}, denote R, := R,,|J S, then we have,
Ty, Bu) = J(y, Bn) = By [(6(mr, ) Xon, = 0(TR ) Xeg) L(x, €50\ Ra)]
< CEy[0(7r, ) (X, €50\ Rn}]

< CBy[0(75.0\R, )1 (X, _€5\Rn}]
< Ce

This article is protected by copyright. All rights reserved.
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Since So C R, C X\{y}, by definition, J(y, R,) < Vao. Therefore we have that for any ¢ > 0,
there exists N such that for any n > N,
Vy, = sup J(y, Rp) < Vo + Ce.
Rn:SnCRrCX\{y}

Clearly S,, C Sp+1 implies that V,, is non-increasing and V,, > V,, for all n. This completes the
proof that V,, \ Voo, n — 00. O

Proof of Theorem 2.2. By Corollary 2.2 and Lemma 2.4, to show that S, is an optimal mild
equilibrium, it suffices to show S is a mild equilibrium.

Suppose S is not a mild equilibrium. Then
a = sup{z — J(x,S«)} > 0.
zeX

For any € > 0, there exists y ¢ S such that y — J(y,S~) > o —e. Since y ¢ S, for all n > 0, we
have

y < sup  J(y,5), Vn=>0.
$:8, CSCX\{y}

By Lemma 2.5,

y < sup J(y,S).
5:500 CSCX\{y}

Thus, there exists subset R with So, C R C X\{y} such that
y<J(y,R)+e

Then we have J(y,R) — J(y,S8«) > y—ec+a—ec—y =a—2¢. Since Soo C R, p(y,5) > p(y, R).
It follows that

(s R) — J(y, Soc) = Ey[6(p(y, R)) X p(y,r)] — Ey[Ey[6(p(y, So0)) X p(y,5.0) [ F oy, m)]]
< Ey[0(p(y, R) Xy, — By [6(p(y, R))Ey[6(p(y, Soc) — p(4: B)) X p(y,5.0) [ F oy, r)]]
= Ey[0(p(y, R))(Xpy,r) — Ex,, p [0(P(Xpy,R) Soo))Xp(X,,wR),soo)])
< Ey[6(p(y, R))]ex
< Ey[0(T)]
By Assumption 2.2 (i), A = sup,ex Az < 0o and since y ¢ R, we have 0 < E,[0(T})] < ¢ < 1 where
c= [576(t)Ae~Mdt. By choosing 0 < & < & (1 ¢} we obtain a contradiction.

Next let us prove S is a strong equilibrium. If X is irreducible, then S, is a strong equilibrium
by Theorem 2.1. In general, following the proof for Proposition 2.1, to show S, is a strong
equilibrium, it suffices to show that for any x € S, with A, > 0,

e = 0'(0) > D ygey+ Y Eyl0(75) Xy (2.8)

YES\{z} yeESS,
Take © € So with A\; > 0. Following the argument for (2.6), we have that

& Qay Gzy
J(x,80) > D Ly Z 2y S | B,
YESeo\{a} Y#Soo

where So, = Soo \ {z}. Using an argument similar to that for (2.7), we have that

1—co Y @(Ey[é(mwﬂ{xwm _al) | (2= J(@,800)) < 7 — (To + o),
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where

o Gy ._ oy
Loi= Y. Wy and Tl i= > 3, 0 5e0)-
yESso\{z} Y& Soo

N

Since S is the smallest mild equilibrium, S is not a mild equilibrium. Then z > J (z,So0) by
(2.5). Therefore,

x — (Ino + oo )cy > 0,
which implies (2.8). O

3. EXAMPLES ILLUSTRATING THE ITERATION METHOD IN THEOREM 2.2

In this section, we provide examples to demonstrate the iteration method in Theorem 2.2.

The next proposition shows that the iteration method in Theorem 2.2 will terminate within one
step in the case of time consistency and leads to an optimal stopping time.

Proposition 3.1. Ifd(s)d(t) = 6(s+t) for allt,s > 0 and Assumptions 2.1 (i) holds, then S1 = S,
for all n > 2 and Sy is an optimal stopping strategy.
Proof. By definition, Sy = () and
Si={zxeX:z> sup J(z,9)}.
ScX\{z}

~ We show that for any z ¢ S1 and any set R C X\{z}, we have J(z,R) < J(z, R) where
R=RUS;  =RU (Sl\R)

For S; C R, R= R and J(z, R) < J(x, R) holds trivially.

For S1 ¢ R, denote v = 7g and 74 = 7. Then a.s. v > 5. We have
)X5] = Ea[6(7) X5]
2[0(7) Xy (Lixsery + 1ix-¢ry)] — Ex[0(7)X5]
(6(7)Xy = 0(7)X5)1(x ¢R}]
E[(6(7) Xy = 0(9)X5)1(x.¢r} | F5]]

since on {X5 ¢ R}, X5 € 51 and X5 > Ex. [6(7)X,].

As a result, J(z,R) < supg.g,cscx\(z} J(2,5) for all R C X\{z}. Thus for any = ¢ Si,
T < SUPR.pex\ {2} J (@, R) < supg.s, csex\(z} J (7, S), which implies 51 = Sy = Se.

Next we show that for all z € X,
J(z,S1) > J(=x,S), VS c X

For z € Sy, by definition of S, z > supgcex\ (4} J(2,5). Therefore x > supgcx J(z, S).

This article is protected by copyright. All rights reserved.
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For x ¢ S1, for any S C X, let S = SUSy. Since S C S and S C 5', we have a.s. 7¢ > 75 and
Ts, > Tg- By similar arguments as above, we obtain
J(@,8) = J(x,8) = Eold(75) 1 {x4¢5) (Xrg — Ex, [6(75) Xr])] 2 0,

and

‘](l" Sl) - J(xv S) = ]Ex[é(TS)l{X§¢Sl}(EXT§ [5(7—51 )XTS ] - XTg)] > 0.
Therefore J(z,S1) > J(z,8) > J(z, S). O

In the case of time inconsistency, the above result generally does not hold. The next example
demonstrates an application of the iteration method in Theorem 2.2.

Example 3.1. Consider hyperbolic discount function §(t) = fﬁt for B >0 and X = {x1,x2, 3,4},
whose generator is given by

-A1 @12 @13 qu -3 1 1 1
Q= | X2 @3 gqu| |0 -1 0 1
@1 g3 A3 gsa| |0 04 -2 1.6
a1 Qa2 Qa3 —M\ 1 1 1 =3

Let 8 =3, x1 = 10,20 = 40, x3 = 46, x4 = 100.

Next we show that by applying the iteration method, we have Sy = 0,51 = {x9,x4}, 52 =
{xg,x3,$4} = Soo

Denote T; := inf{t > 0: Xy # z;| Xo = z;}.
(i) Since 100 = x4 > x3 = 46 > SUPgex\ (a4} J (74, S), we have that x4 € Si.
(ii) For x3, consider S = {x4}.

J(x3, {z4}) = Eoy [6(T(24)) Xr(, ]

= u(%% 16(T5)] + %E [B[5(T + Ty)| Xz, = a2]))

= 100(0.8 — = e 24t +0.2 / / — = eT2did
( /0 Tt R T s 2
= 100(0.8 x 0.5173 + 0.2 x 0.2539) = 46.46.

Therefore x5 = 46 < J(x3,{74}) < SUPgcx\{aq} J (¥3,5) and x3 ¢ S1.

(ii) Note that SUpgcx\ (a0} J (T2, 5) < 74Ky, [0(12)]. We have
> 1
Eo, [0(T3)] = — e tdt = 0.3856.
e
Therefore xa = 40 > 0.3856 x 100 = x4E,,[0(T2)] > SUPSCEX)\ {wo} J(x2,S) and x9 € Sy.

(iv) For x1, consider S = {xa,x3,24}.
J(x1,{w2, 3, 24}) = Eg, [6(T1) X

7—{302,903,904}]

= %(xg + x3 + 1’4)Ex1 [5(T1)]

© 3
=62 x / e 3tdt = 62 x 0.5963.
o 143t

Thus x1 =10 < J(x1, {22, 23, 24}) < SUPgex\ (a1} J (21, 5) and 21 ¢ Si.
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(v) By (w), x1 ¢ S given that S; = {x2,x4}.

(vi) To show that x3 € Sa, we only need to show that J(xs,{xs,x4}) < x3 since S1 = {x2,x4}
and q31 = 0.

(w3, {x2, 24}) = <§ij 2+‘§i;x4>E [6(T3)]

o0
2
= (0.2 x 40 + 0.8 x 100 — = 7%t
(0.2 40408 x )/0 1+3t°

=88 x 0.5173 = 45.52
Thus x3 € Ss.

(vit) Again by (), x1 ¢ S3 given that So = {xa,x3,24}. Therefore S,, = So = {xa,x3, 24} for
n > 2.

3.1. Example 3.2. In this example, process X has infinite state space and can be viewed as the
payoff of some American option. Consider a stock price process Y that takes values in Y := {u":

i € Z} for some fixed u > 1. There exists A > 0 and p € [l—f—u’ ) such that

Quiit1 = DA,  Quigi-1 = (1 —p)A, Vi€ Z.

Let the discount function be §(t) = 7 7 ,Bt for some constant 8 > 0 and let the payoff process be

X = f(Y) for some payoff function f(y) = (K —y)*, where K is a positive constant. Since f is
bounded and nonnegative, our results still holds when we have X = f(Y). Next we will show how
to use the iteration method to find an optimal mild equilibrium in this problem.

Lemma 3.1. S1 = {v’ € (0,K) : K —u' > J(u*,{u™}),Ym < i,m € Z,i € Z}.
Proof. Since for any u® > K, f(u' V= (K—u)T=0< J(u! (0 K)NY), we obtain that S; C (0, K).

Thus we only consider u* € (0,K) and we show that v’ € S; if and only if v* € (0, K) and
K — ' > J(u',{u'}) for all [ < i.

“=": Take u’ € S;. Then obviously K — u’ > J(u’, {u'}) for all I < i.
“e=": Take u’ € (0, K). For any nonempty set S C Y\{u'}, there are three cases.

Case 1: SEA—{SCY\{UZ} Sﬂ(Ou)—@andgﬂ(u'oo)#@}. Let u" = min(S N
(uf,00)). Then J(u',S) = J(u',u"). Since u” > u’, we have f(u') = K —u® > J(u',{u"}) =
(K —u")"E,:i[6(7fyry)]. Then obviously we have that

f(u?) > sup J(u', S).
SeA

Case 2: S € B:={S Cc Y\{u'} : SN (0,u?) # 0 and SN (u’,00) = 0}. Note that for any n € Z
such that n < i, ' ‘
K—u'> sup J(u', {u"}).

n<k<i—1
Moreover, lim,, oo J(u?, {u™}) = 0. Thus
K —u'> sup J(u!, {uF}). (3.1)
k<i—1

Now let u! = max(S N (0,u?)). Then J(u,S) = J(u?, {u'}). Thus by (3.1),
f(u") > sup J(u", S).
SeB
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Case 3: Se(C := {5’ C Y\{u'}: SN (0,u") # 0 and SN (uf,00) # 0}. Let u! = max(S N (0, u?))
and " = min(S N (u*, 00)).
If v < K, observe that Y is a submartingale, so u’ < E,: [YT{UZ ur}] = E,i[Yrg). Thus f(u') =
K —u' > By[(K = Yrg) ] = By [(K = Yrg) ] > By [0(rg ry ) (K — Yog) T
If " > K, then
Jﬁfvs)==Eu45@XM}ﬂff—-U5+1{qw}<quq}}+-Eu45CQ@rQ(KT—?/?+1{quq<Tqu
=E, [5(T{uz})(K — ul)l{T{ul}<T{uT}}]
< By [0(rpy) (K — )]
= J(u', {u'})
< sup J(u', S).
SeB

Therefore,

f(u?) > sup J(u', S).
SeC

This completes the proof. O

Fix m,i € Z such that m < i <log, K. J(u',{u™}) = (K — u™)E,i[6(1ym})]. Since (qyiyi)jti
are the same for each i € Z, we have E;:[6(7(ym})] = Eyi—#[0(7gym-xy)] for any k € N. Therefore
denote a;—p, := K, [0(7g,my)]. Note that oy, n € N can be computed explicitly. For example,

L oo (2kk—1)pk71(1_p)k. o)
=y /

2k -1
k=1

t. 2k — 1)dt
1+Bﬂ(’ )dt,

AT —1_—Xt
(n—l)!tn €
n and rate parameter \.

where g(t,n) = is the density function of gamma distribution with shape parameter

Proposition 3.2. S, = {u’ : i < ng} where ng = [log, (2= K)].

u—Q1

Proof. Since for any u’ > K and any S C Y\{u'}, f(u') = 0 < supJ(u},S), Seo C (0, K)NY. In
the following we only consider u’ with i < |log, K|. Consider sequence { K;K“m}mﬂlogu K- It is
easy to check that

K —um1 K —u™

% > —% >0, Vm<|log, K],
and lim,,_, o & }“m = 1. Then there exists my < |log, K | such that
K —y™mo K —ymot!
A

Then K —u™ > Kag > (K — u"™)mg—m, Ym < mg. By Lemma 3.1, ™ € S;. Since K —u™ >
K —u™ > Kay for all m < mg, by similar argument, v € S1,Vm < mg. Therefore

{u™ :m <mp} C Si.
Consider the sequence {%}nﬂlogu k|- It is easy to check that

K —un1 K —u" S
K —un—2 >K—u"_1 =0,

Vn < |log, K|,
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and lim,__ % = 1. Then there exists ng < [log, K| such that
K — " K — ynotl
K — ymo—1 - K—um
Then for any n > ng + 1, (K —u™)* < (K —u"')Tay. Thus v € Sy, ¥n > ng. That is
{u™ :m <mo} CS; C{u™:m <np}

Next we claim that for all n € N, S, C {u™ : m < ng}. We will prove this claim by induction.
By the above discussion, this claim holds for n = 1. Suppose S,, C {u™ : m < ng} for n > 1. Then
for any m > ng,

(K —u™)" < (K —u™ NHta; < sup J™,S),
S:8, CSCY\{um}
which implies u™ & S, 41 for all m > ng and S, 11 C {u™ :m < ng}. As aresult, Soo C {u":m <
no}.

If mo = no, then we have S} = {u™ : m < np} C Se. Thus Soo = {u™ : m < ng}.

If mo < ng, let k = ng — mg. Consider u™ %% i € {0,1,2,---,k}. We claim that u™* € ;.
Then we obtain {u™ : m < ng} C Seo.

Next we will prove this claim by induction. The claim holds for i = 0. Suppose u™t e Sy,
Then {u™ :m < mg+1i} C Siy1. Consider the case when u™+i+! & S, ;. Note that
sup J(umot gy < max  J (w0t fymoti kLY v g (Mot L motiy)
S:Si+1CSCY\{um0+i+l} m0+i+2§k§n0
As Y is a submartingale, K — u™oti+1 > J(ymotitl fomoti yF1) for any k satisfying mg +i +2 <
k < mng. This together with (3.2) implies that

K — Mottt > sup J(umott gy,
S:Si+1CSCY\{um0+i+1}

Thus, u™+i+l ¢ G\ 0.

Therefore the iteration method will terminate within ng — mg + 1 steps and we obtain S, =

. _ _ynot1 .
{u™ :m < ng} where ng satisfies % > ap > Ew0 Equivalently,

K

= s i, (2222 ).

3.1.1. Discussion on how non-standard discounting affects the value of the option. Consider the
optimal stopping problem

0

U = supE, |5 (- ). (33)
Let
7 = inf {t >0: 0(t)¥; 2 supE [5(7)(1( - YT)+‘E} } : (3.4)

where T; is the set of stopping times taking values in [t,00]. From the classical theory of optimal
stopping we know that 7* is an optimal solution for the problem (3.3). Recall that

75, :=inf{t > 0: Y; € Soo}

is the stopping time corresponding to the optimal mild equilibrium S, where S is obtained from
the iteration in Proposition 3.2. We have the following.
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Proposition 3.3. Suppose logu(ljgi K) is not an integer. Then

u

TS ST (3.5)

Note that 7* is an optimal pre-commitment strategy. That is, it is a strategy which is carried
out based on the initial preference, and the agent commits to this strategy over the whole planning
horizon and ignores the change of her future preference. On the other hand, 75 is an equilibrium
strategy (sophisticated strategy) which incorporates the change of preference. To be more specific,
by using strategy 7g. the agent seriously takes the possible change of her future preference into
consideration, and works on consistent planning: a strategy such that once it is enforced over
time, all her future selves have no incentive to deviate from it. Proposition 3.3 indicates that with
the recognition of the change of preference, the agent would actually expedite the exercise of the
American put option.

As 7s.. may not be optimal for the problem (3.3), the use of the equilibrium strategy 7s,_ will
lower the expected payoff, if such evaluation is based on the initial preference. However, when the
change of future preference is considered, there is no unique/proper way to define the dynamically
optimal expected payoff over time. In this case, the equilibrium strategy is carried out such that
the agent’s future selves will not regret the decision.

Proof of Proposition 3.3. By the Markov property of Y, we can rewrite (3.4) as
™ =inf{t >0: Y; € A}, (3.6)
where

145t
A = ceY: y> E,|— " (K-Y.)"| .
t {y s ] b A ]}

It is easy to see that A; C Ag for any t > 0. We claim that Ay C Ss, which further implies that
A C Sy for t > 0 and thus (3.5).

Indeed, take u™ € Ag. Obviously u™ € (0, K). Then we have that
K—u"=U(u") > Ju", {u"'}) = ay (K —u" 1),
which implies that

n < log, (1 _alK) + 1.
u— o1
By assumption, we have that
n < ng,
which implies u™ € S4. d
Remark 3.1. The assumption in Proposition 3.3, i.e., log, (};31 ) not being an integer, is very

weak, since for it holds for a.e. u and K.

Remark 3.2. Here 7* considered in (3.4) is the smallest optimal solution for the problem (3.3). If
it 1is replaced by the largest optimal solution, then the assumption in Proposition 3.3 is not needed.

4. ExAcT CONTAINMENT OF EQUILIBRIA: OPTIMAL MILD g STRONG ; WEAK g MiLD

In this section, we will use an example to illustrate that a mild equilibrium may not be a weak
equilibrium, a weak equilibrium may not be a strong equilibrium and a strong equilibrium may not
be an optimal mild equilibrium.
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Consider a two-state continuous-time Markov chain X; € {a,b} for ¢ > 0. Assume a > 0,b >0
and without loss of generality we assume a > b. The generator is

X Aa

where A, > 0 and A\, > 0.

There are four subsets of {a,b}. Clearly S = 0 and S = {b} cannot be mild equilibria and
S = {a, b} is a mild equilibrium. Next, let’s check when S = {a} is a mild equilibrium.

By definition S = {a} is a mild equilibrium if and only if
b < aB,[5(T})] = a / 5(t) A= dt.
0

Consider the following cases.

) If 2 = [¥8(t) e Mldt < 1, then both {a} and {a,b} are optimal mild equilibria and thus
both are strong equlhbrla

(ii) If b < [ooo (t)\pe=Midt < 1, then {a} is the only optimal mild equilibrium, which is also a
strong equlhbrlum But the mild equlhbrlum {a,b} may not be a weak equilibrium. For example,
When <%= ( 5 < 1, the second condition for weak equilibrium is violated at state b, thus it is
not a Weak equlhbrlum

(i) )\g'(o) < 1 < ¢ holds automatically since a > b and ¢'(0) < 0. If % <?®

<
fo )\be_’\btdt < 1, then {a, b} is not an optimal mild equilibrium, but it is a weak equilibrium

and also a strong equlhbrlum

(iv) If 5,(0) 2 < 1, {a, b} is a weak equilibrium, but it may not be a strong equilibrium, i.e.

condition (1 8) on strong equilibrium may not hold at state b. This can be shown by computing

the related term of order 2.

Since
P(X. =a|Xo=b) = \pe — Wa‘? + o(?),
and
P(X: =bXo=1b)=1—\e+ % Ay ?‘””52 +o(e?),
we have b —Ey[d(e)X,]
=b—0(e)[aP(X: = a|Xo = b) + bP(X: = b| Xy = b)]
=b—(1+0(0)e+ 5,/50)62 + o(e?))[a(Moe — W82 +0(?)) + b(1 — \pe + W82 + 0(?))]
= (bA\p — aXp — b8’ (0))e + [b( X0 (0) — A +2)\a)\b — 5”;0)) —a(8'(0) Ny — W)]SQ + o(e?)
Therefore when the first order term and the second order term respectively satisfy
b(Ap — &§'(0)) — aXy, = 0, (4.1)

and

b (0) — 220 SO g, - ey (42)
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{a, b} is a weak equilibrium but not a strong equilibrium. Using (4.1), (4.2) can be simplified to

0"(0) = 2(¢"(0)*)
—6(0) :

Ao+ < (4.3)

An interesting case is when §(t) = 2. Then (4.3) does not hold: ¢’(0) = —3 and §"(0) = 232.

1+8t"
In this case %&g)(o)?) = 0, which contradicts A\, + Ay > 0. That means if we have hyperbolic

discount function, a weak equilibrium is always a strong equilibrium in the two-state setting.

But when §(¢) = (1+ ﬁt)_%, then it can easily be seen that (4.3) holds: ¢'(0) = —g, §"(0) = 332
implies that when 0 < Ay + Ay < g and % = 25?15,
equilibrium. In this case, {a,b} is not an optimal mild equilibrium.

{a, b} is a weak equilibrium but not a strong
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