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KYBERNETIKA — VOLUME 60 (2024), NUMBER 3, PAGES 357-378

MINIMIZING RISK PROBABILITY FOR INFINITE
DISCOUNTED PIECEWISE DETERMINISTIC
MARKOV DECISION PROCESSES

HAIFENG HuoO, JINHUA Cul AND XIAN WEN

The purpose of this paper is to study the risk probability problem for infinite horizon piece-
wise deterministic Markov decision processes (PDMDPs) with varying discount factors and
unbounded transition rates. Different from the usual expected total rewards, we aim to mini-
mize the risk probability that the total rewards do not exceed a given target value. Under the
condition of the controlled state process being non-explosive is slightly weaker than the corre-
sponding ones in the previous literature, we prove the existence and uniqueness of a solution
to the optimality equation, and the existence of the risk probability optimal policy by using
the value iteration algorithm. Finally, we provide two examples to illustrate our results, one
of which explains and verifies our conditions and the other shows the computational results of
the value function and the risk probability optimal policy.

Keywords: piecewise deterministic Markov decision processes, risk probability criterion,
optimal policy, the value iteration algorithm

Classification: 90C40, 60E20

1. INTRODUCTION

Piecewise deterministic Markov decision processes (PDMDPs) are significant dynamic
programming models that are widely used in many fields such as finance [5], commu-
nication networks [9] [I5], neuro medicine [9, I5]. As is well known, the popularly used
performance criteria in PDMDPs are the expected criteria, see, (i) The finite horizon
expected criterion [5, 8 [, [16]. Specifically, Davis [8, @] considered the finite horizon
optimality problem for the uncontrolled case with bounded cost functions and bounded
jump rates, and established the relationship between the expected value and the op-
timality equation by exploiting an infinitesimal approach. Using the embedded chain
technique, Bauerle and Rieder [5] transformed the optimal control problem of PDMDPs
into discrete-time Markov decision processes (DTMDPs), and proved the existence of
the optimal policy and the optimality equation under the compactness-continuity condi-
tion. Different from the literature [5], Huang and Guo [16] established the corresponding
Hamilton-Jacobi-Bellman equation, and proved the existence of an optimal policy by us-
ing the infinitesimal approach. (ii)The expected average criterion [3,[I0]. Costa et al. [3]
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studied the expected average control problem and established the optimality equation
by the discrete embedded chain technique. Dufour et al. [10] formulated the existence
condition of an optimal average continuous control through the vanishing factor method.
(iii) The discounted expected criterion [I, 4]. Almudevar [I] converted the infinite dis-
counted optimization problem from PDMDPs to DTMDPs and exploited the dynamic
programming method to compute the value function. Dufou and Costa [4] investigated
the infinite discounted expectation problem by using the infinitesimal approach, and es-
tablished the conditions for the existence and uniqueness to the solution of the optimality
equation.

All existing works are focused on investigating the performance of PDMDPs in terms
of the expected rewards. However, the expected criteria are risk-neutral and cannot
effectively describe the control system’s risk situation. Therefore, it is necessary to
introduce the risk probability criterion, which measures the probability that the total
rewards of the control system do not exceed a given value over a fixed period. The risk
probability performance analysis plays a vital role in the field of risk control, which is
widely applied to finance and insurance, such as ruin problems [5], reliability [I7], and
maintenance [2I]. According to the characteristics of holding time distribution of the
system states, the existing literature on the risk probability problems can be divided
into three categories:

(i) discrete-time Markov decision processes (DTMDPs), where the sojourn time of a
system state is a fixed constant; see, [23], 26} 27],

(ii) semi-Markov decision processes (SMDPs), where the sojourn time of a system state
follows arbitrary probability distribution; see, [I8], [17],

(iii) continuous-time Markov decision processes (CTMDPs), where the sojourn time of
a system state follows an exponential distribution; see, [20, [19].

A common feature of all previous studies is that the system state remains unchanged
between jumps. PDMDPs [5, @] [I5] are more generalized stochastic models in which the
system states between jumps change according to a given flow function. On the other
hand, in many economic and financial systems (i. e., uncertain interest rates), the dis-
count factors are usually considered non-constant depending on the system states. These
features motivate us to investigate the risk probability criterion for infinite discounted
PDMDPs with the state-dependent factors.

In this paper, our goal is to establish the existence condition and the computational
method of the risk probability optimal policies for infinite discounted PDMDPs. Differ-
ent from considering only the system state in the expected case, to solve the risk proba-
bility optimality for PDMDPs, the reward levels need to be considered as a component
of extended states. Thus, the existing results of the expected rewards for PDMDPs
[3, 51 [8, 9L 10, 16] cannot be applied directly to our model. Since the choice of an action
under any policy in PDMDPs depends on the reward (or cost) levels and past states
as well as decision epochs, the history-dependent policies should be redefined with a
k-component internal history, see Definition However, the system states are deter-
mined by a given flow function and the transition rates, the theoretical results of the
risk probability for DTMDPs [22 23], 26], SMDPs [17, [18] and CTMDPs [19, 20] are not
suitable for the model of PDMDPs, see Remark [2.3] and [3.1]
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As a consequence, for any given redefined policy, initial system state and reward level,
we need to expand the state space and reconstruct the probability space by the well-
known Jonescu Tulcea theorem. On account of the transition rate are unbounded, the
state process may be explosive. Then, a generalized drift condition needs to be estab-
lished to ensure that the state process is non-explosive, which is more general than those
in [17, 18, 19, 20] for SMDPs and CTMDPs, see Lemma [3.4] and Remark [3.5] To assure
the existence of the optimal policy of the risk probability based on the non-explosive
condition, we first establish a new fact in Theorem Secondly, we use the dynamic
programming approach and the value iteration technique to solve the risk probability
optimality problem, including establishing the optimality equation, and the existence
and uniqueness of the solution for the optimality equation in Theorem [3.10] see Remark
B-I1] Moreover, the value iteration algorithm is developed to approximate the risk prob-
ability optimal value, which together with Theorem proves the existence of a risk
probability optimal policy. Finally, we explain the main results through two examples,
one of which is used to verify our conditions, and the other shows the effectiveness and
feasibility of the value iteration algorithm to calculate the value function and the optimal
policy.

Compared with the existing works [20] [25], there are three features in this paper: (i)
Our model is a generalization of CTMDPs, where a given drift function determines the
states between jumps, while the states between jumps remain unchanged in CTMDPs
[20]. Moreover, the state-dependent discount factor in this paper is more suitable to
the applications in the financial and engineering fields [I3] 27], while only the constant
discount factor is considered in [20], see Remark (ii) We provided an iteration
technique to establish the optimality equation, and prove that the value function is the
unique solution to the corresponding optimality equation. Since our model is different
from those in [20], we know that the optimality equation in Theorem is different
from those in [20], see Remark (iii) Although our model is more general, our
condition is weaker than that for CTMDPs with discounted risk probability [20]. To
assure the existence of the optimal policy of the risk probability, we establish the new
fact in Theorem [3.7] by only using the condition that the controlled state process is
non-explosive. In [20] [25], the non-explosive and first arrival conditions are both used
to assure the existence of optimal risk probability policies, as described in Remark

The main structure of the present article comprises four parts. Section 2 describes the
infinite discounted risk probability control model of PDMDPs. Section 3 introduces the
solution to the optimality problem of the risk probability, including the existence and
computation of both the value function and the optimal policy of the risk probability.
Section 4 describes the use of a technique called value iteration to resolve the optimal
risk probability investment problem.

2. THE CONTROL MODEL

The model of infinite discounted risk probability PDMDPs contains a six-tuple of the
subsequent parts:

{E,(A(z) C A,z € E), q(dy|z, a), (2, 1), (2, a), a(x)}, (1)
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(a) E represents a Borel state space endowed with a Borel o-algebra B(E).

(b) A denotes a Borel action space endowed with a Borel o-algebra B(A); A(z) € B(A)
denotes a set of actions that can be selected in state x € F; K := {(x,a)|z € E,a €
A(x)} describes the admissible state-action pairs in the set.

(¢) q(:|z,a) represents the transition rate,which is a signed kernel on B(FE) given K
satisfying 0 < ¢(D|x,a) < 400 with (z,a) € K,z ¢ D € B(E). Moreover, it is
assumed that the transition rates are conservative (i.e., ¢(E|x,a) = 0) and stable
(ie., ¢"(z) = SUpgea(m) 4z(a) < o0), where g;(a) := —q({z}|r,a) > 0 for all
(z,a) € K.

(d) ¢(x,s) denotes a deterministic flow, which is a Borel-measurable function from
E x R to E, and satisfies the following properties:

(i) for any s,t >0 and z € E,
Pz, t+5) = dp(d(x, 1), 5); (2)
(ii) for any z € E, ¢(z,-) is continuous on R* where RT := [0, 4+00).

In particular, for the case of ¢(z,s) = x for any s > 0, our model reduces to the
model of CTMDPs for [11], [12] 24].

(e) r(x,a) denotes the reward function, called a nonnegative measurable function from

K to RT.
(f) a(z) denotes the discount factor, which is related to the state z € E.

The risk probability discounted piecewise deterministic Markov decision process elab-
orates as the following: At the initial time so = 0, the system state x( is observed by
the decision maker. Meanwhile, there exists a reward level (goal) \g € R™ for the
decision-maker to attempt to control the total rewards of the system operation are not
larger than the initial reward level \g. Based on the observation information (xg, Ag)
of the system, the decision-maker selects the control action ag € A(zg). Consequently,
the system evolves in two ways: (i) The change of the system state is based on the
flow ¢(x,s)(s € [s0,$1)) up to the time s;. Now, the system state jumps into a new
state 1 € F, which is governed by transition rate g(dzi|xg,ap). (ii) During the pe-
riod [so, s1), the decision maker obtains the rewards [;* e~ Jo @(¢@0.)dty (¢ (2, 5), ag)ds.
Then, a new decision-making moment s; arrives. Here, considering the influence of the
varying discount factor, the remaining reward goal becomes M o= elo’ O‘(¢(£0’t))dt()\o —
fosl e~ Jo @(@(@o)dty (24 s), ag)ds). In terms of the historical information (2o, Ao, 51, 21,
A1), the decision maker selects a control action a; from the set A(z1). The evolution
of the system state is repeated in a manner similar to (i) and (ii). At the nth deci-
sion time s,,n = 0,1,...., the decision-maker observes a series of historical information
(mo,j\o,Gl,xl,j\l, . ,On,xn,jxn) where Ao := Ao, Zna1 is the system’s state after the
jump time s,41; An represents the reward goal, and it satisfies

~ On+1

. Ont1 .
Antl 1= elo a(¢(zn,t))dt()\n _ / e Jo a(¢(zn,t))dt,’,(¢(zm s),an)ds), (3)
0
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by considering the varying discount factor into consideration. 6,41 := s,4+1 — s, denotes
the time interval between two neighborly jumps, a, denotes the action. Thus, the
decision maker aims to minimize probability of the full rewards that cannot reach the
reward goal, which is defined by @D below.

Different from the classical expectation criterion, the choice of an action under any
policy in risk probability PDMDPs depends on the additional reward (or cost) levels and
past states as well as decision epochs. To ensure a reasonable model, we first establish
the probability space. Now, the measurable space (2, %) is established as follows: the
sample space Q := |J;" o Qn, J(ExR)x((0, +00) x Ex R)>), and the corresponding Borel
o-algebra F# = Z(Q), where Ea := EU{A}, QU = {(x0,r0,01,21, 1, .., 00, Zn,
Ay Ontty- o300, 00,..)| zg € E, N € Ry € E;N € R, 60, € (0,00), for each
1<1<n+1,n>0} with an artificial cemetery state A ¢ E.

For any n > 0, w := (20,0, 01,21, A1y, 00y Tny Any Opp1, o) € Q, let hy(w) =
(20, X0y 01,21, A1, ..., On,2n, Ay) be the n-component history for n > 1 and ho(w) :=
(20, Ao). Moreover, for n > 0, some random variables X,,, A,,, S,, on (§,.%) are defined
as follows:

n+1
So(w) 1= 00 = 0, X (@) := 2n, An(w) 1= A, Sny1 (@) = $pp1 = 3 _ Oy, (4)
1=1

In the following sections, the parameter w is omitted for convenience. Then, the state
process {&s,s > 0} is defined by

EW) =Y I5,<o<8,,1)9(Xn (W), 5 = Su(w)) + Alpssys (5)
n>0

where S := lim,,_,o Sy, Ip describes an indicator function on the set D. The controlled
operation after the moment S, is assumed to be embedded in the artificial cemetery
state A ¢ E. Hence, it is recorded as ¢(:|A,aa) =0, r(A,an) :== 0, Ax :== AU {aa}
with an isolated point aa.

The idea of more general policies is introduced to effectively represent the optimiza-
tion problem.

Definition 2.1. A history-dependent policy m(w, s) denotes a sequence 7 = { f,,,n > 0}

of Borel measurable mapping from 2 to Ax. For any w = (xg, Ao, 01,21, A1, ..., O, Tny Ans
...)€Qand s >0,
77("“'7 8) = I{szO}fO(xOv )‘0) + Z I{Sn<s§5’n+1}fn(hn(w)) + I{SZSOO}(SGA (da), (6)
n>0

where 4§, , (da) represents the Dirac measure at the point aa. II stands for the set of all
deterministic history-dependent policies.

A policy m = {fo, f1,...} € Il is called a Markov one, if f,(hn(w)) = M (20, \n)
(n > 0) for some measurable mapping fM from Eax x R to Aa. The class of entire
Markov policies is described by II,,.

A Markov policy m = {fM, fM,...} € I, is called to be stationary, if fM(z,,\,) =
f(zn, A\n)(n > 0) for a measurable function f from Ea x R to Aa. This stationary
policy is represented by f, and the set of all stationary policies is described as Il for
simplicity. Clearly, II; C II,,, C II.
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The set of histories up to the time s > 0 is denoted by Hy = F x R and H,, =
(EF x R) x ((0,00] x En x R)",n = 1,2,.... For each initial probability measure ~y
on E x R and a policy ™ = {fy, f1,...} € II, the unique probability PJ on (,.#) is
established by a theorem (Ionescu Tulcea) (e. g., Proposition 7.45 in [0]), which satisfies
the following properties:

Pf;r(]-—‘ X (d9n+1,d$n+1»d)\n+1)) = / P—;r(dhn)I{On<oo}Q(d$n+1|¢(xna 0n+1)7 fn(hn))
r

Ont1
X exp{— / Gstony (fn ()} (7)

X(S[ f09n+1 (d)\n+1) den—i—l:

a(¢(mmt))dt()\n,f09n+l e~ Jo @@ AL (bp ) o (hn))du)]

PT(T % (00,00, A)) := / PT(dh) T g0, —ooy + L1, <o) (8)

X eXp{_ /Ooo A (wn,u) (fn(hn)) du}}’

s

for T' € B(H,), the corresponding expectation operator is described as E(w ») versus
the probability measure P ,,. If the distribution v depends on state (z, M), P, N and
E& )) are used instead of PF and ET, respectively.

For any (z,\) € E x R,w € II, we define the infinite discounted risk probability of
PDMDPs:

+o0 X
U™ (2,2) 1= Pl ( / e J5 et (6 s < ), (9)

where 7(&s, m5)(w) == r(€s(w), m(w, s)) for all w € Q and ¢t > 0. This criterion can be
used to measure the risk probability that the total rewards are no more than the reward
goal A under the policy .

Definition 2.2. The value function U*(z, A) of the infinite discounted risk probability
optimization problem is defined as

U*(x,\) = lIelfH U™ (x,\) foreach (z,\) € FE X R. (10)

An optimal policy of risk probability policy is denoted by 7* € II, if
U™ (2,\) = U*(z, \). (11)

Remark 2.3. In contrast to risk probability problems for CTMDPs [20], the infinite
discounted risk probability problems appear more complicated because the deterministic
flow function and the state-dependent discount factor should be considered, while the
states evolve according to the deterministic flow function are unchanged and the state-
dependent discount factor is fixed constant in CTMDPs [20].

The current work aims to solve the infinite discounted risk probability optimality
problem for PDMDPs, investigate the condition for the existence of a risk probability
optimal policy, and build an approach to derive the value function.
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3. MAIN RESULTS

Let U,, be the class of entire Borel-measurable mappings U : E x R — [0, 1], which
satisfies U(x,A) = 0 for each (z,\) € E x (—00,0). For any U € Uy, xz € E,a € A(x)
and f € II,, the operators M/, M on U,, are defined as the following: if A > 0,

+oo
MeU(z,\) = Iy (/ e~ f(fa(¢(x,t))dtr(¢($,S),a)ds> e Jo T tse .0 (a)ds
0

+oo
0 E\{o(z,u)}

x(/\—/ effﬂsa(qs(x’t))dtr(d)(x,s),a)ds))
0

e I8 000 @5 gy |, ), @),

MUz, ) = MUz, N), (12)
MU(z,A) = inf M®U(z,\). (13)
a€A(x)
If A <0,
MU (z,\) = M°U(x,\) = MU (z,\) :== 0, (14)

where gy(z.5)(a) = —q(o(z, 5)|o(x, 5), a).
Furthermore, the operators (M f )", M"™, n > 2 on U, are also defined as follows:

(MU (z,\) = M (M) 1U (2, \)) and M"U(x,\) = M(M" 71U (z, \)).

Let Uy, be the set of all Borel measurable functions V : E x R — [—1,1], where
V(z,\) = 0if A < 0. Forany (z,)\) € ExR,V € U, f € 11, the operators (M/)"V n >
1 are defined as the following;:

B +00 e
MIV(z,\) = / / V (3, efi ototmn
0 JE\s@w}

e /0“ e I3 0O (5(z, 5), (. \))ds))

xe~ Jo' ‘14’“”’8)(Jc)‘jl“”q(djg|¢(a:,u),f(ac,)\))du7
(MDY (2, \) = MM 'V(z,\),n> 2. (15)

Remark 3.1. Compared with the operators and (14) in CTMDPs [20], we know
that the infinite discounted risk probability case in PDMDPs is more complex and
difficult to deal with than the case in CTMDPs [20].

Based on [5] [I1, 20], the following condition is established to ensure the existence of
optimal policies.

Assumption 3.1. For any (z,\) € E X R,
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(a) A(z) is compact.
(b) For all z,y € E, the function c¢(x,a) and ¢(y|z, a) are continuous in a € A(x).

(c) For each fixed U € Uy, [, Jo\fo e U(y, e?@u(x — [emo®sr(g(a, s), a)ds))

xe™ Jo 9o (D)5 g(dy|¢(x,u), a)du is lower semi-continuous in a € A(z).

Remark 3.2. Assumption [3.1] is also referred to as the continuity-compactness condi-
tion. The feature of the flow function makes Assumption more extensive than the
standard continuity-compactness condition in [IT} [20] for CTMDPs.

The operators have the following characteristics.

Lemma 3.3. Under Assumption the subsequent assertions are fulfilled.

(a) U,V € Uy, and U > V, then M*U(xz,\) > M*V(z,\) for each a € A(z), and
MU (z,\) > MV (x,)) for each (z,\) € E x R.

(b) If U € U,,, then an f € II, exists such that MU(x,\) = M/U(z,\) for each
(x,A\) € EXR.

Proof. (a) According to the definition of the operator M, it can be known that part
(a) is satisfied.

(b) For any (z,\) € EX R, under the continuity-compactness condition in Assumption
it can be seen from the measurable selection theorem (proposition D.5 in [I4]) that
the existence of f € Il is proved.

The state process can be explosive due to the unbounded transition rates, which
means that the state process jumps infinitely in a limited time. To avoid this situation,
the following condition needs to be established.

Assumption 3.2.  For each m € IL, (,A) € E X R, P, | (Sec = 00) = 1.

Assumption [3.2]is also referred to as the non-explosive condition of the state process
{&,s > 0}. To verify Assumption a generalized “drift condition” is established
based on [IT], 13 19] through the determined flow and transition rates.

Lemma 3.4. If W > 1 on E with the parameters ¢y > 0, by > 0 represents a
measurable mapping satisfying

(@) [pW(d(y,s))a(dy | =, a) < coW($(x,s)) + by, for any (z,a) € K,s > 0;

(b) There is a sequence {E,,n > 1, E, C E} which satisfies £, 1 E, lim, , infy¢p,
W(p(z,8)) = 00,8Up,ep, ¢*(7) < oo foralln > 1with s > 0,¢"(7) = sup,e a(y) ().

Then, Assumption [3.2] holds.
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Proof. Lemma can be proved from [I2] [I6]. The histories include reward levels
and the structure of the probability measure P in is slightly different from that in
[12, [T6] for the expected criterion, there are some slight differences between our proof
and those in [I2] [I6], e. g., the equalities (A3) in [12] [16]. O

Remark 3.5. (a) The conditions of Lemma are the extension of the drift condition
for CTMDPs [19, 20]. The main difference is that our model imposes the drift condition
on the transition rates and the determined flow function, while the model of CTMDPs
in [I9] 20] only imposes some conditions on the transition rates. When the determined
flow function ¢(z,s) = = for s > 0, our conditions degenerate to the case of CTMDPs
n [19, 20].

(b) Under the bounded transition rates (i.e., sup,cp ¢*(z)< o0), Assumption is
fulfilled by considering W =1, E,, = E.

For any (z,A) € Ex R and 7 € II, under Assumption[3.2} the state process {¢,, s > 0}
is non-explosive. By the continuity of a probability measure, U™ (x, A) can be represented
as follows:

U'(z,A) = P&,)x)(/Jrooe Jg oG (€5, ms)ds < )\>
= Poy Z/
- ma(NY )

m+1

e~ Jo a&)dt r(€,ms)ds < A)

m—+1

Ji o€ty (¢, m)ds < )

n=1m=0
m41
= a(§e)dt < )
lim FY, ) Z / (&g, ms)ds < A
= nhﬁngo Ul (x, )
Then, a monotone non-increasing sequence {U7 (z, A),n = —1,0,1,...} with U™, (z, \) :=

Ij,00)(A) can be obtained.
To prove that U* is a solution to the corresponding optimality equation, several
lemmas need to be given.

Lemma 3.6. Assume that Assumptions and hold. Then, for any (z,\) € E x
Rn>—-1,7= {fo,fl,...} eIl

(a) UT € Uy, and U™ € Uyy;
(b) UJii(x,A) = MfOU:l”(x,)\) and U™ (z,\) = MU' ™ (z, \), where 17 := {fo, fi,...}

denotes the 1-shift policy of , fk(xl, Alyeeoy Oty Thg1, Apt1) = fra(z, A, 01,21,
)\17 ceey 9k+17 Th+1, )\k+1>7 k= 07 ]-7 DERE

When for any 7 = f € I, Uf (2, \) = MFUS (2, \).
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Proof. (a)Forany (z,)) € Ex(—00,0),n € II, by Remark[2.3| we know that part (a)
is true. For any (z,\) € Ex R, 7 € II, we prove parts (a) and (b) together by induction
for n > —1. Clearly, U, =1 € U,,. Assume that the results hold for n = —1,0,... k.
Then, by 7 the following is attained,

Ul?+1(x A)
k+1 S

= Pay Z/

E(m’/\)[ {fsl -Is a(¢(m’t))dtr(¢(a: s),ms)ds<A, Sl—oo}]
+EG

e~ Joe€)dtp e g < /\>

{Shy Jomtt em 6 2 @dt (e n)ds<A, 81 <oo}]
“+o0
= I[O,)\](/ e f()s a(¢(r,t))dtr(¢(x’ 8)7 fo)ds)e_ f() oo Q¢(z,s)(f0)d5
0
+Ezrm,)\) [EZTI)\) [I{Zﬁleo f;’;:?+1 e IS a(gt)dtr(fs,ws)dsg)\,51<oo} |£Soa AO, Sla 55'1 ; Al]]
“+o0
= I[O )\](/ —fs a(p(z,t))dt (¢(.’IJ, 8), fo)ds)e_ f0+oc Qoo (fo)ds

+oo k+1 m+1
(& )dt
P / F(€rmo)ds
o T (X

< A— / e fOS a(¢($,t))dtr(¢(m7 8)7 fo)d5|§50 =% AO = )‘7 Sl =u,
0

u

Es, =y, Ay = el 2@y / e I e (o5 5), fy)ds) )
0

xe ™ do" 9o (0)ds g (qy|p(z, u), fo)du

+o00
= I[O )\](/ _f Ol(¢($ t))dt (qs(x’ 8), fo)ds)e_ f0+ q¢(z,5)(f0)ds

k+1

+ +m/ Z/ et )i
1 )\ e O t l+u,7rl+u
E\{¢(z,u)

<A— / e Jo a(¢(z,t))dtr(¢(x7 5)7 fO)dSKSo =z, AO = )‘7 Sy = ua€S1 =Y,
0

Ay = efd a@@n)dt _/ e—f(fa(¢($vt))dtr(c/>(m,S),fo)ds))
0
xe™ Jo @0 (f0)ds g (dy | p(ax, w), fo)du

+oo
=l (/ e~ Jo @y (4(x, 5), fo)ds)e™ ST gotee (fo)ds
0

+oo
1
+/ / Pﬂ' (Y a(p(x,t))dt U _o(x)s
E\{¢(z,u)} (y,eJO (@) ()‘7.[0 e=@sr(p(z,s),fo)ds))

k m
(Z / +1 . Iy O‘(gt)dtr(fs,ﬂ's)ds < BISL a(p(z,s))dt

=0
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x(A = / e I3 A (g 5), fo)ds) e I8 o0 00 g(dy (), fo)du
0

“+oo
I[O,)\](/ e foa a(¢($,t))dtr(¢(1,7 8), fo)d5)67 j‘0+oo qu(z,s)(fo)ds
0

“+ o0 u
+/ ./ @j@&mwwmmmA_/(fﬁwmww%w@ﬁ%hmg)
o JE\(o(z.)}

0
xe™ I tete0 G0)dog(dy| gz, u), fo)du
MU (2, 7).

Thus, through the induction, it can be obtained that U]} € U,, and lim,_,., U =U™ €
Z/l7n~

(b) For each (z,\) € E x R,n > —1, according to the proof of part (a), we have
U (2, A) = MU (2, ).
Letting n — oo, based on the dominated convergence theorem, U™ (z, ) = MfDUlﬂ(x, A)

is attained. In particular, if 7 = f € I, Uf (2, \) = MfUS (2, \). O

Theorem 3.7. Under Assumptions and for any (z,\) € E x R, f € I, the
following assertions hold.

(a) If u,v € Up,n > 1, then (M) (u —v)(z,A) < P(J; 2 (S < 00) on E X R.

(b) If u,v € Uy, u(z,N) — v(z,\) < Mf(u(x,)\) —v(x, A)), then u(z,\) < v(z,A) on
E x R.

(c) U’ € U,, is the unique solution to the equation U/ (z,\) = M/U/(2,\) on E x R.

Proof. (a) The following expression is proved by induction
(M) (u = v)(@,\) < Pl (Sn <o0) ¥ (2,\) € ExRn>1. (16)
When n =1, for any (z,A) € E x R, f € Il,, since u,v € Uy,,, by , we know that
MY (u—v)(z, )
Fo0 t t s
- [/ oy ) (el [ et e ota ), as)

xe~ fot Q¢(z,s)(f)dsq(dy|¢($7 t), f)dt7

+oo
[/ e i om0 5y gz, 1), £, a7)
0 E\{¢(z,t)}

IA
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Moreover, by , we have
P(];’)\) (Sl < OO)

El, ) BL ) (s, <00} €505 Mo, 51, s, Ad]

+o0o t
/ / e Jo 9o, (N5 g (dy| (2, 1), f)dL.
0 E\{¢(z,t)}

Comparing with 7 we know that holds for n = 1.

(18)

Suppose that is valid for n = k. For (z,A) € E x R, the following relation can

be derived from the induction

(MY (w — v) (2, A)
= M (M) (u—v)(@,\)

+oo . t
- / / (Mf)k(’u — 1}) (y,efo a(¢(z,l))dl
0 E\{¢(x,t)}

(A — /Ot e~ J5 @@y (4 5, f)ds))

xe ™ Jo ascen (Ddq(dy|(a, 1), f)dt,

IN

—+o0
/ / P! J§ @ @at (y _ b o= J§ al(@D)dl

0 Jevio) et EEDRG eI D (0 ) Flas))
e~ Jo Q¢<m,s>(f)d5q(dy|¢(% t), f)dt.

Alternatively, by the characteristic of conditional expectation, we obtain
P(fw’)\)(SkJrl < OO)
Bl L 3 s <00y €50, Moy S1, &5, M)

“+o00
/ / P(fx,)\) (Sk+1 < o0ls, =, Ao = A\, 51 =,
0 E\{¢(z,1)}

t
€5 =y, Ar = elo @Ay / e I5 WD (g (a, ), f)ds))

0
xe~Jo 9o (N g (dy|p(, ), f)du

+oo

[ Pl
0 JE\(p(n)y @l @U@ (g(a,5), £)ds))
xe f[)t q¢(z,s)(f)dsq(dy|¢(x’t), f)dt

(Sk < OO)

(Sk < OO)

(19)

(20)

Comparing with (20, the induction hypothesis holds. Thus, part (a) is proved.
(b) For each (z,\) € E x R, f € I, since u(z, \) — v(z, \) < M7 (u(z, A) — v(z, \)),

by induction and part (a), we have

u, A) = vz, A) < (MF)"(u—v)(2,2) < P (Sn < 00) ¥n>1.

(21)
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Letting n — oo in , and utilizing Assumption the following expression holds

w(z,\) —v(z,\) < lim P/

nooo  (T:A)

(Sp, < o0) =0,

which implies u(x, \) < v(z, N).

(c) According to Lemma (b), it can be seen that U € U, is a solution to the
equatlon Ul = MIUf on E x R for any f € Il,. Suppose that there exists V' € Um such
that V' = M/V'. Now, the definition of the operator yields vV —Uuf =MV U
on E x R. Then, based on part (b), it can be seen that V' = U/, and the uniqueness of
U/ is proved. O

Theorem 3.8. Assume that Assumptions andhold7 for each (x,\) € E X R, let
U*y =T 400)(A), Upyy := MU, n > —1. Then, lim,, o, Uy = U".
Proof. For any (z,\) € E x R, since Uy, := MU},n > —1, by the monotonicity
of the operator M and U*; := Ijg 400)(A), we obtain 0 < Uy, < Uy < 1. Then,
limy, 00 U} := = U exists. We will prove that U = U*.

To prove U < U* by induction

Ui(x,\) <UT(x,)N), (22)

for any (z,A\) € Ex R,m € lI,n > —1. When n = —1, for any 7 € II, since U*;(z,\) =
UTy(x,A) == Ijo,400)(A), this fact holds. Assume that Uj(x,A) < UJ(w, ) for (z,)) €
E x R,m € II. Then, the following expression can be obtained from the induction
hypothesis and Lemma [3.6[b):

Up1 (2, ) = MU (2, )) < MU, (2,X) < M? U™ (2, A) = UF, (2, A).

Thus, the induction hypothesis holds and U, (z,A) < U (z, A) for any (x,\) € ExR, 7 =
{©0,¢1,...} € II. Hence, letting n — oo, we obtain U(z,\) < U™ (z, \), indicating that
U < U* as = is arbitrary.

To show the opposite, it is first shown that for each (z,A) € E x R and n > —1,
there exists a policy n € gy such that Uj(z,A) = U/?(xz, ). This fact trivially holds
for n = —1, that is for any m € Ilgar, U* (2, A) = U7, (2, X) = I[g 4-00)(A). Assume that
there exists a policy € Igas such that Uy (z,\) = U)(z,A) for k& > —1. Moreover,
the existence of f € Il satisfying M7 U} (z,\) = MU} (z, \) is guaranteed from Lemma
b). Then, Letting § = {f,n} € gy. Now, from the induction hypothesis and
Lemma [3.6(b), we obtain

Upia(z,0) = MU (2, A) = MIU (2, A) = MTUY (2, A) = U4 (2, ),
and the fact holds. Then, we further prove that there is a policy £ € IIgps such that
Ur(x,\) = US(x,\) > US(x,\) > U*(x, ),

which implies that letting n — oo, U > U*. This proves U = U*. ]
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Remark 3.9. For each (z,)\) € E x R, based on Theorem we develop a so-called
the value iteration algorithm to derive the value U* as follows: Let U*; := I(_ 0)(})
and Uy, = MU},n > —1. Then, lim, .o U; =U".

Theorem 3.10. Under Assumptionsand for any (z,\) € E'x R, the subsequent
conclusions can be derived.

(a) U* is the unique solution of the corresponding optimality equation U* = MU*.

(b) There exists a policy f* € Il such that U* = ]N\/[f*U* and U* = U/". Then,
the optimal policy of risk probability 7* := {fg, fi',..., fi,...} is optimal, where
-]ig(x?)\) = f*(xaA)7 ff(xa Aaelvxl7Al) = .]f*(xla)\l)a LR
f]:;k(x7 )‘761’ X1, )‘17 e 79k7xk7 Ak) = f*(xkv >\k) for any ({E7 >\7 913 X, )‘17 e 79k7xk7 Ak)
€ Hi, k> 0.

Proof. (a) Foreach (z,)\) € Ex R,m = {fo, f1,...} €II, based on Lemma[3.6(b) and
, the following expression holds

U™(2,\) = MPU ™(2,0) > MPU* (2, \) > MU*(z, \),

which implies U*(z, A) > MU*(x,\), as 7 is arbitrary.

To prove the converse, for any (z,\) € E x R,a € A(zx), by using Theorem and
, we have

1 (T, A) = MU (2, X) < MU, (, ).
Hence, by applying the dominated convergence theorem and part (a), letting n — oo,
we obtain
U* (2, \) < M°U*(z, ),

which implies U*(x,\) < MU*(xz,)), as a € A(z) is arbitrary. Then, U* = MU* is
proved.

For any (x,\) € E x R, since U* = MU*, according to Lemma b), we know that
there exists a policy f* € Il such that

U =M"U (23)

Besides, suppose that U € U, is another solution to the risk probability optimality
equation U = MU . Correspondingly, the existence of f & I, fulfilling

U =m"U" (24)
is guaranteed from Lemma ). Combining and , we have U* — U <
M7 (U* —U') and U — U* < Mf*(U/ — U*), which together with Theorem b)
indicates that U* = U . The uniqueness of the solution U* has been proved. Since
U* = MU* = M¥"U* by Theorem [3.7|(c), we obtain that U* = US".

(b) For any (x,\) € ExR,k >0, let f§(z,\) == f*(x, ), fi(x, A, 01,21, A1, .., Ok, T,
Ag) = [ (xp, A\), 7° = {*fg,ff,...,f,:,...}. By part (b), , @ and @, for all k > 0,
it can be obtained that P»{,k = PT., which indicates that P/" = PT", P/" (f0+°° e~ Jo o€t
r(&s,mk)ds # f0+°° e Jo al&)dty (g, f*)ds) = 0 and U™ (z,\) = U (z,\) = U*(x, \).
Therefore, 7* is optimal. O
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Remark 3.11. The new fact in Theorem is established using the condition
of Assumption to guarantee the existence of the optimal policy of risk probability,
that is the controlled state process is non-explosive. However, the authors in [20] need to
establish the additional first passage condition, indicating that the system will gradually
reach the target set within a finite time for all the initial states. Then, it can be concluded
that the established condition is weaker than that in [20].

According to Theorem the value iteration method could be employed to derive
the value U* as follows:

The value iteration algorithm:
Step 1: Let U*,(z,\) := Ij0,00)(N), for (z,A) € E x R.
Step 2: For each fixed (z,\) € E X R,a € A(z),n >0,

“+ oo

+oo )
MU (x,)) = Tl / e Jo @@t (5 ) a)ds)e™ Jo' T astee (@ds
0

+oo .
+/ / U(y, efo“' a(¢(z,t))dt()\ _ / - [ a(@(e.t)dt
0 E\{¢(z,u)} |

xr(9(r, 5), a)ds) ) e i tece.0 @05 g(dy| g (x, ), @) du,

Upir(z,A) = min {MU;(x,\)}.
a€A(x)
Step 3: If |U,, — Uj| < 107'2, the value U}, is approximately received as the
value function U*. Otherwise, the program continues to run step 2 for n + 1.

4. EXAMPLES

In this section, two examples are used to illustrate the main results of the discounted
optimality PDMDPs. The first example verifies the existence condition of the optimal
policy and the optimality equation. The second example uses the value iteration algo-
rithm to show the numerical calculations of the value function and the optimal policy
of risk probability.

Example 4.1. (Optimal control of an investment system) Consider a controlled invest-
ment system with the state x describing the enterprise’s capital value. When the status
of the system is z € F := [0, +00), the reward level is A € R, the decision-maker can
borrow a loan a from a finite set A(xz) C [0, 2] to make a new investment plant. After
this action is selected, the system state evolves according to the determined flow function
@(z, s) until the new state jump time. At this time, the system will reach a new state
Now, the system state jumps into a new state z; € E, which is governed by transition
rate ¢(dz1|z, a), and get some rewards at the rate r(z,a) > 0. We formulate this system
as a piecewise deterministic MDPs with the state space E = [0,00), the action space
A = [0,00), the set of admissible actions A(x), the deterministic flow ¢(x,s) = xe™*.
The transition rates can be described as

q(C|x,a):(x—a+1)[/ !

vy Tmag 1 dm(@) 9)
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for (z,a) € K,C € B(E). For the system, the purpose of the decision maker is to derive
an optimal policy of risk probability.

The existence of the optimal policy of risk probability for the proposed model is
investigated. First, Assumption [3.2|is verified by taking W(z) = z + 1. For (z,a) € K,
we obtain

/ Wy, s))a(dy | .a)
E

/0 (ye " +1)(z—a+1) [ emv/rmetay — 5{z}(dy)}

ef(z—a+1)(1—-a)
< e f(x+1)
W(o(z,s)).

Then, condition (a) in Lemma holds, where ¢y = 1,5y = 0.

Taking E, = [0,n],n = 1,..., then E, 1 E,sup,cp ¢*(z) = n+1 < oo, and
lim, o0 infrg g, W(g(x,s)) = lim,, oo (ne™* 4 1) = oo for s > 0. Thus, condition (b) in
Lemma, is also verified. It follows from Lemma we know that Assumption [3.2
holds. Since A(z) is a bounded closed set for € E, and it is confirmed that Assumption
B3] and [3:2] hold. Also, the existence of an optimal policy of the risk probability is
guaranteed by using Theorem [3.10)

r—a+1

Example 4.2. (Optimal production management) Consider a production management
system of a industry corporation where the state z € E := [0, +00) denotes the number
of products, the constant k > 0 represents the product quantity threshold. At the initial
moment s = 0, when the company has a small number of products z € (0,k), the
decision maker can use the production plan a € {a11,a12} to expand the production
scale.When the company has a lot of products x € [k, +00), based on the initial reward
level X, the decision maker can choose the production plan a € {ai1,a12,a21,a22}.
Consequently, the change of the system state is based on the flow ¢(z,s)(s € [0,s1))
up to the time s;. At a new decision-making moment s;, the system state jumps
into a new state 1 € E according to the transition rate ¢(dzi|z,ap). Considering
the influence of the varying discount factor «(-), the decision maker obtains the rewards
Jor e do «@@tdty (¢ (2, 5), a)ds. The system state undergoes repeated evolution. When
the company doesn’t have any products = = 0, the decision-maker cannot choose any
production plan (which is denoted by ag1) and will not receive any reward (0, ap1) = 0.

We formulate this idle fund management system as a PDMDP, where the system
states between two jumps change according to the determined drift function ¢(zx,s) =
ze®.  The model parameters are provided as follows: The state threshold & = 2; the
state space E = [0, +00); the action sets A(0) = {ao1}, A(z) = {a11,a12} for x € (0, 2);
A(z) = {a11, a12, as1, ae} for x € [2,+00); the discount factor is given by

1, z=0;
afz)=qr, 0<z<l (26)
L x> 1.

2z
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The transition rates are assumed to be as follows: for each D € B(FE), q(D|0,ap1) = 0.
For z € (0,2) U (2, 400),

0.056, D ={0}; 0.056, D ={0};
—0.28, D ={z}; —0.08, D ={z};
D|x, = D|x, = 27
q(Dlz, a11) 0.224, D = {2); q(Dlz, a12) 0.024, D = {2}; (27)
0, others. 0, others.
For x = 2,
0.28, D = {0}; 0.08, D = {0};
q(D|2,a11) = { —0.28, D ={2}; q(D[2,a12) = { —0.08, D = {2}; (28)
0, others. 0, others.
For z € [2,+00),
0.084, D ={0}; 0.13, D ={0};
0.056, D ={1} 0.13, D ={1};
D|x, = D|x, = 29
WD) =9 011, potay TP = 006 pofay @
0, others. 0, others.

For each x € F, the reward rates is provided as
r(0,a01) =0, r(z,a11) =2z, r(z,a12) =2x, r(r,a21) =V, r(z,a) =27

For this system, the decision-maker mainly focuses on the existence of the optimal risk
probability policy and the calculation of the value function.

First, we need to verify Assumption to assure the existence of the optimal policy
of the risk probability. Since the set A(x) is finite for any « € E, by Remark [3.2] we know
that Assumption [3.1] is satisfied. Based on the uniform boundedness of the transition
rates in (27)-(29), we know that Assumption [3.2] holds. Then, from Theorem the
existence of the discounted optimal policy of the risk probability.

To further show the feasibility and effectiveness of the algorithm, we choose the
calculation result of the system in state x € {0,1,2} as an example. When the system
appears in other states, it can be calculated similarly. Since r(0,ap1) = 0, we know
that U*(0,A) = I[g,4-o0)(A). The value iteration method is exploited to derive the value
U*(1,\) and U*(2, \) as follows :

Step 1: For A € Rt and z € [0, +00), let U*, (2, \) := 1.
Step 2: Forzx =1,n >0,

M l’];:(]_7 )\) = 0.2x (1 _ 670.561n()\/2+1))

“+oo u
+ O.8><0.28></ U;(Q,eo“r’“()\—/ e%5%ds))e 0% du,  (30)
0 0
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M*2Ux(1,0) = 0.3x (1—e 0-16mO/a5D)
+oo u
+ 0.7 x 0.08 x / Uk (2, 80-5”(/\ _ 2/ 60~5Sd5))€—0.08u du,
0 0
n+1(1 )‘) = min{MauU;(]-v)‘)vMale:;(L)‘)}'

For x =2,n >0,

MallU*(Q, )\) = 1 70.61n(1+§)\)
M*2Ux(2,A) = 1—e" 75 1n(1+16,\)
M*U*(2,\) = 0.6x(1— 6—0.56111(@“))

+0.4 x 0.14 x /()+OO Ux(1, "%\ — \/§/Ou V5% dds))e 014 dy,
Mo2U*(2,)) = 0.5 x (1 — e LOAMCRE+D)
+0.5 x 0.26 x /m Up(1,e%%" (X — 2\/§/u 0255 5))e~0-20u
nt1(2,4) = min{Ma“UZ(ZO)\),M‘“ZU;(Z)\)7M“21 U;(;, A), M22U* (2, \)},

Step 3: If Uy, —Uy| < 1012, the program goes to step 4. Then, U1 is approxi-
mately received as the value function U*; otherwise, the program continues to run step
2 for n + 1.

Step 4: Drawing the figures of MU} (xz, \),U*(z,A),z € {1,2} by using Matlab
software, see Figure [I] and Figure

Remark 4.1. It is worth pointing out that the integral in is calculated by the
trapezoidal integration method in [21] with ¢ = e%%%(\ + 2) — 2e%, which is shown as
follows:

400 u
U;:(2760'5u(>\—/ eO.Ssds))e—0428udu
0 0
“+o0
= [t @) 2t
0
4 A2 A +2)2 -8t 1
0 4 (A+2)2 -8t
— 2 22_
~ ZU* (2, kh)( A +2)+v(A+2) 8kh)71.56 12
P 4 (A +2)2 —8kh
A+ 2 A+2)2 —8(k+1)h 1
U, + Dy A DHVOTIE=SEE DR s h

4 \/()\+2)2—8(k+1)h]§’

where k <[, k,l € N, [h = A, h is the step length, N is the set of all positive integers.
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1 T T
| MU' (1,0 | |
e M2:2U°(1,)
it
08k MaHU.(Z/\) i
== = MAUT(2,))
fffff MU', |
(79.9,0.4704) — = = M2U'(2,0) |-
0 . .
0 50 100 150
Reward level \
Fig. 1. The function M°U*(z, \).
0.5 : -
| U] |
0.45 Uex
0.4 F g
0.35 J
0.3+ J
=
X025f g
o)
02+f g
0.15 1
0.1 J
0.05 J
0 L L
0 50 100 150

Reward level A

Fig. 2. The value function U*(z, \).

According to the value function calculation and Figures [I] and 2 we obtain the fol-
lowing conclusions.
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(a) In Figure |1} we know that when the system state z = 1, A € (0,20.9), the value
M*2U*(1, X) is lower than that M*11U*(1, A); if A € [20.9, +00), the value M1 U*(1, A)
is lower than that M*2U*(1,X). When the system state z = 2, A € (0,79.9), the value
M®220U*(2,\) is the minimum value. X € [79.9,+00), the value M*1U*(2,\) is the
minimum value. This implies that in state z = 1, if A € (0,20.9), the decision maker
should choose low-risk action a1 instead of the action a11. Conversely, if A € [20.9, +00),
the decision maker should choose low-risk action a1; instead of the action ai3. In state
x =2,if A € (0,79.9), the decision maker should choose low-risk action ass instead of
other actions. if A € [79.9,400), the decision maker should choose low-risk action ag;
instead of other actions.

(b) As seen in Figures (1] and [2| when the system state = € {1, 2}, the choice of optimal
action is based on the following expression:

aig, 0 < A< 209, asi, 0 < A< 799,
“(1,\) = . FR2,N) = 31
f ( ) {all, A Z 20.9. f ( ) {QQQ, A Z 79.9. ( )

At the initial time so = 0, if the system state (zg, o) and ( . the control action
fi(@o, M) == f*(w0, o) € A(:Uo) is chosen by the decision maker. Consequently, accord-
ing to ¢(xg,s) = xoe®(s € [so,51)) the system states evolve up to the time s;. Now,
the system enters a new state zy. During the period [sg, s1), the decision maker gets
the reward [J'e” Jo e(@@o )ty (10, 5), f&)ds. At time s, according to the histori-
cal information (zg, Ao, 61, 21, )\1) and . the decision-maker selects a control action
f (xo,)\o,ﬂl,xl,)\l) = f* ($1, 1) € A(x1), where the remaining reward goal becomes
A = efot a@leotdt (g [0 o= [ a(@(wo)dty (4 ), fir)ds). The development of the
system is repeated. Now, the optimal policy of the risk probability 7* = {f{f, fl*, ..} is
determined from Theorem and .
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