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Optimal Control of Probability on a Target Set for Continuous-Time
Markov Chains

Chenglin Ma and Huaizhong Zhao

Abstract—In this article, a stochastic optimal control problem
is considered for a continuous-time Markov chain taking values
in a denumerable state space over a fixed finite horizon. The
optimality criterion is the probability that the process remains
in a target set before and at a certain time. The optimal value
is a superadditive capacity of target sets. Under some minor
assumptions for the controlled Markov process, we establish the
dynamic programming principle, based on which we prove that
the value function is a classical solution of the Hamilton-Jacobi-
Bellman (HJB) equation on a discrete lattice space. We then prove
that there exists an optimal deterministic Markov control under the
compactness assumption of control domain. We further prove that
the value function is the unique solution of the HJB equation. We
also consider the case starting from the outside of the target set
and give the corresponding results. Finally, we apply our results to
two examples.

Index Terms— Controlled Markov chains, dynamic pro-
gramming principle (DPP), Hamilton-Jacobi-Bellman (HJB)
equation, optimal controls, risk probability criteria.

[. INTRODUCTION

Stochastic optimal control problems for Markov chains, also known
as Markov decision processes (MDPs), have been widely studied
due to their rich applications in real-world contexts, such as in
communication engineering [1], finance [6], queuing systems [21],
control of epidemics [24] and so on. Existing articles mainly focus
on MDPs with expected/average reward criteria. See, for example,
[71, 9], [12], [17], [22], [25], and [26]. However, such a setup is not
always suitable in some applications. For example, when we measure
the market risk in the areas of finance and economics, it is reasonable
to minimize the probability of loss exceeding a fixed value. Inspired
by the considerations of real-world contexts, some authors started to
study MDPs with risk probability criteria.

MDPs with risk probability criterions can be roughly divided into
two kinds: the discrete-time case and the continuous-time case. For
the discrete-time scenario, a general study can be found in [5] and
[29]. Recently, a discrete-time optimal dividend problem with risk
probability criteria has been considered in [28], the aim of which
was to minimize the risk probability of reaching a given dividend
goal before the time of ruin and find the optimal dividend policy.
In [13], a two-player nonzero-sum discrete-time stochastic games
under probability criterion was considered, and it was shown that
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the optimal value function for each player is the unique solution
to the corresponding optimality equation, and the existence of Nash
equilibria was established under mild conditions.

The continuous-time MDPs with risk probability criteria were
considered for the first time in [16]. Under some conditions, it was
proved that the value function is a solution to the optimality equation.
Following the publication of this work, there were some works on
continuous-time MDPs with risk probability criteria, such as [4]
and [15]. Bhabak and Saha [4] studied a zero-sum stochastic game
for continuous-time Markov chains. Under some assumptions, they
showed the existence of value of the game and also characterized it
as the unique solution of a pair of Shapley equations. Huo and Guo
[15] dealt with finite horizon continuous-time MDPs with unbounded
transition rates and established the existence and uniqueness of a
solution of the corresponding optimality equation. They also proved
the existence of a risk probability optimal policy.

In this article, we would like to find the optimal control processes
to maximize the probability that the controlled Markov process is
always in a target set during the fixed finite horizon [0, T]. Such a
risk probability setup can be regarded as the surviving probability
on a safety set in many real-world contexts, such as the number of
cancer cells in a patient in a certain safety range. In the context
of this article, the admissible controls, we consider, are processes
taking values in a compact control domain and being adapted to
the natural filtration generated by the underlying Markov chain. We
firstly give the dynamic programming principle (DPP) by considering
a family of stochastic optimal control subproblems initiated by
different times and states. We find that the global optimal control
is also locally optimal over any second half-horizon [¢,7] in the
sense of conditional expectation. We then establish the relationship
among these subproblems by deriving the so-called Hamilton-Jacobi-
Bellman (HJB) equation. This is a nonlinear first-order differential-
difference equation. The value function is a classical solution of the
HJB equation due to its right differentiability with respect to (w.r.t.)
the time variable. By the compactness assumption of control domain,
we give the existence theorem of optimal deterministic Markov
controls for the dynamic programming (DP) problem by employing
measurable selection theorem (see [2] and references therein). We
further prove that the value function is the unique solution of the HIB
equation. We then also consider the case starting from the outside of
the target set to maximize the probability on the target set from any
time to € (0,7].

A. Problem statement

Let (Q,F,P) be a complete probability space on which a
continuous-time Markov chain {X;,0 < ¢t < T'} is defined over finite
horizon [0, 7] for a fixed 7" > 0. We denote by {F;,0 < ¢ < T}
the natural filtration generated by X (-) and augmented by all P-null
sets of F, that is, Fx = 0{X5,0 < s <t} VNp, 0<t<T,
where N, is the set of all P-null set of F. The state space .S of the
process X; is a denumerable space endowed with a discrete topology.
A finite-state subset B C S is the target set with B€ := S\ B. The
control domain U C R is a nonempty compact set equipped with
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Borel o-algebra B(U). Let U denote the admissible control set

U:={u:

An admissible control u(-) is called a deterministic Markov control,
if the value of u(+) only depends on the current time and state. Denote
by M the set of all deterministic Markov controls over [0, T']. Define
Ft=o{XE" r € [t, 5]} VNp:; the admissible control set ; consists
of processes taking values in U and being adapted to {}'ﬁ}, and the
admissible control set My consists of deterministic Markov controls
over [t,T]. Obviously, M C U and My C Uy, for all 0 < ¢t < T.
For any given u(-) € U, the process Xt,u() 18 assumed to satisfy

[0,T] x Q2 — Ulu is {F;}-adapted}.

the regularity condition: lim,, P{X;:i(_) = a'} = 8./, where
84er = 1if ' = z or 0 otherwise, which implies the process Xt u()
has only finitely many jumps with probability one over the finite
horizon [0, T]. The superscript of Xﬁ:ﬁ denotes the initial time and
state, we consider, and ngfzo can be simplified as X579,

For each u(-) € Uy (with ug = u € U), the infinitesimal transition

probabilities of X; .y are given by

Agz! (t7 ’U’)‘S + 0(6)7 if ! # x,

pP{xt =z'}= 1
(X =21 {1+)\Im(t7u)6+o(6), otherwise, M

where \;;(t,u) are transition rates of X; and supposed to satisfy the
following assumptions.

D) If j # 4, A (t,u) >0, for any (t,u) € [0,T] x U.

2) The transition rates are conservative, that is, for any (¢,
[0, 7] x U and i € S, we have 3. g Ajj(t,u) = 0.

3) The transition rates are stable, that is, for any (¢, u) €
we have sup;cg |Aii (¢, u)| < oo.

4) The transition rates A;; (-, ) are continuous in [0, 7] x U for any
i,j €S.

Remark 1: 1). All the properties of the controlled Markov process
are determined by the transition rates, so it is sufficient to make
assumptions about the transition rates only. However, in practice, it
is a difficult task to identify the transition rates; statistical analysis is
useful in this context. This is not the aim of this article, so we will
not expand this aspect here and leave it for a future project.

2). For each fixed ¢ € S, the transition rate \;; is bounded due to
the continuity and stability.

Problem (S): The optimal control problem we are interested in is
to maximize the wtility functional given by the probability staying
on the given target set B: for (¢,z) € [0,T] x B,

=P{X\" | €B, Vset,T]} )

u) €

[0, T)x U,

J(t, z,u(+)) u()

over u(-) € Uz. The value function associated with (2) is defined as
V(t,z):= sup J(t,z,u(-)), (t,z)€[0,T)x B. (3)
u(-)EU
Note the boundary condition
{V(T, z) =1, Vz € B,

¢ C))
V(t,z) =0, V(t,z) € [0,T] x BC.

Remark 2: 1) Let 11 := inf{s > ¢, Xs # x| Xy = x} denote the
first jump time of X after ¢. By (1), for any control u(-) € My, we
have

T
P{rn >T}= exp{/ Azz(r,u(r))dr} >0 (5)
t
which implies that V (¢, z) > 0 always holds for each = € B.
2). Forafixed z € B, let 7(u(-)) := inf{s > t, ijj(,) ¢ B} denote
the first exit time of X", . from B ; then, the utility functional (2)

, su(’)
can be rewritten as

J(t, @, u(-) = P{r(u(-)) > T}.

Definition 1: A control u*(-) € U; is called an optimal control of
Problem (S) if ™ (-) is the control such that

V(t,z) = J(t,z,u*()). (6)

Remark 3: The optimality criterion in this article is similar to that
in [14] on optimal risk probability for first passage models of semi-
MDPs, since there is no reward/cost structure in these models. The
admissible controls we consider here are stochastic processes adapted
to the natural filtration generated by the underlying Markov chain,
which are different from the policies studied in [14] as well as some
continuous-time MDPs with risk probability criteria, such as [15],
[16]. In these works, the policies are only taken at each jump point.

[I. DYNAMIC PROGRAMMING PRINCIPLE

One of the most commonly used approaches to solve stochastic
optimal control problems is to establish the DPP based on the
pioneering work of Bellman [3]. The basic idea of DPP is to consider
a family of optimal control subproblems initiated at different times
and states. Then, the next step is to establish the connections among
these subproblems and solve all of them finally. However, for any
s € (t,7T], X5 is a random variable in (9, F, P) rather than
a deterministic state in .S, but it can be regarded as almost surely
deterministic under the conditional probability measure P{-|F%}(w)
for each fixed w € €, in the sense that all the dynamics of X b
during the time period [t,s] are known under the filtration F%, as
explained in [31]. Then for any s € (¢,7] and a given u(-) € Uy, we
have

I (5, Xs(w),u(-)) =

Then, for each (¢t,z) € [0,7) x B and s € (¢,7], by taking
conditional expectation, we have

Xs ,u(s) t
€ B,Vr € [5,T]|Fs }(w), P — a.s.

rau(-)

P{X

J(t,z,u) =E -I{XT o EBYrEL, T]}:|
=E _I{XT o EBVrelts]} [I{X::Z(')eBﬁvre[&T]}|F£}]
- {Xr u(- )GB"WE[t’S]}E[I{X?ﬁ%eB,vre[s,T]}|]:g]
= _I{Xm< |EBVrelt.s]} (s, X0y ul- ))] ; @)

where I denotes the indicator function of set ' € . Here we used

the flow relation Xt x , P{-| FL}(w) — a.s., for all
U (- )
t<s<r<Tandeachﬁxedw€Q
Theorem 1: For any (t,z) € [0,T) x B and s € (¢, T], the value

function V' (¢, x) satisfies the DP equation

t,x
wCyet F {I{Xf{ﬁc)EB’WE“’S]}V(S’XS’“('))} - ®

Vt,z) =

In particular, for a sufficiently small 6 > 0, we have
V(t,z) = sup E[ (t+06,x" )] to(d). ()
w()etls t+5 wu(+)
Proof: First, for any € > 0, it is easy to know that there exists
4(-) € Uy such that for any t < s < T,

o, B It Vs X050 -
wyey LG EB el ]} 0
t,x
<FE |: {XT - >6B,Vr€[t,s]}v(87Xs7ﬁ(‘)):| (10)

/
=D Vis,a)E [I{X“f eBvreltsl} (xt2 :z’}} '
o'eS ra(-) s,a(-)
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3”,() € U, such that

1)

Note, for each ' € S, there exists a control u®
Vis,a') —e < J(s,2',u ().
Let
i) = { i), relts),
S us (VM x,—arys 7€ [5,7),

which forms an admissible control in U;. Thus, by (7) and combing
the 2¢’s in (10) and (11), we have

S t,x _
u(b-;leput Hl X <>€B7VT€“75]}V(S’Xs,u(u)] 2e
1 sz’

<> J(s,a (.))E[I{X; S EBYTEts]} {Xs . )_y}]

z'eS
:E[I{X:jg(‘)eB,We[t,s]} (s, XS ac)y ¥ a(-))]
=J(t, z,a(-) < V(t,x).

Since € > 0 is arbitrary, we have
t,x

vite) 2 u(s.;?utE[ xoe ()eB,Vre[t,s]}V(57Xs,u(.))]~ (12)

Conversely, for any € > 0, there exists u°(-) € Uy such that
—e+Vi(t,z) < J(t,z,u ("))
t,
—B[1 XET )

X))

s,us(-)

{Xt’z €B,Vre[t,s]} (

u® (")

<E[1

{X eB,Vre[t,s]}V(S’

us(-)

< sup E[I

< Vs, X0 )]
u(-)EUL

{X )EB,VTE[t,s]} s,u(+)

U
4 (-
Since € > 0 is arbitrary, we deduce that

V(t,z) < suwp E[I (13)

u(-)Gut ru(-)

Combining (12) and (13), we thus obtain (8).
To see (9), from (8), for a sufficiently small 6 > 0, we have
V(t,z) = sup E[I V(t+68X"
u(-)EU u(’)
However, the transition probabilities (1) imply that the probability of
two jumps occurring in a small interval of length ¢ is o(d). In fact,

E[l V(t+8, X"

Vs, X000l

{X €B\Vrelt,s|}

{Xt T EBNre(tt+]} t+5 u(- ))}

(X070 EBVselt t+3]} tro,u()]

=Y V(t+4a)El

[{XW €B,Vse[t,t+6]} {X”” _r’}]'
z'eB syu()

t46,u(-)
However, the event {X"” Hrou() = = 2 € B} includes two distinct
cases: Q1:={ X always stays in B during the period [¢,t + ¢] and
xhe = 2’} and Q9:={ X jumps out of B and then returns back

t+3d,u )
with Xt;rzi o= «' € B}. From (1), we have P(Q2) = O(6?).
Then,
E|l ,
[ {Xt+6 w()"F }]
=P(X}7y () =) = P(Q) + P(22)
=Ell {X9 Tu() €5 Vs€Elt,t+40]} {Xt+6 w()= /}] + P(Q)
_E[I{ () EBVsEtt+3]} {Xt+6 =" /}]+0( ).
That is,
ElI {xh | eBvselt,t+d]) V(t+6, X, ()]
Z\/t-i—ém Bllixee ]+ o(d).
z'eB "

Then, by the boundary condition (4) of V (¢, ), we have

Vo) = s Bllixes eV 0 Xi0)
T - oy v ml)E[I{Xwa u() =" el ¥l
= u(s;?ut mZESV (t+6,2)E] {Xfft;,u(fw’}] + 0(6)
= u(s;lelout E[V(t+ 54, Xt+6 u(- ))] + 0(9).
This completes the proof. u

Remark 4: The DP equations we obtained in Theorem 1 are
different from the optimality equations given in [15] and [16]. The
latter describes the relationship of value functions at successive jump
points, but the DP equations here describe the relationship of value
functions at any different time points. Furthermore, a nonlinear partial
differential equation, i.e., the HIB equation, can be obtained in the
next section from the DPP. This was not obtained from optimality
equations in [15] and [16]. Our results of the DP equation and the
HJB equation for this kind of problem are new.

Remark 5: If T' = oo, we can also obtain a DP function, in which
the freely chosen time s should be replaced by some stopping times.
Some examples of DPP involving stopping times can be found in
[18], [30], and references therein.

Theorem 2: If w*(+) is an optimal control of Problem (S), then for
any s € (t,7T

Vs, X""

su*()) J(s, Xs’u*()7 *())’ P—as., (14)

conditional on {Xi:z*(') € B,Vr € [t,s]}.

Furthermore, DP equation (8) turns out to be optimal equation

t,x
V(t,z) = E[I {Xt I*()GB,Vre[t,s]}V(s X u*())], (15)
and (9) turns out to be
Vit,) = B [V(E+6 X[ ))} + o(8). (16)

Proof: By (6), (7) and (8), for any s € (¢,7T], we have

Vito) = Bllixee,  enreinay’ > SR O))
< E[I{Xj “ . EBvrelt) Vs, stft*( )]
<V(t, ).

Hence indeed,
Bl (S (- )EBvWE[tvs]}J(s’Xz’z*(-)vu*(‘))]
:E[I{X: ﬁ*( )EB,Vre[t,s]} V(s ,Xz z*( ))]

From Remark 2, P{th () € B,Vr € [t,s]} > 0, and by
the deﬁnltlons of utlhty functional and value function, one has

J(s,Xs i*( o u*(+)) < V(s, Xt Z*( )) It follows that
J(s, Xii*() u() =V(s, X\ o)) Poas.,

conditional on {X € B,Vr € [t,s]}. Naturally, the DP
equatlons (8) and (9) turn out to be (15) and (16), respectively. H

If w*(-) € Uy is an optimal control of problem (S), Theorem
2 means that u*(-) restricted on [s,T] is also optimal P-almost
surely for the optimal control subproblem over [s,77] initiated by
(s, Xtm ) conditional on {X::i*(.) € B,Vr € [t,s]} for any
t<s <
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Il. HJB EQUATION AND EXISTENCE OF OPTIMAL
CONTROL

From the DPP obtained in the last section, we will establish the
relationships among these optimal control subproblems by deriving
the so-called HJB equation in this section. In the classical DP
problems, the state processes are usually characterized as stochastic
differential equations driven by standard Brownian motions, which
implies that the state processes are continuous and the HIB equations
are normally backward partial differential equations with continuous
terminal conditions, readers are referred to [12], [31] and references
therein for more details. Different from the classical HIB equation,
the HIB equation, derived below (20) in the context of this article, is
a backward differential-difference equation with Dirichlet boundary
value and terminal value given by an indicator function of the
surviving set. We first discuss the infinitesimal generator of the
controlled Markov jump process.

Define the operator L as the infinitesimal generator of X;. For any
(t,z) € [0,T) x S, u(-) € Uy (with uz = uw € U) and bounded
function f, from (1) we have

LYf(z) = 6lir(r)1+ %E[f(Xtt_f(s u(- ))
5 Z P{Xt+5 wu(

/751

= Z Az (L, u)(f(l‘/) -

o' £z

= lim
50Tt

For each deterministic Markov control u(-) € My, denote M, gf =
t, . t, .
f(X&Z( )= N L )f(XT,Z(.))dr. Then MY is {F!}-adapted and
integrable since the transition rates of the process X; is assumed to
be stable. Moreover, for § € [t, s], from the definition of infinitesimal
generator, it is easy to see
Luf(Xr (- )) = lim =

Elf (X, 5u0y) = F ) | F

§—0t +6
_ d t,x t
_E[d f(Xru()) | Fr], P —a.s.

It turns out that

BUXSS) ~ XL ) = [ 1O pes a7

=0, P—a.s.
Therefore, for any ¢t < § < s < T, we have
S
Bl |Fl] = E[f(XﬁjZ(.)) - [ 2Ot a7

:_/ L“(')f(X::Z(.))dr

t

FEFXGS ) - [ O R arlF

S

=X,

s u(- t,x _ f
su())f/t L ()f(Xr,u(.))dT*Mg, P —a.s.

That is, {Msf}tgng is a {F!}-martingale with mean f(z). Thus
we obtain Dynkin’s formula

s =+ B[ 20 px
Similarly, we can prove that for any function f(t,x), which is

bounded in x and right differentiable w.r.t. ¢, we have

Elf(s, X52 )]

:f(t,x)Jr/t Elfi(r, X00 ) + L for, X150 )ldr,

E[f(X] (drl. (8

19)

Theorem 3: The value function V (¢, x) is right differentiable w.r.t.
t, and is a classical solution of the following first-order nonlinear
differential-difference equation

Vit (t,z) 4+ sup L'V (¢,
uelU

z) =0, V(t,z) € [0,T) x B, (20)
with boundary condition (4), where VtJr(-7 x) denotes the right
derivative of V' w.r.t. .

Proof: Consider a sufficiently small § > 0, by (9) and for any

x € B, we have

V(t+6,x2)—V(tx)
=V(t+62)— sup E|V (t+68 X" u + 0(9).
o B[y (e

For any u(-) € Uz (with ux = u € U), we have

. 1
lim sup =

(V(t+0,z)—
6—0 4

V(t,z))

1
< lim = ZP{XW () =TIV (E+8,2)=V(t +6,2)) + 0(6)

:Z/\m/ t,u)(V(t,z) —

' #x
From the definition of generator (17) of X; and taking the supremum
over u € U, we have

V(t,z").

x)) + sup L*V(t,z) <O0.
uelU

Jim sup %(V(t +62) — V(L @1

6—0

Conversely, there exists 4(-) € U; (with 4z = @ € U) such that

%(V(t+6,x)7V(t,m))
>% [V(t+5,x) - E [V (t+5 X5 ))} —55—|—o(6)} .

In the lower limit of 6 — 0, we have

%(V(t Y x) — Vit

Since € > 0 is arbitrary and taking the supremum over u € U, we
have

2)) 4+ LV (t,z) > —e.

lim inf
6—0

lim inf %(V(t +6,7) — V(t,x)) + sup L*V (t,z) > 0.

(22)
6—0 uelU

Since the transition rates of X; is continuous and V' € [0, 1], then

\Sup D daw (L) (V(E,2) = V(Ea")]
.
< sup Z Aggr (B, u) = sup [Aga(t, u)| < oo.
uelU . uelU

This, combining (21) and (22) leads to

lim L (V(t+6,2) — V(t,2) + sup LV(t,2) = 0. (23)
506

uelU
Then, the limit V;* (¢, ) := lims_,o §(V(t+6,2) — V(t,2)) exists
and is finite and unique because of the uniqueness of supremum.
Thus, the HIB equation (20) holds and the value function V (¢, z) is
its classical solution. It is easy to see the boundary conditions are
also satisfied. |
Remark 6: In classical DP problems, the differentiabilities of the
value function V' w.ur.t. the time variable and state variable are
normally unattainable. One usually can only prove that the value
function is a viscosity solution [8]. The existence and uniqueness of
viscosity solutions to HJB equations can be found in [8] and some
other literature, such as [18], [27] and [19]. In this article, we proved
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that the value function is a classical solution of HJB equation (20),
and the uniqueness will be given in Theorem 5.

Since the transition rates of the process X; is assumed to be stable,
then the function (u,t,z) — L“V (¢, z) is continuous w.rt. u in U
and measurable w.r.t. (¢,z) in [0,7) X B, so by the compactness
assumption of U and the measurable selection theorem [2], there
exists a measurable control function @(-,-) in [0,7") X B such that

L¥2 V(¢ 2) = sup LYV (t,x), V(t,z) €[0,T) x B. (24)
uwelU
Let
u(t,w) = u(t, X¢(w)). (25)

Then, v*(+) is a deterministic Markov control, that is, u*(-) € M.

Next we will prove that the deterministic Markov control u™*(-)
defined by (25) is an optimal control of Problem (S). This result
provides the conjugacy of the optimal control in terms of the HIB
equation and that of the utility surviving probability.

Theorem 4: The deterministic Markov control u*(-) € M defined
by (25) is the optimal control of Problem (S), i.e., such w*(-) is the
control such that V (¢, z) = J(¢,z,u*(-)), V(t,z) €[0,T) x B.

Proof: Let u™(-) be the deterministic Markov control defined
by (25). Then, by Dynkin’s formula (19), we have

BV (1.X5 )]

—V(t,2) +/tTE Vi (X y) + 2OV (n X )

Note that this does not imply that E[V (T, X;xu*( DI = Vi(t,x),
since u*(-) is the control such that V;* (¢, z) + LDV (L z) =0

holds only for x € B.
To proceed, we consider, for a sufficiently small § > 0 such that
(T'—t)/4 is an integer, the discretization with step size of length J,

t,
BV (648X 0]
=V(t,z) + [V (t,z) + LDV (L, 2)]6 + 0(8) = V (£, z) + o(5).
Since V(s,2’) = 0 for each 2’ € B¢, we have

S V(t+s, x’)P{XffW(_) =2} = V(t,z) + o(9).

z’€B
Furthermore,
d,
Z E[V(t +29, ijer(;,:u ]P{Xt+5 w*(-) = CE/}
z'eB
I
=E[V(t+4, Xt+6u*( + P{Xt+6u*() '}
z'eB
Vit +6,2") + L2y 46 2/V]8 + o(6)
=V (¢t,z) + o(9).
On the other hand,
t+6,i .
> EV(t+25, Xt+26,u*(~))]P{Xt+6 wr() =1
i€B
. 5,

= D> VE+282 )Y P{X[ T ey = PIX 0 ey = 2D

z'eB 1€B

t+6,X .

=DVt +25.2) (D PAX, o500 = ¢ Xl ey = 1))

z'eB i€B

t+6,X

= D> V(t+282)PLX, o5 0 =2/ X[0 L) € B

z'€B

Since for each z € B, V(T,z) = 1, by iteration, we have

Vt,z)+ @
— T—6,X1_s 146, X145 t,w
P{X “() EB""7Xt+26,u*()€BXt+6u € B}.
In the limit of 6 — 0, we have
V(t,x) = P{X" ey € BVs € [Ty = J(t,2,u" (). (26)
Thus, ©*(+) is an optimal control of Problem (S). [ |

Theorem 4 says that there exists an optimal deterministic Markov
control of Problem (S); thus, the value function can be rewritten as

V(t,z) = u(#)lgj\(/lt J(t, z,u(+)). 27)
Theorem 3 says that V' is a classical solution of HJB equation (20),
and Theorem 4 gives the existence theorem of optimal control, based
on which we have the following verification theorem.

Theorem 5: The value function V' is the unique solution of HJB
equation (20).

Proof: We need to prove that if there exists another bounded and

measurable function ¥ (¢, ) solving (20), which is right differentiable
w.r.t. t for each x € B, then

Y(t,z) =V(t,z), V(t,z) €

In fact, we only need to prove that (28) holds for each (¢,z) €
[0,T) x B. By Dynkin’s formula (19) and for each u(-) € M, we
have

[0,7] x S. (28)

BR(T, X450 )

—4(t,2) + / v r

Considering the discretization of the process X;’i(_) with step size
of length ¢ such that (7" —¢)/§ is an integer, we have

Ely(t +4, I =(t )
since (s, z’) = 0 for each =’ € B¢, we have

> Wt +6,a\P{XT L =)
z'€B

:w(tv :U) + (w:—(tv l’)
Since ¥ solves (20), that is

G () + Ly (t, ) <0,

Xtac

) +Lu(T’XT)1/J( ru(-)

Xt:c

) )dr].

t,x
Xt+5 u(+)

(29)
+ L (2, 1))6 + 0(6).

then we have

> Wt +4, x)P{Xfféu
z'€B

— o'} < u(t,x) + o).

Similar as in the proof of Theorem 4, we have for each u(-)

W(t,x) > P{X” € B,Vs € [t,T]}.

Taking the maximum over u(-) € My, we have

Y(t,x) > (n)lax P{X5 () € B,Vs € [t,T]}. (30)
eM

Conversely, there exists a deterministic Markov control u* () € M,

such that

sup LU (t,z) =
uelU

LY 2yt ), Y(t,z) € [0,T) x B.

Using the discretization method used to derive (26), we have

w(t,x) = P{X_. ) € B,¥s € [1,T]}. G1)

¢)

+ (W (8 2) + L EP (8, 2))6 + o6),
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Combining (30) and (31), we have

U(t, @) = (e P{x'? w) EBYs €[LTI} = V(t ).
That completes the proof. |

It is not difficult to find that the u* given in the Theorem 5 also
is an optimal control of Problem (S).

IV. THE CASE STARTING FROM OUTSIDE OF THE TARGET
SET

In the previous sections, we have discussed the stochastic optimal
control problem whose utility functional is given by the probability
on a given set B, if Xg = zg € B. However, zg does not necessarily
belong to B. For the case that g ¢ B and any ¢o € (0, 7], we can
consider the optimal control problem to find an optimal control to
maximize the probability that P{X Ovi(;fo € B,s € [to,T]}.

In this section we will find the optimal control within M. In fact

P{Xzol’fio € B,s € [to, T]}
=y P{Xfoou() = x}P{Xzf’j(”.) € B,s € [to, T]}- (32)
zeB

Similar as in the proof of Theorem 1, we have

sup Z P{Xto w() —:E}P{XS () € B,s € [to, T}
u(em \ 5
= sup P{X;° .,y =7}
u(-)eM ; tou()
X sup P{Xzoj(cv) € B,s e [tO,T]}) .
u(-)EMyg ’

We have proved that there exists u*(-) € My, such that

sup P{X; () € Bys € lto, T1} = P{Xto i) € B.s € [to, T}
’LL( )GMtO

Denote the above probabilities by a; then, (32) turns out to be

Z a;,;P{Xzﬁu() x}.
reB

(33)

It turns out that the optimal control problem that we consider in this
section is to maximize the utility functional: for (¢,z) € [0,tg] X S

Itz u()=E[ I{X” el = Elg (xb* ),

to,u(-)
z'€B to,ul:

over u(-) € M; and g is a bounded function. Then, the value function
is

V(t7m) = Sup j(t’x7u())
u(-)EM¢

(34)

With a similar proof to that of Theorems 1, 3, 4 and 5, we have the
following theorem.
Theorem 6: The value function V(t, x) satisfies the DP equation

V(t,z) = sup E[(s, Xg;j(_))}, Vs e (t,to].  (35)
u(-)EMy '
The value function V is the unique solution of HIB equation
V:r(t, z) + sup L"V(t,z) =0, (t,z) € [0,t9) X S,
uelU (36)

V(to,z) = az, if x € B or 0 otherwise,tg € (0,T].
There exists a deterministic Markov control u*(-) € My such that

V(t,x) = J(t,z,u* (")), (t,z)€[0,tg] x S. (37)

Remark 7: In fact, the discussion in this section covers the case
that tp = 0 with P{XI(J w(y € Bys € [to,T]} = O satisfying the
terminal condition in (36)

V. EXAMPLES

Example 1: Let S = {1, 2,3} be the state space of Markov chain
Xi,t € ]0,T] and B = {2} as the target set. By the discussion given
in the previous sections, the value function V' (¢, x) satisfies the HIB
equation (20). By the boundary condition of V', we have

VT (t,2) + sup V(t,2)Aaa(t, u) = 0.
uelU

That is,

T
V(t,2) > expf /t Naa(s, u(s))ds).

sup
u(-)EMzy

By the existence theorem of optimal control, we have

T
V(t,2) = u(r.r)lg.;\{/lt exp{/t A22(s,u(s))ds}.

Example 2: Consider a controlled time-homogeneous birth-and-
death process, denoted by {X:}o<t<7, as an example of general
controlled Markov processes considered in the main result of this
article. The state space of the process X¢ is S = {0,1,--- , K}, and
the control domain is U = [a, b]. The transition rates are given by

m:(u—%r)z, ¥ =x+1,
Agzr (U) = € do(u — 271)2, =z —1,
—(r+d)z(u— 2%)2, =

Our optimal control problem is to maximize the utility function

J(t, z,u() = P{X"® ) EB,Vs e [t,T)}, (t,z) €[0,T] x B,

s,u(-

over u(-) € M;y. This example satisfies all conditions set in this
article, and the corresponding value function is

V(t,z) = max J(t,z,u(-)).

u()EMy

Recall the DP equation (8) and HJB equation (20). By (24), the
optimal control is the control maximizing

L'V (t,x) =Xgpt1(u)(V(t,z + 1) = V(¢,2))
+ Az z—1(W)(V(t,z — 1) = V(t,z))
=:Ga(u— 2%)2, z € B,

where Gz = re(V(t,z+1) -V (t,2)) +dz(V(t,z —1) =V (¢, x)).
If G is positive, we need to find u € [a, b] to maximize (u — 2%)
and if G is negative, we need to find v to minimize (u — ﬁ
Because of the right-continuity of X4, it is easy to see from (25) and
Theorem 4 that the control process is right continuous. Therefore, the
control process is measurable. Unfortunately, the partial derivative
in HIB equation is just a right-derivative, and the HJB equation
is a backward differential-difference equation, so it cannot be used
directly for the simulation of this stochastic optimal control problem.
We can investigate the properties of optimal control and simulate
value function using DP equation.

For a numerical experiment, consider d r = 0.04, K
100, B = {30,31,---,60}, T" = 100, At = 0.01, and N =
T/At. In addition, let a = 1, b = 2, Au = 0.01, and U =
{1,1.01,1.02,--- ,2}. This model is discretized and naturally be-
comes a discrete-time MDP with a risk probability criterion. The
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one-step transition probabilities of X, = X, A; are given by
reAt(u — %)2,
dmAt(u—%)Q, =x—1,
1—(r+dzAt(u— 27’”)27 =

x'zm—i—l,

Pzr’(u) =

The discrete-time version of DPP (8) (see Theorem 1) is stated in
the following steps:

Step 1. Let V(N,z) =1, for all z € B;

Step 2. Forn € {N —1,---,1,0},

V(n,30) = max{0.04-30 - 0.1+ (u — 0.6)2 - V(n+1,31)
ue

+(1-0.08-30-0.1-(u—0.6)2)-V(n+1,30)},

V(n,60) = max{0.04- 60 0.1 - (u - 1.2)% - V(n+1,59)
u

+(1-0.08-60-0.1-(u—12)%)-V(n+1,60)},
for z € {31,---,59},

IV Vin+1,z+1)

V(n, ) = max{0.04z - 0.1 - (u —
(n, @) = max{0.04z - 0.1- (u = 75

+0.042 0.1+ (u— %)2 Vn+1l,z—1)
+(1—0.087- 0.1 (u— %)2) V(n+1,2)},

record each optimal u;

Step 3. Plot V (0, ).

We calculate V(0,z) for U = {1,1.01,1.02,---,2} and plot the
graph in Fig. 1 as the curves in red dotted line. We also take u =1, 1.5
and 2 as three different fixed values and calculate V'(0, ) according
to the above algorithm without seeking optimal control w and plot
the graph z — V(0,z) in Fig. 1 as the curves in orange, blue and
black dotted lines.

10

1 — uinu
u=1

— =2

V(0X)

Fig. 1. V(0,x) for different control domain U.

Remark 8: 1). The difference between the optimal surviving prob-
abilities with a proper control (taking U = {1,1.01,--- ,2}) and the
surviving probabilities have a fixed u is clearly shown especially for
z being near to the top of the target set. It is easy to see that the red
line is higher than and equal to other three lines for each x.

2). The optimal control process is recorded as a matrix, which can
provide the optimal policy for each DP problem initiated by each
state and time.

We also calculate the optimal control problems of surviving
probabilities with U = {1,1.01,---,2}, N = {30,31,---,60}
and different values of d (r is assumed to be the same as before):
d = 0.6r,0.8r,r,1.2r,1.4r, respectively. We plot them in Fig.2.

It is noted that the probability V(0,z) is increasing with the
decrease of d for each x € B, which means decreasing the death
rates is benefit to the controlled Markov chain staying in a safety
range under the condition that the birth rate remains unchanged.

zhowe

Teeeese

Fig. 2. V(0,x) for different death rates d.

We also simulate value functions according to the above algorithm
(Steps 1-3) for B = {0,1,---,30} and calculate them with U =
{1,1.01,--- ,2} and different values of d (r is assumed to be the
same as before): d = 0.6r,0.87,r,1.27, 1.4r, respectively. We plot
them in Fig.3.

V(0X)

Fig. 3. V(0,x) for different death rates d.

Different from Fig.2, the value function V (0, z) in Fig.3 is increas-
ing with the increase of d for each x € B under the condition that r
remains unchanged. An example of the model in Fig.2 is the human
population model staying in a set of a relatively moderate or large
size. In this case, decreasing the death rate can make a substantial
difference only when the population has a relatively moderate size.
While the model in Fig.3 show, e.g., in the cancer cell population
model, it is desirable to have less number or extinction of cancer cells.
In the latter case, increasing death rate improves the probability of
keeping the size of cancer cells to be in the safety target set.

V(0x)

LA s s s e e s e e
05 15 25 35 45 55 65 75 8 95

x

Fig. 4. Graph of V(0,z), z € {0,1,--- ,100}.

We also consider the case starting from the outside of the
target set B and use the value function V(0,z) with U =
{1,1.01,1.02,--- ,2} (see the red line in Fig.1) as the terminal
condition of the value function V(T,z). Using the algorithm as
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explained in Step 2 with U = {1,1.01,---,2}, we carry out our
numerical computation and plot our result in Fig. 4. Note that, in
this case, the algorithm focus on the state space .S, not just on the
target set B.

VI. CONCLUSION AND FURTHER CONSIDERATIONS

In this article, we consider continuous-time MDPs and derive the
DPP and HJB equation for optimal surviving probability V (¢,z) =
SUPy, () eudy P{Xi:i(_) € B,Vs € [t,T]} instead of using the
optimality equations as in [15] and [16]. The optimality criterion we
consider is the risk probability that the first exit time from a target
set of the controlled Markov chains exceeds a fixed value. Such a
setup is applicable in many real-world contexts. The main effort of
this article is to establish the DPP, derive the HIB equation, prove
the existence of optimal controls, and verify the value function is
the unique solution of the HIB equation. The problem is not covered
by the traditional stochastic optimal problem and associated DPP and
HJB equation. It is also not covered by the risk probability considered
by Huo et al. [15], [16]. In fact, as V' (¢, z) depends on the surviving
set B, we can define a set function as V; ;(B) = V (¢, z). Then it is
easy to see that Vi, : V(S) — [0,1] is a superadditive capacity.
In this sense, we obtained the HJB equation for a superadditive
capacity given by an optimal surviving probability. This is in contrast
to the traditional stochastic optimal control problems, where the
value function is a sublinear expectation operator [23]. Given the
recent progress of the ergodic theory of sublinear semigroup and
capacity [10], [11], and that the superlinear semigroup and the
sublinear semigroup are conjugate to each other, it would be very
interesting to ask whether or not there exists an invariant superlinear
distribution y such that V4, = p. Here V¢ ,(B) = (uV4,.)(B). If
so, is p¢ a continuous distribution and is it ergodic? The existence of
such an invariant distribution is important in applications giving the
equilibrium of a controlled superlinear process. We will publish this
result in a further publication. The DPP and the HIB equations that
we established in this article will be important tools for the analysis
of invariant distribution and its ergodicity.

In this article, we mainly study the stochastic control problem of
a risk probability criterion of a given controlled Markov process
model. To link our results directly with applications, we should
estimate the transition rates by studying some inverse problems and
carrying out statistical analysis of datasets. This is clearly very
important and worth pursuing in a future project. Controllability
and observability for stochastic control systems are also interesting
problems to investigate; we refer to [20] and [32] and will expand
this aspect in the future.
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