N

N

Necessary and Sufficient Conditions for a Solution of the
Bellman Equation to be the Value Function: A General
Principle
Takashi Kamihigashi, Cuong Le Van

» To cite this version:

Takashi Kamihigashi, Cuong Le Van. Necessary and Sufficient Conditions for a Solution of the Bellman
Equation to be the Value Function: A General Principle. 2015. halshs-01159177

HAL 1d: halshs-01159177
https://shs.hal.science/halshs-01159177

Submitted on 2 Jun 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://shs.hal.science/halshs-01159177
https://hal.archives-ouvertes.fr

‘ Documents de Travail du
PANTHEON SORBONNE  Centre d’Economie de la Sorbonne

\ 4 d
C
E
1 ¢ [ |

Necessary and Sufficient Conditions for a Solution of the
Bellman Equation to be the Value Function:

A General Principle

Takashi KAMIHIGASHI, Cuong LE VAN

2015.07

OB IeS=R RO MO

s

Maison des Sciences Economiques, 106-112 boulevard de L'Hopital, 75647 Paris Cedex 13
http://centredeconomiesorbonne.univ-paris|.fr/
ISSN : 1955-611X




Necessary and Sufficient Conditions for a Solution of the Bellman
Equation to be the Value Function: A General Principle*

Takashi Kamihigashi’ and Cuong Le Van!

January 29, 2015

Abstract

In this paper, we give Necessary and Sufficient Conditions for a Solution of the Bellman
Equation to be the Value Function. This result is a general principle. It requires no structure
beyond the common framework of discrete-time stationary optimization problems with time-
additive returns. In particular, the state space X is an arbitrary set.

Keywords: Dynamic programming, Bellman equation, value function, fixed point.

JEL Classification: C61

*

TRIEB, Kobe University, Rokkodai, Nada, Kobe 657-8501 JAPAN. Email: tkamihig@rieb.kobe-u.ac.jp. Tel/Fax:
+81-78-803-7015.
'CNRS, PSE, IPAG, VCREME

Documents de Travail du Centre d'Economie de la Sorbonne - 2015.07



1 Introduction

Dynamic programming is one of the most fundamental tools in economic analysis. A typical
setup for dynamic programming is a problem of maximizing the infinite sum of discounted re-
turns subject to feasibility constraints. In order to apply a recursive approach, it is commonly
assumed that the problem is “stationary”: the returns are represented by a time invariant “return
function,” and the constraints are expressed as a time invariant “feasibility correspondence.” The
maximum (or supremum) of the infinite sum is called the “value function,” and this function can
often be computed as a solution to the associated “Bellman equation.” When one considers using
this approach, two fundamental questions arise:

A. Is the value function a solution to the Bellman equation?

B. Is a solution to the Bellman equation the value function?

Question A is rarely questioned, and it is often taken for granted that the answer is yes. The
answer is indeed yes, provided that the Bellman equation is well defined. Stokey and Lucas (1989,
Theorem 4.2) show that the value function solves the Bellman equation if the return function is
finite, in which case the Bellman equation is always well defined. In a more general nonstationary
framework, Kamihigashi (2008) shows that the value function solves the Bellman equation if
and only if the Bellman equation is well defined. Thus the answer to Question A is now fully
understood.

Concerning Question B, against common wisdom, the straight answer to this question is no.
There are obvious solutions to the Bellman equation that are not the value function. For example,
the function identically equal to oo is a trivial solution to the Bellman equation; so is the function
identically equal to —oco. Even if these trivial functions are ruled out, the answer is still no in
general unless the space of possible candidate solutions is further restricted. In Subsection 4.1 we
present a trivial example that has a continuum of finite solutions to the Bellman equation.

Perhaps the best known result related to Question B is that if the return function is bounded
and continuous, and if the feasibility correspondence is continuous and compact-valued, then
the Bellman equation has a unique solution in the space of bounded continuous functions, and
this solution is the value function (e.g., Stokey and Lucas, 1989, pp. 77-78). In other words,
under these conditions, a solution to the Bellman equation in the space of bounded continuous
function is the value function. This existence part of this result is shown by using the contraction
mapping theorem. Much of the subsequent economic literature on dynamic programming is based
on various forms of contractions. Among them are weighted contractions (Boyd, 1990; Alvarez
and Stokey, 1998; Durédn, 2000), and local contractions (Rin¢on-Zapatero and Rodriguez-Palmero,
2003, 2007, 2009; Martins-Da-Rocha and Vailakis, 2010). In these studies, the space of candidate
solutions is restricted to those of continuous functions with appropriate topologies.

A more direct approach is used by Le Van and Morhaim (2002), who show that the value
function is a unique solution to the Bellman equation in the space of upper semicontinuous
functions satisfying transversality-like conditions. Conditions similar to these are used by Stokey
and Lucas (1989, Section 4.1) to characterize the value function.

All the aforementioned results regarding Question B assume that the return function and
the feasibility correspondence are continuous. Under additional technical assumptions, they also
show that iteration of the Bellman equation leads to the value function.
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2 A General Principle

The setup is the same as in Kamihigashi (2012). Let X be a set. Let I" be a nonempty-valued
correspondence from X to X. Let D be the graph of I':

D={(z,y) € X x X :y e [(x)}. (1)

We call a path {z:}32, feasible if Let II and II(xo) denote the set of feasible paths and that of
feasible paths from z(, respectively:

II={{:}Z € X* :Vt € Zy, w41 € ()} (2)
M(zo) = {{x1}2) € X {m }i2, € 1T}, x9 € X. (3)

Let u : D — [—00,00). Let 8 > 0. Given xy € X, consider the following optimization
problem:

T
sup L Btu(fﬂu $t+1), (4)
{z¢}52  €ll(zo) TTo0 tz:;

where L € {liminf,limsup}. Since u(z,y) < oo for all (z,y) € D, the objective function is well
defined for any feasible path. Define

L — l?m inf ?f L= l%m .sup, (5)
limsup if L = liminf.
Note that for any sequence {a;}72, in [—o0, 00|, we have
L [—a)] = — L* a.
tToo[ @] ttoo at (6)
The value function v* : X — R is defined by
T
v (z9) = sup L Bru(xy, v41), xo € X. (7)
{we}32, €M (o) TT0 ;
We define
T
0 = {{a}f2p € I : T%M;Btu(mtaxt-&-l) > —oo}, (8)
M(z0) = {{ze}2) € W(wo) : {2} € I°},  mo € X, (9)
XY= {2z e X : 1) # 0}. (10)
We follow the convention that sup ) = —oo. Thus we have
T
Vo € X, v (o) = sup L Blu(zs, Tiy1). (11)
{0}22, €T10 (o) TTo0 ;
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Let V be the set of functions from X to [—o00,00). Consider the Bellman equation

v(z) = sup {u(z,y)+Pu(y)}, =z€X, (12)
y€el'(z)

where v € V. We say that a function v € V' solves, or is a solution of, the Bellman equation (12)
if v satisfies (12). We can also write the Bellman equation simply as v = Bv, where B is the
operator on V defined by

(Bv)(z) = sup {u(z,y)+Pv(y)}, =x€X (13)
y€el'(z)

This operator is called the Bellman operator. A solution of the Bellman equation is a fixed point
of the Bellman operator.

If v € V, then Buv is well defined, but it need not be the case that Bv € V. If v € V, then
Bwv need not be well defined. This is because it is possible that u(z,y) = —oo while v(y) = oo for

some (z,y) € D, in which case Bv is not well defined.! For this reason we assume the following
for the rest of this paper:

vt eV (14)

If a solution of the Bellman equation (12) in V' coincides with the value function v*, then
(14) must be satisfied. Thus (14) is a minimum requirement to analyze the relation between a
solution of the Bellman equation and the value function. Furthermore, if (14) is violated, it is
often possible to normalize the problem so that (14) holds; see Subsection 5.4 for an example.

It is well known that the value function solves the Bellman equation in a slightly less general
setting (Stokey and Lucas, 1989, Theorem 4.2). This extends to our general framework, and we
state it here for later referenc.

Lemma 2.1. The value function v* solves the Bellman equation (12).
Proof. Follows from Kamihigashi (2008). O
We are ready to state the main result of this paper.

Theorem 1. Let v € V be a solution of the Bellman equation (12). Then v = v* if and only if
the following two conditions hold:

(a) For any {z;} € 11, we have

TI{; BTv(zr) > 0. (15)

(b) For any zp € X and € > 0, there exists {z;} € II(zg) such that

T-1

VT € N, v(zp) < Z Bhu(wy, 1) + BLo(zr) + e (16)
t=0

TITJ:O Blv(xr) < e (17)

!See Kamihigashi (2012) for a simple nonstationary problem of this nature.
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Proof. See Appendix 6. O

This result is a general principle. It requires no structure beyond the common framework
of discrete-time stationary optimization problems with time-additive returns. In particular, the
state space X is an arbitrary set.

Since conditions (a) and (b) are necessary and sufficient, they are the weakest possible suf-
ficient conditions for a solution of the Bellman equation (12) to equal v*. The proof of the
sufficiency part of Theorem 1 shows that conditions (a) and (b) have different roles:

Proposition 1. Let v € V be a solution of the Bellman equation (12). Then condition (a) of
Theorem 1 implies that v* < v, and condition (b) implies that v < v*.

Proof. See Lemmas 6.6 and 6.7. O

As we discuss in the next section, the equality version of (15) (with L* = lim) is one of the
most commonly used sufficient conditions for a solution of the Bellman equation to equal the value
function. By contrast, to our knowledge, condition (b) is new to a large extent. To understand
this condition, it is useful to note that any solution of the Bellman equation (12) has the following

property.

Lemma 2.2. Let v € V be a solution of the Bellman equation (12). Then for any e > 0, there
exists {x1} € M(xg) satisfying (16).

Proof. See Stokey and Lucas (1989, p. 73) or Kamihigashi (2012, Lemma 4.1). O

Therefore, condition (b) automatically holds if (17) with € = 0 is assumed to hold for all
feasible paths. This assumption is often made indirectly in the literature, as we discuss in the
next section. However, there are subtle cases in which the assumption does not hold, and the full
strength of condition (b) is needed when one wishes to reject a solution of the Bellman equation
as the value function; see Subsections 5.2, 5.3.

One might wonder if X could be replaced by X" in condition (b). This is in fact impossible,
as we illustrate using a simple example in Section 4.2.

Consider the following assumption, which is often used in the literature.

Assumption. For any {z;} € II, the limit
T

lim Zﬁtu(ﬂﬂt, Tt41) (18)

TToo par
exists in [—oo, 00).

Under this assumption, the version of Theorem 1 with L* = limsup and the one with with
L* = liminf are both valid. Thus the value function must satisfy the stronger version of each of
conditions (a) and (b):

Corollary 1. Let Assumption 2 hold. Let v € V be a solution of the Bellman equation. Then
v =v* if and only if
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(a’) For any {z;} € I, we have

lijr%inf Brv(zr) > 0. (19)

(b”)For any xp € X and € > 0, there exists {x;} € II(zg) satisfying (16) such that

limsup S1v(z7) < e (20)
T1oo

Proof. Conditions (a’) and (b’) are necessary, as mentioned above. They are also sufficient since
they imply conditions (a) and (b) of Theorem 1 whether L = liminf or L = lim sup. O

With an additional argument, we obtain sufficient conditions weaker than those given by
either version of Theorem 1:

Proposition 2. Let Assumption 2 hold. Let v € V' be a solution of the Bellman equation (12).
Then v =v* if and only if the following two conditions hold:

(a”) For any {z;} € II°, we have

limsup 7 v(zr) > 0. (21)
TToo

(b”) For any z¢p € X and € > 0, there exists {z;} € II(x) satisfying (16) such that

lijr%igf BTv(zr) <e. (22)

Proof. The “only if” part follows from Corollary 1. To see the ‘if” part, assume conditions (a”)
and (b”). By condition (a”) and Proposition 1 with L = liminf, for any z¢p € X we have

T
v(zg) > sup liminf »  Bu(wy, z441) (23)
{w1}€T () TTo ;
T
= sup lim Zﬁu(xtaxt-&-l):v*(xO)v (24)

{z4}el (z0) TT0 45

where the first equality uses Assumption 2. It follows that v* < v. Likewise we have v < v* by
condition (b”) and Proposition 1 with L = limsup. Hence v = v*. O

In what follows, we proceed without Assuming 2, since one of the advantages of the use of the
operator L is that one need not worry about the validity of this assumption. Except for Sections
4.5 and 5.1, where we present examples in which the definition of L affects the value function and
optimal paths, we simply use L and L* without discussing the possibility that L can be replaced
by lim.

Documents de Travail du Centre d'Economie de la Sorbonne - 2015.07



3 Sufficient Conditions

In this section we take a solution v € V' of the Bellman equation (12) as given, and present a
series of sufficient conditions for v to equal v* as consequences of Theorem 1. By doing this, we
clarify the relationship between Theorem 1 and many of the related results in the literature as
well as develop some new results.

We start with the equality version of (15), which is one of the most commonly used sufficient
conditions for a solution of the Bellman equation to equal the value function, as mentioned above.
The following is a slight generalization of Theorem 4.3 in Stokey and Lucas (1989).

Corollary 2. We have v = v* if any {z;} € II satisfies

L g7 =0. 2

TTOOﬁ v(zr) =0 (25)
Proof. Let x9 € X. Let {x;} € TI%(xg). Then (15) follows from (25). Thus condition (a) holds.
To see condition (b), let € > 0. By Lemma 2.2 there exists {z;} € II(z) satisfying (16). We also
have (17) by (25). Thus condition (b) holds. We now have v = v* by Theorem 1. O

The above result is particularly useful when v is bounded:
Corollary 3. Suppose that v is bounded and that 8 < 1. Then v = v*.

Proof. If v is bounded and 8 < 1, then (25) holds for any {x;} € II. Thus v = v* by Corollary
2. O

If w is bounded and § < 1, then the Bellman equation (12) has a solution that is a bounded
function on X To see this, suppose that u is bounded and 5 < 1. Then the Bellman operator
B maps the Banach space of bounded functions on X (Dunford and Schwartz, 1988, p. 257)
to itself, and it can easily be shown that B is a contraction mapping (Stokey and Lucas, 1989,
Theorem 3.3). Thus by the contraction mapping theorem (Stokey and Lucas, 1989, Theorem
3.2), B has a unique fixed point in the space of bounded functions on X. This fixed point equals
v* by Corollary 3.

If w is unbounded, however, (25) with v = v* is easily violated. For example, suppose that
there exists x € X with x € I'(x) and u(z,x) = —oco. Then the constant path {x;} with z; = =
for all t € Z, violates (25) with v = v*. This can be remedied by restricting the set of feasible
paths required to satisfy (25) while introducing an additional condition:

Corollary 4. Suppose that (i) any {z;} € 11" satisfies (25), and that (ii) any {x;} € II satisfies

T%; BTv(xr) < 0. (26)

Then v = v*.

Proof. Condition (i) above implies condition (a) of Theorem 1. Condition (ii) and Lemma 2.2
imply condition (b) of Theorem 1. Thus v = v* by Theorem 1. O
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Under various additional assumptions, Le Van and Morhaim (2002, Theorem 2) show that
conditions (i) and (ii) above are also necessary for v to equal v*. Their assumptions imply that
v* satisfies (26) for all {x;} € II (Le Van and Morhaim, 2002, Proposition 4). This implication
alone is sufficient to show their result on necessity and sufficiency:

Corollary 5. Suppose that any {z;} € 11 satisfies

T%; BLv* (z7) < 0. (27)

Then v = v* if and only if conditions (i) and (ii) of Corollary 4 hold.
Proof. The “if” part follows from Corollary 4. To see the “only if” part, suppose that v = v*.

Then condition (i) follows from (27). Let {z:} € II°. By condition (a) of Theorem 1, we have
(15). Since we also have (26), we obtain (25). O

Conditions (i) and (ii) of Corollary 4 are implied by the conditions used by Rinéon-Zapatero
and Rodriguez-Palmero (2003, DP3’(ii)(b), Theorem 6) and Martins-da-Rocha and Vailakis (2010,
DP4(c), DP5) given the existence of a solution of the Bellman equation (12) established by their
results. The existence and uniqueness parts of these results are generalized by Kamihigashi
(2012, Theorem 2.1), and the conditions used in his result imply condition (a) of Theorem 1 and
condition (ii) of Corollary 4:

Corollary 6. Under condition (a) of Theorem 1 and condition (ii) of Corollary 4, we have

v =v".

Proof. Assume condition (a) of Theorem 1 and condition (ii) of Corollary 4. Then condition (i)

of Corollary 4 holds. Thus v = v* by Corollary 4. O
As the above proof shows, Corollary 6 is a simple variation of Corollary 4. Using Corollary 6

we obtain the following.

Proposition 3. We have v = v* if § < 1 and the following two conditions hold.

(i) There exist 6 > 0 and n € R such that

V(z,y) € D, u(z,y) < Ov(z) +1. (28)

(ii) For any =y € X, there exists a sequence {&} in Ry with Y ;2 5'¢ < oo such that
V{z} € (), vVt € Zy, v(xy) < &. (29)
Proof. See Appendix 7. O

In many cases, condition (i) of Proposition 3 is also a necessary condition. For example,
suppose that there exists x € X such that z € I'(z) and u(z,z) > —oo for all x € X. Then
v*(x) > u(z,z) + pu(z,z)/(1 — B) for all x € X; hence v* satisfies condition (i) of Proposition 3.
Condition (ii) of Proposition 3 is rather restrictive, but it is satisfied in some important models;
see Section 4.4 for an application of Proposition 3.

Since condition (a) of Theorem 1 is a necessary condition, it cannot be weakened any further.
On the other hand, condition (ii) of Corollary 4 can still be relaxed. Since the role of this condition
is to ensure that v < v*, it is not necessary to require all feasible paths to satisfy it. In fact, for
each initial state, we only need one feasible path that satisfies it as well as an additional equation:

Documents de Travail du Centre d'Economie de la Sorbonne - 2015.07



Corollary 7. Suppose that (i) condition (a) of Theorem 1 holds, and that (ii) for any xo € X,
there exists {x:} € Il(xo) satisfying (26) such that

Vit € Z+, U(ZL‘t) = ’LL(SCt, SCt+1) + ﬁ’U(.’EtJrl). (30)
Then v = v*.

Proof. Condition (ii) above implies condition (b) of Theorem 1; in fact, (30) implies that the
equality version of (16) holds with ¢ = 0, and (26) implies (17) for any € > 0. Thus v = v* by
Theorem 1. O

Corollary 7 is particularly useful when it is easy to find a feasible path satisfying (30) from
any initial state. This is the case if I' is compact-valued and v and v are continuous or upper
semicontinuous. In this case, the supremum on the right-hand side of the Bellman equation (12)
is achieved at some y € I'(z) for any = € X, so that from any initial state, it is possible to
construct a feasible path satisfying (30). This is assumed in the following result.

Proposition 4. Suppose that (i) any {x;} € IV satisfies (25), and that (i) for any xo € X, there
exists {x¢} € (o) satisfying (30) and

TLT:o Blv(zr) < oo. (31)

Then v = v*.
Proof. See Appendix 7. O

This result extends the sufficiency part of Theorem 7.4.1 in Le Van and Dana (2003), which
is shown in an undiscounted optimal growth model, to our general framework; see Section 5.4 for
further discussion on their result.

Finally, the strength of Theorem 1 is that it is applicable even when there is no feasible path
satisfying both (26) and (30). In such a case, it is still possible to verify v = v* provided that
there is an approximate solution to (26) and (30); see Subsection 5.3 for an application of the
sufficiency part of Theorem 1.

4 Examples with Discounting

In this section we assume that 5 € [0,1) though our arguments do not always require this
assumption.

4.1 A Trivial Example with Multiple Solutions

Consider the example of Kamihigashi (2012, Section 3.1). Let X = Z,. Suppose that for all
x € X, we have

I'z) ={z+1}, u(z,z+1) =0. (32)
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For « € R and = € X, let vy(z) = af~". Let a € R. We have

u(z,z + 1) + Bug(z +1) = Baf ™1 = v, (). (33)
Thus v, solves the Bellman equation. Let {z;} € II. Then

B va(er) = BTap™*" = gTap=™ " = af=™. (34)

Therefore, if a > 0, then v, violates condition (b) of Theorem 1 since T v, (z7) = af~*0 > 0
for all T € Z,. Similarly, if « < 0, then v, violates condition (a) of Theorem 1. Therefore, if
a # 0, then v, # v* by Theorem 1. If o = 0, then v, satisfies both conditions (a) and (b). Hence
v* = wp; i.e., v*(x) =0 for all z € X. This can be seen directly from (32).

4.2 X Cannot Be Replaced with X° in Condition (b)
Let X = Z. Suppose that for all x € X, we have

I'z) ={x+1}, u(z,x+1)=—-F"". (35)
ForaeRand z € X, let
va(r) = (v + )77 (36)
Let a € R. For any x € X, we have

w(z,z+ 1)+ Bva(z+1) = =B+ Bla+z+1)87" (37)
=(a+xz)87" = va(x). (38)

Therefore v, solves the Bellman equation.
Note that for any {z;} € Il and T' € Z we have

T T
S BB = =Y BT = (T 1) > —00 as T'1 oo (39)
t=0 t=0

Thus X° = ) and v*(xg) = —oo for any zg € X. Since vy(x) > —oo for all x € X, it follows

that v* # v,. This conclusion could not be reached by Theorem 1 if X were replaced by X in
condition (b) since X° = ) here. However, for any {x;} € II we have

BT (z7) = BT (a4 27) 87" = (a4 27)37™ = 00 as T 1 oc. (40)

Thus v, in fact violates condition (b), and we have v, # v* by Theorem 1.

Documents de Travail du Centre d'Economie de la Sorbonne - 2015.07



4.3 Optimal Growth with Linear Utility and Production
Let X = R4 and 0 > 0. Suppose that for all z € X, we have

[(z) =[0,0z],  Vyel(z), u(z,y) =0z —y. (41)
Let vg(x) = 0z. Suppose that §0 < 1. Then

u(z,y) + Bug(y) = Oz —y + 50y (42)
=0x — (1 —p0)y < Ox = vy(z). (43)

Thus vg(z) = supyep(y){u(r,y) + Bvg(y)}, and the supremum is achieved at y = 0. Therefore
vg solves the Bellman equation. If 30 < 1, then any feasible path {z;} satisfies 8T vp(z7) <
(B0)Tzg — 0 as T 1 oo; thus vg = v* by Corollary 2.

Suppose that 80 = 1. In this case, the feasible path given by z; = 0z for all t € Z; with
xg > 0 violates (25); thus Corollary 2 does not apply. On the other hand, since vg > 0, condition
(a) trivially holds. Note from (42) and (43) that any {x;} € II satisfies (30). Let {z:} € II(z¢) be
given by 2y = 0 for all ¢ € N. Then (26) holds, and condition (ii) of Corollary 7 follows. Therefore
vg = v* by Corollary 7.

4.4 Optimal Growth with Increasing Returns
Let X =R, and a > 0. Suppose that for all x € X, we have

I'(z) = [0,z9], Vy € T'(z), u(z,y) = In(z* —y). (44)

We assume that a8 < 1. This problem is considered by Stokey and Lucas (1989, Section 4.4)
under the assumption that o < 1 (though their argument applies to the case a > 1 as well). Our
primary concern here is the case o > 1, bur since our arguments do not require this assumption,
we proceed with the assumption that a > 0.

Stokey and Lucas (1989, Theorem 4.14) apply the following general result to this model:
Suppose that there exists © € V with the following properties: (I) Bo < 0, (II) v* < o, (III)
the pointwise limit © = lim B™0 is a solution of the Bellman equation (12),2 and (IV) for any
{z:} € II, we have

L* glo(xr) < 0. (45)
T1oo
Then v = v*.

This result can be derived from our results as follows. Conditions (I) and (II) imply v* <o
since v* = B"v* < B"¢ for all n € N by the monotonicity of B. Since v* satisfies condition (a) of
Theorem 1, it follows that ¥ satisfies condition (a). Since © < ¥, condition (IV) implies condition
(ii) of Corollary 4. Thus ¢ = v* by Corollary 6.

Following Stokey and Lucas (1989, p. 95), we define v : X — [—00,00) by

0= 0o 2] e

2This limit is well defined since { B™9} is a decreasing sequence by condition (I) above.

z e X. (46)

10
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It can be directly shown that v solves the Bellman equation (12), as noted by Stokey and Lucas
(1989, p. 95). They show that v = v* by verifying conditions (I)~(IV) above with © = v. Here we
show the same conclusion more easily by applying Proposition 3.

Let 79 € X. Let {z:} € II(z9). Note from (44) that Inz; < alnx;; < aflnx for all t € N.
Thus for any ¢t € Z we have

u(zg, ve11) = In[(2)® — 2431]) < alnzy < o' lnzg < of Inwg). (47)
The first inequality and (46) shows that condition (i) of Proposition 3 holds. For t € Z, let

a1 In 2|

1—ap (48)

& =
Since 0 < aff < 1, we have In(1 — af) < 0 and In(afB) < 0. Thus it follows from (46) and (48)
that condition (ii) of Proposition 3 holds. Now we have v = v* by Proposition 3.

4.5 A Discounted Problem with liminf # lim sup

In this example we show that the definition of L affects the value function as well as optimal
paths. We do not apply our results here.

Let X =R, 8 > 0. Suppose that for all x € X, we have I'(x) = {—x/8}, u(z,y) = x.

Let {z:}; € (). We have z; = (—371)txo, i.e., Btoy = (—1)'xo. Thus

T T
. . xg forT =0,2,4,...,
, = = 49
;Bu(xt Zir1) ;Bmt {o for T=1,3,5,.... (49)
T
lim inf bu(ay, x = min{zg, 0}, 50
min ;5 (zt, Tt 41) {zo,0} (50)
T
lim supZﬁtu(xt,le) = max{xo, 0}. (51)
T1oo t=0
This gives
v*(x) = min{x,0}
v*(x) = max{xz,0}

5 Examples without Discounting

In this section we assume that § = 1. Undiscounted problems are common in the optimal
growth literature, as well as in the literature on environmental issues concerning intergenerational
distribution of resources.
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5.1 A Trivial Example with liminf # lim sup
Let X = {—1,1}. Suppose that for all z € X, we have

I'(z) = {—=x}, u(z, —x) = x. (52)

Then for any o € X, there is only one feasible path from xq, which is given by z; = (—1)'zo.
Thus for any T' € Z, we have (49). The Bellman equation (12) reduces to

v(z) =x 4+ v(—x). (53)

For a € R, let v4(1) = o and vo(—1) = o — 1. Then v, solves the Bellman equation for any
a € R; indeed, v4(1) =1+ v4(—1) and v4(—1) = =1 + v4(1). Define v* and T* as in Section ?7?.

Suppose that L = liminf. Then condition (a) requires that v,(1) = a > 0, while condition
(b) requires that v,(1) = @ < 0. Hence o = 0 and v* = vp; i.e., v*(1) = 0 and v*(—1) = —1.
This can be directly seen from (49).

Suppose that L = limsup. Then condition (a) requires that v,(—1) = o — 1 > 0, while
condition (b) requires that v4(—1) = @ —1 < 0. Hence v = 1 and v* = vy; i.e., v*(1) = 1 and
v*(—1) = 0. This also directly follows from (49).

5.2 Cake Eating

Consider Gale’s (1967, p. 4) “cake eating” problem, which is an undiscounted version of the linear
growth model in Section ?7. In particular, let X = R, and g = 1. Suppose that for all x € X,
we have

I'(z) = [0, z], Vy € T'(z), u(z,y) =2 —y. (54)

For av > 0, let vo(z) = ax. From the argument of (42) and (43) it follows that v; solves the
Bellman equation. As in the AK model with A = 1, we cannot use Corollary 2, but we obtain
v1 = v* using Corollary 7.

Let a > 1. Note that

u(z,y) +va(y) =z —y+ay=z+ (a— 1)y < ar = v,(z). (55)

Thus v, (z) = sup{u(z,y) + va(y)}, and the supremum is achieved at y = z. Therefore v, solves
the Bellman equation. Since v* = v; as mentioned above, we already know that v, # v*, but
let us show this using Theorem 1 for illustration purposes. Since v, > 0, condition (a) trivially
holds. Thus we need to show that condition (b) is violated. To this end, let {z;} € II with z¢ > 0.
Let T € N. Note that

T—1 T—1
w(xy, opy1) = Y (w4 — @py1) = xo — 27 (56)
t= t=0
We have
T-1
va(xo) — u(zy, e41) — va(zr) = (0 — 1) (20 — 7). (57)
t=0
12
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Let € > 0. Assume (16). Then xo — 27 < €/(av — 1), or xp > x9p — €/(av — 1) for all T' € N. Thus
for any T' € N, we have v, (z7) > axg — ae/(a — 1), which is greater than e when e is sufficiently
close to zero. This means that it is impossible to satisfy both (16) and (17) when e sufficiently
close to zero. Hence by Theorem 1, v, # v*.

5.3 Cake Eating with Strictly Concave Utility

Let X = Ry and 8 = 1 again. Let g : Ry — Ry be a strictly increasing, strictly concave,
continuously differentiable function with g(0) = 0 and lim.o¢'(c) = 1. Suppose that for all
z € X, we have

I'(x) =[0,2],  vyel(z), u(z,y) =gz —y). (58)

Gale (1967, p. 4) shows that there is no optimal path for this problem. Intuitively, by strict
concavity of g, an optimal path must be such that consumption (z; — z;41) is spread evenly over
the infinite horizon, but then consumption never takes place, and such a path cannot be optimal.

Even in this pathological case, Theorem 1 can be used to identify the value function. To see
this, for a € [1,00) and = > 0, let vy (z) = ax. For any > 0 and y € I'(z), we have

u(z,y) +v(y) = g(r —y) + ay < az. (59)

To see the inequality, note that u(z,y)+v(y) is strictly increasing in y € [0, z] since —¢'(x—y)+a >
—¢'(0) + @ > 0 for all y € [0,z). It follows that va(z) = supyep{9(z — y) + ay}, and the
supremum is achieved at y = x. Hence v, solves the Bellman equatlon

Let {x;} € II with 29 > 0. We have

T T—

1
Z(ZEt — Tpy1) = X0 — X7, (60)

1 T—1
u(wy, Tey1) E g(xy — x441) <
0 t=0 t=0

t=

where the inequality holds by concavity of g. It follows that

S

-1

va(z0) — u(ze, xe41) — va(xr) > (0 — 1) (20 — 7). (61)

Il
=)

Hence, if a@ > 1, then v, violates condition (b) for e sufficiently close to zero, as in the “cake
eating” problem with linear utility discussed above.

Consider the case « = 1 = ¢/(0). Note that condition (a) trivially holds. To see that condition
(b) also holds, let zg > 0. For i € N, define {z{} by 2! = (1 —t/i)xg for t =1,...,i and 2t =0
for t > 4. Let T,i € N and T; = min{7,¢}. Then

S
N

ulzy, ahyy) = ) g(@) — wiy1) = Tig(wo/i). (62)

-+
Il
o
-+
Il
o
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Since xp = (1 — T;/i)xo, it follows that

va(®0) = ) ul@}, 7hy) — va(ah) (63)
t=0

= xo — o — Tig(wo/i) = Tizo /i — Tyg(w0/i) (64)

= Tilzo/i — g(xo/1)] < i[zo/i — g(z0/7)] (65)

= zo[l — g(20/i)/(x0/7)] = 0 as it oo. (66)

Let € > 0. Then for i large enough, we have (16) by (63)—(66). Note that limyso v1(2%) = 0 for
any i € N. Therefore condition (b) holds, and v; = v* by Theorem 1.

5.4 Optimal Growth without Discounting

Consider the undiscounted optimal growth model studied by Le Van and Dana (2003). In partic-
ular, assume the following: (H1) X is a compact, convex subset of R’} with n € N such that X
has nonempty interior and 0 € X; (H2) I is a continuous correspondence, and D is convex; (H3)
for any z,y,2’,y’ € X such that y € T'(z),2’ > z, and 3/ <y, we have y € T'(2'); (H4) there exist
(z,y) € D with z < y; (H5) F(z,y) : (z,y) € D — R is continuous, strictly concave, increasing
in z, and decreasing in y.

Unless an additional assumption is introduced, the supremum

T

sup L F(xt, T41) (67)
{@¢}eT(zg) TTo0 tz;

need not be finite, and (14) may fail. However, the problem can be normalized to satisfy (14).
For this purpose, note from Le Van and Dana (2003, Propositions 7.2.1, 7.2.2) that there exists
a unique T € X such that

F(z,7) = max{F(z,x) : (x,z) € D}. (68)
For (z,y) € D, define
wz,y) = F(z,y) - F(T, 7). (69)
Le Van and Dana (2003, Theorem 7.2.1) show that for any xzy € X, we have

T

v*(xg) = sup L u(zy, xeq1) < 00. (70)
{x } € (wg) TTo0 tz:;

Therefore Assumption 14 holds for this normalized problem. A feasible path in II° in this context
is known as a good programme.

Le Van and Dana (2003, Theorem 7.4.1) show that v = v* if and only if v is upper semicon-
tinuous and satisfies (25) for any {x;} € II°. Since our approach does not make it easier to show
that v* is upper semicontinuous, we focus on the sufficiency part of this result. In particular, we

14
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show it as a simple consequence of Proposition 4. To this end, suppose that v is a solution of
the Bellman equation such that it is upper semicontinuous and satisfies (25) for any {z;} € II°.
Then condition (i) of Proposition 4 holds. Let zyp € X. Since v is upper semicontinuous and X
is compact, there exists {z:} € II(xo) satisfyinig (30); furthermore, max,ecx v(z) exists and is
finite, which implies (31) (with 5 = 1). Thus condition (ii) of Proposition 4 holds. Now v = v*
by Proposition 4.

6 Appendix A Proof of Theorem 1

Lemma 6.1. Let {a;}§2; and {b:}72, be sequences in [—00,00). Let ¢ € (—o0,00). Then

HVteN, as+b <c = (i) tTL ar < c— t%* by, (71)
(1) VieN, as +by >c — (11) tTL as > ¢ — tITJ* b;. (72)

Proof. To see (71), assume (71)(i). Let t € N. If by > —o0, then

Q¢ S C — bt. (73)
This inequality also holds if b; = —oco. Applying Litos to (73) and recalling (6) we obtain (71)(ii).
We have shown (71). To see (72), assume (72)(i). Let ¢t € N. By (72)(i) we have b; > —oo. Thus
a; > ¢ — by Applying Lijeo yields (72)(ii). O

Lemma 6.2. For any {x:}{2, € Il and T € N, we have

71
Zﬁ u(xt, Ti41) Z Bru(es, we1) + L Zﬂ (e, Te41), (74)
oo} =0 =7
TTLOO Blu(wy, xi41) < BT (). (75)
=T

Proof. Let {z:} € Il and T' € N. Note that for any 7 > T, we have

T-1 T
Z Bl (¢, Te41) Z ﬂtu(l“m Tp1) + Z ﬂtu(ﬂ% L) (76)
t=T

t=0

Applying L 1o to both sides yields (74). To see (75), note that

ZB w(T, Tog1) ITOOZﬁ UW(TT s TT4ig1)- (77)

TToo

Since {z71}5°, € II(xr), we obtain (75). O
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6.1 Sufficiency

Throughout the proof of the sufficiency part, we let v € V' be a solution of the Bellman equation
(12). Since u: D — [—00,00) and v € V, we have

J
Vi € Ly, Z,Btu(a:t,xtH) < oo, wv(zj) < oo. (78)

Lemma 6.3. For any {z:} € II, we have

T-1

VI eN,  w(zo) =Y Bulzs,zi41) + BT o(xr). (79)
t=0

Proof. Since v solves the Bellman equation (12), for any ¢ € Z we have

v(xe) = sup {u(xe,y) + Bu(y)} > u(xe, Te41) + Bo(Te41)- (80)
y€el'(z)

By repeated application of this inequality, v(xzo) > u(xo, x1) + fv(z1) > u(zo, 1) + Pul(z1, T2) +
B%v(xa) > . Thus (79) follows. =

Lemma 6.4. Let {z;} € 1. Suppose that
Jj €N, v(xj) > —o0. (81)
Then —oo < v(zp) < 00.
Proof. Let {z;} € TI'. Let j € N be such that v(z;) > —oc. Since {x;} € II°, we have
j—1
> Blulwr, wi1) > —oo. (82)
t=0

From (79) with 7" = j, the above inequality, and (81), we obtain v(x¢) > —oo. Since v € V, we
also have v(zg) < o0. O

Lemma 6.5. Let {z;} € IV satisfy (81). Then

T—

w(zs, 1) < v(zo) — L* plo(zry). 83
mgo ) < olag) — L 6o(an) (59

Proof. Let {x;} € II° satisfy (81). Then (83) follows from (79), (78), and Lemmas 6.4 and 6.1. [

Lemma 6.6. If condition (a) of Theorem 1 holds, then v* < v.
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Proof. Let xp € X. If mp ¢ XY, then v*(z09) = —0o < v(zo). Suppose that xo € X°. Let
{x;} € TI%(wp). Note that (15) implies (81). By Lemma 6.5 and (15), we have

T-1
L Y Bulws,wign) < vlw) —

T1oco

T* Brv(zr) < v(zo). (84)
=0 >

T

Applying sup,,jero(z,) to the leftmost side and recalling (11), we obtain v*(xo) < v(zo) again.
Since this is true for any x¢ € X, we have v* < v. O

Lemma 6.7. If condition (b) of Theorem 1 holds, then v < v*.

Proof. Let € > 0. Let {x;} € II(xg) satisfy (16) and (17). If v(zp) = —oo, then we trivially have
v(zg) < v*(xp). Suppose that v(zg) > —oo. Then from (16), (78), and Lemma 6.1, we have

T—1
v(zg) — T%; BTv(zr) < T%Oo ; Blu(ws, x401) + € (85)
< U*(ajO) + € (86)

where the second inequality uses the definition of v*.
We claim that

_ * T < .
00 < TLTOO,B v(xr) <€ (87)

The first inequality follows from (85) and (86) since v* € V' and thus v*(z9) < oo. The second
inequality in (87) follows from (17).
Now from (85)—(87) we have

v(z) < v¥(mo) + €+ TI%; BTv(zr) < v*(20) + 2€. (88)

Hence v(zg) < v*(xo) + 2¢. Since € was arbitrary, we have v(xo) < v*(xp).
We have shown that v(zg) < v*(z) for all g € X. Hence v < v*. O

To complete the proof of the sufficiency part, suppose that v satisfies conditions (a) and (b)
of Theorem 1. Then by Lemmas 6.6 and 6.7, we obtain v* < v and v < v*, respectively. It follows
that v = v*.

6.2 Necessity
Lemma 6.8. Let {z:}2, € II'. Then

VjeZs, —00 < v*(z5) < o0. (89)

17
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Proof. Let j € Zy. Since {x:}%°, € TI°, we have

_ 1L t
00 < TTOO;B u(xy, Tyg1) (90)
Jj—1 T
=Y Blu(z, xe01) + TTLOO Z Bz, zi41), (91)
t=0 t=j

where the equality uses Lemma 6.2. Since Zf;& Btu(xy, x441) < 00, it follows that

— L t 9
00 < TTOO;,B w(Te, Ty41) (92)
=B LY Bl zysin) < B (2;), (93)

i=0

where the last inequality holds since {x;4,}5°; € II(z;). It follows that —oco < v*(x;). We have
v*(x;) < oo since v* € V. O

Lemma 6.9. Let v € X°. For any e > 0, there exists {x;} € I°(xg) such that

T—1
VT €N, v*(z) < Z Blu(xs, wy1) + BTU*(:UT) + €, (94)
t=0
* T, * < e
T%Ooﬂ v (zr) <€ (95)

Proof. Let € > 0. Let {z:} € 1°(z¢) be such that
v*(z0) < TTLOO tz_; Bru(wy, zi41) + € (96)

Such {x;} exists by (11). By Lemma 6.2, for any 7' € N we have

T T-1
L Z Blu(zs, w41) < Z Blu(zs, zey1) + BL0* (z7). (97)
=0

TToo — —o

Now (94) follows from (96) and (97).

Let T € N. Note from Lemma 2.1 that v* solves the Bellman equation (12). Since z9 € X,
by Lemma 6.8 we have (89), which implies (81). Thus by Lemma 6.5 we have

T-1
L Z Bru(ws, 2411) < v*(20) — TI%; Brv* (zr). (98)

T
Teo 420

From this and (96) we obtain
v*(zg) — € < v*(x0) — TITJ* BTv* (z7). (99)
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It follows by (89) that

_e < L* T, % 1
e L v an), (100

which is equivalent to (95). O

Lemma 6.10. Let 29 € X \ X°. For any ¢ > 0, there exists {x;} € U(xq) satisfying (94) and
(95).

Proof. Let € > 0. Since v*(xg) = —oo, we have (94) for any {z;} € II(z¢). Thus it suffices to
show that there exists {x;} € II(zo) satisfying (95). To this end, let {z;} € I(zo). If x; & X° for
all t € N, then v*(z;) = —oo for all ¢+ € N; thus (95) trivially holds. Suppose that z, € X for
some 7 € N. Then by Lemma 6.9, there exists {2;}32, € 11°(z,) such that

L* 87v*(25) < B e (101)
JToo
Fort € Z4, let
for t <
. Tt ort <, (102)
zi—r fort>71+1.
Then {x}} € II(zg) and
L* T, * / — AT L* J, * < 103
Lt BT = 87 L BTG < 6 (103)
where the inequality uses (101). The proof is now complete. O
Lemma 6.11. For any {x;} € TI°, we have
L* gTv*(zr) > 0. (104)
T1oo
Proof. Let {4} € I°(zq). Let § > 0 be such that
T
v (o) = L Y Bluz,wi41) + 6. (105)
7100 pard
Let T' € N. From (105) and Lemma 6.2 we have
T-1
v*(zg) < Blu(zs, ziy1) + L0 (x7) + 0. (106)
t=0

By Lemma 6.8, both v*(z¢) and v*(z7) are finite. Thus from (106), (78), and Lemma 6.1, we
have

T_1
v (o) - TLT:o Bt (ar) < i ; Blu(we, x41) + 0 = v*(20), (107)
19
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where the equality uses (105). Recalling that v*(xg) is finite, we see from (107) that

— L* BTy* <0 108
L 6" ar) <o, (108)

which is equivalent to (104). O

To complete the proof of the necessity part, it suffices to notice that v* satisfies conditions
(a) and (b) of Theorem 1 with v = v*. Indeed, condition (a) follows from Lemma 6.11, while
condition (b) follows from Lemmas 6.9 and 6.10.

7 Appendix B Proofs of Propositions

7.1 Proof of Proposition 3

Assume conditions (i) and (ii). Fix zp € X. Let {&} be given by condition (ii). Let m =
S0 Bt Let {a4} € H(wp). Since fTv(zr) < T¢r for all T € Z, we have

limsup T v(z7) < 0. (109)
T1oo
For r € R, define
HY = {teZ, : fu(a) > 1}, (110)
H ={te€Zy:Bv(x) <r}. (111)

Let T € N and r < 0. Note from condition (ii) that

> Blo(z) <m. (112)
teH #<T
It follows from (28) that
T T
> Blulwe, we) —n)/0 <> Bu(y) (113)
t=0 =0
= Z Blo(zy) + Z Bro(zy) (114)
teH, #t<T teH #4<T
< S Bl +m, (115)
teH, t<T

where the last inequality uses (112). Suppose that {x;} € II°(x). Then from (113)—(115) we
have

T
—00 < Y Blulwr,zep) —nl/0< D Bulw) +m. (116)
=0

teH t<T
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It follows that

> Bula) > . (117)

teH, t<T

This implies that Stv(z;) < r only finitely many times (otherwise the above sum would be —o0);
thus

ll%clélfﬁ v(zy) > 7. (118)

Since r < 0 was arbitrary, it follows that

liminf ST v(z7) > 0. (119)

T1oo
We have shown that (119) holds for any {z;} € I1°(z0), and that (109) holds for any {z;} € II(zo).

Hence condition (a) of Theorem 1 and condition (ii) of Corollary 4 hold. Now we have v = v* by
Corollary 6.

7.2 Proof of Proposition 4

Suppose that any {z;} € II° satisfies (25). This implies condition (a) of Theorem 1. Thus to
conclude that v = v*, it suffices to show condition (ii) of Corollary 7. To this end, let g € X.
Let {x:} € II(x0) satisfy (30) and (31). To show condition (ii) of Corollary 7, it suffices to verify
(26). If v(zt) = —oo for all t € Z, then (26) trivially holds. Suppose that v(z;) > —oo for some
t € Z4. We assume that ¢t = 0 without loss of generality. By (30) we have

T-1
Blu(as, 1) + 5T o(ar). (120)
t=0
From (120) and Lemma 6.1 we have
T-1
Zﬁ w(we, Tep1) = v(wo) — L* Bro(ar) > —oo, (121)

T1oo
where the inequality holds in (121) holds by (31) since v(zg) > —oo. It follows from (121) that
{x;} € TI°, and thus (25) holds, which implies (26).
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