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KYBERNETIKA — VOLUME 42 (2006), NUMBER 6, PAGES 647 -664

DISCOUNTED MARKOV CONTROL PROCESSES
INDUCED BY DETERMINISTIC SYSTEMS!

Huco CRUZ-SUAREZ AND RAUL MONTES-DE-OCA

This paper deals with Markov Control Processes (MCPs) on Euclidean spaces with an
infinite horizon and a discounted total cost. Firstly, MCPs which result from the deter-
ministic controlled systems will be analyzed. For such MCPs, conditions that permit to
establish the equation known in the literature of Economy as Euler’s Equation (EE) will
be given. There will be also presented an example of a Markov Control Process with deter-
ministic controlled system where, to obtain the optimal value function, EE applied to the
value iteration algorithm will be used. Secondly, the MCPs which result from the pertur-
bation of deterministic controlled systems with a random noise will be dealt with. There
will be also provided the conditions which allow to obtain the optimal value function and
the optimal policy of a perturbed controlled system, in terms of the optimal value function
and the optimal policy of deterministic controlled system corresponding. Finally, several
examples to illustrate the last case mentioned will be presented.

Keywords: discounted Markov control process, deterministic control system, Euler equa-
tion, deterministic control system perturbed by a random noise

AMS Subject Classification: 90C40, 93E20

1. INTRODUCTION

This paper deals with Markov Control Processes (MCPs) with an infinite horizon
and a discounted total cost (see [2] and [9]). There will be considered the MCPs with
states and controls spaces (both of the spaces are Euclidean), taking into account
the (possibly) unbounded cost function and the (possibly) noncompact control sets.

In the first part of the paper, MCPs which result from deterministic controlled
systems (i.e. systems where, for every state and admissible control, the probability
of transition is concentrated in just one state) will be dealt with.

For such MCPs, the differentiability conditions of the second order will be pre-
sented in the dynamic of the system as well as in the cost function. This will permit
to establish the Euler’s Equation (EE) applied to the value iteration algorithm (see
[2] and [9]).

I This work was partially supported by Benemérita Universidad Auténoma de Puebla (BUAP)
under grant VIEP-BUAP 38/EXC/06-G and by Consejo Nacional de Ciencia y Tecnologia (CONA-
CyT) under grant 51222.
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The EE is known in the applications of MCPs to economic models, where it is
established and solved (in some cases empirically) (see [4] pp.600-601, [5] pp. 196
198, [7] pp. 12-14, 36-37, [11] p. 159, [12] p. 49, and [15] pp. 97-100).

To illustrate this part of the article, two examples will be given. One of them is
a deterministic problem with quadratic cost. The other example is the problem of
deterministic economic growth, raised in [15] pp. 93-96. In the best of our knowledge,
the latter example has not been solved by means of the EE applied to the value
iteration algorithm.

In the second part of the article, the MCPs which result from the suitable per-
turbation of deterministic controlled systems with random noise will be considered.
For deterministic controlled systems taken into account in this part, the functional
form of the optimal value function is supposed to be known, as well as the existence
of an optimal policy.

In this part, there will be established the conditions which permit a Markov
control process with controlled perturbed system to obtain its optimal value function
in terms of optimal value function of deterministic controlled system corresponding.
Moreover, in this case, the optimal policies of both systems (i. e. the perturbed and
the deterministic ones) coincide.

Three examples will be presented in this part. The first two correspond to the
stochastic versions of deterministic controlled systems which have been previously
presented in this paper. They are a stochastic problem with quadratic cost and a
problem of the stochastic economic growth. (It is important to mention that this
problem of the stochastic economic growth has been raised in [15] pp. 275-277, and
in this reference a solution to the problem is presented without a proof). The third
one is a non-convex example.

The paper is organized as follows. In Section 2, the theory of MCPs with deter-
ministic controlled systems is presented. In Sections 3 and 4, the Euler’s Equation
is established and the deterministic examples are given. In Section 5, the theory
of MCPs with perturbed by random noise controlled systems is presented, and in
Section 6, the examples of those are given.

2. DETERMINISTIC CONTROL SYSTEMS

The basic control model (X, A, {A(z) : € X},Q, c) consists of the state space X,
the control (or action) space A, A(x) is a nonempty subset of A, for every = € X,
the transition law @, and the cost function c.

Both X and A are (nonempty) Borel spaces of RP and R™ (p, m > 1 are integers),
respectively.

Let us denote by B(X) and B(A) the Borel o -algebras of X and A, respectively.

For each x € X, A(z) € B(A) and represents the set of admissible controls to
state z. It is supposed that the set K := {(z,a)|z € X,a € A(z)}, is measurable in
X x A.

The transition law Q(B|z,a), where B € B(X) and (z,a) € K is a stochastic
kernel on X given K (i.e. Q(-|z, a) is a probability measure on X for every (z,a) € K,
and Q(B|) is a measurable function on K for every B € B(X)).
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In Sections 2, 3 and 4 of the paper, it will be assumed that the transition law Q
is given by a difference equation of the type:

Tpr1 = Fa, ap), (2.1)

t=0,1,..., where F': K — X is a given measurable function. Here {z;} and {a;}
are the state and control sequences respectively. Observe that in this case @ is given
by Q(B|z,a) = Ig(F(z,a)), for all B € B(X) and (z,a) € K, where Ig(-) denotes
the indicator function of B. Note also that @ will be denoted by Qp to emphasize
that @ is induced by F.

The cost function ¢ is a nonnegative measurable function on K.

F denotes the set of measurable functions f : X — A such that f(x) € A(z), for
allz € X.

A Markov policy is a sequence m = {f;} such that f; € F, for t =0,1,... The set
of all Markov policies is denoted by M.

A Markov policy m = {f;} is said to be stationary if f; is independent of ¢, i.e.
fi=f€F, forallt=0,1,...;in this case, 7 is denoted by f and refers to F as the
set of stationary policies.

For each policy m € M and initial state x € X, it is defined that

o0
w(m,z) = Z ale(zy, ay).
t=0

w(m, x) is called the total discounted cost, where o € (0,1) is the discount factor.
The optimal control problem for a deterministic control system consists of deter-
mining a policy 7* € M, such that

w(r*, ) = ﬂirellf\;ﬂw(ﬂa ),

z € X, and 7* will be called a (deterministic) optimal policy. The function W
defined by W(z) = inf w(m,z),

TeM

x € X, will be called the (deterministic) optimal value function.

Remark 2.1. In applications of MCPs to Economics, it is common to present
the following optimization problem (see [4,6,10,13,14] and [15]). Take X C RP.
Consider a multifunction which goes from X to X , i.e., for every z € X , there is
a nonempty subset of X, denoted by I'(x) (I is known as the technological corre-
spondence). U : Graph(I') — R is the reward function (it is assumed that U < 0 or
U < 7, where 7 is a real fixed number, and Graph(T') := {(z,y) € X x X : z € X,
y € I'(x)}), and a € (0,1) is the discount factor. Then the maximization problem is

posed as follows:
o0

t
max a'U(xy, Teg1)
{wes1} ; 7

subject to 411 € T(2y), t =0,1,..., 20 € X fixed.
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In fact, it is possible to establish this maximization problem in terms of a dis-
counted MCP, taking X = A= X, A(z) =T(x), x € X, 411 = F(x¢,a¢) = a; and
c(:ct,at) = *U(It7xt+1)7 t= O, 1, e

Definition 2.2. The value iteration functions are defined as

Wy (x) = min) [c(z,a) + aW,_1 (F(x,a))], (2.2)

a€A(x

foralz € X and n=1,2,..., with Wy (-) =0.

Remark 2.3. Under certain Assumptions (see Remark 2.6 b) below), it is possible

to demonstrate that for each n = 1,2,..., there exists a stationary policy g, € F
such that the minimum in (2.2) is attained, i.e.
ek W (2) = ¢ (2,90 (2)) + aWo 1 (F(z,gn(2)) (23)

Lemma 2.4. Under certain assumptions (see Remark 2.6a) for a) and c) of this
Lemma, and Remark 2.6b) for b) of this Lemma), it results that:

a) The optimal value function W is a solution for the following equation (known
as the Dynamic Programming Equation):

Wia) = min {c(e,0) + aW(F(z.a)}, (2.4)
xz e X.

b) There exists g € F such that g(z) € A(z) attains the minimum in the right-
hand side of (2.4), i.e.,

W(z) = c(z,g(x)) + aW (F(z, g(x))), (2.5)
z € X and g is optimal.

c) For every x € X, W,, () — W (z) as n — 400, with W, as in (2.2).

Remark 2.5. For a deterministic control system where the transition law is in-
duced by a continuous function F), it is direct to prove that the transition law is
weakly continuous, i.e. [v(y)Qr(dy|z,a) = v(F(x,a)) is a continuous function
of (z,a) € K for every v € {¢ : X — R : ¢ is a bounded continuous function}.
This property of the weak-continuity in the transition law Qg has been used as an
assumption in some of the conditions given in a), and b) in Remark 2.6.

Remark 2.6.

a) For bounded costs, see conditions (a), (b) and (c) in Theorem 2.8 in [8] p. 23;
for unbounded costs, see conditions in Theorems 3, 4, 5, and 6 in [13].

b) See Conditions 3.3.3 (a), 3.3.3(b), and 3.3.3 (c1) or Conditions 3.3.4 (a) and
3.3.4(bl), and Theorem 3.3.5 in [9] pp. 27-30.

Throughout the paper, deterministic control systems for which (2.2), (2.3) and
(a), (b) and (c) of Lemma 2.4 hold are considered.
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3. THE EULER’S EQUATION

Let R, Y and Z be Euclidean spaces.

For any set B C R, a point x € B is called an interior point of B if there exists
an open set U such that x € U C B. The interior of B is the set of all interior
points of B and is denoted by int(B).

Let R be a subset of R x Y.

Let 6 : R — Z be a function. Suppose that 8 = 0(v,n) is twice differentiable.
The partial derivatives with respect to the variables v and 71 are denoted by 6, and
0,, respectively. The notation for the second partial derivatives of § with respect to
v and n are 6, and 6,,, respectively.

Besides, for ¢ = 1,2, define C’¢(1§; Z):={0: R — Z|the first ¢ derivatives of 6
exist and are continuous}.

Now, let (X, A, {A(z) : ® € X},QrF,c) be a fixed Markov control model that
satisfies the description of the previous section.

In this section, a functional equation, known in the literature of Economics as the
Euler’s Equation (EE) (see [4,5,7,11,12] and [15]) will be deduced. The EE char-
acterizes the derivative of W, and, using this information in different situations (see
Section 4 below), it is possible to determine W,, explicitly (integrating its derivative)
and, later, to determine W taking the limit of W,,, when n tends to oc.

Let G™(z,a) = c(z,a) + aW,_1(F(z,a)), n=1,2,...,(z,a) € K.

As usual, for each x € X, and n = 1,2,..., the first-order condition for the
optimality of G™(x, -) is defined by means of the @ €int(A(x)) such that G (x,a)=0.

The transpose of a vector v, denoted by +*" is considered like a vertical vector.

Assumption 1.
a) c € C?*(int(K); R).
b) F € C?(int(K); X).

c) Foreach n = 1,2,..., and « € X, G7,(x,-) is positive definite (see Remark
3.1b) below).

d) For each n = 1,2,..., gn(z) € int(A(x)), for every © € X (see Remark 3.1a)
below).

Remark 3.1.

a) As A(z) C A, x € X is open, then, obviously, g,(z) € int(A(x)), z € X. In
addition, in [4] p. 599 and [11] p. 155, for certain class of growth economic mod-
els, conditions which guarantee that the minimizers of the optimality equation
belong to the interior of the admissible action sets are presented.

b) Observe that Assumption 1c¢) implies that G™(z, -) is a strictly convex function,
for each x € X and n = 1,2,... (see [4], p.260), and also notice that g, is
unique for each n =1,2,...
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Lemma 3.2. Under Assumption 1, for each n = 1,2..., W,, € C?(int(X);R) and
gn € C(int(X); A).

Proof. The proof will be made by induction. Consider n = 1. In this case,

Wi(z) = i (z,a),

x € X. Since gi(z) € int(A(x)), x € X, the minimizer ¢; satisfies the first-order
condition for the optimality of ¢, i.e. cq(z,91(z)) = 0, x € X. Then, using the
Implicit Function Theorem (see [4], pp.210-211) and Assumptions 1a) and 1c¢) it
results that g; € C1(int(X); A). On the other hand, Wi(z) = ¢(z,g1(z)), z € X,

then
Wi(z) = co(x,91(2)) + ca(, 91(x)) g (2), (3.1)

x € X. Using the first-order condition for the optimality of ¢, in (3.1) it is obtained
that W (x) = c.(z,91(z)), € X. Since ¢ € C?(int(K);R) and g; € C'(int(X); A)
, Wi € C?(int(X);R). Now, suppose that W,,_; € C?(int(X);R), for some integer
n > 1. Hence, combining this fact with Assumptions 1a) and 1b), it results that
G™ € C?(int(K);R). On the other hand, the first-order condition for the optimality
of G™ is given by G2 (x,gn(x)) = 0, z € X (see (2.2) and the definition of G™).
By Assumption 1c¢) and the Implicit Function Theorem (see [4], pp. 210-211), it is
obtained that g, € C1(int(X); A). Then W), (z) = G%(x, g (2))+G"(z, gn(x)) g’ (2),
x € X . Using the first-order condition in the last equality it results that W/ (z) =
G"(z,gn(7)), = € X. Since G" € C%*(int(K);R) and g, € C(int(X); A), it is
concluded that W,, € C?(int(X);R). O

The following Assumption will be used to obtain the EE (see (3.2) below).

Assumption 2.
a) X, A CRP.
b) There is the inverse of the matrix Fj,. It will be denoted by F,!.

¢) The function H(z,a) := (cz — caFy 'FI7) (z,a), (x,a) € K is invertible in
the second variable with the inverse H~! : X x H[K] — A, where H[K] :=
{H(z,a): (z,a) € K}.

Remark 3.3. Observe that the function H in Assumption 2c¢) is given in terms
of the derivatives of the cost function ¢, of the dynamic of the system F' and of its
inverse F~1.

In Theorem 3.4 below, for each n, the functions H and H ! will be used to present
the derivatives of the value iteration function W,, and the maximizer g,,, respectively.
In Example 4.4, H and H ! will be explicitly obtained and Assumption 2 c) will be
verified for these functions (see Lemma 4.5 below).
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Theorem 3.4. Under Assumptions 1 and 2, the derivatives of the value functions
Wi, n=1,2,..., satisfy the Euler’s Equation:

aWy 4 (F (2, H™ (2, W, (2)))) Folw, H (2, W (2)))

oz, H (2, W/ (2))) = 0, (3.2)

zeX.

Proof. Observe that for each positive integer n, the first-order condition for the
optimality of G™ is
aWy, 1 (F (2, 9n(2))) Fa(@, gn(2)) + ca(@, gn(x)) =0, (3.3)

x € X, g, €Fand n =1,2,... On the other hand, derivating (2.3) it is obtained
that

quz(z) = cz(7, g0 (7)) + Ca(l‘,gn(x))gg(:r)
+aW,, 1 (F (2, gn (2))) [Fo (2, gn () + Fu (2, gn (2)) g5 (2)],
rze X.

Now, substituting (3.3) in the last equation and using the definition of H, it
results that W/ (z) = H(x,gn(2)), © € X. Then, by the invertibility of H (see
Assumption 2c¢)) it yields that

gn(x) = H™ ' (z, W, (2)), (34)

x € X. Substituting (3.4) in (3.3), the result follows. O

4. DETERMINISTIC EXAMPLES

In this section two examples will be presented. These examples are going to illustrate
the theory of the previous section.

Example 4.1. Let X = A = A(x) = R, 2 € X. The cost function and the

dynamic of the system are c(x,a) = 22 + %aQ, and z;11 = (af + 1)71/4, t=0,1,...,
(z,a) € K, respectively.
Lemma 4.2. For Example 4.1, for each n =1,2,...
a) W, is convex;
b) W, € C?(int(X);R) and g, € C*(int(X); A);
c¢) The value functions W,, satisty
W, (z) = 2° + Dy, (4.1)
xz € X, and
D, —aD,_1 = a, (4.2)
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Proof.
a) The proof is made by induction and is similar to the proof of Lemma 6.2 in [3].

b) The proof will be made by induction. For n = 1, Wi(x) = 22, and g1 (x) = 0,
r € X. Then, W; € C?(X;R) and g; € C*(X;A). Suppose that W, €
C?(X;R) and g, € C*(X; A), for n > 1. Since W, is convex for n = 1,2,.. .,
then for each x € X,

G (z,a) > 0,
a € A(z). Then the result follows by Lemma 3.2.
c) Let n > 1. In this case the equation (3.3) is
o 1 —5/4
9a(@) = S0 @Wiy | ——=—=] (Ga@)*+1) . (43)
(gn(2))” +1

x € X. On the other hand,
Wa(@) = 2% + (1/2) (gn(2))* + aWoor (1//T0n (@) 1),
x € X. Derivating W,, and using (4.3) it results that W) (z) = 2z, z € X.

Hence, W, (x) = 22 + D,,, € X and D,, € R. Substituting W,, and W,,_; in
(3.2) yields (4.2). O

Lemma 4.3. For Example 4.1, the optimal value function and the optimal policy
are given by

; (4.4)

and
g9(x) =0, (4.5)
respectively, z € X.

Proof. By c) of the previous lemma, W, () = 2> + D,,, n = 1,2,..., x € X,
and D, is a constant real to determine. The sequence D,, is convergent to D =
af(1—a), due to W,(z) — W(z), v € X and (4.2). Then, when n — oo in
(4.1),(4.4) results. Finally, substituting (4.4) in (2.4), results that the first-order
condition is
ag(z)

(9@ +1)”"

x € X, where the only solution is g(z) = 0, © € X. Hence (4.5) results. O

g(@) - =0,
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Example 4.4. An Economic Growth Model (see [13] and [15]). Let § € (0,1) be a
fixed number. Take X = A = [0,1), and A(0) = {0}, A(x) = (0,2%], z € X, = # 0.
The dynamic of the system is given by the difference equation z;,1 = 2 — ay,
t =0,1,..., and the reward function is defined by r(z,a) = Ilna, if z € (0,1),
a € (0,2°], and 7(0,0) = —oco. Suppose that 0 < ad < 1.

Notice that in the example Q({z° — a} |z,a) = 1 if x € (0,1),a € (0,2°], and
Q({0}0,0) = 1. Moreover, for each n =1,2,..., W,(0) = —o0, g,(0) =0, W(0) =
—o00, and ¢g(0) = 0. (Observe that this example can be considered as a case of a
non-negative cost, taking ¢(x,a) = —r(z,a) = —lna > 0, (z,a) € K.)

The rest of the solution of the example is given in the following lemmas.

Lemma 4.5. For Example 4.4,
a) W, is concave for each n =1,2,.. ;

b) W, € C?(int(X);R) and g, € C(int(X); A) for each n = 1,2, .. ;

¢) The value functions W,,, n = 2,3, ... satisfy the functional equation
W) (x) s Wl(zx)x =6
n\") W eI 46
sro-1 @ ! (x W/ () (4.6)
x € (0,1). Moreover, .
W () = (8/2) Y _(ad)*, (4.7)
k=0

n=12...,.0<z <1

Proof.
a) Similar to the proof of Lemma 6.2 in [3].

b) The proof will be made by induction. For n = 1, it results that

Wi(z) = max lna=dlnx,
a€(0,z9]

x € (0,1). Then, W; € C%(int(X);R) and g; € C'(int(X); A). Suppose that
W, € C%(int(X);R) and g,, € C'(int(X); A), for n > 1. Then,

Whpi(z) = aér(l(?;cé] lna+ aW, (z° — a)l,
= max_|[lna+ aW, (z° — a)l,
ae(0,z%)

x € (0,1), because W, 11 (2% — 2°) = W,,41(0) = —oo . Hence, the optimal
policy gni1(x) € (0,2°),2 € X. On the other hand, G"}'(z,a) = —a=2 +
aW!(x% —a) < 0,(x,a) € K, since W, is concave for n = 1,2,... Then the
result follows by Lemma 3.2.
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c) Since H(z,a) = (62°7) /a,(z,a) € K := {(z,a) : x € (0,1),a € (0,2°)} and
H Yz, u) = (5$5_1) Ju,x € (0,1) and u € (§/x,00), Assumption 2 holds and,
using Theorem 3.4, (4.6) follows.

Now, for n = 1, it is obtained that

Wi(z) = II(laXJ] Ina=dlnx,
ac(0,x

x € (0,1), and W{(x) = é/x,x € (0,1). For n > 1, suppose that W, _,(z) =
(6/x) Z;g (ad)*, 2 € (0,1). Then, substituting W/, in (4.6), (4.7) results. O

Lemma 4.6. For Example 4.4, the optimal value function and the optimal policy
are given by

W(z) = Inz + M, (4.8)

1—ad

and
g(z) = (1 —ad)z?, (4.9)

respectively, where z € (0, 1) and

1 ad

In(ad)| . (4.10)

Proof. By Lemma 4.5, it results that W, (z) = 5zz;é(a6)klnx + My, n =
1,2,..., 2 € (0,1), and M, is a real constant to determine. The sequence {M,} is
convergent to a real number M, because W, (z) — W (z), z € (0,1), and Y -, (ad)F =
1/(1 — ad). Then, (4.8) follows. Substituting (4.8) in (2.4), it results that

ad
1 M = 1
1—ad na aen(l(%;(é) na+1—o<§

In(z® —a) + aM|, (4.11)

x € (0,1). The first-order condition for the right-hand side of (4.11) is 1/g(z) =
ad/ [(1— ad) (z° — g(x))], = € (0,1). Solving this equation for g, it results that

g() = (1 - ad)a’,

€ (0,1). Substituting ¢ in (4.11), it is obtained that

2

é
1 M
1= as nx + aM,

Inz+M=1In(l —ad)+6lnz + a0

0
1—ad 1—ad In(ad) +

x € (0,1). Then, M = In(1 — ad) + In(ad)ad/ (1 — ad) + aM. Solving this for M,
(4.10) is obtained. U



Discounted Markov Control Processes Induced by Deterministic Systems 657

5. DETERMINISTIC CONTROL SYSTEMS
PERTURBED BY A RANDOM NOISE

As in Section 2, consider a deterministic problem with space state X, space control
A (X CRP and A C R™, p,m > 1 are integers), with admissible sets A(z) C A,
x € X. Suppose that the dynamic of the system is given by the difference equation
41 = Fxy,a), t =0,1,..., where F' : K — X is a given measurable function, and
the cost function ¢ : K — R is a nonnegative and measurable function.

Now, consider a stochastic control system with the same: state space X, the
control space A, the admissible sets A(z), € X, and the cost function ¢, but with
the following dynamic of the system:

Typ1 = L(F (2, a4), &), (5.1)

t =0,1,..., where {&} is a sequence of i.i.d. random elements taking values in a
Borel space S C R* (k > 1 is an integer) with density function A. L: X x § — X
is assumed to be a measurable function.

Observe that in this case the transition law @, is given by

Qr(Blz,a) = /IB(L(F(x,a),s))A(s) ds, (5.2)
B € B(X) and (z,a) € K. Also notice that the sets F and M are the same for the

deterministic system (X, A,{A(z) : x € X},Qr,c) and for the stochastic system
(X, A {A(z) : x € X},Qr,c) (see Section 2).

A control policy is a sequence m = {7} such that for each t = 0,1,..., m(: |hs) is
a stochastic kernel on B(A), given the history h; = (x9,a0,...,%i—1,0:-1,%¢), and
which satisfies the constraint m;(A(x;) |h:) = 1. The class of all policies is denoted
by II.

Notice that F ¢ M C II.

For each policy 7 and initial state xp = # € X, a probability measure P is defined
on the space = (X x A)™ in a canonical way. ET denotes the corresponding
expectation operator.

For each policy 7 and initial state z € X, it is defined that

v(m,x) = Ex

Z ale(zy, at)l . (5.3)

t=0

v(m,z) is called the expected total discounted cost, where a € (0,1) is the discount
factor.

A Markov control process for which the transition law is given by (2.1) will be
referred to as a deterministic control system. In the case of the transition law given
by (5.1), it will be referred to as a stochastic control system.

The stochastic optimal control problem consists of determining a policy 7* € II,

such that

o(n*,2) = inf v(r, )
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x € X. n* will be called an optimal policy. The function V defined by

Viz):= 71161%11(77,36), (5.4)

x € X, will be called the optimal value function.

Let (X,A,{A(z) : € X},Qp,c) be a fixed deterministic control system with
corresponding stochastic control system (X, A, {A(z) : z € X},QL,c). Besides, let
W be the optimal value function and g be the optimal policy for the deterministic
control system.

Assumption 3.

a) The optimal value function W and the optimal policy g are known for the
deterministic control system.

b) There exist a non-negative measurable function h : S — R, such that

/ W()Qu(dy |z, a) = W(F(z,a)) + / h(s)A(s) ds,
(z,a) € K.

c¢) There exists ¥ € [0,1) and N > 0 such that

[ Wwaryle.a) < oW + .

(z,a) € K.

Remark 5.1.

a) Assumption 3a) has been analyzed in the first part of this paper (see Section
3). W and g can be obtained by means of the Euler’s equation or, directly, by
means of the value iteration algorithm.

b) Assumption 3b) can be checked directly once that W is known.
c) Notice that if ¢ is bounded with upper bound N , then Assumption 3¢) holds
withd =0and N = N/(1 — «).

Definition 5.2. M(X)" denotes the cone of non-negative measurable functions
on X, and, for every U € M(X)*, TU is the function on X defined as

TU() = min [ete.0)+a [ U0)Qu(ayi.a)].

x € X. T is known as the dynamic programming operator associated to (X, A, { A(z) :
T € X}, QL, C).
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Definition 5.3. Let R C M(X)*, R is invariant with respect to the the dynamic
programming operator (see Definition 5.2), if for each U € R, TU € R.

Lemma 5.4. Let £:={W+X: X € R}. Then under Assumption 3, £ is invariant
with respect to the dynamic programming operator 7.

Proof. Take U € L. Hence, U(z) = W(x) + A, z € X for some A € R. Then

@) = min [cu,a) +a [U6)Quddylr.a)

= aIeI}L‘ia) [C(l’, (1) + OfE[U (L(F('T7 a)? g))]] )

= min [e(w.a) + aB[W (L(F(z.).) + ]

= min [e(,0) + oW (F(r,a)] + X
= Wi(z)+ A,

r € X, where A = a (E[h(&)] + )\), and

Therefore, TU € L. O

Lemma 5.5. Under Assumption 3, TW = W, where

“En)].

e X.

Proof. Note that in the proof of the previous lemma, TU = U if and only if
A=la/(1—a)]Eh()]. Then TW = W. This concludes the proof of Lemma 5.5.
O

Theorem 5.6. Under Assumption 3, the value function of the stochastic control
system is W, i.e. V.= W. Moreover, V(x) = v(g,x), € X (hence g is an optimal
policy for the stochastic control system).

Proof. Since TW = W and g is an optimal policy for the deterministic problem,
it results that

W(a) = c(z.g(a)) + o [ W)Qu(dy lo,g(x)).
x € X. Tterating the last equality, it results that

n—1

Z ale(wy, a)

t=0

W(x) = EY +a"EIW (x,),
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for all n > 1,2 € X. Since, W is nonnegative, W(z) > EY [Zt e c(xt,at)}
n > 1,2 € X. Then, when n — oo in the last inequality, it is obtained that

W(z) = v(g,2), (5.5)

x € X. Therefore, W > V.
On the other hand, let 7 € Il and € X. Then using the Markov-like property
(see [9], p.20) and TW = W, it results that for each t = 0,1, ...,

BT W(e) hoa] = o [a /X W(y)QL(dym,at)}

= o [c(mt,at)+a/XW(y)QL(dy|act,at) —c(zg,a4) ],

of (W) — c(ay,ar)] -

v

Hence, a'c(zy,a;) > —ET [T W (2441) — o'W (x¢)| by, ay]. Taking expectations
and adding t = 0,...,n — 1, it is obtained that

z € X. Since W(x) = W(z) + [a/(1 — )] E[R(E)], z € X,

n—1 . an+1
Z ate(wy,ar) | > W(z) — " Ef [W(z,)] - 1 a [h(£)]. (5.6)
t=0
2 € X. On the other hand, using Assumption 3c¢), it results that
EZ[W(xn) [hn—1,an-1] = /W(Q)QL(dy [Tp—1,an-1),
Therefore ET [W(x,)] < 19E§[ (gcn 1)] + N. Tterating this inequality yields
ET [W(z,)] < 9"W(z)+ (1+ 9 + 9"~ 1)N. Then it is obtained by (5.6)
that
n—1 . an—i—l
> ale(xy )| = W(z) — (ad)" W(z) — a”NZﬁk E[hE)], (5.7)
t=0
z € X. Finally, letting n — oo in (5.7) gives
E7 Zatc(xt,at)] > W(x), (5.8)
t=0

x € X (recall that ¥ € [0,1) and observe that 0 < o < 1).

Now, from (5.8) and since 7 and x are arbitrary, V > W.

Therefore, W = V. Now, combining (5.4) and (5.5) it follows that V (z) = v(g, z),
x € X. Therefore g is optimal for the stochastic control system. This is the end of
the proof of Theorem 5.6. O
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6. STOCHASTIC EXAMPLES

Example 6.1. Consider the deterministic model worked on in Example 4.1 with

the following variant in the dynamic of the system ;11 = 1/¢/(as)* + 1+ &, t =

0,1,..., and {&} as a sequence of i.i.d. random elements taking values in S = R. It

is supposed that these elements have the mean equal to zero and a, finite variance o2.

Lemma 6.3. For Example 6.1, the optimal value function V and the optimal

policy g are given by

o (0?4 1)
1—«

V() =2® + , and g(z)=0,
x € X, respectively (see Example 4.1).

Proof. To prove the Lemma, it is just necessary to verify Assumption 3 and
recall that the optimal value function and the optimal policy to the deterministic
problem are W(x) = 22 + D, and g(x) = 0, x € X, respectively. Then

E[W(/a+1+¢)] E[(1/V/e +1+¢72+ D],
(1/\4/a2 + 1)2 +0%+ D,
= W(/Va?+1)+E[h()],

r € X, where h(u) = s?, s € R. Assumption 3¢) is verified with ¥ = 0 and
N =1+ 0%+ D. Then using Theorem 5.6, the result follows. O

Example 6.3. A Stochastic Economic Growth Model [15]. Consider the deter-
ministic growth model worked on in Example 4.4 with the stochastic dynamic of the
system given by z;1 = (2§ —a;) &, t = 0,1,..., where {} is a sequence of i.i.d.
random elements taking values in S = (0,1). Let x := E(In§), where ¢ is a generic
element of the sequence {£;}. Suppose that « is finite.

Lemma 6.4. For Example 6.3, the value function V' and the optimal policy g are
given by

ad
— &,
1-ad)(1-a)

Vz) Inz+ e [ln(l —ad) +

B a
S 1-aé l1-a 1—aé
and g(z) = (1 — ad) 2°, x € (0,1), respectively.

in(a)| +

Proof. In this case, using the deterministic solution (see Example 4.4), it results
that

E[W((2°—a)€)] = E[ 1n[(x5—a)§}+M],

)
1—ad

1—ad
= d ln(xé—a)—&—M—i—
1—ad

= W(a® —a)+ E[h()],

K,
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(x,a) € Kand h(s) = [0/ (1 — ad)]Ins, s € S. Assumption 3¢) can be proved in the
following way:

/W((:ﬁ ~ a))A(s) ds / (1 fm; In [(2* —a) 5] + M) A(s)ds,

) 5 1)

= 1704611&(33 _a)+M+17045K’
52 1)

<

- 1—a61nx+M+1—a5H’

0 5/<5—|-M(1—5),

4]
5[1_a51nx+M} +1—oz

(z,a) € K. The last inequality is due to 0 < 2° — a < 2% and 0 < 6§ < 1. Therefore,
Assumption 3 holds with ¥+ = § and N > 6k/ (1 — ad) + M (1 —§), where N is
positive. 0

Now, the following Example illustrates that the theory developed in Section 5
holds for some non-convex models.

Example 6.5. Let ¢ be a fixed positive real number. Let X = (0,¢), A = A(x) =
[-m,7/2],x € X. The cost and the dynamic of the system are the following:
c(z,a) =z +sina+1, and 441 =0z, t =0,1,2,... with 0 < 6 < 1.

Lemma 6.6. For Example 6.5, the iteration value functions W,,,n =1,2,...
given by
Wa(z)=(1+ab+ -+ (ad)" "z, (6.1)

zeX.

Proof. The proof will be made by induction. For n =1,

Wh(z) = aénAigE) [ +sina + 1] =z,

z € X. Suppose that for n > 1, Wy(z) = (1 + af + --- + ()" ")z. Since
the minimum of the function n(a) = sina, a € [—w,7/2] is uniquely attained in

*—_

a* = —m/2, then g,41(z) = —7/2 and

Whii(z) = H}L‘i(n) [z +sina + 14+ oW, (02)],
acA(x

= min [ac +sina+1+af(l1+ab +---+ (oﬂ)n*l)x} ,
a€A(x)

= (1+ab+ -+ (ah)")x,

x € X. This completes the proof of Lemma 6.6. O
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Lemma 6.7. The value function and the optimal policy are given by W(x) =
x/ (1 —ab), g(x) = —m/2, v € X, respectively.

Proof. Using Lemma 6.6 (and the fact that 0 < af < 1), when n tends to co in
(6.1), it is obtained that W(z) = [1/(1 — af)] z, z € X. Finally, substituting W in
(2.2), it results that g(x) = —7/2, z € X. O

Now, suppose that the dynamic of the system is perturbed in the following form:
Tpp1 = O0xe + &, t = 0,1,..., where {&} is a sequence of i.i.d. random elements
taking values in S = (0, (1 — 0)(). It is supposed that these elements have a finite
mean fi.

Lemma 6.8. For the stochastic version of Example 6.5, the value function V' and
the optimal policy g are given by

1 " o
= T
1—ab 11—«

V(z) I

and g(x) = —7/2, x € X, respectively.

Proof. Using the deterministic solution, it follows that

Oz
1—ab +£] ’
= W(bz)+ E[h()],

EWOxz+¢)] = E{

x € X and h(s) = s, s € S. Note that, in this case, the cost is bounded. Then
Assumption 3c¢) holds. Therefore, by Theorem 5.6, the result follows. O
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