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Abstract

This thesis investigates the vanishing discount limit within infinite-horizon optimal control,
exploring its asymptotic behavior across both continuous and discrete time settings. After
reviewing and establishing the fundamental theory of finite- and infinite-horizon optimal
control, we use the infinite-horizon framework to characterize the vanishing discount limit,
namely the limit of the rescaled value function AV) as the discount factor A tends to zero.

This problem has been addressed in earlier works under controllability and ergodicity
assumptions ensuring that the rescaled value function converges uniformly to a constant
limit. In contrast, we do not impose such conditions. When a uniform limit exists, it is
in general a function that can be characterized as the supremum of the family of viscosity
subsolutions to the corresponding system of Hamilton—Jacobi equations. When the sub-
solution is itself a viscosity solution of the corresponding system, we obtain not only the
convergence of the vanishing discount limit, but also a specific rate of convergence.

An analogous analysis is carried out in discrete time via Shapley and Bellman operators.
Exploiting the additional structure of Bellman operators, we show that the uniform limit
of the rescaled discounted value function awv, as « tends to zero can be characterized as
the supremum of the directing vectors of sub-invariant half-lines.
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1 Introduction

Optimal control theory dates back to the 1950s, with major contributions by Lev Pontrya-
gin and Richard Bellman, building on ideas from the calculus of variations. Since then,
the theory has evolved substantially and now plays a fundamental role in areas such as
economics and engineering.

A major breakthrough was achieved in the 1980s by Michael Crandall and Pierre-Louis
Lions, who developed the theory of viscosity solutions for Hamilton—Jacobi equations
(Crandall et al., 1983). This formalism allows one to treat Hamilton-Jacobi-Bellman
equations that typically do not admit classical (smooth) solutions.

Building on this theory, Chapter 2 establishes the framework of optimal control problems
over a finite time horizon. We show that the associated value function V, interpreted as
the optimal cost (or payoff), is the unique bounded and uniformly continuous viscosity
solution of the Hamilton—Jacobi—Bellman equation

Vi(x,t) + H(x,V,V(z,t)) =0 in R™ x (0,7),
V(z,T) = g(x) on R"™.

Chapter 3 considers the optimization problem over an infinite time horizon. Conse-
quently, different assumptions are required to obtain results analogous to the finite-horizon
case. In particular, we establish a comparison principle for bounded and uniformly contin-
uous viscosity solutions of the corresponding Hamilton—Jacobi-Bellman equation, which
yields uniqueness of the discounted value function V).

Using this framework, Chapter 4 is devoted to the study of the vanishing discount prob-
lem. We analyze the asymptotic behavior of the rescaled family {AV)} s as the discount
rate A — 01, with respect to the topology of uniform convergence on 2, where  C R" is
an open and bounded set. This limit can be interpreted as a long-run average cost crite-
rion. We characterize the cluster points of {AV)}\~>¢ and, under additional assumptions,
obtain a rate of convergence. This analysis is largely based on the recent work of Cannarsa,
Gaubert, Mendico, and Quincampoix in (Cannarsa et al., 2024), which serves as the main
reference for this thesis.

Chapter 5 addresses the discrete-time counterpart of the vanishing discount problem.
We work within the space X := C(S), where S is a compact Hausdorff space. Equipped
with the supremum norm and the pointwise partial order, C'(S) is an AM-space with unit
e € C(S). We consider an operator 7' : X — X that is nonexpansive and commutes
with the addition of the unit, reflecting the structure of Shapley operators. The discrete

evolution equation
P =T, k=1,2,...

may be viewed as a discrete-time analogue of the Hamilton—Jacobi—Bellman equation.
The discrete analogue of the discounted value function V) is the function v, € X satis-
fying
T((1 — a)vy) = va,
for o € (0,1). Setting 1 —a = e~ establishes a link between the discrete- and continuous-
time formulations. Under the additional assumption that each coordinate map T; : X — R
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1 Introduction

is concave, we obtain the representation
Tifw) = jof {ri+ Ple},

where A; is a nonempty index set, r{’ € R, and P} is a positive continuous linear functional
satisfying Pfe = 1.

In this setting, we establish a discrete analogue of the convergence results obtained in the
continuous case by employing the notion of sub-invariant half-lines, introduced by Kohlberg
(1980). A sub-invariant half-line of 7" is a map of the form s — u + sn, with s > 0 and
u,n € X, such that

T(u+sn) > u+(s+1)n, Vs > 0.

We show that the uniform limit of aw, as a — 0, provided it exists, can be characterized
as the supremum of the directing vectors 7 associated with such sub-invariant half-lines.
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2 Finite Time Horizon Optimal Control
Theory

In this chapter we develop the basic theory of deterministic optimal control on a finite time
horizon. As a main result, we derive the Hamilton-Jacobi-Bellman (HJB) equation and
show that the value function is its unique, bounded, and uniformly continuous viscosity

solution.
In Sections 2.1-2.4 we follow the book by Evans (2010). For Section 2.5 we use (Bardi
et al., 1997).

2.1 Framework

Definition 2.1 (State equation). Let X : [0,7] - R", o : [0,T] — A, A C R™ compact,
and f:R™ x A — R". The initial value problem

X'(s) = f(X(s),a(s)), se€(t,T), (2.1)
X(t) ==, |

with given initial time ¢ > 0, initial starting point € R™, and terminal time T" > ¢ is called
state equation. The function « is called control or control function, and the function X is
called response, state function or state trajectory. X (s) is called the state of the system at
time s.

Definition 2.2 (Admissible controls). The set A := {a : [0,7] — A | « is measurable}
denotes the set of all admissible controls.

We require that the state equation (2.1) has a unique Lipschitz continuous solution X
for each control a@ € A, existing on the time interval [¢t,T], and satisfying the ordinary
differential equation (ODE) almost everywhere in s € (¢, 7). To ensure this, we impose the
following assumptions, which will be maintained throughout the remainder of Chapter 2.
A proof that these assumptions are sufficient can be found in the book by Bardi et al.
(1997).

Assumption 2.3. Let f: R” x A — R" be a continuous function such that
,a)| < Cf,
[z, a)l < C Vr,y e R", Vaec A
[f(z,a) = f(y,a)| < Clz —yl,
for some constant C'y > 0.

Next, we will introduce the objective function, which we wish to minimize subject to
the state equation (2.1).

Definition 2.4 (Cost functional). Given z € R™ and ¢ € [0, T, for each admissible control
o € A the corresponding cost functional is defined by

T
Coslal)) = / L(X(s), a(s)) ds + g(X(T)), (2.2)
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2 Finite Time Horizon Optimal Control Theory

where X = X solves the state equation (2.1). The functions L : R” x A — R and
g:R"™ — R are given.

Remark 2.5. The term g(X (T")) can be thought of as terminal cost. For infinite time horizon
problems, which we will discuss in Chapter 3, this term will be excluded. Furthermore,
the function L is called Lagrangian or running cost per unit time. The term Lagrangian
originates from the calculus of variation which is closely related to optimal control theory.
For further details, we refer the reader to the book by Liberzon (2012).

To guarantee that the infimum of the cost functional (2.2) exists and has properties we
desire, we assume the following conditions, which shall hold throughout the remainder of
the chapter. These desired properties will be discussed in Lemma 2.11.

Assumption 2.6. Let L : R"™ x A — R be a continuous function such that
L(z,a)| < Cp,
|L(z, )l < Cp Va,y R, Vac A
|L(z,a) — L(y, a)| < Crlz —yl,

for some constant C7, > 0 and let g : R™ — R be a continuous function such that

<
lg(z)] < Cy, Vr,ycR", Vaec A
l9(x) — g(y)| < Cglx —yl,

for some constant Cy > 0.

Given initial time ¢ € [0,7] and initial state z € R™, the goal is to find an optimal
control o € A which minimizes the cost functional (2.2) among all admissible controls.
This problem is called a finite-horizon optimal control problem.

2.2 Dynamic programming

In this section, we introduce the value function and examine its fundamental properties.
The core theorem of dynamic programming is Theorem 2.9, known as principle of optimal-
ity or optimality condition of dynamic programming. Later, in Section 2.3, we will derive
a partial differential equation (PDE), the Hamilton—Jacobi-Bellman equation, which can
be regarded as an infinitesimal version of the optimality condition (2.4).

Definition 2.7 (Value function). For each initial state x € R™ and starting time ¢t € [0, 77,
the function V : R™ x [0,7] — R defined by

V(1) = inf Cryfa() (2.3)

is called wvalue function.

Remark 2.8. It is important to note that under our assumptions the existence of an optimal
control a* € A, for which V(z,t) = Cy+(a*(+)) holds, is not guaranteed. However, later in
this chapter we will show that there is still a way to construct an optimal control.

Theorem 2.9 (Principle of optimality). Given x € R and t € [0,T), for each h > 0 so
small that t + h < T, we have

t+h
V(z,t) = ;reli{/t L(X(s),a(s))ds+ V(X (t+h),t+ h)}, (2.4)

where X = X% solves the state equation (2.1) for the control .
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2.2 Dynamic programming

Proof. We proceed in two steps. In Step 1, we show that V' (z,t) is lower or equal than the
right hand side of (2.4). In Step 2, we prove the reverse inequality.
Step 1. Choose any control a; € A and solve the ODE

Xi(s) = f(X1(s),n(s)), se€(t,t+h),
Xl(t) =X.

Fix € > 0 and choose oy € A such that

T

V(Xi(E+h) b+ h) +2> /Hh L(Xa(s), aa(s)) ds + g(Xa(T)), (2.5)

where X5 solves

X5(s) = f(Xa(s),a2(s)), se€(t+hT),
Xo(t+h) = X1(t+h).

Therefore, with starting time ¢ + h and starting point X;(¢ + h), the control as € A is
almost optimal for this subproblem, meaning it achieves a value within € of the optimal
one. Let us now define the control

as(s) =

ai(s), se€lt,t+h),
as(s), se€[t+h,T],

where X3 solves

X3(s) = f(X3(s), a3(s)), s€(@,T),
X3(t) = .

By uniqueness of the state equation (2.1) solutions, we have

e ( )_ Xl(S), S € [t,t+h),
= Xo(s), se[t+h,T].

Therefore, by the definition of the value function (2.3), we get

V(x,t) < Cpy(as(-))

T
:/t L(X35(s), as(s)) ds + g(X5(T))

t+h T
- / L(Xi(s), 01 (s)) ds + /HhL<X2<s>,a2<s>>ds+g<X2<T>>

(2.5) ftth
< / L(X1(s), a1(s)) ds + V(X1 (t + ).t + B) + <.
t

Since oy € A was arbitrary, we get

V(z,t) < ig&{/tt+h L(X(s),a(s))ds+V(X(t+h),t+ h)} +e,

where X = X solves (2.1). Because € > 0 was arbitrary, by passing the limit ¢ — 0, we
conclude Step 1.
Step 2. Similarly, fix € > 0 and select ay € A such that

T
Viet) +e> / L(Xa(s), aa(s)) ds + g(Xo(T)), (2.6)
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2 Finite Time Horizon Optimal Control Theory

where X4 solves

Xj(s) = f(Xu(s), au(s)), se€(t,T),
X4(t) =X.

By the definition of the value function (2.3),

T

VX4t + h) b+ h) < /t+h L(Xa(s), aa(s)) ds + g(X4(T)), 2.7)

must hold. Therefore,

(26) [T
Viet)+e > / L(Xa(s), aa(s)) ds + g(Xa(T))

t+h T
- / L(X(5), aa(s)) ds + /t+hL<X4<s>,a4<s>>ds+g<X4<T>>

(2.7) [tth
S /t L(X4(s), au(s)) ds + V(Xa(t + h), ¢ + h)

t+h
> iléi{/t L(X(s),a(s))ds+V(X(t+h),t+h)},

where X = X solves (2.1). Because ¢ > 0 was arbitrary again, by passing the limit & — 0,
we conclude Step 2 and therefore the proof. O

=

Remark 2.10. Theorem 2.9 formalizes the same concepts developed by Bellman (1952) in
the 1950s. Every segment of an optimal trajectory is itself optimal.

2.3 Hamilton—Jacobi—Bellman equation

Before establishing the Hamilton—Jacobi—Bellman equation we first prove the desired prop-
erties of the value function by making use of Assumption 2.6.

Lemma 2.11. For all x1,x9 € R™ and t1,t9 € [0,T], there exists Cy > 0 such that
a) ’V(a:l,h)‘ S CV
b) [V(z1,t1) = V(wg, t2)| < Cv(|wy — 2| + [t — t2]).

Proof. We proceed in three steps. In Step 1, we will briefly argue why the value function is
bounded. In Step 2, we will prove Lipschitz continuity in the first variable and in Step 3,
in the second.

Step 1. Because of Assumption 2.6 we know that the Lagrangian and the terminal
cost are bounded. Therefore, the cost functional (2.2), as a finite time horizon integral is
bounded as well, for all controls. This implies the boundedness of the value function (2.3)
on R™ x [0, T7.

Step 2. Fix 1,29 € R" and t € [0,7T). Let € > 0 and choose « € A such that,

T
Ve t) +e> /t L(X1(s), a(s)) ds + g( Xy (T)), (2.8)

where X7 solves
X{(S) = f(X1(5)7O‘(5))a s € (t’T)a
Xl(t) =2x.
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2.3 Hamilton—Jacobi—-Bellman equation

This means the control a achieves a value within ¢ of the optimal one. Starting from zo,
the inequality

T
V(wa,t) < /t L(Xa(s), a(s)) ds + g(Xa(T)), (2.9)

where X5 solves
Xi(s) = f(Xa(s),a(s)), se(t,T),
Xg(t) = X9

holds. Combining the inequalities (2.8) and (2.9) yields

T
V(s t) — Ve, t) < / L(Xa(s), a(s)) ds + g(Xa(T))
t (2.10)

T
- /t L(X1(s),a(s))ds — g(X1(T)) +e.
Observe that
[ X1 (s) — X5(8) = | F(X1(s), (s)) = f(Xa(s),a(s))| < Cf[X1(s) — Xa(s)] (2.11)

holds, because of Assumption 2.3. Define n(s) := | X1(s)—Xa(s)|, ¢(s) := Cy and 9(s) := 0
for all s € [t,T]. We want to apply Theorem A.1 Gronwall’s inequality to these functions.
The function 7 is nonnegative. Xi, as a state trajectory, is Lipschitz continuous and
therefore absolutely continuous, which implies that 7 is also an absolutely continuous
function. For almost every s € [t,T], the inequality

() < | X1() — Xb()| 2 CplXa(s) — Xa(s)| = o()n(s) + (s)

holds, where functions ¢ and 1 are nonnegative and integrable functions. Therefore, by
Gronwall’s inequality

1X1(s) — Xa(s)] < el Crds <|X1(t) — Xo(t)| + /t 0d5>

= O |z — 29|

(2.12)

holds for all s € [t,T]. Finally, by using Assumption 2.6 and the above inequalities, we get

(2.10) T
V(wg,t) = V() < /tL(X2(8)704(8))—L(X1(8)704(8))d8+9(X2(T))—g(Xl(T))+€
S/tTCL|X2(8)—Xl(s)\d8+cg\X2(T)—Xl(T)|+€

(2.12) T
< / CLeCf(S_t)]:cz —x1|ds + C’geCf(T_t)|x2 —r1|+e
t
= <g§: (ecf(Tft) — 1) + Cgecf(Tt)> ’xg — .561| +¢€
< <gL(eCfT -1)+ CgeCfT) |zo — 1|+ = 5\962 —z1| +e,
f

where C = Cr (eCfT — 1) /Cr+ CgeCfT. Step 2 is concluded by doing the same steps by
interchanging to roles of z; and xo and passing the limit € — 0.
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2 Finite Time Horizon Optimal Control Theory

Step 3. Fix x € R™ and assume without loss of generality 0 < t; < to <T. Takee >0
and choose a control a € A such that

T
V(az,tl)+52/ L(X (), a(s)) ds + g(X(T)), (2.13)

t1

where X solves

X'(s) = f(X(s),a(s)), se€(t,T),
X(tl) = Xx.

Define the shifted control a(s) := a(s + t; — t2) for s € [t2, T] and let X solve

{)?%s) = f(X(s),a(s)), s € (ta,T),

~

X(tg) = Xx.

Then because of the uniqueness of the solution X (s) = X (s + t1 — t2) holds for s € [ta, T).
We also know that

T

Vet < [ L(R()a0) ds -+ 9(R(1) (2.14)
to

holds. Combining the inequalities (2.13) and (2.14) and making use of the uniqueness

yields

T A~ o~
Vats) = V(o) < [ L(R(9).a(s)) ds + (X (D))

to

T
- / L(X(s), a(s)) ds — g(X(T)) +

t1

T+t1—to
_ / L(X(s),a(s)) ds + g(X (T + t, — t2))

t1

T
— / L(X(s),a(s))ds —g(X(T)) +¢

t1

T
[ LX) als)ds X (T 11— 1) — (X)) 4

T
/ Cr ds
THt1—to

< Cplty — to| + CyCflts — to] + & = Clty — to| + ¢,

<

+ Cy| X (T +t1 —t2) = X(T)| +¢

where C := Cr+CyCy.
The reverse inequality works similarly. Pick a € A such that

T ~ ~
V(w,ts) + £ Z/t L(X(s),d(s)) ds + g(X(T)), (2.15)

where X solves

X/(s) = f()?(s),&(s)), s € (thT)7
X(tQ) = .

Define the control

a(s) = a(s+te—t1), s€[t1, T+t —ta),
a(T), se [T+t —ta,T],
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2.3 Hamilton—Jacobi—-Bellman equation

and let X solve

X/(S) :f(X(S),@(S)), s € (tlﬂT)v
X(tl) = X.

Notice that a(s) = a(s +ta —t1), X(s) = X(s +ta —t1) for s € [t1,T + t; — t2], and
T —_— —
Viaty) < / L(X(s),a(s)) ds + (X (T)). (2.16)
t1
Using this information and combining the inequalities (2.15) and (2.16) yields

T — —
V(o t) = Vinta) < [ L(X(s).a(s)) ds + (X (D))

t1

T _ ~
_/t L(X(s),a(s)) ds — g(X(T)) +e

T
_ / L(X(s),a(s)) ds + g(X(T))

t1

THt1—t2 . ~
—/t ’ L(X(s+4ty —t1),a(s 4+t —t1))ds — g(X(T)) + ¢

T
— / L(X(s), a(s)) ds + g(X(T)) — g(X(T + 1 — t2)) + ¢
T+t1—to

T
/ Crds
THt1—to

< Cplty — to| + CyCylts — to] + & = Clty — to| +&.

<

+Cy|X(T) = X(T+t1 —to)| +¢

Finally, combining the two inequalities and taking the limit € — 0 concludes Step 3 and
therefore the proof. O

In the following, we formulate the Hamilton—Jacobi-Bellman equation and establish the
notion of a viscosity solution in this context.

Definition 2.12 (Hamilton-Jacobi-Bellman equation). Let V' denote the value function
associated with initial position x € R", starting time ¢ € [0,7], and state equation (2.1).
The Hamilton—Jacobi—Bellman equation is given by

(2.17)

{Vt(x,t) + H(z,VyV(z,t)) =0 inR" x (0,T),
V(z,T) = g(z) on R™,

where the function H : R" x R” — R with H(z,p) := mingea{(f(z,a),p) + L(z,a)} is
called the Hamiltonian.

Remark 2.13. The Hamilton—Jacobi-Bellman equation looks slightly different depending
on the control problem setting. For reference, Definition 3.5 gives the corresponding for-
mulation for the infinite-horizon problem.

Definition 2.14 (Viscosity solution of the HJB equation). We say that a bounded and
uniformly continuous function V : R™ x [0, 7] — R is a viscosity solution of the Hamilton—
Jacobi-Bellman equation (2.17) if the following conditions hold:

1. V(z,T) = g(z) on R™,
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2 Finite Time Horizon Optimal Control Theory

2. For every test function ¢ € C1(R™ x (0,7)),
a) if V — ¢ attains a local maximum at a point (xg,%9) € R™ x (0,7, then

¢t(z0,t0) + H(z0, Vip(z0,t0)) > 0.
b) if V — ¢ attains a local minimum at a point (zg,tg) € R™ x (0,7, then

¢¢(wo,to) + H(x0, Vai(x0,t0)) < 0.

Remark 2.15. The notion of viscosity solutions for Hamilton—-Jacobi equations was intro-
duced in the 1980s by Crandall and Lions (Crandall et al., 1983), and later extended to
second-order partial differential equations. For a detailed introduction to viscosity solu-
tions, we refer the reader to Liberzon (2012).

Next, in Theorem 2.16, we prove that the value function V' is a bounded and uniformly
continuous viscosity solution of the Hamilton—Jacobi—Bellman equation. Afterwards, we
will establish uniqueness.

Theorem 2.16 (PDE characterization of the value function). The value function V is a
viscosity solution of the Hamilton—Jacobi—Bellman equation (2.17).

Proof. We proceed in three steps. In Step 1, we briefly recall the properties of the value
function and explain why the terminal condition must be satisfied. In Step 2, we prove
point 2.a) of Definition 2.14 by contradiction. In Step 3, we prove point 2.b), similar to
Step 2, by contradiction.

Step 1. In Lemma 2.11 we showed that the value function V is bounded, Lipschitz
continuous and therefore uniformly continuous. Furthermore, from the definitions of the
cost and value function we can see that

(2:3) .
V(z,T) =" inf Cor(a()) =" g(z)
acA

holds for all z € R". The terminal condition of (2.17) is therefore satisfied.

Step 2. Let ¢ € CY(R"™ x (0,T)) and assume V — ¢ attains a local maximum at a
point (xg,tg) € R™ x (0,T). We want to show ¢ (o, to) + minge a{(f (z0, a), Voo (0, t0)) +
L(zg,a)} > 0. Suppose, the contrary. Then there exist a € A and 6 > 0 such that

bi(z,t) + (f(x,a), Voo (x,t)) + L(z,a) < -0 < 0, (2.18)

for all points (z,t) satisfying
| — xo| + |t — to] <6, (2.19)

where 0 > 0 is chosen sufficiently small. We will show that this leads to a contradiction.
Consider the constant control a(s) := a for s € [tg, T] and the corresponding dynamics

{X’(s) = f(X(s),a), s€ (to,T), (2.20)
X (to) = xo. |

Due to the continuity of the solution and the initial condition of (2.20) we can choose
h € [0,0] such that |X(s) —zg| < § for s € [to,to + h] is satisfied. Therefore, in view of
inequality (2.18),

$i(X(s),8) + (f(X(s),0), Vad(X(s),5)) + L(X(s),a) < -0 (2.21)

10
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2.3 Hamilton—Jacobi—-Bellman equation

holds for s € [tg, to+ h], due to (2.19) being satisfied. Since V — ¢ attains a local maximum
at (xo,tp) we can equivalently say,

(V= ¢)(z,t) < (V —¢)(xo,t9) for all (x,t) satisfying (2.19). (2.22)

Rearranging (2.22), using the fundamental theorem of calculus, and the chain rule, we
obtain

V(X(to + h), t() + h) - V(CI}(], to)

< &(X (to + h),to + h) — ¢z, to)
to+h d

_ /t S O(X(5), ) ds (2.23)

0

to+h
- / G1(X(5),5) + (Vad(X(s), ), X'()) ds

to

to+h
= / 0e(X(5),8) + (F(X(5),a), Voo (X (5), 5)) ds.

to
Furthermore, by the principle of optimality, Theorem 2.9,
to+h
V(0. t0) < / L(X(s),a) ds + V(X (to + h), to + h) (2.24)
to

holds. By adding inequalities (2.23) and (2.24), and then subtracting V(X (to + h), to + h)
from both sides, we obtain

to+h
0< / Gr(X(s),8) + (F(X(s),a), Vaod(X (5), 8)) + L(X(s),a) ds

to

(2.21) ftoth
< / —0ds = —ho,

to

which is a contradiction to 6§ > 0 and therefore completes Step 2.

Step 3. Now, assume V — ¢ attains a local minimum at a point (z,ty) € R™ x (0,7).
We want to show ¢ (o, to) + minge a{(f (o, a), Voo(x0,to)) + L(xo,a)} < 0. Suppose the
contrary. Then there exist § > 0 such that

oz, t) + (f(x,a), Vad(z,t)) + L(z,a) > 60 > 0, (2.25)
for all @ € A and all points (z,t) satisfying
]x - Qjo‘ + ’t — to‘ <0, (2.26)

where d > 0 is chosen sufficiently small. We will show that this leads to a contradiction.
Choose h € (0,6) so small that | X (s) — zo| < 0 for s € [to, o + h], where X solves

{X’(s) = [(X(s),a(s)), s € (t,T), (2.27)
X(to) = To |

for any control o € A. Since V' — ¢ attains a local minimum at (z, tp) we can equivalently

say,
(V= @)(x,t) > (V — @)(zo,to) for all (z,t) satisfying (2.26). (2.28)

11
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2 Finite Time Horizon Optimal Control Theory

By rearranging equation (2.28), using the fundamental theorem of calculus, and the chain
rule, we see that for any control a € A,

V(X(to + h), t(] + h) - V(.CC(], to)

> ¢(X(to + h),to + h) — ¢(wo, to)
to+h d

= /t £¢(X(s),s) ds (2.29)

0

to+h
:1/ Pr(X(5),8) + (Vo (X (5), 5), X'(s)) ds

to

to+h
2T X (5), ) + (X (5), a9, Va0((X 5), ) s,

to

holds. Furthermore, by the principle of optimality, Theorem 2.9, we can select a control
a € A that achieves a value within §h/2 of the optimal one. Consequently,

to+h
V(zo,t0) > / " L(X(s),a(s))ds + V(X (to+ h),to+ h) — % (2.30)

to
By adding inequality (2.29) and (2.30) and then subtracting V(X (t9 + h),to + h) from

both sides, we obtain

to+h Oh
0> / G(X(5),5) + (X (5), a5)), Voo (X (3), ) + L(X(5), a(s)) ds — 2

to

Rearranging the inequality above and using the fact that inequality (2.25) holds for all
a € A, we get

to+h
- = / Pe(X(s5),8) + (f(X(s),a(s)), Vad(X(s),5)) + L(X(s), a(s)) ds
(2§5) /t0+h9ds = ho.

to
This contradiction shows Step 3 and concludes the proof. O
We will now prove that if V' is a viscosity solution of the terminal value problem (2.17),

then V(z,t) := V(x, T —t) for x € R",t € [0,T)] is a viscosity solution of the initial value
problem

s (2.31)

{ﬂmﬂ—H@Vﬁ@ﬁﬁﬂ in R™ x (0,7),
V(z,0) = g(x) on R".

In contrast to the terminal value problem, the inequalities of Definition 2.14 are reversed
when working with the initial value problem. This means a function V is a viscosity
solution to the initial value problem (2.31) if the following conditions hold:

1. V(x,0) = g(z) on R",
2. For every test function v € C*(R"™ x (0,T)),
a) if V — 1 attains a local maximum at a point (xg, sg) € R” x (0,T), then

1/}5(1’0, 80) — H(xo, wa(xo, 80)) § 0.

12
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2.3 Hamilton—Jacobi—-Bellman equation

b) if V — ¢ attains a local minimum at a point (g, so) € R™ x (0,T), then
¥s(o, s0) — H(zo, Varh(2o, s0)) = 0.
Note that Proposition 2.17 and Lemma 2.19 are stated without proof in Evans (2010);
see (Evans, 2010, Remarks, pp. 596-597).

Proposition 2.17. If a function V : R" x [0,T] — R is a viscosity solution of the terminal
value problem (2.17), then the function V (z,t) := V(z,T —t) is a viscosity solution of the
initial value problem (2.31).

Proof. We proceed in four steps. In Step 1, we will define a time-reversed test function
and establish relations we will use throughout the proof. In Step 2 and 3, we will show the
points 2.a) and 2.b) from above, respectively. Finally, in Step 4 we will show the initial
condition holds.

Step 1. Let s € (0,7) and set t := T — s € (0,7). Take any smooth function ¢ €
CH(R™ x (0,7T)) and define the test function ¢(z,t) := ¢ (z,T —t) for V. The derivatives
transform as

Veo(z,t) = Vop(2, T —1t) and ¢z, t) = —s(z, 5) ’s:T—t’
and in particular, if tg := T — sg, then
Vag(zo, to) = Varp(zo, s0) and  ¢e(wo,to) = —ts(z0, S0)- (2.32)

Also, observe that

Viz,s) —(x,s) =V(x, T —s) —(x,s) =V (zx,t) — ¢(z,t).
This means:

1. If V — 4 attains a local maximum at (zg,s0) € R x (0,7), then V — ¢ attains a
local maximum at (zg, o).

2. If V — 1 attains a local minimum at (z¢, s9) € R” x (0, T), then V — ¢ attains a local
minimum at (xg, o).

Step 2. Assume that V —1 attains a local maximum at (0, 80). Therefore, V — ¢ attains
a local maximum at (xo,tg), which implies

¢t($07 tO) + H(:E()a szS(fL'O, tO)) > 07

as V is assumed to be a viscosity solution of the terminal value problem. Substituting the
equations (2.32) yields

—s(0, s0) + H(xo, Va1 (x0,50)) > 0,

or equivalently,

Vs(wo, s0) — H (w0, Vz1b (70, 50)) < 0.

Step 3. Analogously, assume that V — ¢ attains a local minimum at (0, S0). Therefore,
V — ¢ attains a local minimum at (xg,%o), which implies that

o(xo,to) + H(zo, Vao(zo,t0)) < 0.

13
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2 Finite Time Horizon Optimal Control Theory

Substituting the equations (2.32) yields
_ws(an 50) + H($0) V:Ew(x()a SO)) < Oa

or equivalently,
Ys(wo, s0) — H(zo, Vatp(z0,50)) > 0.

Step 4. For every x € R" the terminal condition for the function V' holds. Using the
definition of V shows the initial condition

g(x) =V (z,T) = V(z,0).
This concludes the proof. O
Theorem 2.18 (Uniqueness of viscosity solutions for the initial value problem). Assume

that H : R™ x R™ — R satisfies for some Cgyg > 0

H - H <C -
{’ (z,p) — H(z,q)| < Culp —4ql, Va,y,p,q € R™

|H(x,p) — H(y,p)| < Crlx —y|(1+[p]),

Then the initial value problem

Vi(z,t) — H(z, VoV (x,t)) =0 in R™ x (0,T), (2.33)
V(x,0) = g(z) on R" '
admits at most one bounded and uniformly continuous viscosity solution.

Proof. Assume u and v are both viscosity solutions of (2.33) with the same initial condi-
tions, but

sup {u(z,t) —v(z,t)} =105 >0 (2.34)
(,t)ER" X [0,T—0]

for a fixed 6 € (0,T). By constructing a contradiction, we want to show that this cannot
be the case and therefore establish uniqueness.
By continuity of u — v pick a point (Z,t) € R™ x [0,T — 4] such that
_ _ g5
w(Z,t) —v(Z,t) > o5 — T (2.35)
Choose ¢ € (0,1) such that 2¢|Z|* < 05/8 and A € (0,1) such that 2\ < ¢5/8. Consider
1
(I>(‘T’ Y, ta S) = u(x, t) - U(y, 5) - )‘(t + S) - ? (|$ - y|2 + (t - 5)2) - 6(|‘T|2 + |y|2)a (236)
for z,y € R" and ¢,s € [0,T — §]. Since u and v are bounded and the penalization
1 2 2 2 2
—(lr =yl + (= 9)%) —e(jal” + )

forces ®(x,y,t,s) — —oo as |z| + |y| — oo, it follows that ® attains a maximum over
R2" x [0, T — 6)%. Hence, there exists a point (zo, Yo, to, s0) € R?® x [0, T — §]? such that

®(x0, Yo, to, S0) = ma; d(x,y,t,s). 2.37
(O Yo, %0 0) (x,y7t,s)€R2")>(<[0,T—5]2 ( 4 ) ( )

14



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.3 Hamilton—Jacobi—-Bellman equation

Because of our specific choices of € and A the following inequality

(0, Yo, to, S0) > sup O(x,2,t,1)
(,£) ER™ % [0,T—0]
> ®(Z,z,t,1)
) ) I (2.38)
= u(Z,t) — v(Z,t) — 2\t — 2¢| 7|
CE) o o5 05 _os
= Ty TR TR T

holds. Furthermore, since ®(xg, yo, to, so) > ®(0,0,0,0) = u(0,0) — v(0,0), it follows that

1
/\(to + 80) + ?(‘xo — y0\2 + (to — 80)2) + E(‘:L‘o’Q + ’y(]‘z)

(2.39)
< u(xo,t0) — v(yo, s0) — u(0,0) 4 v(0,0).
Dropping positive terms and using the boundedness of v and v implies
;12(|900 —yo|* + (to — %0)?) < C,
for some C' > 0. We deduce that
|zo —yo| = O(e) and |[to —so| =O(e) as e —0, (2.40)

where information about the big-oh and little-oh notation can be found in the Appendices.
In what follows, all occurrences of these notations refer to the limit ¢ — 0 even if not
stated explicitly. Furthermore, by inequality (2.39) we get

e(lmol* +wol?) <C & (Jmol* + [wol*) < (2.41)

o |

for some C' > 0. Using the inequality a +b < /2(a2 + b2) for a := || and b := |yo| yields

(2.41) - .
lzo| + [wo| < V2(|zol2 + [9o]2) < /2C/e = Ce™1/?
for C' := \/ﬁ . It follows that
e(|wo| + [yol) = O('/?) (2.42)

Similarly to before, since ®(xq, yo, to, So) > P(x0, x0, to, to), we get

1
u(zo, to) — v(yo, S0) — A(to + s0) — 6*2(|560 — yol® + (to — 50)%) — e (|zo|* + |wol?)

> U(IE(), to) - U(Cﬂo,to) — 2)\t0 — 26’$0|2.

Subtracting the common term wu(z, o) and rearranging yields

1
(lzo — yol* + (to — 50)*) + £(|zol* — |yol*) = —v(zo, to).

—v(Y0, 50) + A(to — s0) — 2

Hence

1
;2(|$0 —yol® + (to — 50)?) < v(zo,t0) — v(¥o, 50) + Ato — s0) + {0 + Yo, To — Yo). (2.43)

15
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2 Finite Time Horizon Optimal Control Theory

From equation (2.40) we know that A(tp —so) = O(e). Furthermore, by the Cauchy—
Schwarz and the triangle inequality we see that

e{zo + Yo, o — Yo) < €lwo + yollzo — vo| < e(|zol + |yol)|zo — yol-
Using equation (2.40) and (2.42) yields
e(zo| + lyo)|zo — wo| = O('/?) O(e) = O(*?).

Because £%/2 /e = ¢!/2 and lim. o '/? = 0 it follows 0(53/2) = o(¢). Using (2.40) and the
uniform continuity of v, we have

U(Io,to) — v(yo, So) — 0, )\(to — 80) — 0, 8(:6() + Yo, To — yg) —0

as € — 0. Therefore the right-hand side in (2.43) tends to 0, and since the left-hand side
is nonnegative, it follows that

1
;2(‘530 - 90\2 + (to — 80)2) —0 ase—0.
In particular,
|zo — yo| = o(e) and |top — so| = o(e). (2.44)

Next, denote by w the modulus of continuity of u. That is,
lu(z,t) —u(y,s)| S w(|z —y[+[t —s|)

for all z,y € R", s,t € [0,T — ¢] and lim, ,ow(r) = 0. Analogously, we define @ as the
modulus of continuity of v. For more information about the modulus of continuity consult
for instance the book by Bishop et al. (1985). Using (2.38) and the initial condition
in (2.33), which implies u(zg,0) — v(x,0) = 0, together with (2.44), yields

os (2.38)
?5 < wu(zo,to) — v(¥o, S0)
— U(.’EO,tO) - u(.Io, 0) + U(l’o,O) - ”U(.CUO’ O)
+ v(z0,0) — v(z0, t0) + v(20,t0) — v (Y0, S0)

(2.33), (2.44)
< w(to) + @(to) + @(o(e)).

Choose £ > 0 small enough, to satisfy o5/4 < w(tg) + @(tp) implies t9 > p > 0 and
s0 > > 0 for some constant p > 0. Consequently, the maximum point occurs on positive
times to, sp € (0,7)).

By observing (2.37) we see that the mapping (x,t) — ®(z,yo,t, so) attains a maximum
at the point (zo,tp). By looking at the definition of ® in (2.36) and defining

Y(x,t) == v(yo, s0) + A(t + s0) + glg(hj —yol® + (t — 80)2) + 5(|$|2 + |yo|2)

we notice that
u — 1) attains a local maximum at (xo, tp).

Since u is a viscosity solution of (2.33), the inequality

Yi(wo, to) — H(wo, Vaih(wo,t0)) <0

16
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2.3 Hamilton—Jacobi—-Bellman equation

holds. By differentiating we obtain,

2(ty — 2(wo —
)\+(06280) —H<m0,(x052y0)—|—25930> <0. (2.45)

Similarly, the mapping (y,s) — —®(zg,y,to, s) has a minimum at the point (yo, sp). By
defining

P(y,s) == u(xo, to) — AMto+s) — ;2(|$0 —yl*+ (to — 8)%) — e(|zol* + |y?)

we notice that,
v — 1) attains a local minimum at (yo, so).

Since v is a viscosity solution of (2.33), the inequality

Us(y0, 50) — H(yo, Voib (0, 50)) > 0

holds. Consequently,

2(tyg — 2(xo —
A+ (05280) - H(Z/o, (930621/0) - 253/0) > 0. (2.46)

By subtracting the inequalities (2.46) from (2.45), we obtain

2(xo — 2(xo —
2 < H<:L"0, (36062y0) + 253:()) — H(yo, (33062240) — 26y0>.

By using the assumptions of the theorem, we get
:J:gl =p2
2(xg — 2(xo —
2X < H(%, M + 26:60) - H(?/oy (:BO€2yO) - 283/0)

= H(x()apl) - H(x07p2) + H(anPZ) - H(y07p2)
< Chlp1 — p2| + Crlzo — yo|(1 + |p2])-

Together with
Culp1 — p2| = Cu|2ex0 + 2eyo| < 2Cre(|zo| + |yol)

and
Cu(1+ |p2]) = Cu(1+ |2(zo — yo)/e* — 2eyo])
<2CH(1+ |zo — yol /% + elyol)
< 2CH(1+ |0 — yol/€* + £(|zo| + yol)),
we obtain

S
A < Cre(|zo| + |yol) + Crlzo — Yol <1 + |052y0| + e(|zo| + ’yo\)>

(2.42)7:(2.44) 0(51/2) + 0((‘:) <1 + Oii) 4 0(51/2)).
Consequently, by passing the limit e — 0, we discover 0 < A < 0. This contradicts our
assumption (2.34), hence o5 < 0. This leads to u(z,t) < v(x,t) for all (z,t) € R"x[0,T—0].

Since 6 € (0,T) was arbitrary, letting § — 0T yields u < v on R™ x [0,T). Interchanging
the roles of u and v gives the reverse inequality, and therefore u = v on R™ x [0,T). O
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2 Finite Time Horizon Optimal Control Theory

Lemma 2.19. The Hamiltonian H(z,p) = mingea{(f(z,a),p) + L(z,a)} satisfies for
some Cyg > 0 the conditions

H - H <C -
{’ (z,p) — H(z,q)| < Culp —4l, Va,y,p,q € R™

|H(x,p) — H(y,p)| < Crlx —y|(1+[p]),

Proof. Fix x € R". Because A is assumed to be compact, see Definition 2.1, let a, € A be
the minimizer of H(z,p). Due to Assumption 2.3 we get

H(z,p) — H(z,q) = (f(z,ap),p) + L(z, 0p) — min{{f(z,a),q) + L(z, a)}

S (f(x,ap),p> - <f(m7ap))Q>
< |f(z, ap)llp — 4
<C¢lp—q|.

Interchanging p and ¢ gives
|H (z,p) — H(z,q)| < Cflp — ql.

Now, fix p € R™ and let a, € A be the minimizer of H(z,p). As a consequence of
Assumption 2.3 and Assumption 2.6 we get

H(z,p) — H(y,p) = (f(z,az),p) + L(z,a;) — gggﬂf(y, a),p) + L(y,a)}

< (f(x,a0),p) + L(z,az) — {f(y,a2).p) — L(y, az)
< | f(xaz) — f(y, az)|lp| + | L(z, az) — L(y, az)|

< Cylz —yllp| + Crlz — y|

< Crlz —yl(1 +p))

by defining Cy := max{Cy,Cr}. Interchanging = and y yields

|H(x,p) — H(y,p)| < Crlz —y|(1+p|).
O

Corollary 2.20 (Value function as unique viscosity solution of the HJB equation). The
value function V is the unique, bounded and uniformly continuous viscosity solution of the
Hamilton—Jacobi-Bellman equation (2.17).

Proof. By Theorem 2.16 the value function V is a bounded and uniformly continuous
viscosity solution of the terminal value problem (2.17).

To prove uniqueness, let U : R" x [0,7] — R be another bounded and uniformly contin-
uous viscosity solution of (2.17) with the same terminal condition U(z,T) = g(x). Define
the time-reversed functions

V(x,t):=V(z,T —t), Ulx,t) :=U(z, T —t), (x,t) € R" x [0,T].

By Proposition 2.17, both V and U are viscosity solutions of the initial value problem

{wt(az,t) — H(z,Vyw(z,t)) =0 inR"x (0,T),
w(z,0) = g(x) on R".
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2.4 Design of an optimal control

Equivalently, if we introduce the Hamiltonian ﬁ[(l’,p) := —H(z,p), then V and U solve

{wt(x,t) + I;T(:Jc, Vew(z,t)) =0 inR"x (0,7T),
w(z,0) = g(x) on R™.

By Lemma 2.19 the Hamiltonian H satisfies the conditions of Theorem 2.18. It is imme-
diate that H = —H satisfies the same conditions, with the same constant Cpr. Therefore,
we may apply Theorem 2.18 to the initial value problem with Hamiltonian H to obtain

V=U onR"x|[0,T].

Undoing the time change ¢ — T — ¢ yields

V(x,t)=V(x, T —t)=U(x, T —t) =Ul(x,t)

for (z,t) € R™ x [0, 7], which means that any bounded and uniformly continuous viscos-
ity solution of the HJB equation (2.17) must coincide with the value function V. This
concludes the proof. O

2.4 Design of an optimal control

This section also draws on the book by Evans (2010) and the lecture notes (Evans, 2024).
We have shown that the value function is the unique viscosity solution of the Hamilton—
Jacobi-Bellman equation (2.17). However, it is not immediately clear, how this charac-
terization helps to determine the optimal control a* € A that solves the original control
problem. In regions where the value function V' and our defined « are sufficiently regular,
the following procedure can be used to construct the optimal feedback control.
For a given initial time ¢ € [0,T") and initial state z € R™:

1. Solve the Hamilton—Jacobi-Bellman equation and obtain the value function V.
2. For each (7,) € R" x (0,T), define

a(z,t) :=a € A,

to be the value where the minimum in the HJB equation is attained. This means

select a(Z,t) such that

Vi(z, 1) + (f(&, a(F,1), Vo V(E, 1) + L(F, o, 1)) = 0.

3. Determine the corresponding state trajectory by solving

4X*(s) = F(X*(s),a(X*(s),5)), s € (LT),
X*(t) = x.

4. The resulting feedback control is given by

a*(s) == a(X"(s),s), se(tT).
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2 Finite Time Horizon Optimal Control Theory

To verify that this feedback control is indeed optimal, observe that along the trajectory
X* generated by o* we have, by the HJB equation,
—Vi(X(s),8) = (Vo V(X" (5),5), f(X7(5),a"(X7(5),5))) = L(X"(s), " (X"(s), 5)).
Since %X*(s) = f(X*(s),a*(X*(s),s)), this implies
—%V(X*(S),S) = L(X"(s),a"(X"(s),5)).
We know

T
Cri(a”) = /t L(X*(s),a"(X"(s),5)) ds + g(X™(T)).

By plugging in the above identity, we get

T
Cosl”) = [ = VX (5).5) ds + (X (D),

Using the fundamental theorem of calculus and the terminal condition V(X*(T),T) =
g(X*(T)) yields

Cri(a®) =V(x,t).
Hence, the cost associated with the feedback control a* equals the value function, confirm-
ing its optimality.

2.5 Properties of viscosity solutions of Hamilton—Jacobi
equations

We briefly discuss some properties and alternative equivalent definitions of viscosity so-
lutions, as presented in the book by Bardi et al. (1997), which will be needed in the
subsequent analysis.
This section is devoted to a more general version of (2.17), namely the Hamilton—Jacobi
equation
F(z,V(z),VV(z)) =0 forx €, (2.47)
where €2 C R"™ is open and F' is a real-valued function on  x R x R™.

Definition 2.21 (Viscosity solution). A function V € C(2) is a wiscosity subsolution
of (2.47) if, for any v € C1(Q),

F(xo,V(z0), Vi)(20)) <0, (2.48)

at any local maximum point z¢g € Q of V' — . Similarly, V' € C(Q) is a wviscosity super-
solution of (2.47) if, for any ¢ € C*(9),

F(z1,V(21), Vip(21)) = 0, (2.49)

at any local minimum point z1 € Q of V' — 4. Finally, V' is a viscosity solution of (2.47) if
it is both a viscosity sub- and supersolution.

Remark 2.22. In the definition of subsolution we can also assume that xg is a local strict
maximum point of V' — 4, by replacing ¢ (x) by ¢(z) + | — xo/>. Furthermore, since
the inequality (2.48) only depends on the value of Vi)(xp), we may assume without loss
of generality that V(zg) = 1 (z9). Geometrically this means that the validity of the
subsolution of condition (2.48) for V' is tested on smooth functions “touching from above”
the graph of V at xg. Figure 2.1 tries to exemplify this. Analogously, this remark holds
for supersolutions as well.
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2.5 Properties of viscosity solutions of Hamilton—Jacobi equations
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Figure 2.1: Characterization of a subsolution via a test function.

Next, we want to prove the consistency between viscosity solutions and the classical
pointwise definition.

Proposition 2.23. a) If V € C(2) is a classical solution of (2.47), that is, V is differ-
entiable at any x € Q and

F(z,V(z),VV(z)) =0 forzeQ, (2.50)
then V' is a viscosity solution of (2.47).
b) If V€ CL(Q) is a viscosity solution of (2.47), then V is a classical solution of (2.47).

Proof. a) Take any v € C1(Q2). By the differentiability of V, at any local maximum or
minimum of V' — ¢ we have VV (z) = Vi (z). Hence (2.50) yields

0= F(ﬁo, V(l’o), VV(:ED)) = F(l‘o, V(l‘o), VT/J(l‘o)) S 0,
if zg is a local maximum of V' — 1 and
0= F(.CCl, V(xl), VV(.CCl)) = F(a:l, V(.CCl), Viﬁ(l’l)) Z 0,

if 21 is a local minimum of V' — 4.

b) If V€ CL(Q), then o := V is a feasible choice for a test function. With this choice,
any x € () is simultaneously a local maximum and minimum of V' — 4. Since V is a
viscosity solution, by (2.48) and (2.49) we have

0=F(z,V(z), Vi(z)) = F(z,V(z), VV(z)).
This concludes the proof. O

Remark 2.24. The regularity assumption V € C*(Q) in part b) is not optimal. Proposi-
tion 2.30 strengthens this by showing that differentiability at a single point x suffices for
the equation to hold at x.

The next example demonstrates that viscosity solutions are not preserved by change
of sign in the equation. We show that the one dimensional function V(z) = 1 — |z| is a
viscosity solution to the eikonal equation |V'(x)| —1 = 0 but not to —|V’(x)| +1 = 0 for
re(—1,1).
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2 Finite Time Horizon Optimal Control Theory

Example 2.25 (Eikonal equation). The one dimensional function V(z) = 1 — |z| is a
viscosity solution to the eikonal equation

V()| —1=0 forze(-1,1). (2.51)

e For z # 0, the function V is differentiable with V'(z) =1 for x < 0 and V'(z) = —1
for z > 0. Hence, V is a classical solution of equation (2.51) away from z = 0 and
due to Proposition 2.23 a) a viscosity solution.

e For x = 0:

a)

To show that V is a viscosity subsolution, we assume 1) € C'(—1,1) and that
x = 0 is a local maximum point of V' — ¢. Therefore, there exists § > 0 such
that for every |y| < :

V(y) —¥(y) < V(0) —(0)
= 1|yl —(y) <1-14(0)
= —lyl <Y(y) —¥(0).

Hence, for

i) y<0: 1> (¢¥(y) —1(0))/y. Passing the limit y — 0~ yields 1 > ¢/(0).

i) y > 0: =1 < (¢(y) —1(0))/y. Passing the limit y — 07 yields —1 < ¢/(0).
Together we get [¢/(0)] <1 < [¢'(0)|—1 < 0, which shows that V is a viscosity
subsolution at z = 0.

To show that V is a viscosity supersolution, we again assume ) € C*(—1,1)
and x = 0 is a local minimum point of V' — 4. Going through analogous steps
yields —1 > ¢/(0) and 1 < ¢//(0), a contradiction. Consequently, there exists no
Y € C1(—1,1) such that V — ¢ has a local minimum at z = 0. Hence V is a
viscosity supersolution at x = 0.

On the other hand, V(z) =1 — |z| is not a viscosity solution of

V()| +1=0 forze(-1,1).

The subsolution condition is not fulfilled at 29 = 0. Assume 1) € C*(—1,1) and zg = 0 is
a local maximum point of V' — 1. For the function 1 := 1, we have

Vie) =) = (1= |z|) =1 = —|xl.

As a result, V — ¢ has a local maximum at z9p = 0. But —|¢/(0)] + 1 =1 £ 0. Therefore
the subsolution condition is not satisfied. <

We now present an alternative definition of viscosity solutions to the Hamilton—Jacobi
equation (2.47). After that, Proposition 2.27 will establish the equivalence between the
two definitions.

Definition 2.26 (Super- and subdifferential). Let V € C(Q2) and = € Q. The sets

OV (x) :=¢p€R": limsup Viy) = Vi@) = {py = ) <0,
y—x, yeQ |y - CL‘|

0qV(z) = {p € R": liminf Viy) = V(z) = (py — 7) > 0},
y—x, ye |y—$|

are called the super- and the subdifferential of V at x, respectively.
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2.5 Properties of viscosity solutions of Hamilton—Jacobi equations

Proposition 2.27. Let V € C(Q). Then,

a) p € 04V (x) if and only if there exists ¢ € C*(2) such that Vip(z) = p and V — ) has

a local mazimum at x;

b) p € 05V () if and only if there exists 1 € C1(Q2) such that Vip(z) = p and V — ¢ has
a local minimum at x.

Proof. a) Suppose p € 8;{ V(x). By the definition of the superdifferential, for every ¢ > 0
there exists § > 0 such that

V(y) <V(z) + (py—2z) +ely—a|,  Vye B(x,0).

Equivalently, one can introduce a continuous, increasing function o : [0,00) — R with

o(0) = 0 and find § > 0 such that
V) <V(e)+py—a)+olly—z)ly—=,  Vye Bx9). (2.52)

Define g € C'([0,0)) by

We can immediately see that o satisfies

0(0) =0 (0)=0 and o(2r) > ro(r). (2.53)
Define a test function ¢ by

U(y) = V() + (p.y — z) + 02y — =) (2.54)
For y # x, by differentiation we obtain

y—x

Vi(y) = p+ 20 (2ly — z|) =2l

Since ¢'(0) = 0, the function y — o(2|y — x|) is continuously differentiable at y = = with
gradient zero. Therefore 1) € C1(2) and V(x) = p. Moreover, for y € B(z,J),

V- )y) 2 V) + oy — ) +olly —al) ly — 2] — ()

G2 o1y - al) |y — 2| - o(2ly — z|)
(2.53)
<0 = (V- )(a).

Therefore, V' — 1 achieves a local maximum at z.
Conversely, assume there exists a test function ¢ € C*(Q) such that (V — ¢)(y) <
(V —4)(x) for all y € B(x,0). Rearranging and using the assumption p = Vi)(z) yields

V(y) = V(z) = (py —x) <P(y) —¥(z) — (V(x),y —x), Yye B(z,d).

Because ¢ is differentiable, dividing both sides by |y — z| and passing the limit y —
yields that p € 8;{‘/(30).

b) Since 05V (z) = — (04 (—V)(z)) the proof of part b) follows analogously when applied
to —V. O
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2 Finite Time Horizon Optimal Control Theory

Remark 2.28. As a direct consequence of Proposition 2.27, the following definition of
viscosity solution turns out to be equivalent to Definition 2.21: A function V € C()
is a viscosity subsolution of (2.47) in Q if

F(x,V(z),p) <0, VYaeQ,VpediV(x). (2.55)
V € C(Q) is a viscosity supersolution of (2.47) in € if
F(z,V(xz),p) >0, VxeQ Vped,V(x). (2.56)

V' is called a viscosity solution of (2.47) in € if (2.55) and (2.56) hold.

The following lemma is required to extend the results of Proposition 2.23 to the more
general case presented in Proposition 2.30.

Lemma 2.29. Let V € C(Q) and x € Q. Then,
a) if V is differentiable at x, then {VV (z)} = 05V (z) = 0qV (x);

b) if for some x both 05V (z) and 95V (z) are mnonempty, then 05V (z) = 0qV(x) =
{VV(z)}.

Proof. Observe that for any x,y € Q2 and p,q € R" we have

ly—a ly — x| ly — x|

p—gqy—2) V) -V@) -(@y-2 V@) -V@)-py-1) (2.57)

For any n € N, set y, := x + (1/n)(p — ¢) and take y = y,, in (2.57) to obtain

lp—q| = Viyn) = V(@) = (g, 4n —2)  V(yn) = V(z) = (p,yn — )
|yn N 1’| ‘yn - l‘| '

Apply limsup,,_,., to both sides of the equation. By using properties of the limit inferior
and superior we get

p— gl < limsup Y@ V@ —lgy=2a) o V) -V - y-a)

(2.58)
y—, yeQ ly — x| y—a, ye ly — x|

To prove a), assume V is differentiable at x. Thus, there exists a unique vector VV(x)

such that
Viy) = V(z) — (VV(2),y — x)

lim =0.
y—x, yed \y — .%"
This implies
ey V0 = V(@) = (VWi —2)
y—x, yeQ |y - 33|
and |4 \%4 \A%4

y—rx,yed |y - LIZ|

Therefore, 94V (z) N OV (x) # 0 since both sets contain VV (). Inequality (2.58) implies
that the sets 0,V (z) and 93V (x) consist of a single element in this case.

To show b), assume that both 93V (z) and 0,V (x) are nonempty for some z. As a con-
sequence of (2.58), 94V (x) = 95V (z) is a singleton. If both the super- and subdifferentials
coincide and are singletons, then V must be differentiable at z with {VV (z)} = 93V (z) =
oGV (x). O
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2.5 Properties of viscosity solutions of Hamilton—Jacobi equations

Proposition 2.30. a) If V € C(Q) is a viscosity solution of (2.47), then
F(z,V(z), VV(z)) =0
at any point x € Q) where V is differentiable;

b) if V is locally Lipschitz continuous and is a viscosity solution of (2.47), then
F(z,V(x),VV(z)) =0 almost everywhere in §.

Proof. a) If x is a point of differentiability for V', then by Lemma 2.29 a) {VV(x)} =
O3V (x) = 85V (z). Hence, by (2.55) and (2.56) it follows that

0> F(z,V(z),VV(z)) > 0.

b) The second part of the proposition follows immediately from part a) and Rademacher’s
theorem A.2. This concludes the proof. O

Last, we establish in Proposition 2.32 a stability result in the uniform topology of C'(2),
which we for instance need in the proof of Proposition 4.4.

Lemma 2.31. Let u € C(Q2), § > 0, and suppose that xg €  is a strict maximum point
for w in B(xzg,0) C Q. If u, € C(2) converges locally uniformly to w in 2, then there
exists a sequence {xy,} such that

Tn =29 and up(xy) > un(x), Vo e B(xg,d).

Proof. For each n € N, u,, is continuous on the compact set B(xg,d). Therefore, a maxi-
mum is attained on B(xg,d). Let z, be such a maximum point and let {z,, }, k € N, be
any converging subsequence of {z,}, n € N, with z,, — & as k — oo. For each k£ € N and
every x € B(xg,d) we know

Uny (T, ) > Un, ().

Fix x € B(x0,d) and let k — co. By uniform convergence,
Un, (Tn, ) = w(T), Un, () = u(x).

Therefore,
u(z) > u(z), Ve B(xg,0)

and in particular,
u(z) > u(xp).

Since xq is a strict maximum point of u in B(xg,d), this implies & = 9. Consequently,
every convergent subsequence of {x,, } converges to xg. As {x,} is contained in the compact
set B(zo,0), it follows that the whole sequence converges, =, — xo as n — oo. This
concludes the proof. O

Proposition 2.32. Let V,, € C(Q) for n € N be a viscosity solution of
Fo(z, Vo (x),VV,(z)) =0 in Q. (2.59)

Assume that V,, — V locally uniformly in Q and F,, — F locally uniformly in 2 x R x R™,
Then V is a viscosity solution of (2.47).
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2 Finite Time Horizon Optimal Control Theory

Proof. Let ¢ € C'(Q) and x¢ be a local maximum point of V — . As discussed in
Remark 2.22, it is not restrictive to assume that zq is a strict maximum of V — ¢ in a
neighborhood of xy. Therefore, there exists 6 > 0 such that

V(zo) — ¢(w0) > V(z) — ()

for all z € B(xo,9) \ {zo}. Since V,, — V locally uniformly in © apply Lemma 2.31 to
u:=V — ¢ and u, := V, — 1. This yields points z,, € B(zg,d) so that x,, — xo and
V,, — 1 attains a maximum on B(xg,d) at x, for all large n. Consequently, because V,, is
a viscosity solution and in particular a viscosity subsolution of (2.59),

Fp(2n, Va(zn), Vip(zn)) <0
holds. Since x,, — xg, by passing the limit n — oo, the above inequality yields
F(:l?o, V(CE(]), VI/)(.’L’())) S 0.

Therefore, V' is a viscosity subsolution. Analogously, it can be shown that V' is a viscosity
supersolution. O
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3 Infinite Time Horizon Optimal Control
Theory

From this chapter onward our main source will be the paper by Cannarsa et al. (2024). The
aim of Chapter 3 is to introduce the infinite time horizon setting and, following (Cannarsa
et al., 2024), to establish a comparison principle for bounded and uniformly continuous vis-
cosity solutions of the associated Hamilton—Jacobi-Bellman equation. As a consequence,
we obtain that the value function V), which is known to be a bounded and uniformly con-
tinuous viscosity solution of this equation from standard dynamic programming arguments,
is unique in this class.

3.1 Framework

Definition 3.1 (Value function and state equation). Let @ C R™ open. For any given
A > 0 let the function V) :  — R denote the value function

oo

V() = inf / e ML(XE(t), b)) dt, (3.1)
acA 0

where A stands for the set of all measurable controls « : [0,00) — A taking values in the

complete metric space A. XZ(-) denotes the solution of the state equation

X'(t) = f(X(1),a(t), t>0, (3.2)
X(0) = z. .

Remark 3.2. Comparing the definitions of the value function in the finite (2.3) and infi-
nite (3.1) time horizon settings, we observe two main differences. First, in the infinite time
horizon case, the starting time is fixed to 0 without loss of generality. Second, an expo-
nential discount factor e~ is included, which ensures the convergence of the integral over
an infinite time interval. In practice, this type of value function is often used in economic
models.

Moreover, the discounted value function V) provides the starting point for the analy-
sis carried out in Chapter 4, where the asymptotic behavior of the family {AV)\}xso is

investigated in the vanishing discount limit A — 0%.

The following assumptions are assumed to hold throughout this thesis unless stated
otherwise.

Assumption 3.3. Let f: R"™ x A — R" be a continuous map such that

b < C )

(@ a)l < Cf Ve,y e R", Vae A (3.3)
\f(x,a) - f(yaa)| < Cf‘.%' - y‘7

for some constant Cy > 0. Let L : R™ x A — R be a continuous function satisfying

{O < L(z,a) <1,

Vz,ye R", Vaec A (3.4)
|L(x7a) - L(yva)| < CL|x - y|7
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3 Infinite Time Horizon Optimal Control Theory

for some constant C', > 0. We suppose throughout the thesis that
{(f(x,a), L(x,a) + r) ca€ A r> O} is a closed and convex set for every z € R"™.

Furthermore, we assume the existence of a bounded and open domain 2 C R" such that
2 is invariant for system (3.2), that is,

reQ = XZX(t)eqQ, Vae A ¥Vt >0. (Hg)
Remark 3.4. Looking at (3.4), we can easily show that V) (z) is bounded for all z € Q:
(3.4)

00 (3.4) oo
0 < inf/ e ML(XE(t),at)dt < / e Mdt =
0 0

T acA (35)

Under the given assumptions we show that the value function V) is a unique viscosity
solution to the following Hamilton—Jacobi—Bellman equation.

Definition 3.5 (Hamilton-Jacobi-Bellman equation). Let V : @ — R and A > 0. The
Hamilton—Jacobi-Bellman equation is given by

AV (z)+ H(x,—VV(z)) =0 on Q, (3.6)
where the Hamiltonian is defined by

H(z,p) := Iilea}“f(% a),p) — L(z,a)}, Y (z,p) € R™ x R",

Finally, we introduce the notion of a viscosity solution for the Hamilton—Jacobi—Bellman
equation in this setting. Notice that this version is similar to the one, we discussed in
Section 2.5.

Definition 3.6. A continuous function V : Q — R is a viscosity solution of (3.6) on € if
and only if:

a) V is a viscosity supersolution on Q, that is,
AV (z)+ H(x,—p) >0, Vped,V(x),

for all z € Q, where

0 V(x) = {p e R": liminf Viy) = Vi) = py =) > 0}
y—rx, yeid ly — zf

is the subdifferential of V at x;
b) V is a viscosity subsolution on €, that is,
AV (z)+ H(xz,—p) <0 VpediVi(x),

for all z € Q, where

OG5V (x) = peR™: limsup V{y) V(@) — p,y —2) <0
y—x, yeQ |3/—SC|

is the superdifferential of V at x.

Remark 3.7. Under the assumptions of this chapter the value function V) is a bounded
and uniformly continuous viscosity solution of (3.6). See for instance (Bardi et al., 1997).
Uniqueness is addressed in the next section.
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3.2 Uniqueness of viscosity solution

3.2 Uniqueness of viscosity solution

In this section we establish, within the framework introduced in Chapter 3, a comparison
result for bounded and uniformly continuous viscosity sub- and supersolutions of (3.6).
Combining this result with the fact that the value function V) is a bounded and uniformly
continuous viscosity solution of (3.6), we then deduce that V) is the unique solution in this
class.

We begin by introducing necessary definitions.

Definition 3.8. For a function 6 : R — R,

a) the epigraph is denoted by Epi(0) := {(z,y) € R" x R : 0(z) < y};

b) the hypograph is denoted by Hypo(d) := {(z,y) € R" x R: 0(x) > y}.

For a set A C R"™,

c¢) the negative polar cone is defined as A~ := {z € R" : (z,a) <0,Va € A};

d) Ta(a), a € A denotes the contingent tangent cone to A at a. The vector u belongs to
T4(a) if and only if there exist sequences hy — 07 and ux — u with a + hgug, € A for
any k > 1.

Definition 3.9 (Viability and invariance). Let X be a finite-dimensional vector space and
K C X. Consider for the set-valued function F : X == X the differential inclusion

{x’(t) € F(z(t))

for almost every ¢t > 0. (3.7)
z(0) = xo

a) A function z : [0,00) — X is said to be viable in K on [0, c0) if and only if

Vte[0,00) : z(t) € K.

b) The set K is said to be wviable under F, if for any initial state xy € K, there exists a
solution to the differential inclusion (3.7) starting at xg, which is viable in K.

¢) The set K is said to be invariant under F' if for any initial state zo € K, all solutions
to the differential inclusion (3.7) are viable in K.

For Lemma 3.11 and Proposition 3.10 we define for A > 0 and continuous £ : R"x A — R
the Hamilton—Jacobi equation as

{XV(m) +H(z,~VV(z)) =0 in &, (3.8)

where H(xz,p) := maxeea{(f(z,a),p) — €(z,a)}, Y (z,p)cR" x R

Notice that A can possibly be equal to zero. Moreover, (3.8) reduces to (3.6), if £ := L.
We assume that there exists some Cy > 0 such that the following condition,

[U(z,a)| < Cy,
Ve,y e R" Va € A,
M(xv CL) - g(y7 CL)| < Cf|x - y|) (39)

{(f(z,a),l(z,a)+7r):a€ A, r>0} isclosed and convex for every z € R"
is satisfied. .
From now on, fix A > 0. Our first goal is to establish the following proposition, which

relies on Lemmas 3.11 and 3.12. Note that slight adaptations to (3.9) and (3.12) were
inspired by (Plaskacz, 2003).
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3 Infinite Time Horizon Optimal Control Theory

Proposition 3.10. Assume that (3.9) holds true. Consider 6 : @ — R to be a bounded
and uniformly continuous function. Then

a) 0 is a viscosity supersolution on ) to (3.8), if and only if

. t
VeeQ, Jae A Vt>0:0(z) > e MO(XE(t)) +/ e MU(XE(s), as))ds;  (3.10)
0

b) 0 is a viscosity subsolution on  to (3.8), if and only if

Vo e, Vae AVt >0:0(x) <e MOXE(L) + /Ot e M0(X2(s), as)) ds.  (3.11)

Lemma 3.11. Let 6 : Q — R be a bounded and uniformly continuous function and assume
that (3.9) holds true. Then

a) 0 satisfies (3.10) if and only if Epi(f) N (2 x R) is viable for the following differential
) fies (3.10) if y if Epi(0) N ( g

clusion

a'(t) f(z(t),a) .
(y’@)) e {(xy@) — 0(x(t), a) ) racdrelo,C —“m(t%a)l}- (3.12)

b) 0 satisfies (3.11) if and only if Hypo() N (Q x R) is invariant for the differential
inclusion (3.12).

Proof. We proceed in three steps. In Steps 1 and 2, we prove the two implications in a).
In Step 3, we briefly explain why b) follows in an analogous way.

Note that, due to (3.9), the right-hand side of the differential inclusion has convex and
compact values. Indeed:

e By (3.9), the set {(f(z,a), {(z,a) +7):a € A, r > 0} is closed for every x € R™.
Since the half-space {(v,z) € R” x R: z < Cy} is also closed, their intersection

{(f(:c,a), lz,a)+71):a€ A rel0,C —E(x,a)]}

is closed. Since homeomorphisms map closed sets to closed sets, applying the map
®(v,2z) = (v, \y(t) — z) ensures that the right-hand side of (3.12) is closed. Fur-
thermore, for fixed x and y, the set is bounded because f and ¢ are bounded by
assumption and r varies in a bounded interval. Since the set is both closed and
bounded in R"*1 it is compact by the Heine Borel theorem.

e Similarly, by (3.9), the set {(f(x,a), ¢(x,a) +7):a € A, r > 0} is convex for every
x € R™. Intersecting with the the convex half-space {(v,z) € R" xR : z < Cy} yields
that

{(f(m,a), lx,a)+7r):a€ A rel0,C —E(m,a)]}

is convex. Since affine maps preserve convexity, applying ® shows that the right-hand
side of (3.12) is convex.

As a consequence of assumptions (3.3) and (3.9) we also know that the right-hand side
of (3.12) is a Lipschitz set-valued map. These properties will be used in the proof of
Proposition 3.10.

Step 1. Suppose that Epi(8) N (Q x R) is viable for (3.12). This means that for any
(z,y) € Epi(9)N(2xR), there exists a solution (z(+), y(-)) to (3.12) such that (x(0), y(0)) =
(z,y) and (z(t),y(t)) € Epi(§) N (Q x R) for any ¢ > 0. We want to use Theorem A.4, the
Filippov measurable selection theorem.
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3.2 Uniqueness of viscosity solution

Define Q := [0, 00), /.,\Zl\ the Lebesgue o-algebra on [0,00) and p as the Lebesgue
measure. The tuple (€, A, p) is a complete o-finite measure space.

o X :=Ax|[0,1] and Y := R" x R are two complete separable metric spaces.

e The measurable set-valued map F : Q = X is defined as F(t) :== A x [0,1] for all
t € Q. Hence, F(t) has closed nonempty values.

Fix a solution of (3.12), (z(-),y()) with (z(0),y(0)) = (z,y) and (x(t),y(t)) €
Epi(0) N (2 x R) for all ¢ > 0. Define g: @ x X — Y by

f(z(t),a) )

g(t, (CL, S)) = (Xy@) _ E(a:(t), a) — S(Ce - €(x(t), a))

The function ¢t — ¢(t, (a, s)) is measurable for every fixed (a,s) € X and (a,s) —
g(t, (a, s)) is continuous for every fixed ¢t € §). Therefore, g is a Carathéodory map
as in Definition A.3.

e Define the function & : Q@ — Y by h(t) := (2/(t),y/(t)), which is measurable. Since
(z(-),y(+)) solves the differential inclusion (3.12), for almost every ¢ there exist a € A
and r € [0,Cy — £(x(t),a)] such that

h(t) = (f(x(t),a), Ay(t) — £(x(t),a) = 7).

Setting s := 0 if Cy — £(x(t),a) = 0, and otherwise s := r/(Cy — £(x(t),a)) € [0,1],
we obtain h(t) € g(t, F(t)) for almost every ¢ € €.

that h(t) = g(t, (a(t),s(t))) for almost every ¢ > 0. Setting a(t) := a(t) and r(t) :=
s(t)(Cp — £L(x(t),a(t))), we have

for almost every t > 0.

Solving the differential equation with the initial condition (z(0),y(0)) = (z,y) leads to

y(1) = My — M / e M[0(XE(s), a(s)) + r(s)] ds.
0

Since (XZ(t),y(t)) € Epi() for all ¢ > 0, we have

B(XE(t) < y(t) = My — N / e[UXE(s), als)) + r(s)] ds.

Since s(t) € [0,1] and ¢ < Cy, it follows that r(¢t) > 0. Multiplying by e, choosing
y = 0(x), and rearranging the terms yields

0(z) > e MO(XE (L)) + /0 e MUXE(s), as)) + r(s)] ds
> e MO(XE(L)) + /0 e M U(XT(s), als)) ds

for all ¢ > 0, which concludes Step 1.
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3 Infinite Time Horizon Optimal Control Theory

Step 2. Conversely, suppose that @ satisfies (3.10). Fix (x,y) € QxR such that y > 6(x).
By assumption, there exists oz € A such that (3.10) holds true. Define the functions

. ot
x(t) == X (t) and y(t) == My — e’\t/o e MU(X2(s), as)) ds

for t > 0. Then x(0) =  and y(0) = y. Moreover,

/(t) = f(z(t),a(t)  and  y(t) = dy(t) = L(z(t), a(t))

for almost every ¢ > 0. Hence, (z(-),y(:)) is a solution of the differential inclusion (3.12)
with the choice r(t) := 0. Rearranging inequality (3.10) yields

ot
0(z(t)) < eMo(z) — eAt/ e 0(x(s), as)) ds, vVt >0.
0

Since y > 6(z), we obtain 0(x(t)) < y(t) for any ¢t > 0. Therefore, Epi() N (Q x R) is
viable for the differential inclusion (3.12). This concludes Step 2.

Step 3. The proof of part b) follows by an analogous argument, replacing the epigraph
Epi(f) by the hypograph Hypo(f) and viability by invariance for the differential inclu-
sion (3.12). We therefore omit the details. O

Lemma 3.12. Consider § : Q@ — R a bounded and uniformly continuous function. Then
for all x € Q,

a) pE 6;2_9(3:) — (_p7 1) € [THypo(G)ﬂ(ﬁxR)(;U’0('%'))]7;

b) pedyb(z) < (p.—1) € [TEpi(G)ﬁ(ﬁxR)(x70($))]

Proof. We proceed in two steps, proving the two implications in part a). Part b) follows
by an analogous argument and is therefore omitted.
Step 1. Take z € Q and assume p € 930(z). Let (u,v) € Ty po(0)n(@xR) (z,0(x)). We
have to show that
<(_p> 1)a (’LL, U)> = _<pau> +v<0

holds. We do so by considering the cases u = 0 and u # 0 separately.

By the definition of the contingent tangent cone, there exist sequences hy — 07 and
(ug,vg) — (u,v) such that for any k > 1, (x + hpug, 0(z) + hgvr) € Hypo(6) N (Q x R).
This implies

9($ + hkuk) > 9($) + hivg. (313)

Since p € ¢, 0(x) we have

0> limsup O(y) —b(x) —{p.y —x)

y—x, yeQ ‘y - x‘

Observe that yr = x + hrup converges to x as k — oo. If up = 0 for infinitely many
k, then (3.13) gives v < 0 along those indices and hence v < 0. Thus, without loss of
generality we may assume u # 0 for k large enough, so that hg|ug| > 0. Therefore,

_ _ (3.13) _
0 > lim sup O(x + hpug) — 0(x) — (p, hpur) S Jim sup (D, Uk>.

3.14
k—o0 i |ug| k—00 |ug| (3.14)
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3.2 Uniqueness of viscosity solution

If w =0, we know u — 0 and so (p,ui) — 0 as k — oo. To satisfy (3.14), v < 0 must
hold. If u # 0 by taking the limit superior in (3.14) yields

v = <p?u>

0>
|ul

)

hence v — (p,u) < 0, which concludes Step 1.
Step 2. We assume (—p,1) € [THypo(e)m(ﬁxR) (z,0(x))] ", hence

_<p7 u> +v S 07 v (u7 U) € THypo(Q)ﬁ(ﬁXR) (x’ O(x)) (315)

and show that
<0.

0(y) —0(x) — —
lim sup (y) —0(z) — (py —x)
y—zx, yeQ |y - £L‘|
Fix a sequence y;, € Q with v —  such that

hroo ‘yk —Jf‘ y—a, yeﬁ ‘y_x‘

and choose any ¢ € R with ¢ < L. Define the sequences

 Yk—
UL =

= and hy = |yx — z|.
Yk — x|

Note that hy — 0 as k — oo and since |uy| = 1 for all k, there exists a subsequence uy;,
which converges to some u. By abuse of notation we may assume u; — u. Observe that
Yr = x + hgpuyp. For any k large enough

0yr) —0(2) — .y — 2) _ (2 + hwur) — 0(2) — (p, how)

i — | hy

is satisfied. Consequently, 0(x + hiux) — 0(x) — hi(p, ur) > chi. Rearranging the terms
yields
0(z + hxuy) > 0(z) + he((p, ux) + ),
which means that (2 + hpug, 0(x) + hi((p, ur) + ¢)) € Hypo(#) N (2 x R) for any k large
enough. Consequently, (u, (p,u)+c) € Tiypo(0)n(@xR) (x,60(x)). By using assumption (3.15)
it follows that
—(p,u) + (p,u) + c=c <0. (3.16)

Since ¢ < L was arbitrary, we must have

Jimn sup O(y) —0(x) — (p,y — )

<0.
y—x, yeQ \y—m\

This concludes the proof. O

Proof of Proposition 3.10. We fix # : Q — R a bounded and uniformly continuous function.
a) We proceed in two steps, showing the forward and backward directions, respectively.
Step 1. Suppose 6 is a viscosity supersolution on 2 to (3.8). We have to show that

0 satisfies (3.10). In light of Lemma 3.11, it is enough to show that Epi(6) N (Q x R) is

viable for the differential inclusion (3.12). To do this, we must prove that point iii) of

Theorem A.7 is valid, use the equivalence with point i), and utilize Theorem A.9 to finish

Step 1. First, we check the prerequisites for those theorems.
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3 Infinite Time Horizon Optimal Control Theory

e X :=R" x R is finite-dimensional.
o K :=Epi(d) N (Q x R) is closed, because  is continuous.

e The map F(x,y) := {(f(z,a), \y — l(z,a) —r) : a € A, r € [0,Cp — l(x,a)]} is
nonempty with compact, convex values and is Lipschitz, hence upper semicontinuous.
We showed these properties at the beginning of the proof of Lemma 3.11. Given the
assumptions for f and ¢, we obtain linear growth of F'.

It remains to show that

V(z,y) € Epi(0) N (Q x R), ¥ (p,q) € [TEpi(e)m(ﬁxR) (z,y)] -

sup  ((u,v),—(p,q)) =0
(u,v)EF (z,y)

(3.17)

holds. We may reduce the verification of (3.17) to the boundary points of the set Epi(f) N
(Q x R). Indeed, if (x,y) € int(Epi() N (Q x R)) is an interior point of Epi(d) N (2 x R),
then there exists ¢ > 0 such that B((z,y),e) € Epi() N (Q x R). Fix any vector u € R*+!
and define hy, := ¢/(k|u|) and uy := u for all k € N. Then

(z,y) + hpup € B((z,y),¢) CEpi() N (2 x R), VkeN.
Since u € R"*! was arbitrary, it follows that
Tepio)n(@xm) (@:9) = R"*! and [Tapioyn@xr) (@ 9)] = {0}

Therefore, (3.17) is trivially satisfied for interior points of Epi() N (2 x R). In particular,
any point (z,y) € Epi(0)N (2 x R) with x € Q and y > 6(x) is an interior point of Epi(6) N
(QxR), hence (3.17) holds automatically there. Thus it suffices to verify (3.17) at boundary
points of the form (z, 6(z)) with z € Q. Moreover, SUP(y,0)e F(z,y) {(Us V), —(P; ¢)) > 0 means
that there exists (u,v) € F(z,y) such that ((u,v), (p,q)) < 0. Using these observations, it
remains to verify that

VreQ, V(pq) € [TEpi(e)m(ﬁxR) (z,0(z))] ,3a€ A, 3re0,Cr—l(z,a)]:

} (3.18)
(f(@,a),p) +q(M(z) — l(z,a) —7) < 0.

Fix € Q and let (p,q) € [TEpi(a)m(ﬁxR) (z,0(x))] . We first show ¢ < 0. Since Epi(f) =
{(z,y) € R" xR : §(z) < y}, it follows that {x} x [#(x),00) C Epi(f) N (2 x R). Conse-
quently,

T2y x[0(2),00) (: 0(2)) = {0} x [0, 00)
and by the monotonicity of the tangent cone {0} x [0,00) € T 5~ @xr) (%, 0(x)). Using
the fact that BC C' = C~ C B, yields

[Tepicoyn@xm) (2 0(2))] S [{0} x [0,00)] " =R" x (~00,0],

which shows that ¢ <0.

Consider the cases ¢ < 0 and ¢ = 0 separately. We begin with the case ¢ < 0. Because
the negative polar cone is closed under multiplication by positive scalars, every positive
rescaling of (p, ¢) remains in the cone. Therefore, multiplying by 1/|g| yields

(%7_0 € [TEpi(G)ﬁ(ﬁxR)(:ﬂ’e(m))]
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3.2 Uniqueness of viscosity solution

Using Lemma 3.12 yields p/|q| € 950(z). Due to 6 being a viscosity supersolution on €2,

we obtain
MN(z) + I;leaj({—<f(x, a), ‘Z> - E(m,a)} > 0.

Hence, by (3.9) there exists some a € A such that a maximum is attained. Multiplying
both sides by —|q| yields

(f(z,a),p) — |g|(N(z) — €(z,a)) <O.

Due to ¢ < 0, this satisfies (3.18) with r = 0.
Consider now the case ¢ = 0. Obviously, p = 0 satisfies (3.18). Continuing, consider

9 y ) y Y

10llcc + 1, else,
which is a bounded lower semicontinuous function. Due to x € €, we have §(z) = 6(x).
Moreover, since Epi(f)N (,QXR) C Epi(f), we have Tipio)n@xr) (@, 0(x)) € Tpica) (@ ,0(x)
and therefore [TEpi@ (z,0(z))] C [TEpi(e)m(ﬁxR) (z,6(x))] . Since by assumptlon (p,0) €

[TEpi(e)m(ﬁxR) (:U,H(x))]f, it follows that (p,0) € [TEpi@ (x,@(:z:))]f
Using Rockafellar’s Lemma A.10, we know that there exist converging sequences xp — x

and (pkan) S [TEp1(§)($k7§(xk)):|_ such that
@ <0,  (Prar) = (ps and  0(zx) — 0(x).

0),
Observe that if y ¢ 2, we have Ty (s 0(y)) = Trpie) (W5 10lloc + 1) In light of Defini-

tion 3.8, (y + hguk, [|0||cc + 1 + hxvy) € Epi(f) holds, as long as v, > 0. Therefore,
TEpi(a) (4,0(y)) = TEpi(é) (¥, [10]loc +1) = R" x [0, 00).

Consequently, we have [TEpi@ (y,0(y))] = {0} x (—o0,0]. This means for indices k such

that x5, ¢ Q, we must have pp = 0. But since (pg, qx) — (p,0) with p # 0, for large k, py
cannot be 0. As a result, for all indices k large enough,

v, €Q and O(xy) = 0(zy)
holds. Hence,
(Pr>qr) € [TEpi(e)m(ﬁxR) (zk,0(x))]  for all sufficiently large k.

Multiplying (pg, gx) by the positive scalar 1/|qg| yields

p
(ﬁ _1> € [Tpio)n@xr) (@r: ()]

and by Lemma 3.12 we get py/|qi| € 0 0(xk). Due to 6 being a viscosity supersolution on
), we obtain

3 Pk
MN(x —i—max{—< x,a,>—€m,a}20.
(%) + max f (@ )|qk| (z1, @)
Multiplying both sides by |gx| and passing the limit k& — oo yields

max{—(f(z,a),p)} = 0,

acA
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3 Infinite Time Horizon Optimal Control Theory

which satisfies (3.18) for ¢ = 0 and r = 0. Consequently, (3.18) is valid and as mentioned
at the beginning of the proof by Theorem A.7 and A.9 we conclude Step 1.

Step 2. We assume that 6 is a bounded and uniformly continuous function satisfy-
ing (3.10) and want to show that 6 is a viscosity supersolution on Q to (3.8). Take z € Q
and p € 0, 0(x). By Lemma 3.12 we know that (p, —1) € [TEpi(G)ﬂ(ﬁxR) (z,0(z))]  and in
view of Lemma 3.11, the set Epi() N (Q x R) is viable for the differential inclusion (3.12).
By Theorem A.9 and A.7, there exists a € A and r € [0,Cy — ¢(x, a)] such that

(f(z,a),p) + (—1)(N0(z) — £(z,a) — 1) < 0.

Rearranging above inequality yields
M(z) = (f(z,a),p) — b(z,a) 2 7 20,

which means that this inequality also holds for the maximum argument a € A. Conse-
quently, 6 is a viscosity supersolution on 2.

b) The proof of part b) follows along the same lines as that of part a). Therefore, we
only briefly describe it. We again proceed in two steps, showing the forward and backward
directions, respectively.

Step 1. Suppose that @ is a viscosity subsolution on Q. We wish to obtain that 6
satisfies condition (3.11). By Lemma 3.11, it is enough to show that Hypo(6) N (2 x R)
is invariant for the differential inclusion (3.12). To prove this invariance property, we use
the Invariance Theorem A.5. More precisely, we verify point ii) of the theorem and utilize
the equivalence with point i). For this purpose, we apply Theorem A.5 to the set-valued
function G := —F', where F' denotes the right-hand side of the differential inclusion (3.12).
Applying Theorem A.6 concludes that Hypo(#) N (Q x R) is invariant for the differential
inclusion (3.12).

To verify point ii) of Theorem A.5, we need to prove that

¥ (z,y) € Hypo(8) N (2 x R), ¥ (p,q) € [Tyypoe)ni@xm) (% Y)]

sup  ((w,v), —(p,q)) <0.
(u,v)€ —F(z,y)

(3.19)

Using a similar argument as in the proof of point a), it is enough to reduce the verification
of (3.19) to the boundary points (x, 8(x)) of the hypograph. Therefore, it remains to verify
that

VreQ, V(pq) € [T

Hypo(6)"(QxR) (z,0(z))] ,Vae€ A Vrel0,Cp—(z,a):

~ (3.20)
(f(z,a),p) + q(M0(z) — €(z,a) — 1) <0.

We fix z € Q and (p,q) € [THypo(e)m(ﬁxR) (z,0(x))]  and show analogously to a) that
q > 0. For the case ¢ > 0, we show with the help of Lemma 3.12 that —p/q € 930(z) and
deduce (3.20). For ¢ = 0, we use an analogue version of the Rockafellar Lemma A.10 for
hypographs and proceed exactly as in a).

Step 2. This step works analogously to Step 2 in the proof of a) and is therefore omitted,
which concludes the proof. O

Theorem 3.13 (Comparison principle). Let 61 and 0y be two bounded and uniformly
continuous functions from Q to R. If 01 is a viscosity subsolution to (3.6) on Q and 0y is
a viscosity supersolution to (3.6) on ), then

Vo e Q:0i(z) < Vi(z) < ba(z).
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3.2 Uniqueness of viscosity solution

Proof. Suppose that 61 : @ — R and 0 : Q — R are as in Theorem 3.13.

Using the assumption that s is a viscosity supersolution to (3.6), by Proposition 3.10
with ¢ := L, we know that 0y satisfies (3.10). By passing the limit ¢ — oo on (3.10), due
to the boundedness of 65, we obtain

O (z) > /0 T M L(XE(s), als)) ds.

The value function minorizes the right hand side of the above inequality, hence V) (z) <
02(%)

Again, using the assumption that 6; is a viscosity subsolution of (3.6), by Proposi-
tion 3.10 with ¢ := L, we know that 6, satisfies (3.11). By passing the limit ¢t — oo
on (3.11), we obtain

VacA:bi(z) < / e MLXE(s), a(s)) ds.
0
Hence, this inequality also holds for the infimum over all « € A. Therefore,

(x) < inf /0 T eL(XE(s), als)) ds = Va(a),

which concludes the proof. O

Corollary 3.14. The value function Vy is the unique, bounded, and uniformly continuous
viscosity solution on § to (3.6).

Proof. Recall from Remark 3.7 that the value function V) is a bounded and uniformly
continuous viscosity solution on 2 to (3.6). Hence it only remains to prove uniqueness.
Let 0 : Q — R be another bounded and uniformly continuous viscosity solution to (3.6).
Then 6 is both a viscosity subsolution and a viscosity supersolution on €.

Applying Theorem 3.13 with 61 := 0 and 605 := V), yields

0(z) < Vi(x), Vo e,
Applying Theorem 3.13 again with 6, := V) and 65 := 0 gives
W(z) < 0(z), Vo e,

Thus §(z) = Vi(z) for all x € Q, which shows that V) is the unique, bounded, and
uniformly continuous viscosity solution to (3.6). O
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4 Analysis of Vanishing Discount Limits
in Continuous Time

This chapter is devoted to analyzing the behavior of the rescaled family of value functions
{ AWV aso0 € C(Q) as the discount rate A — 07 in the topology of uniform convergence on
Q. The limit limy_,o+ AV} can be thought of as a long-run average cost criterion.
The main results are Theorem 4.10, which characterizes the Lipschitz cluster points of
{AV)}as0, if they exist, and Theorem 4.23, which estimates the rate of convergence of AV}.
The framework established in Section 3.1 is utilized throughout this chapter. In partic-

ular, Assumption 3.3 remains in effect.

Remark 4.1. The present chapter investigates structural properties under the assumption
that cluster points of {AV)} s exist. The existence of cluster points of such a family, in
the uniform topology on  can be deduced by assuming equicontinuity on € of {AVj}>o-
Under this additional hypothesis, the Arzela—Ascoli Theorem A.11 yields the desired com-
pactness.

Remark 4.2. Numerous works have proposed conditions ensuring the existence of cluster
points of the family {AV)}x>0. A typical assumption is to impose coercivity of H(z,-),
which for instance is discussed in (Bardi et al., 1997):

H(x,p) — oo, as |p| — oo,

uniformly with respect to . This assumption yields that every cluster point of {AV)}rs0,
in the uniform convergence topology, is constant.

Another common assumption is dissipativity, see Remark 4.12. This condition likewise
guarantees that AV) converges uniformly to a unique constant.

4.1 Cluster points of {\V)},-o

Definition 4.3 (Reduced Hamiltonian). The reduced Hamiltonian h : R™ x R™ — R is
defined by

h(z,p) := réleajdf(x,a),p}, V(xz,p) € R" x R". (4.1)

The next result shows that a cluster point of the family {\V)} < is a viscosity solution
to the following Hamilton—Jacobi equation.

Proposition 4.4. Ifv* is a cluster point of the family {\V\} >0 as X\ — 07 in the uniform
topology on §2, then v* is a viscosity solution of the equation

h(z,—Vv*(z)) =0 in Q.

Proof. Let A; 20+ be a subsequence such that A\;V); converges uniformly to v*. We
know that for each j € N, the value function V); is a viscosity solution to the HJB equation

)\jV)\j + H(z, —VV)\j) =0.
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4 Analysis of Vanishing Discount Limits in Continuous Time

Multiplying by A; > 0 yields

0=Xj(\Va; + H(z, =VVy)))
= X33, + max{(f(w,a), =V (\4) = AL (@, 0)}

in the viscosity sense. By the stability result of Proposition 2.32, as A\; — 0", we conclude

0 = max(f(z,a), —Vv*(z)) = h(z, —Vv*(z)) in Q.

acA

We now introduce the set of coupled viscosity subsolutions S(€2).

Definition 4.5. We define S(2) to be the set of all pairs (u,v) € C(Q) x C(Q) which

satisfy
{h(a:, —Vu(z)) <0 on G (H)
v(z) + H(x,—Vu(x)) <0

in the viscosity sense, meaning in the sense of Definition 3.6 b).

Proposition 4.6. Let \; 2% 0t be such that AV, T2 uniformly on Q. Then
(Va,v* —g5) €8(Q),  VjeN,

where g5 := || AV, — v"|oo-

Proof. Due to v* being a cluster point of the family {AV)} >0 as A — 0T, thanks to
Proposition 4.4 we have that

h(z,—Vv*) = h(z,-V(v* —¢;)) =0 in Q

in the viscosity sense. Consequently, h(z, —V(v* —€;)) < 0 holds for all j € N in the
viscosity sense. This shows the first inequality of system (/).
Since V), is a viscosity solution of the HIJB equation A\;Vy, + H (x, —VVAj) = 0 we have
H(x,—VVy) =—=\Vy, onQ

in the viscosity sense. We know that A\;V)\, — v* uniformly. Therefore, |A\;V),(z)—v*(z)| <
g; for all x € Q, which yields

H(z,—VVy)=—-X\Vy, <—v*+¢g; on
in the viscosity sense. Consequently, by rearranging above inequality we have

(v —¢gj) + H(z,—VVy,) <0 on,

in the viscosity sense, which shows the second inequality of system (H). O
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4.2 Characterization of the vanishing discount limit

4.2 Characterization of the vanishing discount limit

The goal of this section is to establish a precise characterization of the vanishing discount
limit for the rescaled value functions AVy as A — 0%. Furthermore, we show that this limit
coincides with the infimum over the set of reachable points of the minimal Lagrangian.

Definition 4.7. We define the set Sy, (€2) as the set of all pairs of Lipschitz continuous

functions in S(Q2):
SLip(Q) = {(u, v) €S(Q) :u,v € Lip(ﬁ)},

where

Lip(Q):=1 f € C(Q): sup‘f(y):—f(x)‘ <00 ).
THY |y $|

Proposition 4.8. Let (i, 7) € Spip(Q2). Then the following hold true for any A > 0:

a) for any c € R, the function

ue(x) = +a(x)+c  forxzeQ, (4.2)

satisfies

Mg+ H(z,—Vue) < ANa+c¢) onQ (4.3)
i the viscosity sense;

b) Vy satisfies the lower bound

|

()

A

w(z) — ||t)|eo < Valz) — Vo e, (4.4)
Proof. We apply Proposition 3.10 b) for 6 := u, ¢ := L — v and A= 0. We first verify
that (3.9) holds true. By Assumption 3.3, the function L is uniformly bounded and Lips-
chitz in its first argument. Moreover, v is a Lipschitz continuous function on the bounded
set Q. Hence the first and the second condition in (3.9) are satisfied. Assumption 3.3 also
ensures the convexity and closedness of the set

{(f(m,a),L(:v,a)—l—r):aeA, 7“20} (4.5)

for every x € Q. Subtracting ¥(z) from the second component of (4.5) is an affine transla-
tion, therefore convexity and closedness are preserved. Hence the third condition of (3.9)
is satisfied.

Recall the definition of H in (3.8). Because (u,7) € Spip(Q) C S(Q), the pair (a,v)
satisfies (H). We rearrange the second line of (H) to

o(z) 4+ H(z,—Vua) <0 <= H(z,—Va) <0 on .

Therefore 4 is a viscosity subsolution to (3.8) and by Proposition 3.10 b) for all z €  and
acA

a(z) < a(XE(t) + /0 L(XZ(s),a(s)) — 9(XZ(s))ds, Vt>0. (4.6)

The condition (3.9) is also satisfied for § := v, £ := 0 and X := 0. Rearranging the
first line of (H) yields that © is a viscosity subsolution to (3.8), therefore by applying
Proposition 3.10 b), for all z € Q and o € A

o(z) < B(XZ(Y),  Vt>0. (4.7)
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4 Analysis of Vanishing Discount Limits in Continuous Time

Multiplying (4.7) by 1/, adding any ¢ € R, and combining it with (4.6) yields
t
() < ue(Xg(t)) +/ L(X5(s),a(s)) — v(XG(s)) ds, Vi=0.
0

By using Proposition 3.10 b) one last time with 6 := u,, £ := L — v and A := 0 we obtain

H(x,—Vu.) <0 onQ (4.8)
in the viscosity sense. Rearranging (4.8) yields

H(z,—Vu,) <0 <= sup{(f(z,a),—Vu.) — L(z,a) + v(z)} <0
acA (49)
<~ 9(z)+ H(z,~Vu,) <0 onQ

in the viscosity sense. By using the identity v(z) = A(u.(z) — u(x) — ¢) we obtain (4.3).
Defining ¢ := —||t/|oc on (4.3), we have

e + H(z, —Vue) < At — |i]|oo) <0 on Q

in the viscosity sense. This shows that u. is a viscosity subsolution of (3.6). By the
comparison principle Theorem 3.13 we obtain u. < V3 on €. Inserting the definition of u,
from (4.2) and rearranging the resulting inequality yields (4.4). O

Remark 4.9. Note that in general the existence of a cluster point v* of the family {AV)}r>0
is insufficient to guarantee that Spip(2) # 0. Although for each fixed A; the corresponding
value function V), is Lipschitz continuous, see for instance (Bardi et al., 1997), this property

alone does not yield the regularity needed. However, by Proposition 4.6, if v* € Lip(2),
then Spip(Q2) is indeed nonempty.

If we assume that a Lipschitz continuous cluster point of {AV)} =0 exists, then it is
unique and can be characterized as follows:

Theorem 4.10 (Characterization). Let v* be a cluster point of {\Vy}aso as A — 0T, in
the uniform topology on Q such that v* € Lip(Q). Then, we have that

v (x) = sup{v(z) : (u,v) € SLip(Q)} for z € Q. (4.10)
Proof. Define vy as the right-hand side of (4.10), that is
vo(z) == sup{v(z) : (u,v) € SLip(N)} for z € Q. (4.11)

We prove that the cluster point v* is equal to vyp.
Let A; — 07" be such that A;Vy, converges uniformly to v* as j — oo. As mentioned

in Remark 4.9, Proposition 4.6 yields (V),,v* —¢;) € SLip(£2), where &5 := [[\; V), — v*[|oo
for all j € N. Consequently, by the definition of vy in (4.11), we have v* —¢; < vy for all
j € N, which implies i’* < vg.

Let (@,v) € SpLip(€2) be arbitrary. Then by Proposition 4.8 b), V), satisfies the lower
bound

i(e) ~ il < Vi@ - 22, veeRvieN
J

Multiplying both sides by A; and rearranging yields
5(@) < AV, (@) + Ny(lllos — @), Vo €D, VjeEN.

By passing the limit j — oo, we have A; — 07 and by assumption, AV, — v*. Conse-

quently, v < v*. As (4,0) € Srip(2) was arbitrary, vg < v* follows. O
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4.2 Characterization of the vanishing discount limit

Corollary 4.11. Suppose {A\V)}aso is equi-Lipschitz. Then AV converges uniformly as
A — 07 to the function v* defined in (4.10).

Proof. In Remark 3.4 we discussed the boundedness of the value function. Multiplying (3.5)
by A yields the uniform boundedness of {AV)} ~g. Consequently, by the Arzela—Ascoli
Theorem A.11, we obtain that there exists a sequence \; — 0" such that /\jVAj — g
uniformly on Q for some vy € C(Q). Since {AV)}xso is equi-Lipschitz, vy € Lip(Q).
Hence, by Theorem 4.10, vy must coincide with the function v* defined in (4.10).

In particular, every cluster point of {AV)}\so must coincide with v*. So, recalling
that {AV)}, is relatively compact with respect to the uniform distance, we deduce that

{AV)} >0 converges uniformly to v* as A — 0. O

Remark 4.12. Any one of the following additional assumptions independently ensures that
the family {AV)\}x>o is equi-Lipschitz.

a) Controllability, see (Bardi et al., 1997):

Ir>0,Vz € Q: B(0,r) Cco(f(x,A)).

b) Dissipativity, see (Bardi et al., 1997):

K > 07 Vm,y eR": sup 11’1f<f(£l],(1) _f(y,b),l’—y> < —K|m—y|2
aeAbEA

c¢) Nonexpansivity, see (Cannarsa et al., 2015): Suppose for all z, € Q and a € A, there
exists b € A such that

{z’) (f(z,a) = f(y,b),z —y) <0,
i) L(z,a) — L(y,b) < K|z —y|.

The example below shows that under the assumptions of Corollary 4.11, it is not guar-

anteed to find up € Lip(£2) such that (ug,v*) € Spip(£2).
Example 4.13. Let A = [0,1] C R. Consider Q = [0,1] and X'(t) = —a(t) X (t) for t > 0,
X (0) =z € [0,1]. Therefore,
t
X (t) = mge~ Jo2(s)ds for t > 0.

As a(t) € [0,1], the trajectory X (t) remains in [0, 1] for all ¢+ > 0, which means that (2 is
invariant for X’. Furthermore, the dynamic f(z,a) = —ax is bounded and Lipschitz with
respect to x for z,a € [0,1].

Consider the Lagrangian

L(xz,a) =1—1xzva for z,a € [0, 1].

This function is Lipschitz with respect to x and bounded between 0 and 1. For the example
to satisfy Assumption 3.3, it remains to show that the set

{(f(x,a), L(m,a)—i—r) ca € [0,1], 7“20} = {(—a:c, 1—x\/a+r) ca € [0,1], 7“20}

is closed and convex for x € [0, 1]. After some calculations, one can show that the above
set is the epigraph of the convex and continuous function w — 1 — y/—uz on [—z,0].
Consequently, it is convex and closed.
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4 Analysis of Vanishing Discount Limits in Continuous Time

Moreover,
1 T

A2V

is the viscosity solution of the HJB equation

Vi(z) = for z,a € [0, 1]

Mia(z) + max {azVy(z) + zv/a — 1} = 0.
a€(0,1]

Indeed, for z € (0,1), the function V)(x) satisfies the equation pointwise in the classical
sense. Furthermore, direct computation confirms that the sub- and supersolution inequal-
ities are satisfied at the boundaries x = 0 and x = 1.

If we consider A in a bounded interval, for instance A € (0, 1], the set {AVi}rg(o,] 18
equi-Lipschitz with constant 1/2.

Observe that, although AV} converges uniformly to the constant function v* = 1 on [0, 1]
as A — 0T | the family

T
b\ ——ﬁ fOI'ﬂfe[O,l]

fails to be bounded from below uniformly in A. Therefore, by Proposition 4.8 b) there

exists no ug € Lip(£2) such that (ug,v*) € Spip(2). Note that this does not contradict

Proposition 4.6, as (Vy,,v* — ;) € SLip(§2), where by definition ¢; tends to 0 as j — co.s

In Proposition 4.15 below, we show that the limit of { AV} } x>~ coincides with the infimum
over the set of reachable points of the minimal Lagrangian.

Definition 4.14 (Reachable points). By R(z) we denote the set of reachable points with
initial position # € ). That is

R(z) :={Xi(t):ac A t>0}.
We define the function I by

I(z) := inf minL(y,a), Va e Q. 4.12
(x) jonf  min (y,a) x (4.12)

Proposition 4.15. Assume {AVi}a>o converges to the function v* defined in (4.10).
Moreover, suppose that for any x € Q and any € > 0 there exists o, € A, T, > 0,
and as € A such that

L(X; (T:),a:.) < I(x) +e and f(X5 (T:),a:) =0. (4.13)
Then, v*(z) = I(z) for all x € Q.

Proof. We prove that AVy(z) = I(z) as A — 0T, which implies that v*(z) = I(z) for any
x € Q. We proceed in two steps. In Step 1, we show that A\V)(z) > I(x) for z € Q and in
Step 2 that limsupy_ g+ AVy(z) < I(z) for x € Q.

Step 1. By the definition of the value function in (3.1), we have

AVa(z) = A in&/ e ML(XE(t), a(t))dt for x € Q.
aE 0

Also, the definition of I(z) yields L(XZ(t),a(t)) > I(z) for all z € Q. Consequently,

AW (x) > )\/000 e M (z)dt = I(x) for x € Q. (4.14)
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4.2 Characterization of the vanishing discount limit

Step 2. Fix x € Q. For any € > 0 take a. € A, T. > 0 and a. € A such that (4.13)
holds. Moreover, define the control & as

© = {aem, te 0.1,

ae, t>1T..

As & might not be the optimal control, we obtain
Te o)
AVy(z) < A / e ML(XE (1), ac(t)dt + X | e ML(XZ(t),a.) dt. (4.15)
0 T

Due to f(XZ (1%),a.) = 0 and the definition of &, the solution of the state equation stays
constant after 7., which means

(4.13)
L(XE(t),a.) = L(XE (T),a.) < I(z)+e Vit>To. (4.16)

« -

As the Lagrangian is bounded from above by 1, see (3.4), combining (4.16) with the above
inequality (4.15) yields

T: [e%s)
AV (z) < A / e Mdt+ N [ e M(I(z) +e)dt.
0 T:

= (1—e ) 4 (I(z) + e)e M=,
Passing the limit A — 07 yields

limsup AVy(z) < I(x) +e.
A—=0t

By the arbitrariness of € > 0 we conclude the proof. O
Our next goal is to establish Proposition 4.17 as a dual counterpart to Proposition 4.8.

Definition 4.16 (Joint Hamiltonian). For any x € Q, u € R, p,q € R” let us define the
joint Hamiltonian J as

J(x,u,p,q) = r;leaj(minﬂf(m, a),p), (f(z,a),q) — L(z,a) + u}. (4.17)

We say a pair (v,w) € C(Q) x C(Q) is a viscosity supersolution of
J(z,v,—Vv,—Vw) =0 on Q, (4.18)
if for all z € Q we have that
J(z,v(x), —p,—q) >0, Vp e dgu(z), Vqe dgw(z).

Proposition 4.17. Let v,w € Lip(Q) be such that (v,w) is a viscosity supersolution
of (4.18). Then the following holds true for any A > 0 :

a) for any c € R, the function
we(r) i= —= +w(x)+c  forzeQ, (4.19)

satisfies

Awe + H(x, —Vwe) > AMw+¢) on (4.20)

i the viscosity sense;
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4 Analysis of Vanishing Discount Limits in Continuous Time

b) V satisfies the upper bound

W(z) — v()\a:) <w(x) + || w|oo, Ve Q. (4.21)
Proof. We want to apply Proposition 3.10 a) to the functions v and w. For w we take
{:= L —v and X := 0, whereas for v we use £ := 0 and A := 0. Due to v € Lip(Q),
analogously to the proof of Proposition 4.8, condition (3.9) is satisfied for this choice
of functions. To obtain a single control o € A for which the corresponding dynamic
inequalities for v and w hold simultaneously, one formally applies the viability arguments
of Proposition 3.10 and Lemma 3.11 to a suitable extended state space. We omit the
details here.
Since (v, w) is a viscosity supersolution of (4.18), for all z € Q,

r;leaj(mmﬂ (z,a),—p), (f(z,a),—q) — L(xz,a) +v(z)} >0, Vpedyv(x), Vqe dgw(x).

This condition implies that for any x € Q, any p € dgqv(z) and any ¢ € dgqw(z),
there exists a common a € A satisfying both arguments of the minimum are nonnega-

tive. Therefore, by the viability arguments mentioned above, applied in combination with
Proposition 3.10 a), for every x € Q) there exists o € A such that

w(z) > w(Xg(t)) +/0 L(X5(s),a(s)) — v(X5(s)) ds,
v(z) = v(X5(1),

vt > 0.

Hence, combining the two inequalities yields
¢
we(x) = we(Xg(t)) +/ L(X5(s),a(s)) —v(XG(s)) ds, VE=0.
0

By using Proposition 3.10 a) with 6 := w,, £ :== L — v and A := 0 we obtain
H(z,—~Vw:) >0 on (4.22)
in the viscosity sense, where H is defined in (3.8). Rearranging (4.22) yields

H(z,—~Vw,) >0 <= sup{(f(z,a),—Vuw.) — L(z,a) +v(z)} >0
acA (423)

< v(z)+ H(z,~Vw.) >0 onQ

in the viscosity sense. By using the identity v(z) = Aw.(x) — w(z) — ¢) we obtain (4.20).
Defining ¢ := ||w||oc on (4.20), we satisfy

Awe + H(z, —Vwe) > Mw + ||w]joo) >0 on Q
in the viscosity sense, which shows that w, is a viscosity supersolution of (3.6). By the

comparison principle, Theorem 3.13, we obtain w. > V) on Q. Inserting the definition of
w, from (4.19) and rearranging this inequality yields (4.21). O
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4.3 Hamilton—Jacobi system

4.3 Hamilton—Jacobi system

This section is devoted to the system of Hamilton—Jacobi equations

h(z,—Vu(z)) =0
u(z) + H(x,—Vw(z)) =0 on {2, (S)
J(z,u(x), —Vu(z), —Vw(z)) =0

where h is the reduced Hamiltonian in (4.1) and J the joint Hamiltonian in (4.17). We
consider the pair (u,w) € C(Q) x C(Q) to be a solution of (S) in the viscosity sense. This
system plays a central role in establishing the rate of convergence of the discounted value

function AV) to its limit v*, presented in Theorem 4.23.

Remark 4.18. Note that if (u,w) is a viscosity solution of system (S), it follows that the

swapped pair (w,u) belongs to the set S(£2).
Remark 4.19. If the dynamics are independent of the control variable, meaning that X’ =
f(X(t)) in (3.2), any pair (u,w) satisfying the first two equations in system (S) in the
viscosity sense necessarily satisfies the third equation as well.
Indeed, the independence of f from a implies (f(z), —Vu(z)) = 0 for all z € Q in the

first equation. The second equation u(x) + H(z, —Vw(z)) = 0 becomes

mag{(f(x), —Vuw(x)) +u(z) — L(z,a)} =0 on .

ac

Consequently, for all a € A, the term inside the maximum is non-positive. Given the
independence of the dynamics from the control variable, the third equation takes the form

max min{(f(z), —Vu(x)), (f(x), —Vw(z)) + u(z) — L(z,a)} =0 on ).

Since the first term inside the minimum is exactly 0 and the second term is non-positive,
the minimum simply equals the second term. Thus, the entire expression reduces to the
left-hand side of the second equation, which evaluates to 0, confirming that the third
equation is automatically satisfied.

We start by providing a uniqueness property of solutions of system (S) in Proposi-
tion 4.21.

Lemma 4.20. Let (u,w) be a solution of (S) with u € Lip(Q). Then for all x € Q and
acA

0) u(x) < u(XE(1)),
t Vit > 0. (4.24)
b w() < /0 L(X2(s), a(s)) — u(XZ(s)) ds + w(XZ (1)),

Proof. a) Since (u,w) is a solution of (S), we have

h(z,—Vu(xz)) =0 on Q

in the viscosity sense. Hence, u is a viscosity subsolution of (3.8) with A:=0and ¢:=0.
As condition (3.9) holds, by Proposition 3.10 b) the first inequality in (4.24) is satisfied.
b) Again, since (u,w) is a solution of (S), we have

u(z) + H(x,—Vw(z)) =0 on
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4 Analysis of Vanishing Discount Limits in Continuous Time

in the viscosity sense. Comparing with (3.8), we see that for the choices A := 0 and

{:=L—u,
0= H(z,—Vuw(z)) := Iglgj({(f(x, a), —Vw(z)) — L(z,a) +u(z)}
=u(x) + H(z,—Vw(z)) on Q,

holds in the viscosity sense. Hence, w is a viscosity solution and in particular a viscosity

subsolution of (3.8). As uw € Lip(€2), the condition (3.9) is satisfied, hence by Proposi-
tion 3.10 b), the second inequality in (4.24) is satisfied. O

Proposition 4.21. Let (uj,w;) and (u2,ws2) with uy,us € Lip(Q) be solutions of (S).
Then uy = uy on .

Proof. Fix an arbitrary € Q. Since (u1,w;) is a solution of (S), it is in particular
a viscosity supersolution to the joint Hamiltonian equation J(z,u;, —Vui, —Vw;) = 0.
Using the same viability arguments as in the proof of Proposition 4.17, there exists a
control «, € A such that for all ¢ > 0,

wi(x) = wi(Xg, (1)) +/O L(XG, (5), ax(s)) — ur(Xg, (s)) ds,

ui () = w1 (Xg, (1))

On the other hand, Lemma 4.20 applied to (uj,w;) with this specific control c, gives the
reverse inequalities. Consequently, the equalities

wy(z) = wy (X2, (1)) + /0 e, (5), aa(s) = (o, () (4.25)
up(z) = u1(Xg, (1))

are satisfied for all ¢ > 0.
Now consider the second solution (ug,w3). By Lemma 4.20 b), using the same control
., we have

wa () < /O L(XG, (5); ax(s)) — ua(Xg, (5)) ds + wa(Xg, (1)) (4.26)

for all t > 0. Combining the equality for w;, in the first line of (4.25), with the inequal-
ity (4.26), yields

wa(z) - wi (z) < / L(XZ(5), aa(s)) — ua(XZ (5)) ds + ws(XZ (1))
- / L(XZ(5), e (5)) — w1 (X2 (5)) ds — wy (X, (1)) (4.27)
- / ur (X2, (5)) — un(XZ () ds + ws (X2 (1)) — wi (X2 (1))

for all t > 0. Using Lemma 4.20 a) with (ug2,w2) and the control a, we have ua(X3 (s)) >
uz(r), which implies —ua (X7 (s)) < —uz(z) for all s > 0. Adding this inequality to the
second line of (4.25) yields

u (X3 (s)) —u2(X5 (s)) < ui(x) — uz(x), Vs> 0. (4.28)
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4.3 Hamilton—Jacobi system

Furthermore, using (4.28) to estimate the integral in (4.27) leads to
wa(x) — wi(x) < tui(z) — uz(@)] + wa(XG, (1) —wi(Xg, (1),  VE=0.

Since w; and wo are bounded on €2, we may consider ¢t > 0, divide by ¢, and pass to the
limit ¢ — oo. This yields

u(z) —ug(x) >0 = wui(x) > uz(z).

Exchanging the roles of (uj,w;) and (ug,ws) symmetrically yields uj(x) < ug(z). There-
fore, u; = us on Q. O

Next, we want to introduce the function wy as a tool for quantifying the rate of conver-
gence of the discounted value function A\V) to its limit v*.

Definition 4.22. Let V), be the value function and let v* be as in (4.10). Then the function
wy : Q — R is defined as

wy(z) == W for x € Q.

Theorem 4.23. Let (u,w) be a solution of (S) with u,w € Lip(Q). Then for any X > 0,
w(x) — ||w|loo < wr(z) < w(z)+ ||w]sos Ve Q. (4.29)

Proof. Since (u,w) is a solution of (S) and w,w are both Lipschitz continuous, by Re-

mark 4.18, we have (w, u) € Srip(£2). Hence the assumption for Proposition 4.8 is satisfied.
Furthermore, (u,w) being a solution for (S) implies that (u,w) is a viscosity supersolution
of (4.18). Therefore, also the assumptions for Proposition 4.17 are satisfied. Hence,

(4.4) (4.21)
w(z) = [wlleo < Valz) = == < w(z)+ [|w]e (4.30)

is satisfied for all z € Q. Multiplying by X yields
Mw(z) = [[wlleo) < AVa(x) = u(z) < Mw(z) + lw]), Yz e
and so, due to the boundedness of w,
IAVA(2) — u(z)| < 2\ ||w]|0os Ve,

This implies that the uniform limit of AVy as A\ — 07 is u, hence v* = u on Q. Finally,
substituting v* = w into to definition of w)y and using (4.30), we conclude

w(@) = [wlloe < wr(@) < w(2) + [0, Vel
]

Remark 4.24. Theorem 4.23 links the Hamilton—Jacobi system (S) directly to the asymp-
totic behavior of the discounted value function. In particular, any Lipschitz continuous
solution (u,w) of (S) uniquely determines the vanishing discount limit as v* = w.

On the other hand, the next example shows that system (S) may fail to have a solution
even when \V) converges uniformly as A — 0T,
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4 Analysis of Vanishing Discount Limits in Continuous Time

Example 4.25. We return to the setting of Example 4.13 where we have obtained

v*(z) =1 and V)(x)= !

x
=————= forxel01].
SNREWsY [0,1]

Thus the family

_AMN() = () oz -
= 3 = 3h f € [0,1],

fails to be bounded uniformly in A. Hence, Theorem 4.23 implies that system (S) has no
solution. <

wy(x)

In this next example we want to deduce the convergence of V) and especially the speed
of convergence in the form of (4.29).

Example 4.26. Consider the uncontrolled two dimensional linear system

() - (5 (D) 10 ma xov0)= 0w

Consider also a Lipschitz continuous function L : R? — [0, 1] which does not depend on
controls. Hence,

Vi (20, 90) = / e ML(XTOW (£), Y70 (1)) dt.
0

Observe that any ball = B(0, R) is invariant under the above differential equation.
Define two functions u,w : R? — R in polar coordinates (x,y) = (r cos(#), rsin()) as

1 2

u(zx,y) == / L(rcos(o),rsin(o))do  and

2 0
0
w(z,y) = / L(rcos(o),rsin(o)) — u(r cos(o), rsin(o) do.
0

We now show that (u,w) satisfies system (S). Observe that

f(@,y) = (y, —z) = (rsin(6), —rcos(f)) = —rey,
where ey = (—sin(f), cos(f)) denotes the angular unit vector.

i) The polar gradient of the radial function u is Vu = «/(r)e,, where e, = (cos(6), sin(6))
denotes the radial unit vector. Hence
=0

—
h(z, —Vu) = (f,—Vu) = —ru'(r) (eg, e,) = 0,

which satisfies the first equation of (S).
ii) The polar gradient of w is Vw = wye, + 1/1 (wpey). Calculate
=1

1 —N—
(f,—Vw) = (—reg, —wyre, — - weeg) = rwy(eg, er) + wy (eg, eg) = wy.

Rearranging the second equation of (S) yields
u+ H(z,—Vw) =0 <= u+ ((f,~Vw) = L) =0 <= wy = L — .

By the definition of w, the equation is satisfied.
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4.3 Hamilton—Jacobi system

As mentioned in Remark 4.19, the third equation of (S) is automatically satisfied. By
Theorem 4.23, we have that AV}, converges uniformly to u on B(0, R) as A — 0*. Moreover,
the theorem provides the bounds

———2
(AVa(z,y) —ulz,y)| < Aw(z,y) + [w]leo| < 2M|wlly,  V(z,y) € B(O,R), VA > 0.
Since ||L|loo < 1, hence ||uljco < 1 and so ||w||eo < 4m. Thus,

IAVA(2,) — ulz,y)| < 8w, ¥ (2y) € B0, R) , YA > 0.

R0
0‘0

Remark 4.27. In this chapter, we focused on the analysis of Abel means (AV) as A — 07).
An alternative method for studying long-run average costs is the analysis of Cesiro means
(#Vr as T — o0). In (Buckdahn et al., 2015), the authors investigate the relationship
between these two approaches. Their main result establishes that in the topology of uniform
convergence, both families share the same cluster points, provided they exist.
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5 Analysis of Vanishing Discount Limits
in Discrete Time

We now turn to the discrete-time counterpart of the vanishing discount analysis developed
in the previous chapters. This setting naturally encompasses Markov decision processes,
stochastic games, and more general dynamic programming operators.

In the classical finite state and finite action framework, the long-run mean payoff has been
characterized using two main approaches. The first relies on the notion of invariant half-
lines of dynamic programming operators, introduced by Kohlberg (1980) for polyhedral
operators and further studied in the one-player case. The second approach is based on
multichain linear programming formulations introduced in (Denardo et al., 1968), which
provide an alternative characterization of the average cost.

The purpose of this chapter is to show that the structural results obtained earlier extend
beyond the finite-dimensional setting. In particular, we develop an abstract framework
for discrete-time control problems that allows for infinite state and action spaces. Within
this framework, sub-invariant half-lines emerge as the natural analogue of subsolutions in
the continuous-time Hamilton—Jacobi theory, leading to a characterization of vanishing
discount limits that parallels the continuous-time case.

5.1 Mean payoff and sub-invariant half-lines of Shapley
operators

We begin by introducing the abstract framework for the discrete-time problem. We recall
the following definition, which will be used throughout the discrete-time analysis. For more
details, we refer to the book by Schaefer (1974).

Definition 5.1 (AM-space with unit). A Banach lattice (X, ||-||, <) in which there is an
element e > 0, the wunit, such that ||z| = inf{t > 0 : —te < = < te} is called abstract
M-space with unit or briefly AM-space with unit.

A typical example of an AM-space with unit is C'(S), the space of real-valued continuous
functions on a compact Hausdorff topological space S, equipped with the sup-norm and
the pointwise partial order. The constant function f =1 € C(5) serves as the unit e.

Moreover, by the Kakutani-Krein theorem (Schaefer, 1974, Chapter 2, Theorem 7.4),
every AM-space with unit is lattice isometrically isomorphic to C'(K) for a suitable compact
Hausdorff space K. That is, for any AM-space with unit there exists a compact space K
and a linear bijection to C'(K) which preserves the norm and the lattice operations.

Therefore, throughout the remainder of this section, we may identify the AM-space with

unit with
X :=C(9),

where the explicit knowledge of the underlying compact space S is not required.

In discrete-time control problems, the evolution of value functions is described by op-
erators acting on X. We now introduce the properties of the operators relevant for our
analysis, which lead to the definition of a Shapley operator.
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5 Analysis of Vanishing Discount Limits in Discrete Time

Definition 5.2. Let T': X — X. Denote by < the pointwise partial order on X and by e
the unit of X. We say that:

a) T is order preserving, if for all z,y € X : x <y = T(x) < T(y).

b) T commutes with the addition of the unit, if for all z € X and A € R : T(Ae + x) =
e + T(x).

Proposition 5.3. If T : X — X is order preserving and commutes with the addition of
the unit, then T is nonexpansive, that is,

IT(x) =TI <llz-yll, Ya,yeX

Proof. Let z,y € X be arbitrary. Set ¢ := || — y||. By the definition of the norm in an
AM-space with unit, we have
—de <z —y < de.

Rearranging the terms and using the fact that T is order preserving yields
T(y —oe) < T(x) <T(y+ de).

Since T' commutes with the addition of the unit, we obtain
T(y) —de <T(x) <T(y) + de,

and hence

—de <T(zx)—T(y) < de.

Applying again the definition of the norm implies

1T () = T(y)ll <0 = [l -yl
O

Definition 5.4 (Shapley operator). A map T : X — X is called a Shapley operator if it
is order preserving and commutes with the addition of the unit.

In Example 5.5 we present the original operator introduced by Shapley (1953).

Example 5.5. We consider the finite-state case S = {1,...,n} =: [n] with two players,
denoted by A and B. We identify C(S) with R", endowed with the coordinatewise order,
the supremum norm, and unit e = (1,...,1), so that R” is an AM-space with unit.

For each state i € S let A; and B; denote the finite sets of actions available to Player 1
and Player 2, respectively, and let g; : A; X B; — R be the corresponding payoff function.
Furthermore, let P; : A; x B; — A([n]), where for any finite set K, A(K) denotes the
set of probability measures on K, which can be identified with nonnegative vectors p =
(pr)kex € RE such that Y, pr = 1. The quantity (P(a,b)); represents the transition
probability from the current state ¢ to the next state j, given the actions a € A; and b € B;.

For a given value vector x € R™, the quantity 7;(x) denotes the i-th component of the
vector T'(z) and represents the optimal expected payoff when the current state is . It is
defined by

T;(x) = min Vengaé) Z Z (gz a,b) + Z :L‘j>ual/b.

A(A
He a€A; beB; J€ln]
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5.1 Mean payoff and sub-invariant half-lines of Shapley operators

This operator fits the above definition of a Shapley operator. Indeed, since Pj(a,b) is a
probability distribution on [n], we have

> (Pia,b)j (x5 +X) = > (Pila, b))z + A,

Jj€(n] Jj€ln]

which shows that 7" commutes with the addition of the unit. Order preservation holds
since increasing x can only increase the value T;(x). *

For a Shapley operator T" we consider the discrete evolution equation
P =T (W), k=1,2,...

for v* € X and initial condition v° € X. We denote by T* the k-fold iterate of T, so that
vP = T*(vY). This evolution equation may be regarded as a discrete-time analogue of the
Hamilton—Jacobi-Bellman equation

Vi+ H(x,—VV) =0.
In analogy with the discounted Hamilton—Jacobi—Bellman equation
MW+ H(z,-VVy) =0, A>0,
we now introduce the discrete-time analogue of the discounted value function Vj.

Definition 5.6 (Discounted value function). Let 7' : X — X be nonexpansive. For
a € (0,1), the discounted value function v, € X is defined as the unique fixed point
satisfying

T((1 — a)vy) = vq. (5.1)

The existence and uniqueness of v, follow from the fact that the map u — T'((1 — a)u)
is a contraction on X. We shall sometimes write v, = v4(T') to emphasize its dependence
on the operator. The correspondence between the continuous- and discrete-time discount
parameters is obtained by setting

l—a= e_/\,
so that the vanishing discount limit A\ — 0" in continuous time corresponds to a — 07 in
discrete time.

Remark 5.7. The equation
T((1 - a)vy) = va, a € (0,1),

may be interpreted as a discrete-time discounted dynamic programming principle, in which
future costs are discounted by the factor 1 —a. The rescaled family {ava}ae(o,1) therefore
plays the role of a long-run average cost in the vanishing discount limit, in direct analogy
with the family {AV)} >0 in continuous time.

We now introduce the concept of invariant half-lines first proposed by Kohlberg (1980).
In his work he used an operator T : R” — R", which was only required to be nonexpansive.
In the present setting, the operator T': X — X is not only nonexpansive but also order
preserving. Therefore, it is convenient to consider a one-sided variant of Kohlberg’s notion.
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5 Analysis of Vanishing Discount Limits in Discrete Time

Definition 5.8 (Sub-, super-, and invariant half-lines). Suppose 7' : X — X. A sub-
mwvariant half-line is a map of the form

S = u 4+ sn, s >0,
with u,n € X, such that
T(u+sn)>u+(s+ 1), Vs >0.

We say that the vector n directs the half-line. A super-invariant half-line is defined by
reversing the preceding inequality. An invariant half-line is both sub- and super-invariant.

Remark 5.9. If T is order preserving with a sub-invariant half-line s — u + s7, then, by
induction and order preservation, one obtains

TH(u) >u+kn,  Yk>0. (5.2)

If the half-line is invariant, then (5.2) holds with equality.

The following proposition establishes the existence of a sub-invariant half-line for any
Shapley operator.

Proposition 5.10. If T : X — X is a Shapley operator, then it has a sub-invariant
half-line. More precisely, the half-line s — —s||T'(0)||e is sub-invariant.

Proof. We need to show that for all s > 0,
T(=s[IT(0)lle) = —(s + DT (0)]e,
holds. Since T' commutes with the addition of the unit, we have
T(=s|T(0)]le) = T(0 + (=s[IT(0)[)e) = T(0) — s[[T(0)le-
Hence, the desired inequality is equivalent to
T(0) = s[TO)lle = (s + DITO)[le <= T(0) = =[[T(0)[le.
By the definition of the AM-space, we have
=T O)]e <T(0) <[IT(0)]le,
and in particular T'(0) > —||7°(0)||e, which proves the claim. O

The statement of Proposition 5.11 can be compared with Corollary 2.2 in (Kohlberg,
1980). The result shows that the existence of an invariant half-line yields not only the
existence of the limit limy_,, T%(z)/k, which coincides with the directing vector 7, but
also the property that the deviation T*(x) — kn remains bounded as k — oo. An analogous
phenomenon holds for the vanishing discount limit.

Note that Proposition 5.11 is not proven explicitly in the work by Cannarsa et al. (2024).

Proposition 5.11. Suppose that T : X — X is nonexpansive and admits an invariant
half-line s — u + sn. Then the following assertions hold.

a) The sequence (T*(z) — kn)k>o remains bounded for every x € X.
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5.1 Mean payoff and sub-invariant half-lines of Shapley operators

b) For every x € X, the limit
Tk
lim (z)
k—o00 k

exists and coincides with the directing vector 1.

¢) The family (v, — oz_ln)ae(o’l) remains bounded as o — 0%, and in particular

lim av, = 7.
a—07t

Proof. a) Since s — u + sn is an invariant half-line, as discussed in Remark 5.9, we have
T*(u) = u + kn, Vk>0.
By nonexpansiveness of T,
IT* (@) = (u+ k)| = IT"(2) = T*(W)l| < llz —ul, Yk >0. (5:3)

Using T%(z) — kn = (T*(z) — (u+ kn)) + u and the triangle inequality, we get
k k (5.3)
1T (2) = knll < | T%(x) = (w+kn)l[ + [lull < [l —ull + lul,  Vk=0.
Therefore supysq [|T%(x) — kn|| < ||z — ul| + |lu|| < oo, and the sequence (T*(z) — kn)i>0
is bounded.
b) We write
T* T"(z) — k

@) T -k,

k k
By point a), there exists M > 0 such that || T%(x) — kn| < M for all k > 0. Hence,

T*(x) — kn
< y
and therefore N
. T (z)
1 =

¢) Define
Yo :=u+a n, a € (0,1).

Since s — u 4+ sn is an invariant half-line of T', we have
T(u+sn)=u+(s+ 1)n, Vs> 0.
Taking s = o~ — 1, we obtain
Tu+ (o' =Dn) =ut+an=y, (5.4)

Moreover,
(1-a)ya=(1—a)u+ (@' =1 (5.5)

Combining (5.4) and (5.5), we get

IT((1 = e)ya) = yal = IT((1 = a)u+ (@™ = 1)n) = T(u+ (a~" = )n)].

o7
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5 Analysis of Vanishing Discount Limits in Discrete Time

By nonexpansiveness of T,
IT((1 = a)ya) = gall < 11 —a)u+ (@' = 1)y — (u+ (™' = 1)y)|
= allu].
Since v, satisfies vq, = T'((1 — @)vy), we may write
[va = yall = IT((1 = @)va) = vall

<T((1 = @)va) = T((1 = @)ya) [ + [T((1 = )ya) = vall
< (1 =) (va = ya) | + aflull

Rearranging yields
allva = yol < allull = [[va = yal < [ull

Finally,
lva — ™'l = flva — @™t —u +ul| < flva = yall + [Ju]l < 2[full.

This shows that the family (vq — @ '1)ae(0,1) is bounded as o — 0F. Moreover,

e = (Ve —a™1n) + 19— 1,
a—0Tt

which concludes the proof. O

Theorem 5.14 below provides a one-sided extension of Kohlberg’s result based on sub-
invariant half-lines under the assumption that 7" is order preserving. Corollary 5.15 shows
that if both sub- and super-invariant half-lines with the same direction exist, then state-
ments a), b) and ¢) from Proposition 5.11 hold also true.

To simplify the proof of Theorem 5.14 it will be convenient to define for all u € X the
conjugate map

Ty(z) = —u+T(u+ ).

We will use the following properties of T,.

Lemma 5.12. Let T : X — X be nonexpansive and let u € X. Then T, is nonerpansive.

Proof. Since T is nonexpansive, for all z,y € X we have ||T(xz) — T(y)| < ||z — y||.
Therefore, for any z,y € X,

1Tu(z) = Tu()| = [(mu+T(u+2)) = (—u+T(u+y))|
= T(u+z) = T(u+y)l
< lw+2) = (u+y)|l
= [z —yll.

Hence, T}, is nonexpansive. O]
Lemma 5.13. Let T : X — X be nonexpansive and let u € X.

a) If s — u+ sn is a sub-invariant half-line of T, then s — sn is a sub-invariant half-line
of Ty.

b) Forallx € X and k > 0: TF(z) = —u+ T%(u + ).

c) For all a € (0,1) : ||va(T) — vo(Tw)|| < 2||ull-
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5.1 Mean payoff and sub-invariant half-lines of Shapley operators

Proof. a) Since s +— u + sn is a sub-invariant half-line for 7", we have
T(u+sn) >u+(s+1)n, Vs> 0.

Subtracting « from both sides and using the definition of T, yields
Tu(sn) = —u+T(u+sn) > (s+ 1),

S0 § > sn is sub-invariant for T5,.
b) We prove the identity by induction on k. For k = 0,

To(z)=2=—u+ (u+2z)=—u+Tu+x),
holds. Assume for some k > 0 that 7¥(z) = —u + T*(u + z) is satisfied. Then

Ty (x) = Tu(Ty (2)) = —u + T(u + T,/ (2))
= —u+T(u+ (—u+TFu+2)) = —u+T(TFu+z))
_ 7u+Tk+1(u+a:),

which completes the induction.
¢) By Lemma 5.12, T,, is nonexpansive, hence v,(7,) exists and is unique. By Defini-
tion 5.6 we have

Vo(T) =T (1 — a)va(T)) and Vo(Ty) = Tu((1 — @)va(Ty))
=—u+T(u+ (1—a)ve(Ty)).

Therefore,

0alT) = va(Tu) = u = T((1 = a)va(T)) = T(u + (1 — a)va(Tu).
Using nonexpansiveness of T, we get

[va(T) = va(Tu) = ull < [[(1 = a)va(T) = (u+ (1 = @)va(T0))||
Rewrite the right-hand side as

(1 = a)(va(T) — va(Ty) — u) — o,
so by the triangle inequality,
[0a(T) = va(Tu) — ull < (1 = @)|va(T) = va(Tu) — ull + ljul]
Rearranging yields
al[va(T) = va(Tu) —ull < afull = [[va(T) = va(Tu) = ull < [|u].

Consequently,

[0a(T) = va(Tu)|| < [[0a(T) = va(Tu) — ull + [Jull
< 2fful],

which completes the proof. O
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5 Analysis of Vanishing Discount Limits in Discrete Time

Note that the limit inferior and limit superior appearing in the next theorem are well
defined in the order sense in Banach lattices. In the case X = C(S), they coincide with
the usual pointwise definitions for functions. For further details, see for example the book
by Aliprantis et al. (2005).

Theorem 5.14 (Comparison principle). Suppose that T : X — X is a Shapley operator
and that s — u + sn is a sub-invariant half-line of T'. Then the following assertions hold.

a) For every x € X, the sequence
(Tk(x) — kn) k>0
18 bounded from below.
b) The family
-1
(va = a7 '0) e o)

is bounded from below as o — 07 .

c) Consequently,

Tk:
liminf avy, > 1 and lim inf (z) >n, VzrelX.
a—0t k—o0 k

Proof. a) Since s +— u + sn is a sub-invariant half-line, we have
T(u+sn)>u+(s+1)n, Vs> 0.
As discussed in Remark 5.9, order preservation yields
TF(w) > u+kn,  Vk>0. (5.6)
Fix € X. Since T is a Shapley operator, it is nonexpansive, hence so is T%. Therefore
IT*(@) = T*(w)|| < llz —ul,  VEk=0.
By the definition of the AM-space norm, this implies the inequality
[l = ulle < T*(a) = T"(u) < [|lz — ulle,

and in particular
TH(z) > T (u) — ||z — ulle, Vk>0. (5.7)

Combining the two inequalities (5.6) and (5.7) yields

(5.7) (5.6)
TH(x) —kn > TFu) — ||z —ulle —kn > u— ||z —ule, Vk >0,

which shows that (T%(x) — kn)j>o is bounded from below.
b) By Lemma 5.13 a) we know that s — sn is a sub-invariant half-line of 7,. This means

Tu(sn) > (s+ 1)n, Vs >0. (5.8)

Denote by v4(T) and v, (T),) the discounted value functions, as in Definition 5.6, to the
respective operator. By Lemma 5.13 ¢),

[0a(T) = va(Tu)| < 2[lull,  Vae(0,1).
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5.1 Mean payoff and sub-invariant half-lines of Shapley operators

By the definition of the AM-space norm, this implies
—2||ulle < va(T) — va(Ty), Vae (0,1),
hence
Vo(T) > va(Ty) — 2||ulle, Vae (0,1). (5.9)

Thus, it suffices to prove that (v, (Ty) — ofln)aego,l) is bounded from below.
Fix a € (0,1) and set z := a™'p and s := ™' —1 > 0. Then (1 — o)z = sn, and by
sub-invariance of s — sn for T},

(5.8)
T.((1—a)z) =Tu(sn) > (s+1)p=an=-z (5.10)

Define Fi,(z) := T,,((1 —a))x). Since T), is nonexpansive (Lemma 5.12), F, is a contraction.
Furthermore, since T is order preserving, so is T, hence F, is order preserving. Moreover,
vo(Ty,) is its unique fixed point,

Fo(vo(Ty)) = va(Ty).

From F,(z) > z in (5.10) and order preservation, we obtain F¥(z) > z for all k > 0. Since
FE(2) = vo(T,) as k — oo, this yields

va(Ty) >z =a 1n.

Hence, v (T,) — a~'n > 0 for all & € (0,1), which means that (v (1) — @ 'n)ae(o1) is
bounded from below. Together with (5.9), this shows that (va(T)—a™1)ae(0,1) is bounded
from below as a — 0.

¢) From point b) we know that there exists wy € X and o € (0,1) such that

Vo — I > wo, Va e (0,ap).
Multiplying by a > 0 and letting o — 0, we obtain

liminf av, > 7,
a—0t

since awgy — 0.
From point a) we know that there exists w; € X such that

Tk(x)—knzwl Vik>1.

Dividing by k yields

TF(x) s wr
k k
Since wy/k — 0 as k — oo, we conclude that
k
liminfT (2) >,
k—o00 k
for every € X. This completes the proof. O

Corollary 5.15. Suppose that T : X — X is a Shapley operator and that it admits both
a sub-invariant and a super-invariant half-line with the same directing vector n. Then the
families

(va — O‘_ln)ae(o,l) and (Tk(x) - kn)kzo

are bounded for every x € X. In particular,

Tk
lim av, = lim (z)
a—0T k—o00 k

=, Vo e X.
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5 Analysis of Vanishing Discount Limits in Discrete Time

Proof. Let T : X — X be a Shapley operator. By Theorem 5.14 applied to a sub-invariant
half-line with direction 7, we have, for all x € X,

Tk
liminf av, > n and liminf (z)

> 1.
a—0t k—o0 k

We now obtain the corresponding upper bounds from the super-invariant half-line. Define
for x € X the dual operator R
T(x) :=-T(—x).

Since T is order preserving and commutes with the addition of the unit, the same holds
for T', so T' is a Shapley operator. If s — u + sn is a super-invariant half-line of T', that is

T(u+sn) <u+(s+1)y,  Vs>0,
then s — —i + s(—7) is a sub-invariant half-line of T. Indeed, for all s > 0,
T(—u+ s(—n)) = —=T(a + sn) > —a+ (s + 1)(—n).
Applying Theorem 5.14 to T and the direction —n yields

- T*(z)
lim inf av, (T) > — d lim inf
minfave(T) 2 -y and - lminf —

>-n, VrelX.

Since T*(x) = —T*(—z) for all k > 0, we obtain

k
limsuka(;x) <n, Vo e X.

k—o0

By noticing that u solves T'((1 — «a)u) = w if and only if —u satisfies f((l —a)(—u)) = —u,
we have

0a(T) = —va(T),  a€(0,1).

Hence

lim sup av, (T) < n.
a—07t

Combining the lower and upper bounds gives

T*(x)

lim av, =7 and lim =n VzelX.

a—0+ k—o00 k

5.2 Sub-invariant half-lines of Bellman operators

Building on the abstract framework of Shapley operators introduced in the previous section,
we now focus on the one-player minimization case. Exploiting the representation of the
state space X as C(S5), we write the operator coordinatewise on S, which allows us to
impose concavity on each component. This leads to the notion of a Bellman operator.

Let S denote the representation space of the AM-space X = C(S). Fori € Sand xz € X
we write x; := x(i) for the value of x at ¢. Similarly, for an operator 7' : X — X, we
denote the i-th coordinate map of T' by

Ti(x) :==T(x)(i).

We say that an operator T': X — X is concave if, for every ¢ € S, the map T; : X — R is
concave.
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5.2 Sub-invariant half-lines of Bellman operators

Definition 5.16 (Bellman operator). A map T : X — X is called a Bellman operator if
it is both a Shapley operator and concave.

We will discuss how this relates to a one-player minimization problem after a few pre-
liminary considerations.

It is convenient to work in B(S) 2 C(S) = X, the space of bounded functions from S
to R. This space can be equipped with the topology of uniform convergence and with the
topology of pointwise convergence. On order bounded families, the latter coincides with
order convergence, see Lemma 8.17 in (Aliprantis et al., 2005). To avoid any ambiguity
in this section, the symbol lim will refer to the uniform convergence topology, whereas the
symbol o-lim will refer to the pointwise /order topology. It should be noted that convergence
in the uniform topology implies convergence in the order topology, but not conversely.

Definition 5.17 (Recession function). Let T': X — X be concave. The recession function
of T is the map T defined by

T(y) := o-lim s 'T(sy), y € X,

S§—00

whenever the limit exists.
The following lemma is a result in convex analysis.

Lemma 5.18. Suppose that T : X — X is concave and nonexpansive. Then the recession
function T is well defined, takes values in B(S), and satisfies, for all z,y € X,

A

T(y) = inf s U (T(z + sy) — T(x)).
S
Proof. Fix y € X. For each i € S, the coordinate map 7; : X — R is concave by
assumption, hence the function f; := —7T; is convex. By Theorem A.12, for every x € X,
the limit
lim s~ YT;(z + sy) — Ty(x))
S5—00
exists in R. Taking # = 0 shows that Tl(y) = limy 00 5~ '7T}(sy) exists in R.
Since T' is nonexpansive we have for all s > 0,

1T (sy)ll < 1T (sy) = T O + T O)]| < sllyll + [[T(O)]],
and therefore, for every ¢ € S, |T;(sy)| < s||y|l + [|7°(0)||. Dividing by s yields

T(0
s T (sy)| < |yl + LEAO] for all i € S.
s
Passing the limit s — oo, we see that 1Ti(y)| < |lyll. Thus, Tj(y) is finite for every i € S
and T'(y) takes values in B(S).
Finally, applying Theorem A.12 to —7; yields the representation

Ti(y) = inf s~ (Ti(x + sy) — Ti(x))

for any x € X. As this holds for every ¢ € S, the claim follows. O
T inherits the property of commutation with the addition of the unit from 7.

Lemma 5.19. Suppose thatT : X — X is a Bellman operator. Then its recession function
T commutes with the addition of the unit, that is,

T(y + ce) =T(y) + ce, Vye X, Vee R
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5 Analysis of Vanishing Discount Limits in Discrete Time

Proof. Fix y € X and ¢ € R and an arbitrary x € X. By Lemma 5.18,

T(y + ce) = inf T(z+slytce)) = T(w)
s>0 S

Since = + s(y + ce) = (x + sy) + sce and T commutes with the addition of the unit, we
have for every s > 0,
T((z + sy) + sce) = T'(z + sy) + sce.

Hence
T(x+s(y+ce)) —T(x) _ T(x+sy) —T(x) e,

and therefore

- T =T T -T .
T(y+ ce) = lgg{ S Sys) @) + ce} = H>1£ @+ S‘? (z) +ce =T(y) + ce.

The following Proposition provides a characterization of sub-invariant half-lines.

Proposition 5.20. Assume that T : X — X is concave and nonexpansive. Then, s +—
u —+ sn is a sub-invariant half-line of T if and only if

T(u) >u+n and T(n)>mn. (5.11)

Proof. We structure this proof in two steps proving both directions of the equivalence.

Step 1. Let s — u+ sn be a sub-invariant half-line of 7', that is T'(u+sn) > u+ (s+1)n
for s > 0. Taking s = 0 gives T'(u) > u + 7. For s > 0, subtracting 7'(u) and dividing by
s yields

T(u+sn)—T(u +n-=T

(utom) =T utn=T
s s

Letting s — oo and using (u+n —T(u))/s — 0 gives

T(n) = o-lim s~ H(T(u + sn) — T(u)) > 7.
5§—00
Step 2. Conversely, assume T(u) > u + 1 and T(n) > 1. By Lemma 5.18 we have for
s>0

T(n) < s H(T(u+ sn) — T(u)),

hence R (511)
T(u+sn) > T(u)+sT(n) > utn+sn=mu+(s+1)n

Thus s — u + sn is a sub-invariant half-line of 7. O
We now justify the terminology Bellman operator. Let T : X — X be an order preserv-

ing, concave operator that commutes with the addition of the unit. We show in Remark 5.21
that for each ¢ € S, the coordinate map 7; admits the explicit representation

Ti(z) = alélji{ri + Pz}, (5.12)

where A; is a nonempty index set, r{ € R, and P : X — R is a positive continuous linear
functional satisfying Pfe = 1.

Recall that X = C(S), where S is a compact Hausdorff space. By the Riesz—Markov—
Kakutani representation theorem, the dual space C(S)* can be identified with the space
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5.2 Sub-invariant half-lines of Bellman operators

ca;(S) of regular signed Borel measures with bounded total variation on S. (Folland, 1999,

Theorem 7.17). Fix a € A;. Since P? : X — R is a continuous linear functional, there

exists a unique pf € ca,(S) such that
Pz-a’x:/xd,uf, Vo e C(S).
S

Moreover, since P is positive, the representing measure puf is positive, p¢ > 0. Finally,

using P{e = 1, where e is the unit, we obtain

1=Pﬂe=/1du?:u?(5)~
S

Hence, pf is a probability measure on S. Then T coincides with the one-step dynamic
programming operator of a Markov decision process with state space S and action sets A;,
¢ € 5. The real number r{ represents the instantaneous cost associated with state 7 and
action a € A;. pf is the probability law according to which the next state is selected.

Remark 5.21. To justify the representation of T; in the form (5.12), we make use of the
Legendre-Fenchel conjugate of the convex function —7;. Recall that the conjugate of
—T; : X — R is defined by

(-T)*: X" =R, (-T)*"):= :gg{{(w*, z) — (=Ti(x))} = jg@{{@*, z) + Ty(z)},

where (-,-) denotes the canonical pairing between X* and X. For further information,
see for instance Chapter 3.3 of (Borwein et al., 2006). Since —7; is convex and continu-
ous, and hence lower semicontinuous, the Fenchel-Moreau theorem (Borwein et al., 2006,
Theorem 4.2.1) yields

-T, = (-T;)"™ on X.

In particular, for every x € X,

—Ti(x) = ng)g*{@,w —(-T)"()} = ESUI?S){@% v) = (=Tp)"(v)}. (5.13)

Fix p € cay(S5). Observing that

(—=T3)"(—p) = §g§{<—u,w> — (-Ty(z))},

we may restrict the supremum to functions of the form z = se, s € R, to obtain

(=T2)" (=) = sup{(—ps, se) = (~Ti(se))}.

Since T; commutes with the addition of the unit, we have T;(se) = s + T;(0), and hence

i2§{<_”’ se) — (=Ti(se))} = §2£{5(1 — (m,€)) + T;(0)}.

It follows that (—T;)*(—p) < oo implies (u, ) = 1. We therefore introduce the set
Pii={p € car(S) : (=T)"(—p) < o0},

for which the previous implication shows that p € P; implies (i, e) = 1. Next, we use the
order-preserving property of T;. If x > 0, then T;(x) > T;(0), and hence

(=T3)* (—p) = jg§{<—u, z) 4+ Ty(z)} > xsggﬂ—u, x) +Ti(z)} > zsegg{<—m x)} + T;(0),
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5 Analysis of Vanishing Discount Limits in Discrete Time

where X := {x € C(S) : x > 0}. If p is not positive, then there exists ¢ € X such that
(u, o) < 0, hence (—u,zg) > 0. Scaling tzy with ¢t — oo yields
sup {(—p, )} = o0,
$€X+
and therefore (—T;)*(—p) = oco. Consequently, p € P; implies p > 0.
Returning to (5.13) and changing the variables v = —pu, we obtain

~Ti(x) = sup {(z,—p) — (=T))"(~p)}-
pecar(S)

Multiplying by —1 yields

()= nf (e )+ (1) ()} = inf {(o ) + (-T)" (=)}
where the restriction to P; is justified since (—T;)*(—u) = oo for p ¢ P;. This is precisely
the form (5.12), in which in state ¢ € S, Pfx := (z, u) representing the expected future
value and r{ := (—T;)*(—p) the instantaneous cost associated with the choice of the
transition law pu € P;.

Remark 5.22. When T is of the form (5.12), the conditions characterizing sub-invariant
half-lines (5.11) are equivalent to an infinite system of linear inequalities indexed by a € A;.
Indeed, if s — u + sn is a sub-invariant half-line of T', the condition T'(u) > u + 7 takes
the following form for every i € S:
aienji{r? + Pfu} > ui + s,
which is equivalent to
ri + Plu > uy + n;, Va € A;.

Moreover, for T of the form (5.12), the recession function is Tj(x) = inf,c, P?x. Conse-
quently, the second inequality in (5.11), namely 7'(n) > 7, is equivalent to
Pian > i, Va € A’L
For each i € S and a € A;, we introduce the affine map

T (x) :==ri + Pix, (5.14)

(2

whose recession function is given by

. Ta
T7(x) = o-lim Ti(so) = Plx.
$—00 S
In order to prove Theorem 5.23, which provides a discrete-time analogue of Theorem 4.23,
we introduce a discrete counterpart of the third equation in system (S).
in£ max{Ti“(n) —ni, T{'(w) —uy — i} <0, VieS. (5.15)
acA;
Theorem 5.23. Suppose that T : X — X is a Bellman operator. Assume in addition that
there exist u,m € X such that

A~

T(w)>u+n  and  T(n) >n,

and that the complementarity condition (5.15) holds, with the infimum being attained for
each i € S. Then the map s — u + sn is an invariant half-line of T'. Moreover, the family
(Va — ') ae(0,1) Temains bounded as a — 0F.
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5.2 Sub-invariant half-lines of Bellman operators

Proof. By Proposition 5.20, the conditions 7'(u) > u-+n and T(n) > nimply that s — u+sn
is a sub-invariant half-line of T
We now show that it is also super-invariant. By the assumption (5.15), there exists
a € A; such that
max {7} (n) — mi, T (w) —w; — i} <0.

Hence,
T8 (n) <mn; and T (u) < uj + ;. (5.16)

7

Using Tj(x) = infaea, T (2) and the linearity of P{, we have for all s > 0,

5.14
Tiu+ sm) < T (ut sm) "= v PR(u+ sm) = T (w) + 5P,

Since T¢(n) = Py, (5.16) yields
Ti(u+sn) < (u; +n;) + sni = ui + (s + D)n;.

As this holds for every i € S, we obtain T'(u+sn) < u+(s+1)n for all s > 0, so s — u+sn
is a super-invariant half-line. Together with sub-invariance, it is an invariant half-line.

Finally, the boundedness of (v, — a_lﬁ)ae(o,l) as a — 07 follows from Proposition 5.11.
O

The next lemma shows that any accumulation points of aw, as a — 07 and T%(z)/k as
k — oo must satisfy a fixed point relation for the recession operator. Combined with the
characterization of sub-invariant half-lines, this will allow us to identify these limits as the
supremum of the corresponding director vectors.

Lemma 5.24. Let T : X — X be a Bellman operator. Any accumulation point n € X of
the family av, as o — 0T with respect to the topology of uniform convergence satisfies

A~

T(n)=n. (5.17)

Moreover, for any x € X, any accumulation point of the sequence T*(x)/k as k — oo with
respect to the uniform convergence topology satisfies (5.17).

Proof. We structure our proof into two steps. In the first step, we prove the statement
regarding the family av, and in the second step regarding 7% (z)/k.

Step 1. Let n € X be an accumulation point of av, as a — 01 in the topology of
uniform convergence. Then there exists a sequence oy with oy, — 07 such that

Ve, — 1 uniformly as k — oo,

that is,
Qaxvq, =1+ o(1). (5.18)

o(-) denotes the little-oh notation, see Appendices. Recall that v, is the fixed point of
the discounted operator x — T'((1 — ay)x), which means

Vay, = T'((1 — o) Vay )- (5.19)
Multiplying (5.19) by «aj yields

pvay = aT((1 — ag)va,) = axT (ot = 1)agva,)- (5.20)
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5 Analysis of Vanishing Discount Limits in Discrete Time

We claim that (agve,)r>1 is bounded. Indeed, by the fixed point identity (5.19) and
nonexpansiveness of T,

[va [ = IT((1 = ar)va )| < (I T((1 = k)va,) = TO) + [TO)| < (1 = ar)[va | + [[T(0)]-

Hence ag|va, || < ||T(0)]|, so ava, = O(1), where O(-) denotes the big-oh notation. Now
expand the argument of 7" in (5.20) to

(' = Dagva, = oy (kva,) — (arvay,) = a;'(n+o(1)) + O(1), (5.21)

By nonexpansiveness of T,

|2V T (o (1 + o(1)) + O(1)) — axT(az )|

< agllagto(1) + O(1)]
< [loMl + arlOM)]| = o(1),

T (e " = 1) kv, ) — T (o ')

so that
arT (et = Dagva,) = axT (e ') + o(1). (5.22)

Combining (5.18), (5.20) and (5.22), shows that
n=axT (e ') +o(1).

Since uniform convergence implies order convergence, by passing the limit k& — oo, we
obtain
n = o-lim T () 'n) = T(n).
k—o0

Step 2. Now, let 7 € X be an accumulation point of T7%(z)/k in the topology of uniform

convergence. Then there exists a subsequence nj; with n; — oo such that

" ()
ng

— 7 uniformly as &k — oc.

We may assume that = 0. Indeed, by nonexpansiveness we have

77 () = T™ ()] _ |lz - O]
Nk - Nng k—00

0,

hence T™ (0)/ng = 1 + o(1). We claim that || T+1(0) — T™(0)|| < ||T(0)|| for all m > 0.
Indeed, for m = 0 this statement is trivial as ||[T1(0) — T9(0)| = ||T(0)||. Assume that for
some fixed m, the statement holds, then by nonexpansiveness,

|77+ (0) = T HO)]| = [ T(T™(0) = T(T™ ()] < | T™(0) — T™(O)]| < |IT(O)]]-

Thus,

I7"++1(0) — T+ (0) < 7O

Nk Nk k—o0

0,
which means that limy_,o, T7*1(0)/ny = 1. Moreover,

T (0) Ty ' T™(0)) _ T(ng(n +0o(1))

N Nk Nk
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5.2 Sub-invariant half-lines of Bellman operators

Due to nonexpansiveness,

17 +0(1)) = Tl _ im0 I _ ey

N Nk

and therefore,
T+ (0) _ T(ngn)

= 1).
o n Tt
Passing the limit k£ — oo, yields
T ~
17 = o-lim T(nen) =T(n),
k—o0 Nk
which concludes the proof. O

Theorem 5.25. Suppose that T : X — X is a Bellman operator. Then any accumulation
point in the uniform convergence topology of av, as o — 07, coincides with the supremum,
taken in X, of the director vectors of sub-invariant half-lines of T'. Moreover, for any x € X
the same conclusion holds for any accumulation point of the sequence T*(z)/k as k — oo
with respect to the same topology.

Proof. We proceed in two steps. In Step 1, we prove the statement regarding awv, and in
Step 2 the one regarding T%(z)/k.

Step 1. As T'is a Bellman operator and in particular a Shapley operator, Proposition 5.10
ensures the existence of at least one sub-invariant half-line of T'. Let 77 denote the supremum
of the director vectors of all sub-invariant half-lines of 7.

By Theorem 5.14 ¢), for every x € X,

Tk
liminf av, > 7 and lim inf (z) > 7. (5.23)

a—0t k—o0 k

Let 7 be the uniform limit of ajv,, along some sequence ay, — 0%, Since uniform conver-
gence implies order convergence, (5.23) yields

n>n. (5.24)
Fix € > 0. Since av,, converges uniformly to 7, for k large enough,
Vg, > 1) — Ee. (5.25)

Define u := vy, — ajvq,. Using the fixed point relation vo, = T'((1 — ax)va, ), we obtain
(5.25)
T(u) =T (va, — QkVay,) = Vo, = U+ QkUq, > U~+1—ce. (5.26)

By Lemma 5.24, T'() = 1 and by Lemma 5.19, T commutes with the addition of the
unit, therefore
T(n—ce)=T(n) —ece=mn—ce.

Hence, by Proposition 5.20, the map s — u + s(n — €e) is a sub-invariant half-line of T,
so | > n — ee, as 7 is the supremum of all director vectors. Since € > 0 is arbitrary, we
conclude

=1
Together with (5.24), this yields 7 =n € X.
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5 Analysis of Vanishing Discount Limits in Discrete Time

Step 2. Let 1 be any accumulation point of the sequence T%(x)/k for z € X. As in the
proof of Lemma 5.24, we may assume x = 0. Fix € > 0. Then there exists p > 1, such
that ||T7(0)/p — n|| < e. By the definition of the norm in the AM-space this implies

77(0)
p

n— < cge,

and so TP(0) > p(n — ee). Set 77 := n — ge. Therefore,

T°(0) = pij. (5.27)
By Lemma 5.24, we have T'(n) = 1. Moreover, Lemma 5.19 shows that 7' commutes
with the addition of the unit. Hence,

n="T(n) = T(i +ce) = T(i) +ee.

Rearranging yields

) (5.28)

By Lemma 5.18, for all z € X, the recession function satisfies

T(ﬁ) _inf T(z+ sn) —T(x)

s>0 S

and so for all ¢ > 0,

A~

tr(n) < T(x+tn) —T(x).
Consequently,
- Ay (5.28 -
T(w+ 1) 2 T(@) + 1) "= T(2) + i
and in particular for z = 0,
T(tn) > T(0)+tn forall ¢t > 0. (5.29)
We define the vector u by

w:=sup{(p — 1)7,T(0) + (p — 2)7, T*(0) + (p — 3)7},..., TP ~*(0) + 7, "~ (0)}

= s p{T”‘j(O) +(j — )i}

Therefore, ‘
u—+ s = sup {Tp_J (O) + (S +5— 1)77]} for all s > 0.
j:].,...,p

Forall j=1,...,p, '
u+sn>TP7(0)+ (s+75—1)7

holds and so by the order preservation of T,

T(u+ sij) = T(sup{(s +p — 1), T(0) + (s +p — 2),..., T""1(0) + sij})
>T(TP7(0)+ (s+j5—1)7), Vi=1...,p.

Since the left-hand side does not depend on j, taking the supremum over j = 1,...,p
yields

T(u+ sij) > sup{T((s +p—1)7), T(T(0) + (s + p — 2)ij),..., T(T?"1(0) + s7j) }.
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5.2 Sub-invariant half-lines of Bellman operators

Consequently, by inequality (5.29),

T(u+ 1) > sup{T(0) + (s + p — 1), T(T(0)) + (s + p — 2)7}, ..., T(T"~1(0)) + sij}
= sup{T(0) + (s + p — 1)7, T%(0) + (s + p — 2)7}, ..., TP(0) + s }.

y (5.27), T?(0) 4+ sn > (s + p)7n, therefore
T(u+ sij) > sup{T(0) + (s +p — )i, ..., T*71(0) + (s + 1), (s + p)ij}.
Rewriting the above supremum yields

T(u+ s7) > (s + 1)ij + sup{T(0) + (p — 2)7, ..., T~ 1(0), (p — 1)7}
=u-+(s+ 1)7n.

Thus s +— u + s7 is a sub-invariant half-line of T" with direction 7. Therefore, by the
definition of 7, we have 7 > 17 = n — ee. As ¢ > 0 was arbitrary, we have

n=n. (5.30)
Together with (5.23), which implies n > 77, we obtain 77 = 7. This concludes the proof. [J

Corollary 5.26. LetT : R™ — R" be a Bellman operator. Then the two limits lim,,_ g+ av,,
and limy_,oo T*(z)/k for all x € R™ coincide with the supremum of the director vectors of
sub-invariant half-lines of T.

Proof. Let 77 denote the supremum of the director vectors of sub-invariant half-lines of 7'
By Theorem 5.25, every accumulation point of av, as a — 0% and of T%(x)/k as k — oo
coincides with 7.

Since R" is finite-dimensional, every bounded subset of R™ is relatively compact. Hence,
the bounded families av, and T*(z)/k admit accumulation points. As these accumulation
points are unique, both families converge, and their limits equal 7. O

Remark 5.27. As shown in Remark 5.22, the characterization of sub-invariant half-lines
associated with a Bellman operator leads to an infinite-dimensional linear programming
problem. In view of the previous theorem and corollary, the mean payoff is obtained by
maximizing the directing vector n subject to the corresponding system of linear inequalities.

In the special case where the state space S and the action sets A; are finite, this system
reduces to a finite collection of constraints and coincides with the finite linear program
originally introduced by Denardo et al. (1968).

Remark 5.28. In the case of Markov decision processes with finite state space, several
authors, see for instance (Renault, 2011), have shown that the limits

i o = i 7)1
exist and coincide. By comparison, the novelty of the result proved in (Cannarsa et al.,
2015), and recovered here in Theorem 5.25, lies in the characterization of this limit in terms
of sub-invariant half-lines. This approach is analogous to Perron’s method in potential
theory for the Dirichlet problem, where a harmonic solution is constructed as the supremum
of an appropriate class of subsolutions.
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6 Conclusion

In this thesis, we have established a framework for the finite and the infinite time horizon
optimal control theory. In both settings, we showed that the value function is the unique
viscosity solution to the associated Hamilton—-Jacobi—Bellman equation.

The central focus of our analysis was the infinite time horizon framework. We investi-
gated the asymptotic behavior of the rescaled family { AV} } >0 as the discount rate A — 0F.
Following the approach of Cannarsa et al. (2024), we then characterized the possible uni-
form limit as the supremum of the family of viscosity subsolutions to the corresponding
system of Hamilton—Jacobi equations. In contrast to classical ergodic results, where the
limit is a constant under strong controllability assumptions, the limit in the general case is
a function. When the subsolution is itself a viscosity solution of the corresponding system,
we not only obtained convergence of AV but also a specific rate of convergence.

This continuous-time analysis is structurally mirrored by the discrete-time part of the
thesis. Working within the abstract framework of AM-spaces with unit, we analyzed
Shapley and Bellman operators and the asymptotics of their discounted fixed points. We
showed that the vanishing discount limit av, as o — 0% corresponds to the supremum of
the director vectors of sub-invariant half-lines of the dynamic programming operator.

Looking forward, several open problems and directions for future research emerge from
these considerations.

First, our study was primarily concerned with the Abel mean, corresponding to the
vanishing discount limit. However, other notions of mean value are of interest too, such as
Cesaro means or general weighted averages, see for instance the work by Li et al. (2016). A
natural but challenging direction for future research would be to develop a Hamilton—Jacobi
approach for such general means.

Second, a remaining challenge for the discrete framework is to identify general conditions
ensuring the existence of invariant half-lines. Currently, only specific cases are resolved.
Kohlberg (1980) proved the existence of invariant half-lines for nonexpansive polyhedral
operators in finite dimensions. Additionally, invariant half-lines arise when the operator
T : X — X admits an ergodic eigenvector, meaning there exist © € X and A € R such that
T(u) = u+ Ae, where e denotes the unit element of X. In this case, the map s +— u + she
defines an invariant half-line of T'. Establishing relaxed conditions that guarantee existence
outside of these special cases remains a compelling open problem.
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Appendix

Theorems

In this section, we present classical theorems that are used throughout this thesis.

Gronwall’s inequality

This version of the Gronwall’s inequality can be found in the appendix of the book by
Evans (2010).

Theorem A.1 (Gronwall). Let n(-) be a nonnegative, absolutely continuous function on
[0,T], which satisfies for almost every t the differential inequality

'(t) < o(t)n(t) + ¥ (1),

where ¢(t) and (t) are nonnegative, integrable functions on [0,T]. Then

. t
n(t) < eli o) ds (n<o> + [t ds)
0
forall0<t<T.

Rademacher’s theorem

Rademacher’s theorem can for instance be found in Chapter 3 of (Evans et al., 2015).

Theorem A.2 (Rademacher). Assume that f : R™ — R™ is a locally Lipschitz continuous
function. Then f is differentiable almost everywhere in R™.

Filippov measurable selection theorem

This theorem can be found in Chapter 8 of the book by Aubin et al. (2009).

Definition A.3 (Carathéodory map). We call a map ¢ : QO x X — Y, where Y is a metric
space, a Carathéodory map, if for every x € X, (-, x) is measurable and for every w € Q,
¢(w, ) is continuous.

Theorem A.4 (Filippov). Consider a complete o-finite measure space Lﬁ, .%Al, @), complete
separable metric spaces X and Y, and a measurable set-valued map F : Q = X with closed
nonempty images. Let g : OxX —>Y bea Carathéodory map. Then for every measurable
map h : QO—-Y satisfying

hw) € glw, F(w))  for almost all w € Q)
there exists a measurable selection f(w) € F(w) such that

hw) = g(w, f(w)) for almost all w € €.
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Appendix

Invariance theorems

The following theorems about the invariance of differential inclusions can be found in the
paper by Frankowska et al. (2000) and Chapter 5 of (Aubin, 1991).

Theorem A.5 (Invariance Theorem 1). Assume that G : R™ = R" is locally Lipschitz
continuous with nonempty compact values and K is a locally compact subset of R™. Then
the following conditions are equivalent:

i) K is a backward invariance domain of G,
which means that for every x € K : —G(x) C Tk (x) holds.
i) VweK,Vne |[Tg(z)] : SUPge(z) (9, —n) <0

i) Vao € K, 3T > 0 such that for every solution x : [0,T) — K to
2'(t) € G(z(t)), (0) = zg we have z(t) € K for all t € [-T,0].

Theorem A.6 (Invariance Theorem 2). Let F' be a nontrivial set-valued map and K C
Dom(F). If F is locally bounded and ¥ x € Dom(F) : F(x) C Tk (x), then K is invariant
under F'.

Viability theorems

We need the following characterizations of viability. The theorems can be found in Chap-
ter 3 of the book (Aubin, 1991) and Chapter 10 of (Aubin et al., 2009).

Theorem A.7 (Viability Theorem 1). Let X be a finite-dimensional vector space and
K C X closed. Assume that the set-valued map F': K = X is upper semicontinuous with
convex compact values. Then the three following properties are equivalent:

i) VeeK:F(x)NTk(x)#0,
i) VaeK:F(z)neo(Tk(z)) #0,
iti) Vo e K,Vpe [Tk(z)] : SUDye p(z) (v, —p) > 0.

Definition A.8 (Marchaud map). We say that a set-valued map F'is a Marchaud map if
it is nontrivial, upper semicontinuous, has compact convex images and linear growth.

Theorem A.9 (Viability Theorem 2). Let X be a finite-dimensional vector space. Let
us consider a Marchaud map F : X = X and a closed subset K C Dom(F). Then
Ve e K : F(x)NTk(x) # 0 if and only if K is viable to the differential inclusion

{x’(t) € F(x(t)) for almost every t > 0.
z(0) =29 € K

Rockafellar lemma

The following lemma can be found in the paper by Frankowska (1993) or Plaskacz et al.
(2002). It is due to a result of Rockafellar (1981).

Lemma A.10 (Rockafellar). Let ¢ : R — R U {oo} be a lower semicontinuous function

and x € Dom(e). Let (p,0) € [Tipi(s)(x, @(x))] be such that p # 0. Then there exist
sequences Xk, pr € R™ and qr < 0 such that

d’(l’k) — ¢($), T — T, Pk — D, qr — 07 and (pk7 Qk) S [TEpl(gb) (JI]C, ¢($k))]
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Arzela—Ascoli theorem

This theorem can for instance be found in Chapter 10 of the the book by Royden et al.
(2010).

Theorem A.11 (Arzela—Ascoli). Let X be a compact metric space and {fn} a uniformly
bounded equicontinuous sequence of real-valued functions on X. Then {f,} has a subse-
quence that converges uniformly on X to a continuous function f on X.

Recession function theorem

This classic result in convex analysis can for instance be found in Chapter 3 of (Rockafellar
et al., 2009) for the finite dimensional case X = R™. For the case, where X is an arbitrary
topological vector space, we refer to (Baiocchi et al., 1988).

Theorem A.12 (Recession function theorem). Let (X, o) be a Hausdorff topological vector
space. Let f: X — R be a proper, o-lower semicontinuous convex function. The recession
function of f, denoted by f*° : X — R, is defined by

(@) = lim A ),

where the limit exists for all x € X. Then f* is lower semicontinuous, convex, and
positively homogeneous. Moreover, for any T € dom f and any x € X, one has
f(@ 4+ Az) - f(%) f(@ 4+ Az) - f(%)

@=L S S

Notation

i) |z| denotes the Euclidean norm of x € R™ and (-, -) the associated scalar product.

i) We write a := b to mean that a is defined to be b.

1v

)
)

i) [n] :={1,...,n}.
)

| flloo := sup{|f(x)| : z € X} denotes the uniform norm or sup-norm for a real-valued
function f on X.

B(zg,r) :={z € R" : |z — z¢| < r} denotes the open ball.
int(X') denotes the interior of a set X.

)
)
vii) X denotes the closure of a set X.
) Dom(F') denotes the domain of a map F.
)

co(X):={>  Na;:neN,aq; € X, \; >0, > ", N\ =1} denotes the convex hull of
X CR™

x) B(€) denotes the space of bounded functions on the set .
xi) C(€2) denotes the space of continuous functions on €.

xii) C*(£2) denotes the space of k-times continuously differentiable functions on 2.
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Appendix

xiii) ca,(S) denotes the space of regular signed Borel measures with bounded total variation

on S.

Citing from the book of Evans (2010) we state what we mean by the big-oh and little-oh
notation.

xiv) We write f(z) = O(g(z)) as & — g, provided there exists a constant C' > 0 such that
|f(x)| < Clg(x)| for all  sufficiently close to zg.

xv) We write f(z) = o(g(z)) as x — zg, provided limg_,,,|f(z)|/|g(x)| = 0.
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