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BY AMARIIT BUDHIRAJA1 AND ARKA PRASANNA GHOSH1
University of North Carolina at Chapel Hill and lowa State University

We consider the scheduling control problem for a family of unitary net-
works under heavy traffic, with general interarrival and service times, proba-
bilistic routing and infinite horizon discounted linear holding cost. A natural
nonanticipativity condition for admissibility of control policies is introduced.
The condition is seen to hold for a broad class of problems. Using this for-
mulation of admissible controls and a time-transformation technique, we es-
tablish that the infimum of the cost for the network control problem over all
admissible sequencing control policies is asymptotically bounded below by
the value function of an associated diffusion control problem (the Brownian
control problem). This result provides a useful bound on the best achievable
performance for any admissible control policy for a wide class of networks.

1. Introduction. In [12], Harrison introduced “controlled Brownian net-
works” as formal approximations to stochastic network models under diffusion
scaling. Since then, several authors have used such Brownian network models
and the corresponding control problem [the so-called Brownian control problem
(BCP)] in obtaining control policies for the underlying queueing networks. In par-
ticular, there have been several works in recent years [1, 2, 5, 7, 20] that consider
specific network models for which the corresponding BCP is explicitly solvable
and, guided by the solution of the BCP, propose a control policy for the network
which is then shown to be asymptotically optimal. However, there is a critical
lack of mathematical theory which provides a rigorous basis for using the BCP
as an approximating model for a general family of controlled queueing networks.
In this paper, we will consider a broad family of unitary networks (cf. [5]) under
heavy traffic with general interarrival, service times and probabilistic routing with
an infinite horizon discounted linear holding cost. We will prove that if a control
policy is admissible (see Definition 2.6) for the network control problem, then
the associated cost of using this policy is asymptotically bounded below by the
value function of the corresponding diffusion control problem. This is the main
result of the paper and is given in Theorem 3.1 (and in Corollary 3.2). Although
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the result is far from optimal—in particular one would also like to establish the
reverse inequality—it is the first result, in the broad generality we consider, that
establishes any asymptotic relationship between the controlled stochastic network
and its formal diffusion approximation. Indeed, even a proper formulation of ad-
missible control policies for queueing networks that allows for weak convergence
analysis to asymptotically relate it to the BCP has been critically lacking. Such
a formulation, which in particular needs to include appropriate nonanticipativity
conditions, is introduced in Definition 2.6. It will be seen in Theorem 5.4 that
there exists a very large class of natural control policies which are admissible in
the sense of Definition 2.6. (See also Proposition 2.8 for another sufficient con-
dition for admissibility.) Roughly speaking, a control policy that does not change
between two successive event times (an event is defined to be an exogenous ar-
rival into the system or a completion of a service by some server), and at any
event instant is a function of all the previous interarrival times, service times and
routing decisions, is seen to satisfy the key requirements of admissibility in De-
finition 2.6. Once a proper formulation of admissibility is available, it becomes
possible to use the machinery of weak convergence theory to relate the asymptotic
value of the queuing control problem to the value function of the associated formal
diffusion approximation. The main obstacle, in making rigorous the formal heavy
traffic limit needed in the diffusion approximation approach, is proving the tight-
ness of the control terms in the state eVAolution equation; see, for example, (2.22).
Although for each r the control term Y” on the right-hand side of (2.22) is Lip-
schitz continuous, its Lipschitz constant increases to oo, linearly in r as r — oo.
One indication that the asymptotic analysis is somewhat delicate is that although
the control terms for the network control problem are continuous (in fact Lip-
schitz) for each fixed r, an optimal control in the limiting Brownian control prob-
lem can in fact have jumps. In this paper, we develop a general approach to argue
the convergence of the cost function which does not rely on the tightness of the
various processes describing the dynamics, but rather on the tightness of suitable
time-rescaled versions of the same. Although such time rescaling ideas go back to
Meyer and Zheng [19] and Kurtz [15], their application in stochastic control prob-
lems was pioneered by Kushner and coauthors [17, 18]. Indeed, inspiration for
many ideas in the current paper comes from these latter works. In a related paper,
Kurtz and Stockbridge [16] consider a control problem for a stable Jackson net-
work with Markovian primitives. They are concerned with an ergodic cost problem
associated with the approximating controlled diffusion; however, their techniques
and goals are quite different from those of the current paper.

The paper is organized as follows. The next section describes the queueing net-
work and the associated control problem. Our key nonanticipativity condition on
control policies is introduced in Definition 2.6. Two diffusion control problems,
BCP and the corresponding equivalent workload formulation (EWF), which arise
from formal diffusion approximations of the network control problem are intro-
duced as well. These control problems are given a “weak formulation” which
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is natural in view of the weak convergence ideas underpinning all heavy traffic
approximation methods. Section 3 contains the main result of this paper (Theo-
rem 3.1). The proofs of all but one of the key results, namely Theorem 3.7, are
contained in Section 3 as well. This latter theorem is at the heart of our analysis
and its proof is given separately in Section 4. The main ingredients of the proof
are the time transformation in Lemma 3.6 (which allows for appropriate tightness
estimates) and relationships between various multiparameter filtrations, stopping
times and martingales associated with the queuing model. A careful analysis of
the latter enables one to show that a typical limit point of the (time-transformed)
control sequence has suitable adaptability properties, and the limit points of the
“pre-Brownian motions” in the queuing model are martingales with respect to the
desired filtration. We refer the reader to Remark 3.8 for more on these key adapt-
ability issues. Finally, in Section 5 of this paper, we show that there exists a broad
family of control policies which satisfy the admissibility requirements of Defini-
tion 2.6.

The following notation will be used. The space of reals (nonnegative reals),
positive integers (nonnegative integers) will be denoted by R (R4), N (Np), re-
spectively. For m > 1, ™ will denote the space of continuous functions from
[0, c0) to R™. For m > 1, D™ will denote the space of right continuous functions
with left limits, from [0, co) to R with the usual Skorohod topology and 8B (D™)
the corresponding Borel sigma-field. All continuous-time processes considered in
this paper will have sample paths in D" . All vectors will be column vectors and
all vector inequalities are to be interpreted componentwise. We will call a func-
tion f € D™ nonnegative if f(¢t) > 0 for all r € R. A function f € D™ is called
nondecreasing if it is nondecreasing in each component. The weak convergence of
processes Z, to Z as elements of O™ will be denoted by Z, = Z. A sequence
of processes {Z,} is tight if and only if the measures induced by the Z,’s on
(D™, B(D™)) form a tight sequence. A sequence of processes with paths in D™
(m > 1) is called C-tight if it is tight in £™ and any weak limit point of the se-
quence has paths in €™ almost surely. For processes {Z,,}, Z defined on a common
probability space, we say that Z, converge to Z uniformly on compact time inter-
vals (u.o.c.) in probability (almost surely) if for all > 0, supg,, | Z,(s) — Z(s)|
converges to zero in probability a.s. The inherent nature of the problem makes
this article heavy in notation. To ease the notational burden, standard notation
(see, e.g., [6]) for different processes is used (e.g., Q for queue-length, / for idle
time, W for workload process, etc.). We also use standard notation, for example,
W, W, to denote fluid scaled, respectively, diffusion scaled, versions of various
processes of interest. Time rescaling ideas used in the paper lead to processes
[see (3.36)] that are obtained via time transformation of the original processes of
interest; these are typically denoted with a superscript, as in W. Since we deal
with vector-valued processes, we use both (a;,i =1,...,m;b;,i =1,...,n) and
(ai,...,am,b1,...,b,) to denote a vector the first m components of which are
given by ay, ..., a, and the next n components of which are given by by, ..., by,
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and so on. The notation (cl.J ,i=1,...,m,j=1,...,n) corresponds to the vector
1 1 2 2
(Cls oo ey Cops C s ooy i e €y O

2. Stochastic network model and the control problem. Let (2, F,P) bea
probability space. All the random variables associated with the network model de-
scribed below are assumed to be defined on this probability space, unless specified
otherwise. The expectation operation under P will be denoted by E.

Network structure. We begin by introducing the family of queuing network
models that will be considered in this work. Figure 1 gives a schematic for such a
model. The network has I infinite capacity buffers (to store I different classes of
jobs) and K nonidentical servers for processing jobs. Arrivals of jobs can be from
outside the system and/or from the internal rerouting of jobs that have already been
served by some server. Several different servers may process jobs from a particular
buffer. Service from a given buffer i by a given server k is called an activity. It is
assumed that there are J activities [at most one activity for a server—buffer pair
(i, k), so that J <I-K]. The activities are labeled j =1, ..., J. It is also assumed
that the integers I, J, K are strictly positive.

The correspondence between activities and buffers, and activities and servers,
are described by two matrices, C and A, respectively. C is an I x J matrix with
Ci; = 1 if the jth activity processes jobs from buffer i, and C;; = 0 otherwise. A is
a K x J matrix with Ay; = 1 if the kth server is associated with the jth activity,
and Ay; = 0 otherwise. Each activity associates one buffer and one server, and so

“Buffer 1 | ivi Server 1
3 Buffer 1 Activity 1

— > __3 /
J —
: : |
| |
: : |
| |
| Buffer I

— | Activity 3 server K

T e . i

FI1G. 1. A unitary network.
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each column of C has exactly one 1 (and similarly, each column of A has exactly
one 1). We will further assume that each row of C (resp. A) has at least one 1, that
is, each buffer is processed by (resp. server is processing) at least one activity.

It is also assumed that once a job starts being processed by an activity, it must
complete its service with that activity, even if its service is interrupted for some
time (e.g., for preemption by a job from another buffer). When service of a partially
completed job is resumed, it is resumed from the point of preemption—that is
the job needs only the remaining service time from the server to be completed
(preemptive-resume policy). Also, an activity must complete the service of any
job that it has started before starting another job from the same buffer. An activity
always selects the oldest job in the buffer that is not yet served when starting a new
service [i.e., First In First Out (FIFO) within class].

Stochastic primitives. The networks considered in this paper will be nearly
critically loaded, that is, “approaching heavy traffic,” as made precise in Assump-
tion 2.3 below. Mathematically, this is modeled by considering a sequence of net-
works {.V/"}, each network in the sequence having identical structure except for the
rate parameters that may depend on r. Here, r € S C R™, where S is a countable
set: {ri,r2,...} with1 <r; <r <---and r, - 00, as n — o0. For notational
simplicity, throughout the paper, we will write the limit along the sequence r;, as
n — oo simply as “r — 00.” Also, r will always be taken to be an element of S
and thus hereafter the qualifier » € S will not be stated explicitly. The parameters of
the networks are assumed to satisfy the heavy traffic condition (see Definition 2.2).
The physical network that is “close to critical loading” corresponds to one of the
networks in the sequence, for a large value of r.

The rth network N is described as follows. If the ith class of jobs (i =1, ..., 1)
has exogenous arrivals, the interarrival times are given by a sequence of nonneg-
ative random variables {u}(n):n > 1} that are i.i.d. with mean and standard de-
viation 1/a! and ;" € (0, 00), respectively. Let, by relabeling if necessary, the

buffers with exogenous arrivals correspond to i = 1, ..., I, where I' < I. We set
af ,o/"" =0 and u}(n) =00, n > 1, fori =I' + 1, ..., L Service times of the
jth type of activity (for j = 1,...,J) are given by a sequence of nonnegative

random variables {v; (n) :n > 1} that are i.i.d. with mean and standard deviation

1/ ,3; and o J’.)’r € (0, 00), respectively. We will assume that the above random vari-
ables are in fact strictly positive, that is,

@1 Foralli=1,....L j=1....J  Pui(1)>0)=P(1)>0)=1.

We will further impose the following uniform integrability condition: For all j =
1,....Jandalli=1,...,T,

(2.2) the sequences {(u} (1)?}, and {(v;( 1))?}, are uniformly integrable.

Rerouting of jobs completed by the jth activity is specified by a sequence of
(I+1)-dimensional vectors {(¢(j)’r(n), ¢I"(n)), n > 1}, where ¢/" (n) = (¢ij’r(n) :
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i=1,...,I). Foreach j and i =0,1,...,1, ¢l.j’r(n) =1 if the nth completed
job by activity j gets rerouted to buffer i, and takes the value zero otherwise,
where i = 0 represents jobs leaving the system. It is assumed that for each fixed r,
{(¢é’r(n), ¢/ (m)),n > 1}, for j=1,...,J are independent sequences of i.i.d.
Multinomialay1)(1, (pj), p7)), where p/ = (p/ :i =1,...,J). That, in particu-
lar, means for j =1,...,J,n>1, Z}:o qﬁij’r(n) = }:0 pij = 1. Furthermore, for
fixed j=1,....J.i1,ia=1,....Lif 071 = Cov(¢}" (n), ¢} (n)), then

b _ Pij(l —‘p,-J), ifii=i=1i,

2 =pipi, if iy # is.

We also assume that fori =1,..., I, j =1,..., ], the sequences {u}(n):n > 1},
{v; (n):n>1} and {¢/"" (n), n > 1} are mutually independent.

Next, we introduce the primitive stochastic processes (E”, S”) that describe the
state dynamics for the model. The process (E7, ..., Ey) is the I'-dimensional ex-
ogenous arrival process, that is, foreachi =1,...,T, E} (¢) is a renewal process
which denotes the number of jobs that have arrived to buffer i from outside the
system in [0, ¢]. For a class i to which there are no exogenous arrivals (i.e.,
i=T+1,...,I), we set E[(t) =0 for all + > 0. We will denote the process
(EY, ..., Ep)' by E". For each activity j = 1,...,]J, there is a renewal process
S ; such that § ; (t) denotes the number of complete jobs that could be processed by

(2.3)

activity j in [0, t] if the associated server worked continuously and exclusively on
Jjobs from the associated buffer in [0, t]. The vector (ST, ..., S})" is denoted by S”.
More precisely, fori =1,...,1, j=1,...,J,m; > 1,n; > 1, let

mi nj
(2.4) Em)=) ui(n), i)=Y vin).
n=1 n=1

We set &/ (0) = 0 and n; (0) = 0. Then E7, S; are renewal processes given as
follows:

E[ (t) = max{m; > 0:&] (m;) <t},
(2.5)

S;(I)=maX{l’ljZl:ﬂ;(l’lj)ff}, t>0.

Finally, we introduce the routing sequences. Let <I>lj ""(n) denote the number of
jobs that are routed to the ith buffer, out of the first n jobs completed by activity j.
Thus, fori=1,...,Lj=1,...,],

n
(2.6) o (n)=Y_ ¢! (m), n=12,....

m=1
We will denote by {<I>j”(n)} the I-dimensional sequence {(<I>{’r(n), e <I>{’r(n))’}

corresponding to the routing of jobs completed by the jth activity. Also, the matrix
(@' (n), ®>"(n), ..., ®Y" (n)) will be denoted by ®” (n).
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Control. A scheduling policy or control is specified by a nonnegative, non-
decreasing J-dimensional process T" = {(T} (), ..., Tj (), t > 0}. For any j =
1,...,J), t =0, Tj’ (t) represents the cumulative amount of time spent on the jth
activity up to time ¢. For a control 7" to be admissible, it is required to satisfy
additional properties which are specified below in Definition 2.6.

State processes. For a given scheduling policy T, the state processes of
the network are the associated J-dimensional queue length process Q" and the
K-dimensional idle time process I". Foreacht > 0,i =1, ..., 1, O} (¢) represents
the queue length at the ith buffer at time ¢ (including the jobs that are in service at
that time), and fork =1, ..., K, I} (¢) is the total amount of time that the kth server
has idled, up to time ¢. Let ¢" = Q" (0) € Rq]_ be the J-dimensional vector of initial
queue lengths. Note that, for j =1,...,J, t >0, S;(Tjr(t)) is the total number
of services completed by the jth activity up to time #. Thus, the total number of
completed jobs (by activity j) up to time ¢ that get rerouted to bufferi =1, ...,Iis
given by the process <I>{ ’r(S;(Tj’ (1))). Hence, the state of the system at time ¢ > 0
is described by the following equations:

J J
Qi (1) =q"+E[(t) = )_ CijSi(T] () + ) ®" (ST} (1)),
j=1 j=1

i=1,....1

2.7)

J
28)  I[()y=t—) A T| (), k=1,....,K.
j=1
We will only be concerned with admissible policies (see Definition 2.6) which,

in particular, ensures that the queue-length and idle-time processes (Q", I") are
nonnegative.

Heavy traffic.  We begin with a condition on convergence of various parameters
in the sequence of networks {N"}.

ASSUMPTION 2.1. There are nonnegative ¢, «, ", 6 € RL B, ¥, 6he RJ
such that g >0, « >0, >0, 6" >0, 0" >0 (o, 0/ =0if and only if i =
I'+1,...,I),and

0] =r( —a)— 0, 0, =r(B"—pB) > 6 as r — 0o,
29 o"" —o¥, o —o? asr — 0o,

. q

g =~ —q as r — oo.

r
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Next, we present the key heavy traffic condition, as introduced in [11] (also see
[5, 6, 13]), on the sequence {N"}.

DEFINITION 2.2 (Heavy traffic). Define I x J matrices P’ and R, such that
P/, =p{ fori=1,....I, j=1,...,Jand

(2.10) R = (C — P’)diag(B).

We say that the sequence {-V"} approaches heavy traffic as r — oo if, in addition
to Assumption 2.1, the following two conditions hold:

(i) There is a unique optimal solution (x*, p*) to the following linear program
(LP):

2.11) minimize p s.t. Rx =«, Ax < pe,x > 0.

(i) The unique solution (x*, p*) of the above linear program satisfies p* = 1
and Ax* =e.

Here e is a K-dimensional vector of ones, and for a vector a, diag(a) denotes
the diagonal matrix such that the vector of its diagonal entries is a.

ASSUMPTION 2.3. The sequence of networks {N"} approaches heavy traffic
as r — oo.

Assumption 2.3 will be a standing assumption for this paper and will not be
mentioned explicitly in the statements of various results.

REMARK 2.4. From Assumption 2.3, x* given in (i) of Definition 2.2 is the
unique J-dimensional nonnegative vector satisfying

(2.12) Rx*=a, Ax* =e.

Following [11], assume without loss of generality (by relabeling activities, if nec-
essary), that the first B components of x* are strictly positive (corresponding ac-
tivities are referred to as basic) and the rest are zero (nonbasic activities). For later
use, we partition the following matrices and vectors in terms of basic and non-
basic components:

(2.13) ﬁ:[?}, Tr(-)=[;b:8}, A=[B:N],

where 0 is a (J — B)-dimensional vector of zeros and B and N are K x B and
K x (J — B) matrices, respectively.
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Other processes. The vector x* defined above gives the nominal allocation
rates for the J activities. Define the following deviation process as the difference
between 7" and the nominal allocation:

(2.14) Y'(t)=x*t—-T" (), t>0.

It follows from (2.8) and (2.12) that the idle-time process /" has the following
representation:

I'(t) =AY (1), t>0.

Next, we define a (K+J —B) x J matrix K and a (K4 J — B)-dimensional process
U’ as follows:

(2.15) Ki[lg iV]J U'(t)=KY" (1), t>0,
where I above denotes a (J — B) x (J — B) identity matrix. Note that
r 1" (1) }

2.16 U'(t)= , t>0.
2.16) 0= >

Another process that plays a crucial role in our analysis is the workload process.
This is an L-dimensional process (L. < 1) defined as a suitable linear combination
of the queue length processes as follows:

2.17) W () =AQ (), >0,

where A is an L x I-dimensional matrix, called the workload matrix, whose rows
are determined by the optimal solution of the dual of the linear program in (2.11)
(see [13]). We will work with one of the canonical choices of the workload matrix
as defined in [13]. For this choice of A, one can obtain (see [6]) a nonnegative
L x (K4 J — B) matrix G such that

(2.18) AR =GK.

We make the following additional assumption on G:

ASSUMPTION 2.5. Each column of G has at least one strictly positive entry:

equivalently, there exists a ¢ > 0 such that for every u € RgﬂJ_B)

>

|Gu| > clul.

The above will also be a standing assumption, so explicit reference to it will be
omitted.

Rescaled processes. The two scalings which are exploited in our analysis are
the fluid scaling (corresponding to the law of large numbers) and diffusion scaling
(corresponding to the central limit theorem). These are described as follows:
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Fluid scaled processes. These are obtained from the original process by accel-
erating time by a factor of 72 and dividing space by 2. The following fluid scaled
processes will be used: For ¢ > 0,

E"(t) =r 2E" (1), ST(t) =r728" (%),
(2.19) &7 (1) = r 2@ (1)), j=1,....7, T (t) = r 2T (1),
') =r21(F%), 0" (1) =r~20(?1).

Diffusion scaled processes. These are obtained from the original process by
accelerating time by a factor of 72 and dividing space by r (after appropriate cen-
tering). The following diffusion scaled processes will be considered: For ¢ > 0,

(E"(r%t) — o' r%t)

E"(t) = ,
r
24\ _ RF2
& = (S (r r)r Br r>’
(@77 ([r*t]) — p/[r3t])

&’ (1) =

j=0,1,...,7J,

p
U (1) =r~'U" (%),
0" (t)=r"'0" (1),
W’ (t) =r "W (%),
Y () =r"'Y" (%),

(2.20)

where for x € R, [x] denotes its integer part, that is, the largest integer bounded
by x. Note that the last four processes do not need to be centered, as it will be seen
that their fluid scaled versions converge to zero as r — oo. Define, for ¢ > 0,

J o
X[ (1) =E[(t) = Y _(Cij — p})ST(T] (1))
2.21) =

J
ST .
+ ) OSHT ),  i=1,....L
j=1

Recall the definitions of 6 and ¢” introduced in Assumption 2.1. From the above
definitions of rescaled processes, and equations (2.7), (2.8), (2.12), (2.15) and
(2.17), one can establish the following relationships between the various diffusion-
scaled quantities: For all # > 0,

(222) Q') =4"+ X" (1) +[0j1 — (C — P')diag(05)T" ()] + RY" (1),
223) U'(t)=KY' (),
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W' (1) = A§" + AX"(t) + A0t — (C — P')diag(05)T" (t)] + ARY" (1)
(2.24) X ) )
= AG" + AX" (1) + Al6]1 — (C — P')diag(05)T" (1)1 + GU" (¢).

In obtaining the above equations, we have also used (2.12). Finally, in obtaining
(2.24), we have used (2.18) and (2.23).

Cost function. For the network N, we consider an expected infinite horizon
discounted (linear) holding cost associated with a scheduling policy 7", given in
terms of the corresponding diffusion-scaled queue length process Q" as follows:

225 J'(q",T") = ]E(/OOO e h O () dt) v E(/O

where ¢” = Q" (0). Here, y € (0, o0) is the “discount factor,” &, an I x 1 vector
with each component 4; € (0, 00),i =1, ..., 1, is the vector of “holding costs” for
the I buffers and p > 0is a (K+J — B) x 1 vector of costs for incurring idleness
in the system.

We now introduce the key admissibility requirements on the control policy 7".

o0

ep. dﬁ’m),

Multiparameter filtrations and stopping-times. We refer the reader to Sec-
tion 2.8 of [10] for basic definitions and properties of multiparameter filtrations,
stopping times and martingales. For m = (my,...,my) € N n= (ny,...,ny) €
NJ we define the multiparameter filtration generated by interarrival and service
times and routing variables as

F((m,n)) =o{ul (m)), v;(n'j), ¢,-j’r(”/j)3

,.
J

(2.26)

/ . .
m; <m;,n;<n;;i=1...Lj=1..J}L

Then {F"((m,n)) : m € NI, n € N} is a multiparameter filtration with the follow-
ing (partial) ordering:

(m',n'y < (m* n? ifandonlyif m!<m?, nl <n;
(2.27)
i=1,...,1 j=1,...,].
Let
(2.28) Fr=c¢ U  F(m.n).

(m,n)eNI+J

For all (m,n) € {0, 1}’ we define £ ((m,n)) = F"((1,1)), where 1 denotes
the vector of 1’s.

DEFINITION 2.6 (Admissibility of control policies). For afixed r and g” € Rl
a scheduling policy 7" = {(T} (1), ..., Tj (t)) :t > 0} is called admissible for N"
with initial condition ¢" if the following conditions hold:
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1) Tj’ is nondecreasing, nonnegative and satisfies Tj’ O)y=0forj=1,...,]J.

(ii) I; defined by (2.8) is nondecreasing, nonnegative and satisfies I; (0) =0
fork=1,...,K.

(i) Q7 defined in (2.7) is nonnegative fori =1, ..., L

(iv) Define for each r, ¢ > 0,

oy () = (o5 (1), 05 ° (1))
= (B[’ +1:i=1,... LT[ +1:j=1,....]).
Then, for each t > 0,

(2.29)

(2.30) o (t) is a {(F"((m,n)):m € N, n € N} stopping time.
Define the filtration {F] (z) :# > 0} as
Fl)=F (of(t)=c|{AeF :AN{o} 1) < (m,n)} € F ((m,n)),
forallme N n e NJ},
for all > 0. Then
(2.31) U" is {F (1)} adapted.

A sequence of control policies {T"} is called admissible with initial condition g
if, for each r, T” is an admissible policy for the rth network with some initial
condition ¢” and §" — q as r — oco. Denote the class of all admissible sequences
{T"} with initial condition g by A(g).

REMARK 2.7. (i) and (ii) in Definition 2.6 imply, in view of (2.8) and proper-
ties of the A matrix, that

(2.32) Oijr(t)—Tjr(s)ft—s, j=1,...,]J, forall0<s <t < o0.

In particular, Tj’ is a process with Lipschitz continuous paths. Condition (iv) in De-
finition 2.6 can be interpreted as a nonanticipativity condition. Indeed, in Section 5
of this paper we will show (Theorem 5.4) that a very large family of control poli-
cies that do not “anticipate the future” in a suitable sense satisfy the admissibility
condition (iv) of Definition 2.6.

The following proposition gives another sufficient condition for part (iv) of the
above definition to hold:

PROPOSITION 2.8. Let r and q" € R be fixed and suppose that T is a
scheduling policy that, in addition to (1)-(iii) of Definition 2.6, satisfies, for all
t,tj€[0,00), j=1,....Jandm e N, n e NJ,

{TJ-'(t) <tj,j=1... . IN{E/®)=m;,i=1,....T}
(2.33)
ﬂ{S;(tj) =nj,j=1,....J} € F ((m,n)).

Then T" is admissible for N” with initial condition q".
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PROOF. W first prove (2.30). For this, it suffices to show that for any m € NI,
neNJ,

(2.34) {G&ZE(I)§m,~,a(;:f(t)§nj,i=1,...,I,j=1,...,J} € F'((m,n)).

The set above can be written as

mi nj
{ Y uj(mp) >rie, Yy Vi) > Tj’(rzt),izl,...,l,j:1,...,J}

m)=1 n_/].:l
= U {TJ-'(rZI) <qj,j=1,....J}
qeQt
m; nj
ﬂ{ Z uf(m;)>r2t, Z v;(n;)>qj,i=1,...,I,j=1,...,J}
(2 35) m;:I n}:]
= U Ay N By
qeQt

= U ANBN{E (P1) =1, S (q) =i},
qeQd (m,n)<(m,n)

where Q denotes the set of rational numbers. From (2.33), it follows that for each
q and (m, 1) < (m,n) the set A, N {E"(r*t) = m, §"(q) = it} € F"((m, 1)) C
F'((m,n)). Also, clearly, B, € ¥ ((m, n)) for every g € QJ. Thus, we have that
the set in (2.35) is in £7((m, n)) and hence (2.34) follows.

Since oy () is a nondecreasing function of ¢, it follows that {¥} (z) :# > 0} is
a filtration. In order to prove (2.31), it suffices to show that Tj’ (r2) is adapted
to the filtration {F] (¢) :¢ > 0}. For this, it is enough to show that for fixed 7 > 0
andreala;, j=1,...,J, we have {Tjr(rzt) <aj,j=1,...,J} € F/ (). The last
statement will follow if the following property holds for all m, n:

(77’ <aj j=1.....])
Nog i ) <miof i) <nji=1,... . Lj=1,..J &F ((mn).
The set above can be written as

Utrie?*n<q.j=1.....3}
qeQ?

mi nj
ﬂ: Z uf(m§)>r2t,(z v;(n/j)/\a]) >qj,i=1,....Lj=1,....J{.
mi=1 n’.=1
i J

Finally, proceeding exactly as in the proof of the first part, one obtains that this set
isin £ ((m, n)). This completes the proof of the proposition. [J
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Given a sequence of admissible control policies {7}, with initial condition se-
quence {g"} such that §" — g as r — o0, the associated asymptotic cost is defined
as

(2.36) J(g,{T™}) =liminf J"(¢", T").

Let the infimum of the asymptotic cost over all admissible sequences {7T"} be
denoted by J*(gq), that is,
2.37 J*(q)= _inf J(q,{T"}).
(2.37) (@) il o) (q.{T"})
The main goal of the paper is to give a lower bound for this infimum in terms of
the value function of an associated diffusion control problem.

Associated diffusion control problems. We now introduce the formal diffusion
approximation to the network control problem described above. It will be seen in
Lemma 3.3 [part (C)], via an application of a functional central limit theorem, that
X" defined in (2. 21) converges weakly to a Brownian motion X with drift 0 and
covariance matrix

J .
(2.38) = 2% 4+ (C — P)XVdiag(x*)(C — P') + Z[ZW ,Bjx;’f],
j=1
where ¥“ is an I x I diagonal matrix with diagonal entries (o*l.”)z, i=1,....1 X"
is a J x J diagonal matrix with diagonal entries (oj'-’)z, j=1,...,Jand the £%'’s
are I x I matrices with entries oi?l.lz, i1,in=1,...,I[cf. (2.3)]. Furthermore, it will

be seen in Lemma 3.3 [part (B)] that for all “reasonable” control policies, the third
term on the right-hand side of (2.22) converges to 8¢, where

(2.39) 0 =6 — (C — P")diag(62)x*.

Although the weak convergence of the last term (indeed, even its tightness) in the
right-hand side of (2.22) is far from obvious on formal passing to the limit, one is
led to the following diffusion control problem:

DEFINITION 2.9 (Brownian control problem (BCP)). A J-dimensional adapted
process Y, defined on some filtered probability space (Q, F,P,{F (1)) which
supports an I-dimensional {# (¢)}-Brownian motion X with drift 0 and covariance
matrix X defined in (2.38), is called an admissible control for the Brownian control
problem with the initial condition ¢ iff the following two properties hold P-a.s.:

0t)=q+06t+X@)+RY#)>0  forallr>0,
U(t) = Kf’(t) is nondecreasing and U(O) >0,



1976 A. BUDHIRAJA AND A. P. GHOSH

where 6 is as in (2.39). We refer to I' = (Q, F,P, {f‘:'(t)}, f() as a system and X
as a (0, X)-Brownian motion. We denote the class of all such admissible controls
by #4(q). The Brownian control problem is to infimize

(2.40) J(Y) ﬁfE/oo e Vh- Q(t)dt—HE/ e V'p-dU®)
0 [0,00)

over all admissible controls Y € e>¢Tn((1). Define the value function

(2.41) J*(q)= inf J(Y).
YeA(q)

Since an admissible control is not required to be of bounded variation, the above
control problem is somewhat nonstandard and is difficult to analyze directly. How-
ever, as shown in [11], under suitable conditions, one can replace this control prob-
lem by an equivalent, more classical control problem which is also typically of a
much lower state dimension. This control problem, in stochastic control terminol-
ogy, is a problem of singular control with state constraints (SCSC) and is given as
follows. [In the literature, this problem is also referred to as the equivalent work-
load formulation (EWF) of the BCP.]

Effective cost function. The definition of the equivalent workload formulation
(EWF) is tied to the notion of an effective cost function, described as follows.
Recall the definition of the workload matrix A introduced in (2.17). Let ‘W =
{Az:z € Rfr}. For each w € ‘W, define

(2.42) h(w) =min{h-q:Ag=w,q >0}

It is well known (see Theorem 2 of [4]) that one can take a continuous selection
of the minimizer in the above linear program. That is, there is a continuous map
qgc:Ww— RL such that

(2.43) g*(w) € argmin{h - q: Ag = w, g > 0}.

As an immediate consequence of these definitions, if w(g) = Ag,q € RL and
w,, w € W, then

h-qg > fz(w(q)) forallqeRI ,
(2.44) ~ .
h(w,) = h(w) whenever w, — w as r — oo.

The function /(-) will be referred to as the effective cost function. The equivalent
workload formulation (EWF) and the associated control problem is defined below.
Let

(2.45) K ={ueREHB, =Ky yeRI).
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DEFINITION 2.10 (Equivalent workload formulation (EWF)). A (K+J —
B)-dimensional adapted process Uy, defined on some filtered probability space
(Q, F,P,{F(1)}) which supports an I-dimensional {¥ (¢)}-Brownian motion X
with drift 0 and covariance matrix ¥ defined in (2.38), is called an admissible
control for the equivalent workload formulation of the Brownian control problem
with the initial condition ¢ iff the following two properties hold P-a.s.:

00 is nondecreasing, ﬁo(O) >0, ﬁo(t) e X forallt >0,
(2.46) N N _
Wit)y=w+ A0t + AX(1#)+ GUy(t) e W forall ¢ >0,

where 6 is as in (2.39). We denote the class of all such admissible controls by
Ao (w). The control problem for the equivalent workload formulation is to infimize

247 Jo(Up) =E /OOO e Vh(W(t))dt + K f[o | e V' p-dUy(1)

over all admissible controls Uo € Ao(w). Define the value function

(2.48) Jfw)=_inf  Jo(Up).
UpeAp(w)

From Theorem 2 of [11], it follows that for all w € W, g € Ri satisfying w =
Agq,

(2.49) T (q) = J§ (w).

3. Main result and proofs. In this section, we present the main theorem of
this paper (Theorem 3.1) and provide proofs of the key results that are used in
proving the theorem.

THEOREM 3.1. Let {T"} be an admissible sequence of control policies
for the initial condition q, that is, for each r, T" is an admissible policy for
N with some initial condition q", and §" — q as r — oo. Let J(q,{T"}) =
liminf, oo J"(g", T") be the associated asymptotic cost. Let w = Ag and J~6’< (w)
be, as in (2.48), the value function in the EWF. Then

3.1) J(q AT")) > J§(w).

As a corollary of Theorem 3.1 and Theorem 2 of [11] [see (2.49)], the infimum
of the cost in the network control problem is asymptotically bounded below by the
value function of the BCP:

COROLLARY 3.2. Fixq € RL and set w = Aq. Let J*(q), J*(q) and fg(w)
be given via (2.37), (2.41) and (2.48), respectively. Then

(3.2) T¥(q) = J§(w) = T*(q).



1978 A. BUDHIRAJA AND A. P. GHOSH

The rest of the paper is devoted to the proof of Theorem 3.1. Thus, henceforth
we will fix an admissible sequence {T"} € A(q) such that T" is an admissible
policy for the initial condition ¢" and §" — ¢ as r — oo. Furthermore, we will
assume without loss of generality that

(3.3) J(g.{T"}) =liminf J"(¢", T") < oo,

since otherwise inequality (3.1) holds trivially. Finally, the subsequence {r'} C {r}
along which the above liminf is attained will be relabeled once more as {r}. In
particular, by this relabeling,

(3.4) J(g AT = Jim J"(q", T").

We begin with some preliminary results.

LEMMA 3.3. (A) The following functional central limit theorem holds:

(BT, 87,8, j=1,....])
(3.5) o
= (E,5,®,j=1,....,])  asr— oo,

where E, S, <i>j, j=1,...,J are independent Brownian motions with drift zero
and covariances ", XV, 2% j=1,....J [cf (2.38)], respectively.
(B) The following functional law of large numbers holds:

(O I",TT E", 5", &, j=1,....])
(3.6) _ _
= (0,0, T* ae, Be,ple, j=1,...,])) asr — oo,

where 0 denotes the process that equals 0 a.s. at all times, e(t) = t, T*(t) =
x*t,t>0 apd x* is as in Remark 2.4.
(C) Let X" be as in (2.21) and define

3.7) X0 = E;() = Y(Cij = PS () + Y@l ().
J J

Then X is a (0, X)-Brownian motion and
&= (E[(), ${(T7 (), & (SHT] (). X[ ()ii=1,....Lj=1,....])
= (Ei().85;(1). ®l (1) Xi()i=1,... . Lj=1,...J) =&

PROOF. Weak convergence of E", 8" to Brownian motions follows from the
functional central limit theorem for renewal processes (see Theorem 14.6 of [3]),

and the weak convergence of @’ to a Brownian motion with the stated covari-
ance matrix follows from Donsker’s theorem (Theorem 8.2 of [3]). Finally, the
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joint weak convergence in (3.5) and claimed mutual independence follow from the
mutual independence of the primitive processes on the left-hand side of (3.5). This
proves part (A).

Part (C) is an immediate consequence of (A) and (B) on using Lemma 3.14.1
of [3]. Finally, for the proof of (B), note that from (3.5) it follows that

(E", 8", @"" j=1,...,])
(3.9) .
= (ae,Be,ple, j=1,...,)) asr — 00.

Also, from Definition 2.6, we have that for each r, 7" is Lipschitz continuous with
Lipschitz constant less than or equal to 1, and that 7" (z) <t for all 7 > 0 (see
Remark 2.7). Thus the same properties hold for the fluid-scaled processes 7" for
each r. This shows that the sequence {7} is C-tight. In addition, we have from
(2.7), (2.8) and the definition of fluid-scaled processes in (2.19) that

r _ J o J G
(3.10) Qj(1) = f—z +E[ (1) =) CiiSiT] @) + Y ] (ST (1)),
j=1 j=1

J
Gl o)y =t-Y AyTi (),
j=1
foralli=1,...,I, k=1,..., K. Combining the above representations with (3.9)
and the C-tightness of {T"}, we see that

(3.12) (Q. I", T" E", 5", &', j=1,..., )} is C-tight.
Hence, it is enough to prove that any weak limit point of the sequence in (3.12) is
given by the right-hand side of (3.6). Consider a further subsequence (we use the
same subscript r to denote this subsubsequence) which converges weakly to some
(Q, I,T,E,S, ‘i>], j=0,1,...,J). Using the Skorohod representation theorem,
we can assume without loss of generality that
QI T E 5. &, j=1,....])
(3.13) S
—>(Q,I,T,E,S,<I>],j=1,...,J) u.0.c. as r — 00,
with probability 1. Since we have J (g, {T"}) < oo, using Fatou’s lemma we get
Jr r’ Tr
0= lim 241"

r—00 r

00 -
> liminfE[ / e 07 (1) dt:|
0

> EUOOO eV (lirrggfh - Q’(r)) dt]
=K > Vh.Q .
[fo e "'h Q(t)dl]

(3.14)
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Recalling that & > 0, we have, in view of the path continuity of Q, that Q =0,
a.s. Hence, from (3.9), (3.10), (3.11), (3.12) and the definition of R in (2.10), we
obtain that

(3.15) 0=oqae— RT, 0<l=e—AT.

Finally, combining (3.15) with Assumption 2.3 [see Definition 2.2(ii) and Re-
mark 2.4] yields

(3.16) T(t)=x*,  I(t)=et—Ax*t=0, t>0.
This completes the proof of part (B). [

The following corollary is a direct consequence of Lemma 3.3:

COROLLARY 3.4. Let
M ()=MPTCi=1 LM () =1,
(3.17) S
M7 ()i=1,...,1),
where fori=1,...,1, j=1,...,Jandt >0,

ME 0 =El@0), M) = 85T @),

(3.18) ;
MP (1) =Y &L (ST (1))
j=1
Then
M) = M/(-)ﬁ<E(-),i:1,...,I,Sj(x;'-‘-), j=1,....7,
(3.19)

J .
> @ (Bxt, i=1,...,I>,
j=1
where E., S and ® are as in Lemma 3.3(A).

LEMMA 3.5. There exists a c¢* € (0,00) such that foralli =1,...,1, j =
1,....),r=>1landt >0,

ﬂwﬂ@mﬁ<mwu

0<s<t -

(3.20) E[ sup |§;(Tj’(s))|2_ <c*(t+1),

0<s<t -

E[ sup |&>{”(§;(ij(s)))|2- <c*(t+1).

0<s<t J
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Furthermore, form=1,..., K+J—B,t>0,
(3.21) limsup E[U” (1)] < oo.

r—oQ

PROOF. We first consider the third bound in (3.20). Fix i € {1,...,I}, j €
{1,...,J}. Note that

sup @] (SH(TT ()| < sup | (5(5))]
<

<s<t 0<s<t

(3.22)
2 1 s nS
< =+~ sup |&T (o7 ()]s
r rlLo<s<t
where &/ (n) = X0_ (¢ (k) — p). n=1,2,... and 675 (s) = (%) + 1,
s > 0. The above bound follows from the fact that TJ.’ (s) <s, s >0, and that
167" (k) — p!| <2, forall k=1,2,.... Define

Fm)={g] k), Vj(k):k<n}, nxl

It is easy to check that {g:ij ")} is a martingale and a;’s(s), for each s > 0, is
a stopping time with respect to the filtration {¥ (n)}. Furthermore, the quadratic
variation of this martingale is given as

-~ . j
(3.23) N = m, n=1,2,....
Next, note that foralln =1, 2, ...,
324)  ENG 41 =& mIF @I=Elg]" (n+1) - p]1 <2,

and that {ajr-’s(s) :s > 0} is a nondecreasing sequence of stopping times, satisfying

Elo!®(s)] = E(S}(r%s) + 1)
(3.25)
§c1(r2s—|—1)<oo, s >0,

where ¢ € (0, 00) is a constant independent of r and s. This inequality is a con-
sequence of Assumption 2.1 and well-known moment inequalities for renewal
processes. Thus, using an optional sampling theorem (see Theorems 4.7.4, 4.7.5
of [9]) we obtain that {EiJ’r(a;’S(s)), f(a;’s(s)) :s > 0} is a martingale. Using
(3.23) and (3.25), we have, for all r > 0,

ElE (075 1)P1=of) Elo?S ()]
(3.26) _
< clal-dl.’] (rr+1).
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Taking the expectation of the squares of both sides of (3.22) and using Doob’s
inequality, we obtain that

| sup 18] (5}(T 6P

0<s<t

2[4 N 1E< sup £ (@75 ()P )]

0<s<t

(3.27)

A

8 -
< S(+EG @ a)P).

Combining the above display with (3.26), we obtain the third bound in (3.20).
We will next show that for some ¢* € (0, 00), we have forall j =1,...,J,r > 1
and r > 0 that

(3.28) E|: sup |S’(s)| ] <c*@t+1).

0<s<t

Proof for the first term in (3.20) is almost identical to the proof of (3.28), and the
second bound in (3.20) follows from (3.28) using the fact that Tj’ (t) <t for all
t >0.Definefort>0,n=1,2,...

n

1
(3.29) ﬁj-(n)ﬁ;Z(l—%v;(k)), S’(t)_ sup IS’(s)— -(U;’S(s))|.

k=1 O<s<t

As a convention, we set ﬁ; (0) =0. A straightforward calculation shows that

r

&3 (1) < 'i[ sup o’ (orS(s))}—{—l

0<s<t

(3.30) [ sup |7 (S’(r s)+1)— ﬁ;(S;(I’ZS))q + -

0<s<t
- 2
<2| sup [75(S[(Ps) + )] |+ =.
O<s<t r

Hence, from (3.29) we have that

sup [S7(s) < sup |70} ()] + &5 ()
0<s<t 0<s<t ’ ’
(3.31)
r,S 2
<3[sup 17 (o (s))|]+—
0<s<t

Note that { ﬁ; (n)} is a square integrable { F (n)}-martingale and for that each s > 0,

a;’S (s) is a {F (n)}-stopping time. Hence, an argument analogous to the one lead-
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ing to (3.27) shows that

E| sup 1750} 60| < 4210707 o))
<5<t
(Bjo]")?

(3.32) <417
;

E[S’ (1) + 1]

C
< 2@k + 1),
.

where, once again, ¢ is a constant independent of » and 7. Combining this estimate
with (3.31) proves (3.20).

Finally, we consider (3.21). Since £ is strictly positive, one can find c3 € (0, o0)
such that

W' ()| =|AQ" (1) < |A||Q" (1) <csh-Q"(r),  r=1lands>0.

Thus, from (3.3) we get
m A
(3.33) limsup E e VW (s)|ds < oo.
r—00 0
Furthermore, from (2.24), (3.20) and Assumption 2.5, one can find ¢4 € (0, c0)
such that
cEU,, (1) < cEIU" (0] <EIGU" ()] < EIW ()] + calr + 1),

forallm=1,..., K+ J—B,r>1 and t > 0. Combining this with (3.33), we
have

m A
(3.34) limsupE A e 7'U) (s)ds < oo.

r—oQ

Finally, using the monotonicity of 0,;, we get, for all £ > 0,

o0 R t+1 n ~
E/ e VU (s)ds > E/ e VU (s)ds = e VITDE@! (1)).
0 t
Combining this inequality with (3.34), we have (3.21). 0

In the following lemma, we introduce the time transformation which plays a
crucial role in the proof of Theorem 3.1:

LEMMA 3.6. For each r, define the process t" (-) with values in [0, 00) as
follows:

K+J-B
(3.35) =+ Y U,®, t>0.

m=1
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Then the map t" : [0, 00) — [0, 00) is (almost surely) continuous and strictly in-
creasing. Define T (t) = inf{s > 0:1"(s) > t}, t > 0. Consider the following time-
transformed processes:
WO=WEE),  XO=XE0),
(3.36) . R . R
U'()=U0"(T"()), M () =M"(T"()).
Then
(A) (W X", U™ ¥ & M" M), is C-tight.
(B) Let a weak limit point of the above sequence, (W (-), X(-), U(-), T(-), E(-),
M'(:), M(-)), be given on some probability space (2, F ,P). Then, almost surely,

(3.37) 7(t) = 00 ast— 0o

Define t(t) = inf{s > 0:7(s) > 1}, t > 0. With probability one, T is continuous,
T is right continuous and both t, T are nondecreasing maps from [0, 00) to itself.

(C) The process M’ equals the right-hand side of (3.19), with E,S and ® as
in Lemma 3.3(A). Furthermore, the following equality holds almost surely:

M) = (MEC), M5(), M2 ()

(3.38) = (E(f(')), i=1,...,1 Sj(x;‘ff(.)), i=1,....7,
Ny
Y 8! (a0, i=1,...,I),
j=1

PROOF. From Remark 2.7, we have that 0 < Tj’ (1) — Tjr(s) <t — s for all
O<s<tand j=1,...,J. This, along with (2.14) and (2.23), shows that 7" has
Lipschitz continuous paths. Also, since U;l is nonnegative, t" is strictly increasing.
This proves the first statement in the lemma. Also, part (C) is a direct consequence
of Corollary 3.4 and parts (A) and (B).

Finally, we consider parts (A) and (B) of the lemma. Fixm € {1, ..., K+J—B}.
From (3.35), we have, on recalling that U], () is nondecreasing and nonnegative,
that for 0 <s <t and all r,

-1 ()=t —9=0, T(O)—1(s)= Ut —Uj(s) >0,
and so
(339) 0<#(t)—%(s)<(t—ys), 0<U" (1) — U (s) < (t — ).

This proves that () and U () have continuous sample paths and that {7"(-)},
and {U"(-)}, are C-tight. The C-tightness of {X" ()}, and {W" ()}, is now im-
mediate from Lemma 3.3(C), on noting that X" (-) = X" (" (-)) and W'(-) =
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AG" + AOT" (1) + AX"(-) + GU"(-). Also, the C-tightness of M, M’} follows
from Corollary 3.4. This proves part (A) of the lemma.

For the proof of part (B) of the lemma, note that the continuity and non-
decreasing property of 7 are immediate consequences of the same properties of 7",
for each fixed r. It now suffices to show (3.37), since the remaining properties are
then immediate. Observing that T” is nondecreasing and " = 7 as r — 00, it
follows that in order to prove (3.37), it suffices to show for all M > 0,

(3.40) lim limsupP[t" (1) < M]=0.

=0 rseo

Using Markov’s inequality, we see that

(K+J-B)
IP’[%’(t)<M]=IP’[1’(M)>t]:IP’[M+ > U,;(M)>z}
m=1
(K+J-B)
. (t—M)
41 PlU" (M) > ———
G4D = L [U’"( )>(K+J—B)}
(K+J-B) E[U’Z (M)]
< mZZI (K+J—B)W-

The statement in (3.40) now follows, using (3.21) and passing to the limit in (3.41),
first as r — oo and then as t — co. [

The following theorem is at the heart of our analysis. Since the proof is rather
long, we postpone it to Section 4.

THEOREM 3.7. Let (W, X,U,% 1,8, M, M), given on the probability space
(2, F,P), be as in Lemma 3.6. Define
WO=WEe),  XO=X(),
(3.42) . .
UC)=U(t()), M) =M(z()).
Then, almost surely, M = M’, that is,

M) =(MEQ, M5(), M® ()

(3.43) = (E(.),i Lo LSty j=1....1J,

J .
Y@ (Bx)).i= 1,...,I>,
=1
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Furthermore, there is a filtration {.f'(t)}tzo on the probability space (Q, f/f' If”)
such that the processes (W, X, U) are adapted to {.?—A’(t)} and X is a {.?—A’(t)}-
Brownian motwn with zero drift and covariance matrix X given by (2.38). That
is, [= (Q ]P’ {f (1)}, X) is a system in the sense of Definition 2.9.

REMARK 3.8. From the relation X’() = Xr(r’( )), Lemma 3.3(C) and
Corollary 3.4, it follows that X ()= X (7()), a.s., where X is defined via 3. 7)
Combining this with the fact that 7(t(¢)) = ¢, ¢t > 0, we obtain that X(-) =
X (t() = X (-). This immediately shows that X is a (0, ¥)-Brownian motion and
hence a martingale with respect to its own filtration. However, it is not clear that
the limiting control process U (-) will be adapted to this filtration (i.e., the filtra-
tion generated by {X (¢)}). Theorem 3.7 shows that there is a filtration to which
all the limit processes are adapted, and with respect to which the limit X is still a
Brownian motion.

COROLLARY 3.9. Let I be the system obtained in Theorem 3.7. Define w =
Aq. Let (W, U) be as in (3.42). Then U € Ao(w) and (2.46) in Definition 2.10
holds with (W, X, Up) replaced by (W, X, U). In particular, we have

(3.44) I@:/ eV h(W (1)) dt + fE/ eV p-dU ) = JE(w),
0 [0,00)
where & denotes the expectation operator corresponding to P.

PROOF. Since U and t are both nondecreasing, it follows that U (-) = U (r())
is nondecreasing. Also, since U "(t) € KX, for all r and ¢t > 0, we obtain that
U(t) e X, t>0.Using (2.24) and (3.36), we have that for all ¢ > 0,

Wr(t) =Ag"+ Al0]T (1) — (C — P)) diag(@ﬁ)f’(fr(t))]
(3.45) .
+ AXr(t) +GU (1) e W.

Taking the limit as » — 0o, one obtains that for all # > 0,

(3.46) W(t)=w+ A0 (1) + AX(t) +GU@) eW.
Thus, from (3.42), and recalling 7 (z(¢t)) =¢, t > 0, we have for all ¢ > 0,
(3.47) Wit)=w+ At +AX@®)+GU@)eW.

From Theorem 3.7, we have that X (-) is a { F (t)}-Brownian motlon andU(-), W(-)
are {f (t)}-adapted. Hence, U € Ao(w) with associated system ['. The inequality
in (3.44) is now an immediate consequence of the definition of the value function
of the EWEF, jg‘(w), in (2.48). O

For the proof of the following lemma, we refer the reader to Theorem IV.4.5
of [21].
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LEMMA 3.10. Let a be a Ry-valued, right-continuous function on [0, o)
such that a(0) = 0. Let ¢ be its right inverse, that is, c(t) = inf{s > 0:a(s) > t},
t > 0. Assume that c(t) < oo for all t > 0. Let f be a nonnegative Borel measur-
able function on [0, 00). Then if G is any R4 -valued, right-continuous function on

[0, 00),
(3.48) / f(s)dG(a(s)) 2/ fle(s=)dG(s),
[0,00) [0,00)

with the convention that the contribution to the integrals above at 0 is f(0)G(0).
This, in particular, implies

(3.49) /[‘O,oo)f(S) da(s) :/[o,oo) f(c(s))ds.

The following lemma will be needed in our proofs. We refer the reader to [8]
(Lemma 2.4) for a proof. Let @g denote the space of all bounded functions in 7.

LEMMA 3.11. Suppose & — & in D% and A" — X in C as r — oo. Further,
suppose that A" is nonnegative and nondecreasing for each r. Then for any f €
@Z = space of bounded functions in C¢,

/ f(Sr(t))dkr(t)%f fE@)dar)  asr— oo,
[0,u) [0,u)
uniformly for all u in any compact subset of [0, 00).

PROOF OF THEOREM 3.1. On noting that 7" (-) is continuous and 7" (¢) 1 oo
as t — oo, we have that

J'(q" T = E/ooe—ﬂh SO () dt + E(/OO e Vp. dUr(t))
(3.50) 0 0

00 o . 00 . .
= Ef e 7T DR O (1) di" (1) + E(/ eVt Op. dU’(t)),
0 0

where the last equality follows from Lemma}. 10, witha = t" and ¢ = " [(3.49) is
used for the first term and (3.48) with G = U" is used for the second term]. Recall
the definitions of 4 and w(-) from Section 2. Define

(3.51) fo,y)=eh(x), xeRY yeR;.

Since h - g > fl(w(q)) forall g € R! , we have that the first term right-hand side of
(3.50) is bounded from below by

(3.52) E/OOO e VEORW (1)) dE (1) = E/OOO FWr (@), ¥ 1)) dT" ().
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Let (W(-), X(), U(-), £(-), E(-), M'(-), M(-)) be as in Lemma 3.6 and let {r'} be
the sequence along which convergence to this limit point occurs. Using the Sko-
rohod representation theorem (and relabeling the subsequence {r’} by {r}), we can
assume without loss of generality that
(W), U"()) = (W®,U(-)) inD and
(3.53)
()= 1() in C a.s. as r — 00.

Define, for N > 1, fn(-,-) = f(-,-) A N. Using Lemma 3.11, we have for each
fixed N>1andu >0,

(3.54) /0 fN(Vf/’(t),f’(t))df’(t)efou In(W @), (1)) di@t)  as.,

(3.55) foue—Vf’<’>p.dz7’(z)—>f0u e VIO b dU 1) a.s.
as r — oo. Thus, a.s.,

liminf OOO FW (@), ¥ (1)) dT" (1)
(3.56) > liminf f v (W (@), ¥ (1)) di" ()

:fo In(W @), 1)) di@).

Taking the limit as N — oo and u — oo in (3.56), we have that, a.s.,

(3.57) llrn_l)ggf/() FW (@), T (1)) dt" (1) 2/0 F(W@), (1)) dT(2).
Similarly, using (3.55), we obtain

00 o o 00 . .
(3.58) lim inf A eVt (’)p-dU’(t)z/O e V1O p . dU ).

Next, using (3.4), (3.50) and (3.52), we obtain
J(q, {T")) = lim J'(q", T")

= Jim E | T ORQN @) e o)
(3.59) + lim IE 20 p-dU" (t)
w v
> liminfE FW (@), T (2))dT" (1)
r—0o0 0

+ hmmfIE e—Vf’“)p -dU" ().

r—oQ
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Finally, using Fatou’s lemma, (3.57), (3.58), (3.59) and (3.51), we have
w v
I AT = E[imint [~ £ (00, 7 (1) a# (1)
r— 0

00 - .
+liminf [ 77T @Wp. dU’(z)]

r—0o0 0

>k /oo f(W(z),f(z))df(t)+/ooe—ﬁ<’>p- d(}(z)]
(3.60) -0 0

_ TR OO -yt .
_E/O f(W(t)’t)dt+/[o,oo)e p dU(t)]

e -yt =i, .
_E/(; e h(W(t))dt+/[o,oo)e p dU(t)}

> Ji(w),

where the equalities in the third line follow from Lemma 3.10 [witha =7, c=7t
in (3.49) for the firsttermand a = 7,c =7, G = U in (3.48) for the second term].
The inequality in the last line of (3.60) is a consequence of Corollary 3.9. This
completes the proof. [

4. Proof of Theorem 3.7. This section is devoted to the proof of Theorem 3.7.
Since U’ (-) is adapted to {F (¢) :t > 0}, it follows that for all s,a > 0,

K+J7BA
F®=a={"@=zs}=1a+ ) Up@z=zsieF (@.

m=1

This shows that for each s > 0, 7" (s) is a {#] (¢) :t > 0} stopping time. For each
r,t > 0, define the stopped sigma field

4.1 § () =F T (1).

Since, for each r, {T"(¢):t > 0} is an increasing sequence of stopping times, it
follows that {§" (¢) : ¢ > 0} is a filtration. The following lemma gives an alternative
representation of the filtration {$" (¢)}:

LEMMA 4.1.  Define for fixed r and t > 0, p"(t) = o5 (t"(t)). Then p" (1) is a
{F"((m, n))} stopping time,
4.2) ") =F"(" @)
and U (-) = U" (" () is {§" (1)}-adapted.

PROOF. Fix r,t > 0. Let {7 (1)}, be a decreasing sequence of {F] (s)} stop-
ping times, such that for each o € N, 7 (¢) takes values in the countable set
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Iy = {zj—; :j € No} and 7(¢) | ©"(t) as a — oo. By right continuity of o/ (-), it
follows that o/, (1) = oy (T, (1)) | p" (1), as a — oo.

Next, observe that for all (m, n) € N, we can write
(4.3) {oh (1) < (m.m)}y = | J {0 (s) < (m.n)} N {F(1) = s}.

sely

For each s € Ty, {7, (1) = s} € F/ (s) = F" (0 (s)). Thus, by definition of the
stopped sigma field " (o (s)), the set in (4.3) is in F" ((m, n)) for all m,n, and
so for each o, p,(t) is a {F" ((m, n))} stopping time. Thus, p" (t) = inf, p},(t) is a
{F7((m, n))} stopping time.

To prove (4.2), define g’(t) = F"(p"(t)) and for each o, §[ (1) = F/ (7 (1))
and gg(t) = F"(p}(t)) for t > 0. Next, we show that for r, or, t > 0,

(4.4) gr.(t) =g, (1).
Consider A € G/ (¢). Then
4.5  AN{pi(t)=(m,n)} € F ((m,n))  forall (m,n) e N'*J,

Since 7/ (t) is a {F{ (s) :s > 0} stopping time taking values in Iy, {7, () = s} €
FI(s) = F" (0} (s)) forall s € I'y. Hence, for all s € Ty, (m, n) € NT*J,

(4.6) {To () =s}N{og(s) = (m,n)} € F"((m, n)).

Taking the intersection of the two sets in (4.5) and (4.6), and recalling the definition
of pl(t), we obtain that for all s € T, (m, n) € NI*J,

(4.7) AN{E (1) =5} N {of(s) = (m,n)} € F'((m, n)).

Thus, AN {7 (t) = s} € F/(s) for all s € I'y, proving A € §/ (¢). This proves
gg (t) € G, (t). Next, we consider the reverse inclusion. If A € §/,(¢), then (4.7)
holds, and taking the union over all s € I'y, one gets (4.5), which implies that
A€ g; (t). This completes the proof of (4.4).

Note that if y, is a {F"((m,n))} stopping time with y, | y, then y is a
{F7((m,n))} stopping time and F" (%) { F"(y). Using this property and not-
ing that oy (¢) is a right-continuous function of ¢, it follows that {F (r) =
F" (o) (1)) :t > 0} is a right-continuous filtration. This, together with (4.4) and the
facts that 7/ (r) | ©"(¢) and p[(t) | p"(t), yields (4.2). The adaptedness of U ()
to {4’ (t)} is an immediate consequence of the adaptedness of U to {F{ (1)} and
(4.1) (cf. Proposition 1.2.18 of [14]). U

The following lemma is needed for some estimates in the proof of Theorem 3.7:

LEMMA 4.2. Foreacht €[0,00) and p €N,

r P r p
sup ﬁngx IE((E’ (1)?) < o0, s1r1pj:r11,1§1x JIE((S] (1)?) < 0.

roi=12,...,

.....
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PROOF. We will only prove the first inequality. Fix i € {1, 2, ..., I}. We claim
that there exist €, § € (0, 1) such that

(4.8) irrlfIP’(uf(l) >68) > &.

To prove the claim, we argue via contradiction. In view of Assumption 2.1, there
exists an a € (0, co) such that

(4.9) irrlfIE(uf(l)) >a.

Let 6 = (a/4) A (1/2) and suppose that (4.8) fails to hold for this choice of 3, for
any ¢ € (0, 1). Then there exists a sequence {r¢}x>1 such that

(4.10) P(u* (1) > §) < %

This, in particular, implies that i < I’ and that {uf"(l)}kil is a tight sequence.
In fact, since sup, E(u} (1))? < oo from Assumption 2.1, the sequence is uni-
formly integrable. Let u™ be a limit point of this sequence along a weakly conver-
gent subsequence. By uniform integrability and (4.9), we have E(u*) > a. Thus,
P(u* > 28) > ¢ for some ¢ € (0, c0). However, in view of (4.10), and recalling
that u™ is a (weak) limit point of {u;" (D }k>1, we see that P(u* > §) = 0. Thus, we
arrive at a contradiction. This proves (4.8). Now choose @ € N such that @ § > ¢.
Following the proof of Theorem 3.4.2 of [9], we see that for all m € Ny and all r,
P(E} (1) > mw) < (1—¢&)™. The moment estimate in the statement of the lemma
now follows. [J

Martingales associated with M’(-). Define for m e NI, n e NI, i/ =
L...,0, j=1,....),i=1,...,1,

5 . 1 mi/
§om,m) =& (mi) == (1—epui(m), — mi=1,
n=1
~r . =~r 1 & r..r
iy (m,m) =15 ) = =3 (1= gjuim),  nj=1,
=1
@.11) "
J
- . = Jsr
& (m,n)) =35/ (),
j=1
~j,r 1 o j,r j
&) == ) (¢ 0 = b)), nj 1.
k=1
As a convention, we take §[((m, n))=0fori =T +1,...,L Itis easy to check

that foralli =1,...,L j=1,...,J,& (), () and £/ (-) are {F"((m,n)) :m €
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NI, n € N7} martingales. Straightforward calculations give the following quadratic

variations for these martingales. For i,i; Zis € {1,..., I}, j, 1 # jo€{1,...,J},
~ m-(oﬂ’o’.u’r)2
(&) (m,m) = ——"5—,
] nj (B0}
(i) (mm) = ==L,

(E)(m,myy = =)
(4.12) o 7
(L&), m) = G i75)(m,n)) =0,

(7, 5,)(m, m)) = (77, ¢ )(Gm, n)) = (&, ¢ )(m, m)) = 0,

J d,.f
Zj:l ”j(Ui”-Z)
’,.2

(8. ¢ ), n)) =

Let p" (¢) be as in Lemma 4.1. Using the fact that p" (¢) is a {F" ((m, n))} (mul-
tiparameter) stopping time, we have that

N'(ty=(NE"@0),i=1,...,L;
NI, j=1... . LN @0, i=1,...1)
=@Ea,i=1,....L
7" @), j=1,.... 35 (@) i=1,...1)

(4.13)

is a {§"(¢) :t > 0} martingale. This multiparameter version of optional sampling
theorem can be proven in a manner similar to the corresponding single parameter
case (cf. Theorems 4.7.4 and 4.7.5 of [9]). The key conditions needed to invoke the
theorem are the following. Foralli =1,....I, j=1,...,J, mj,n; =1,2,...,

E[lp" ()] < o0,

E[|&] (m; + 1) — & (m)||F" ((m,n))] <",
4.14)
Elli;(nj +1) — i DIF (m,n)] < ¢,

ElZ/ (nj +1) = & )| F ()] < ¢

where ¢” € (0, o0) does not depend on (m,n). The last three bounds in (4.14)
follow from the definition of the martingales and the fact that for fixed r, i and j,

{u? (n), v; (n), ¢ij T(n)}isa sequence of i.i.d. random variables with finite variance.
For the first condition in (4.14), note that using " (¢) < ¢, 7_",-’ (t) <t forallt >0,
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we have, for some « € (0, 00),

I J
E[|p"(1)]] < [Z E(E; (r2# (1) + 1 ))+ZE(S;(T;(r2fr(t))+1))]

j=1
1 J
(4.15) <k [Z E(E[ (D) + 1)+ > E(S;((rzt) + 1))]
i=1 j=1
< Q.

This proves (4.14) and hence the martingale property claimed below (4.13).
Using (4.12) and the above martingale property, it is easy to verify that the
following hold for any 7, > #{ and all i, i1,i2, € {1,.... 1}, je{l,....J}:

E[(NF" () — NPT (D)9 (1))

(4.16) 5 B _
= (oo} )E[(E} (# (1)) — EL " (t]))Ig" (1)),
@.17) E[(NF 1) = NT7(D)*1g” @)
' = (o ’>2E[(S;<T;<f’(t5>>> — SLATEEHN)IGT D),
E[(N;7"(@5) = N7 D) (NS (3) = N (D)Ig (1))
(4.18) J
Z POE[(SH(TTE (85))) — SHTHE ()G ().
Furthermore, forz i 7512 € {1 LI, j1# {1, ..., ]},
E[(N;{"(15) = N, <r1>)( NET(15) - f’(rlmg ()]
=E[(N} <r2>— DTN (N (15) — N3 (DG ()]
= T(@5) = NETGD) N (#5) = N3 (D)Ig” ()]
4.19)

NPT (@) = N2 aD) (NPT (15) = NPT (@D)Igra)]

E

E[(N;} )

E[(, m(tz)— “‘”(a))( STh) = NYTAD)IgT (D)
E[(N )(N,

0.

Relationship between M’ (-) and N’ (). Recall the definitions of M’ and N”
given in (3.36) [see also (3.17)] and (4.13), respectively. We now show that the
difference between M" (-) and N "(-) approaches 0 as r increases. Note that for
i=T+1,...,1, MEr()_ Er() = 0. Now consider i € {1, ...,I'}. It is easy
to establish that for all r and ¢ > 0

. 1— rE 3 .
(4.20) El(t) + ks (00’ ®) <& (og(1) <E[(t)+ %
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Recalling 7" (¢) <t for all ¢ > 0, we see that

sup M7 (s) — NP7 ()]
0<s<t

4.21)

g 1 ol [supo<, Ul (EN (r?s) + 1) — 1/a;)].
p

r

Observing that {u} (k) — 1/} :k =1,2, ...} is a sequence of i.i.d. zero mean ran-
dom variables, we see that max; < (4, +1y,2 |#; (k) —1/c;|/r — 0 in probability, for
all fixed ¢ > 0. Using this observation, together with the fact that

Er(rr)+1
— = aje(r) as r — 00,
.

(4.22)

it follows that

[SUPOS;S[(M;(E{(’”ZS) +1)— l/a,r)]
—
p

(4.23)

0 asr — oo,

in probability. Hence, using (4.21) and (4.23), we have foralli =1, ...,1,
(4.24) MPT ()= NFT() =0 as r — 0o,

in probability u.o.c.
Similar arguments, using the observations that TJ-’ (s) <s for all s > 0 and

d)l.j’r(nij), pl.j <1 forall n;; > 1, give the following two bounds:

sup M3 (s) = N3 ()]

0<s<t
1 lsu (vj(S;(r%s) + 1) = 1/8)]
(4.25) <= Ll
r r
. . 2
sup [ () = N2 (5)] = 3.
0<s<t r
One can now argue, as before, that for j =1,...,J, i=1,...,1,
426) [M}"()=N7"() =0,  |MP'()=NP"()—>0  asr— oo,
in probability u.o.c. Thus, we have shown that
4.27) IMr(-) - I\V/r(-)| -0 in probability u.o.c. as r — oo.

PROOF OF THEOREM 3.7. The first part of the theorem is immediate from
Lemma 3.6(C) and the fact that 7(z(¢)) =¢, t > 0. Using (2.21)—(2.24) and (3.18),
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we get, for all t > 0,
(4.28) X'(t)=ME" @) +(C — PHYMS"(t) + M®" (1),
(4.29) Y ()y=r(x*t—T" 1), U @®)=KY" (1),
W' (1) = A§" + A[0]1 — (C — P')diag(05)T" ()]
(4.30) A A
+ AX"(t)+ GU" (1).
Replacing # by 7" (¢) in the above, we get
(4.31) X"(t)=ME" () +(C— PHYMS"(t) + M®" (1),
W’ (t) = A" + A6 (1) — (C — P)diag(05)T" (" (1))]
(4.32) 5 5
+AX"(t) + GU' ().
On passing to the limit in (4.31), (4.32) and using (3.42), we have
X)) =ME@)+(C—PYM3(t) + M® (1),
(4.33)
W(t) = Ag+ A0t + AX (1) + GU (1),

for all > 0, where 0 is as in (2.39).
Define the sigma fields

H' (1) = o {M(s), U(s), T(s):s <1},

. . 1
J(’(r):ﬂﬂ’(r—i-;), t>0.

n>1

(4.34)

By construction, {Jv(’ (t)} is a right-continuous filtration, and for all u > 0, ¢ > 0,
the following holds:

(4.35) (t(t) <uy={F ) > 1} € Hu).

Usving the right continuity of {Jvf (1)}, we now have that for all t > 0, 7(¢) is a
{# (1)} stopping time. Define the stopped sigma fields

(4.36) H(s) = H(z(s)), s> 0.

Since {7 (¢) : t > 0} is a nondecreasing sequence of stopping times, {F€(¢) :t > 0} is
a filtration. Furthermore, the processes W, X and U are all linear combinations of
the components of M and U and are hence adapted to {]v{’ (t) :t = 0}. This shows
that W, X and U are adapted to {#(¢):¢t > 0}. We will now establish that X is
a (0, ¥)-Brownian motion with respect to this filtration, thereby completing the
proof of Theorem 3.7.

Let N =I+J+I=2I+Jand f € C°(R") = space of infinitely differentiable
functions from RY to R with compact support. Let x = (xZ, x5, x®) = (xiE, i=
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1,...,1I; xjs,j =1,....J; xl.q),i =1,....D € RY. Define the second order differ-
ential operator G as follows:

Gf(x)=Gf(xE, x5, x®)

J

(4.37) = %Z NNICORS Zofjfxijs(x)

i=1 j=1

I 1

!

+3 Z Z Oitiy ¢ <p(x)
where fori =1,...,I, j=1 ,...,J, ir,in=1,...,1,
(438) GilE = Oli(aio—iu)zs O'jsj = ﬂjxj(ﬁjo'}})z’ 1112 Z IBJ 1112

In order to complete the proof, it suffices to show that for any ¢, s > 0,
t+s

(4.39) E[f(M(t +58)— fF(M@)) — t

We claim that, in order to prove (4.39), it is enough to prove the following:

Gf(M(u))duW(r)} _

E[h(M(sk), UGsp):sk <t k=1,..., n)<f(M(t +5)) — f(M(1))
(4.40)

t+s

- Gf(Mw»d%(u)ﬂ o0,
t

where £ is a bounded continuous function of its arguments. In order to justify the
claim, define Y7 (1) = f(M (1)) — f(; Gf(M(u))dt(u),t > 0. Then (4.40) implies
that {}v’f ®}isoisa {J?/(t)},zo martingale and hence a {]I”(t)}tzo martingale. We
will now use optional sampling theorem to show that {}V’f (T@)}>oisa{FH(t)}i>0
martingale. Using the fact that both f and Gf are bounded (by some constant
¢ > 0) and (3.37), we have, for all ¢t > 0,

E[Y ¢ ()]

<E||f0tcen - [ 6ot diw

[0,7()]

< C(l + t)’
@41) B[V (Dppy=1y]

s]EHf(M(T» - f[o | GFUw) d#w

I{f(T)St}j|

< cE(( + Dz (r)<n)
<c(1+0)P[E(T)<t]—0 as T — oo,
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where the last convergence is a consequence of Lemma 3.6(B). Hence, it follows
from Theorem 2.2.13 of [10], on observing that t(¢) is an a.s. finite {]V€(s) :s >0}
stopping time for each ¢ > 0, that {I?f (z(t))}r>0 1s a {H(t)};>0 martingale. Thus,
using Lemma 3.10, (4.39) follows. This proves the claim.

We now show (4.40). Fix ¢, s > 0. Lett), =1+ ;"—zs, m=0,1,...,r2—1. Define

I r2-1
T D fr (NG @0 (EL @ (t,41) — ET (T (15,))

i=1 m=0
J 21

+32.2 ijsxjs(l\?’(t;))(ﬁ;a}nr)z

j=1m=0
(4.42) X (SHTT(E (1,0 1))) = ST E (1))

| —

r2—1

| |
éZ 2 fmc»(N’(t )
1=1i=1

m=0

)(SH(TTE (ty))) = SHT(E (1))

1112

I Mu

Fix the subsequence along Wthh the convergence to the limit point in Lemma
3.6(B) takes place and, by relabeling, denote it again by {r}. In view of (4.27), we
have, in particular, that as r — o0,
(4.43) (M",N", %", U") = (M,M,%,U).
By appealing to the Skorohod representation theorem, assume without loss of gen-
erality that the above convergence holds a.s.

We will now show the following two results:

limsupE[h(Nr(sk), U(sp)isy <t k=1, ey n)

r—00

(4.44) lim supIE[ vw- g F(M(u))d# (u)
t

r—0o0

(4.45) . .
X (f(N"(t+s5)— f(N" (1)) —¥")]=0.
Note that since both /# and f are bounded and continuous, on applying the contin-
uous mapping theorem and dominated convergence theorem, one gets (4.40) from
(4.43) and (4.44)—(4.45). Thus the proof of the theorem will be complete once
(4.44) and (4.45) are established.
We first consider (4.44). For u € [0, 5), define

r2—1

NE¥y =y N ()T

m=0

(& +u).

m> m+1
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From (4.43), it follows that as r — oo, N/"*(-) = M(t + -) in D([0,s)), a.s.
Also, combining (4.43) with Lemma 3.6(C), we see that El.’(%’(-)) — o;7(") in
D. Hence, using Lemma 3.11, we have the following result for the first term on
the right side of (4.42):

| |
4.46) 3> fur p (N (@)@ o) (Ef G (1) — E] (7 (1))

i=1m=0

] L s - o
=3[ fee B @ n)@fo! B @ @)
i=1
I t+s .
- %Z/fl fxiExiE(M(”))(aiO—iu)zai dt(u)
i=1

t+s I o
(4.47) = /, 3 2000 fr b (M) dT (),
i=1

almost surely. Using the bound E[(El.’(rzt)/rz)z] < c¢(t? 4+ 1) for the renewal
process Ej, where c is a constant independent of r and ¢, it follows that the ex-
pected value of the square of the term in (4.46) is bounded by

CE[(EL(# (1 + )] < kel +5)7 + 1),

for some « > 0. This estimate gives us the required uniform integrability enabling
us to conclude that

I r2—1
E[ 222 2 frr (V) o))
(4.48) X (E{(fr(;;lﬂ)) — Ef(E))

t+s1 I E . 5
—/t 3 2.(05) feeop (M (u)) d (u) du
i=1

|-

Using similar arguments for the other two terms in W” in (4.42) and the definition
of the operator G in (4.1), one gets (4.44).

Finally, we consider (4.45). Recall that Ur (+) and N’ (-) are adapted to {§" (¢)}
[see Lemma 4.1 and remarks below (4.13)]. Thus, h(N” (), U’(sk) tsp <t k=
1,...,n) is measurable w.r.t. $"(¢). Hence, by boundedness of 4 and f and uni-
form integrability of W" established above, in order to prove (4.45), it is enough to
establish that

(4.49)  limsup|E[f(N"(r +5)) — fF(N' (1)) —¥"1¢" ()] =0  as.

r—00
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To prove (4.49), we first rewrite the difference f (1(7 "t+s)—f (](7’ (1)) as a
telescoping series and expand each term using Taylor’s formula:

E[f(N"(t +5)) — fF(N"(£)) — ¥"|§" (1)]

|
= E[ D (FN"Upgr)) = F(N7(17,)) — wgf(r)}
m=0

(4.50)

r2—

N 1
= Z E|: Z (fxzx//(ezz) = faxy (I\V]r(t’r")))
1,I'=1

m=0
 (Nf (t 1) — NT () (Nf (th ) — Nﬁ(r@)l%’(”]’

where N’(-) = (1(71’(-):1 =1,...,N) and 6, lies in the line segment joining
N’ (t,,) and N’ (ty,4.1)- In obtaining the last equality, we have used the fact

that {N’(t)},zo is a {9/ (¢)};>0 martingale [see below (4.13)], and also applied
(4.16)—(4.19). Define, for ¢ > 0,

(4.51) B = |{|r(N" (20 ) — N™(t5)| > ¢}
We claim that for each ¢ > 0, there exists a ¢ > 0 such that

452  sup sup  E[[r(N"(tl, ) — N" (l‘;;l))|2l£:,m 19" ()] <e.

m=0,...,r2—1

Postponing the proof of (4.52), we now complete the proof of (4.49), assuming
(4.52) holds. Note that for 6, as in (4.50), we have

(4.53) 67 — N"(th)| < IN" (] ) — N"(t])].
Also, clearly, forall ,/’=1,..., N,
(W] (ty41) = NT @) (N (1) = N7 (o)
<IN"(th ) — N"(th) %
Since fyx, (-) is bounded (by ¢; 1/, say), we have, using (4.52), (4.53) and (4.54)
in (4.50),
[E[(f(N"(t +5)) = F(N" (1)) = ¥")|§" (1)]|

N r2-1

<23 S B[N ) — N @) PLgrn1§) (1)]

1,I'=1m=0

(4.54)

N r’-1
@5 4+ X X | s |0 = fun 0]

1/'=1 m=0"-lx=yl<c/r
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< E[IN"(t,,1) = N" (151" grmye|§7 ()]

2
(Z cll’>+ Z Z[ sup |fxlef(x)_fxlx/’(y)|]:_2

1.'=1 l/ 1 m=0 |x y<c/r

Taking limsup as r — 0o in (4.55), recalling that f € C° (RM) and that ¢ > 0 is
arbitrary, the statement in (4.49) follows.

Finally, we prove the claim made in (4 52). Note that it is enough to prove
that the sequence {|r(Nl @ 1) — Nz ), )2} is uniformly integrable [conditioned
on §"(¢)] for each / =1,..., N. We will only check this fori = 1,...,I (i.e,
[=1,...,1) here: the prooffor other values of [/ (i.e., I =1+1,...,21 + J =N)
is similar and is omitted. Thus, we will show that fori =1, ..., 1, given any ¢ > 0,
there exists ¢ > 0 such that

sup  sup  E[|r(N Er(th)_ Er(tm))|2
-

(4.56)
x I

(r(V @ =NET @))|>c) 19" ()] <& a.s.

From the definitions of NiE’r(-) and éi’ (-) [see (4.13) and (4.11)], we get that for
i=1,...,T[thecasei =T +1,...,1, (4.56) holds trivially],

r(NF () = NP ()
@57 =rEErEEL ) —E (P E )
= (o] F g — P () — o (& o] F (tpy ) — & (0P E (1)),

Using the inequality 7" ( +s) — 7" (t) < s for all s, ¢ > 0 and recalling the relation
between E; and & [see (2.5)], it follows that

107 () — 07 F () < Ef (FPF (1) +5) — E{ (% (1)

(458) rE rE
= El‘r(éir(pi’ (t;;’[)) + s) - Elr(glr(p, (t,;))) + 1.

Observing that ,oir B (t,) is a {F"((m,n))} stopping time and using properties of
renewal processes, we obtain

PLE! (&7 (o) " (1) +5) — EFET (o) E(th) € 197 (1)]
(4.59)

SPIE[ () +1€-],

where for probability measures w,v on R, we write u i v if u(—o0,x] >
v(—o00, x] for all x € R. Proof of (4.59), which is left to the reader, can be given
along the lines of [22] (page 63). This, in particular, implies the following moment
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estimate for the term on the left-hand side of (4.58):

VE E 2
E((Iozr (tI:l+1) - Ioir (t;;’l)) I{|p{’E(t;1+l)—pl-r’E(t;I)\>c}|9r(t))
(4.60) )
<E((E7 (5) +2) T{Er (5)+2>c))-

Using Lemma 4.2, we now have that the supremum (over ) of the right-hand side
of the above inequality converges to zero as ¢ — 00. This proves the (conditional)
uniform integrability of the sequence corresponding to the square of the first term
in (4.57). Thus, it suffices to prove that the square of the second term in (4.57) is
(conditionally) uniformly integrable. For this, note that if pir ’E(t,:1 ) > ,oir ,E(%),
then using the fact that " (¢), ) — T"(t;,) < (t + (m + $)/r?) — (t +ms/r?) <
s/r2, it follows that

&P o)) = E(0] (1)) < P2 (F ) — F7 (i) + 1] (0] (15,1
(4.61) 0 m+1 i\p; m//) = m—+1 m i o m+1

<s+ul (o] t,41)).

For the remaining case, that is, if pir ’E(t,:l L) = ,oir ’E(t;), the difference between
the two terms in the left-hand side of (4.61) is zero. Hence, we have

E W E 2
L& o™ e ) = &0 G g (i r oy E i)

(4.62) < 205> + @i (o] " (17 DN,

ul (o] F(th ) >c—s)
co NLE or ce nLE or
<20 (0, (typ1)) — & (0~ (@))],

where £f(m) = YL [s* + u] (k)* Iy (ty>c—s) for m > 1. Note that {[s* +
uf(k)z]l{u;(k)>c_s}}k31 is a sequence of i.i.d. random variables with finite mean
and &((m,n)) = & (m;) is an F'((m,n)) martingale. Since ,oir’E(t;,lH) >
o; ’E(trfl) are two ¥ ((m, n)) stopping times, using the optional sampling theo-
rem, one gets the following from (4.62),

E JE
BIE (0] (1)) = & 0] OGP e ) B gy 19 ()]

4.63)  <2B(p]" (1) — o T p)1§7 () EL(s” + ] (D) s (1)>c—s)]
< 2E(E{ (5) + 2)B[(s” + 1] (D) a7 (1)c—s) ).

where the second inequality follows on using (4.58) and (4.59). Finally, since
{u} (13}, is uniformly integrable [see (2.2)], and the expected value of Ej (s) is
bounded in r (see Lemma 4.2), the right-hand side above goes to zero as ¢ — oo.
Thus, the square of the second term in (4.57) is (conditionally) uniformly inte-
grable. This proves (4.56), and hence the proof of Theorem 3.7 is complete. [
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5. Admissibility of control policies. In this section, we will show that for a
very broad class of sequences of control policies {7} which satisfy some natural
nonanticipativity conditions, the admissibility requirement (iv) of Definition 2.6 is
satisfied. Throughout this section, we will fix » and consider the rth network N".
Consider a control policy 7" which satisfies (i), (ii) and (iii) of Definition 2.6.
We will show that under further natural conditions on 7", the property (iv) of
Definition 2.6 also holds. For the rest of the section, we will suppress r from the
notation, unless it is necessary. The first condition on the policy T is the following:

ASSUMPTION 5.1.  There is a J-dimensional measurable process T with val-
ues in {0, 1} such that T'(r) = fé T(s)ds forall ¢ € [0, 00).

The second condition on the policy states that the process 7' does not change
values between two successive event times, where an event is either an exogenous
arrival into the system or the completion of a service by some server. To state this
condition precisely, define Yo = 0, and for any £ > 0, let Yy be the first time
after Yy when either an arrival or a service completion takes place. From (2.1), it
follows that, almost surely, {Y¢}¢cn, is a strictly increasing sequence, increasing
to 0o as £ — oo. Here we assume that multiple events can occur at a given Y.

ASSUMPTION 5.2. Forall £ € Ny, T(t) = T () forall € [Ty, Yot1).

Our final condition on the policy is a natural nonanticipativity property. In order
to state this condition, we introduce the following notation. For i € {1,...,I} and
£ € Ny, let uf =& (E;(T¢)+ 1) — Yy. Thus, uf is the residual (exogenous) arrival
time at the ith buffer at time Y, unless an arrival of the ith class occurred at time
Y¢, in which case it equals uf =u;(E;(Ye) + 1). Similarly, for j € {1,...,J},
¢ € Ny, define v} = 1;(S;(Y¢) + 1) — Yy. Next, for i € {1,..., 1}, set Qi0 =0,
and for £ > 1, Q; ¢ = Q;(Yy). Also, for j € {1,...,J}and £ > 0, let T'f = T;(Yy).
Also, let Tj_l = 0. Finally, define, for £ > 0,

G0 X ={(Yeul W 0f T T iel el D)l =0, £},
ASSUMPTION 5.3. Forall £ >0, T(Tg) is a measurable function of X(-
The following is the main result of this section:
THEOREM 5.4. Let T be a control policy for N' that, in addition to (i),

(i1) and (iii) of Definition 2.6, satisfies Assumptions 5.1, 5.2 and 5.3. Then T sat-
isfies condition (iv) of Definition 2.6.
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PROOF. We begin with some notation. For a given activity j € {1,...,J}, let
1(j) denote the associated buffer. For a given bufferi € {1, ..., I}, let §; denote the
set of all activities that are associated with the buffer i. Define, for each fji C gi
and a vector a € {0, 1}J,

(5.2) n(a, i) = (H aJ-)( [1 (1—aj)>.
j€di J€di\gi
Note that for f,’l c i, n(a, g ) is either zero or one, and it takes the value one only

ifaj=1forall j e (% and aj =0 forall j € & \ g;. Denote this unique f,’, by
i(a). A straightforward calculation shows that

(5.3) Yer1="¢+ {r{nn I}mm{u f- 1j € ﬂi(TL’)}.
iefl,...,

Also fori =1,...,1, let lf“ be the indicator function that at Yy, the event
(arrival or service completion) occurred at buffer i. More precisely, fori =1,...,1
and £ > 0,

1, ifminfuf, vt j € g:(TH)
(5.4) g = = min min{u’, vt:j e g (TH)},

! i'e(l,...T) v
0, otherwise.

From (5.4), (5.3) and Assumption 5.3, it follows that both
(5.5 Jlf“, Y¢41 are measurable functions of Xe'
For £ >0 and (m,n) € N*J et

B, = E:(To) +1=m,
(5.6)
STy (X)) +1=n;:i=1,....1 j=1,.... ]}

We claim that the following two statements hold forall £ =0, 1, ...:

(A) B e F((m,n))forall (m,n) e NI,
(5.7) ’
B) Ig x'eF((m,n)) forall (m,n)e N,

where I¢ denotes the indicator function of a set C. We will show (5.7) by induction

on £. Note that for £ =0, JB,fm is the sample space if (m,n) =1, otherwise it is

the empty set. Thus, for £ = 0, (A) holds trivially. Also, when (m, n) =1, one sees

from (5.1) that XO € F((m,n)). So (B) also holds for the case £ = 0. Now suppose

that (5.7) holds for some ¢ € Ny, and consider (5.7) with £ replaced by £ + 1.
Note that the set JBHI can be represented as

(5.8) st= U 8,08
(p,q)<(m,n)
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We will next show that
(5.9) B N8 e F((m,n))  forallp<m, g <n.

This, in view of (5.8), will prove that (A) in (5.7) holds with £ replaced by £+ 1. By
induction, !Bf;’ F{p,q)) € F((m,n)) for all p <m, g <n. Also, on B¢
the following representations hold. Fori € {1, ..., I}, je{l,...,]J},

(5.10) [Ei(Yer1) + 11=p; + 47 L <vf:jedi(TH)

p.q’°

£ gl+1
(511) [Sj(T](Tf-i-l)) + 1] = QJ + T ll(])I (vt <uz(/) v E L E%(;)(T‘) j #]}

Noting that the right-hand sides of (5.10) and (5.11) are measurable functionals
of x ¢, we see from (5.6) that

(5.12) Iﬁﬁﬁqmﬂ% zlﬂg’qw(x’f)

for some measurable function W,. Now by induction, the right-hand side of (5.12)
is in £ ((p,q)) and therefore in % ((m,n)). This proves (5.9) and hence (A)
in (5.7) holds with £ replaced by £ + 1.

Finally, we verify (B) in (5.7) for £ + 1. Note that on B¢t fori=1,...,1,

m,n?
£+1 J j
,r
(5.13) O '=q¢"+mi—D—(m;— DY Cij+ Zob{ (nj—1).
j=1 j=1
Thus, using (5.7)(A) for £ + 1, we see that Q"' T ze41 € F ((m, n)). Recalling that

Y¢4+1 and T* are measurable functions of X‘Z, we see from (5.8), the induction
hypothesis and (5.7)(A) for € + 1 that I ger1 (Y41, T € F ((m, n)).
Hence, we have shown '

(5.14) Tgeot(Tepr, O T i e {1, 1L j € {1, J)) € F((m, m)).

Next, on B¢t forie{l,.... I}, je{l,...,J}, we have

m,n?
41
(5.15) ui+ = I{Mf>Yz+1—Te}(uf — Yo +Yo) + I{”f:Tz+1—Tz}ui(mi)’

£+1 AN e {41 l
Vit == T)Hvj + T/ (1= 4,5 (05 = Tesr1 + o)

€ gl+1
(516) + T ll(])l {v; <u1(]) vt & 0 egl(])(TE) J #]}v‘] (nj)

£ gt+1
1 i (=1, wj uyy V50 €d (T, 775} )(v = Teq1 + Yo).

The above two identities, together with (5.8), (5.5) and the fact that (5.7)(A) holds
with £+ 1, show that Tgen (uf ™!, v4+!) € # ((m, n)). Combining this with (5.14)
and using the induction hypothesis [along with (5.7)(A) for £ 4+ 1], we now have
that (5.7)(B) holds for £ 4 1. This proves (5.7) for all £ € Ny.
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Finally, using (5.5) and (5.7), we have, for each fixed + > 0 and all (m,n) €
NI+J,

By ={Ei@)+1=m;,S;(Ti®) +1=n;:i=1,....Lj=1,...,J}

(5.17)

p
=J B!, N{Te<t < Yo} e F(m, ),
=1

where p = Z}:l m; + Z‘}Zl n ;. This proves the first part of condition (iv) in De-
finition 2.6. To show the final part of this condition, it suffices to prove that for
0<t;<t,j=1,...,J,and all (m,n) e NI+J,

(5.18) {(Ti@®) <tj,j=1,....0}N By n € F((m, n)).

From the properties of T [Assumptions (5.1), (5.2)], we have

{Ti@®) <tj,j=1,.... 0N B

p
=J B}, N{Ye <t <Te}
=1

(5.19)

T () +T;(C) = Yo) <1, j=1,.... 1}
€ ¥ ((m,n)),

where the last inclusion follows on using (5.7) and (5.5). This proves (5.18) and,
hence, the theorem. []
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