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Abstract: This paper deals with unconstrained discounted continuous-time Markov decision pro-
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unbounded transition rates and unbounded (from both above and below) cost rates, we show the
regularity of the controlled process, which ensures the underlying models to be well defined. Then
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(by the optimal value). Finally, under some compactness-continuity conditions, we obtain the exis-
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1 Introduction

In this paper, we show the existence of a deterministic stationary optimal policy out of the class
of randomized history-dependent policies for (unconstrained) discounted continuous-time Markov
decision processes (CTMDPs) with unbounded rates and with Borel state and action spaces. CT-
MDPs have been studied intensively since 1960s, and their formal constructions are available in [14]
for deterministic stationary policies, in [20] for deterministic Markov policies, and in [13] for ran-
domized Markov policies. The first rigorous construction allowing deterministic history-dependent
policies is in [26] 28], where the author viewed CTMDPs under deterministic history-dependent
policies as special semi-Markov decision processes (SMDPs) whose actions are taken from spaces of
measurable mappings. The first successful construction of CTMDPs allowing randomized history-
dependent policies is in [I8], which is based on [I6]. As noted in [2], although the construction
in [26], 28] is restricted to deterministic history-dependent policies, it can be modified to allow
randomized history-dependent policies. In this connection, Yushkevich’s construction is indeed
equivalent to Kitaev’s construction. To our best knowledge, currently, Kitaev’s construction pro-
vides the standard setup for CTMDPs allowing randomized history-dependent policies, which we
base the present work on. A brief reminder of this construction is provided below.

The expected total discounted cost has been a common optimality criterion for CTMDPs
optimization problemsﬂ, and the existence of an optimal policy for discounted CTMDPs has been
studied by numerous authors, see for example, [2 17, 22 27]. In greater detail, [I7] is restricted to
deterministic Markov policies, [27] considers deterministic history-dependent policies, while [2, 22]
allow randomized history-dependent policies into consideration. It should be emphasized that
all of them assume uniformly bounded transition rates. On the contrary, [4, [5] study discounted
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CTMDPs allowing transition rates to be not uniformly bounded. However, the conditions assumed
therein are difficult for verifications, as some of them are not directly imposed on the primitives but
on the transition probability functions. Later on, there have been developments in the direction
of only imposing conditions on the primitives, while still allowing unbounded transition rates,
see [8, 25] and the relevant chapters in the monograph [9]. It should be noted that all of the
aforementioned works allowing unbounded transition rates are restricted to the class of randomized
Markov policies. As a fact of matter, according to [7], the study of CTMDPs with the combination
of randomized history-dependent policies and unbounded transition rates had been an over thirty
year-old open problem. To our best knowledge, the first successful treatment for such CTMDPs is
given by [I0], where the state space is countable.

In the present paper, we consider a more general case by allowing randomized history-dependent
policies, unbounded transition rates and Borel state and action spaces into consideration, while all
our conditions are imposed on the primitives. The cost rates being allowed to be unbouned (both
from below and above) are more general than those considered in [4, (Bl [6 [7} [8 @ 10] and many
others, too.

The main contributions of the present paper are triple-folded. Under the imposed conditions on
the primitives, we firstly show the regularity of the controlled process under any given randomized
history-dependent policy, which allows a formal optimization problem statement. Then we develop
the dynamic programming approach, by showing that the optimal value of the problem satisfies the
corresponding Bellman equation. Finally, we establish the existence of a deterministic stationary
optimal policy. In relation to the most recent literature on this topic, the present work refines [3]
by considering randomized history-dependent policiesﬁ, and extends [I0] to the case of Borel state
spaces and more general cost rates.

The rest of this paper is organized as follows. In Section 2l we briefly describe Kitaev’s con-
struction for CTMDPs, and present some preliminary results including the regularity, Kolmogorov’s
forward equations and Dynkin’s formula for the controlled processes, which could be not Markov.
In Section [3 we present the main statements. Section [] contains a new example. We finish this
paper with a conclusion in Section[fl Several statements presented in this paper appeared without
proofs in [23].

2 Preliminaries

The following denotations are frequently used throughout this paper. I stands for the indicator
function. 4, () is the Dirac measure concentrated at x. B(X) is the Borel o-algebra of the Borel

space X. F1 \/ Fa is the smallest o-algebra containing the two o-algebras 77 and Fa. Ry 2 (0, 00).

RS 2 [0,00). ZY 2 NJ{0}. The abbreviation s.t. (resp. a.s.) stands for “subject to” (resp.
“almost surely”).

2.1 Kitaev’s construction

The materials presented in this subsection are mainly from [18] [19] 22].
The primitives of discounted CTMDPs are the following elements:

e state space: (S, B(S)) (arbitrary Borel),

e action space: (A, B(A)) (arbitrary Borel),

e admissible action space A(z) € B(A) and the space of admissible action-state pairs K 2
{(z,a) € Sx A :a€ A(x)} € B(S x A), assumed to contain the graph of a measurable
function ¢ from S to A such that V x € S, ¢(z) € A(z),

2In comparison, [8] only considers a specific class of Markov policies, under which the resulting (nonhomogeneous)
transition rates are required to be continuous in time, merely for the sake of validating the relevant results from [3].
In our opinion, this continuity is not needed.



e transition rate: ¢(dy|z,a), a signed kernel on B(S) given (z,a) € K, taking nonnegative
values on I's \ {2} with T's € B(S), being conservative in the sense of ¢(S|z,a) = 0 and
. _ A
stable in that ¢; = sup,e a(y) ¢z(a) < 00, where g;(a) = —g({z}|z, a),

cost rate: co(z,a) measurable in (x,a) € K,
e discount factor: a > 0,
e initial distribution: 7(-), a probability measure on (5, B(S5)).

Incidentally, we remind that a singleton {z} C S is measurable, and ¢, (a) is measurable on K, see
[1, Prop 7.29]. In what follows, for the sake of formality, if needed, V I's € B(S), we may consider
q(T's|z, a) as its measurable extension on S x A, where ¢(I's|z,a) = 0 on (S x A) \ K, and similar
assertions are applicable to other functions such as ¢y, and so on. This is just the convention, see
[11l Chap.6].

Given the above primitives, let us recall the construction of the underlying stochastic basis
(Q, F,{Ft}1>0, P]) and the controlled process {§;,¢ > 0} thereon, as given in [I§] (see also [19, 22]
for more details). This is done in four steps.

Step 1: measurable space (£, F). Having firstly defined the measurable space of (Q°, FY) 2
((S x RL)>®, B((S x R4)®)), let us adjoin all the sequences of the form

(.To, 91, L1y, -, Gm_l, Im—1y, X0, Too 0, To, )

to Q0 where 7; € S, 1o, ¢ S is an isolated point, m > 1 is some integer, §; € Ry and x; # o for
all nonnegative integers I < m — 1. After the corresponding modification of the o-algebra F°, we
obtain the basic measurable space (2, F).

Step 2: stochastic process {&;,¢ > 0} and history {F;};>0. Putting Tp 2 0, T, 2 01+ 0y +

A . .
w4 O, Too = limy, o0 T, we can define the process of interest:

(@) 2 " HTw <t < T Jom + HToo < thes

m>0

together with the history it is adapted to:
F 2 o({Tm < s,zp, € g} : T's € B(S),s <t,m >0).

In what follows, as usual, w = {zg, 01, x1, ... } is often omitted, and h, (w) = (20,01, ..., 0m, Tm) is
referred to as an m-component history. Here, 6,, (resp. T, &,,) can be understood as the sojourn
times (resp. the jump moments, the state of the process on the interval [T),,, T),+1)). We do not
intend to consider the process after T, : the isolated point x,, will be regarded as absorbing.

Step 3: policy w. Having adjoint the isolated point as, to A, we thus define A, 2 Al Haso},
and put A(r) = {@oo}. Similarly, Se = S U{Sx}- Denoting Fs_ = Vs Ft, the predictable
(with respect to {F; }+>0) o-algebra P on Q2 xRY. is given by P = o(I'x{0} (T € Foy),I'x(s,00) (' €
Fs—)). See [19, Chap.4] for more details. Now the following definitions are in position:

e Randomized history-dependent policy: m(-|w,t), a P-measurable transition probability func-
tion on (Ase, B(Aw)), concentrated on A(&—). Below, U is the set of all such policies.

e Randomized Markov policy: m(-|w,t) = 7™ (:|&— (w),t). Here concerning the RHS, 7™ (+|z, t)
is B(Se x R} )-measurable.

e Randomized stationary policy: 7(-|w,t) = 7°(-|¢;— (w)). Here concerning the RHS, 7°(+|x) is
B(So )-measurable.

e Deterministic stationary policy: 7(-|w,t) = I{- 3 ¢(&—(w))}, where ¢ : S — A is a
measurable mapping. Such policies are denoted as ¢.



Remark 1 The term “randomized policies” is adopted from [2, [18, [22]. However, under a ran-
domized policy, it does not mean that decisions are made randomly continuously in time, which is
not always possible (see [2, Sec.7]). In fact, the term of randomized policies should be understood
as relaxed control policies, as remarked in [19, Chap.4]. Throughout this paper, the most general
policy under consideration is randomized history-dependent.

Step 4: (v, 7-dependent) probability measure P on (2, F). Under any fixed policy 7, let us
define

N N
v (w, s x dt) = MTs|w, t)dt = {/ m(dalw, t)q(T's \ {&_}Ei— a) | di, (1)
A
where I's € B(.5), and the obvious dependence of A on 7 has been omitted. This random measure

is predictable, see [I8, 19l 22]. According to [19, Chap.4] (see also [16]), the “jump intensity” A
has the following form:

A(dy|w,t) = Z I{Tm <t< Tm+1}Am(dy|.’L'0,91,...,QEm,t—Tm)
m>0
+I{t = 0}A(dy|xo), (2)
where V I's € B(S), A™(Ts|zo,01, ..., Tm,u) are some nonnegative, non-random measurable func-

tions. Then comparing (Il) with (2]), we have the explicit formula for A™
A" (dy|zo, 01, ..., Ty u) = / m(dalxo, 01, ..., Tm,u+ Tm)q(dy \ {zm}zm, a). (3)
A
Let Hy 2 S and H,, 25 x ((0,00] X Seo)™,m = 1,2,.... The marginal of PJ on Hy coincides

with 7@ Suppose that P on H,, for 1 < m < k has been constructed. Now it is only needed to
construct P,;r on ﬁk+1. But this can be done via

I N A I — [wAF v)dv
PI(IMe x (du x dy)) = /ka P (dhy) {0k < o} AF(dy|hy, w)e™ Jo A (SThe)dv gy,

PI(TH* x (00, 2a0))

/ng va(dhk) {I{@k = o0} + I{0 < co}e” s Ak(S\hk,v)dv} @

where THx ¢ B(ﬁ k). It remains to apply the induction and Ionescu-Tulcea’s theorem [Il p.140-
141, Prop.7.28] to induce that PJ is the unique probability measure on (£2, F) such that its

projection (marginal) onto ﬁm satisfies @), m = 0,1,.... This gives rise to stochastic basis
(92, F, {Ft}t>0, PJ), which is always assumed to be complete.
In fact, according to [I8], if we define the random measure

p(w,dt,dy) 2 3" H{Ty < 0o} {2 € dy}I{T,, € dt}, (5)

m>1

then under any fixed policy 7 and initial distribution +, the above defined measure P on (€2, F)
is such that its projection on the 0-component history is 7, and v™ defined by () is the dual
predictable projection of u defined by (Bl). See [19, Chap.4] for more details.

Below, when ~(+) is a Dirac measure concentrated at = € S, we use the “degenerated” denotation
P7. Expectations with respect to P and P, are denoted as ET and ET, respectively.

x

3In fact, since m(-|w,t) is P-measurable, it also admits a similar representation to A(-|w,t) (see (@)). This is

because of [19, Chap.4]. In this connectation, to be absolutely rigorous, one should write 7™ (-|zo, 01, ..., Tm,u) in
@), rather than 7 (-|z0,01,...,Tm,u + Tm). Nevertheless, here and below, we omit that superscript m, and use the
denotation 7(-|xo, 01, ..., Tm,u + Tm) for #™(-|zo, 01, ...,%m,w). This is merely for brevity, as the context always

excludes any confusion; besides, the superscript m has already been used to indicate a Markov policy.
4Below, with some abuse of denotation, we also use P7 for the marginals on Hyy,.



2.2 Properties of the controlled process and optimization problem state-
ment

Condition 1 There exist a measurable (weight) function w(x) > 1 on S and constants p > 0,b > 0
such that

(a) U2 St = S and limy_, inf e\ 5, w(x) = oo for an increasing system of measurable subsets
Sy C S.

(b) [ga(dylz,a)w(y) < pw(z) + b,V € S,a € Ax).

(¢) For anyl € Z9., sup,cs, §» < 00, where Sy has been defined in part (a), and g, 2 SUDge A(x) 2z (@)-

Remark 2 Below, we assume p > 0, where p is defined in Condition . This can be done without
loss of generality, because the case of p = 0 can always be considered by passing to the limit as
p — 0, with p > 0. We emphasize that if Condition [l is satsified by p = 0, it is also satisfied by
any arbitrarily fized p > 0.

Condition [l is of a Lyapunov type. Theorem [1l shows that it guarantees the & process to be
non-explosive.

Condition 2 (a) [¢y(dy)w(y) < oo, where v is the given initial distribution.
(b) a > p, where « is the discount factor, and p is as in Condition [.
(c) There exist constants M >0 and ¢ > 0 such that |inf,ec o(z) co(,a)] < Mw(x) +¢,V x € S.

This condition guarantees that the performance functional (@) is well defined. Condition Pic) is
a version of the one imposed in [21], where the author studies CTMDPs with bounded transition
rates and average criteria.

Theorem 1 Suppose Condition [ is satisfied. Then under any policy m € U, the following asser-
tions hold:

(a) For any given initial distribution vy, PJ(Ts = o0) = 1, and hence ¥ t > 0, P7(§ € S) = 1. So
explosion does not occur. Moreover, for all x € S;t > 0,

E7 [w(&)] < e”'w(x) + %(ept —1).

(b) If additionally Condition [ s satisfied, then for any vy, inequality

~ M(a [gr(dy)w(y) +b) ¢

Vo(m) = ala —p) «

> —00
holds, where

Vo(m) S ET [/OOO e*at/Aco(gt,,a)w(daw,t)dt . (6)

We use denotation Vy(z,7) if the initial distribution v is concentrated at state € S.

The proofs of this theorem and the other main statements presented in this paper can be found
in the appendix.

Theorem [ implies that the following CTMDPs optimization problem under consideration is
well defined:

Vo(m) — 7rInellrjl . (7)

Definition 1 Denote by V5 = inf ey Vo(m) the optimal value of CTMDP (7). A policy ©* is
called optimal, if Vo(n*) = V. CTMDP () is called solvable, if such a m* exists.

Remark 3 Fquality (3) holds PJ-a.s., as well as all the subsequent equalities and inequalities
involving w. The values of integrals like (@) do not change, if we replace & with &.



2.3 Auxiliary results

Generally speaking, ¢, may be not measurable. However, according to [T1, D.5 Prop.] (see also [1]
Prop.7.33]), . is measurable on S if the following condition is satisfied.

Condition 3 (a) A(x) is compact, ¥ z € S.
(b) q.(a) is upper semicontinuous on A(z), V x € S.

Kolmogorov’s forward equation (in the integral form) and Dynkin’s formula are rather useful
tools for studying CTMDPs. In case 7 is Markov, they are well known. For a randomized history-
dependent policy m, under the imposed conditions, it turns out that they still hold.

Condition 4 There exists a constant L > 0 such that 0 < ¢, < Lw(z), V « € S.
We need this condition to be sure that the last term in formula (@) is finite.

Theorem 2 (a) Suppose Condition[d is satisfied. Then under any fized policy ©,V x € S,t € R},
V' T € B(S) such that 31 : T C S), with S; being defined in Condition [, Kolmogorov’s forward
equation (in the integral form) holds:

Piaer) = feery+sr| [ [ o (Gl o

BT [ /O t /A r(dalw, w)ge, () [{&w € F}du] . (8)

(b) In part (a), if we replace Condition[l(c) by Condition[]], whereas all the other parts of Condition
[0 are still satisfied, then we have the following stronger statement: ¥V T € B(S),

PG eT) = Hwel}+ I [/ [ wldale a0\ (66w

t
—-E7 [/ / m(dalw, u)qe, (a)I{& € F}du] . (9)
0o JA
The expectations that appear in the above formulae are finite.

For the case of uniformly bounded 7., Kolmogorov’s forward equation (@) has been established
in [I8, Lem.4]. Throughout this paper, Condition Ml is only required for proving Theorem 2{(b),
while Theorem 2Ib) itself is never used elsewhere in this paper. However, it is needed in [24].

We need parts (a,b) of the next condition for establishing Dynkin’s formula, where the product
¢, u(§y) must be integrable for u € By (S). (See Definition 1)

Condition 5 There exist a measurable function w'(x) > 1 on S and nonnegative constants L', p’

and b’ such that the following assertions hold:

(a) (qz + D)w'(x) < L'w(zx), where w comes from Condition [l

(b) [saldy|z,a)w'(y) < p'w'(x) + VY z € S,a € A(x).

(c) a>p.

(d) There exist constants M' > 0 and ¢’ > 0 satisfying | inf,c a(z) co(,a)| < M'w'(z)+c,V z € S.

Condition Bl(c,d) guarantees that the corresponding performance functional is well defined (cf
Condition 2(b,c) ). Under Condition [T and Condition Bla), ET[w’(&)] < co due to Theorem [I(a).

Definition 2 A measurable function u on S satisfying sup,cg ‘Z((fc))l < 00 (Tesp. Supgeg LL‘,((II))l <
00) is said to have a bounded w-(resp. w'-)weighted norm, with the norm ||ul|. 2 SUP,cg |::((i))‘

(resp. ||u||w 2 SUP,cg B,((Ix))‘) The collection of all functions u on S with a bounded w-(resp.

w'-)weighted norm is denoted by B, (S) (resp. By (S)).




Theorem 3 Suppose Condition [ and Condition [H(a,b) are satisfied. Then ¥ u € By, (S), the
following two versions of Dynkin’s formula hold:

Eul&)] - [/ [ [ sl vataviaputas . (10)
Brlutele —ute) = 57 [ [ e {auie) + [ [ ataotovaaien i o]

3 Main statements

Condition 6 (a) For any bounded nonnegative measurable function u(y) on S and fized x € S,

fs q(dy|x, a) is lower semicontinuous in a € A(x).
(b) fs dy|:1: a) is continuous in a € A(x), V x € S, where w comes from Condition [1l
(c) co(x, a) is lower semicontinuous in a € A(x),Y z € S.
(d) A(zx) is compact, ¥V © € S.

Remark 4 By reasoning similarly to [12, p.44], one can show that Condition[@(a) is equivalent to
the following: for any x € S and bounded measurable function u(y) on S, function fS )q(dyl|x, a)
is continuous in a € A(x). Therefore, Condition[@(a) is stronger than Condition IE(b)

The next statement is similar to Theorem 3.3 (b) in [§].

Theorem 4 Suppose Condition [l(b), Condition [A(b,c) and Condition [@l are satisfied. Then the
Bellman equation

acA(x)

auto) = inf{aatea)+ [ ale.au}. (12)

admits a solution u* € B,,(S), which is given by the point-wise limit of the following non-increasing

sequence of measurable functions {u("), n=0,1,...}:
u(O)(x) é M(aw(m) + b) + E,
ala—p) !

(n+1) L co(z,a) 1+ G, /(n) adyle.a) o, 3
ul™ ) () aéﬁ<z){a+1+qz+a+1+qz ) (T teed} ). 09)

For each n=0,1,2,...
M (ow(z) + b) L€

ul™ (x
@l s — e = -

Remark 5 (a) Suppose Condition[A(b,c,d) is satisfied. If additionally Condition[@ (with w being
replaced with w' in its part (b)) is satisfied, then the statements of Theorem [{] are still valid, with
w, M, c,p and b being replaced by w', M', ', p' and V' everywhere. This remark can be verified by
repeating the reasonings used in the proof of Theorem[4), with obvious modiﬁcations

(b) Condition (), Condition [E(a) and Condition [ altogether imply that [¢w'(y)q(dy|z,a) is
continuous in a € A(z) for each x € S (see [12, Lem.8.58.7.]).

Theorem 5 Suppose Condition [, Condition [A(a,b), Condition [A and Condition [@ are satisfied.
Then the following assertions hold:

(a) Suppose function u* € B, (S) solves the Bellman equation {I2), then, for some deterministic
stationary policy ¢*

[ At ) = nt o) = Va(o).

If a measurable map ¢* : x — ¢*(x) € A(x) provides the infimum in (I2) then policy ¢* is optimal.
(b) The Bellman equation ([I2) has a unique solution u* in the class By (S) which can be con-
structed using iterations (13), where w, M,c,p and b should be replaced with w', M’ ', p' and V.



(¢) The Bellman function u* solves the following dual linear program (DLP) in the space of mea-
surable functions on S':

[ Atmt) — m (14)

s.t.
1 1
—%@wfmm+—/vm«@mwzavm@eK;
(0] (0] S
v E Bw/(S).

(d) Suppose v is feasible for DLP (Ij). Then it solves the DLP if and only if v(z) = u*(z) a.s.
(with respect to 7).

4 Example

Consider a one-channel queuing system without any space for waiting: any job that finds the
server busy is rejected. We characterize every job by its volume x € (0, 1], so that the state space
is S =10,1]: & = 0 means the system is idle; & = = € (0, 1] means the corresponding job is under
service. We put A = [0,00), and action a € A represents the service intensity. Let A(0) = 0 and

Ax) = [0, %} , where A > 0 is a constant. The jobs arrive according to a Poisson process with a

fixed rate A > 0, and the volume is distributed according to density 5z*, = € (0,1] independently
of anything else. Therefore,

q(T)0,a) = 5)\/ y*dy — \I{I' 2 0},V T € B([0,1]).
r\{0}

For any fixed = € (0,1],a € A(z), the service time of a job of volume « is exponentially distributed
with parameter 2, so that

q(T|z,a) =I{0 €T, 2 ¢ T}2 — {0 ¢ T,z € T}=,v T € B(0, 1)).
x x
We assume that when a served job leaves the system, it gives an income of one unit; the holding
cost of a job of volume z € (0,1] equals Cyz per time unit; and the service intensity a € A is
associated with the cost rate Coa?. Here C; > 0 and Cy > 0 are two constants. Thus
co(r,a) = Cra + Caa® — E,V x €(0,1],a € A(x),
x

and ¢(0,0) = 0. We emphasize that as can be easily verified, g, is unbouned, and co(z,a) is
unbouned (from both above and below) when A > C%

Finally, let «, the discount factor, be big enough:

a >4\,

and let v, the initial distribution, be such that

1 1
/ Y(dy)— < oo.
0 Yy

Theorem 6 (a) For the model described, all the conditions formulated in this paper are satisfied.

(b) Suppose C1 > 0 is small enough (or « is big) in that % <1, and define

u(z, 2) 2 2002 — 2 + 2\/a2022:c4 + C10223 4+ aCqx?z,V x € (0,1],z € [0, ). (15)



Then the following recursion relations

20 = 0;
u™(z) = u(z,z™) = —2aCz? — 2" + 2\/042022504 + 010223 + aCya?2(™ € (0,1];
5A [T
™ = 1- ™) (y)y*d =0,1,2,...
z OHr)\/olt(y)yy, n=0,1,2,
converge: the sequence {z("), n=20,1,...} is increasing and has a finite limit z* = lim,, oo 2"

and lim,,_, o u™ (z) = u(x, z*) 2 u*(x),V x € (0,1].
(¢) Suppose % < 1, and constant A is big enough in that the limiting function u*(x) satisfies

mequality % < AV z € (0,1]. Then u*(x), supplemented at zero by the value u*(0) 29 —2z*,

solves the Bellman equation ([I2), and the deterministic stationary policy

(x) + 2*

6"(a) = L € (0.1), and ¢7(0) =0 (16)

s optimal.

Remark 6 (a) If parameter A increases, the solution to this example does not change. We cannot
put A(x) = [0,00) because in this case the transition rate becomes unstable: SUp e a(y) ¢z (@) = +o0.
(b) It follows from the proof of Theorem [@ that z* < %020[ + QT'H‘ and function u(x, z) defined
by (I3) decreases with z for any fized x € (0,1]. These observations allow us to estimate the
admissible values of A.

(c¢) In case C is very big (see part (c) of Theoreml[ll) then it can happen that action a* = 0 becomes
optimal for small values of & = x. Indeed, if a > 0 then there can be transitions xt — 0 —y — ...
with a good chance to have a big value of y leading to a big holding cost in the future. Thus, in
this situation it can be reasonable to select a* = 0 and finish with the cost rate %, which is small
if x is small.

5 Conclusion

As mentioned in [I5], the standard results for (unconstrained) discounted CTMDPs include that
the model is well defined, the Bellman equation is satisfied, and there exists a deterministic sta-
tionary optimal policy. In the present work, taking into account as general as randomized history-
dependent policies, we obtain all such standard results for CTMDPs in Borel spaces. The conditions
we base our study on are imposed on the primitives, allowing unbounded transition and cost rates.
In particular, our conditions imposed on the cost rate are more general than those in all the papers
on discounted CTMDPs in the references. In this connection, the present paper is arguably in
quite a general setup.

We emphasize that our conditions are sufficient but not necessary for studying discounted
CTMDPs. For instance, we believe that the conditions imposed in [25], which are different from
the conditions imposed here and still allow unbounded transition rates and cost rates, could be
also sufficient for us to obtain the standard results as presented in this paper. On the other hand,
there exists research on CTMDPs (see [15]), whose study is only based on necessary conditions,
which just requires that the underlying models are well defined (no explosion happens), and so are
the expected total discounted costs (can be positive or negative infinity). In such a general setup,
the authors of [I5] obtain some nonstandard results for discounted CTMDPs in countable state
and action spaces.

Appendix

In this appendix, we establish some lemmas, and prove the main statements.



Lemma 1 Let a signed kernel f(dy|z,t) on B(S) given (z,t) € S x RY. be fized, and assume that
it satisfies that following: f(Tgl|z,t) > 0 if T's € B(S) and z ¢ T's, f(S\ {a}z,t) < oo, and
f(S|x,t) = 0. Here, we put Fy(t) £ F(S\ {z}|z,t) < co. Suppose there exist constants p # 0,
b >0 and a measurable function w(xz) >0 on S such that [¢ f(dy|z, t)w(y) < pw(x) +b,Y x € S.
Then

t
M) [ EEO e,y e O (),
s JS\{z}
where h is a nonnegative function defined by

, b ,
h(s,x,t) 2 P yp(z) + (P9 — 1) VO0<s<tzes. (17)
p

Proof: Straightforward calculations result in

t
/ {efs“ Fo ()i / f(dy|x,u>h(u,y,t>}du+ef5 Fa(0)dvyy ()
s S\{z}

_ / e P goli—) ( /S Fdyle, wywly) - F({z}z, u>w<x>) du

S

t
4 b / e~ S P got=) () g
pJs

t
_ﬁ/ e~ JEF OB B )y 4 e~ S Fe @)
pJs

t
< / e [ Fel0)dvop(t=w) (o () + b+ F(u)w(z)) du
Sb .
+—/ e~ [ Fe@dvept=u) B () du,
pJs
b ¢ u t
—— / e S @dv B () du + e~ Js Fe(@)dvy (1)
PJs
The rest of this proof now becomes identical to the one of [0, Lem.3.2(a), p.239]. O

Corollary 1 Suppose Condition[dl(b) is satisfied. If p coming from Condition[l is strictly positive,
then

h(s,x,t) = h(0,z,f—s)
i
> / {e S Al(s‘zoﬁl"”’e“x’”)d”/ A(dy|zo, 01, . ..,0,,x,u)h(u,y, f)} du
s S
e ) AL(S‘m""gl""’el’m’”)d”w(x),V reS0<s<t<oo,le Zi, (18)

where h is given in (17).

Proof: Let | € Z9 be arbitrarily fixed. Consider the signed kernel on B(S) given (z,u) € S x RY,
defined by V I's € B(S5),

AZ(FS|-T0391;---,91,.’I/',U) lf(E%FS’
A
g (Ts|z,u) =
_Al(S|:I:o,91, oo O ) if T = {z},

where A! is defined in ([@]). It can be easily verified that all the conditions in Lemma [ are satisfied

by b > 0,p > 0,w(z) > 1 (coming from Condition [Il) and this signed kernel g;(-|x,u). Now the
statement follows from Lemma [I] O

10



)

Lemma 2 Suppose Condition[l(b) is satisfied. Then under any policy 7,V x € S;m =0,1,2,...
b
BZw(E@) 1 < To}] < (€"0(a) + 2" ~ D){p > 0} + (wla) + )1 {p = 0}

Here, constants b, p and function w come from Condition .

Proof: Suppose p > 0. As for the statement, we prove the following slightly stronger resultﬁ, ie.,
VmeZl,ze€Sn=01,...m,

EY [w(E)I{t < T} Fr, ] < H{Toen < (T, mn,t)

+ ) H{Teor <t < Tibw(zp-r),
k=1

where Fr,,_ 2 o(x;, Ty i € ZE}_,O <i<m-—n).
This stronger statement is proved inductively.
Consider n = 0. On the set {T;,, < t}, equation (@) implies

P (Omsr >t —To|Fr,) = e Jo AT (Shmv)dv, (19)

x
By the properties of conditional expectations and (), we have

E7 (&) H{t < T} Fr, ] = E7[(IH{Tm <t} + H{Tm > t})w(&) H{t < Ty} Fr,]
= HTm < thw(@m)Pr (Oms+1 >t — Tml|Fr,,)

+ 3 H{Thoy <t < Tiyw(zp-s)
k=1

= I{T, <tlw(zm,)e” E=Tm A™(S| By v)do

+ > H{Thoy <t < Tiyw(zp-s)
k=1

< HTo S tH(Ton, &, t) + Y I{Thoy <t < Tibw(zp-a),
k=1

where the last inequality follows from (IS]).
Now suppose the stronger statement holds, V 0 < n < m.

5In this lemma, we temporarily ignore Remark
SThroughout this proof, this result is referred to as the “stronger statement”.

11



Consider the case of n 4 1. By the properties of conditional expectations, the inductive suppo-
sition and ([I9)), we have

ET [w(&)I{t < Ty} Frps] = 5[ [w(&)I{t < Tomgr 1 Frm o] [ Frm ]

S Eﬂ— I{Tm n S t}h( m—ny Tm— nvt) I{kal S t < Tk}w(zkl)|men1‘|
k=1
= E;r [I{Tm n—1 <t}I{Tm n St}h( m—nsLTm—n, )|‘FTm,n,1]
+ET | {Typp1 <t} Z HT <t < Tk}w(zk1)|men1]
k=1
HE] | I{Tmn1 >t} Y I{Thy <t < Tk}w(zk1)|men11
k=1

t—Tm—n—1 L
= Ty <t} / I I I T
0

X / Aminil(dy“lm—n—lau)h(Tm—n—l +u)y’t)} du
S\{zm—n-1}

m—n—1
t=Tm—n—1 ym—-n—
_|_e_fo A I(ShnLnlav)dUw(xm_n_l)}+ Z I{Tk_1§t<Tk}w(xk_1)
k=1
m—n—1

S I{Tm n— 1<t}h( m—n—1, Tm—n— 1; + Z I{kal §t<Tk}w(xk71);
k=1

where the last inequality follows from (IS]).

Hence, the stronger statement holds. It remains to put n = m in the stronger statement to
obtain Lemma [2 for the case of p > 0.

The statement corresponding to the case of p = 0 follows from the fact of limsjo{e? w(z) +
p(ef’t 1)} = w(z) + bt. Here, we emphasize that if Condition [l is satisfied by p = 0, it is also
satisfied by any arbitrarily fixed p > 0. O

Lemma 3 Suppose Condition [ is satisfied. For any fized | € Z , consider the modified transition
rates defined by

- A [ q(|lx,a), ifzelS;

ql('””’“)_{ 0, ifzeS\S.

Their corresponding probabilities and expectations are denoted by PT! and E™'. Then under any
policy m, ¥ © € S;t >0,

Jim Pl € S\ S) =0, (20)
—00

where Sy is defined in Condition [Q(a).

Proof: Throughout this proof, let x € S and ¢ > 0 be arbitrarily fixed. Under Condition [Il we
have that ¥V e > 0,3 J(e) > 0:V 1 > J(e),

ePtw(z) + L(ePt — 1)
f L 21
yelg\ 5 w(y) > . , (21)

where p 2 p+ 1.
Suppose the statement of this lemma does not hold, i.e., 3¢ >0:V L > 0,31 > max{L, J(e)}:

P& € S\ S) > e (22)

12



At the same time, necessarily, (2I]) holds as well. On the one hand, by using Lemma Pl and the
fact of Sup, ¢ g SUP,e a(y) G2 (@) < SUPLeg, G < 00 (see Condition [I]), we have

Eptfw(é)] = EP'w(&) ) HTw <t <Tua}| = lim EFw(E)I{t < Tni)]
m=0
< ePlw(r) + %(eﬁt —1). (23)
On the other hand, we have
EP (&) = EPflw(&)lé € S\ S PP (& € S\ S) + Bt [w(&)l& € S PR (& € S1)

i b
> inf w(y)e > ePlw(x) + =(e” — 1),
yeS\S;

where the first inequality follows from ignoring the second term in the first line and estimating
the first term from below using ([22]), and the last inequality is a result of (2I). However, this
contradicts (23)). O

Proof of Theorem [I} (a) From (), we clearly have that V [ € Z9,t > 0,

pPr ((& = To) U((ft # Too) ﬂ(the process visits S\ S at least once on [0, t])))
= 1-Pr(Vie0,t],&€e€8)=1-Prl(&es)
= P (=2 UG €5\ 8)) = PPl (& € S\ 5). (24)
Here, we have repeatedly used the fact of sup,cgsup,ea(y)z(a) < sup,eg, ¢z < 00, so that

P™Y Ty = 00) = 1. By using Lemma[B] (24) and the fact that (S\ Sl)lezi is a decreasing system,
we have V t > 0,

Pr (V 1€Z%, (& =20) U((&: # Too) ﬂ(the process visits S\ S; at least once on [0, t]))) =0,

which is equivalent to
pr (3 1€ Z%, (& # moo) [ (& = 20) | J(V T € (0,8, & € Sz)>) =1,

ie., for each t >0, PF(31 € Z%,V 1 €[0,t],& € S) = 1. However, if & € S; on [0,] a.s., then
Too > t, as., ie, PF(Ts > t) = 1. Since t > 0 is arbitrary, this leads to P (To = o0) = 1 and
Pr(& € S) =1,V ¢ > 0. The statement regarding ET[w(&;)] follows from this, Lemma [ and that
Vit>0,

o0

w(&) Z Ty <t < Tpia}

m=0

E7 [w(&)] = B = lim E7 [w(e)I{t < Trm+1}]-

(b) By definition, we have Vy(x, ) 2 ET [J5 e [, co(§—, a)m(dalw, t)dt]. Then, using Con-
dition 2Ib,c) and Theorem [Ia), we obtain
Vo(z,m) > —EI [/ e (Muw(&) +c)dt] = —/ e " (MET[w(&)] + c)dt
0 0

L o erti . :7M(aw(x)+b)7£
> = [ et + 2 - 1) + o = T L

With Condition 2la) in mind, the statement for Vo(m) = [ Vo(z, 7)y(dx) follows. O

7If Condition [ is satisfied by p and g, then it is also satisfied by 5 and ¢, where we recall =1+ p.

13



Proof of Theorem 2k (a) Similarly to p and v (defined by (&) and (), let us define the following

two random measures :

filw,dt,T) 2 3" Ty < 0o} {21 € TH{T,, € dt},V T € B(S)

m>1

and
(w,dt,T) 2 /A7r(da|w, )q(S\ {&-}&—,a)I{&_ € T}dt, ¥V T € B(S).

It is shown in the proof of [I8, Lem.4] that 7 is the dual predictable projection of f, i.e., for any
nonnegative P x B(S E—measurable function Y (w,t, z),

pr | [T [atananyien)| = ez | [ [ stanayien],

see [19, Chap.4, Sec.5] for more details. Now it immediately follows that ET [((0,¢],T)] < oo,
because by using Condition[Il(c) and the definition of I given in the statement of this theorem, we
have

o) = g | t [ #ldale, e, @16, € Tyl

< tsup gy < oo. (25)
yES;

On the other hand, by Theorem [ w((0,¢],T) and ((0,¢],T') are a.s. finite. Then it follows
from their definitions that |u((0,¢],T') — ((0,t],T)] < 1 a.s.. Therefore, ET [1((0,t],T)] < oo.
Consequently, it is legal to take expectations in the both sides of the following obviously valid
equation

I{& e 'y = I{& € I'} + p((0,¢],T') — a((0,],T) as.,

from which the statement follows.
(b) The reasoning for proving part (a) of this theorem can be repeated, except that now one
needs replace the argument for (23] by the following:

oA - e[ t [l g, (@)1 € D]
< Ej [ /0 t Lw(&u-)I{&u- € F}du]

< I /0 BT [w(€)] du < oo,

where the second inequality follows from Condition @l and the last inequality is due to Theorem

m O
Proof of Theorem Bt Step 1. We prove that equation (I0) holds for r(z) = u(z)I{zx € S},
where 9; is defined in Condition [I1
We obviously have
t
Jwwsz | [ [ w616 e
S 0o JA
t
= mr| [ [ wtaoto) [ atan (636 ] (26)
0

- B [ / t [ wdakono) [ w0 atdvler.a) = a6} 6 )6, € duy o] < .

8Here, we clarify that 7 x B(S) denotes the product o-algebra, rather than the Cartesian product.
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Indeed, by Condition Ba,b) and Theorem [Ia),

e | t [ wtaale.o) [ waaie,wa] <z | [ t [ wtdale,v)ip'a€) + )]
< v BT (€] v+t < o,

and

[/ [ wldale, o' € Vot e )] = 2 [/ [l @) ()|
7 / EZ [w(€,)]dv < oo. (27)

It follows from the previous calculations that

/Sr(y)E;r [/Ot/A”(daWaU)q(dy\{&J}lEU,a)du}
< IIrIwa/Sw’(y)E;f [/Ot/Aﬂ(daw,v)q(dy\{§U}|§U’a)dv] < o,

B ([ [ wtdato v @] <o

Now in order to establish equation ([IQ) for r(z) = u(z)I{x € S;}, one only needs integrate r(x)
over S with respect to PJ(&; € -) and use Theorem

Step 2. We prove that equation (I0) holds for any u(z) € B,/ (S). By putting S_; 20 and
observing ET [3°7°_; [u(&)|I1{& € Siz1\ Si}] < oo, we have

and

E7 [u(&)] — u(z) = EF

> u(€)I{& € S\ Sl}] = > w@)H{z € Sipa \ Si}
l=—1 I=—1

o0

Z E7 [u(&)I{& € Sip1 \ Si}] — Z w(x){zx € Siy1\ St}

I=—1 I=—1

= Z {E7 [w(€) {& € Sipa \ Si}] —w(@)[{z € Sipa \ Sit}

I=—1

_i {ez] [ t [ [ stk at@slen iy € s\ s |}
- | t [ [ sl vataviaputas .

where the second last equality follows from formally applying the result obtained in Step 1 of this
proof, i.e., (I0) holds for r(x). The involved interchange of the order of integrations, summations
and expectations is legal, as can be easily verified similarly to (26]) and (27)).

Step 3. We prove that equation (II]) holds for any u(z) € B, (S). In this proof, we repeatedly
apply (I0) to ET[u(&)]. On the one hand, we have

otfuw sz [ [ [ st outasien o] } - u
= comr[[ [ [ ok ontarle ] + e -,

15
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On the other hand, we have the following two observations. Firstly,

ET [ / t eﬂ%—au(@))dv} = e 7 fufe)] do

oz/ote_m’ {u(x)+E;; [/OU/S/Aﬂ(da|w,r)q(dy|§r,a)u(y)dr}}dv
= (e~ Du(z) - a /O t e~ OVET [ /O ' /S /A w(da|w,r)q(dy|gr,a)u(y)dr} dv

(@t~ Vo) - arz | { [ [ [ wtaokematae aputor | ol

where the interchange of the order of integrals in the first and the last equalities is legal, because
evidently, V u € B,/ (S), ET Uot e*‘”a|u(§v)|dv} < oo and

t v
[eemz | [ [ wtaokonatanies aniwar| av < o.
0 o JsJa i
Secondly, integration by parts results in
' -
E7 [/ e_o“’//ﬂ'(da|w,v)q(dy|§v,a)u(y)dv
0 s5JaA J
t
= g [ [ stadenatas autar]
0o JsJa

+aET [ /O fean /0 ’ /S /A (dalw, )q(dy|&r, a)u(y)dr dv}

These two observations, together with the expression for LHS of (II]) obtained in the above, finally
lead to

RHS of (I1)

e[ t e (-aute | + 27 | [ [ ttolovrataries, aputias]
(e~ — )u(z) + BT [e—at /0 t [S /A ﬂ'(da|w,r)q(dy|§T,a)u(y)dr] — LHS of (TT),

as required. O

Lemma 4 Suppose Condition [D(b) and Condition [@ are satisfied. Then ¥ u € B,(S), function v

gien by
2 g [0l | 114 / a(dyl, a)
v(@) aé%(x){a+1+(jx+oz+1+qx Su(y) 14 G + I{z € dy}

18 measurable in x € S.

Proof: By Remark ] Condition [[[b) and Condition [, we refer to [I2, Lem.8.3.7(a)] for that
Vu € By(S),z € S, function] Jsu(y) (‘1(‘1117[;:70’) +{ze dy}) is continuous in a € A(x). It follows
from this and Condition [Blc) that ¥V = € S,u € B,,(S), function

colz,a 1+ qs q(dylz,a
0( )7 + _ /u(y)< ( |7 )
a+1+Qm a+1+Qm S 1+QI

+I{z € dy}>

91t can be easily verified that V (z,a) € K, (q(fii‘;xﬂ) + I{z € dy}) is a probability measure on (5, B(S)).
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is lower semicontinuous in a € A(z). By [1I, Prop.7.29], V u € B,,(S), function

co(x,a) 1+ qx / <Q(dy|$,a) >
—+ u — 2 "+ {zxed
aritq atitaq J"W Ty Tllecdy

is measurabld'] on K. Now it remains to apply [I1, D.5 Prop.] (see also [I, Prop.7.33]) for the
statement of this lemma. O

Proof of Theorem [t Throughout this proof, x € S is arbitrarily fixed. Due to Lemma [H]
functions u(™,n = 0,1,2,... are measurable. Now the proof goes in steps.

Step 1. We prove that {u("), n=0,1,...} is a non-increasing sequence.

Straightforward calculations result in

. co(w,a) 1+ G / (0) <‘I(dy|$v a) ) }
— f ———~ + Hxed
(z) aéﬂ<z>{a+1+qm ari+g )" W T tHeed

it { co(@a) 1+ /<M(aw(y)+b)+g> <Q(dy|$,a)+l{z€dy}>}
acA(@) a+1+q a+1+G Jg ala—p) o 14 Gz

inf { CO(Z') a)7 }
acA(z) |a+ 1+ G,

g, UL () (5 e can)

Muw(z) +c 14+ G { bM N M(pw(x) +b) Muw(x) N E} — 0O ()
atl+q a+l+q lal@a—p) (a=—p)(1+q%) a—p o ’
where the last inequality follows from Condition [[(b) and Condition [(c). Now the result of Step
1 follows from this and the monotonicity of the RHS of ([3) with respect to u(™.
Step 2. We prove that V n = 0,1,..., |[u™(z)| < M(L(y);rb) + £ =uO(x).

ala—p

IN

On the one hand, the result of Step 1 implies that V n = 0,1,...,u™(z) < Maw(y)+b) <.

ala—p)
On the other hand, we have that

(1) — inf Co(SC,(I) + 1+qr / (0) <Q(dy|'rva’) +I Ed )}
) aé3<z>{a+1+qz artra Jst W\ Ty PHEEW)

it { co(@a) 1+ /<M(aw(y)+b)+g> <Q(dy|$,a)+l{z€dy}>}
acA(@) a+1+q a+1+G Jg ala—p) o 14 Gz

inf { CO(Z') a)7 }
acA(z) |la+ 14+ G,

v it (e [ (Mt ) (U e )}

v

~ Muw(z) +c
B a+1+q.
PR {/_(M(Oéw(yHb)Jrg) (Q(dylz_,a)JrI{xedy})}
o+ 14 Gy acAx) | /g ala—p) o 1+ G,
~ Muw(z) +c
 at 4G
1+¢q M
IR ET S, {/( (aw(y)+b)+g) (q(dyu_,a)H{xedy})}
a+1+qy a€A(x) S a(a - p) « 1+ Gz
Muw(x) +c 14+ q, bM M(pw(xz)+b) Mw(xz) ¢ ©)
Mt te 114 ! + il o),
a+1l+q a+1+q ala—p) (—p)(1+ ) a—p o

where the second inequality is because of Condition 2lc), M(S(Zi(—y;;_b) + & > 0 and the fact of

q(f_ykilg’a) + I{z € dy} being a probability measure, and the last inequality follows from Condition

10We emphasize that by Remark @ we have that G, is measurable on S.
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M(b). This and an inductive argument lead to that V n = 0,1,...,u(™ (z) > — (%};;b) + g) .

Thus, Step 2 is completed.

Now it follows from the results of Step 1 and Step 2 that u*(z) = lim,, . u(™(x) exists and
u*(x) € By (S). The fact that u* solves the Bellman equation (I2]) can be verified in exactly the
same way as in the proof of [§, Lem.3.3(b)], and its proof is thus omitted. O

Lemma 5 Suppose Condition I, Condition [A(a,b), Condition [ and Condition [ are satisfied.
Then under any policy 7,

Vo(r) = EI U K dalwt{ 0(6a) — (&) + [ q(dy|st,a>u<y>}dt]

+ [5 Y(dy)u(y), (28)

where u € By (S) is an arbitrary function.

Proof: By applying Dynkin’s formula () to e_o‘tEfYr [u(&)], we have

BT [ul6)] = [ 2(dy)uty) + B [/ [ wtolono) {-aue) + [ @i autn faol.

The expectations of all particular summands are finite here. According to Theorem [II(b) (see also
its proof), we can formally add EJ [fo v [ w(dalw, v)eo (&, a)d } to the both sides of the above

equation, and take the limit as ¢ — co. We emphasize that lim; o e~ *"E [u(&;)] = 0 because of
Theorem [Ii(a) and Condition 2I(b). O

The next lemma can be established in exactly the same way as in the proof of [§, Lem.5.3].

Lemma 6 Suppose Condition [, Condition [A(a,b), Condition [A and Condition [@ are satisfied.
Then under any fized Markov policy m, ¥ x € S, the following assertions hold:

(a) If u € By/(S), and au(z) > [, da|z t)co(z,a)+ [4 [, m(dalz, t)q(dy|z, a)u(y),V = € St >0,
then u(x) > Vo(x,m).

(b) If u € By/(S), and au(zx) < [, w(dalz,t)co(z,a)+ [4 [, m(dalz, t)q(dy|z, a)u(y),V = € S,t >0,
then u(x) < Vo(a, ).

Proof of Theorem [Bt (a) Using [IIl D.5 Prop.] and the fact that «* solves the Bellman equation
([@2), we have that V € > 0,3 a deterministic stationary policy ¢ :

ol () — o (x) + /S g(dylz, d(x))u () < aeV z € 5.

It follows from this and Lemma [ that Vp(¢) < Jsv(dy)u*(y) + €, and thud ] infy Vo(¢) <
fS’y dy)u*(y). On the other hand, by Lemma Bl we have that under any policy 7, Vo(mw) >
Js7(dy)u*(y). Now it is evident that [¢~v(dy)u*(y) = infr Vo(r) = infy Vo(¢). The proof for
the existence of a deterministic stationary optimal policy is identical (with few very minor modi-
fications) to the one of [8, Thm.3.3(c)], and thus omitted. The last statement is obvious.

(b) Let us arbitrarily fix some x € S, and put 4(:) = d,.(+). It is obvious that 4 satisfies Condition
2(a). Suppose now there is another solution v* € B, (S) to the Bellman equation (I2). But then
it follows from part (a) of this theorem that inf, Vp(7) = u*(x) = v*(z).

(c) We observe that the Bellman function u* is feasible for linear program (I4]). Consider
any function v that is also feasible for linear program (I4]). Therefore, by referring to Lemma
B(b), we have that under any Markov policy m, v(z) < Vp(z, 7). Now suppose [¢7y(dy)v(y) >
Js7(dy)u*(y). Then there exist some & € S and constant § > 0 such that u*(&) < v(z) — 6. Hence,
u*(2) < Vo(&,m) — 0, where 7 is any Markov policy. But this contradicts part (a) of this theorem.

11Here, we recall that € > 0 is arbitrary.
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Therefore, any feasible solution v to linear program (I4) satisfies [¢~(dy)v(y) < [gv(dy)u*(y), as
required.

(d) From part ( ) of this theorem, we know that the optimal value of linear program (I4)
is given by fs )y(dy). Therefore, if some feasible solution v to linear program (4] satisfies
u*(z) = v(x) a.s. Wlth respect to 7, then it solves the linear program, too. Hence we conclude the
sufficiency part of the statement.

As for the necessity, let v be any optimal solution to linear program (I4]). Suppose the relation
of v = u* a.s. with respect to - is false. Then there exist measurable subsets I'y,I's C S, such
that the following conditions are satisfied: 'y (T2 = @, v(z) > u*(z) on 'y, v(z) < u*(z) on 'y,
v(xz) = u*(x) on S\ Ty \ Ty, and the case y(I';) = y(I'2) = 0 is excluded. Now let us define a
function v by 9(x) = I{z € S\ T'2}v(z) + I{x € T2}u*(x), which is feasible for linear program
([4)). Indeed, firstly, it is evident that ¢ € B,/ (S). Secondly, we have that V x € S\ 'y,

! /Sf)(y)tI(dny, a)

Eco(z, a) —o(x) +
/ v(y)q(dylz, a) +
S

/ v(y)q(dylz, a) +
S\I'y

u*(y)q(dylz, a)

2

Ql— 2+

= éco(z, a) —v(x) +

> éco(:n,a) —v(z) +

—
ol
Sl 2

— —

v(y)q(dy|z,a) >0,

2

SEES

and V x € I'g,

éco(:n, a) —o(x) +

o(y)q(dylz, a)

S+
o

1 1

= gea —w@ [ @i - 2 [ @0

1 . 1 . 1 .
> e -w@ by [ w@adrlea + 5 [ Gl >0
Q Q S\FQ « Ts
However, [¢0(y)y(dy) = fS\FZ v(z)y(dr) + fS\FZ w*(x)y(dx) > [gv(x)y(dz), which is a contradic-
tion against that v is optimal for linear program (I4). Now the necess1ty part follows. O

Proof of Theorem [Bt (a) We take functions w and w’ in the form

|-
=1

8

|
o

{ , ifxze(0,1];
, if x = 0;
L, ifz e (0,1],
1

2,.... Now Condition [(a,c) is obviously satisfied.

8
)

—_

and put Sp = {0}, S; = Sp U (l+1’1}’l

?

Condition [[(b) can be verified for p 24X and b = 0 as follows:

—if x = 0 then L

1
/S aldyfe.ayo(y) =5 [ —zytdy— A= 43 = pu(0);
0

—if € (0,1] then

[ atasle aru) = 2u0) - Zute) =2 (1= 77) <0< pulo)

For Condition [2] it is sufficient to notice that V z € (0, 1],

1 : 1 .
Cll'*m, lf—<A,

il o) = © A
a xT .
Cix + 023—2 — I%, otherwise,
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infae 4¢0) c0(0,a) = 0, and o > 4\ = p.
Condition Bl and Condition @ are trivially satisfied because
N, ifz=0,

qz(a) =
4. ifxze(0,1],

vz € (0,1], A(z) = [0, 4], and A(0) = {0}.

Condition Bl(b,c,d) can be verified similarly to what is presented above by taking p = %,
Y = 0. Since V z € (0,1], ¢, < % and go = A, Condition [F(a) is also satisfied.

Finally, Condition [l obviously holds.

(b) If we denote z("*1) = f(2(") then, for z > § > 0, where € > 0 is any fixed constant,
function f is differentiable:

df =5\ /18u(y,z)y4d
0

dz  at+ A\ 0z Y
where
ou(z, z) 14 aCyx?
0z \Va2C3z* + C1Caz® + aCoyz?z

aCyz? — \/a2C3x4 + C,Cax3 + aCyr?2
\/a2022x4 + C1Cox3 + aCox?2

€ (-1,0),v z € (0,1],

so that V z € (§,00),0 < % < oz-/',\-)\ <l

It remains to estimate z(:

C C
u(l)(ac) = —2aCsx® + 2\/042022904 + C1Csx3 < —2aC57? + (2a02x2 + ﬂ) = ﬂ,v x € (0,1];
o o

5)\01 ! Cl
— dy>1——2>0
oz(a+/\)/0yy> 200

because a > 4\ and C; < 2. The map z — f(z) is contracting on [e, 00), e.g., for € = 2(1). Since

1 A A ! 1 A 1 A
PR+ ) 1y 2 / 200512 + 20n+ 252 ptge| = Doy 252
7 o 0 7 o 7 o

2 >1 -

a4+ A

we conclude that z* < %C’g)\ + QTH‘

(c) Clearly, function u*(x) (supplemented by u*(0) = 1 — z*) is bounded; hence u* € B, (S).
Therefore, according to Theorem [ it is sufficient to check that u* solves equation (I2) and ¢*
provides the infimum.

Expression in the parenthesis of (I2)) equals

1
)\/ u* (y)5ytdy — u*(0) if 2 = 0,
0
and 0 a a
Cix + Cya® — = + —u*(0) — —u*(x) if = € (0,1].
T x x

Therefore,
5\

1
* 4
d
P /0 u*(y)y“dy
and ¢* () given by (6] provides the infimum. (Note that u*(z)+2* > —2aC2%+2,/a2C32* = 0.)

Finally, at « > 0, the RHS of (I2) equals Cia — %, and equation

u(0) =

4aCyr’u*(x) = 401 Cox® — (u*(x))? — 2u*(z)2* — (2%)?

holds because

u*(z) = —2aCsx? — 2* + 2\/a2022x4 + C1Cs23 + aCox2z*.
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