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Computational Methods for Control of Queueing Models in Bounded
Domains

José Maria Menéndez Gémez

(ABSTRACT)

The study of stochastic queueing networks is quite important due to the many applications
including transportation, telecommunication, and manufacturing industries. Since there is
often no explicit solution to these types of control problems, numerical methods are needed.
Following the method of Boué-Dupuis, we use a Dynamic Programming approach of opti-
mization on a controlled Markov Chain that simulates the behavior of a fluid limit of the
original process. The search for an optimal control in this case involves a Skorokhod problem
to describe the dynamics on the boundary of closed, convex domain. Using relaxed stochastic
controls we show that the approximating numerical solution converges to the actual solution
as the size of the mesh in the discretized state space goes to zero, and illustrate with an
example.
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Chapter 1

Introduction

The study of queueing networks has a wide variety of applications. We find this in different
manufacturing industries, telecommunications, and transportation. One substantial chal-
lenge is being able to control the system of queues in order to satisfy specific purposes, for
example, to provide the fastest service at the smallest cost possible.

Our work provides a numerical approximation for a deterministic fluid control problem. The
dynamics of this system is determined by exogenous arrival rates and service rates; it is
complicated by constraints in the minimum and maximum capacity of each queue. Given an
initial state, the amount of units waiting for service at each queue, the control mechanism will
attempt to empty the system while minimizing a prescribed cost functional which depends
on the configuration of the system at a given point in time.

In the following paragraphs we first provide a broad overview of the problem, and we explain
how our work fits in the context of the existing literature, and finally we provide an overview
of the structure of this document.

Consider a network where service is provided at several stations in the form of different tasks.
Customers line up in queues demanding services of one task at a time. Once a customer
receives service of one task, it moves to the next queue to wait for service of another task
from another server or the same server (reentrant queues) or leaves the system. Customers
enter the system at arrival rates following a Poisson process. In general a customer could
enter the system at any queue. At each queue, a customer waits in line and once at the
front of the queue the customer receives service at an exponentially distributed amount
of time; tasks may be performed at different service rates. The rate at which customers
arrive at each queue depends on the exogenous arrival rate for that queue and the effective
service rate of the preceding queue. One constraint on the queues is that each of them has
a maximum capacity. Another obvious constraint is that at each queue there cannot be a
negative number of customers. It is possible to have other linear constraints to determine the
set of all possible combinations of the number of customers at each queue, the state space
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G, which is a convex, closed and bounded subset of R" including 0. Here n is the number
of queues. The configuration of the system determines how the system reacts to an attempt
from any queue to violate these constraints. For example, when the system attempts to
exceed the capacity of one the queues, one scenario would be to drop the customer out of the
system. Another possibility is to push the customer back into the previous line. One option
to enforce these constraints is via the design of controls. Instead, we choose to incorporate
a reflection mapping directly in the dynamics of the system. The distribution of service at
the service station is determined by a control (measurable) function that takes values from a
convex and compact control space U. This describes a stochastic queueing control problem.

Control problems of stochastic queueing networks are often approximated by fluid, determin-
istic models because of the close connection between the stability of the stochastic network
and the corresponding fluid model (see Béuerle [8]). Also we note that often the latter are
easier to solve and produce the desired stability [13]. These fluid limit processes have been
studied and applied very amply (see [1, 2, 5, 13, 14, 17, 21, 31]). Under some conditions
such as smoothness of the value function, the relationship between the solution of the Dy-
namic Programming Principle and the solution of the Hamilton-Jacobi Bellman equation is
established; in many cases, however, the value function is not “smooth enough” and either
the solution is only local or existence/uniqueness cannot be guaranteed. Crandall and Lions
[16] introduced the notion of a viscosity solution for the Hamilton Jacobi equation, allowing
for global solutions where the classical method of characteristics failed.

An inherent characteristic of the fluid models arising from queuing networks is the presence
of reflecting boundaries. This is commonly addressed by incorporating reflection mappings
of the appropriate class of functions. The extent of the study of this problem comprises a
variety of domains and types of functions. Harrison and Reiman [26] utilize this approach, the
Skorokhod problem, to heavy traffic limits in queueing networks with constant reflections
on a face. However they consider only continuous functions on the nonnegative orthant,
whereas Dupuis and Ishii [22] admit functions that are right continuous with limits on the
left and with domains on more general convex sets.

Uniqueness theorems for many types of Hamilton-Jacobi equations are standard in the the-
ory of viscosity solutions (see [7]). However the particular form of the equation for our
problem falls outside the scope of those results. Recently however there has been some
progress on extending uniqueness results to problems of our type (see [20]). Since we will
not be using those results there is no need to describe them further here. We only mention
them as a possible alternative approach to our problem. For that reason, and as a general
tool, numerical solutions are attempted. One approximation scheme is a finite difference
approximation to the HJB equation. Crandall and Lions [15] developed this method for the
continuous function problem on an open set. Souganidis in [34] generalized this method to
other approximation schemes.

An alternative to solving the optimal control problem of the fluid deterministic model via
solving the HJB equation is to approximate its solution by solving a discrete controlled
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Markov Chain-based problem. The Markov Chain approximation technique was introduced
around 1977 by Kushner and later used by Kushner and Dupuis [28]. In [12], Boué and
Dupuis present a thorough treatment of such an approximation technique for deterministic
control problems, under certain assumptions, in particular, continuity of the value function.
They provided a proof of convergence of the solution of the approximating problem to the
actual solution of the deterministic control problem via relaxed controls. In their work they
deal with unbounded controls and although their state space is bounded, they do not consider
reflecting dynamics. In our study we restrict the control space to a convex and compact set,
which is more realistic for the queuing network applications, but we consider the complexity
of reflecting dynamics. As part of our work, we include the proof of continuity of the value
function. We continue to use the stochastic relaxed control representation.

In Chapter 2, we begin by describing the basic components of our deterministic/fluid problem
and of its limiting approximation version, as well as the technical hypotheses related to the
latter. We lay out the specifics of the dynamics governing the state as the solution of a
differential equation with initial condition, the characteristics of the state space described
as the intersection of a set of linear inequalities, and the basic properties of the control
space. We also include a description of the Skorokhod problem, the mechanism to enforce
the constraints on the state space (the reflection dynamics), hypotheses on the bounds and
Lipschitz conditions of the velocity function and the cost function, and the definitions of the
cost and value functions as well.

A basic assumption commonly made is that the value function is continuous. We prove this
assertion in Chapter 3 by relying on results such as convergence of the cost functional and
compactness of the set of relaxed controls from Chapter 5. We also show the link between
the value function and the solution to the Dynamic Programming Principle as an alternative
approach to showing uniqueness of the solution to the optimal control problem.

Chapter 4 describes the Markov Chain (MC) method we use to solve the control problem in
a discretized state space as an approximation to the fluid model of Chapter 2. We specify
the conditions that are necessary for consistency with the fluid model and describe how
the Markov Chain is constructed by specifying the transition probabilities and time lapses
in two similar methods. We define the value function on this discretized model, define a
discretization error function, and describe the computational method to solve the discrete
space optimal control problem as well as the conditions to guarantee its solution.

The core chapter of this work is Chapter 5. In this chapter we show that the value function in
the discrete model converges to the value function of the continuous model under the stated
conditions. For this purpose we represent the control functions as a compact set of relaxed
controls, show existence and uniqueness of the solution of the corresponding equation, and
prove the continuity of the mapping that defines the cost functional from the initial state
and the functions of relaxed controls and approximation errors.

Finally, Chapter 6 shows an example to illustrate how the numerical method is implemented,
as well as the verification of the required hypotheses.



Chapter 2

Hypotheses

We begin by describing the basic components of our problem and the technical hypotheses
regarding them. We draw from the work of Day [17, 18] for the representation of the state
space and the description of the dynamics. The state space G C R™ will be a compact, convex
polyhedron containing 0. G will denote its boundary and G° its interior. G is defined by a
system of linear inequalities

xon; >¢, ¢ <0 (2.0.1)

where i = 1,2, ..., N; n; is assumed to be a unit vector for each i, and I(x) = {i : x-n; = ¢;}
is the set of active constraints for x € GG. The boundary 0G is the union of “faces” 0,G =
{r € G : x-n; = ¢}. Associated with each constraint i there is a vector d; that has to be
provided in the problem statement and which is normalized by

The role of the restoration vector d; is to provide a direction to drive the system back into the
state space when trying to escape through face i. For each z € 0G we define the normalized
convex combinations of the d; for the active constraints, that is

i€l(x) i€l(x)

We can expand the definition (2.0.3) to all G by defining d(z) = 0 if z € G°. We need
to make some technical hypotheses on the n; and d; to insure important properties of the
Skorokhod problem (see Section 2.2 below for details).

In the following two sections we describe the dynamics of the system and provide a more
detailed explanation of the Skorokhod problem.
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2.1 System dynamics

Consider a network consisting of n queues. Customers arrive from outside the system to
the queues at (possibly time dependent) rates given by the column vector (all our vectors
are column vectors) § = [, ..., (,], not necessarily the same rate at each queue. The
servers allocate their effort according to a measurable function u(-) € U = {u : Ry —
U, u measurable}. The function u(t) = [uy, ..., u,] takes values in a convex and compact
metric space of admissible control values U. Suppose there are m servers. Server i offers
service to queues {S;} . Notice that U™,S; = {1, 2, ..., n}. Each server has to allocate
its total capacity among its queues; for example, if one of the servers has queues S;, then
Zz‘esj u; = 1. Queue ¢ receives service at a maximum rate s; which once affected by the
control will influence the rate at which customers arrive to the next queue or leave the
system. This combined effect is summarized in a matrix M, one column per queue. The
matrix M affects the vector u(t) to generate the appropriate contributions to the dynamics
x.

For the sake of illustration, we use an example of one server and two queues, with exogenous
arrivals only in one queue as depicted in Figure 2.1. The same system will be used in Chapter
6 as an example of how to apply the numerical method, which is the primary purpose of this
work. Many other configurations are possible; we refer the reader to [18, 21, 31| for other
examples of networks.

exit

o |

O
X2

input

Figure 2.1: One server, two queues

In this system, matrix M takes the form
0
M = { o ] .
—S1 So

This class of examples is described more generally by a preliminary description of the state
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x(t), that is the length of the queues at time ¢, given by
z(t) = 5 — Mu(t). (2.1.1)

We now impose the non-negativity condition together with a bound on the capacity of each
queue, say 0 < x; < ;. The Skorokhod problem provides a way to model these constraints by
adding some multiples of the corresponding restoration vector (also called reflecting vector to
the system dynamics). For the same example mentioned above, if z; = C}, we need to push
out of the system any extra request for service coming into queue 1 thus a reflecting vector
dy; = [-1 0], whereas a reflecting vector dy = [I — 1]7 would take action if 2; = 0 with an
effect that would be equivalent to pulling out service request from queue 2 and reallocating
it to queue 1. A more practical interpretation is that of slowing down the activity in the
server that affects queue 1. The remaining reflecting vectors are

0

d2:|i0:|,$2:0811d(~12:|:

1 1:|,.Z'2:CQ.

as shown in Figure 2.2.

X2

d, {
Cy

€

{ ds o

Figure 2.2: Reflecting vectors

More formally, this corresponds to the Skorokhod dynamics

#(t) = m(x(t), v(t) (2.1.2)

where v(t) (which we will refer to as “velocity”) is the same as the &(¢) in (2.1.1). Actually,
v is a function of x and u (v = v(z, u)). The function 7(x, v) is the velocity projection map
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that for a control v and any x € GG, we define as follows.

XIS RSP 21
where the «; satisfy the complementarity conditions

a; >0, ni-w>0, a(n;-w)=0, (2.1.4)
with w = 7w(x, v) =v+ >, 0;d;, for z € 0G.
Now we expand the definition of the dynamics of our model as

{(t) m(@(t), v((t), u(t)))

0) =, ¢ G (2.1.5)

together with (2.1.1), (2.1.3), and (2.1.4).

2.2 The Skorokhod problem

We present here the Skorokhod Problem (SP) whose definition (Definition 2.2.1) we tran-
scribe from [2] (also see [28]) with the notation adapted to match ours. We should see this
definition as an expansion of (2.1.5):

(2.2.1)

For a function of bounded variation 7 : [0, co) — R", we let |n|(t) denote the total variation
over the interval [0, ¢]. Let D, ([0, co) : R™) be the set of functions that are continuous from
the right with limits from the left, with domain [0, 00) and range R". Then the Skorokhod
problem is defined as follows.

Definition 2.2.1. Let y € D, ([0, c0) : R™) be given. Then (x, y, ) solves the Skorokhod
problem for y (with respect to G and d;, i = 1,2,...,N) if z(0) = y(0), and if for all
t €10, 00)

1. x(t) = y(t) +n(t),

2. z(t) € G,

3. [nl(t) < oo

4 nl(#) = Jio.q Hoeoaydlnl(s),
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5. There exists a Borel measurable function v : [0, co) — R} with y(t) € d(x) as in

(2.0.3) (d|n|—almost everywhere) as and such that

mwzﬁﬂw@WM$

Given a function y : [0, T] — R" with y(0) € G, the Skorokhod problem consists of finding

a function z : [0, 7] — G such that

aw:mw+4ﬂw@wm»

We want to refer to the solution map using the notation
''R"— G
I(y() = ()
is called the Skorokhod map ([17]).
Our model uses .
W) =00+ [ (o). u(s)) ds
as the input for the Skorokhod problem.
With this notation, we can represent (2.1.5) as
(2(t) = y(t) + [io.47(5) dlnl(s)

u(t) =z + Jg v(x(s), u(s)) ds
\y(O) = To

or equivalently
(2() = T(y(-))

y(t) = zo + Jy v(w(s), uls)) ds
(y(0) = z,.

(2.2.2)

(2.2.3)

(2.2.4)

The integral in the first equation of (2.2.3) takes care of the reflecting boundary property,

with v determining the direction of the reflection and n the intensity.

As Dupuis and Ishii point out in [22], when considering differential games associated with
queueing systems (as in [1] and [21]) only absolutely continuous functions are relevant, as
it is the case according to the definition of our control problem; in this case the velocity
projection map #(t) = w(x(t), y(t)) with initial conditions is the differential version of the

Skorkhod problem.

The following assumption is fundamental for uniqueness of the solution to the Skorokhod

Problem (SP).
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Assumption 2.1 There exists a compact, convex set B C R™ with 0 € B°, such that for
eachi =1, ..., N and z € OB, and any inward normal v to B at z,

|z-n;| <1 implies v-d; =0.

One of the consequences of this assumption is Theorem 2.2 below, as found in [22], which
states the nature of the Lipschitz continuity of T.

Existence of solution to the Skorokhod problem is related to the following assumption.

Assumption 2.2.2. Let F' = I(z), x € 0G. We define Ng to be the n x |F| matriz whose
columns are n; (note that |F'| < N from above), and I'r is the n x |F'| matriz whose columns

are d;, then we also assume that
NETE (2.2.5)

1s coercive. This means that for any a; € R, i € F, not all zeros,

(Z an> ' (Z aidi> > 0. (2.2.6)

F F

Theorem 2.2. Assume the conditions of Assumption 2.1 and (2.2.5); let (¢1, Y1, m) and
(@2, P2, m2) be any two solutions of the corresponding SP, where (¢1, 15) € D([0, T)); R™)2.
Then there ezists Cr < 0o (which is independent of T') such that

sup [m(t) = m2(t)] < Cr sup [ (1) = (1)),

te[0, T te[0, 77
sup [¢1(t) — ¢2(t)] < Cr sup [P1(t) — ¥a(t)].
+€[0, 7] 1€[0, 7]

In particular, Cr is bounded above by the diameter of any set B satisfying Assumption 2.1,
plus 1.

In the same paper, Dupuis and Ishii assume the existence of a projection from R" into G
to prove the existence of solution to the Skorokhod problem on a polyhedral cone. See
Theorems (3.2) and (3.3) of [22]. Day provides a unified treatment of existence in [17] via
the set of complementary conditions (2.1.4), also under Assumption 2.1, for closed convex
polyhedra. We refer the reader to [18] for an example on the verification of Assumption 2.1.
For the rest of our work, we make this assumption.

2.3 Hypotheses on a Controlled Fluid System

Let
Te=1nf{t > 0: ||y, o (t)|| < €} (2.3.1)
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where z,, , is the process with that begins at x, and uses a control u. Notice that as € | 0,
T, increases.

Our definition of 7y is that

To(x(+)) = leilr(r)l T. (= 400 allowed). (2.3.2)

This is the first time the system approaches the origin in the limit. It is important for us
to consider this definition given that our process () is defined on the set D ([0, co) : R™).
Due to the discontinuities, in general mo(x(+)) < inf{t > 0 : z(t) = 0}; equality would hold,
however, for continuous functions x(-). We need to point out that for any control if y(0) =0
then 75 = 0.

Consider the cost functional
T0
Hewu() = [ Llo(o), u(e) de (2:3.3)
0

with value function

V(z) = ugléu J(z,u()), VzeGqG. (2.3.4)

From the definition of the cost functional and of 7y it is clear that

J(0,u(-)) = 0.

The formulation of our control problem assumes the following hypotheses of the control set
U, the cost function L and the velocity v.

U is compact
lv(z,u)] <Ci, V(z,u)e GxU;veCR"xU:R") (2.3.5)
v(z,u) —v(y,u)| < Cylx —y| Vz,ye GuelU

(iv inf L(xz,u) >0, eachd >0; L € C(R" x U : R")
z€G, ueU; |z|>8
(v) L(z,u) <Cy V(x,u)eG xU
(Vi) |[L(z,u) = L{y,w)| < Com(le —y|) Vo, ye G VuelU m(t)—0ast |0

for some constants C,,, C7, Cy and Cf,. Usually m is assumed to be nondecreasing.



Chapter 3

Continuity of the Value Function and
Dynamic Programming

A common and basic assumption in the literature is that the value function V(z) of the
problem in consideration is continuous. In Section 3.2 we show that this is the case under
the assumptions of Chapter 2 and some additional assumptions.

This result is particularly important when using a Dynamic Programming approach to op-
timal control problems. The value function (2.3.4) satisfies a functional equation called the
Dynamic Programming Principle (DPP) and its infinitesimal version is the Hamilton-Jacobi-
Bellman (HJB) equation, which is a first order nonlinear partial differential equation. The
basic idea is that a function that solves the HJB equation (often in the viscosity sense) is a
solution to the DPP and therefore the optimal solution to the control problem. Moreover,
if the limit of a sequence of discrete versions of the HJB equation is a continuous function,
then this function is the optimal solution of the control problem. We refer the reader to [7]
for more in depth coverage of this approach. A brief discussion of the dynamic programming
method will be the focus of Section 3.1.

3.1 Dynamic Programming and the Hamilton-Jacobi
Bellman Equation

The purpose of this section is to briefly present the Dynamic Programming method and the
Dynamic Programming Principle (DPP) derived from the former and its connection with
the Hamilton-Jacobi Bellman (HJB) equation. The importance of the DPP in our work is
two-fold: On the one hand we use the DPP in the proof of upper semicontinuity of the value
function V' (z) as part of the proof of Theorem (3.2.1); on the other hand, it will be used in
the numerical method to be developed in Section 4.3.

11
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Dynamic Programming is an optimization method developed by Richard Bellman. For an
introduction on this topic see Fleming and Rishel [25]. The focus on the value function as
the central quantity comes from the Dynamic Programming method.

Bardi and Capuzzo-Dolcetta [7] explain the derivation of the Dynamic programming Prin-
ciple in the following manner. Assume that for each state x there is an optimal control u*
so that

wawzﬂauﬂIA%MMﬂwﬂ@M&

Then, for any ¢t > 0,

vww=£uw¢www+[lw$M@m&

Under some conditions and using an argument based on the semigroup property we have

VWW=ALM$W@MHV%ﬁ»

where V (y,(t)) is the value function at the state y reached at time t following an optimal
control u*.

If a function V solves the DPP, under certain conditions it solves the Hamilton-Jacobi Bell-
man equation in the classical or viscosity sense. This connection as well as many applications
have received ample attention [1, 12, 19, 30, 6, 16, 15].

For the specific conditions of our problem, that is, under assumptions of Section 2.3 it can
be shown that for any 0 <t

tATo

V(xg) = (ir)lfu {/ L(y(s), u(s))ds+ V(y(t A TO))} . (3.1.1)
u(-)€e 0

This equation is called the Dynamic Programming Principle (DPP).

Also notice that by 2.3.5(ii) and (iii) for every € > 0 there is a § > 0 such that

inf V(x)>d. 3.1.2

zeél,l\x\Ze (Jf) - ( )

Following the work of Kushner and Dupuis [28] and Boué and Dupuis [12], in Chapter 4 we
use the DPP in the numerical solution to the Markov Chain-based problem that approximates
the solution to the control problem from Chapter 2. The value function and the dynamic
programming principle for the Markov chain problem are (4.0.13) and (4.0.14) respectively.

3.2 Continuity of the value function

We continue to consider the problem introduced in Chapter 2 and all the hypotheses, in
particular (2.3.5). We also assume the results of the following lemmas from Chapter 5:
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Lemma 5.2.1 (compactness of the controls,) Lemma 5.2.3 (density of the control space,) and
Lemma 5.2.4 (existence and uniqueness of solution of the Skorokhod problem and continuity
of the mapping from an initial value and a control function into the process l’ﬂco,u@)(') from
(2.1.5)). The main result of this chapter is the following theorem.

Theorem 3.2.1. For a given xq € G assume

(a) V(z) < oo forallz € G and

(b) V(z) is continuous at 0.
Then V (+) is continuous.

The proof of the theorem will use the following lemmas.

Lemma 3.2.2. Under the hypotheses of Theorem 3.2.1 and ||xo|| > € in G, suppose x(t) =
Ty u(y and J(zg, u(-)) < co. Then either 1o < oo or 0 is a limit point of x(t) as t — oo.

Proof. Suppose the conclusion is not true, that is, 79 = oo and there exists ¢ > 0 with
|lz(t)]] > € all ¢ < co. We will show that (a) would be violated. Recall (3.1.2). Since
d < V(zg) < limr_o fOT L(x(s), u(s))ds there exists T} > 1 with fOTl L(z(s), u(s))ds > 6/2
by (2.3.5 (iii)). We have [|z(T1)|| > €, d < V(2(T1)) < limp_, f;{ L(z(s), u(s)) ds thus there
exists Tp > TV T1, 7?12 L(x(s), u(s))ds > 6/2. Continuing in this way there exists T, T oo
with sz;_l L(x(s), u(s))ds > /2. Therefore

/0 " L(@(s), u(s))ds > nd/2 = J(zo, u()) = oo

in contradiction with the hypothesis that J(xq, u(-)) < co. O

Lemma 3.2.3. Under the hypotheses of Theorem 3.2.1 and for any xy € G, u(-) : [0, c0) —
U, t < 1y the cost functional J satisfies

J(zo, u()) > / L(z(s), u(s)) ds

Proof. From the definition of the cost functional and the value function we have
T AT1o

J(zo, u()) = /0 L(x(s), u(s))ds + lim L(z(s), u(s))ds

T—oo ¢

> /Ot L(z(s), u(s))ds+0 L>0.
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We now present a proof for Theorem 3.2.1.

Proof. We establish upper and lower semicontinuity separately. First we prove upper semi-
continuity. Consider zo € G and € > 0. There exists 6 > 0 so that sup,s V(7) < e. We
select a control u(-) so that

J(zo, u(-)) < V(xg) + €. (3.2.1)

By Lemma 3.2.2 there exists 7' < oo so that |z(T")| < d. Consider any sequence y,, — o in G.
Then x,(-) — «(-) uniformly on [0, T, where x(t) = x4y, u)(t) and z,(t) = x,, u.)(t) by
Lemma 5.2.4 of Chapter 5. For n sufficiently large |y,(T)| < ¢ and V(y,(T)) < e. We can
pass to the limit n — oo in

Vig) < / L(ya(t), u(t)) dt +V(ya(T)) by (3.1.1)

S/o L(yn(t), u(t))dt + €

to conclude

lim V (y,) < /0 L(xz(t), u(t)) dt + €
< J(xo, u(*)) + €
S V(.CIZ'0> +2¢€

where the second inequality follows from Lemma 3.2.3 and the third inequality is a result of
(3.2.1) . Since € > 0 and y,, — xo were arbitrary, we conclude that

lim V(y) < V(zo)
Yy—xo

which is the desired upper semicontinuity.

Next we need to show that V' is lower semicontinuous. Consider xqg € G, e > 0 and let
V(ys) — lim V(y).
Yy—xo
Let u,(-) be an e-optimal control for y, : J(yn, un(-)) < € + V(yn). Let 2,(t) = 2y, w.()(t)-
By Lemma 3.2.3, for every T' < oo we have

/O L), tn(8)) dt < T (g () < €+ V(g).

By Lemmas 5.2.1 to 5.2.4 of Chapter 5 there is a u(-): [0, c0) — U and a subsequence so
that for every T', &,/(-) — x(-) = Xy, u(.)(-) uniformly on [0, 7' and

/0 Lo (1), e (1)) dt — /0 L(x(t), u(t)) dt.
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Therefore, for every T
T
| L), u®)dt < e+ m V)
0 Yy—x

which implies
V(@) < J(zo, u()) < e+ lim V(y),

Yy—x

So V(z) <lim,  V(y) providing the desired lower semicontinuity.

15



Chapter 4

Markov Chain Method

The motivation to develop numerical methods to approximate the solution of the control
problems that we are studying is that usually it is not possible to find an explicit solution
for the value function V. Besides, with the increasing technological capability, it is also good
to develop these numerical methods as a general tool to solve these control problems. In
this chapter we will discuss one such method, the Markov Chain method, applied to our
problem. The main idea behind the Markov Chain (MC) method is to approximate the
original continuous controlled process z(t) by a controlled finite-state Markov chain { X'}
where £ is the step index and h is the grid spacing parameter. This MC is defined so that
certain local properties of the approximating chain are similar to or consistent with those of
the original control process, and so that the cost associated with the controlled MC will be
close to the cost for the original control problem.

We begin by discretizing the state space into G* = G N hZ", h > 0. We are going to
define controlled probabilities that describe how the chain moves from grid point to grid
point. These transitions are jumps X; — Xii1. Xgi1 will always be limited to one of the
immediate neighbors of Xj;. (The meaning of “neighbor” depends on the specific way in
which the probabilities are defined.) In addition to G* we need to include points of h Z" not
in G but which are neighbors to the points in G". These points will form the set G". We
will represent these points by Y to distinguish them from those in G and also for a cleaner
bookkeeping of the stages. For instance, if from X! € G" the state moves to a point in Gh
we call this point Ykh+1 Finally, for the points in Gh we want to add their prOJectlon onto

the boundary (see (4 0.9) below); these points form the set dG". The projection of Y} ‘1 into
OG" is denote by X' ;. The complete grid consists of

Gh=GhuGhuaG, (4.0.1)

In Figure 4.1 we illustrate these definitions with an example. The state space G for this
example is the region bounded by the axes x; and x5, and the lines x; = C, x5 = Cs, and
33C5x1 + 28C x5 — 49C1Cy = 0. In this picture we have set the values of h = 0.1, C; = 1.1,

16
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and Cy = 0.7. The asterisks represent G", the empty dots constitute G" and the solid dots
represent the set 0G".

T3
O 0] O O O O O O O O
84 d4
O 02 ke * * * * * *
O * * * * * * *
O * * * * * * *
dy
O B3 * * * * * *
O O ok * * * * * *
O * * * * * * * * * * * B3 O
03
O * * * * * * * * * * * B3 O
O * >* >* >* >* >* >* >* >* >* >* * S T
a2 dz Ch

Figure 4.1: Different Types of Grid Points

Let (2, F, P) with filtration {F,} (an increasing family {Fy: k € Z*} of sub-o—algebras of
F) be the underlying probability space on which the Markov Chain X} (k =0, 1,2, ...) is
defined (see Section 4.2). For a given grid (depending on the notion of immediate neighbors),
the Markov Chain is accompanied by a time increment process t!, so that X is viewed as
an approximation X! = z(t!) i.e. both the spatial and temporal increments are controlled.
Thus for each z € G* we need to specify both p(z, y|lu) and the time increment At(z, u)
and proceed to construct a controlled chain as follows. We start at (tf, X2) = (0, x).
Suppose we have a control policy for the Markov Chain. By this we mean a sequence
{ul} of control values u} € U. These controls are any measurable function of the history
of {X' :4i =k, k—1,.. 0} That is, uf is an Fr—measurable random variable. The
chain stays in the state X' in G" U dG" for a time A t"(X', u}) before it “jumps” to the
next state X} ; with probability p(X}, X} ;|u}!). In general, the values of At"(X}", u}') may
depend on the values of X' and/or u}l. So, if we set t{ = 0, then ¢, will be defined by
the, = th+ Ath(X], u}) for k =0, 1,2, ... These jumps initiated and completed at grid
points in G*UOG" without intermediate steps will be called “standard” jumps. There will be
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another kind of jump, “reflection jump,” that is subject to different conditions than (4.0.2)
and (4.0.3). The specific definitions of p" and At for the standard jumps are case dependent
and we will explain some posible choices in Section 4.1, but in general it is required that
they comply with the following “local consistency” conditions. Let x = X! and v = u}, then

(i) E [XI}JH — Xp| fk} = ZthZ"(y — ) p"(z, ylu)
= v(z, u) At"(z,u) + o (A" (z,u)) (4.0.2)
(ii) cov [X]y — X[ | Fu] = o (A" (z,u))

and
lim sup At"(x, u) — 0. (4.0.3)
h—0 {z,u}

For these standard jumps we will also require that each At"(X[, u?) is bounded below, that
is, for each ¢ and every h there is an € > 0 such that

e < AtM(XP ). (4.0.4)

Conditions (4.0.2) - (4.0.4) will have to be satisfied for each specific implementation.

For one of these standard jumps, let
Aey = Xiyy — (X +0(X5, up) A" (XY, up)). (4.0.5)

The interpretation of A ey is that it represents the local (random) error to account for the
discrepancy between X' '+ and the point in G where the control ul will take the system by
following the direction of v( X}, ul) for a time At" (X}, ul'). When compared the expectation
of (4.0.5) with (4.0.2 (i)) we can conclude that

E[Aei] = o (A" (X', ul)).

In fact, for the chains that we will construct, the probabilities and time lapses satisfy these
stronger properties:

i) E[Xp — X7 F] = vz, u) At (z, u) (4.0.6)
(i) cov [ X}, — X[ | Fi] = O(h®)
and
lim sup At"(x, u) — 0. (4.0.7)
h—0 {z,u}
Part (i) of (4.0.6) can be expressed as
E [Aey| Fi] = 0. (4.0.8)

Now we describe the second kind of jump: reflection jumps.
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For a jump that passes through a point in éh, the action of the Skorokhod problem on
the grid is represented by an “instantaneous” jump (i.e. At" (X! u}) = 0) to a point in
the boundary of GG following the direction prescribed by the corresponding reflection vector
(2.0.3). These jumps will be referred to as “reflection” jumps. Thus, to mimic the effect of
the Skorokhod map, to each Yh e G" we assign a point X' "in OG" and a “time” An such
that p"(Y", X") =1 (uncontrolled) and the projection of Y is

X" =Y" 4 4(X") A, (4.0.9)
(This is the discrete projection II of [17].)

We generalize (4.0.9) to any jump originating anywhere in the grid with the distinction that
Y(X") =0and An=0if X" € G" that is, for a standard jump. Notice that our definitions
of the chain probabilities will be such that a point X" in 9G" \ G" can be accessed only from
a point Y in G". Also notice that every reflection jump consists of two parts, one of which
has At"(X}, u}t) > 0 keeping the time to go from X' to X}',, bounded below by (4.0.4).

We will also adopt the following convention. We denote the process {Y;"} as the one that
follows {X}'} except for the effect of all the previous reflection mapping. Thus, recursively
we set

Yoh = X(}le
Vi =Y A uXE, w) A X wi) + Aep (4.0.10)
X = Xjog +o(Xpy, wgo ) AT (X, wioy) + Aeymr + 7 (XE) Ang.
Clearly, we have
Aep =Y — (V! +o(X], ul) A(XT, ull)). (4.0.11)

We now pose an optimal control problem for this chain, intended to approximate the original
control problem (2.2.3) of Chapter 2. Given the function L as used in (2.3.3) satisfying
conditions (2.3.5 (iii), (iv), and (v)), a grid spacing h, and a control policy {u?} we define
the cost functional and the value function as

NP—1

Wh(xo, {up}) = Euy | D LIXJ, ul) A (X], uf) (4.0.12)
7=0

Vi(z0) = inf Wh(zg, {ul'}) (4.0.13)

for the discrete process {X}'} where N" is the first j for which X7 = 0 and E,, represents
the expected value given a specific initial state zy = X2

For each z € G*, the Dynamic Programming Equation (DPE) characterizing V", as used in
[12] and derived in [28], is

Vi(z) = ;rellf] Z V() p(z, ylu) + Lz, u) At"(z,u) 3 V(0) = 0. (4.0.14)
yeGh
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This equation for V" can be solved by an iterative method such as Jacobi or Gauss-Seidel
iterations (discussion of those calculations as well as conditions for existence and uniqueness
will be in Section 4.3). The idea is that V" should approximate V' if h is small. We establish
this approximation in Chapter 5, with examples provided in Chapter 6. In the remainder of
this chapter we

1. describe in more detail some possible definitions of p(x, y|u),

2. explain how to interpret the result of such a chain constructed in terms of a filtered
probability space (2, F, P) with filtration {F}},

3. discuss existence and uniqueness for (4.0.14) and

4. explain how the calculations for V" are carried out, and why the iteration procedures
used for that converge.

4.1 Description of the Markov Chain

In this section we will describe in more detail how to obtain different definitions of the
probabilities p(z, ylu) and the time increments At"(z, u) for the construction of Markov
chains. The fundamental requirement for the controlled chain {X}', k < oo} is that it be
locally consistent with the process () = v(z(t), u(t)), for # € G" and v satisfying conditions
(2.3.5 (i) and (ii)). Recall that the locally consistency condition requires compliance with
(4.0.6), (4.0.7), and (4.0.4).

A number of different approaches can be taken to explicitly define the transition probabilities
and time increments (see [28] for some examples). It is important that these definitions be
made in such a way that the minimum over the controls in the MC calculation of (4.0.14) or
equivalent formulation of the problem, can be evaluated efficiently. Such formulations may
depend on the structure of v(x, u) and L(z, u).

In the following we present two different approaches to define the transition probabilities and
time increments. Both follow the same strategy, that is, to proceed along y = x + tv(x, u)
until the “cell” boundary is reached (except in the special cases when v(z, u) is too small
or null); the time “t” to reach the boundary is At(x, u), then write this value y as a convex
combination of the grid points on that “face” of the cell. We use the shape of the cell
to distinguish between the two methods which basically differ in the metric used. The first
method we describe uses the 1-norm (for a vector x € R™, ||z||y = > ., |z(7)|.) This generates
a diamond-like cell. Hence we call this the diamond method. In the second method we use
the infinity-norm (if € R™ then ||z||o = max{|z(i)|, i =1, 2, ..., n},) producing regular
boxes as cells. We call this the box method. Both of these are effective for the example of
Chapter 6, although the diamond method is somewhat simpler to implement.



Chapter 4. Markov Chain 21

In the discussion below, let i > 0 be the grid spacing in every direction. Let e; be the
coordinate vectors in R”, i.e., the vector with 1 in the j** entry and zeros everywhere else.

4.1.1 The diamond method

For this method we only allow jumps in the direction of the coordinate axes, that is from
= X}' € G" we can only jump to y = x4 he; for only one j =1, 2,... n. Given the control
u, the velocity v(x, u) is determined and we define the transition probabilites

il g | |
e y =z +sgn(v;(x, u)) he
po(z, ylu) = {“ (@ wlh ! ’ (4.1.1)

0, otherwise

where the subscript j on v refers to the j** coordinate of v(z, u). This is if z is a “stan-

dard gridpoint”. If x € aG" \ G" the formula needs to be modified to accommodate for
irregular distance from x, say y = x + 37, sgn(v;(z, u)) hje;. We temporarily make the
additional hypothesis that infy, ., [[v(x, u)[|; > K, for some positive constant K, and set the
time increment

e
[o(z, w)ll

After discussing this case we will remove the assumption of infy, ., [|[v(z, u)|; > K.

Notice that indeed (4.0.6 (i)) holds for (4.1.1) since

Aogt"(x, u) = (4.1.2)

> (- ool ylu) = ngn S |||5]<§f Jﬁy'l

yehZ™

' h
=3 oyt ) signtoy(a, w) e, oz, wll

j=1
= v(x, u)At"(z, u).

To show (4.0.6 (ii)) holds we introduce the following notation:
Forj=1,2,...,n let

A {ac+hej, m=j

Ym = x — he;j, m=mn-+j,
AX =Xy — X, AX,=ylh—-2 (m=1,2,...,2n),
and let p(A X,,,) = po(z, ¥ |u), hence

|v; (@, w)| . .
p(A Xm) = llv(z, u)ll1” if AXm - Slgn(vj (ma u)) hej
0, otherwise.
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Then (4.0.6 (ii)) is equivalent to

EUAX—mAm)mX>EmXW$m=mJ¢=4

zznAXﬁ—MAM)mXﬁ—MAMFp@XM

a v(z, u)

T
he, +h he;, +h A X
( i ot u\h) 1 ot u>||1> PAK))

j:

+Z<h i) (e ) )
- (e ||m: W ||1) (o ) e

n T
ey (e ( vz, v) ) AX,
N o) (o ) e

aT)
3 (o i u||1> (o 1 u||1)T PAX;)

7j=1
— u) v(z,u) \©
+h (e» o ( ) p(A X;)
;; Juvxwm T o, wll !
Since we have assumed that inf{x up |v(z, w)|l1 > K >0, then W < K~'. Therefore, for

any z and u we have that h m < h K~ which is the same as saying that Agt"(z, u) <

h K~ So, it is easy to see that indeed

lim sup Agt"(x, u) — 0. (4.1.3)
h—0 {z,u}

The problem with v(z, u) being too small (||(v(z, u)||; << h) is that Agt"(x, u) would be
extremely large, contrary to supy, ,3 Ao t"(z, u) — 0. This would be a problem for the
convergence analysis of Chapter 5. In order to prevent this, we set the time increment to be
the minimum between the original value as in (4.1.2) and a prescribed constant, call it AT

Thus .
At =min {Agt"(z, u), AT} . (4.1.4)

An obvious choice for this alternative AT is a positive constant multiple of h, say K’ h. If the
minimum is Ag t"(z, u), the probabilities are taken to be po(z y|u) as defined in (4.1.1), other-
wise, we can define the new probabilities based on the original ones as follows. Given the orig-
inal probabilities py(z, y|u) associated with Agt"(z, u) and if At = min{Agt"(z, u), AT}
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then

(4.1.5)

1—A0t%—(txm fory=ux

At
Ao th(z, u) z, (& fOI‘ €T
5, ylu) = {Aothu,u)fo( o) for y #
(assuming po(x, x|u) = 0) satisfy (4.0.6 (i)) by construction.

If v(x, u) = 0 we arbitrarily set At"(x, u) = h and assign equal probabilities to each grid
point that determines the cell, that is

_ L ify=xthe, j=1,2, ..., n,
Pz, ylu) = {2" ’ (4.1.6)

0, otherwise.

It can easily be verified that contidions (4.0.6) hold.

In the original process we had that

z+ vz, u) A t"(z, u) = Z y" polx, y"|u).
yhehzn

The new time increment A¢ would take us from z to a point y = x + Ktv(z, w) in the
interior of the cell, requiring n + 1 points yjh (=0,1,2, ..., n) toexpress J as a convex
combination of them. Notice that

At

T+ Ktv(x, u) =x+ WAO th (z, w)v(z, u)

At At

=1 - — - - Anth
Ao th (z, u)) o Agth (x, u) @+ Bot(z, u)viz, w)

(1At ), At
B Agth (z, u) Agth (z, u)y

At
—(1-—="

yEh ZM

—Pox+ Y Pyl
=1

The proof that (4.0.6 (ii)) holds is the same as above when At = Ath(z, u) = h/||v(z, u)|.
Suppose that At = AT = K'h. As before, we adopt the following notation. For j =
0,1,2,...,n let
x, m =0,
yh = x + hej, m = j, and
x — he;j, m=mn-+7;
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AX =X} —X], AXp =yl —2==2he; (m=1,2,...,2n), and A X, =0,
and let

At
Pl — 5 ) aora po(@, ylu),  for m # 0,
p(A Xm) —p(l‘, y|u) = {1 0 )

T Ao th(x,u)’

(4.1.7)

otherwise.
For the case where At = K'h < Aot we have
E[(AX -EAX]) (AX - EAX])" X} =2, uf = ul

—~

= Z (AX,, —E[AX]) (AX,, —E[AX]" PAX,,) + (—ANt v(z, u)) (~Atv(z, u)") plx, v|u)

n

h? Z(q—kK'v(x, u)) (e; + K'v(x, u))T Al

AO th(flf, U’)

po(A X))

I3 = Ko, ) (e = Kol )" sl A X))

+ (=Ato(e, u) (=Atu(z, u)” (1 - L)

Agth(z, u)
— O(12) + (K" B o(z, u) vz, u)” (1 - %)
— o).

We conclude that limy_q At =0.

An alternative definition of the time lapse and probabilities for this case is to use an instan-
taneous jump (At"(z, u) = 0) and p(x, ylu) = 1 for y = x and 0 otherwise, but then we
wouldn’t have that L(x, u) At"(z, u) # 0 which we need for Assumption 1.2 in Section 4.3.

As we will see in Example 6.1, we can use this method along with the specific definitions of
v(z, u) and L(x, u) to generate an expression on the right side of (4.0.14) that is “piecewise
linear fractional” in terms of the components of the control u, allowing us to evaluate the
infimum by comparing only at a finite number of values of the control. This is what we mean
by “efficient evaluation” in Section 4.1.

4.1.2 The box method

A variant of the above approach is what we call the box method, described in this subsection.

We allow jumps to any grid point at a distance A from the current point using the metric
induced by the infinity norm. Hence if the current state is x, we can make a random jump
to any y =z +h > +bje; with by =0 or 1.
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For a given control u? = u, we obtain the velocity v(x, u) (assume v(x, u) # 0) and define
the time increment At"(x, u) such that y = z + At"(z, u) v(x, u) is on a face of the “cell”
(box) and then write y as the probabilistic average of the closest n grid points from that
face. This gives a piecewise linear fractional expression of the components of the control w.
If |v| does not have a positive lower bound, we make the same modifications as (4.1.4) and
(4.1.5) above. The consistency conditions can be verified in a very similar way as we did for
the Diamond Method.

4.2 Filtered Probability Space

In Section 4.1 we created a controlled finite state Markov Chain {X}'} by defining transition
probabilities and time increments that satisfy local consistency conditions. In this section
we explain how to interpret this MC in terms of a filtered probability space (€2, F, P) with
filtration {Fy}.

The initial state of the network and the dynamics on the network (arrivals to each queue and
service provided) is the experiment generating a probability space € on which the random
variables X, (state of the system) is defined. Associated with this probability space are the
o—algebra F and the probability measure P conforming the probability triplet (€2, F, P).

More formally, let €2 be the set of all sequences of neighboring grid points. Then for w € Q
w = (zo, 1, Tay ... ),

X (w) = x4 the k™ entry of w,
Fr=0(X;:1<k).

Given a sequence {uy } of random variables (uy being Frp—measurable) with u;, € U, we make
the following claim.

Claim 4.2.1. There exists a probability measure P (P™~)) so that

P(X; = i Fi1) = p(Xi_y, dlug_y).

The justification to this claim is that this is an application of the Kolmogorov consistency
theorem.

There will be a different probability space for each h and for each choice of stochastic controls
{u]'}; however, what is important is the very existence of (Q2, F, P) and of X}", for a given
{ul} sequence. Given this, we will be able to construct the appropriate probability measures
on the sequence of { X'}, as we will see in Chapter 6.
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4.3 Calculation for the approximating value function

The purpose of creating the MC in Section 4.1 is to be able to approximate the solution of
(2.3.4) by the solution of the control problem (4.0.12) and (4.0.13) for the MC, as restated
here. Given the function L as used in (2.3.3) satisfying conditions (2.3.5 (iii) - (v)) we define
the cost functional and the value function as

NP—1

W (o, {u}) = Eqy | > L(XP, uf) AMXD, uf) (4.0.12)
7=0

Vi(20) = inf Wh(zo, {ul}) (4.0.13)

for the discrete process {X}'} where N" is the first j for which X? = 0 and E,, represents

the expected value given a specific initial state zo € G" U0 G".

We use Dynamic Programming (DP) as the optimization technique, based on the priciple of
optimality. Roughly speaking, the principle of optimality states that if we assume that at
step k we follow an optimal decision policy from step k+1 on with optimal value V (X} 1), the
optimal decision to be made at step £ is the one that produces the minimum cost, including
the cost of going from X7 to X} 1. This is what the Dynamic Programming Equation (DPE)
states: For X}' = z,

Vi(z) = gellf] th(y)p(x, ylu) + Lz, u) At"(z, u) |, V"(0) = 0. (4.0.14)

We can write the expression for the cost functional and the value function using vector

notation, with vectors of dimension N = ‘@ , the amount of grid points numbered from 1

to .

Let P(u) be the N x N transition probability matrix of entries p(x, y|u) for each (z, y) in
the grid, with = 0 being an absorbing state, that is, p(0, Olu) = 1 for any control. The
component located on the i row and j* column of P(u) is the probability of going from
the i'" node to the j' node given that control u is being used. C'(u) denotes the cost vector
for each z in the grid, that is C(z, u) = L(z, u) At"(x, u), with C(0) = 0.

We can write (4.0.14) as
V= inf [P(u)V + C(u)] (4.3.1)

u(z)eU

with the infimum taken component by component, and its corresponding non-optimal version
Jk+1(uk) = P(uk) Ji + C(Uk) (4.3.2)

Several computational techniques to carry out this minimization are explained in Chapter 6
of [28]. We will limit our discussion to approximations in value space, that is (4.3.3) below.
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In particular we employ the Jacobi method [28], so-called because of its similarities with the
Jacobi method to solve a matrix equation.

The Jacobi method consists of standard fixed point iterations. To solve (4.3.1), the iterative
nature of the Jacobi method (and other classical methods) requires an initial “guess” cost
vector Vy. Then we define the sequence

Vit = ir)lgU[P(u) Vi + C(u)] (4.3.3)

u(z

and iterate this formula until an acceptable error level is reached (or up to a maximum
number of iterations) updating all the components of V} 11 once at each iteration. We expect
the iterates Vj to converge to the true value function V' = V" of (4.0.13). Another common
method is the approximation in policy space. See [28] for more details on this method.

The following questions are addressed below: (1) Does (4.0.14) have a unique fixed point
(i.e. solution)? (2) Under which conditions does the iteration (4.3.3) converge to a solution
of (4.0.14)? The issue of how well the solution V" of (4.0.13), thus achieved, approximates
the solution of the original problem (2.3.4) is addressed in Chapter 5.

D. P. Bertsekas in [10] helps us answer questions (1) and (2). The only hypothesis imposed
in his formulation that can be problematic for our setting is that the set of controls available
at each state is required to be finite (p 79 of [10]). To satisfy this we will take advantage
of the linear fractional structure of the value function thanks to the specific configuration
of our cost function and definition of the transition probabilities and time lapses. We will
discuss this in Section 6.1. The important feature of the value function as a linear fractional
function of u, as we can see in the example, is that the minimum of the cost functional takes
place when all the effort of the control is placed on one queue per server, thus we will have
a finite number of controls to check.

Before we look at the conditions required to guarrantee uniqueness and existence of a solution
to the optimization problem on the MC, we refer the reader to the definition of proper policy
(Definition A.1.3 of Appendix A).

The assumptions Bertsekas makes to derive the desire result are:
Assumption 4.3.1. There exists at least one proper policy.

Assumption 4.3.2. For every improper policy i, the corresponding cost J,(i) is oo for at
least one state 1.

Note that under our hypotheses about the cost function L (2.3.5 (iii)) and properties of the
time lapse A t" for every improper policy u the corresponding cost J(u) in (4.3.2) is infinity
for at least one state. That is because every component of the cost C(u) is strictly positive
except the one corresponding to the terminal state. So we only need to verify Assumption
4.3.1, and this needs to be done “by hand.”
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For the vector formulation of our problem and as a consequence of Bertsekas’ Proposition
1.2 ([10], p. 83) we conclude the following.

Proposition 4.3.3. Under Assumptions 4.3.1 and 4.3.2 and hypothesis (2.3.5 (iv))

1. Equation (4.3.1) has a unique solution, and
2. limy_o Vi =V for every initial cost vector Vy in the recursive equation (4.5.3).
Therefore, the implementation of our method will require a check that we satisfy Assumption

4.3.1 in order to achieve convergence of the numerical method. We will do this for an example
in Section 6.2.



Chapter 5

Convergence

The main goal of this chapter is to show that the approximating value function V"(z) defined
by (4.0.13) converges to the actual value function V(z) given in (2.3.4).

We begin in Section 5.1 by defining a continuous time interpolation of the controlled MC.
The continuous time interpolation of the control will be considered as an element of a set
of stochastic relaxed controls. With the appropriate weak topology the set of such controls
is compact (Section 5.2). The continuous time interpolation process X”(-) depends contin-
uously on the control and an “error process” (defined in (5.1.4)) that will vanish as the grid
spacing goes to zero. This allows us to take the limit as the grid spacing (h) goes to zero
of the value V" of the controlled chain to show its convergence to the value function of the
original control problem.

5.1 Continuous Time Interpolation of a Controlled Markov
Chain

Based on the discrete MC ({ X, u/'}) we define the piecewise continuous time interpolations
X"(4), Y(-), and u"(-) as follows. For a fixed grid spacing h > 0 let

k
th=> AMXP, ), =0,
j=1

XMty =Xpift e [t ti), (5.1.1)
Yty =Ylifte [t th), (5.1.2)
with X} and Y}" as in (4.0.10). Also let

uM(t) =y if t € [t} thyy) (5.1.3)

29
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and define the accumulated error at any time ¢ by

e(t) =Y"(t) - {XQ + /Otv(Xh(s), u(s)) ds] . (5.1.4)

Thus, we can rewrite (4.0.11) as

n

thi
Ae, =Y — (Yn" - / : v(X"(t), uh(t))dt>
th

from which it is easy to see that
n—1
e"(th) =) Ae (5.1.5)
i=0

Note however that e”(¢) is not constant on the intervals [t]!, t, ;). A modification with that
property will appear as e’ in (5.1.7) below.

It follows from (4.0.8) that e"(t}!) is an F, martingale on the discrete time scale k =

0, 1,2, ... (see Definition A.4.1 in Appendix A). For simplicity we set e, = e"(t}).
Recall from Chapter 4 ((4.0.5) and (4.0.9)) that

Vi = XP+o(X], ul) AP, ul) + Aey,
Xl?+1 = Yk}fﬁ-l + 'Y(XI?H) A/

and
R _ h
Yl =Y

This construction implies that X"(-) = I'(Y"(-)) with no approximation error because of
the instantaneous nature of the reflection mapping when applied to the piecewise constant
process Y ().

With this notation we can express the continuous time interpolation process as

XM =DY"()
Yi(t) = XP+ [T o(XP(s), uh(s))ds + e"(t) (5.1.6)
Xg = :176‘.

Let D = D([0, 00)) be the set of functions y : [0,00) — R"™ which are right continuous with
left limits (CADLAG). We give D the metric of uniform convergence on each [0, 7. With
this metric, D is a complete metric space. Thus, X"(-) and e”(-) are typical elements of D.

Given a value 0 < t < oo, let 1, be the random variable that maps an element w in the
probability space  (Section 4.2) to the integer k such that ¢ € [t ¢}, ), ni(w) = k. We see
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that 7, is a stopping time with respect to the filtration F;. Note that for any ¢ € [0, T, n;
is a bounded stopping time by virtue of (4.0.4). (The argument for this is given in the proof
of the next lemma.) Hence e,, is integrable by Doob’s Optional-Stopping Theorem ([32], p
157).

Lemma 5.1.1. The process e"(-) converges in distribution to the zero process with respect
to the uniform metric on t € [0, T].

Proof. To show e”(t) converges to the zero process, define

h
tk

ety =Y"t) - af — /0 v(X(s), u(s))ds, fort € [t} t}.,). (5.1.7)

The connection between e”(-) and el (-) is

This makes e constant on [¢}, ¢}, ,) with e"(¢}) = e (¢}). We can also view e (t) as the
martingale e, stopped at n;: e (t) = e,,. This would not hold in general with the extra term

fth u(s)) ds.

Notice that for any ¢ € [0, T, 7; is a bounded stopping time. In particular iy is bounded.

Indeed, notice that
T]T:inf{ ZAth Xth, >T}

that is T' € [t! ). By (4.1.4) there is an N such that

nr’ 77T+1
T
N > —
At
so that .
T <NAt<th.
This implies that ny < N. It follows that
sup [le” ()| = sup [len]| < sup HenH (5.1.8)
[0, 7] 0<n<nr 0<
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For the proof consider any ¢ > 0. We have the following.

Pud sup ()] > € spxh{ sup uenuze}
® ltepo,1] ® Lo<n<N

4
< 5By [lexl?

N-1

= 5B Vi =Y —u(X uf) AT )

A [ e — v e ey asx mn]

N-1

4
€

We use (5.1.8) to justify the first line of the proof. The next line is Doob’s inequality. The
next equations are due to equation (5.1.5), the definition of Ae;, £2 martingale property
that we can apply since Ae; are uniformly integrable, and the consistency condition (4.0.6)
(i), in that order. Then, by letting C" = %€ we have

te [0,T

Py { sup ||e? ()] > e} <h*C

Hence sup,c .77 [l€” ()|| converges in probability to 0 as & | 0 and by Theorem A.2.6, e/(-),
as a D—value process, converges in distribution to the zero process.

Also, we note that

< ||'U th th7 'LLkh H Ath th, U’kh>

[} vt utsp s

< Cl Ath(th, ukh)

And by (4.1.3) it follows that e (t) converges to e (t) as h goes to zero. O
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For X(:) € D define 7. = inf{t > 0: || X (¢)|| < €}. Then 7. increases as € | 0. Our definition
for 7y is that

T0(X) = leilr(r)l T. (= 400 allowed.) (5.1.9)

In general 7o(X) < inf{t > 0: X (¢) = 0}, but they are equal for X(-) € C. This is the same
definition of 7y as in (2.3.2) applied to the process X"(-). We write the cost functional and
value function for the Markov Chain problem as

To(X"())
W (xg, u") = B / L(X"™(t), u"(t))dt]| , (5.1.10)
0
Viah) = {inhf} Wh(xh, u™). (5.1.11)

Before we move on to show the convergence of relaxed controls, we want to direct the reader’s
attention to Appendix A where we state some definitions and results that we will be using
in the discussion below.

5.2 Relaxed controls. Compactness and Continuity
Properties

Consider the probability space (€2, F, P) on which the random variables in the introduction
to this chapter are defined. Also consider a sequence {h,}, each h, € (0, 1) with n =
1,2, 3, ... such that h, | 0 as n — oo. For an initial state zy assume that 22 = X"(0) — =z
as h — 0.

Recall that a control sequence {u'} consists of Fy—measurable random variables uf. The
definition of u"(t) and X"(-) (5.1.3, 5.1.6), imply that u"(¢) is itself a stochastic process
defined on the probability space €.

Define the space R of relaxed controls to be the set of (Borel) measures v on [0, co) x U
with the property that

v([0, T) x U) =T for every T € [0, 00).

/OT/Uf(t, u) dv

/ f(t, u)dv(t, u).
[0, T]xU

We will often write

in place of
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We give R the topology of weak convergence on [0, T x U for each T. That is v, = v when

[ [ [ [

for each T and each continuous bounded function f : [0, co) x U — R.

With this characterization we state Lemmas 5.2.1 and 5.2.3 below. See Appendix B for their
proofs.

Lemma 5.2.1. R is compact.

Since R is totally bounded, by Proposition A.2.3 of Appendix A we have
Corollary 5.2.2. R is separable.

If there is a measurable function w : [0, co) — U so that

v(A) = / Xa (t, u(t))dt (5.2.1)
0
for all A C [0, 0co) x U we call v “the relaxed representation” of the standard control u(-),

or simply a “standard control.”

Lemma 5.2.3. The standard controls are dense in R.

The following lemmas provide us with the necessary structure for the convergence properties
to be discussed below.

Lemma 5.2.4. Given x € G, v € R, and e € D there exist unique X (), Y(-) € D solving

X() =TX()),
{Y(t) =x+ fo Jov(X u)dv + e(t). (522)

Denote X(-) = Xu,v.e(-). The map (x, v, e) — X$7V7e(-) is continuous with respect to the
topology on D identified above. Moreover, on each [0, T this is Lipschitz continuous in e,
uniformly w.r.t. x and v.

Proof. We first show existence. Let ¢ = min{T, m} and Xy, Xo € D([0, ¢]). Define
¢ X(t) — I'(z + fOthv(X(s), u)dv + e(t)). Clearly @ : D — D. Moreover, ¢ is a

contraction on [0, ¢| because
t
(x—i—// (Xo, u)dv +e(t )—F(x—l—//U(Xl,u)du—ke(t))H
0o Ju

sup [|®(Xz) — (X[ = sup

[0, c] [0, ¢]
< Cr sup / / (Xa, u du—/ / (X1, u
[0, c]
= Cp sup / / [0(X2, u) —v(Xy, u)] dv
[0, ] 0 JU




Chapter 5. Convergence 35

< CrC,ye ?u% | X2(t) — Xa (1) ||
0,c

sup [X2(t) — Xa(t)]]-
0,c

<

N | —

Then, by the contraction mapping theorem, there is a unique fixed point X € D([0, c])
solution to (5.2.2). Notice that the first inequality is due to the Lipschitz continuity of
['(with Lipschitz constant Cr) whereas the second to the last inequality uses (2.3.5 (i)).

If ¢ = T we are done. Otherwise, we repeat this argument on [¢, 2¢| using X (c) as the initial
conditions at t = c¢. Repeating this on each [n¢, (n + 1)c] we get existence on any [0, 7.

Next we show uniqueness and Lispchitz continuity in e. Suppose (X;, Y;) are solutions
both with the same z, v, and e;, i = 1,2 respectively. Let 6™ (t) = supyy 4 [Xa(s) — Xi(s)],
0¥ (t) = supyy 4 [Ya(s) = Yi(s)|, 6°(t) = supyg g lea(s) — ex(s)]. Since X; = I'(Y;), Lipschitz
continuity of I implies

5% (t) < Cr oY (t).
Since V; =z + fg J v(Xi(s), u) dv + e;(t), we have

Vlt) =) = [ealt) = ea(0] + [ t [ a(s). 0 = v(Xas). ) (5.2.3)
thus from (2.3.5 (ii))
5 (1) < 6°(t) + /Ot 6% (s) ds
< 55(t) + /Ot C,Cr 6" (s) ds.
Gronwall’s inequality (Appendix A, Theorem A.3) yields

t
SY(t) < 6°(t) + / C, Cp e =9 5¢(5) ds
0
< 5°(t)e“er,

In particular 0¥ (T) < §¢(T) e“» crT.

If e, = ey, 6°(T) =0, 50 8 (T') = 0, and 6% (T) = 0. This proves uniqueness. In general, this
shows X, Y are both Lipschitz continuous on [0, 7] with respect to e on [0, T]. Notice that
the Lipschitz constant is independent of v. To extend this to Lipschitz continuity in (z, e)
for v fixed we just need to consider z; and x5 and add [ze — x1] on the right hand side of

(5.2.3).

To prove joint continuity, suppose =, — z, v, — v, and e, — e (uniformly) in their respecive
senses and let (X,,, Y,,), (X, Y) be the corresponding solutions. We want to show X,, — X,
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Y,, — Y uniformly on each [0, T|. Let

0 () = sup| X (s) = Xu(s)|, &, () =sup|Y(s) = Ya(s)], 05(t) =suple(s) — ea(s)|

[0, 4] [0, 1] [0,4]

// du—// u)dn|.

and

65 (t) = v — | +

36

Now f(t, u) = v(X(t), u) is continuous at s if X () is continuous at s. Since X € D, X has at
most a countable set J of discontinuities, and so the discontinuities of f are contained in JxU.
Since v({s} x U) = 0, it follows that v(J x U) = 0. Since f is bounded ((X, u) € G x U
which is compact), v, = v on [0, t| x U implies ¢} (t) — 0. The boundedness of v (and
v([0,T] x U) = T all v € R) implies that the d; are equicontinuous. In fact they are

Lipschitz with constant 2C}. Therefore §% — 0 uniformly on each [0, 7.

Now

Y(t) = Yalt) = o - + // = o(Xn(s), )] dvy

e[ s, - / [ x|+ et = eat0

and again we have

5X(t) < Cr oYX (t).
Therefore

SY(t) < 65(t) + / t C,0(s) ds + 65 (1)

0

t
gé;;(t)+/ C, Cr oY (s)ds + 6°(t),

0

which by Gronwall inequality implies

SO(T) < 6%(T / C, Cp % KIT=9)5% (s) ds + 6<(T).

Since 0% — 0 uniformly on [0, T, it follows that both 67 (T") — 0 and & (T") — 0.

Lemma 5.2.5. For each T, the map

xue—>// Xove(t), u)dv

T/\T()(mey’e)
(r, v, e) — / / L(X4,0,e(t), u)dv
0 U

18 lower semicontinuous.

18 continuous, and
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Proof. The proof of the first part is as before: Suppose (z,, v, €,) — (z, v, e) and let X,
X be the respective solutions. Then we know X,, — X in D (uniformly on compact sets).

[, o= [7 fous
U / ) dn = / / dV] / (6, 0 = LX), )]

The second term on the right hand side is bounded by fOT CrLm(X,(s) — X(s))ds which
goes to 0 by the uniform convergence of X,, — X. The first term also goes to 0 for the
same reason as 0; — 0 in the proof of Lemma 5.2.4: f(t, u) = L(X(t), u) is bounded and
continuous except on a set J x U, where J is the (countable) set of discontinuities of X.
Since v(J x U) =0, it follows that

/OT/deVﬁ/OT/dey.

This means that the first term above goes to 0.

Now, suppose that z,, — x, v, — v, and e, — e (in their respective norms).
Let

Xn - X:Jc Vn,€n> Tn = TO(Xn>;

n,

X = X:v,y,ea To = TO(X)'

Let 7. = lim7,. By passing to a subsequence we can assume 7,, — T7,.. We only need to
consider 7, <T. We know X,,(-) — X (-) uniformly on [0, T'|. Given any ¢, for n sufficiently
large sup 7y [Xn — X[ < §, 7, < 7w + € and there is ¢ < 7, with | X,,(¢)] < §. So [X(f)] <€
for some t < T, + €. Thus we have 7.(X) < 7, + € and it follows that 75 < 7. Consider any
S < 79, then

T ATy, SATh,
hm/ L(X,, u)dv, > hm/ L(X,, u) dv, Since L > 0
= lim / w) dvy, Since 1, — 7. > S

:/O L(X, u) dv.

Letting S T 79 A T" we conclude that

T ATy, T A1o
h_m/ L(X,, u)dv, > / L(X, u)dv.
0 0
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5.3 Convergence of the Value Function

This section is the core of this chapter. We will show that the value function on the grid
(V"(+)) convergences to the value function of the continuous process (V(-)) as the grid be-
comes finer.

In the previous section we introduced the concept of standard controls (5.2.1). We want
to emphasize the fact that the controls u”(¢) of (5.1.3) are random variables depending on
w € (Q, F, P) so that given a control function u”(¢), we define its stochastic relaxed control
representation v € R on [0, oo) x U by

VI(A) = / Al uh (1) dt (5.3.1)

for all A C [0, co) x U measurable. In other words, for a given choice of (stochastic) control
sequence u” and initial " € G", the Markov Chain followed by continuous time interpolation
produces R and D valued random variables v/ and e defined on the probability space
(2, F, P). We make explicit the dependence of the process X"(t) on these parameters; we
denote it by X,n ,n () and shorten its notation by setting

Xﬁ(t) = th,,,&eg (t).

Let us use © to denote probability measures on D, and A to denote probability measures on
R. Let ©" and A" denote the distributions of " and /" respectively. These are the marginals

of the pair (¢, e"

w? UJ)'

In terms of these relaxed controls we can express (5.1.6) as

X5() =T (¥Y2()).
Y2 = 2+ [y iy o(XD(s), w) dvli(s, u)) + €l(t), (5.3.2)
Xh=ake Gh

with value function

{ult()yeu 70

(XL(1))
Vi(z) = inf B, [ /O /U L(XM(t), uﬁ(t))duf;]. (5.3.3)

In order to prove convergence of the value function on the grid to the value function on the
whole domain G we need the following hypotheses.

Chain Hypotheses. Let GF = Gh U 0G" UGH as in (4.0.1).
a) There exists K,6 > 0 so that

sug\Vh(xh)] < Kall0<h<o.

zheGh
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b) Given € > 0 there exists § > 0 so that
[V™(z)| < € for all z € GP with |z| < § and h < .

Theses hypotheses guarantee continuity at the origin and an upper bound on the value
function on the grid (V"(-)) for any grid spacing. We have not developed a convenient
sufficient condition for this. Consequently these hypotheses will need to be verified on case-
by-case basis.

Theorem 5.3.1. Assume the Chain Hypotheses and the hypotheses of Theorem 3.2.1 hold.
Then for any x € G, z;, — x, and h > 0, V(2") converges to V(x) as h goes to 0.

Proof. The proof of V(x) = limy o V"(z) is in two parts. First we will show that V(x) <
lim,, o V(). Let X = Xy yn en for some R and D random variables v/, €% (with distri-
butions A") and ©", and ¢” — 0 in probability (i.e. ©™ = dy).

Since R is compact {A"} is tight so there is a subsequence h,, and a probability measure A
on R so that A" = A. Hence, for every bounded and continuous function f on R

/72f(y)dAh"—>/Rf(y)dA.

We also know that as h | 0, " — 0 (in D) in distribution (Lemma 5.1.1), that is to say that
O" = §y, the probability measure concentrated in the identically 0 function in D.

Pick any sequence h,, | 0. For simplicity use only n instead of h,; for example we write
V™ (z,) for Vi (x, ). Choose a controlled Markov Chain X™ with X™(0) = x,, and

1
W(x,) < V™(xy,) + —
n
Recall that by Theorem 5.2.5, for each T' the map

T AT1o
b:(z,v,e)— / / L(Xy 0, e, u)dv
0 U

is lower semicontinuous.

Let Q™ be the joint distribution of (2", v, e”). By Theorem A.2.14 of Appendix A, Q" =
0, X A X 0g. It follows that

T N1o N
E [/ / L(Xgn,unen, ) dl/g} = B9 [®(z, v, €)]
0 U
and by Lemma A.2.18 of Appendix A,

EC[®] < limE?" [®(z, v, €)].
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The preceding implies that for each T" = k there is v so that

kATO (Xa, )
/ / L(Xas, (), ) dvp < lim V' (). (5.3.4)
0 U

R being compact allows us to select a convergent subsequence v, — v. For each T, using
the lower semicontinuity again we have

TATo(X) ThATo(Xy,,)
/ / L(X,,,(t), u)dv < lim / L(X,,,, u)dvy
0 U K Jo U

k/
< lim V" (z,,).

K A0 (Xo,,)
< lim / L(X,,,, u)dvy since L > 0
0 U

The last inequality holds because of (5.3.4). Since T < oo is arbitrary,

TO(Xz,V)
/ L(X;,,, u)dv <lim V"(z,)
0

hence

TO(XI",V)
inf / L(X, (1), u)dv < lim V"(zy,)
veR Jq

and then using the density of the standard controls (and continuity of V' at 0) we conclude
that

V(z) < lim V().
We now show that limy o V" (x,) < V(x). We can assume that V(z) < oo (otherwise the
result is trivial). Consider any ¢ > 0. Let K, 6 be as in the Chain Hypotheses. By the
definition of V'(-), there is some control u¢ such that J(z, u(-)) < e+ V(x). Let X = X, 4.

Since X* is continuous there exists 0 < T' < 7(X¢) at which |X*(T)| < {. If there were no
such T then |X¢(t)| > & for all ¢, so L(X*(t), u(t)) > C for some C' > 0 (2.3.5 (iii)) and
7o = +oo imply J(z, u(:)) = +oo, contrary to J(z, u(-)) < V(z) + € < co. Thus we have
that

/0 LX“(s), u(s)) ds < J(x, u(-)) < V(z) +c. (5.3.5)

By Lemma 5.2.3, u¢(-) can be approximated in the topology of R by a continuous standard
control, say u*(-), such that with X* = X, ,»

. €
sup | X(t) — X*(t)| < 3
[0, 7]

and

/ LX), (1) dt < / UL (), e (1) d - e (5.3.6)
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The uniform approximations of X (-) on [0, T and of fOT L(X(t), u(t)) dt are consequence of
Lemma 5.2.4 and Lemma 5.2.5.

Now, let us use u* to define a control sequence {u”} for the MC: u” = u*(¢"). Given z" — =,

let 1", e be the (random) elements of R and D associated with the resulting controlled
chain X"(¢). In the following we will show that as h goes to 0, v converges in distribution
to v*, the element of R associated with u*. This will allow us to conclude that v" converges
in probability to v* since convergence in distribution (to a deterministic element) implies
convergence in probability (page 27 of [11]).

To establish 1" = v*, recall that we defined u* = u*(¢!). The continuous time interpolation
(which is what defines 1) is u"(t) = u?(t) = u*(¢") for that n such that " <t < ¢! .
Although n and " depend on w in the underlying probability space, u"(t) — u*(t) uniformly
with respect to w because of the consistency condition (4.0.3). Let m(h) = supy, 3 At"(z, u)
then in the above, t — m(h) < th < t regardless of n or w. Now u*(-) is uniformly left
continuous on [0, 7] that is, given € > 0 there is a 6’ > 0 so that |u*(s) — u*(t)| < € all
0<t—0 <s<t<T. Soifm(h) <d we have |ul(t) — u*(t)] < € for all w. Consider
any continuous function f : [0, T] x U — R. Since [0, T] x U is compact, f is uniformly
continuous and therefore

E [/OT/Uﬂt, war| - /OT/Ufof, u)dv = F [/OT|f<t, W) — F(t, u ()] di| — 0.

This implies " = v* as desired. Also, as h — 0, ¢"? — 0 (Lemma 5.1.1). Then the

w
convergence of €” — 0 and v — v imply the following two convergences in probability, by

Lemma 5.2.4:
sup | X"(:) = X*()| - 0 and
[0,T]

/oT /U LXH(s), wdory /OT L(X"(s), u*(s)) ds. (5.3.7)

Consider a control sequence obtained by modifying u” as follows.
If at time ¢ = T', X" has not reached {|X| < §}, then for ¢ > T use a control so that

E VTTO L(X", u") dt] <K.

The existence of such a control is guaranteed by Chain Hypothesis (a).
If | X" < 6 for some ! < T then from ¢ forward use a control for which we get

E Utm L(X", uM) dt} <e

h

n

Such a control exists due to the Chain Hypothesis (b). We now have

V") <E UOT/UL(Xh(s), u) duﬁ} + e+ KP(X"()| > 6 on [0, T]).
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Note that as h | 0 as T — oo, P(|X"(-)] > 0) — 0, for sufficiently large T, thus we can
bound the last term by e. It follows that (see (5.3.7), (5.3.6), and (5.3.5))

lim V(") < /T L(X*(t), u*(t)) dt + €

< /T LOXE(t), us(t)) dt + 2
< V(x)+ 3e.

Since € > 0 was arbitrary this completes the proof. ]

Note that the Chain Hypotheses together with the upperbound V' < lim V" implies:

(a) V(z) < Kallz e G

(b) V(z) < eall z € G with |z| < é.

But (b) was one of the hypotheses of Theorem 3.2.1 that we needed to assume for the proof,
so we do not really have an independent argument for continuity of V' here.



Chapter 6

An Example

In the previous chapters we have developed a theory and explained the mechanism to find
the solution of the problem described in Chapter 2. We will present in this chapter one
example to illustrate how to define the Markov Chain probabilities and time lapses, verify
the conditions, and implement the numerical method.

6.1 Description of a problem and its solution

Consider the system consisting of one server with a reentrant queue, as shown in Figure 2.1.
We motivate this example by thinking about a printer that only uses two colors, say blue
and red, but can only print one color on a page at a time: first blue and then red. Each
stack (queue) has a maximum capacity, C; = 1.2 and Cy = 0.8 respectively. Let

be the state vector in the state space G = [0, 1.2] x [0, 0.8], where

x1 = number of pages waiting for blue ink
and
To = number of pages waiting for red ink.

For this example we use

v(z, u) = —Mu with U =0, 1] x [0, 1],

0.3 1 0
62{ O}andM:[_l 1].

43
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Notice the values of 3, the disturbance or load. This says that external arrivals happen only
in queue 1 at a constant rate, and we have no external arrivals into queue 2. Since there is
no departure from the system after queue 1 is serviced, all its output is transfer to queue 2.
Using these values (2.1.1) takes the form

[ : 1

fh) | _ 103 O] [ ) (6.1.1)
with wuy(t) + ue(t) = 1. However (6.1.1) describes the dynamics only when neither of the
queues is empty or has reached the maximum capacity, that is, for x € G°, the interior of G

that we define to be
G = (0, 1.2) x (0, 0.8).

When one of the queues becomes empty or is at maximum capacity we need to correct for
what the control would attempt to do if left unchecked. For instance if ;7 = 1.2, we need to
push out of the system any extra request for service coming into queue 1 thus a reflecting
vector d; = [—1 O}T. The remaining reflecting vectors are

1 0 ~ 0
dlz{_1}7371:0;612:{1},372:0;(12:{_1]7372:0-8

as shown in Figure 2.2. In particular notice that the effect of dy is to drop out of the system
any page that attempts to exceed the maximum capacity of queue 2. These are the reflecting
vectors necessary to explain the Skorokhod formulation for this specific problem.

Given the cost function )
L(x, u) = §H$(t)|\2 + 1.1

(independent of u) our goal is to design service allocation policies for z(t) to satisfy all the
demand while minimizing the cost functional

T0 1
J (2o, u):/ {5 | z(t) |2 + L.1] at.
0

The dynamic programming approach consists of studying the value function

V(z) = min J(x,u).

uelU

With this example in mind we are now going to implement the calculations described in
Chapter 4.

To create the Markov Chain we take the following steps.

1. Construct the grid as described in Chapter 4, using h = 1.33 x 1073,
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Following the Diamond method (Section 4.1.1), the transition probabilities and time
increments are

(B=Mu); e, _ : _ Vo
p(z, ylu) = § Pl if y = z+ hsign((8 — Mu);) e;; (6.12)
0, otherwise
where e; are the canonical basis vectors, and time lapse
At"(z, u) = _h (6.1.3)
| 8—=Mu |,

Notice that since u; + uy = 1 and given our definition of # and M we can assure that
|6 — Mull; # 0. We take advantage of the geometry of G and the definition of the
reflection vectors, and choose h so that all the boundary grid points (9G") are standard
grid points (G"). By doing this, there is no need for defining the probabilities p(x, y|u)
with x € OG" \ G". The transition probabilities associated with a projection part of
the reflection jump will be

if x1 > C} then p(z, (x1 — h,x3)) = 1,

if xo > Cy then p(x, (x1, 29 — h)) = 1,

if xo < 0 then p(z, (x1,22+ h)) =1,

if zy < 0 and zo > h then p(z, (z1 + h,z3 — h)) = 1, and

if 1 <0and 0 < x9 < h then p(z, (x1 + h,25)) = 1.

To compute the minimization over u in the discrete dynamic programming equation (4.0.14)
we first change its representation to make the implementation more efficient. Let

y=x+ Z sgn (8 — Mu); e;,

i=1,2

and use (6.1.2) and (6.1.3). It follows that

Since

B2} — min Zi:1,2’(5_MU)i|Vh(y)—i—L(x)h
Ve = 16— Mul,

(6 = Mu)i| = sgn (6 — Mu); [(8 — Mu)]

and define the vectors

V(B, u) =sgn (8 — Mu) and V), = Z Vi(z + hVe) Ve

i=1,2

These are respectively the sign of the velocity in the interior of G and the value function at
the possible points y where we could move to, multiplied by the sign of the velocity vector
in order to obtain the corresponding sign in the compacted notation below. Then

h . .
Vi(x) = min

(6.1.4)

{(ﬁ—Mu) Vv—l—hL(x)}
(8= Mu)-V(B,u) |
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Notice that (6.1.4) is a piecewise linear fractional function of u € U. As such, it is continuous
and monotone between changes of V(f3, u) with assymptotic behavior when the denominator
(8—Mu)-V = 0. In our example this never happens. Thus, we will find the minimum value
atu=[10]" oru=1[01]".

At each = € G" we only need to compare a finite number of values and decide which of the
finite set of control values achieves the minimum value.

For the the parameter values h = %0701 = 1.2, Cy = 0.8, error = 1 x 107, maximum
number of iterations or rounds (10,000), initial value V5 = 10, the computer code initializes
the different matrices of controls, values of the value function and values of the grid points.
At each iteration the computer calculates the cost matrix L. Using some intermediate steps
to calculate the different values in (6.1.4), the computer code compares the values from the
current value function matrix using different controls; it fixes the controls that provide the
minimum and computes the new values for the matrix V. This process is repeated until the
maximum number of iterations or stability of V' is reached.

Figure 6.1 shows the values of V" resulting from this calculation. The base of the graph is
the state space, with x5 on the left axis. The vertical axis is the values of V*. As expected,
the maximum cost to empty the system is achieved when the system is at full capacity, as
we can see by the highest value at point (1.2, 0.8).

OFTIMAL VALUES AS A FUNCTION OF THE STATE

0>
08

06

Values for s = 750 (h = 1.33x10-3 per unit)

Figure 6.1: Optimal Values
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More importantly, Figure 6.2 shows the areas of the state space on which specific controls
would produce the optimal solution. Notice the areas red and black; these are a consequence
of the discretization. The controls prescribed by the numerical optimization method drives
the system to the origin in a zig-zag (down and left) motion corresponding to the controls
u=[3.7" and u = [.5 .5]" respectively.

Directions

Blue: [.3,-1] |

u=[0, 1]

White: [-.7, 1] "\,

u=[1, 0]

Red: [0, -4] |

Black: [-.2,0] =~ e H—

Figure 6.2: Directions and optimal controls

6.2 Verification of hypotheses

We now proceed to verify the conditions that provide a continuous value function (Hy-
potheses in Chapter 2) as well as the other conditions for convergence of V" to V' (Chain
Hypotheses and other requirements from Chapter 4 as necessary).

1. V(x) is continuous at 0.
Assume 2° = (1, x5) is close to zero, say 0 < ||z| < § < 1. We choose a policy that
takes z° to 2! = (0, o) using control [.5, .5] for a time 7} and cost C; and then to 0
using control [.3, .7] for a time T, and cost Cy for a total cost J = Cy + Cs.
Using control [.5, .5], we have

B [3] [1 0][5] [-2
iy ] [0 -1 1]/[5] [0
Hence, to go from x° to z! it takes Ty = |x1]/.2 = 5|z;| and costs

5|21 5|z1]
/O %||x(t)\|2+1.1dt:/0 2 [ (0) + (wa(0)?] + 11t

5|$1| 2 1 2
< — — 1.1dt
< /0 2x1—|— 2x2—|—

1, 1, 5|21

0
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Hence we have the estimate

d ) 11
Cl < §|$1|3+ §|[E1|$g + ?|$1|

Observe that the inequality of the second line is due to the fact that the control we
chose will keep the second component constant, while decreasing the first component
to zero.
Next, from (0, x2) we use control [.3, .7]. To reach the origin it takes

) ) 5 11
T2:§|I2| with 02 —|£L‘2|+—|l’2|

Thus, the cost to go from 2° to (0, 0) using these controls (noting that ||z < § < 1) is

5 5% 11
J < §\$1’3+ 5’5€1|~’C§+ 7\$1| + - ’1?2| + —’552|

5 ) 11 D
<253, 253 1o 9¢ UL
_25 +25+25+45—|—45
25 33
:—53 —4
+4
58
< —4.
4
By choosing § < Z¢, for any € > 0 we attain V(z) < ¢ for any 6 > 0 and ||z| < 0.

. For all € > 0, infyeq |z V(x) > 0.
For any = € G we have that the cost function is strictly positive, i.e. L(z) > 1.1. Thus
we have

70
inf V(:B)Z/ 1.1dt =
0

z€G,|z|>e€

It suffices to show that 7y # 0 or (since |z| > € > 0) that ||v| < .
Notice that for any z € G°, v(z) = & = 3 — M u. That implies

70
=11 70-
0

1 L G 5

since uy € [0, 1], |1 — 2wy reaches its maxima at u; = 0 and u; = 1. We conclude
that ||v]| < co. In the worse case scenario, € G in which case 7(x, u) = — Mu +
2 aud

> icr Qid; and thus

3 1 0
311 L e g < 5 1
B+ |u| + |1 — 2w +1 by (2.0.3)

el
3.3.

IA I/\
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3. There exists at least one proper policy for the Markov Chain-based control problem.
Choose 0 < h < 1. Then there are

(3209 (49

grid points. For any x € G" (if x € Gh it only takes one extra jump to be back in G")
use control u! = [.5 .5]7 so that v! = [—.2 0]” until we reach the axis z; = 0. That
takes at most

T 1.2
LN R
Rt s T

jumps. Then use control u? = [.3.7]7 that produces v? = [0 — .4]T to the origin for a

total of 0.8

) .
4+ 1l<—+2
ptis T

jumps. Then the total number of jumps would be at most

12 08
12,08 N
T

4. There is a K, 0 > 0 so that

sup
xhea

VWﬂﬁgK,w0<h<&

Recall that
V(") = inf W"(x, u)

u

where

Wz, u) = | Y pla, ylu)V(y) + L") At (2, )

yeGh

We choose the same policy as in the previous property. We need to make the following
observations that are derived from using the controls as above and our definitions of
L and J.

(a) Consider any two different grid points x* and z'™! (the superscripts are not values
of h but time indices: z' occurs before z'™1.) Then ||2f|| > ||2*™!|| except when
xh = —h but this case is not significant for our conclusions since it adds nothing
to the cost.

(b) Since ||z%|| > ||z*|| then L(z*) > L(z**1) for all 2% and "

(c¢) On each segment (horizontal and vertical), the velocity remains constant, so does
the total time, regardless of the number of subintervals.
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(d) On each segment the more subintervals we have (the smaller h is), the smaller
the cost.

Based on these observations, we know that we get the largest possible cost when we
start at the point x° farthest away from the origin, that is 2° = (1.2, .8). We also know
that the cost associated with any regular grid spacing is less than the cost associated
with a displacement equal to the largest coordinate of the initial point. For h! = 1.2
we have

1 1.2
C! = ku((u, )17 + 1.11 — = 16.05

This takes us to z! = (0, .8). Take h? = 0.8 that produces

C? = BH((O, 8)|1? + 1.1] E: 3.

Hence J(x°, u) = 19.05 is the cost corresponding to an arbitrarily chosen policy and
the largest possible initial value. We take K = 19.05 and 6 = 0.1 for example.

. Given € > 0 there exists a 6 > 0 so that
|Vh(:v)} <e forall € Gh with |z <6 and h < 4.
Since we want x close to zero, we may assume that 0 < 1 and that x = (xq, x3) # (0, 0).

Take the same policy u¢ as before: to go horizontally to x! = (0, z) with control

u! = [.5 .5]7 and then down to the origin with u? = [.3 .7]7. For ||z|| < § < 1 we have
J(z, u) = C' + C?
with
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Choose § = %e.

With this we show that we meet all the conditions required for the limiting fluid deterministic
problem to have a unique solution V' and for our numerical method to also have a unique
solution V" and to converge to V.



Chapter 7

Conclusion

In order to solve optimal control problems for stochastic queueing networks, we developed a
numerical method based on the Markov Chain approximation technique to solve a discretized
version of the approximating (deterministic) fluid model. We based our work on the methods
by Kushner and Dupuis [28] following the approach of Boué and Dupuis [12] but expanding
our solution to problems that incorporate reflecting boundaries (Skorokhod dynamics).

The numerical solution we offer is valid for positive cost functions. The state space is a
closed, convex polyhedron that includes the origin. Some conditions are imposed on the
dynamics in the interior of the space (the velocity function), such as being bounded and
Lispchitz continuous. The cost function carries similar restrictions (see (2.3.5)).

Chapters 2 and 3 deal with the continuous (fluid) control problem. We establish that the
value function is continuous (Chapter 3). It was the proof of the convergence of the value
function (Chapter 5) that took the heavier mathematical machinery. In order to to this, we
rely on the representation of the limiting fluid problem in terms of a representation based
on relaxed controls R. We show that the set of relaxed control is compact and separable.

In Chapters 4 and 5 we present the Markov Chain-based approximation to the deterministic
problem and provide the support to claim that the numerical method approximates the
solution.

Finally, Chapter 6 shows the implementation of our method with a specific example. An
outline of the algorithm is presented in that chapter. We also include in that chapter the
verification of the conditions for continuity of the value function and convergence of the
numerical method.

Our main contribution to the study of optimal control problems that arise from (stochastic)
queueing networks is to develop a numerical method for a control of the (deterministic) fluid
limit of queueing models in a (polyhedral) bounded domain together with the analysis of
convergence, including the proof of continuity of the value function.

52
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As an extension of our work, we can pose the following immediate challenges:

1. An error analysis of our method,
2. a generalized solution to a broader type of cost functions,

3. include a more general type of state space, such as a mixture of smooth (not only
straight faces), and

4. expand the method to consider differential game problems.
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Appendix A

A.1 Definitions Regarding Controlled Markov Chains

Definition A.1.1. Consider the discrete-time dynamic system
Tpy1 = f(xk, uk), k= 0, 1, ceey

where for all k, the state xy is an element of the space G and the control uy is an element
of the space U and it is constrained to take values in a given nonempty subset U (xy) of
U, which depends on the current state xp. And admissible policy is a sequence of control
functions m = {uo, 1, ...} with pg : G — U, up(zg) € U (zx), for allz, € G, k=0,1, ....

([9], - 3)

Definition A.1.2. A stationary policy is an admissible policy of the form m = {u, u, ...},
that is, a sequence of control functions that take the same action for the same state at every
stage. ([10], p. 3)

Definition A.1.3. A stationary policy u is said to be proper if, when using this policy,
there is a positive probability that the destination (termination or end state) will be reached
after at most N-1 steps, with N being the total number of states, regardless of the initial
state. A stationary policy that is not proper is said to be improper. ([10], p. 80)

A.2 Weak Convergence of Probability Measures

Definition A.2.1. Denote a metric space by S and let S be the Borel o-field generated by
the open sets of S. If probability measures P, and P satisfy

/SfdPn—>/SfdP

for every bounded, continuous real function f on S, we say that P, converges weakly to P,
and express it by P, = P. ([11], p. 7)

27
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As an extension of Definition A.2.1, we say that finite measures p,, defined on the metric space
S converge weakly to a measure p (also in S) (p, = p) if for every bounded, continuous
real function f on S, fS fdu, — fs fdu. In particular, considering f = 1, this requires

fin(S) — pu(S)-

Theorem A.2.2. Let {0,} be a sequence in P(S) as in (B.1.1). Then 0, converges weakly
to 0 (0, = 6) in P(S) if and only if L(0,, 0) — 0. Furthermore, with respect to the Lévy-
Prohorov metric P(S) is complete and separable. ([23], p. 374)

Proposition A.2.3. A metric space S is compact if and only if it is both complete and
totally bounded. ([33], p. 156)

Definition A.2.4. We say a sequence of random elements {X,} with values in a metric
space S converge in distribution to the random element X if P, = P, where P, and P are
the distributions of X, and X respectively. ([11], p. 25)

That is, {X,} — X in distribution if and only if for any f continuous and bounded on S,

lim E[f(X,)] = E[f(X)].

n—oo

(23], p. 375)

Note: The notion of convergence in distribution does not require that the random variables
X, and X be defined on a common probability space.

Definition A.2.5. Let {X,, n € N} be a sequence of random variables with values in a
metric space S that are defined on a sequence of probability spaces {(Qn, Fn, P,), n € N}.
We say that the sequence {X,} converges in probability to 0 if for every e > 0,

lim P,(d(X,, 0) >¢) =0.

n—oo

(23], p. 375)

Theorem A.2.6. The sequence of random variables {X,} converges in distribution to 0 if
and only if it converges in probability to 0. ([25], p. 376)

Definition A.2.7. A probability measure P on (S, S) is reqular if for every S—set A and
every € there exist a closed set F' and an open set G such that F C A C G and P(G—F) <e.

([11], p. 7)

Definition A.2.8. A probability measure P on (S, S) is tight if for each € > 0 there erists
a compact set K such that P (K) >1—e. ([11], p. 8)

Theorem A.2.9. A necessary and sufficient condition for P, = P is that each subsequence
{ P} contain a further subsequence {P,,,} converging weakly (m — oo) to P. ([11], p. 20)
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Definition A.2.10. Let M be a family of probability measures on (S,S). We call M ‘rela-
tively compact’ if every sequence of elements of M contains a weakly convergent subsequence. ([11],

p. 57)

Definition A.2.11. The family M is tight if for every € there exists a compact set K such
that P(K) > 1 — € for every P in M.([11], p. 59)

Theorem A.2.12 (Prohorov’s Theorem — Direct). If M is tight, then it is relatively compact.

([11], p. 59)

Theorem A.2.13 (Prohorov’s Theorem — Converse). Suppose that S is separable and com-
plete. If M is relatively compact, then it is tight.([11], p. 60)

Theorem A.2.14. Probability measures on S" x S” are tight if and only if the two sets of
marginal distributions are tight on S" and S". ([11], p. 65)

Theorem A.2.15. Let S be a metric space, and let P,,n < oo, and P be probability measures
on P(S) satisfying P,, = P,. Let f be a real valued measurable function on S and define Dy
to be the measurable set of points at which f is not continuous. Let X,, and X be random
variables which induce the measures P, and P on S, respectively. Then f(X,) = f(X)
whenever P{X € D;} =0. ([28], p. 249)

Definition A.2.16. In a metric space (S, p), an extended real-valued function ¢ : S — R
is called lower semicontinuous at a point y if ¥(y) # oo and P(y) < lim,  (zx) for every

v (133, p. 51) -

Lemma A.2.17. ¢ : S — R is lower semicontinuous if and only if there exists f, € C(S)
such that f, 11 pointwise. ([33], p. 50)

Lemma A.2.18. If u,, = pu (Weak convergence of probability measures on S) and ) : S — R
18 bounded lower semicontinuous, then

[ vdu<tim [ v g

([11], p. 24)

A.3 Gronwall’s inequality

Theorem A.3.1. Let u be a Borel measure on [0, 00), let € > 0, and let f be a Borel
measurable function that is bounded on bounded intervals and satisfies

0< f(t) <e+ f(s)u(ds), t>0.
[0, )
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Then
ft) <eetlDt>0.

In particular, if M > 0 and

0§f(t)§e+M/tf(s)ds, £>0,
0

then
flt) <eeM’ t>0.

([24], p- 498)

A.4 Some Martingale Facts

Definition A.4.1 (Martingale). A process X is called a martingale if

1. X is adapted (for every n € Z*, X,, is F,,—measurable);
2. E(|X,|) < oo, Vn;
3. BE[X,|Fna] = Xoe1, a.s. (n>1).

([32], p. 144)
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B.1 Proofs of some lemmas

Lemma 5.2.1 R is compact.

v(A) for all A C U x [0, T]. Then Ry = {vT} is the
U on which we define the Lévy-Prohorov metric on

Proof. For each T < oo let v1(A
set of probability measures on [0
Rr

) =7
, T x

]

A= {5 :d(s, s') < e for some s € A}

and for 7] and 7 in Ry let
LY(wh vl =inf{e > 0: 7 (A) < g (A°) +eforall closed A C [0, T] x U}.  (B.1.1)

For 11 and 15 in R define the metric

- L (V1> V2)
Vl, VQ Z W (B12)

This makes R a metric space.
Next we explain why the p topology is the same as the weak topology described above.

Under this metric a sequence v,(+) in R converges weakly to v(-) € R if

[ [ s wenan— [ [ sie.uyav

for any bounded continuous function f : [0, co) x U — R. From the definition of p we only
have this convergence for each j € N. However,

/OT/Uf(t, u)dynH/OT/Uf(t’ u) dv (B.1.3)
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can be expressed as

J j
/ / 1[O,T] f(tv u) an - / / 1[0,T} f(t, u) dv
0 U 0 U

for T < j. The function 1y 77 f(t, u) is continuous except for (¢, u) € {T'} x U, but since
v({T}xU) = 0for any v € R, by Theorem A.2.15 of Appendix A we still get the convergence
of (B.1.3).

Thus, under the metric p (B.1.2), a sequence v, in R converges to v € R if and only if the
sequence of probability measures converges (7] = 1) for all T' < oo. Since for each T' < oo
the set [0, T'] x U is compact, tightness of Ry is inmediate. Then Ry is compact and every
sequence {7, } has a convergent subsequence {7} }. O

Lemma 5.2.3 The continuous standard controls are dense in R.

Proof. The proof is in several stages:
1. Since U is totally bounded, for each € > 0 there exists a finite set F' = {uy, ua, ..., u,}
so that {B(u;)} cover U. Form the measurable partition

Bl = BE(Ul), Bl = Be(uz) \ Ullee(uj).

Jj=

We can “concentrate” U on {ug, us, ..., u,} with the map ¢p : U — U defined by
Yp(u) =Y u; 1p,(u) and define @ : [0, 00) x U — [0, 00) X U by ®p(t, u) = (t, Yrp(u)).
Let vp = v ®3'. Then for f bounded and continuous function

/OT | s wave = | T [ 1t et av

Take a sequence of F, associated with e = 1/n and consider vg, . Since |u — 1, (u)| < £ and
f is continuous | f(t, ¥r(u)) — f(t, u)| — 0, uniformly on each [0, T x U. Therefore

/OT/Uf(t, u)dypn—>/0T/Uf(t, ) dv

Then the collection of v with “finite support” are dense in R. By this we mean that there is
a finite set F' so v([0, 7] x F) = v([0, T| x U).

2. Consider v = v as above using F' = {uy, ug, ..., u,}. Given h > 0 we produce a
“piecewise constant” approximation v, as follows. For each I, = [kh, (k + 1)h] let p; =
%u([k X {u;}). Then 0 < p; and )., p; = 1. Define v, on I}, x U by

(k+1)h 7
Vh(]k X UﬂA) = / sz 1A(t, Uz) dt.

kh i=1
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Le. vp(du x dt) is (D7, pidu;(du)) dt on Ij. Notice that if f(¢, u) = f(u) does not depend

on t then (k+1)h (k+1)h n
/}C /f du—/k /Uf(u)dl/h—h;pif(ui).

So for f(t, u) = f(h[t/h],u) = f(kh, u) if kh <t < (k+ 1)h we have

/ONh/Ufh@, u)dz/_/ONh/Ufh(t, u) duy,

for any integer N. We also know that as h — 0, f, — f uniformly on any [0, T] x U. So for
= [T'/h] we have

T Nh
/ / £(t, w)dv < / / Fult, @) dv 4 [ flloo -+ 1o — Flloogor) - T
0 U 0 U

from which
T Nh
f(t, u)dv —/ / fn(t, u)dv
U 0 U

and likewise with v replaced by v,. It follows that

[ foron= [ [

as h | 0. Thus the v = v}, which are “piecewise constant with finite U support” are dense in R.

S flloo =+ fr = flloojo, 7y - T

3. Given a piecewise constant finitely U —supported v as above, we want to approximate it
by a piecewise constant standard control. To do this on each interval a <t < b on which

v(du x dt) [Zpl ” ]

we divide [a, b] up into n pieces [a, ], f = a + b;—“ On each such piece into intervals of
lengths p;( — «) and define w,(t) = u; on each. Then if f(¢, u) = f(u) in [«, (] we have

/j/Uf w= [ it o) de

So by an argument like that above we get

/ fdv = lim f(t wn (1)) dt.

n—oo
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This piecewise constant standard controls are dense in ‘R.

4. Finally, given a piecewise constant standard control u(t) = w; on t;_1 <t <t; (t; — o0)
we can approximate it by smoothing out the transitions by linear connections between the
points

ti —t;i_1) N1
P,_y(ti—1, ui—1) and P, (ti + ¥, Uz) .
n

Since u,(t) = u(t) on [0, T] except for a set of measure +(7T"+ 1) it follows that
T T
| st m@de— [ pe ) a
0 0
for all bounded continuous u.

At each stage the convergence of

[ L[ [

for all T and all bounded continuous f means v, — v w.r.t. the metric for R : p(v,, v) — 0.
So by chosing p(v,, V) < § at each stage we obtain u € C([0, 00), xU) so that p(v,, v) < e.

O
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