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Abstract

We study existence and uniqueness of the fixed points solutions of a
large class of non-linear variable discounted transfer operators associated
to a sequential decision-making process. We establish regularity properties
of these solutions, with respect to the immediate return and the variable
discount. In addition, we apply our methods to reformulating and solving,
in the setting of dynamic programming, some central variational problems
on the theory of iterated function systems, Markov decision processes, dis-
crete Aubry-Mather theory, Sinai-Ruelle-Bowen measures, fat solenoidal
attractors, and ergodic optimization.

1 Introduction

The abstract theory of dynamic programming (DP for short) is a powerful tool
for analysis of decision-making problems. This paper aims to strength some of
fundamental theorems in this theory in order to prove new results on existence
and uniqueness of variational problems, arising in Ergodic Theory and Iterated
Function Systems, within a unified framework.

2010 Mathematics Subject Classification: 37Axx; 37Dxx; 49Lxx
Keywords: Bellman-Hamilton-Jacobi equations, Dynamic Programming, Thermodynamic
Formalism, Ergodic Theory, Transfer Operator, Eigenfunctions.



As motivation and to illustrate the applicability of our theorems, we explain
below how to reformulate some of very important variational problems on:

e decision problems for iterated function systems (IFS);

e Markov decision process;

discrete Aubry-Mather theory;

Sinai-Ruelle-Bowen (SRB) measures and fat solenoidal attractors;
e ergodic optimization;

in the language of DP so that their solutions can be obtained by straightforward
applications of our main results.

Since the pioneering work of Bellman [Bel57] the application of this theory
has been growing fast, and nowadays it is a well developed subject and a stan-
dard tool for some researchers in pure and applied Mathematics. It has also
been used in engineering problems, optimal control theory and machine learn-
ing, just to name a few, see [CMO1l, [CV8T]
[TBST0] and references therein.

Successful applications of this theory in Dynamical Systems were obtained
by the so-called discounted methods. In [BouO1] this method is applied to several
problems on thermodynamic formalism as well as in the study of maximizing
measures (ergodic optimization) for expanding endomorphisms on metric spaces.
In this method was adapted to study Statistical Mechanics
models in one-dimensional one-sided lattices. In these works, the authors proved
existence of particular discounted limits of solutions of the Bellman equation
and obtain the maximal eigenvalue and a positive eigenfunctions of the Ruelle
operator, and subactions.

Infinite dimensional linear DP problems are considered in [Gom05|, [Gom08],
[BG10] and [GO12] in both discrete and continuous setting. In these works a
connection between DP and the theory of viscosity solutions [Fat97al [Fat97hl,
[Fat98al [Fat98b] are explored to obtain new results on Aubry-Mather problem
Mn96] and related topics as the Hamilton-Jacobi equation.

Here we extended the recently developed theory of variable discount in DP
to broaden its range of applications. Two central problems in our
paper are the following ones. Given a sequential decision-making process S =
{X, A0, f,u,é} (Deﬁnition, we study the existence and uniqueness of the
fixed point solutions of the variable discounted Bellman’s equation

v(z) = sup u(z,a)+(v(f(z,a)))
ac¥(x)

as well as the fixed point solutions of the variable discounted transfer operator

w(z) =In /E\II( )exp (u(z,a) + 6(w(f(z,a)))) dvy(a).



In addition, regularity properties of the solutions v and w, with respect to u
and the variable discount § are determined.

After discussing some results on variable discount, we present new results
on aggregator function associated to the Ruelle operator. We believe that our
results about discounted limits, in Section [3.3] provide truly new insights into
the behavior of decision-making problems. These insights are clear when the
variable discount function vanishes, because it allows the future rewards function
play a major role. It is remarkable fact that the Bellman equation survives on
this general setting and produces a new equation capable of explaining the
behavior of decision-making problems.

In our opinion this paper will be of potential interest to the readers work-
ing on variational problems in Dynamical Systems such as ergodic optimiza-
tion, thermodynamical formalism, Aubry-Mather theory, Lagrangian mechan-
ics, Hamilton-Jacobi equations via viscosity solutions, etc. Nonetheless, some
methods presented here can be useful in Analysis, random dynamics and many
other related fields.

In what follows, we explain within DP framework the statement of some
central problems on the topics mentioned in the beginning of this section. Be-
fore proceed, we shall introduce some basic notations. Here X = (X, d) always
denotes a complete metric space and C'(X,R), C,(X,R) stands for the space
of all real continuous and real bounded continuous functions on X, respec-
tively. Of course, if X is compact then C(X,R) = Cp(X,R). Both C'(X,R) and
Cy(X,R) are endowed with their standard supremum norm and regarded as Ba-
nach spaces. The space of all Borel probability measures over X is denoted by
Z(X). If X is a compact space and T : X — X is a continuous mapping, then
we denote by Zp(X) the space of all T-invariant Borel probability measures
defined over X. These spaces are endowed with their standard weak-* topology.

Decision Problems for IFS

A deterministic decision problem controlled by an IFS {¢, : X — X, a € A}
can be described as follows. The state of the system at time n is a point z,, € X
and determined by the following rules. We give an initial state xo. At each
discrete time n > 0, a point a € A (the set of possible actions) is chosen (by
some agent) and the state changes from x,, to a new state x,11 := ¢o2,. There
is a reward, given by a real valued function c¢(z,, a), associated to taking action
a, when system is in the state z,, and also a discount factor 0 < A < 1, which
represents the relevance of the first choices. In this setting, an infinite horizon
decision problem takes the form

V(zg) = sup {Z Ne(xp,an) ¢ (ag,ar1,...) € AN and z,1, = (;Sanxn}

n=0



The dynamic programming theory explains how to break this decision problem
into smaller subproblems, leading to Bellman’s principle of optimality

Viz) = max {c(z,a) + AV (dq2)},
known as Bellman’s equation.

Markov Decision Process (MDP)

An example of stochastic dynamic programming problem is a Markov Decision
Process (MDP) controlled by an IFS {¢, : X — X, a € A}. A sample of this
decision process is a feasible history (zo,ag, z1,a1,...), where 2,11 = ¢q, Tp.
In this setting, we fix an ordered quadruple (X, A, p,r), where X is a set of
states, A is a set of available actions, p is a probability measure such that
(i1 = G, Tn|Tn = x,a, = a) is the probability that x evolves from z,, =
to the state z,11 = ¢4z, by taking the action a,, = a, and r is a function
r: X x A — R, where r(z,a) is a reward for taking action a at the state z.
Note that in this context, the aggregation function will be a random variable.

A central problem in MDP is to find a policy for the decision maker, which is
a function 7 : X — AN specifying the actions (ag, a1, ...) that should be taken,
when the system is in the state z. The goal is to find a policy 7 maximizing the
expected discounted sum, over an infinite horizon

E[Y  Mer(a, ar)],
k=0

where the expectation is taken with respect to the law of the Markov chain
defined by the above transition rates, and A is the discount factor satisfying
0 <A< 1and Zky1 = @, Tk, xo = ©. When there exists a solution V(z) =
max, E[> 7 A*c(xk, yx)] for this problem it satisfies the stochastic discounted
Bellman equation

V(z)= max {c(z,y) + AE[V (pax)]}
For a comprehensive survey on MDP, see [Put94].

Discrete Aubry-Mather Problem

In Lagrangian Mechanics, the Aubry-Mather problem [Mn92, [Mn96| consists
in finding probability measures defined on the tangent fiber bundle TM of a
manifold M that minimizes the action of a convex and superlinear Lagrangian
L:TM — R, of class C?, that is,

inf L(z,v)du(z,v).
roJrm

In [Gom05] the author considers the case M = T", the n-dimensional torus
and the dynamics f : T" xR™ — T" given by f(z,v) = x+wv. Define the discrete



differential operator with respect to f, acting on a function g € C(T",R) as
follows dyg(v) := g(f(x,v)) — g(x). The minimization is taken over the set of
holonomic probability measures

H = {,ue W(TM)‘ / drg(v) du(x,v) =0, VgGC(T”,R)}.
™
By Fenchel-Rockafellar duality theorem, see [Roc66] and [Gom05], we have

finf/ L(z,v)du(x,v) = inf sup —dgg(v) — L(x,v).
HEH JrMm (z,v) dpu(z,v) geC(T™R) (z,0)eTn xR» (®) (,2)

This problem is related to one of finding the solutions of the discrete Hamilton-
Jacobi-Bellman equation

T = sup —dug(v) — L(x,v),
vER™

commonly solved by using viscosity solutions methods, which is a dynamic pro-
gramming problem associated to Bellman’s operator

To(u) = inf e %u(f(z,v)) + L(z,v),
vER™
for « > 0. This operator defines a uniform contraction on a suitable Banach
space and its unique fixed point is the unique viscosity solution of the Bellman’s
equation
Ual@) = inf e ua(f(,0)) + L, v).

_ In [Gom03] it is shown that u, () — minu, — u(z) and (1 —e™*) minu, —
H, when a — 0, and furthermore it is shown that the limit function u satisfies
the equation u(x) = inf,ecrn u(z +v) + L(z,v) + H, that is,

H = sup u(x) —u(f(x,v)) — L(xz,v) = sup —du(v) — L(x,v) = H(z,dyu),
vER™ vERN

where the Hamiltonian H is the Legendre transform of —L. Actually, in [Gom03],
the discount is T, (u) = e~ *inf,crn u(f(z,v)) + L(z,v), but the reasoning is
exactly the same in both cases.

SRB-measures and Fat Solenoidal Attractors

Sums controlled by IFS are also used to characterize the boundary of attrac-
tors, of certain skew maps, and to show when the SRB-measures are absolutely
continuous. We recall that a skew map is amap F : X XY — X xY of
the form F(z,y) = (Fi(x), Fo(z,y)), where F} is a self-map of X. In [Tsu01],
the author study the attractor of the map F : S! x R — S! x R given by
F(x,y) = (T(z), Ay + f(x)), where T(x) = 2r mod 1,y € Rand f:S' = Ris
a C? potential.



For a fixed a = (ag,a1,...) € {0,1} define ¢y oz := Ga,_, © Pay_, O ... 0
@aox, where ¢;, i = 0,1, are the inverse branches of T(z) = 2z mod 1. A
straightforward computation shows that for any n € N we have

Fn(¢n,axay) = (1177 A"y + )‘Of(‘baox) +e Anf(d’an te ¢aox))-

The expression in rhs above lead us naturally to consider the discounted con-
trolled sums given by S(x,a) := 3 A\* f (¢, o). In [Tsu01] (see also [BKRLUOG]
for topological properties of the attractor) the author gives a description of the
SRB measure, by analyzing S(z,a) and conjectured that the optimal return
function sup, S(z,a) can be used to describe the boundary of the attractor.
This conjecture was partially solved in [LO14], assuming that the potential f
satisfies a certain twist condition. A natural question arises when we change the
skew map F' by a non uniform hyperbolic one, with variable discount such as
G(z,y) = (T(z),In(1 + y) + f(z)) ( note that {1,2} is always contained in the
spectrum of DG(x,0) ). This situation requires a variable discounted dynamic
programming approach.

Ergodic Optimization

A central problem in ergodic optimization consists in finding an optimal invari-
ant measure attaining the supremum

m= sup /fdu,
X

HEPT(X)

where (X, d) is a metric space, T : X — X is a continuous transformation and
f X — Ris a given potential.

For example, in case where X = R/Z and the transformation 7' : X — X
is the double mapping, the ergodic optimization problem can be viewed as a
decision problem for IFS as follows. We take the IFS {¢o, ¢1}, where ¢pz =
(1/2)x and ¢1x = (1/2)x +1/2, the set of possible actions is A = {0,1} and the
immediate return ¢(z, a) := f(dq2).

Under fairly general conditions on the potential f, we can prove several
theorems about the support of maximizing measures. For example, the solutions
of Bellman’s equation

b(w) = ma{ f(6a) + Ab(da)},

can be characterized if the potential f satisfies a twist condition. By taking the
limit when A — 1, we obtain a subaction V satisfying

V(.%') = r;leag({f(qﬁax) —m—+ V(¢ax)}

The support of a maximizing measure v, notation supp v, is contained in the
set where we have the equality in the above expression, see [Bou0ll [Gar17] and
the recent survey [Jenl§].



2 Sequential Decision-Making Processes

In this section we introduce very general setting to handle some variational
problems in DP. The applications discussed here will be obtained by considering
additional regularity conditions and specializing the spaces, functions and so on.
Our starting point will be the following definition.

Definition 2.1 (Sequential Decision-Making Process). A sequential decision-
making process is an ordered sextuple S = {X, A, ¥, f,u,d}, where
e X is a complete metric space, called state space;

o A is a general metric space, called set of all available actions;

o U : X — 24 js a set-valued function. For all x € X the set U(x) C A
is always assumed to be a non-empty compact set and called the set of all
feasible actions for an agent x. We shall assume that VU is continuous,
with respect to the Hausdorff topology on the not-empty compact subsets
of A.

o f: X xA— X is a continuous map, called transition law for the system;

e u: X X A— R is continuous function and u(x,a) is called the immediate
reward or return associated with taking the action a in the state x;

e §: D CR — R, is an increasing continuous function called discount
function. It represents the relevance of taking an action at the next step.

Although linear discount, by a factor 8 € (0,1), can be employed to solve
several problems in DP, it may not be a suitable tool to handle some other
complicated problems. A natural alternative would be consider variable discount
factor or even a variable discount function. In order to give a precise definition of
this concept, let us introduce the notion of a generalized modulus of contraction.

2.1 Variable Discount Functions

Definition 2.2. A generalized modulus of contraction for a function § : D C
R — R is an increasing function v : [0,00) — [0,00) such that for all t > 0 the
n-th iterate " (t) — 0, when n — oo, and

[0(t2) = o(t1)| < y(|t2 — t1])
for any t1,ts € D.

Any function 7 as above satisfies y(0) = 0. Indeed, if v(0) = vy > 0 the
monotonicity of v implies that liminf~+™(¢) > 79 > 0. By using a similar
reasoning, we can prove that «v(t) < ¢, for all ¢ > 0.

Definition 2.3 (Variable discount function). A4 function d : D C R — R will be
called a variable discount function if it has a generalized modulus of contraction
v :[0,00) = [0,00). A wvariable discount function d is called

a) idempotent if § = ~, for some generalized modulus of contraction ~;



b) subadditive if §(t1 + t2) < 6(t1) + 0(t2), for any t1,t2 € D such that
ti1+ts € D.

Proposition 2.4. Let ¢ : [0,00) — [0,00) be a continuous and increasing func-
tion satisfying 6™ (t) — 0, when n — oo. If § is subadditive then it is idempotent.

Proof. From subadditivity we get, for any pair z,y € [0, 00) satisfying z > y,
the following inequality

) =0(y) =0z —y+y) —0(y) <oz —y) +(y) —o(y) <d(z —y).

Similarly, we obtain d(y) — d(x) < é(y — z), for y > . Since J is an increasing
function we get that |6(z) — d(y)| < d(Jx —y|). By taking v = 4, it follows from
the hypothesis that § is itself a modulus of contraction for §. O

Example 2.5. Given 8 € (0,1), the function 6(t) := St for t € R is a idem-
potent discount function, because it is linear. This is the canonical discount
function used in dynamic programming.

Example 2.6. The function §(t) := In(1+¢) fort > 0 is a nonlinear idempotent
discounted function. Indeed,

1+t [t1 — to|
- < < - )< _
[6(t1) — 3(t2)| < |In (1 +t2) | <In <1 + 174 )= In(1 + |t1 — t2])

and 0 < ~'(t) = 1/(1 +t) < 1, for all t > 0 so y*(t) — 0, when n — oco.
Therefore v(t) = 0(t) is a generalized modulus of contraction. Note that § is
also subadditive. Indeed, §(t1+t2) < In(14(t1+12)) < In(14+(t1+t2)+(t1-t2)) =
In((1+21)(1 +t2)) = 6(t1) + d(t2).

Example 2.7. A piecewise linear function §; : R — R defined by

{ﬂt, t<1;

o(t):=9 8, 8
§t+§, t>1,

where $ € (0,1) is also a variable discount function with the same generalized
contraction modulus as §(t) := pt. Additionally, 61 is an example of subadditive
but not idempotent variable discount function.

Example 2.8. Consider the function 0 : [0,00) — [0,00) defined by
5(t) = —1+Vi+1.

We have that 6(0) = 0 and § is an increasing function and for all t1,t2 € [0,00),
we have

16(t) — 6(t2)| = |V F1— V2 +1] = () —(t2+1)] _1

Vit 1+ Vis+1] 7 2

By taking 5 = 1/2 € (0,1), we can show that ¢ is a variable discount function
with the same generalized contraction modulus as v(t) := St.

[t1 — tal.



Example 2.9. If § : [0,00) — [0,00) is a C?-function such that:
a) 6(0) =0;
b) §'(0%) :=limy o 0'(t) = B € (0,1) and &'(t) > 0;
¢) 6"(t) <O0.

Then ¢ is increasing and |6(t1) — d(t2)| = &' (to)|t1 — to] < &'(01)|t1 — taf, since
8 (to) < 6'(07). Thus ~(t) := Bt is a generalized contraction modulus for §.
Note that for every fized p > 1 the function 6(t) = —1 + (t + 1)V/P, satisfies
conditions a)—c) with §'(07) = 1/p. This generalizes the Ezample when
p=2.

The main reason to consider such general variable discounts is to develop a
perturbation theory. The idea is to consider a parametric family of discounts
Op : [0, +00) — R, where 6,,(¢t) — I(t) = t, in the pointwise topology, and then
to study the properties of possible limits, when n — oo, of the fixed points
vp(z) and wy,(z). In this regard, we consider sequences of variable discount
decision-making process (Sy)nen, where S, = {X, A, ¥, f,u,d,} is defined by
a continuous and bounded immediate reward v : X x A — R and sequence of
discounts (dy,)n>0, satisfy some admissibility conditions:

a) the contraction modulus -, of the variable discount §,, is also a variable
discount function;

b) 6,(0) =0 and 0,(t) <t, for t > 0.

c¢) on(t + a) — 0,(t) = a, when n — oo, uniformly in ¢ > 0, for any fixed
constant o > 0.

In Section [3.3| we prove two of the main results of this paper which are Theo-
rem ensuring the existence of a value u € [0, ||u/|~] and a function h such
that
h(z) = max u(z,a) —a+ h(f(z,a)),
ac¥(x)
and Theorem which guarantees the existence of a value k € [0, ||u||o] and
a function h given by

h(z) = ln/ et(@:a)+h(f(z.a)—k dvg(a),
ac¥(x)

such that p := e* and ¢ := "®)

of the Ruelle operator, that is,

are the maximal eigenvalue and eigenfunction

ckeh(@) _ / 1o ) gy ().
ac¥(x)

For both results the key hypothesis in u are uniformly J-boundedness and uni-
formly J-domination, see Definition [3.19



Regarding this hypothesis on u, we want to stress that we prove in Theo-
rem that if f is a contractive dynamics , that is,

Sggdx(f(‘r7a)7f<y’a)) < /\dX(‘T7y)

and u(-,a) is C-Lipschitz (or a-Holder) then w is uniformly d-dominated. If
additionally, diam(X) < oo, then w is uniformly é-bounded. In particular, if
v, and w,, are respectively the solutions of Bellman’s equation and the transfer
discounted operator equation, they are uniformly C(1 — \)~!-Lipschitz (or a-
Hélder, with Holy, (v,,) = Hol, (w,,) = Hol, (u)(1—A%)~1). This shows that most
of the previous results in the literature for IFS or expanding maps, with either
Lipschitz or Holder weights are particular cases of our theorems, with constant
discounts satisfying J,,(t) = B,t, where 0 < 8, < 1 and 5, — 1.

2.2 Generalized Matkowski Contraction Theorem

In 1975, Janusz Matkowski [Mat75], obtained a generalization of Banach’s con-
traction theorem for a variable contraction map. Before state this result we
need one more definition.

Definition 2.10. Let (X, d) be a complete metric space and T : X — X a map.
We say that T is a generalized Matkowski contraction, if there exists a witness
function for T, that is, a non-decreasing function ¢ : [0,00) — [0,00) such that
©"(t) = 0, when n — co and

d(T(z),T(y)) < ¢(d(z,y))
for any x,y € X.

When the contraction is not fixed, e.g. d(T'(x),T(y)) < Ad(z,y), the function
¢ witness the fact that 7" is a generalized contraction, e.g. d(T'(z),T(y)) <
o(d(z,y)). In other words, it is not enough to say that T is a generalized
contraction, we need a witness .

Theorem 2.11 ([Mat75]). If (X,d) is a complete metric space and T : X — X
a generalized Matkowski contraction, then there exists a unique xo € X such
that T'(zg) = zo and d(T"(x),z¢) — 0 for all xg € X.

A weaker version of this theorem was known. It required the witness function
® to be right USC (instead of non-decreasing) and o(t) < ¢, for all ¢t > 0
(instead of ¢™(t) — 0, when n — o0). However, the set of all contractions
where Theorem [2.11] works is wider than this one, as pointed by Matkowski, we
may apply the theorem for a map T, having a witness function

1 st > 1
) = m arr <t<
0 ,t=0,

which is not a right USC function.

10



2.3 Variable Discounting in Dynamic Programming

This section is devoted to present some results of the recent theory developed
by Jaskiewicz, Matkowski and Nowak [JMN13| [JMN14al [JMN14b|. The appli-
cations in these works focused on Markov decision processes, and the theory
of optimal economic growth and resource extraction models, but as will be ex-
plained below it has far-reaching consequences.

We shall consider a sequential decision-making process S = {X, A, ¥, f,u,d}
as a dynamical system specified as follows: at the state xy we take an action
ag, and receive an immediate return u(zg, ag) and go forward to the new state
x1 = f(xo,a0). Based on it, one decides to take a new action a; € ¥(z;) and
so on. In this way we obtain a feasible sequence (z¢,ag, r1,a1,...) € (X x AN
which is a orbit of the dynamical system .S.

Definition 2.12. The set of all the feasible sequences of a sequential decision-
making process S = {X, A, ¥, f,u,d} is given by

Q= {(mo,ao,xl,al, .. ) € (X X A)N| Tiy1 = f(xi,ai), a; € \I/(xl)}

Typically, the above defined set is strictly contained in the Cartesian pro-
duct, that is, Q C (X x A)N, unless ¥(z) = A, for all z € X and f is surjective.
It is useful to define the set of all feasible action sequences starting from x,

(z0) = {a = (a;) € AV | (20, a0, 21,a1,...) € N}

We point out that an element in €2 depends only on the initial point xy and
on a feasible action sequence a € II(xg), so we can use a concise notation:

hxo(a) = (1‘0,(10,171,(11, .. ) e Q.

Proposition 2.13. The set Q C (X x A)N is closed relative to the product
topology on (X x A)N.

Proof. Since X is complete and ¥(z) is compact, for all x € X, we can obtain,
by an inductive argument, a feasible sequence in II(lim; xf) for any Cauchy
sequence (h,; (a'))i>o. O

Remark 2.14. An alternative way to define the space Q) is to introduce it as
the set ' = {(z,1I(z)) | x € X}. The set Q' is like a fiber bundle and has a
natural structure of metric space

do((z,a), (y,0)) := dx(z,y) + da(a,b)

Thus (Y, dq) is a complete metric space and the topology is equivalent to the
product topology.

Definition 2.15. Let u : X x A — R be a bounded from above function. A
recursive utility associated to the immediate rewards u(x,a) with a discount
function § is a function U : Q — RU {—o0}, such that

U(hao(@)) = u(zo, a0) + 6(U (hey0a))
for any history hy,(a).

11



Definition 2.16. Let u(z,a) be an immediate rewards and § a discount func-
tion. We define, for any history h.,(a), the associated inductive limit

*

Z u(x;, a;) :nli)H;o Z u(x;, aq),

i 1€[n]
where
Z u(w;,a;) = u(wo, ap) + 6(u(w1,a1) + 6(u(za, az) + ... + 8(u(zn, an)))
i€[n]
and the notation [n] stands for the interval {0,1,...,n} in the set of integers
numbers.

Corollary provides necessary conditions to ensure the existence of the
above limit.

The connection between Definitions[2.15]and [2.16]is given by the next propo-
sition.

Proposition 2.17. Let u(x,a) be a bounded from above immediate rewards and
§ a continuous discount function. If > u(z;,a;) converges then the function
V:Q = RU{—oc} defined by V(hy,(a)) = >_; u(zi,a;) is a recursive utility.
Reciprocally, if U : Q@ — R U {—oc0} is a bounded from above recursive utility
then U is represented by U(hy, (@) = Y7 u(w;, a;).

Proof. For the first part we define V (hy,(@)) = Y7 u(x,a;). A simple compu-
tation shows that
* *
Z w(zy, a;) = w(zo, ag) + (5( Z w(wit, aiﬂ)).
i€[n] i€[n—1]
Using the continuity of ¢ and taking the limit we obtain
V(e (@) = ulzo, a) + 8(V (e, o).

Therefore, V' is a recursive utility.
Reciprocally, if U is a bounded from above recursive utility, then we have
U < K for some K >0 and

U(ha,(a)) = u(zo, a0) + 0(U(he,0a))
(20, a0) + d(u(z1, a1) + 6(U (he,0”a)))
( )

= u(xo,a0) + 6(u(z1,a1) + 0(- - w(xpn_1,an-1) + 6(U(hy, c™a)))).

u
u

By using repeatedly the inequality |d(t2) — 6(¢1)| < y(|ta — t1]) we have

IZ w(@i, ai) = Ulhg, ()] < 7" (U(he,0"a)) <" (K) = 0,

1€[n]

proving that U(h,,(a)) = >_; u(zi, a;). O
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Definition 2.18. Given U : Q — R a function, V(z) = supy, @yeq U(ha(@)) is
called an optimal return. An element a* € 1l(z) (sometimes called plan) is said
to be optimal if V(x) = U(hz(a®)).

Definition 2.19. A function W : X x A x D — R given by
W(z,a,r) = u(x,a) + o(r),
where a € ¥(x) is called an aggregator function.

In dynamic programming we can always assume that §(0) = 0, otherwise we
can redefine 4(x,a) = u(x,a)+6(0) and 6(¢) = §(t) — §(0) without changing the
aggregator function value neither the solutions of some problems associated to
it.

Now we introduce some dynamics on 2, by considering the maps

a) o :I(x) — TI(f(x,-)) the left shift given by o(ag,a1,...) = (a1,as,...).
Note that this mapping is well-defined since for any (ag,aq,...) € II(z)
we have that (a1, as,...) € II(f(z,a0));

b) ¢: X xII(-) - X the skew map
dox = f(z,a), a € ¥(x);
¢) 6 :Q — Q the “double left shift” operator given by
6(hs(a)) := hg,, (2)(0(a)) = (21, a1, 22, a2,...) € Q.

Definition 2.20. Given a bounded and continuous immediate reward u and a
variable discount function 0, satisfying 6(0) = 0, the Koopman operator K :=
K5 : Cp(Q,R) = Cy(,R) is defined by

K(U)(hz(a)) = W(xo,a0,U(5(hs(a))).

Note that a fixed point for the Koopman operator, that is, K(U) = U is a
recursive utility, in the sense of Definition 2.15

Theorem 2.21 ([JMNI4b]). Let u be a bounded and continuous immediate
reward, and ¢ a variable discount, satisfying §(0) = 0. Then there exists a
unique fized point U € Cy(Q, R), for the Koopman operator and moreover

[K"(Q) = Ullos =0
for any Q € Cp(,R).

Proof. Since the function u,d and f are continuous and u is bounded we have
that K(Cy(Q,R)) C Cy(%,R). The result is a consequence of Theorem [2.11]
because K is a generalized Matkowski contraction with the witness function
o(t) := 7(t), where v is the contraction modulus of § and the metric space
(Cp(2,R), || - |loo) is complete. O

13



As a corollary we obtain sufficient conditions for the existence of the induc-
tive limits.

Corollary 2.22. Under the assumptions of Theorem2.21| there exists the in-

ductive limit . .
Z w(zi, a;) = lim Z u(wi, a;),

i 1€[n]

where the convergence is in the uniform topology. In particular,

> uli,a) = lim K7(0)(he(a)) = Ulhs(@).

15 the unique bounded continuous recursive utility.

3 Bellman and Discounted Transfer Operators

Note that until now, we have only assumed that u is a bounded continuous
function. In the sequel, we add an extra assumption which is w > 0. This
technical assumption is convenient when considering iterates of K, since 4 is
only defined on D := [0,400). This is actually not a restrictive assumption
since in the bounded continuous case, we can always replace u by «w —minu > 0.
See Remark for further details on this issue.

Definition 3.1. Given a non-negative bounded and continuous immediate re-
ward u and a discount function §, satisfying §(0) = 0, the Bellman operator
B := By : Cp(X,R) = Cp(X,R) applied to v and evaluated at x is defined by

B(v)(z) :== sup W(z,a,v(f(z,a))).
ac¥(x)
Definition 3.2. Let u and 0 be as in Definition |3.1. The discounted transfer
operator, P := P, 5 : C4(X,R) — Cy(X,R), applied to v and evaluated at x is
defined by

P(v)(z) = ln/ eV @av(f(@a)) gy (a),
ac¥(x)

where v, is a Borel probability measure on A, satisfying v,(V(x)) = 1, for all
reX.

The transfer operator, or Ruelle operator, is the linear operator on Cp(X,R)
defined by

L(v)(z) := /E\I/( )e“(x’a)v(f(x,a))dyx(a).

Before proceed, we recall a basic fact from general topology. For more details,
see reference [Ber97)|, page 115, Theorems 1 and 2.
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Theorem 3.3. Let X,Y be topological spaces F: X xY — R a USC (resp.
LSC) mapping and T : X — 2Y a USC (resp. LSC) set valued map, such that
I'(x) # @, for all x € X. Then the function

M(z):= sup F(z,y),
yel(z)

is a USC (resp. LSC). In particular, if F and T are continuous, then M is
continuous.

Lemma 3.4. The Bellman and discount transfer operators, defined above, send
the space Cyp(X,R) to itself.

Proof. The prove that B(Cy(X,R)) C Cy(X,R) it is enough to apply Theo-
rem [3.3] with X = X, Y = A, T = ¥ and F(a) := u(z,a) + §(v(f(z,a)), which
is clearly continuous, thus showing that

B(v)(z) = S Fla) = max u(z,a) +0(v(f(2,0))

is a continuous and bounded function.
For the discount transfer operator the proof is similar. We keep the above
setting and consider the continuous functions

M(z) := 21@1}]&) )F(a) and N(x):= aei\rplfz) F(a).

From definition of P, we have N(z) < P(v)(z) < M(z), for all x € X.
Therefore, —(M(y) — N(z)) < P(v)(z) — P(v)(y) < M(x) — N(y) and the
continuity and boundedness of M and N imply that  — P(v)(z) is continuous
and bounded function. O

<
<

Theorem 3.5 ([IMN14b]). Letu and § be as in Definition[3.1 and B : C,(X,R) —
Cp(X,R), the Bellman operator associated to uw and §. Then

a) There is a unique v* € Cp(X,R) such that B(v*) = v*. Moreover, v* is
an optimal return and satisfies the §-discounted Bellman equation

v*(x) = aren\lz}();) u(z,a) + 0(v*(f(z,a)).

b) A plana* € II(x) attaining the mazimum v*(x,) = w(xy, aX)+6(v* (xp41))
for all n € N is optimal. In particular, there exists a* € I(x) such that
v*(x) := U(hg(a®))

Sketch of the proof. We provide here, for the reader’s convenience, some of key
steps of this proof.

a) The existence of v* is a consequence of Theorem because B is a
generalized Matkowski contraction and the metric space (Cp(X,R),|| - |loo) 18
complete. Indeed, one can show that |B(v) — B(v')|lco < Y(J[v — v'[|s0)-
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b) To show that v* is optimal, we consider any h,(a) € 2. From the fixed
point equation we obtain v*(zg) > u(xo,al) + 6(v*(z1)), where o = = and
x1 = f(xg,ap). By iterating this equality we get

v (z0) > u(wo,ag) + 6(u(z1,a]) + 6(v*(22))),
v (z0) > u(wo, ag) + 6(u(z1,ai) + o(u(w2,a3) + 5(v*(x3))))

and so on. If ¢ : Q — Ris a function given by ((h,a) = v*(z), then K(¢)(h,a) =
u(wo, ag) + 0(v*(21)), ., K3(C)(had) = ulwo, a3) + d(u(xs, a5) + O(ulwz, a3) +
d(v*(x3)))), and so on. Therefore v*(zg) > K™(()(hga) — U(hg(a)), where U is
the recursive utility given by the associated Koopman operator. Thus showing
that

v*(z) > sup U(hg(a)).
hy(a)eQ

To show the equality, we use the continuity of u, § and v*. The compactness
of U(-) allow us to choose, from the fixed point equation, a sequence a* €
II(z) attaining the maximum v*(z,) = u(x,,al) + §(v*(xp4+1)), for all n € N.
Proceeding as before, we obtain v*(x) = U(h;(a*)). So v* is optimal and there
exists a* € II(x) such that

V(@) = Ulhe(a) = sup U(he(@).

Theorem 3.6. Let u and 6 be as in Definition and B : Cp(X,R) —
Cp(X,R) the Bellman operator, associated to this pair. Then

a) there is a unique w* € Cy(X,R) such that P(w*) = w*;
b) w* < v* where v* is the unique solution of the Bellman equation

vi(@) = max u(z,a) + (" (f(z,)));

¢) if the family of measures v, can be chosen in such way that v, = d4,(x)
where ag € argmax{u(z,a) + §(v*(f(x,a)))}, then w* = v*.

Proof. a) It is easy to see that
[P(w1) = P(ws)]|oe < max|d(w:(f(z,a))) = (w2(f(z,a)))]
< maxy(jw(f (2, a)) — wa(f(z,a))|)
<A([Jwr — wallo)

and so P is a generalized Matkowski contraction in the complete metric space
(Cp(X,R), |l - |lso)- By Theorem there is a unique w* € C(X, R) such that
P(w*) = w* and [|[P"(w) — w*|lec = 0, when n — oo, for any w € Cp(X,R).
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b) To see that w* < v* where v* is the unique solution of the - discounted
Bellman equation v*(z) := max,cy(q) u(z,a) + 0(v*(f(z,a)), we recall that

Pw*)(z) = ln/ exp (u(z,a) + 6(v*(f(z,a)))) dvy(a)

ac¥(x)

< ln/ exp ( max u(z,a)+ 5(v*(f(a:,a)))) dvy(a)
a€¥(x) a€¥(x)
=v*(x).
Since § is an increasing function it follows that P(v*) < v*, P?(v*) < v* and

so on. Since P™(v*) — w*, when n — 0o, we get from the previous inequality
that w* < v*.

¢) Suppose that v, = 04, (x), where ag € argmax{u(z,a) + 6(v*(f(x,a))}.
Then

P(v*)(z) =In / @+ (f@a)) gy (a)
ac¥(x)

< w(z)
=In (eu(rvao)%(v*(f(w,ao)))) b0y (U (2))

= arenqii();)u(x, a) +0(v*(f(z,a)))

=v*(x),

which implies that w* = v*. O

3.1 Monotone Convergence Principles

In this section we investigate the ordering and the minimality of the convergence
of the iterations to the fixed points. This topic is closely related to the theory
of viscosity solutions of Hamilton-Jacobi equations, where the subsolutions (su-
persolutions) characterizes the original one.

Lemma 3.7 (Monotonicity on 0). Let 6; < 02 be discount functions. If vy, vy
are solutions of Bellman’s equation v;(x) = maX,cy(z) u(r,a) +9;(v;(f(x,a))),
j=1,2, then vi < wvy. The same is true for the discounted transfer operator.

Proof. Since 61 < 5 we have u(z, a)+61(v1(f(z,a))) < u(z,a)+62(vi(f(z,a))).
By taking the maximum over ¥(x) we obtain

0i(x) < max u(.a) + 601 (f(x.a)) = By, (01)(@)

Iterating this inequality and using the fact that By (v1)(z) — v2, when n — oo,
we get v; < vs. O
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Lemma 3.8 (Monotonicity on the operator). Let vi and vo be bounded func-
tions, such that vi < vy. Consider the Bellman operator

B(v)(@) = max u(z,a) +0(v(f(z,a))).

Then B(v1) < B(vg). In particular,
a) if B(v) <v and B(v*) = v* then v* <wv;
b) if B(v) > v and B(v*) = v* then v* > v.
The same is true for the discounted transfer operator.

Proof. Since § is an increasing function it follows that

B(v)(x) = max u(z.a) + 30 (£(r.))

< max u(z,a) + §(va(f(z,a)))

ac¥(x)
= B(vg)(x).

The statements a) and b) are proved in the same way. Using the fact that
§ is increasing we obtain, from the first part, B(v) < v, B%(v) < B(v) < v,
etc. Recalling that the iterates B™(v) — v*, when n — oo, for any initial v, we
obtain v* < w. O

Remark 3.9. The actual solution v* is minimal with respect to the set of all
subsolutions, that is, v* < wv for all v satisfying B(v) < v.

3.2 Regularity

In this section we will establish the regularity of the fixed points of the Koopman,
Bellman and Discounted Transfer operators. Such regularity properties will be
proved under the following assumption.

Assumption 3.10. The contraction modulus v of the variable discount ¢ is
also a variable discount function, and V(z) = ¥(y), Va,y € X.

A particular case is when v = § (but they can be different, see Example [2.7)
and ¥(x) = A, for all z € X.

Definition 3.11 (Joint sequential decision-making process).
Let S = {X, A, U, f,u,6} be a sequential decision-making process satisfying
Assumption [3.10, The joint sequential decision-making process associated to
S is the decision-making process S = {X2, A, U, f. 0,7}, where

o U: X2 A given by U(x,y) = U(x) C A is the set of all feasible actions
for a agent x.

o [:X2x A— X2 is given by f(z,y,a) = (f(z,a), f(y,a)).

18



o i : X% x A — R is the immediate reward @(x,y,a) = |u(z,a) — u(y,a)|;

Definition 3.12. Let W : X x A x D — R be an aggregator function of the
form W(z,a,r) := u(z,a) + (r), where a € ¥(z). We define a new aggregator
function W : X2 x A x D — R given by

W(Jf, Y, a, T) = ’lAL(.'L', Y, a) =+ ’Y(T) = |’U(LL’, a) - U(y, CL)| + rY(T)a
where v is a contraction modulus for the variable discount 6.

Lemma 3.13. Let v* € Cy(X,R) be the unique solution of the Bellman equation
v*(2) = maxXgew(y) u(z,a) + 5(v*(f(x,a))), provided by Theorem . Let w* €
Cp(X,R) be the unique solution of the discounted transfer equation

w*(z) = ln/ » )eu(wxa)Jré(w*(f(I,a))) dvg(a),
acV(x

given by Theorem[3.6. Then,
0" (@) = v*(y)| < V*(@,y) and |w*(z) — w*(y)| < V*(2,y), Yo,y € X,

where V* is the unique fized point of the Bellman operator

B(V)(z,y):= sup a(z,y,a) +y(V(f(z,y,0))).

ac¥(z,y)

Proof. From the definition and triangular inequality, we get

vi(@) = max u(z,a) +o(v"(f(z,0)

< max {u(z.a) - u(y.a) + u(y. ) + 5" (f(z.a)

=6(v*(f(y,a)) + 6(v*(f (2, a))}
< max {uly, a) + (0" (f(y, )} + [u(z,a) — u(y,a)|
+[6(v*(f(z,a)) = 06(v* (f(y,a))|
< v (y) + bz, y,a) +(
By a similar reasoning, replacing x by y, we obtain
v (z) —v"(y)| <z, y,a) + (0" (f(z,a)) — v (f(y,a))]).

Analogously, [w* (x) — w* (y)| < i(z, y, a) +y(jw* (f(z,a) — w* (f(y, a))]), since

u(z,a)+6(w” (f(z,a))) 4 .
|w*(z) — w*(y)| = In %e‘p(z) ‘ vala
ae¥(y)
< sup |u(z,a) —u(y,a)| + [6(w"(f(z,a))) — 6(w*(f(y,a)))l.

a€V(z,y)

)
@) +6(w* (Fw.2) du, ()
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In both cases, where ((z,y) = [v*(x) —v*(y)| or {(z,y) = [w*(z) —w*(y)| Hwe
obtain B({) < ¢, where

B(V)(z,y) = S}tp )ﬂ(afvy,a) +(V(f(w,y,a).
ac€V¥(xz,y

From Lemma follows that ¢ < V*, where V* is the unique solution of the
Bellman operator B. By Assumption and Theoremthere exists a unique
U solving the Koopman equation

U(h(a:,y)a)) = K(U)(h(w,u)a))) = ﬂ(il?, Y, CL) + ’Y(U(é’(h(Ly)a))),
such that
for some optimal plan a* € TI(z, y)ﬂ O

Lemma 3.14. Let V* be the unique fized point of the Bellman operator

B(V)(z,y) = sup )ﬁ(x, y.a) +y(V(f(2,y,a)).

Then
a) V*(z,y) >0 and V*(z,z) = 0;
b) V*(z.y) = V*(y,2);

That is, V* : X2 — R is a symmetric and nonnegative function. In particular,
from optimality of the solutions of Bellman’s equation we have

V*(x,y) = _sup U(/Az(m’y)&) = Z w(zi, yi,ar ),
h(m,y)z’zeﬂ 7

for some optimal plan a* € I(z,y).

Proof. a) We recall that V*(z,y) = U(ﬁ(m,y)@) = Yl a(w;, yi,a}), for some
optimal plan a* € TlI(x,y). Since 7 is assumed to be a discounting function
therefore increasing, and @ > 0, we have immediately

*
V*(l’,y) = a($07y07 a‘a) + fY(Za('xi-‘rla yi-‘rl?a'j;-',-l)) > 0.

2

Ithe remaining of the argument works for both choices, because it depends only on the mono-
tonicity properties, so all this formalism works equally to both families of fixed points v* and
w*. Since [v*(z) — v*(y)| < V*(z,y) and |w*(z) — w*(y)| < V*(z,y), Vz,y € X. Note that
u is the same in both cases.

2is the set of feasible action sequences for the joint sequential decision making process S =
{X27A7 le? f7ﬂ77}
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By definition @(z, 2, a) = [u(x,a) — u(z,a)| = 0 so V*(z,z) = 0.

b) By definition ’Il(]},y) = IU(.T,CL) - u(y,a)\ = |u(yaa) - U(JZ,CL)| = a(yax)
Let us define U’ as the unique solution of the Koopman equation

U (ha,@)) = iz, y, @) + V(U (6 (hia ),
and U”(;L(m,y)a)) = U/(ib(y@)d)). Then it satisfies

U//(il(w,y)a)) = i(y,z,a) + 7(U1(6(h(y,x)a)))

By the uniqueness we obtain U” = U thus, U’(ﬁ(xyy)d)) = U’(ﬁ(y’x)d)), which
is equivalent to V*(x,y) = V*(y,z). O

Definition 3.15. We say that u : X x A — R is non-degenerated if for any
x £y in X there exists n € N and a € 1I(x,y) such that

’u,(ﬂfn, an) 7£ U(ym an)

where (x;,a;)ien, (Yi, ai)ien € Q.

Of course, if for any fixed a € A, the function z —— wu(x,a) is strictly
increasing (or decreasing) then u is non-degenerated. Therefore there is at least
one very natural sufficient condition to non-degeneration.

Theorem 3.16. If u is non-degenerated then V*(x, y) is separating, that is, if
V*(z,y) =0 then x = y.

Proof. Suppose that = # y, but V*(m, y) = 0. Then, by optimality we have

0= V*(m,y) = sup U(B(m,y)d)
h(z,y)@eﬁ

so ﬁ(ﬁ(ryy)d) =0, that is, >} @(xi,yi,a}) = 0, where a = (ag, a1, ...). Since v
is an increasing function, with (0) = 0, and 4 > 0, we have 4(x;, y;, a;) = 0 for
all ¢ > 0, thus contradicting the non-degeneration property of wu. O

3.3 Discounted Limits

In this section we consider the limits of fixed points of a variable discount
decision-making process defined by a continuous and bounded immediate reward
u: X x A — Rand a sequence (d,,),>0 of discounts d,, : [0, +00) — R, satisfying
0n(t) — I(t) = t, when n — oo, in the pointwise topology. For instance,
0n(t) =t(n —1)/n+ (1/n)In(1 + ¢) is a nonlinear, idempotent (v, (t) = d,(t))
and subadditive discount function. It is easy to see that §,,(t) — ¢, when n — oo,
for all ¢ > 0.
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Under these assumptions we want to study the sequences

vi(a) = max () + 0,0 (f(.0))

and

n

wi(z) = In / (H@ 5wl (@) gy, (q),
ac¥(x)
and investigate whether their normalizations

(U () = sup vy (2))nz0  and - (wn(x) = supwy (z))n0

have some cluster points v, wWeo € Cp(X,R), solving the equations

Voo (T) 1= aglﬁé)(u(x, a) — a) + veo(f(x,a))

and

ekewoc(m) _ / eu(m,a)ewoo(f(m’a))dym(a),
a€¥(x)

for some a, k € R. The first one is the subaction equation in ergodic optimization
and the second is the eigenfunction equation for the Ruelle operator.

Assumption 3.17. We assume that §,(t) <t, for all n > 0.

Since §,,(0) = 0, we can construct examples satisfying the above condition
by requiring that ¢, (t) =t — §,,(t), for all n > 0, is not decreasing.

Lemma 3.18. Under Assumption[3.17 we have
where

M, = sup v, (x) and vp(z) = max u(z,a) + 6, (vn(f(z,a))
zeX a€¥(x)

or

M, = sup w,(z) and wp(z) = ln/ eu(@a)Fon(wn(f(@a)) gy (q).
zEX ac¥(z)

Proof. Case M,, = sup,cx vn(z): by using Bellman’s equation we obtain

u(x, a) + 0n(vp(f(z,a)
vp (T

M,

M, — 6,(M,,)

< lulloo + 8n(Mp)
< ”uHoo + 6n (M)
[t/ oo + 0n(Mp)

[l oo

- —

<
<



By hypothesis we have 0 < M,, — 4§, (M,,) and so follows from previous inequality
that 0 < M, — 6, (M) < |Jul|oo-

Case M,, = sup,cx wy(z): by using discounted transfer operator equation we
obtain

u(z,a) + on(wn(f(z,a)) < [|ulloo + 6, (My)
eu(z,a)+6n(wn(f(a:,a)) < e|\u\|0¢+6n(Mn)

wn(e) =In [ g ST Rdna)
acV(x

< ln/ e”“”""”"(M")dux(a)
ac¥(x)

= llulloc + 6n(Mp)
My, < lullos + 6 (Mn)
My = 60 (M) < [|uf|oc-

By using the above inequality and proceeding as in the previous case we get
0< My —6n(My) < ullc- -

We point out that 6(t) = pt, 8 € (0,1), 6(t) = In(1l + ¢), and 6(¢t) =
i o(Bit + i) Xi,i+1) with B; N\, 0 satisfies the condition that q(t) =t — d(t) is
not a decreasing function.

Definition 3.19. Given a discount 8, the return function u is called
a) d-bounded if 377 u(w;, yi, ai) < Cs;
b) d-dominated if

I > i, s, ai) = 0
im  sup sup a(xs, y:,a;) = 0.
050 4y (ay)<o acli@y) 57

Given a family of discount functions (§,)n>0 we say that u is
a) uniformly 6-bounded if u is 6, -bounded for alln and sup,, Cs, = C < +00.
b) uniformly §-dominated if u is 6,,-dominated for all n and

. (*7'771) n
lim sup sup sup w(xi,yiya;) =0
00 neN dx(z,9)<0 acll(z,y) i

where Zi(*”") is Y_; with the discount variable §,.

The next theorem shows that the class of uniformly §-dominated contains
the class of Lipschitz or a-Holder potentials, when the dynamics of the decision
process is uniformly contractive.

23



Theorem 3.20. Suppose that the dynamics f is contractive, that is,

Slelg dX(f(x7a)vf(yaa)) < )\dX(CU,y)

If u(-,a) is C-Lipschitz (or a-Holder) then w is uniformly 6-dominated. In
addition, if diam(X) < oo then u is uniformly 6-bounded. In particular, if v,
and w, are respectively the solutions of Bellman’s equation and the transfer

discounted operator equation, they are uniformly C(1 — \)~!-Lipschitz (or a-
Hélder, with Hol, (v,) = Hol, (w,) = Holy (u)(1 — A*)~1).

Proof. Case 1: u(-,a) is C-Lipschitz, that is, |u(z,a) — u(y,a)| < Cdx(z,y).
In this case for any pair x,y € X satisfying dx (z,y) < 6, we have the following
estimate a(z;, ¥, a;) = |u(z;,a;) — u(yi,a;)| < Cdx(wi,y;) < Cdx(w,y)\t <
CON', which immediately implies

(*vn) ; co
i 1y Yy Wy < N = ——
E Wi, Yi, aq) ; . C -

because v, (z) < z, for all n > 0. Thus,

(%y7n) co
lim sup sup sup (i, yi,a;) < lim —— = 0.
0=0 neN dx(z,y)<0 acll(z, y)z DI =501 — X

Case 2: u(-,a) is a-Holder, that is, |u(z,a) — u(y, a)| < Holy(u)dx (z,y)?, for
0 < a < 1. A similar reasoning shows that @(z;, y;,a;) < Holy(u)dx (2, y:)* <
Hol,, (u)Adx (z,y)* < Hol, (u)(A*)*0* and

() Holy (1) ,,, 60
i 1y Y1y U Hl Z a: ea 0.
> ey a) Z o v

%

Thus proving that u is uniformly d-dominated. The uniform §-boundedness is
trivial from the above computations as long as diam(X) < oco.

To prove the last claim (assuming Lipschitz condition), we use Lemma [3.13
and the inequalities

[0 (@) = va(y)] < V*(2,y) and Jw,(2) —wa(y)] < V*(2,y), Y2,y € X.

By similar computations, replacing 6 by dx (z,y), we obtain

S (*,7n) C
[on(@) = v @) < V(ay) = D07l g af) < 75 dx ().

Analogously for the a-Holder case. O
Lemma 3.21. Let the contraction modulus v, of the variable discount J,, be

also a variable discount function, V(x) = V(y), Vr,y € X and u uniformly
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d-dominated. Then 0, = v,(x) — My, where v,(r) = max,cy(y) {u(r,a) +
On(vn (f(z,a))} is uniformly bounded, that is,

—-2C <79, <0.

The same is true for w, = w,(x) — M, where
wn(x) = h’l/ eu(zva)+6n(wn(f($7a))dym(a)'
acV(x)

Proof. We give the argument for v,. The proof for w, is similar. We already
know that |v,(x) — v, (y)| < Zi(*”")ﬁ(xi,yi,a;‘) < C, for some optimal plan
a* € TI(z,y), uniformly in n.

Obviously @, (z) = vp(z) — M, < 0. On the other hand, we get from the
hypothesis —C' < v, (z) — v,(y) and subtracting M,, we obtain v, (y) — M,, —

C < vp(x) = M, or, m, — M, — C < v,(x), where m,, = minv,. Since
|vn(z) — v (y)| < C, it follows that M, —m, < C and so m, — M, > —C.
Thus, —C' — C < U, (x), which implies —2C < 7, (). O

Now we present a sufficient condition for both families of fixed points to be
equicontinuous, under normalization.

Lemma 3.22. Under the hypothesis of Lemma if u is uniformly 0-dominated
with respect to (8,)n>0, then the families v, (x) = v,(x) — M,, and @, (x) =
wp(x) — M, are equicontinuous.

Proof. From Lemma [3.13| we know that
~ (*7n) =

Vo(z,y) = Sup )Z W(zi,yir a7) 2 |vn(x) = vn(y)| = [On(z) — Un(y)],
acll(z,y i

that is, the modulus of uniform continuity w(,, ) of ¥,, satisfies

_ _ _ (*,7n) %
W(p,0) = sup |Op(x) —Op(y)| < sup sup Z (i, yi,ap).

dx (z,y)<0 dx (z,y)<0 acll(z,y)

Thus, for any £ > 0 there exists ¢ > 0 such that, |9, (z) — 0,(y)| < € provided
that dx (z,y) < 6 and it is independent of n. O

Assumption 3.23. For any fired a« > 0 we have

lim 6,(t+ «) — 6,(t) = a,

n—oo
uniformly for t > 0.
Examples where the above assumption is satisfied are given by

@ ="t Y4 and o) = it L1+ viTo),
n n n n
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Theorem 3.24. If the assumptions of Lemmas [3.21] and [3.23, and Assump-
tion are assumed to hold. Then there exists a value @ € [0, ||ul|s] and a
function h such that h(x) = max,cy(q) u(r,a) —a+ h(f(z,a)).

Proof. We consider the sequence of functions v,(z) = v,(x) — M,, and the
discounted limit §,, — Idp. Since each v,, satisfy Bellman’s equation we have

(o) = e ul,0) + Guon(f(2,0)

vp(x) — M, = agl&);) u(z,a) 4+ 0, (v (f(z,a)) — M,
Tp(x) = argn&);) u(z,a) + 0p (v (f(x,a)) — 6 (My) + 0, (M) — M,
Un(z) = aren\lz}(};)u(x, a) — (M, — 6,(Mp)) + 6n(vn(f(z,a)) — 6, (M,).

From Lemma we know that 0 < M,, — 6, (M,,) < ||u|« so, possibly choos-
ing a subsequence we can find 4 € [0, ||u||oo] such that M,, — 0, (M,) — @ when
n — oo. From Lemma [3:2I] and Lemma [3.22] the sequence o), is uniformly
bounded and equicontinuous. From Arzeld-Ascoli’s theorem we obtain a sub-
sequence (that we still calling 9,, to avoid extra indexes) that converges to a
continuous function h satisfying h(z) = max,ew () u(z,a) — @ + h(f(z,a)), if
On(vn(f(x,a))) — 0, (M,) — h(f(x,a)) when v,(z) — M,, — h(z). To prove
that we recall that, from the definition of variable discount function §,, it is
increasing so we have

On (M) = 6n(vn(z)) < Yn(My — va(2)).

Since M,, — v,(z) — —h(x) > 0, we can conclude that for n big enough that
—h(z) — e < M,, — v,(x) < —h(x) + €, or equivalently

vn(x) — h(z) —e < M, <vp(z) — h(x) +e.
Using the fact that d,, is increasing we obtain
On(vp(z) — h(x) — &) < 6, (My) < dp(vn(z) — h(z) +€).

By adding —d, (v, (x)), we obtain

O (vn(@) = h(x) — &) = 6n(vn(2) < 60 (Mn) — On(vn(x))

< p(vp(x) — h(z) +€) — 6p(vn(z).
Now, from Assumption [3.23] it follows that
lim 6,(M,) — 6n(vn(x)) = —h(x). O

n—oo
Remark 3.25. We can consider other families of d,,’s assuming the same hy-
pothesis except for Assumption [3.23, For example, the family 5,(t) = (-1 +
V1+1t) satisfies: for any fizred oo > 0, we have lim,,_, 6, (t + ) — 6,(t) = 0,
uniformly on t > 0. In this case, the discount limit will produce an equation
h(z) = max,ey(x) u(x, a) — U, having a very different meaning.
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Remark 3.26. In ergodic optimization this function h is called a calibrated sub-
action of u with respect to the dynamics f. In the theory of viscosity solutions of
the Hamilton-Jacobi-Bellman equations, the equation h(x) = max,cy(q) u(7,a)—
@+ h(f(xz,a)) can be rewritten as

= max u(z,a)+ h(f(z,a)) — h(z) = max dyh(a)+u(z,a) = H(z,d,h),

a€¥(x) a€e¥(x)

where the discrete differential is dh(a) = h(f(x,a))—h(x) and the Hamiltonian
H is the Legendre transform of u.

Recall that the set of holonomic probability measures is defined by

M= {u e 2(Q) | /deg(a) du(z,a) =0, Vg € C(A,R)} .

Theorem 3.27. Assume that the hypothesis of Theorem are satisfied and
put
I = sup / u(z, a) du(z, a).
HEH JQ
If Q is compact then @ = @, in particular, the number given by Theorem[3.27) is
unique.

Proof. From Remark we know that @ = max,cy(y) d-h(a) + u(z,a) >
d.h(a) + u(z,a) and integrating with respect to u € H we obtain

> /Q doh(a)dp(z, a) + /Q (e, a)du(z, a) = /Q w(w, a)du(z, a),

thus @ > .

To show the equality we will built a holonomic maximizing probability. In-
ductively, we choose ag € ¥(x) such that u = dzh(ag) + u(x,a0), a1 € V(1)
such that @ = d, h(a1) + u(z1,a1), and so on. Notice that g = = and
Tnt1 = f(xn,ay), for all n > 0. Define a probability measure py by

S

—1

pr(g) = g, a;)

| =
<
I
o

then, adding the above equations we get ku = Zf;ol dy,h(a;) + u(x;, a;) or
equivalently

E

-1

dxih(ai) +

|
Il

k—1
> ulws, a;)
1=0

| =
-
Il
o
El

= M —i—/Qu(gc,a) dpg(z,a).

Since h is bounded and €2 is compact, up to subsequence, we can assume that
e — . A straightforward calculation shows that p € H and

i /Q w(z, a) du(z, ). 0
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Theorem 3.28. If the assumptions of Lemmas and [3.23, and Assump-
tion are assumed to hold. Then there exists a value k € [0, ||u|lo] and a
function h given by h(x) = In faep(z) e@a)th(f(@a)=kdy (a), such that p := e*

and ¢ := ") are a positive eigenvalue and a positive and continuous eigen-
function, respectively, for Ruelle operator, i.e.,

ekeh(@) — / (@) h(f(z.a) dv,(a).
a€¥(x)
Proof. Consider
M, = sup wy,(z) and w,(z)= ln/ eu(@a)Fon(wn(F(@:0)) g1, (q).
zEX aeW(z)

Take the sequence of functions w, (z) = w,(z) — M,, and analyze the discounted
limit §,, — Idp. Since each w,, satisfies the discounted transfer operator equa-
tion we have

wn(z) = In / (@8, (0 (Fa)) gy ().
ac¥(x)
From this equality follows that
wp(z) — M, = ln/ e(@:0)+on (wn(f(@,a)))—Mn dvg(a)

a€¥(x)

= ln/ eu(w>a)+§n(wn(f(%@))_5n(Mn)+5n(Mn)_Mn dVI((L).
ac¥(x)

By taking exponential on both sides we get

ewn(z)an :/ eu(zva)‘HSn(wn(f(zfa)))fﬁn(Mn)f(Mn7671(Mn))dl,r(a)
ac¥(x)

which in turn implies

eMn_én(Mn)ewn(x)_Mn :/ e“(zva)eén(wn(f(x»a)))_‘;n(Mn)dyw(a).
ac¥(x)

From Lemma we know that 0 < M,, — 6,(M,) < |jul|s so, possibly
assuming a subsequence we can find k € [0, ||u||] such that M,, — 0, (M,) — k
when n — co. From Lemma and Lemma the sequence @, is uni-
formly bounded and equicontinuous. From Arzela-Ascoli’s theorem we obtain
a subsequence (that we still calling w,, to avoid extra indexes) that converges
to a continuous function h satisfying eFeh(®) = faeq,(x) et@a)h(f(@a)qy, (a) if
On(wp(f(z,a))) — 0, (M,) — h(f(z,a)) when w,(x) — M,, — h(z). To prove
this we recall that, from the definition of variable discount function d,,, it is
increasing so we have

O (Mp) = 0 (wn (2)) < yn (M — wn(z))
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Since M,, —wy, () — —h(z) > 0, we can conclude that for n big enough we have
—h(z) —e < M, —w,(x) < —h(z) + £, or equivalently

wp(z) — h(z) —e < M, <w,(z) — h(z)+e.
Using the fact that d,, is increasing we obtain
5 (wn(@) — h(2) — €) < 8u(My) < bu(wn(a) — hiz) +e),

and by adding —d, (w,(x)), we obtain

() — h(@) — €) = u(twn (@) < 80(My) — (1w (1))

< Op(wp(x) — h(z) + €) — 0 (wp ().
Now, from Assumption it follows that
On (M) — 0 (wp(z)) = —h(x). O

Remark 3.29. All the results of this section were obtained under the assump-
tion that u(x,a) > 0, Vz,a. If we start with a bounded u we can pick a constant
¢ such that v’ = u-+c > 0. We claim that this hypothesis is actually not a restric-
tion neither changes our results. In the regularity section, all the results depends
on i (2,y,0) = |(u + )(w,0) — (u+ )(y.a)| = |u(z,a) — u(y,a)| = alz,y,a)
and it does not changes under addition of a constant. In Theorem|3.24], we have
h(z) = maxX,ey(q) v (z,a) =@ +h(f(x,a)), and @’ = sup,,cqy [, v/ (x,a)dp(z, a),
50 h(z) = max,ey(z) u(x,a) — (@' —c) +h(f(x,a)) and @' = sup,,cqy [ u(z,a)+
cdp(z,a) that is
@ —c= sup / u(z,a)du(z,a) = 1,
BHEH JQ

thus the equation holds for u, h(z) = max,cy(z) u(x, a) —u+h(f(z,a)) with the
same solution h. Analogously, in Theorem[3.28, if we replace an initial u that
can be negative by v’ = u + ¢, we obtain

ekeh(@) — / eu/(w’“)eh(f(w’a))dl/x(a) _ / eu(w,a)Jrceh(f(w,a))d;/z(a)
a€¥(x) a€¥(x)

or equivalently

ke gh(x) _ / (@) h(F(@0) gy, (4)
a€¥(x)

which means that Theorem holds, with the same eigenfunction e"®) and a
new eigenvalue e*~°.

4 Applications to IFS and Related Problems

4.1 Subshifts of finite type

Let A = {0,1,...,m — 1} be an alphabet and C = (c¢;j)mxm an adjacency
matrix with entries in {0,1}. Let X = Y¢ C AY be the set of all infinite
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admissible sequences. To get information about thermodynamic formalism in
the setting of sequence decision-making processes, for each x € ¥, we put
U(x) ={i € A| ¢iz = 1} and we recover the dynamics by considering the
maps f(x,a) = (a,x0,x1,...), for each a € ¥U(z). Given a Holder potential
g: X — R, we define u(z,a) = g(f(x,a)). Considering a variable discount § we
obtain a sequential decision-making process S = {X, A, ¥, f, u,d}.

4.2 Dynamics of expanding endomorphisms

Let (X, d) be a complete metric space and T': X — X a continuous expanding
endomorphism. Suppose that for each point € X there is finite set of injective
domains Jy, J1, ..., Jp—1 for T. Take A :={0,1,...,n— 1} and for each z € X
define ¥(z) := {a € Az € T7!|;,(X)}. The function f is defined as follows
f(z,a) = T7Y, (x), for each a € ¥(x). Given a Hélder potential p : X — R
we define u(x,a) := ¢(f(z,a)) and §(t) = Bt. Then S = {X, A, ¥, f,u,0}
is a sequential decision-making process associated with the thermodynamical
formalism for the endomorphism 7" with a potential .

Following the classical approach in thermodynamical formalism as in [Bou01]
and [LMMS15| we have that the Bellman and the discounted transfer operators
are given by

B(v)(z) == i o(y) + Bu(y) and P(v)(z):=In » W),
y)=x T(y)==

In [Bou0I] and [LMMSTI5] the author shows that the discounted limit of the
first one provides a calibrated subaction equation:

Voo (T) 1= T?u)p ©(Y) — Moo + Voo (Y)-
y)=x

It is well known (see [BouOl] or [Garl7]) that a measure fi;,q, satisfying

Moo = SUP /gdu:/ Y dlmaz,
T p=pJ X X

is supported in {y € X |vo(T(y)) = ©(¥y) — Moo + Vo(y)}. It is also well
known (see [Bou01] or [LMMS15]) that the discounted limit of the second one
gives a positive eigenfunction e’>(*) and an maximal eigenvalue ¥ (which is
the spectral radius) of the Ruelle operator, that is,

ek evee(@) — Z e (¥) gvoo (¥) |
T(y)=x
4.3 IFS with Weights and Thermodynamic Formalism

Let (X,d) be a complete metric space, and (A,d4) an arbitrary metric space,
indexing a family of continuous functions ¢, : X — X. Consider the IFS
(X, (pa)aca). If in addition, a family of probability measures p, : X — [0, 1],
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indexed in A, is given one can construct an ordered triple (X, (¢g)aca, (Pa)aca)
which is called an iterated function system with place dependent probabilities
(IFSpdp). To view such IFSpdp as sequential decision-making process associate
to this IFS, we take U(z) = A, Vo € X, consider the immediate return u(z, a) =
In p,(x), which is bounded from above if each p, is so, and is bounded from
below if each py(x) > a > 0. If we consider the dynamics f(z,a) = ¢4(x)
and a discount function 6 then S = {X, A, ¥, f,u,d} is a sequential decision-
making process associated with the thermodynamical formalism of the IFSpdp

(Xa ¢a;pa)-

Assuming the hypothesis of Lemmas [3.21) and [3:22] Assumption [3.23] Theo-
rem|3.24} and Remark we have that the equation b(r) = max,cw(y) In pa(z)—
@+ b(f(z,a)) can be rewritten as

= max lnp,(z)+b(f(xz,a)) —b(zr) = max d.b(a)+ u(z,a),
a€¥(x) a€¥(x)

where the discrete differential is d,b(a) = b(f(z,a)) — b(x) and

W = sup / Inpg(z) du(x, a)
Q

where the set of holonomic probabilities is given by

. {u c 2Q)| /deg(a) du(w,a) = 0, ¥g € C(A,]R)} .

From Theorem there exists a value k € [—||u/|co, |tt]|co] and a function
h such that p := e* and ¢ := ¢"*®) are respectively a positive eigenvalue and a
positive and continuous eigenfunction for Ruelle’s Operator

ekeh(z) — / eu(m,a)eh(f(z,a))dym (a)7
ac¥(x)

or equivalently
/ pa (@) @Dy (g) = b
ac¥(x)

As a historical remark we shall mention that the first version of the Ruele-

Perron-Frobenius theorem for contractive IFS, via shift conjugation, was ob-
tained in [FL99].

Theorem 4.1. The IFS case encompasses the expanding endomorphism case,
if A={0,1,....,n—1}, ¥(x) = {j € A|lz € Ty(X)}, f(z,a) = T, and
u(z,a) = o(f(x,a)), where ¢ : X — R is a Hdlder potential, similarly to
Ezample In this case the IFSpdp (X, ¢a,pa) is such that ¢q(x) = f(z,a)
and pq(x) = exp(p(f(z,a))).

Proof. We notice that T o f(x,a) = x, Va € A. The fact that T is uniformly
expanding implies that f(-,a) is a uniform contraction and, the fact that ¢ is
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Holder implies bounded and domination conditions of Theorem [3.20] are in hold.
Obviously, Bellman’s equation is

b(z) = Jnax Inpy(r) —u+b(f(z,a)) = Jnax o(f(x,a)) —u+b(f(z,a))

since u(z,a) = Inpy(z) = p(f(z,a)). It remains to show that & = my,. Indeed,
take any g and p € H then

0= /Q d, (g0 T)(a) du(z, )
_ /Q(goT)(f(m,a)) ~ (g o T)(x) du(z, a)
_ /X /A 9(@) — 9(T()) dpsa (a) d* (1) ()
_ / o) — g(T(x)) dr* (1) (),

X

where 7* is the push forward with respect to the projection in X. Thus, 7*(u)
is a T-invariant measure, that is 7*(H) C {n | Tn = n}. Moreover

/Q w(@, @) du(e, @) = /Q o(f(2,0)) dp(x, a)
. /Qgp(f(x,a)) — o(@) + () du(x, a)
= / da () (a)dp(z, a) + / o(x) dr™ (p)(x)
Q

X
—0+ /X () dn* (1) (2),

thus showing that & < me.. To obtain the equality we will construct a special
holonomic measure y € H satisfying

/ u(z,a)du(x,a) = Moo.
Q
We first observe that from the calibrated subaction equation

Voo (2) = T?%p oY) — Moo + Voo (¥)
y)=x

which is equivalent to

Moo = SUp @(y) + dpVoo(y)
T(y)=z

we can obtain, proceeding similarly as in Theorem [3.27] an optimal holonomic
measure p € H, such that

/Q w(z, a)dp(z, a) = me.
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This shows that the calibrated subaction equation is equivalent to the associated
Bellman’s equation.
Finally, notice that the equation

/ pa(@)e" @Dy (g) = ek eh@),
a€¥(x)

for the IFS is equivalent to,

/ (@) (7 @) gy (q) = ekehla),
ac¥(x)

Recalling that T o f(x,a) =z, Va € A, we obtain

Z e?W)—Inngh(y) — ok oh(@)
T(y)=a

where v;(a) = (1/n)3_; d;(a), which is the same operator as considered in the
endomorphism case, up to the constant (—Ilnn). O
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