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We consider a class of stochastic processing networks. Assume that the
networks satisfy a complete resource pooling condition. We prove that each
maximum pressure policy asymptotically minimizes the workload process
in a stochastic processing network in heavy traffic. We also show that, under
each quadratic holding cost structure, there is a maximum pressure policy that
asymptotically minimizes the holding cost. A key to the optimality proofs is
to prove a state space collapse result and a heavy traffic limit theorem for
the network processes under a maximum pressure policy. We extend a frame-
work of Bramson [Queueing Systems Theory Appl. 30 (1998) 89-148] and
Williams [Queueing Systems Theory Appl. 30 (1998b) 5-25] from the multi-
class queueing network setting to the stochastic processing network setting to
prove the state space collapse result and the heavy traffic limit theorem. The
extension can be adapted to other studies of stochastic processing networks.

1. Introduction. This paper is a continuation of Dai and Lin (2005), in which
maximum pressure policies are shown to be throughput optimal for a class of sto-
chastic processing networks. Throughput optimality is an important, first-order
objective for many networks, but it ignores some key secondary performance mea-
sures like queueing delays experienced by jobs in these networks. In this paper we
show that maximum pressure policies enjoy additional optimality properties; they
are asymptotically optimal in minimizing a certain workload or holding cost of a
stochastic processing network.

Stochastic processing networks have been introduced in a series of three papers
by Harrison (2000, 2002, 2003). In Dai and Lin (2005) and this paper we consider
a special class of Harrison’s model. This class of stochastic processing networks
is much more general than multiclass queueing networks that have been a subject
of intensive study in the last 20 years; see, for example, Harrison (1988), Williams
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(1996) and Chen and Yao (2001). The added features in a stochastic processing
network allow one to model skills-based routing in call centers [Gans, Koole and
Mandelbaum (2003)], operator-machine interactions in semiconductor wafer fab-
rication facilities [Kumar (1993)], and combined input- and output-queued data
switches [Chuang et al. (1999)] in data networks.

For this general class of stochastic processing networks, Dai and Lin (2005) pro-
pose a family of operational policies called maximum pressure policies and prove
that they are throughput optimal. For a given vector « > 0, the maximum pressure
policy associated with the parameter « is specified in Section 3 of Dai and Lin
(2005) and will be specified again in Definition 1 of this paper. In this paper, for a
stochastic processing network that satisfies a complete resource pooling condition
and a heavy traffic condition, we first show in Theorem 2 that a certain workload
process is asymptotically minimized under any maximum pressure policy. When
the holding cost rate is a quadratic function of the buffer contents, we show then in
Theorem 3 that there is a maximum pressure policy that asymptotically minimizes
the holding cost. Our maximum pressure policies do not solve the linear holding
cost optimization problem for stochastic processing networks. However, following
an approach in Stolyar (2004), one can find a maximum pressure policy that is as-
ymptotically e-optimal under the linear holding cost structure. Section 9 elaborates
the e-optimality of maximum pressure policies.

In Theorem 2, except for some nonnegativity requirements, the parameter o
that is used to define a maximum pressure policy can be chosen arbitrarily. In The-
orem 3, to minimize a given quadratic holding cost rate, one has to choose the
parameter o to be the vector of coefficients that define the quadratic holding cost
rate function. In both cases, the parameter can be chosen to be independent of net-
work data like arrival or processing rates. Thus, these maximum pressure policies
do not depend on the arrival rates. This feature is attractive in some applications
when network data like arrival rates are sometimes difficult or impossible to be
estimated accurately. The maximum pressure policies in Section 9 do depend on
the arrival rates of the network.

Our asymptotic region is when the stochastic processing network is in heavy
traffic; at least one server has to be 100% busy in order to handle all the in-
put. A key assumption on our network is that a complete resource pooling con-
dition is satisfied. Roughly speaking, the complete resource pooling condition re-
quires enough overlap in the processing capabilities of bottleneck servers that these
servers form a single, pooled resource or “super server.” As will be discussed fully
in Section 3, the complete resource pooling condition is articulated by the dual
problem of a linear program (LP) called the static planning problem. For a network
satisfying the complete resource pooling condition, the corresponding dual LP has
a unique optimal solution and the workload process is defined by this unique opti-
mal solution. Ata and Kumar (2005) develop a discrete-review policy and prove its
asymptotic optimality in minimizing the linear holding cost for a class of unitary
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stochastic processing networks that satisfy the complete resource pooling condi-
tion and the balanced heavy traffic condition. The latter condition requires every
server in the network to be heavily loaded. This balanced load requirement, com-
bined with the complete resource pooling assumption, rules out some well-known
networks such as multiclass queueing networks, which have been used to model
semiconductor fabrication lines [Kumar (1993)]. Our definition of heavy traffic
condition is less restrictive than those in Ata and Kumar (2005); our stochas-
tic processing networks include those multiclass queueing networks that have a
unique bottleneck server. Note that the nonbottleneck stations may not disappear
in a heavy traffic diffusion limit in a multiclass queueing network operating under a
nonidling service policy such as first-come—first-serve; see, for example, Bramson
(1994). Even under an asymptotically optimal maximum pressure policy studied in
this paper, the non-bottleneck stations may not disappear; see the example below
Theorem 4 in Section 5.

The major part of our optimality proof of the maximum pressure policies is a
heavy traffic limit theorem. The theorem asserts that when the network is oper-
ated under a maximum pressure policy, (a) the one-dimensional workload process
converges to a reflecting Brownian motion in diffusion limit, and (b) the multidi-
mensional buffer content process is a constant multiple of the workload process
in diffusion limit. The latter result is a form of state space collapse for network
processes, and its proof is the key to the proof of the limit theorem. We choose to
extend a framework of Bramson (1998) and Williams (1998b), from the multiclass
queueing network setting to the stochastic processing network setting, to prove the
heavy traffic limit theorem. We first show that all solutions to a critically loaded
fluid model operating under a maximum pressure policy exhibit some form of state
space collapse. Then we translate the state space collapse to the diffusion scal-
ing following Bramson (1998), proving the state space collapse in diffusion limit.
Once we have the state space collapse result, we invoke a theorem of Williams
(1998b) for perturbed Skorohod problems to establish the heavy traffic limit theo-
rem for our stochastic processing network operating under the maximum pressure
policy.

Stolyar (2004) proves that MaxWeight policies asymptotically minimize the
workload processes in heavy traffic for a generalized switch model that belongs
to one-pass systems in which each job leaves the system after being processed at
one processing step. Our Theorem 2 greatly generalizes Stolyar (2004) from one-
pass systems to stochastic processing networks. Except for Ata and Kumar (2005)
that was discussed earlier in this introduction, most other works that are closely
related to our work have focused on parallel server systems. These systems be-
long to a special class of one-pass systems. All these works assume heavy traffic
and complete resource pooling conditions. For a parallel server system that has 2
buffers, 2 processors and 3 activities, Harrison (1998) develops a “discrete-review”
policy via the BIGSTEP procedure that was first described in Harrison (1996) for
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multiclass queueing networks. Furthermore, he proves that the discrete-review pol-
icy asymptotically minimizes the expected discounted, cumulative linear holding
cost under the restrictive assumption of Poisson arrival processes and determinis-
tic service times. Harrison and Lépez (1999) then use the BIGSTEP procedure to
produce a family of policies for general parallel systems, but they have not proved
the optimality of these policies. For the same 2 buffer, 3 processor and 3 activity
parallel server system, but with general arrival processes and service time distri-
butions, Bell and Williams (2001) develop simple form, buffer priority policies
with thresholds and prove their asymptotic optimality under linear holding cost.
Since the threshold values are constantly monitored, these policies are termed as
“continuous-review” policies. They further generalize their policies to general par-
allel server systems in Bell and Williams (2005) and prove that they are asymp-
totically optimal. While all these works deal with the holding cost objective, the
proposed asymptotically optimal policies in the literature exploit the special net-
work structures and critically depend on the network data, particularly the arrival
rates. Mandelbaum and Stolyar (2004) propose a generalized cu policy for parallel
server systems. The policy does not use any arrival rate information. They prove
that it is asymptotically optimal in minimizing a strictly convex holding cost.

When a network has multiple bottlenecks so that the complete resource pooling
condition is not satisfied, finding an asymptotically optimal policy remains a diffi-
cult, open problem in general. Shah and Wischik (2006) study the fluid and diffu-
sion limits under MaxWeight policies for input-queued switches that do not satisfy
the complete resource pooling condition. They propose a policy that is believed to
be asymptotically optimal. However, they do not provide a proof for the optimality.
Harrison and Wein (1989) study a two-station multiclass queueing network known
as crisscross network. They propose a threshold type policy and demonstrate its
near-optimal performance through simulations. For the same crisscross network,
but with exponentially distributed interarrival and service times, Martins, Shreve
and Soner (1996) and Budhiraja and Ghosh (2005) prove the asymptotic optimal-
ity of certain nested threshold policies when the network data is in various heavy
traffic regimes.

All asymptotic optimality proofs in the literature involve proving a heavy traffic
limit theorem and some form of state space collapse, either explicitly or implic-
itly. Ata and Kumar (2005) and Bell and Williams (2001, 2005) prove the state
space collapse results directly without going through fluid models. Stolyar (2004)
and Mandelbaum and Stolyar (2004) mimic the general framework of Bramson
(1998) and Williams (1998b). They start with showing a state space collapse result
for fluid models, and then prove the optimality directly without proving the state
space collapse in diffusion limit as an intermediate step. By choosing to extend
Bramson and Williams’ framework in this paper, we are able to provide an opti-
mality proof that is clean and hopefully easy to follow. We expect our extension
can be adapted to other studies of stochastic processing networks. Our proof of
asymptotic optimality requires that the service times have finite 2 4+ & moments, as
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in Ata and Kumar (2005). This moment assumption is weaker than the exponen-
tial moment assumption that is usually assumed in the literature; see, for example,
Harrison (1998) and Bell and Williams (2001, 2005).

Harrison pioneered Brownian control models as a framework to find asymptot-
ically optimal service policies for networks in heavy traffic. The framework was
first proposed for multiclass queueing networks in Harrison (1988), and later was
extended for stochastic processing networks in Harrison (2000). In his framework,
a corresponding Brownian control problem of a stochastic processing network is
first solved, and then the solution to the Brownian problem is used to construct ser-
vice policies for the original stochastic processing network. Finally, these policies
are shown to be asymptotically optimal for the stochastic processing network un-
der a heavy traffic condition. A key step to solving the Brownian control problem
is to have an equivalent workload formulation of the Brownian control problem
as explained in Harrison and Van Mieghem (1997). The “workload process” of
the Brownian control model corresponding to the stochastic processing network
in this paper, as well as in Ata and Kumar (2005), Stolyar (2004), and Bell and
Williams (2001, 2005), is one-dimensional. Thus, the Brownian control problem
has a simple solution. Our maximum pressure policies, at least under a special
linear holding cost structure, can be considered as another “interpretation” of the
solution to the Brownian control problem, although this interpretation is not as di-
rect as those in Bell and Williams (2005) and Ata and Kumar (2005). Our paper,
together with these papers in the literature, demonstrates that the interpretation
of the Brownian solution is not unique, proving the optimality of the interpreted
policies can be difficult.

Maximum pressure type of policies were pioneered by Tassiluas and his co-
authors under various names including back-pressure policies; see, for example,
Tassiluas and Ephremides (1992, 1993), Tassiulas (1995) and Tassiulas and Bhat-
tacharya (2000). The work of Tassiulas and Bhattacharya (2000) represents a sig-
nificant advance in finding efficient operational policies for a wide class of net-
works, and is closely related to Dai and Lin (2005). Readers are referred to Dai
and Lin (2005) for an explanation of the major differences of these two works.
We note that, contrary to the description in Dai and Lin (2005), Tassiluas and
Ephremides (1992, 1993) and Tassiulas (1995) do cover network models, not just
one-pass systems. For a recent survey of these policies and their applications to
wireless networks, see Georgiadis, Neely and Tassiulas (2006).

The remainder of the paper is organized as follows. In Section 1.1 we collect
some of the notation used in this paper. In Section 2 we describe a class of stochas-
tic processing networks, and introduce the maximum pressure service policies. We
then define the workload process of a stochastic processing network in Section 3,
where we also introduce the complete resource pooling condition. The main re-
sults of this paper are stated in Section 4. The proofs of the main theorems are
outlined in Section 5. A key to the proofs of these theorems is a state space col-
lapse result of the diffusion-scaled network processes under a maximum pressure
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policy. In Section 6 each fluid model solution under a maximum pressure policy
is shown to exhibit a state space collapse. Section 7 applies Bramson’s approach
[Bramson (1998)] to prove the state space collapse of the diffusion-scaled network
processes. The state space collapse result is converted into a heavy traffic limit the-
orem in Section 8. The limit theorem is used in Section 5 to complete the proofs of
the main theorems. In Section 9 we discuss the e-optimality of maximum pressure
policies. A number of technical lemmas as well as Theorem 1 are proved in the
Appendix A.

1.1. Notation. We use R? to denote the d-dimensional Euclidean space. Vec-
tors in R are envisioned as column vectors unless indicated otherwise. The trans-
pose of a vector v will be denoted as v’. For v, w € R4, v - w denotes the dot
product, and v x w denotes the vector (viwy, ..., vgwy)’. The max norm in R is
denoted as |-|, and for a matrix A, we use A to denote the maximum absolute value
among all components. The Euclidean norm ||-|| in R is defined by |lv]| = /v - v.
For ri,rp € R, we use r; V rp and | A ra to denote the maximum and minimum of
r1 and ro, respectively.

We use D9[0, 00) to denote the set of functions f:10, 00) — R that are right
continuous on [0, co) having left limits in (0, 00). For f € D4[0, 00), we let

Ifllz = sup |f(s)I.

0<s<t

We endow the function space D?[0, co) with the usual Skorohod J;-topology
[Ethier and Kurtz (1986)]. A sequence of functions {f,}  D?[0, 0o0) is said to
converge to an f € D?[0, c0) uniformly on compact (u.o.c.) sets, denoted as
fr() = f(),if for each t > 0, lim, || fr — fll: = 0. For a sequence of sto-
chastic processes {X"} taking values in D[0, co), we use X" = X to denote that
X" converges to X in distribution.

2. Stochastic processing networks. In this section we describe a general
stochastic processing network proposed by Dai and Lin (2005). We follow the
notation of Dai and Lin (2005). The network is assumed to have I+ 1 buffers,
J activities and K processors. Buffers, activities and processors are indexed by
i=0,....,L j=1,....,Jand k =1,...,K, respectively. For notational conve-
nience, we define { = {1,...,I} the set of buffers excluding buffer O,
g ={1,...,J} the set of activities and KX = {1, ..., K} the set of processors. Each
buffer, with infinite capacity, holds jobs or materials that await service. Buffer O
is a special one that is used to model the outside world, where an infinite number
of jobs await. Each activity can simultaneously process jobs from a set of buffers.
It may require simultaneous possession of multiple processors to be active. Jobs
departing from a buffer will go next to other buffers with certain probabilities that
depend on the current activity taken.
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2.1. Resource consumption. Each activity needs one or more processors avail-
able to be active. For activity j, Ag; = 1, if activity j requires processor k, and
Aj = 0 otherwise. The K x J matrix A = (Ay;) is the resource consumption ma-
trix. Each activity may be allowed to process jobs in multiple buffers simultane-
ously. For activity j, we use the indicator function Bj; to record whether buffer
i can be processed by activity j. (Bj; = 1 if activity j processes buffer i jobs.)
The set of buffers i with Bj; = 1 is said to be the constituency of activity j. It
is denoted by B;. The constituency is assumed to be nonempty for each activity
Jj € ¢, and may contain more than one buffer. When a processing requirement of
an activity is met, a job departs from each one of the constituent buffers. For each
activity j, we use u;(£)/u; to denote the £th activity j processing requirement,
where u; = {u;(£),£ > 1} is an i.i.d. sequence of random variables, defined on

some probability space (€2, ¥, P), and 1 is a strictly positive real number. We set

GJZ = var(u (1)), and assume that o; < 0o and u ; is unitized, thatis, E[u ;(1)] =1,

where E is the expectation operator associated with the probability measure P. It
follows that 1/u; and o; are the mean and coefficient of variation, respectively,
for the processing times of activity j.

An activity j is said to be an input activity if it processes jobs only from buffer
0, that is, 8; = {0}. An activity j is said to be a service activity if it does not
process any job from buffer O, that is, 0 ¢ B;. We assume that each activity is
either an input activity or a service activity. We further assume that each processor
processes either input activities only or service activities only. A processor that
only processes input activities is called an input processor, and a processor that
only processes service activities is called a service processor. The input processors
process jobs from buffer O (outside) and generate the arrivals for the network. We
denote J; to be the set of input activities, Js the set of service activities, K the
set of input processors, and Kg the set of service processors.

2.2. Routing. Buffer i jobs, after being processed by activity j, will go next
to other buffers or leave the system. Let eg be the I-dimensional vector of all 0’s,
and for i € {, ¢; is the I-dimensional vector with the ith component 1 and other
components 0. For each activity j € § and each constituent buffer i € 8;, we
use an I-dimensional binary random vector ¢ij ) = (¢l.]l.,(£), i’ € 1) to denote the
routing vector of the £th buffer i job processed by activity j, where qﬁ] ) =e¢p if
the ¢th buffer i job processed by activity j goes next to buffer i’, and ¢j ) =eo
if the job leaves the system. We assume that the sequence ¢J {qﬁJ @), L > 1}
is i.i.d., defined on the same probability space (€2, F, IP), for each activity j € &

and i € B;. Set Pj, =E qu (1)]. Then Pj, 1s the probability that a buffer i job
processed by act1v1ty j will go next to buffer i
For each j € g,i € 8}, the cumulative routing process is defined by the sum

L HOEDIAD!
n=1
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and <I>{ ./(£) denotes the number of jobs that will go next to buffer i among the first
£ buffer i jobs that are processed by activity j.
The sequences

(uj, ¢! :ieBj,jed)
are said to be the primitive increments of the network. We assume that they are
mutually independent and all are independent of the initial state of the network.

2.3. Resource allocations. Because multiple activities may require usage of
the same processor, not all activities can be simultaneously undertaken at a 100%
level. Unless stated otherwise, we assume that each processor’s service capacity
is infinitely divisible, and processor-splitting of a processor’s service capacity is
realizable. We use a nonnegative variable a; to denote the level at which processing
activity j is undertaken. When a; = 1, activity j is employed at a 100% level.
When a; =0, activity j is not employed. Suppose that the engagement level of
activity j is aj, with 0 < a; < 1. The processing requirement of an activity j job
is depleted at rate a ;. (The job finishes processing when its processing requirement
reaches 0.) The activity consumes a; Ax; fraction of processor k’s service capacity
per unit time. The remaining service capacity, 1 — a;Ag;, can be used for other
activities.

We use a = (a;) € RJ+ to denote the corresponding J-dimensional allocation
(column) vector, where R denotes the set of nonnegative real numbers. Since
each processor k can decrease processing requirements at the rate of at most 1 per
unit of time, we have

(2.1) Z Arjaj <1 for each processor k.
j€d
In vector form, Aa < e, where e is the K-dimensional vector of ones. We assume

that there is at least one input activity and that the input processors never idle.
Namely,

(2.2) Z Agjaj =1 for each input processor k.
j€d

We use + to denote the set of allocations a € R‘L that satisfy (2.1) and (2.2).

Each a € A represents an allowable allocation of the processors working on
various activities. We note that 4 is bounded and convex. Let & = {a', ..., aF)}
be the set of extreme points of +, where the total number E of extreme points is
finite.

REMARK. Harrison (2002) does not have the concept of input processor and
input activity for his stochastic processing networks. The input processors and
activities in our network model allow us to capture the dynamic routing decisions
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for external arrivals. (Note that in our model the dynamic routing decision of a job
is made not at the time of its arrival, but at the arrival time of the previous job.)
However, if we restrict ourselves to the networks without these routing decisions,
Harrison’s network models are broader than ours; Harrison describes his models
through first-order network data only, leaving the underlying stochastic primitives
and system dynamics unspecified. In this sense, our network models are a special
class of Harrison’s, which include some stochastic processing networks where the
service requirements for jobs from different buffers can be different even if they are
processed simultaneously by a single activity. The latter networks are not covered
in this paper.

2.4. Service policies. Each job in a buffer is assumed to be processed by one
activity in its entire stay at the buffer. A processing of an activity can be preempted.
In this case, each in-service job is “frozen” by the activity. The next time the ac-
tivity is made active again, the processing is resumed from where it was left off. In
addition to the availability of processors, a (nonpreempted) activity can be made
active only when each constituent buffer has jobs that are not in service or frozen.
We assume that within each buffer jobs are queued in the order of their arrivals
to the buffer, and head-of-line policy is used. When a (nonpreempted) activity be-
comes active with a given engagement level, the leading job in each buffer that is
not in service or frozen is processed. If multiple activities are actively working on
a buffer, there are multiple jobs in the buffer that are in service. For an allocation a,
if there is an activity j with a; > O that cannot be made active, the allocation is
infeasible. At any given time ¢, we use 4 (?) to denote the set of allocations that
are feasible at that time. A service policy specifies which allocation is being un-
dertaken at each time ¢ > 0, and we use 7 = {7 (¢) : t > 0} to denote such a policy.
Under the policy 7, allocation 7 (¢) € +A(t) will be employed at time ¢.

Dai and Lin (2005) propose a family of service policies called maximum pres-
sure policies that are throughput optimal for a large class of stochastic processing

networks. To describe these policies for our network, for each buffer i =1,...,1
and each activity j =1,...,J, we define
(2.3) Rij :Mj<Bji -3 Pl.j/l.).

i/e£j

The I x J matrix R = (R;;) is called the input-output matrix in Harrison (2002).
One interprets R;; as the average amount of buffer i material consumed per unit
of activity j, with a negative value being interpreted to mean that activity j is
a net producer of material in buffer i. Define §(t) = & N A(¢) to be the set of
feasible extreme allocations at time 7. Denote Z = {Z(¢),t > 0} to be the buffer
level process with Z; (¢) being the buffer level of buffer i at time ¢, including those
in service or “frozen” at time . Now we are ready to define maximum pressure
service policies for our stochastic processing network. Each maximum pressure
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policy is associated with a vector o € R with o;; > 0 for each i € 4. Recall that for
two vectors x, y € ]Rd, x x y denotes the vector (x1y1, ..., xqvq) .

DEFINITION 1 (Maximum pressure policies). Given a vector o € R! with
a; > 0 for i € 4, a service policy is said to be a maximum pressure policy as-
sociated with parameter « if at each time 7, the network chooses an allocation
a* € argmax,ecg(r) Pa(a, Z(t)), where py(a, Z(t)) is called the network pressure
with parameter o under allocation a and buffer level Z(t) and is defined as

(2.4) pala, Z(1) = (a x Z(1)) - Ra.

When more than one allocation attains the maximum pressure, a tie-breaking
rule is used. Our results are not affected by how ties are broken. However, for
concreteness, one can order the extreme allocation set &, and always choose the
maximum-pressure allocation with the smallest index. In general, a maximum
pressure policy can be an idling policy; namely, some processors may idle even
if there are jobs that they can process.

In Section 4 we are going to show that every maximum pressure policy asymp-
totically minimizes a certain workload process, and when the stochastic processing
network incurs a certain quadratic holding cost rate, there is a maximum pressure
policy that is asymptotically optimal.

REMARK. Dai and Lin (2005) associate two parameters, « and 3, with each
maximum pressure policy and define the network pressure as py g(a, Z(1)) = (a X
Z(t)— B) - Ra. It turns out that the second parameter § disappears in both fluid and
diffusion limits and will have no impact on the asymptotic performance. Thus, for
notational convenience, we set in this paper 8 = 0 and associate each maximum
pressure policy with one parameter «.

3. Workload process and complete resource pooling. We define the work-
load process through a linear program (LP) called the static planning problem and
its dual problem. For a stochastic processing network with input-output matrix
R and capacity consumption matrix A, the static planning problem is defined as
follows: choose a scalar p and a J-dimensional column vector x so as to

(3.1 minimize  p

(3.2) subject to Rx =0,

(3.3) Z Agjxj=1 for each input processor k,
JjEd

(3.4) Z Agjxj <p for each service processor k,
JjEF

(3.5) x>0.
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For each optimal solution (p, x) to (3.1)—(3.5), the vector x is said to be a process-
ing plan for the stochastic processing network, where component x; is interpreted
as the long-run fraction of time that activity j is undertaken. Since one of the
constraints in (3.4) must be binding for a service processor, p is interpreted as
the long-run utilization of the busiest service processor under the processing plan.
With this interpretation, the left-hand side of (3.2) is interpreted as the long-run
net flow rates from the buffers. Equality (3.2) demands that, for each buffer, the
long-run input rate to the buffer is equal to the long-run output rate from the buffer.
Equality (3.3) ensures that input processors never idle, while inequality (3.4) re-
quires that each service processor’s utilization not exceed that of the busiest ser-
vice processor. The objective is to minimize the utilization of the busiest service
processor. For future references, the optimal objective value p is said to be the
traffic intensity of the stochastic processing network.

The dual problem of the static planning problem is the following: choose an
I-dimensional vector y and a K-dimensional vector z so as to

(3.6) maximize Y z,
kEJC[

(3.7) subject to Z ViRij < — Z Tk Agj for each input activity j

ied ke XK,

(3.8) Z ViRij < Z Ak for each service activity j,
ied keKs

3.9) Yo ou=1,
keXKs

(3.10) 72k >0 for each service processor k.

Recall that K; is the set of input processors, and K is the set of service proces-
sors. Each pair (y, z) that satisfies (3.7)-(3.10) is said to be a resource pool.
Component y; is interpreted as the work dedicated to a unit of buffer i job by
the resource pool, and zj; is interpreted as the relative capacity of processor k,
measured in fractions of the service capacity of the resource pool; for each in-
put processor k, the relative capacity zx is the amount of work generated by input
processor k per unit of time. Equality (3.9) ensures that the service capacity of the
resource pool equals the sum of service capacities of all service processors. Con-
straint (3.8) demands that no service activity can accomplish more work than the
capacity it consumes. Recall that —R;; is the rate at which input activity j gener-
ates buffer i jobs. For each input activity j, constraint (3.7), which can be written
as D ieg Yi(—Rij) = X kex, 2k Axj, ensures that the work dedicated to each unit of
the activity is no less than that which it generates. The objective is to maximize
> kex, Zk» which is the total amount of work generated from outside by the input
processors per unit of time. A service processor k is said to be in the resource pool
(v, z) if zx > 0. Constraint (3.9) is an equality instead of an inequality because
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we do not pose a nonnegativity constraint on the variable p in the primal LP; the
nonnegativity of p is guaranteed from constraint (3.4) and the nonnegativity of
A and x.

A bottleneck pool is defined to be an optimal solution (y*,z*) to the dual
LP (3.6)—(3.10). Let (p*, x*) be an optimal solution to the primal LP, the static
planning problem (3.1)~(3.5). From the basic duality theory, 3 ; Aij;f = p* for
any service processor k with z; > 0. It says that all service processors in the bot-
tleneck pool (y*, z*) are the busiest servers under any optimal processing plan x*.

For a bottleneck pool (y*,z*), let W(t) = y* - Z(¢t) for t > 0. Then, W(¢)
represents the average total work of this bottleneck pool embodied in all jobs
that are present at time ¢ in the stochastic processing network. The process
W = {W(t),t > 0} is called the workload process of this bottleneck pool. Al-
though the workload process of a nonbottleneck resource pool (y, z) can also be
defined by y - Z(¢), we will focus on the workload processes of bottleneck pools
because bottleneck pools become significantly more important in heavy traffic. In
general, the bottleneck pool is not unique. However, we assume all the stochas-
tic processing networks considered in this paper have a unique bottleneck pool;
namely, they satisfy the following complete resource pooling condition.

DEFINITION 2 (Complete resource pooling condition). A stochastic process-
ing network is said to satisfy the complete resource pooling condition if the cor-
responding dual static planning problem (3.6)—(3.10) has a nonnegative, unique
optimal solution (y*, z*).

For a processing network that satisfies the complete resource pooling condition,
we define the bottleneck workload process, or simply the workload process, of the
stochastic processing network to be the workload process of its unique bottleneck
pool.

The (bottleneck) workload process defined here is different from the workload
process defined in Harrison and Van Mieghem (1997). Their workload process
is multi-dimensional, with some components corresponding to the nonbottleneck
pools; it is defined in terms of what they call “reversible displacements.” For the
networks where their workload process has dimension one, these two definitions
of the workload process are consistent.

REMARK. Under certain assumptions including a heavy traffic assumption
that requires all servers in the network be critically loaded, Harrison (2000)
proposes a “canonical” representation of the workload process for a stochastic
processing network through a dual LP that is similar to (3.6)—(3.10). There, basic
optimal solutions to the dual LP were chosen as rows of the workload matrix which
was used to define the workload process. Without his heavy traffic assumption, his
“canonical” choice of workload matrix would exclude those nonbottleneck servers.
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In this case, it is not clear how to define a “canonical” representation of the work-
load process to include those nonbottleneck servers. Although for some network
examples like multiclass queueing networks we can define the workload matrix
such that its rows are the basic solutions to the dual LP, more analysis is required
for general stochastic processing networks.

4. Asymptotic optimality and the main results. The behavior of the buffer
level process and the workload process for a stochastic processing network under
any policy is complex. In particular, deriving closed form expressions for perfor-
mance measures involving these processes is not possible in general. Therefore,
we perform an asymptotic analysis for stochastic processing networks operating
under maximum pressure policies. Our asymptotic region is when the network is
in heavy traffic; that is, the offered traffic load is approximately equal to the sys-
tem capacity. Formally, we consider a sequence of stochastic processing networks
indexed by r = 1,2,...; as r — oo, the traffic intensity p” of the rth network
goes to one. We assume that these networks all have the same network topology
and primitive increments. In other words, the matrices A and B, and the sequences
(uj, d)ij 1] €F,i € Bj) donot vary with r. However, we allow the processing rates
to change with r, and use u'; to denote the processing rate of activity j in the rth
network. Thus, the traffic intensity p” for the rth network is the optimal objec-
tive value of the static planning problem (3.1)—(3.5) with the input-output matrix
R = (Ri’j) given by Rl.’j = /,L; (Bji — Zi/e£j Pl.j,l.). We assume the following heavy
traffic assumption throughout this paper.

ASSUMPTION 1 (Heavy traffic assumption). There exists a constant p; > 0
for each activity j € ¢ such that, as r — oo,

@) W .

and, setting R = (R;;) as in (2.3) with u; being the limit values in (4.1), the static
planning problem (3.1)—(3.5) with parameter (R, A) has a unique optimal solution
(p*, x*) with p* = 1. Furthermore, as r — o0,

4.2) r(pf —1)—0

for some constant 9.

We define the limit network of the network sequence to be the network that has
the same network topology and primitive increments as networks in the sequence,
and has processing rates equal to the limit values  j, given in (4.1). Assumption 1
basically means that in the limit network there exists a unique processing plan
x* that can avoid inventory buildups over time, and the busiest service proces-
sor is fully utilized under this processing plan. Condition (4.2) requires that the
networks’ traffic intensities approach to 1 at rate r ! or faster.
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The heavy traffic assumption is now quite standard in the literature; see, for ex-
ample, Bramson and Dai (2001), Chen and Zhang (2000), Dai and Kurtz (1995)
and Williams (1996, 1998a) for heavy traffic analysis of queueing networks and
Ata and Kumar (2005), Harrison (2000), Harrison and Lépez (1999), Harrison and
Van Mieghem (1997) and Williams (2000) for heavy traffic analysis of stochastic
processing networks. However, heavy traffic assumptions in the literature usually
assume that, in addition to Assumption 1, all service processors are fully utilized.
The latter assumption, together with a complete resource pooling assumption to be
introduced later in this section, rules out some common networks such as multi-
class queueing networks. In our heavy traffic assumption, only the busiest service
processor is required to be critically loaded, and some other service processors are
allowed to be under-utilized.

The optimal processing plan x* given in Assumption 1 is referred to as the
nominal processing plan. We use T (t) to denote the cumulative amount of activity
j processing time in [0, ¢] for the limit network; let 7(¢) be the corresponding
J-dimensional vector. Then 7'(¢) /1 is the average activity levels over the time span
[0, ¢]. To avoid a linear buildup of jobs over time in the limit network, the long-run
average rate (or activity level) that activity j is undertaken needs to equal x;f, that
is,

4.3) lim T(t)/t = x* almost surely.
=00

There should be no linear buildup of jobs under a reasonably “good” policy. A pol-
icy is said to be efficient for the limit network if (4.3) holds for the network oper-
ating under the policy. Since we consider a sequence of networks, we would like
to define an analogous notion of a “good” or efficient policy for the sequence. One
can imagine that under a reasonably “good” policy, when r is large, the average
activity levels over long time spans must be very close to the nominal processing
plan x*. To be specific, we define the notion of asymprotic efficiency as follows.
Let Tj’ (t) be the cumulative amount of activity j processing time in [0, ¢] for the
rth network and 7 (¢) be the corresponding J-dimensional vector.

DEFINITION 3 (Asymptotic efficiency). Consider a sequence of stochastic
processing networks indexed by r = 1,2, ..., where Assumption 1 holds. A pol-
icy m is said to be asymptotically efficient if and only if under policy m, with
probability 1, for each # > 0,

4.4) T"(r’t)/r? — x*t as r — 00.

Equation (4.4) basically says that, under an asymptotically efficient policy, the
average activity levels over a time span of order r2 are very close to the nominal
processing plan, so that no linear buildup of jobs will occur over the time span of
this order.
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Asymptotic efficiency is closely related to the throughput optimality as defined
in Dai and Lin (2005). Fluid models have been used to prove throughput optimality
of stochastic processing networks operating under a policy. Similarly, the fluid
model corresponding to the limit network can be used to prove the asymptotic
efficiency of a policy for the sequence of networks that satisfies Assumption 1.
In particular, one can prove that a policy & is asymptotically efficient if the fluid
model of the limit network operating under 7 is weakly stable. To introduce the
first result of this paper, we first define the extreme-allocation-available (EAA)
condition for a stochastic processing network.

DEFINITION 4 (EAA condition). A stochastic processing network is said to
satisfy the EAA condition if, for any vector ¢ € RL, there exists an extreme al-
location a* € & such that Ra™ - ¢ = max,cg Ra - g, and for each buffer i with
> a}‘ Bj; > 0, buffer level g; is positive.

Readers are referred to Section 6 of Dai and Lin (2005) for a detailed discussion
on the EAA condition; there a class of networks is shown to satisfy the EAA
condition and a network example is shown not to satisfy the EAA condition.

THEOREM 1. Consider a sequence of stochastic processing networks that sat-
isfies Assumption 1. If the limit network satisfies the EAA condition, then for any
o € R with a > 0, the maximum pressure policy with parameter o is asymptoti-
cally efficient.

Using a fluid model, Dai and Lin (2005) prove in their Theorem 2 that, for a
stochastic processing network satisfying the EAA condition, a maximum pressure
policy is throughput optimal. The proof of Theorem 1 uses a fluid model that will
be introduced in Section 6 and is almost identical to that of Theorem 2 in Dai and
Lin (2005). It will be outlined in Appendix B.

Asymptotic efficiency helps to identify reasonably “good” policies, but it is not
very discriminating. We would like to demonstrate a certain sense of optimality
for maximum pressure policies in terms of secondary performance measures. For
this, we will introduce two notions of asymptotic optimality. Before giving their
definitions, we make the following assumption on the sequence of networks.

ASSUMPTION 2 (Complete resource pooling). All networks in the sequence
and the limit network satisfy the complete resource pooling condition defined in
Section 3. Namely, the dual static planning problem (3.6)—(3.10) of the rth net-
work has a nonnegative, unique optimal solution (y”, z"), and the dual static plan-
ning problem of the limit network also has a nonnegative, unique optimal solution

*, 7.

LEMMA 1. Assume Assumptions 1 and 2. Then (y",z7") = (y*,z*) as r —
00.
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The proof of Lemma 1 will be provided in Appendix B.

REMARK. In Assumption 2 we assume all networks in the sequence satisfy
the complete resource pooling condition so that the workload processes W' can
be uniquely defined as in Section 3 by the first order network data (R, A"). This
assumption can be removed if one defines the workload process of a network with
multiple bottleneck pools to be the workload process of an arbitrarily chosen but
prespecified bottleneck pool (with y” being any given optimal solution to the dual
problem). On the other hand, the complete resource pooling condition for the limit
network is crucial for our results to hold.

The first notion of asymptotic optimality is in terms of the workload process
introduced in Section 3. Under Assumption 2, we can define the one-dimensional
workload process of the rth network as

(4.5) Wi@e)y=y" 27",

where Z" = {Z"(t), t > 0} is the buffer level process of the rth network.
Define the diffusion-scaled workload and buffer level processes of the rth net-
work W' ={W"(¢t),t >0} and Z" ={Z"(¢),t = 0} via

W' (t)=W"(rt)/r, Z't)=Z"(r*0)/r.
Clearly, W’ (1) = y" - Z" (¢) for t > 0.

DEFINITION 5. Consider a sequence of stochastic processing networks in-
dexed by r. An asymptotically efficient policy 7* is said to be asymptotically
optimal for workload if for any t > 0, w > 0, and any asymptotically efficient pol-
icy m,

(4.6) limsup P(W’.(£) > w) < liminfP(W” (1) > w),

r—00 r—00
where W;* () and W;(-) are the diffusion-scaled workload processes under poli-
cies 7* and 7, respectively.

The second notion of asymptotic optimality is in terms of a quadratic holding
cost structure for the sequence of stochastic processing networks. Let h = (h; :i €
J) be a constant vector with i; > O for i € {. For the rth network, the diffusion-
scaled holding cost rate at time 7 is

(4.7) H (1) =Y hi(Z[ (1)

ied

DEFINITION 6. Consider a sequence of stochastic processing networks in-
dexed by r. An asymptotically efficient policy 7 * is said to be asymprotically opti-
mal for the quadratic holding cost if for any t > 0, n > 0, and any asymptotically
efficient policy m,

(4.8) limsupP(H..(r) > n) < lirrgggf[@(ﬁ; ) > 1),

r—00
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where I:I\;* (t) and I:I\; (t) are the diffusion-scaled total holding cost rates at time ¢
under policies 7* and 7, respectively.

To state our main theorems, we make two more assumptions on the sequence
of networks. One is a moment assumption on the unitized service times u ; (¢) and
the other is an assumption on the initial buffer level processes.

ASSUMPTION 3. There exists an ¢, > 0 such that, for all j,

(4.9) E[(u;(1))**"] < oo,

ASSUMPTION 4 (Initial condition). Asr — 00,

(4.10) Z"(0)=2Z"(0)/r — 0 in probability.

Assumption 3 requires that the unitized service times have finite 2 + ¢, mo-
ments. It was used by Ata and Kumar (2005) and it is stronger than some stan-
dard regularity assumptions such as in Bramson (1998). Assumption 3 will be
used in Section 7 to prove a state space collapse result for stochastic processing
networks operating under maximum pressure policies. Assumption 4 holds if the
initial buffer levels of the networks are stochastically bounded, namely,

lim limsupP(|Z"(0)| > 7) =0.
T rso00
Clearly, Assumption 4 implies that, as r — 00,

(4.11) W (0) — 0 in probability.

THEOREM 2. Consider a sequence of stochastic processing networks. Assume
Assumptions 1-4 and that the limit network satisfies the EAA condition. Each max-
imum pressure policy is asymptotically optimal for workload.

THEOREM 3. Consider a sequence of stochastic processing networks where
Assumptions 1-4 hold and the limit network satisfies the EAA condition. The max-
imum pressure policy with parameter o« = h is asymptotically optimal for the
quadratic holding cost in (4.7).

Theorem 2 says that, at every time ¢, asymptotically, the diffusion-scaled work-
load under any maximum pressure policy 7 * is dominated by that under any other
asymptotically efficient policy m in the sense of stochastic ordering. Theorem 3
says that, given a quadratic holding cost rate structure with coefficient vector 4,
the quadratic holding cost rate at every time ¢ under the maximum pressure policy
with parameter o = & is asymptotically dominated by that under any other efficient
policy in the sense of stochastic ordering.
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The proofs of Theorems 2 and 3 will be outlined in Section 5. Throughout this
paper, we shall assume Assumptions 1-4 and that the limit network satisfies the
EAA condition.

When the objective is to minimize a linear holding cost, our maximum pres-
sure policies do not achieve the asymptotic optimality. However, some maximum
pressure policies are asymptotically near optimal. In Section 9 we introduce the
notion of g-optimality and identify a set of maximum pressure policies that are
asymptotically e-optimal in terms of minimizing the linear holding cost.

5. An outline of the proofs. This section outlines the proofs of our main
theorems, Theorems 2 and 3. We first derive an asymptotic lower bound on the
workload processes under asymptotically efficient policies. Then we state a heavy
traffic limit result in Theorem 4, which implies that this asymptotic lower bound is
achieved by the workload process under any maximum pressure policy. The heavy
traffic limit theorem also implies the optimality of a certain maximum pressure
policy under the quadratic holding cost structure in Theorem 3. At the end we out-
line a proof for the heavy traffic limit theorem. The key to the proof is a state space
collapse result to be stated in Theorem 5.

We first derive an asymptotic lower bound on the workload processes under
asymptotically efficient policies. That is, we search for a process W* such that,
under any asymptotically efficient policy,

liminf (W’ (1) > w) > P(W*(r) >w)  forall 7 and w.
r—00

As before, we assume that the sequence of stochastic processing networks satisfies
Assumption 2. Hence, the one dimensional workload process W' is well defined
by (4.5) for each r.

We begin the analysis by defining a process Y = {Y"(¢),¢ > 0} for the rth
network via

(5.1 Y O)=(0-p)r—y -R'T(1).

Since p" is interpreted as the traffic intensity of the bottleneck pool, for each ¢ > 0,
p"t is interpreted as the average total work contributed to the bottleneck pool from
the exogenous arrivals in [0, z], and (1 — p")r represents the average total work
that could have been depleted by time ¢ if the bottleneck pool never idles. Because
of the randomness of the processing times, the bottleneck pool will almost surely
incur idle time over time, particularly when the system is not overloaded. Under
a service policy and its corresponding activity level process 7", the average total
work that has been depleted by time ¢ is given by

YRT (0= T/ )Y YR = Y TH®) ) v (=Rl).
j€ds ied JjE€dr ied
Note that, as in Section 3, for each service activity j € Js, > ;g Vi R} i is the

average work accomplished per unit of activity j, and that for each input activ-

ity j € $1, Xicy i (—R! ;) is the average work generated per unit of activity j.
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Therefore, Y" (¢) represents the deviation of the workload depletion in [0, #] from
that under the “best” policy. The following lemma says that this deviation does not
decrease over time.

LEMMA 2. Consider a sequence of networks satisfying Assumption 2. For
each r and each sample path, the process Y" defined in (5.1) is a nondecreasing
function with Y"(0) =0

We leave the proof to Appendix B.

REMARK. Some special stochastic processing networks, such as multi-
class queueing networks [Harrison (1988)] and unitary networks [Bramson and
Williams (2003)], have no control on the input activities. Then, Tj’ (1) is fixed for
all j € g; under different policies, and g, 77 (1) X icy y; (—R};) = p"t. For
these networks, one gets

Y'(t)=t— Y TI ()Y ¥Rl

j€gs ied

and Y7 (¢) is interpreted as the cumulative idle time of the bottleneck pool by time 7.
For each activity j, we define the process S; = {S; (t),t >0} by

n
i) = max{n DY uj(0) < M;z}.
=1
Under a head-of-line service policy, S; (t) is the number of activity j processing
completions in ¢ units of activity j processing time for the rth network. Then we
can describe the system dynamics of the rth network by the following equation:

ZID =200+ Y Y ®L (S TE1)
JEFi'eB;
(5.2)
— > ST} (®)Bji foreachs >0andi € 4.
jed

Since quantity TJ-’ (#) is the cumulative amount of activity j processing time in
[0, 1], S;(T’ (1)) is the number of activity j processings completed by time ¢,
and Zjeg S’(T’(t))BJl is the total number of jobs that depart from buffer i €
£ U {0} in [0, ¢]. For each activity j, > ;s 'e8; <I>j (S’(T’(t))) is the total number
of jobs sent to buffer i by activity j from 1ts constltuent buffers by time 7, so
Z]egl Y e 8; d>J (S’(Tr(t))) is the total number of jobs that go to buffer i by
time 7. Equatlon (5 2) says that the number of jobs in buffer i at time ¢ equals the
initial number plus the number of arrivals minus the number of departures.
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From (5.2), we can write the workload process W' = y" - Z" as

W) =WO)+> yf Z( > @{/i(S;(TJ-’(t))) - BjiS;(TJ.r(t))>.

ied JEF \i'eB;
Let X" (t) = W"(¢t) — Y"(¢) for each t > 0. Then

X' () =W O+ y Z( > @ (ST () — BjiSY(TY (r)))
ied JEF \i'eB;
—(1=pHt+y -R'T ().
We define the following diffusion-scaled processes:
(5.3) S50 =r"'1S50*) — Wit for each j € ,
5 &) (1) =r V@), (1)) — Plr¥]
foreach j € §,i' € B; andi € 4,
(5.5 X'@)=r"'X"(%),
(5.6) Y @)=r"'Y"(+%).
In (5.4) | t] denotes the greatest integer number less than or equal to the real num-
ber ¢.

Then the diffusion-scaled workload process W’ can be written as a sum of two
processes

(5.7) W) =X"(t)+ Y (1),
and

X'(0)=W O+ y Z( P HACHVHG))

ied jeg \i'esB;

(5.8) + ( Y Pl - Bﬁ>§;(T;(z))>
i'eB;
—r(1—p"t,
where
T:()=r2TI(¢?) and  ST0) =r 285020,

The process X depends on the policy only through the fluid-scaled process 7". In
fact, from Lemma 4.1 of Dai (1995) and (4.4), it follows that, under any asymp-
totically efficient policy, T" — x*(-) u.o.c. almost surely, where x*(¢) = x*¢ and
x* is the optimal solution to the static planning problem (3.1)—(3.5) of the limit
network. As a consequence, X" converges in distribution to a one-dimensional
Brownian motion that is independent of policies.
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LEMMA 3. Consider a sequence of stochastic processing networks operating
under an asymptotically efficient policy. Assume Assumptions 1-4. Then X' = X*,
where X* is a one-dimensional Brownian motion that starts from the origin, has
drift parameter 6 given in (4.2), and has variance parameter

0% = (y*Y(Zx;‘ wid T“>y* +2 2 O Rixjujo;

jeg i€B; ied jeg
with Y/, j € §,i € B, defined by

{Pﬂ,ilﬁl ~ P, ifii=is,

i,in

T =
Jj Jj p .
_Pi,i1 Pi,iz’ ifi] #ip.

i =

PROOF. First, Lemma 4.1 of Dai (1995) and (4.4) implies that Tr(~) —
x*(-) almost surely under any asymptotically efficient policy. Then, the result in
the lemma follows from (5.8), the functional central limit theorem for renewal
processes [cf. Iglehart and Whitt (1970)] the random time change theorem [cf.
Billingsley (1999), (17.9)], and the continuous mapping theorem [cf. Billingsley
(1999), Theorem 5.1]. Deriving the expression for o2 is straightforward but te-
dious; the derivation is outlined in Harrison (1988) for multiclass queueing net-
works, so we will not repeat it here. [

We define the one-dimensional reflection mapping v :ID[0, co) — DI[0, co)
such that, for each f € D[0, co) with f(0) > 0,

Y (f)(®) = f@)— inf (f(s)A0).
O<s<t
Applying diffusion scaling to Lemma 2, we know that Y () is a nonnegative,
nondecreasing function, so, from (5.7) and the well-known minimality of the so-

lution of the one-dimensional Skorohod problem [cf. Bell and Williams (2001),
Proposition B.1],

THOER 10410 for every  and every sample path;
namely, Y(X")(1) is a pathwise lower bound on W It then follows that
. . Ar . . Ar
h,IE},%fP(W (1) > w) > lirgng(W(X )(1) > w) for all  and w.
Define
5.9 W* =y (X™).

Then W* is a one-dimensional reflecting Brownian motion associated with X*.
Because X" = X*, by the continuous mapping theorem, we have

v(X") = W



2260 J. G. DAI AND W. LIN

Because W*(¢) has continuous distribution for each ¢, we have

lim_ P(y (X") (1) > w) = P(W*(1) > w).
Therefore,
(5.10)  liminfP(W' (1) > w) = P(W*(1) >w)  foreachand w.

So far, we have shown that W* is an asymptotic lower bound on the workload
processes under asymptotically efficient policies. The following heavy traffic limit
theorem ensures that the workload processes under any maximum pressure policy
converge to W*. This completes the proof of Theorem 2.

THEOREM 4. Consider a sequence of stochastic processing networks operat-
ing under a maximum pressure policy with parameter a > 0. Assume Assumptions
1-4 and that the limit network satisfies the EAA condition. Then

(5.11) W', Z") = (W5, Z"%  asr— oo,
where W* is given by (5.9) and
(5.12) VARSI Al
with ¢ being defined as
Vi
(5.13) o Wi
X i

An outline for proving Theorem 4 will be presented at the end of this section.
The full proof of Theorem 4 will be completed in Section 8. Theorem 4 is known
as a heavy traffic limit theorem. It states that the scaled buffer level process and the
scaled workload process jointly converge in heavy traffic as displayed in (5.11),
and the limit processes exhibit a form of state space collapse: in diffusion limit,
the I-dimensional buffer level process is a constant vector multiple of the one-
dimensional workload process as displayed in (5.12). Because buffers at nonbot-
tleneck pools may also contribute to the workload process (at the bottleneck pool),
the diffusion-scaled buffer level processes in these buffers do not go to zero in
heavy traffic limit, due to the idling nature of our maximum pressure policies. For
example, consider a network of two stations in series, known as the tandem queue
network. Suppose that the second station is critically loaded and the first station
is underloaded. Under any maximum pressure policy, by Theorem 4, the diffusion
limit for the buffer level process at the first station is a one-dimensional reflecting
Brownian motion. This result is in sharp contrast to the ones in Chen and Mandel-
baum (1991), in which they prove buffers at nonbottleneck stations in a single-class
network disappear in heavy traffic diffusion limit under the first-come—first-serve
nonidling policy.
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With Theorem 4, we now give the proof of Theorem 3.

PROOF OF THEOREM 3. We first derive an asymptotic lower bound on the
quadratic holding cost rate process under any asymptotically efficient policy. Con-
sider the following quadratic optimization problem:

(5.14) g"(w)=min ) hig}
q>0 %
ied
(5.15) st Y yigi=w.
ied

The problem (5.14)—(5.15) can be solved easily. The optimal solution is given by

af =0l /h) ) (Z(ymz/hw) fori 1,

i'ed

and the optimal objective value is given by

g =w/ (Z@{,)Z/h,-f).

i'ed

Then under any policy, for all », we have

H (1) =Y hi(Z] ()" = g W' (1)) = (W 1))* / (Z(y,-’/)z/hy).

ied i'ed

For any asymptotically efficient policy r,

.. = .. 71 2 2
llrn_l)gng(Hf, (1) >n)> ler_])logﬂP)((W; 1)) /(Z(yir/) /hl»/) > n)
i'ed
> P(g"(W* (1)) > n),
where g*(w) = wz/(zifel(y;‘/)z/h,-r). The second inequality follows from (5.10)
and the fact that y" — y* as r — oo.

Now consider the maximum pressure policy 7* having the parameter o = h.
From Theorem 4, we have

H . = X:hi(Z;k’h)2 as r — 0o.

n*
ied

Because

S hi(ZEh e =Y hi @t wr ) = g (W),

we have

rl_i)ngOIP’(ﬁ;*(t) >n) =P(g"(W* (1)) > n),
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thus proving inequality (4.8). [J
The key to the proof of Theorem 4 is the following state space collapse result.

THEOREM 5 (State space collapse). Consider a sequence of stochastic
processing networks operating under the maximum pressure policy with para-
meter a. Assume Assumptions 1-4 and that the limit network satisfies the FAA
condition. Then, for each T >0, as r — 00,

(5.16) 1Z7() = W O)llr — 0 in probability.

Recall that ||-]|7 is the uniform norm over [0, T']. [The readers should not confuse
the symbols 7 and T (-) with one another. We will always include “(-)” when
dealing with the cumulative activity level process 7'(-).] Theorem 5 states a form
of state space collapse for the diffusion-scaled network process: for large r, the
I-dimensional diffusion-scaled buffer level process is essentially a constant vector
multiple of the one-dimensional workload process.

The proof of Theorem 5 is lengthy. To prove it, we generalize a framework
of Bramson (1998) from the multiclass queueing network setting to the stochastic
processing network setting. The framework consists of two steps that we will fol-
low in the next two sections: First, in Section 6 we will show that any fluid model
solution for the stochastic processing networks under a maximum pressure policy
exhibits some type of state space collapse, which is stated in Theorem 6 in that sec-
tion. Then, in Section 7 we will follow Bramson’s approach to translate the state
space collapse of the fluid model into a state space collapse result under diffusion
scaling, and thus prove Theorem 5.

Once we have Theorem 5, we apply a perturbed Skorohod mapping theorem
from Williams (1998b) to complete the proof of Theorem 4 in Section 8.

6. The fluid model. In this section we first introduce the fluid model of a
sequence of stochastic processing networks operating under a maximum pressure
policy. We then show that any fluid model solution under a maximum pressure
policy exhibits a form of state space collapse.

The fluid model of a sequence of stochastic processing networks that satisfies
Assumption 1 is defined by the following equations: for all £ > 0,

(6.1) Z(t) = Z(0) — RT (1),
(6.2) Z(t) >0,
(6.3) > Ay(Tj0) = Tj(s)) =t —s

j€d

for each 0 < s <t and each input processor k,
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(6.4) > Agi(Tj(t) = Tj(s)) <t—s
jed
for each 0 < s <t and each processor &,
(6.5) T is nondecreasing and T(0)=0.

Equations (6.1)—(6.5) define the fluid model under any given service policy. Any
quantity (Z, T) that satisfies (6.1)—(6.5) is a fluid model solution to the fluid model
that operates under a general service policy. Following its stochastic processing
network counterparts, each fluid model solution (Z, T) has the following interpre-
tations: Z j(¢) the fluid level in buffer i at time ¢ and Tj (t) the cumulative amount
of activity j processing time in [0, ¢].

Under a specific service policy, there are additional fluid model equations. For
a given parameter o > 0, we are to specify the fluid model equation associated
with the maximum pressure policy with parameter «. To motivate the fluid model
equation, we note that for each fluid model solution (Z , 7_"), it follows from equa-
tions (6.3)—(6.4) that T, and hence Z, is Lipschitz continuous. Thus, the solution
is absolutely continuous and has derivatives almost everywhere with respect to
the Lebesgue measure on [0, c0). A time ¢ > O is said to be a regular point of
the fluid model solution if the solution is differentiable at time 7. For a function
f:Ry — R?, where d is some positive integer, we use f (¢) to denote the deriva-

tive of f at time ¢ when the derivative exists. From (6.3)—(6.4), one has T(1) €A
at each regular time ¢. Thus,

RT(t) - (o x Z(1)) franez%Ra (ax Z@)) =r;1€21§(Ra (ax Z(@)).

Assume that the limit network satisfies the EAA condition. The fluid model equa-
tion associated with the maximum pressure policy with parameter « takes the fol-
lowing form:

(6.6) RT(t) - (a x Z(1)) = max Ra - (o x Z(1))

for each regular time .

Each fluid model equation will be justified through a fluid limit procedure.
Two types of fluid limits are considered in this paper. One will be introduced in
Section 7 and the other in Appendix B. They both satisfy the fluid model equa-
tions (6.1)—~(6.6). Equation (6.6) says that, under the maximum pressure policy
with parameter «, the instantaneous activity allocation 7'(¢) in the fluid model
maximizes the network pressure, Ra - (o X Z(1)), at each regular time . Any
fluid model solution that satisfies fluid model equations (6.1)—(6.6) is called a fluid
model solution under the maximum pressure policy with parameter «.

THEOREM 6. Let (Z, T) be a solution to the fluid model equations (6.1)—(6.6),
where o > 0, and (R, A) is the first order network data for the limit network that



2264 J. G. DAI AND W. LIN

satisfies Assumptions 1 and 2. Suppose |Z(0)| < 1. Then there exists some finite
T9 > 0, which depends on just a, I, R and A, such that,

(6.7) |1Z(t) — W (@) =0 forallt > 1,

where W = y* - Z is the workload process of the fluid model and % is given
by (5.13). Furthermore, if

|Z(t1) — %W (1) =0 for some t; > 0,
then
|Z(t) =W (@) =0  forallt > 1.

Theorem 6 says that the fluid model under the maximum pressure policy ex-
hibits a form of state space collapse: after some finite time 7o, the I-dimensional
buffer level process Z equals a constant vector multiple of the one-dimensional
workload process W if this happens at time 71, it happens at all times after 7;. In

particular, if Z(0) = ¢*W(0), then Z(t) = ¢*W(¢) for all r > 0.
The rest of this section is devoted to the proof of Theorem 6. We first define

Z* (1) = W),
and we shall prove Z(t)—Z*(t) =0for ¢ large enough. The following lemma will
be used in the proof.
LEMMA 4. Foranyt >0,
(6.8) (Z@)—Z* 1) - y* =0,
(6.9) (Z(t) — Z*(1)) - (@ x Z*(t)) =0,
and for each regular time t,

(6.10) (Z(4t) — Z*1) - (@ x Z (1)) =0.

PROOF. Equality (6.8) follows because
ZX@) -y =Wt -y = W) =Z@) -y~
Because Z*(t) = CYW (),
(6.11) ax 20 =Wy / (Z(y;*)z/a,-).
ied
Then equality (6.9) follows from (6.8).
Finally, equality (6.10) follows immediately from (6.9). [J

Define V = {Ra:a € A}. Recall that #4 is the set of all possible allocations and
the vector Ra is the average rate at which material is consumed from all buffers
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under allocation a, so V is the set of all possible flow rates out of buffers in the limit
network. It is obvious that V is a polytope containing the origin because Rx* =0,
where, as before, x* is the optimal solution to the static planning problem of the
limit network. Furthermore, Corollary A.1 in Appendix A, applied to the limit
network, implies that

(6.12) max y* - v =0.

veV
Since y* - Ra is the rate at which the workload is reduced under allocation a,
therefore, (6.12) says that no feasible allocation can reduce the system workload
for the limit network, which is not surprising because the limit network is in heavy
traffic.
Define a (I — 1)-dimensional hyperplane

(6.13) Ve={veR :y" - v=0).

The hyperplane V¢ is a supporting hyperplane of V. Let V* =V N V°. Then
from (6.12) and (6.13), V* = argmax,cy y*-v; namely, V* is the set of all possible
flow rates that maximize y* - v. Since the origin is in both V and V?, V* is not
empty. Moreover, the following lemma says that V* contains a certain (I — 1)-
dimensional neighborhood of the origin.

LEMMA 5. There exists some 8 > 0 such that {v € V°:|jv|| <8} C V.

We provide a proof of Lemma 5 in Appendix B. A key to the proof is the com-
plete resource pooling assumption for the limit network; namely, the dual static
planning problem (3.6)—(3.10) has a unique optimal solution. The uniqueness of
y* ensures that the origin lies in the relative interior of one of the facets of V.

PROOF OF THEOREM 6. Let (Z, T) be a solution to the fluid model equa-
tions (6.1)—(6.6). We consider the Lyapunov function

fO =(ax(Z@)—Z*®D)) - (Z(t) — Z*(1)).

Letv(t) = RT (t); for each buffer i, v; (¢) can be interpreted as the net flow rate out
of buffer i at time t (total departure rate minus total arrival rate). Then it follows

from (6.1) that Z(r) = —v(¢), and we have
FO =2 x (Z() - Z*0)) - (@) - Z (1)

=2(a x (Z(t) — Z*(1))) - (—v(@)).
The second e;quality in (6.14) follows from (6.10) in Lemma 4.

Because T (t) € 4, we have v(¢) € V. Thus, y* - v(¢) < 0. This, together with
(6.11), implies that (@ x Z*(¢)) - v(t) < 0. Furthermore, the fluid model equa-
tion (6.6) implies that

(@ x Z(@))-v(t) = max (@x Z(@)) - v.

(6.14)
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Therefore, the last term in (6.14) is bounded from above as follows:

2(a x (Z(t) — Z*(1))) - (—v(1)) < —2(a x Z(2)) - v(2)
(6.15)

= —2max(a x Z(t)) - v.
veV

Since V* C V, we have

max (e x Z(1)) - v > max (e x Z(t)) - v
veV veV*

(6.16) _ _
=max(a x (Z(t) — Z*(1))) - v.

veV*

The second equality in (6.16) holds because of (6.11) and the fact that y* - v =10
for all v e V*.
If f(r) >0, let

820 =2"0)
I1Z(t) — Z* ()|
Then ||[v*|| =§ and y* - v* = 0. The latter fact follows from (6.8). Pick § as in

Lemma 5 and it follows from Lemma 5 that v* € V*. Therefore,

m%}i(a x (Z(t) — Z*(1))) - v > (a x (Z(t) — Z*(@))) - v*

(6.17) = —
=8f(t)/I1Z(t) — Z*@)|.

Combining (6.14)—(6.17), we have

(6.18) f@) <=28f O/ Z (1) = Z* ()| < =28 fmina;y/ f(t).

Therefore,

f() =0 for t > /f(0)/(8+/minjey o). Set 79 = /T max;ego, /(8+/min;cg ;).
Then f(t) =0 for t > 79, because

fO)=a x (Z(0) — Z*(0)) - (Z(0) — Z*(0)) =a x (Z(0) — Z*(0)) - Z(0)

< maxo; || Z(0)]> <1 maxa;.
ied ied

Here 7 depends only on «, R, A and I, because the set V is completely determined
by R and A and so is §.

Equation (6.18) also implies that for any 7y, if f(r;) =0, then f(t) =0 for
allt > 7. O
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7. State space collapse. In this section we translate the state space collapse
result of the fluid model into a state space collapse result under the diffusion scal-
ing, thus proving Theorem 5. We apply Bramson’s approach [Bramson (1998)] to
prove that, for each 7 > 0, as r — oo,

1Z"() = W' ()|lr = 0 in probability.

In Bramson’s approach, the following fluid scaling plays an important role in con-

necting Theorem 6 with Theorem 5: Foreachr =1,2,...,and m =0, 1, ...,
1
S;’m(t) — : (S%(rm + & mt) — S} (rm)) foreach j € ¢,
rom ’
o (1) = — (7 (S5(rm) + LErmt]) — @] (S7(rm)))
foreach j € 4,i € B;,
1
Tj”m(;) — : (Tjr(rm + & mt) — Tj’(rm)) for each j € ¢,
r,m
1
AROES : Z (rm + & mt) foreachi € {,
r,m

where &, ,, = |Z" (rm)| Vv r. Recall that 7] denotes the integer part of ¢.

Here scaling the processes by &, ,, ensures |Z""(0)| < 1, which is needed for
compactness reasons. Using index (r, m) allows the time scale to expand; we will
examine the processes over [0, L] form =0,1,...,[rT] — 1, where L > 0 and
T > 0 are fixed. Thus, the diffusion-scaled time [0, T'] is covered by [r7T] fluid
scaled time pieces, each with length L. Here [#] denotes the smallest integer
greater than or equal to ¢. For future references, we assume that L > 79 V 1, where
79 is the time when state space collapse occurs in the corresponding fluid model as
determined in Theorem 6.

We outline the proof of Theorem 5 as follows. First, in Proposition 1 below,
we give a probability estimate on the upper bound of the fluctuation of the sto-
chastic network processes X" (-) = (T""™(-), Z"™(-)). The estimates on the ser-
vice processes S (-) and the routing processes dD'l.’ ™) are also given. From
Proposition 1, a so-called “good” set §" of sample paths can be defined, where the
processes X" perform nicely for r large enough. On this “good” set, for large
enough r, the processes X" can be uniformly approximated by so-called Lip-
schitz cluster points. These cluster points will be shown to be fluid model solutions
under the maximum pressure policy. Since the state space collapse result holds for
the fluid model under the maximum pressure policy by Theorem 6, the network
processes X" asymptotically have the state space collapse. The latter result will
be translated into the state space collapse result for diffusion-scaled processes X"
as r approaches infinity.
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Note that in Theorem 6 the state space collapse of the fluid model does not hap-
pen instantaneously after time O if the initial state does not exhibit a state space
collapse. The fluid-scaled processes X" start from time 7m in the original net-
work processes. Hence, for m > 1, X™ do not automatically have the state space
collapse at the initial point. Such collapse can only be expected to occur in the
interval [tp, L]. However, for m = 0, the state space collapse happens at time 0
because of the initial condition (4.10), therefore, the collapse remains in the whole
interval [0, L]. For this reason, we separate the proof into two parts according
to the two intervals in the diffusion-scaled time: [0, L&, o/ r2] and [t0&r.0/ r2, T1.
Note that the two intervals overlap because of our assumption on the choice of L;
if 70&,.0/ r2 > T, the second interval disappears and the first interval covers the
whole interval [0, T'].

Propositions 2-5 develop a version of state space collapse for the interval
[t0&r0/ r2, T1. Proposition 2 shows that, on §’, the scaled processes X" (-) are
uniformly close to Lipschitz cluster points for large . Proposition 3 shows that the
above cluster points are solutions to the fluid model equations. In Proposition 4 we
use Propositions 2 and 3 and Theorem 6 to prove the state space collapse of the
fluid scaled processes X">"(-) in the time interval [z, L] on the “good” set §". The
result in Proposition 4 is then translated into diffusion scaling in Proposition 5 to
give a version of state space collapse for the diffusion-scaled process X (t) in the
interval [rosr,o/rz, T].

In Propositions 6-8, we show that the state space collapse occurs for the
diffusion-scaled process X () in the interval [0, L&, o/ r2]. The basic idea is the
same as the one described in the preceding paragraph except that now we only con-
sider the scaled processes with m = 0. The corresponding network processes start
from time 0, and by assuming the state space collapse happens at time 0 in As-
sumption 4, we have a stronger result for these types of processes: the state space
collapse holds during the whole time interval [0, L] instead of just in [tg, L]. In
fact, the scaled processes X"-O(-) are proved to be uniformly close to some cluster
points for which the state space collapse starts at time 0. These facts are stated
in Propositions 6 and 7. In Proposition 8 we summarize the state space collapse
result for the fluid-scaled process X" *O(-) on [0, L] and translate it into a result for
the diffusion-scaled process in [0, L&, o/ r2].

The results to be obtained in Propositions 5 and 8 are actually a multiplica-
tive state space collapse, as called in Bramson (1998). To obtain the state space
collapse result stated in Theorem 5, we will prove that &, ,,/r are stochastically
bounded at the end of this section.

7.1. Probability estimates. In this section we give probability estimates on the
service processes S;’m(~), the routing processes CIDI-J "™ (.) and the upper bound of
the fluctuation of the stochastic network processes X (-).
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PROPOSITION 1. Consider a sequence of stochastic processing networks
where the moment assumption, Assumption 3, is assumed. Fix ¢ > 0, L and T.
Then, for large enough r,

(1.1) B max 15" (1} (1) = W[ 77" (0] > €) <
foreach j € ¢,
(7.2) B max | &/ (S} (T 00) = P/} ) > e) <e
foreach j € §andi € B,

(7.3) IF’( sup X" () — X""™(11)| > Ntz — t1| + € for some m < rT) <e,

0<tj<H<L

where N = J(1 4+ |R]).

Recall that |R| = max;; R;;. The following lemma is essential to the proof of
Proposition 1.

LEMMA 6. Assume that the moment assumption, Assumption 3, holds. Then
for given T, and each j € §,

(7.4) u;’T’maX/r -0 as r — oo with probability 1,
where u;’T’max = max{u;(£):1 < £ < S;(rzT) + 1}. Furthermore, for any
given € > 0,

(1.5) P(|®! (@) — P/t||, > en) <e/n
foreach j € §andi € B;, and large enough n,

and for large enough t,

(7.6) P(|Sj(v) — w'itll: > €t) < €/t forall j € §,and allr.

We delay the proof of Lemma 6 to Appendix B, and we now prove Proposi-
tion 1.

PROOF OF PROPOSITION 1. The proof here essentially follows the same rea-
soning as in Propositions 5.1 and 5.2 of Bramson (1998). We first investigate the
processes with index m, and then multiply the error bounds by the number of
processes in each case, [r7T]. We start with (7.1).

Fix a j € 4, and pick any €1 € (0, 1]. Let t be the time that the first activity j
service completion occurs after time rm. We consider two cases. First suppose that
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T>rm+ & ,T rm(l) Then &, ,,T rm(l) <1T—rm< urTmax/MJ and S (rm +
EmT " (1)) —S;(rm) Thus,

” S; (rm +Sr,m T;’m(t)) — S;(rm) /’Ljsrm rm(t)”L u” Tmax‘

Orift <rm+& ,T j " (t), then by restarting the process S’ at time 7, we have,
by (7.6), that for large enough r,

P(|S5(rm + &mT]™ (1) = S5(0) — 1 (rm + & mT]™ (1) = 7) |, = €1LErm)

<e1/(Lr);
we use the fact that T "(t) <t and &, > r. Because S’(r) S; (rm)+ 1 and
T—rm< u;TmaX/,uJ, we have

P()| S5 (rm + & T)"™ (1))

— S5 rm) — Wik TP O] = 11— ;™| + € Ly )
<e/(Lr).

In both cases we have, for large enough r,
(IS (T7" @) = i TP O, = A+ uf ")/ + a1 L)

<e€1/(Lr).

(7.7)

From (7.4), we have, for large enough r,

(7.8) P@; "™ r > e) <.
Let M” denote the complement of the events in (7.8). Then, for large enough r,
(7.9) P(M") >1—¢.
Then we have, for large enough r,
P{(IS7™ (7™ @) = Wi TP () = (L +2)er) N M]
(7.10) < P[(IS}" (7" (1) — wi T ().
> (1 + ;7™ /6 + e L) N M),

In (7.10) we let r be large enough so that 1/&,,, <€ and, hence, (1 + ur T, maxy
&.m < 2e¢; for all events in M".

It then follows from (7.7) and (7.10) that

@11 P[(1S7" (7™ @) = Wi T (0]l = (L +2)e1) N MT] < €1/ (Lr).
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Inequality (7.11) holds form =1, ..., [rT7]. It then follows that
P (max 1577} 1) = W} Wl = L+ D ) 01|

merT I J it

<[rTlei/(Lr) =€ T.
Then we have

B max 157" (17" 0) = 117" Ol = (L +2)e1

merT ' J J it

<eT+ (1 —=P(M") < (T + De.

Since €1 can be chosen arbitrarily, we let e; =1 A €/((L +2) Vv (T + 1)). Then
(7.1) follows.
Let ;™ be an upper bound on |”|. Then from (7.11), for large enough r,

P(S7™(T]™(L) = (W™ L + L +2)) N M"] < €1/(Lr).
From (7.5), replacing n by (u™**L + L + 2)&, ,,, we have for each i € B,
Jrsm  oF,m o et,m J orm r,m
P[(10]"" (S} (TF™ (1)) — P/ ST (T/™ (1),
(7.12) >e (W™ L+L+2)NM]
<e/(W™ L+ L+2)r)+e/(Lr).

Let PMaX — maxjeg,ieB; Pij. Then from (7.11), we have

P[(I1P/ S (7™ (1) — P T7" (0]l = P™ (L +2)e1) N M]

(7.13) '

<ei/(Lr).
It follows from (7.12) and (7.13) that

P[(I®]"" (7™ (T (1)) — P iy (T) ™ ().

> e (P™ 4+ ™+ (L +2)NM"]
<5e€1/Q2Lr).
This inequality holds for m = 1,...,[rT], so setting € = 1 A €/
[((P™aX 4 u™MaX + 1)(L 4+2)) vV (5T 4 1)], one gets
P[(max D™ (ST (T (1)) — P (TP (1) || > e> N M] <5Te.
m<rT ! J J A

Thus, (7.2) follows.
Now we are going to show (7.3). First, it is easy to see that, for each j € ¢ and
each r,

Tjr(t)—Tjr(s)ft—s forO0<s <t
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along any sample path. Therefore, the bounds in (7.3) on components T are ob-
tained with N = 1. For components Z;,i € [, scaling (5.2) and applying (7.1)
and (7.2) gives that for any €, > 0 and large enough r,

P( sup | Z7" (1) — 27" (1)

0<tj<n<L

(7.14) > Z(|R{J-|)|Tjr’m(t2) —T;"(1)] + 2J(L+2)e; for some m < rT)
j€gd
<2JA+2)es.

Since R” — R as r — oo, we can choose r large enough so that |[R"| < |R| + 1.
Then, setting ¢ = ¢/(2J(I 4+ 2)) in (7.14) and N = J(1 + |R]), one gets (7.3). [J

Let 7min > 0 be the minimum r such that (7.1)—(7.3) are satisfied for some € > 0.
Now for each r > rpin, we let €(r) be the smallest € such that (7.1)—(7.3) are
satisfied. By Proposition 1, it is easy to see that

rll)rgoe(r) =0.

With €(r) replacing €, we call each of the events in (7.1)—(7.3) a “bad” event. We
let ¢ denote the intersection of the complements of these “bad” events, and the
events in " are referred to as “good” events in the rest of this section. Obviously,

Jlim P =1

7.2. State space collapse on [Snoro/rz, T]. Again,letL>1Vvrand T >0
be fixed. We divide the diffusion-scaled time interval [0, 7] into two overlapping
intervals: [0, &, oL/ r2] and [&r.0T0/ r2, T1. In this section we show a state space
collapse result on the time interval [&, oTo/ r2, T]. The state space collapse on
[0,&.0L/ r2] will be presented in the next section.

In order to connect the fluid-scaled processes with the fluid model, we first intro-
duce the notion of cluster point. Let F = D?[0, L] be the space of right continuous
functions with left limits from [0, L] to R™*J, where d =T+ J. Let € = {F,} be a
sequence of subsets of F'. A point f in F is said to be a cluster point of C if for
each € > 0 and rop > 0, there exist r > rp and g € F, such that f — g; < €. The
sequence { F,} is said to be asymptotically Lipschitz if there exist a constant ¥ > 0
and a sequence of positive numbers {e(r)} with €(r) — 0 as r — oo such that for
each r all elements f € F; satisfy both

(7.15) | f(0)] <1

and

(7.16) |f(t) — f)| <kl —t1| +€@) forall 71,1 € [0, L].
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Let F’ denote those f € F satisfying both (7.15) and
(7.17) |f () — fD]l =« —1] forall 71,1, € [0, L].

The following lemma is due to Bramson (1998). We state it here for complete-
ness.

LEMMA 7 [Bramson (1998), Proposition 4.1]. Assume that C is asymptoti-
cally Lipschitz. For each € > 0, there exists an rg, so that for each r > ry and
g€ F,,onehas | f — gllL <€ for some cluster point f of C with f € F'.

Lemma 7 says that the cluster points are “rich”: for large r, all elements in F;
can be uniformly approximated by cluster points.

We set
Fg={X"(,0),m<rT,0€§") for each r
and
(7.18) Fo = (F]).

From the choice of our fluid scale &, ,, and the definition of 7" (-), it follows that
IX"M(0)] < 1.

It follows from (7.3) in Proposition 1 that the sequence of sets of scaled stochastic
processing network processes X" (-) is asymptotically Lipschitz. Lemma 7 im-
mediately implies the following proposition which says that, for large r, X" (.)
are uniformly close to cluster points that are Lipschitz continuous.

PROPOSITION 2. Fixe >0, L and T, and choose r large enough. Then, for
we§ andanym <rT,

X" 0) =X)L <€
for some cluster point X() of Fg with X()eF'.

The next proposition says that if the stochastic processing networks operate
under a maximum pressure policy, then each cluster point of ¥, satisfies fluid
model equations (6.1)—(6.6), and thus is a fluid model solution to the fluid model
operating under the maximum pressure policy.

PROPOSITION 3. Consider a sequence of stochastic processing networks op-
erating under a maximum pressure policy. Assume Assumptions 1 and 3 and that
the limit network satisfies the EAA condition. Fix L > 0 and T > 0. Then all clus-
ter points of ¥, are solutions to the fluid model equations (6.1)—(6.6) on [0, L],
and they are all in F'.
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PROOF. The idea is to approximate each cluster point of ¥, with some X"
on §’ and show that the equations (6.1)—(6.6) are asymptotically satisfied by X">".
We will only demonstrate equations (6.1) and (6.6); the others are quite straight-
forward and can be verified similarly. Let X = (Z, T) be a cluster point. We first
verify equation (6.1). For any € > 0 and all » that are large enough, there are w € §"
and m < rT such that

(7.19) ST (T (@0) = Wi TE" (1)L < e for each j € ,
(7.20) @] """ (ST (T (1)) — P i T (1)L < €
foreach j € ,i € 8Bj,

(7.21) 1Z() = Z"™" ()L <e,
(7.22) ITC) =T ()L <e,
(7.23) IR" — R| <e.

Scaling (5.2) and plugging in the bounds in (7.19) and (7.21), we have
|27 () — Z"™(0) + R'T""(1)| < 2e forall r € [0, L].
From (7.22) and (7.23), we have, for each ¢ € [0, L],
|R"T""(t) — RT ()| < |R"(T""(t) = T ()| + |(R" = R)T (1)
<NJe+eNL].
Recall that N > sup, |R"|. It then follows that, for each t < L,

1Z(t) = Z(0) + RT ()| < |Z(t) = Z""™ (1) + 127" (0) — Z(0)]
+IR'T"™(t) — RT (1))
+1Z"M(t) = Z"0) + R T (1)
< @G+ NLJ+ NJe.

Thus, equation (6.1) is satisfied by X because € can be arbitrarily small.
To show equation (6.6), first observe that, for any allocation a € A,

\pala, Z(t)) — ph(a, Z"" (1) = la x Z(t) - Ra — o x Z"™(t) - R"a|
<lal(|Z(t) - (Ra — R"a)|
(7.24) +(Z(t) — 2"™(1)) - R"al)
<la|((NL+ 1)1Je + €lJN)
=(NL+ N+ 1)a|LJe.

In (7.24), p,,(a,q) = (« x q) - R"a is the network pressure for the rth network,
associated with the parameter «, under allocation @ when the queue length is ¢.
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Denote &* = argmax,cg py(a, Z (¢)) as the set of maximum extreme alloca-
tions under buffer size Z (1). Because the limit network satisfies the EAA condi-
tion, we can choose an a* € &* such that Z,- (t) > 0 for each constituent buffer i
of a*. Denote J(a™) the set of constituent buffers. Namely,

d(a*) = {i:ZajBﬁ >0}.
j

Then Z;(t) > O foralli € 4(a*). i
Suppose a € & \ &*. Then py(a, Z(t)) < max,ce po(a’, Z(1)). Since

pala*, Z(t) = max pe @, Z{))

and min; ¢ g4 Z; (t) > 0, by the continuity of X(-), there exist € >0 and § > 0
such that, foreach t €[t — §,¢t + 8] and i € L(a™),

(7.25) pala, Z(v)) + €1 < po(a*, Z(r)) and Z;i(t) > €.

For sufficiently large r, we can choose € small enough such that (NL + N 4 1) x
l|IJe < €1/3. It follows from (7.21), (7.24) and (7.25) that, forall T € [t — §, ¢ +
81,

pala, Z"" (1)) + €1/3 < py(a*, Z"" (7)),
Z7" (1) = €1/2 for each i € 4(a™).
Choosing r > 2]J /€1, foreach t € [rm + &,.,,(t — &), rm + &, ,, (t 4+ 6)], we have
(7.26) Pala, Z' (1)) < pola®, Z' (1)),
(7.27) Zi(v)=] for eachi € 4(a™).

Condition (7.27) implies that a* is a feasible allocation at any time t € [rm +
Em(t—58),rm+& ,(t+0)], thatis,a™ € &(r). Following (7.26) and the definition
of a (preemptive-resume) maximum pressure policy, the allocation a will not be
employed during time interval [rm + §.,,(t — &), rm + &, ,, (¢t 4 8)]. Therefore,
only the allocations in &* will be employed during this interval.

For each a € &, denote (T%)" (¢) to be the cumulative amount of time alloca-
tion a has been employed by time ¢. Because only allocations in & are employed
under a maximum pressure policy, we have that, for each r and all 7 > 0, under a
maximum pressure policy,

> T @) =t
acé

Furthermore, since the employment of allocation a for one unit of time contributes
to a; unit of activity j processing time, we have

T"(1)=>_a(T* ().

acé



2276 J. G. DAI AND W. LIN
Then it follows that

(a x Z(t)) - (R[T" (rm + &t +8)) — T" (rm + & (t — 8))])

= (a x Z(t)) . (R[Z a((T* (rm + &-m(t +9))

acé

— (T (rm + & m(t — 5)))})

=Y (@ x Z®)) - Ra)[(T*) (rm + &-m(t +8))

acé
- (Ta)r(rm + Sr,m (r— 5))]
= > ((@x Z®)) - Ra)[(T") (rm + &-m(t + )

ac&*

(7.28)
— (T (rm + & m(t —8))]

= (rgeaé((oe x Z(1)) - Ra) Z (T (rm + & (t +6))

acg*

— (T (rm + & m(t = 8))]

= <1‘111€aé((a X Z(t)) . Ra) Z[(Ta)r(rm +&.m(1 +9))

aeé

— (T (rm+&.m(t —93))]
= 2gr,m5<mag(a x Z(1)) - Ra>.

The second and fourth equalities in (7.28) hold because only allocations in &* will
be employed during [rm + &, ,,(t — §), rm + &, (t 4 §)]; the third holds because

every allocation a € &* has the same network pressure equal to max,eg (o X Z (1)) -
Ra. From (7.28), we have

(@ x Z()) - R(T"™(t +8) — T"™(t — 8))/28 = max(a x Z()) - Ra.
ae
Because € in (7.22) can be arbitrarily small, we have
(@xZ@®)-R(T(t+8)—T(t—8))/28= max(o x Z(t)) - Ra,
ae

and by letting § — 00, (6.6) is verified.

Since X and X" are uniformly close and X" satisfies (7.15) and (7.16), it
i§ straightforward to verify that X satisfies both (7.15) and (7.17), thus showing
XerF'. O
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Since every fluid model solution under the maximum pressure policy satisfies
(6.7) by Theorem 6, Proposition 3 implies that any cluster point X of ¥, satisfies
(6.7). That is,

1Z(t) = ¢* WDl =0  fort =19,
where W (1) = y* - Z(t). Define
ARG VAR
Because the fluid-scaled stochastic processing network processes can be uniformly
approximated by cluster points, it leads to the following proposition.
PROPOSITION 4. Fix L > 19, T > 0 and € > 0. For r large enough,
|Z5M (@) — c“WRM (D)) < e forall0<m<rT,7p<t<L,we§g .
PROOF. From Proposition 2, for each € > 0, large enough r, and each
0<m <rT and w € §", we can find a cluster point X such that
1Z() = 2" Ol <e.
From Proposition 3 and Theorem 6, we have
|Z(t) — W ()| =0 for t > 70.
Then, for each ¢ > 19,
(729) |Z"" (1) = L“W" ™ ()] < 27" (1) = ZWO] + ¢ W (1) = ¢* W™ ().
Because y" — y* as r — 00, for large enough r,
Y =yl <e.
Let k = (sup, [¥"]) V [¢¥| < 0o. Then we have
(WD) = WOl < 1y* - Z@0) =Y - ZO+ 1y - Z(@0) =y - 27" (0)]
<X(e|Z(t)| +xe) < (NL+ 1 +x)le.

The last inequality follows from the fact that Zt)<N L+ 1forall 7 < L. Note
that Z(¢) € F' and thus satisfies (7.17). One also gets W(r) < k(NL + 1) since
|y*| < k. From (7.29), we have

| Z5" (@) — W ()| < e +k(NL+ 14 «)le.
The proposition follows by rechoosing €. [

We need to translate the results in Proposition 4 into the state space collapse
results for diffusion-scaled processes. First we can express Z">" (¢) by Z" via

ZV,M(t)zLZr(tSV,m-i_rm)_ 1 2r(t§r,m +m)’

r,m r? ér,m r
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where ér,m =&, n/r. The time interva_l [0, L] for thfi fluid-scaled process Z"™"
corresponds to the time interval [(m + &, ,,70) /F, (m + &, L) /r] for the diffusion-
scaled process Z". Proposition 4 immediately leads to the following.

PROPOSITION 5. Fix L > 79, T > 0 and € > 0. For r large enough and each
m<rT,
1Z7(6) = ¢ W' (0)] < &rme

(7.30) ) _
forall (m + &, yt0)/r <t <(m+& ,L)/r, € §".

Proposition 5 gives estimates on each small interval for |2’ (t) — {“W’ ).
We shall obtain the estimate on the whole time interval [0, 7], and then show
that £, ,, are stochastically bounded. The following lemma ensures that for large
enough L, in particular, for L > 3Nt + 1, the small intervals in Proposition 5 are
overlapping, and therefore, the estimate on [ér,oro /r, T] is obtained.

LEMMA 8. Forafixed T > 0 and large enough r,
ér,m+1 = 3N§r,m

forwe g andm <rT, where N is chosen as in Proposition 1.

PROOF. By the definition of §,
|Z"" (1) = Z"" ()| < Nty — 11| + 1
for t1,2, € [0, L] and m < rT. Setting t; = 0 and t, = 1/£,.,,, we have
(7.31) | Z"((m 4+ 1)/r)| = 12" (m/r)| < N + & .
From the definition of ér, m+1, we have
Erm1 =2 ((m+ D/r)| v 1
<(1Z"m/D+ N +&) V1
< N +2&m <3N& .
The first inequality follows from (7.31), and the second inequality follows from

the definition of N and &, ,,. U

7.3. State space collapse on [0, &, 0L/ r2]. Now we shall estimate |2’ (t) —
YW’ (1)| on the interval [0, E.0L/r] = [0,&.0L/r?]. This will be given by the
initial condition (4.10) and the result in the second part of Theorem 6.

Condition (4.10) implies that

7"%(0) - 0 in probability.
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Then, for each r > 0, we let
(7.32) €1(r) =min{e : P(Z2"°(0) > €) < €.
It follows from (7.32) that
rll)ngo €1(r) — 0.
Now let L be the intersection of §" and the event
z"0(0) < e1(r).

Obviously, lim;_, oo P(L") = 1.
We define

fio = {For}
with
Fr = (X0, w),we L£7).

Parallel to Proposition 2, we have the following proposition which states that
F, can be asymptotically approximated by cluster points of F,.

PROPOSITION 6. Fix e >0, L >0 and T > 0, and choose r large enough.
Then, for w € L",
IX0¢, ) =X)L <€
for some cluster point X(-) of ¥, with X(:) € F'.

PROOF. Since both (7.15) and (7.16) are satisfied by X0, the result follows
from Lemma 7. [

PROPOSITION 7. Fix L > 0. Then for any cluster point X() of %o,
Z()=c*W@)  forte[0,L].
PROOF. Since any cluster point of ¥, is automatically a cluster point of ¥y,
therefore, it satisfies all the fluid model equations. It suffices to show that
(7.33) 1Z(0) = " W(0)| =0,

which, together with Theorem 6, implies the result. In fact, we have Z 0) =0,
since for any given § > 0, one can choose r large enough and w € L£" such that
1Z(0) — 2"%(0)| <8, and Z"0(0) <5. O

Propositions 6 and 7 immediately lead to the following proposition, which is
parallel to Propositions 4 and 5.
PROPOSITION 8. Fix L and € > 0. For large enough r,
1Z79) — W) <e  forall0<t<L,we L
and
(7.34) |Z"(t) — W' (1)| <&.0¢  forall0<t <& oL/r,we L.



2280 J. G. DAI AND W. LIN

7.4. Proof of Theorem 5. Propositions 5 and 8 together give the multiplicative
state space collapse of the stochastic processing network processes. To prove the
state space collapse result stated in Theorem 5, it is enough to prove that &, ,, are

stochastically bounded. We first give an upper bound on £, ,, in terms of w".

LEMMA 9. If|2’(m/r) - {“W’(m/rﬂ <1, there exists some k > 1 such that

Erm <i(W"(m/r) v 1).
PROOF. Because &, ,, = |Z"(rm)| v r, we have
Srm =127 (m/r)| Vv 1< g W (m/r) + 1< 2(1¢ W (m/r) v 1).
The result then follows by choosing k =2(|¢%|Vv 1). O

The following proposition will be used to derive an upper bound on the oscilla-
tion of W".

PROPOSITION 9. Consider a sequence of stochastic processing networks op-
erating under the maximum pressure policy with parameter o. There exists €y > 0
such that, for large enough r, and any 0 < t| < tp, if W’ (1) > J/(reg) and
\Z7 (1)) W' (1) — C%| < €o for all t € [11, 1o], then

Y (1) =Y"(11).
PROOF. First, we can choose 0 < €9 < min{¢*/2:¢7 > 0} so that for all i
with ¢* > 0 and all ¢ € [t1, 12], we have
ZL0) = W (D& = e0) = W (eg = I/
That is, for all i with ¢ > 0,
(7.35) Zi(t)y=J  forall T € [F?1, r’n).
Define
&* =argmax y* - Ra = argmax(a x £%) - Ra.
acé aecé
The second equality follows from the fact that @ x ¢* =y*/> Jl((yi"‘)2 /o).

We now show that at least one of the allocations in &* is feasible during
[r2t1, r*t2]. Define Ja)={ied: ZJ- Bjiaj > 0} to be the constituency buffers of
the allocation a. One sufficient condition for an allocation a to be feasible at time
t is that Z; () > J for all i € {(a). Because the limit network satisfies the EAA
condition, replacing ¢ by y* in Definition 4 implies that there exists an allocation

a* € & such that y; > 0 for each i € {(a*); namely, all constituency buffers of
a* have positive y/’s. Since y* > 0 implies ¢ > 0, it follows from (7.35) that
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Zi(r) > Jforall T e [r?t1, r’ty] and i € 4(a*). This implies that a* is a feasible
allocation during [r2ty, r2t].

Next, we will show that if €q is chosen sufficiently small, only allocations in &*
can be employed under a maximum pressure policy during [r?f;, r>t,]. Let

€1 =|y*- Ra* — max *-Ra>>0.
! (y ac\E* Y
Set

ko =supmax|R"a| and k= Z((y;")z/a,-).
roacé ied
Choose r large enough such that |(y*)'(R" — R)| < €y. Then for each allocation
a €&\ & and each T € [r211, rt),
(@ x Z'(v))-R"a* — (@ x Z" (1)) - R"a)/ W' (1)
B (a x Z" (1)
IR
+ O Ra* —y* - Ra*)/x1 + (y* - Ra* — y* - Ra) /x|

—ozx{“)-Rra*

(7.36)
. o . aXZO\ L,
+(yRCl—yRCl)/K1+ OlX; _Wr—('[) -R'a
> —laleprol — €oJ /K1 + €1 /K1 — €0 /K1 — |a]egrol
= (61 — 2(Ja|kox1] +J)60)/K1.
Thus,

pa(@*, Z"(v)) = pgla, Z'(r)) = W' (z)(e1 — 2(lalko T+ Deo) /xc1.
Set €9 = €1/ (B (ko1 I+ J)) Amin;ey{¢*/2: ¢ > 0}, then
(7.37) ph(a*. 2" (0) = pha. 2" (x)) > 0.
Obviously, €y depends only on «, R and A. Equation (7.37) implies that the pres-
sure under allocation a* is strictly larger than that under allocation a. It follows
that only the allocations in &* can be employed during [r2t1, r2t:]. Therefore, for
large enough r,
Y R(T'P0) =T () = 3V - RMa((T9) () — (T4 (1)
aeé
=Y Y - Ra((TY () = (T (1))
ae&*
= > (U =p")(TY (Pr) = (T (1)
aek*

=(1—p")(r’n—r’n),

(7.38)
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where the tllird equalAity follows from Lemma 10 below. Equations (7.38) and (5.1)
imply that Y" () — Y"(¢;) =0. O
LEMMA 10. Foreach a* € §* = argmax,cg ¥y* - Ra and large enough r,

y -R'a*=maxy -Ra=1-p".
aecé

The proof of Lemma 10 will be provided in Appendix B. We now complete the
proof of Theorem 5.

PROOF OF THEOREM 5. We only need to show that ér,m are stochastically

bounded. We first fix an € > 0. Because W’ (0) is stochastically bounded, there
exists a k1 such that, for r large enough,

P(W(0) <k1)>1—e.

Recall that the process X*, defined in Lemma 3, is a Brownian motion, so it has
continuous sample path almost surely. Therefore, there exists a «; such that

P(OSC(X*, [0, T+ L) < K2/2) >1—€/2,
where

Osc(f,[0,1D) = sup  fl(r2) — f (1)l

0<t; <<t
Since X" converges to X* in distribution, for large enough r,
P(Osc(X",[0,T + L)) <k2) > 1 —e.
Meanwhile, because
1Z"(0) — ¢*W"(0)] = 0 in probability,
we have
P(1Z"(0) = ¢*W'(0)| <€) = 1 —¢

for r large enough.
Define

F€ = {w: W (0) <1, 0sc(X", [0, T + L)) < k2,
and | Z"(0) — ¢*W' (0)] <€}
Then for r large enough,
P(H™€) > 1 — 3e.

Furthermore, we can choose r large enough such that Propositions 5 and 8 hold
with € replaced by €/k (k1 + 2 + 1) and P(L") > 1 — €, where k is given as in
Lemma 9. Note that P(.L") — 1 as r — o0.
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Denote N7€ = L7 N F"€, then for all r large enough,
P(N"€) > 1 —4e.

Now we are going to show that if € < €, Er,m <k(k1 +x2+ 1) on N"€ forall r
large enough and m < rT. In fact, we are going to show the following is true on
N"€ for all r large enough and m <rT:

(7.39) |Z"(m/r) — ¢“W" (m/r)| <e,
(7.40) Erm < k(K1 + Ko + 1),
(7.41) 1Z"(t) — W (1) < e forall0 <t < (m+&.,L)/r,

(m+§r.mL)/r =,
This will be shown by induction. When m = 0, (7.39) obviously holds on N "€,
and
E0<k(W O V1) <k V1) <kl +ra+1).
Meanwhile, from (7.34), replacing € by €/k (k1 + k2 + 1), we have
1Z"(t) — oW (1) < e forall € [0, &.oL/r].

Then from Proposition 9, with r > 2J /¢, we have

EoL/r oy
/0 i oy 477 () = 0.

Now we assume that (7.39)—(7.42) hold up to m, and we shall show they also hold
for m 4 1. First, (7.41) for m directly implies (7.39) for m + 1 because &, ,, L > 1.
Next, because (5.7) and (7.42) hold, and by Theorem 5.1 of Williams (1998b), we
have

Osc(W”, [0, (m + &, L)/r]) < Osc(X", [0, m + & .mL)/r]) + 1 < K2 + 1.

Note that, because m < rT and (7.40), we have (m + ér,mL)/r < T+ L for r large
enough. It then follows that

Ermr1 < k(W ((m+1)/r) V1)
< k(W (0) + Osc(W", [0, (m + 1)/r]) v 1)
<k (W' (0) + Osc(W", [0, (m + &-mL)/r]) V 1)
<k(ky1+ K2+ 1).
This fact and (7.30) imply that
127 (1) = ¢ W' ()| <€
forallz € [(m + 1 + & my170)/r, (m + 1+ & my1 L)/ r].
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We choose L > 3Nty + 1. Then Lemma 8 implies ér,mL/r >(1+ ér,m_s_lro)/r. It
follows that

1Z"(6) = t“W' ()| <e  forallr €[0, (m+1+E& mp1L)/r].

Then again Proposition 9 gives

(m+l+§r,m+1L)/r >
A I(Wr(y)>1)dY (S) =0.
Therefore, we can conclude that §r,m <k(ki+Kky+1)forall 0 <m <rT, which
implies
1Z"'() = ¢* W' (Dllr <€ on N

for all large enough r. Theorem 5 follows because € can be chosen arbitrarily
small. O

8. Heavy traffic limit theorem. In this section we prove the heavy traffic
limit theorem, Theorem 4. Our proof employs an invariance principle developed
in Williams (1998b) for semimartingale reflecting Brownian motions (RBMs), spe-
cialized to the one-dimensional case.

Recall that the constant € is defined in Proposition 9. For each r, define process
8" ={8"(t):t =0} as

8 ()= (1Z"(t) — ¢“W" (1) v (23 /1)) /e0.

It follows from the state space collapse theorem, Theorem 5, that §* — 0 in prob-
ability as r — oo. Now, for each r, define processes y" = {y"(t):t > 0} and
W' ={W"(t):t >0} as

YO =W @A @) and W (@t)=W () —y ().

Since §" — 0 in probability as r — 0o, y” — 0 in probability as r — co. Itis easy
to see that W (r) = (W' (¢t) — 8" (¢)) v 0 > O for all r > 0. Now we claim that

(8.1) fooo W (s)dY" (s) = 0.

To see this, it is enough to show that for any 0 < 1] < 1, Y (1) = Y "(t1) whenever
wr (t) > 0 for all 7 € [1, 12]; see, for example, Lemma 3.1.2 of Dai and Williams
(2003). Suppose that W’(t) > 0 for all ¢ € [t1, ;]. Then wr (t) > 6" (¢) for all
t € [t1, 12]. The latter condition implies that W’ (t) > 2J/(reo) and | Z" (£) /W' (1) —
% <¢p forall r €[], 12]. It follows from Proposition 9 that Y’ () = Y’ (t1), thus
proving (8.1).

By Theorem 1, the maximum pressure policy is asymptotically efficient, and
thus, by Lemma 3, X converges in distribution to the Brownian motion X* as
r — 00.

Therefore, we conclude that the processes (W’, X r 17’) satisfy the following
conditions:
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G W=X"+Y",
(i) W' =W’ 45", where W (t) > 0 forall # > 0, and " — 0 in probability
asr — 0o,
(iii) X" converges to the Brownian motion X™* in distribution as r — oo.
(iv) With probability 1,

(@) Y"(0) =0,
(b) Y is nondecreasing,
© [o° W (s)dY"(s)=0.

Since we have a one-dimensional case, condition (II) of Proposition 4.2 of
Williams (1998b) is satisfied, and consequently, condition (vi) of Theorem 4.1
of Williams (1998b) holds. It then follows from Theorem 4.1 of Williams (1998b)
that W" converges in distribution to the reflecting Brownian motion W* = ¢ (X*).
The convergence of 7" to £ W* follows from the state space collapse result (5.16).
Thus, we have completed the proof of Theorem 4. O

9. Linear holding cost. In this section we discuss the asymptotic optimality
in terms of a linear holding cost structure for the sequence of stochastic processing
networks. For each network in the sequence, we assume that there is a linear hold-
ing cost incurred at rate ¢; > 0 for each job in buffer i. Let ¢ be the corresponding
vector. For the rth network, the total holding cost rate at time ¢ is

©.1) C'ty=c-Z"(1).
__ Define the diffusion-scaled linear holding cost rate processes of the rth network
C"={C"(t),t =0} via
C"(t)=C"(r*n)/r.
Clearly, C" (1) =c - Z"(t) for t > 0.

DEFINITION 7. Consider a sequence of stochastic processing networks in-
dexed by r. For a given ¢ > 0, an asymptotically efficient policy * is said to be
asymptotically e-optimal for the linear holding cost if for any t > 0,1 > 0, and
any asymptotically efficient policy 7,

9.2) lirn_l)solip P(CL.(t) > 1) < liminfP((1 + e)CL(1) > 1),

where 67’1* (t) and 6,’, (t) are the diffusion-scaled total holding cost rates at time ¢
under policies 7* and 7, respectively.

THEOREM 7. Consider a sequence of stochastic processing networks where
Assumptions 1-4 hold and the limit network satisfies the EAA condition. For any
given & > 0, there exists a maximum pressure policy w* that is asymptotically e-
optimal for the linear holding cost.
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PROOF. Firs, we note that under any policy, for all r,
Cry=c 270 = (minei/sf ) W70
Let ¢ € argmin; ¢y ¢; /y;". Then for any asymptotically efficient policy 7,
liminfP(Cy, (1) > n) = liminf P((c./y)) Wy (1) > 1) = P((c./yIW* () > n).

The second inequality follows from (5.10) and the fact that y" — y* as r — oo.
Now consider a maximum pressure policy 7* with parameter @ given by

o = Lcivie/ e x y*D), i=t,
YT, otherwise.

Because Y (vi)? /i = (y1)* /. = yille x y*|/cie, we have ¢itf < ¢,e/(yfD)
foralli #¢and ¢, g <c./y/.
From Theorem 4, we have

-~
r

T = ¢ Z"" as r — 00.

Because

YaZPN0) =) W) < e/ yHWHO (1 + o),

we have
Tim P(Cha (1) > n) <P((e/y)W* (D) (1 +8) > n).
Then (9.2) follows. [

Theorem 7 says that, for any ¢ > 0, one can always find a maximum pressure
policy such that, for any time 7, the total holding cost rate under the maximum pres-
sure policy is asymptotically dominated by (1 + ¢) times the total holding cost rate
under any other efficient policy in the sense of stochastic ordering. For a given ¢,
the parameter « that is used to define the asymptotically e-optimal maximum pres-
sure policy in Theorem 7 depends on the first-order network data R and A.

APPENDIX A: AN EQUIVALENT DUAL FORMULATION FOR THE
STATIC PLANNING PROBLEM

In this section we describe an equivalent dual formulation for the static planning
problem (3.1)—(3.5). The equivalent dual formulation will be useful for our proofs
in Appendix B. Throughout this section, we will consider an arbitrary stochastic
processing network, so the results developed here can be applied to each of the rth
network in the network sequence that we discussed in Section 4 and they can also
be applied to the limit network. The main result of this section is the following
proposition.
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PROPOSITION A.1. Suppose p is the optimal objective value to the static
planning problem (3.1)—(3.5). Then (y*, z*) is optimal to the dual problem (3.6)—
(3.10) if and only if y* satisfies

(A.1) max Z yiRijaj=—p
acA . -
ied,jedr
and
(A2) raneajb Z yiRijaj =1,
iel,jeds

and {z}, k € K1} and {z}, k € Ks} are, respectively, optimal solutions to

(A3) min - ) z

kEJC[

(A4) s.t. Zy;"R,-_,- <- Z Tk Ag;j for each input activity j,
ied keX;

and

(A5)  min ) z
keKs

(A.6) s.t. Z ViRij < Z Tk Agj for each service activity j,
ied keXKs

(A7) 7zt >0 for each service processor.

PROOF. For the “only if” part, we assume (x*, p) and (y*, z*) are an optimal
dual pair for the static planning problem and its dual problem. We will show that
y* satisfies (A.1)—(A.2) and z* is optimal to (A.3)—(A.4) and (A.5)-(A.7). We first
show that

(A.8) max. Z yiRijaj = —p,
iel,jegdr

and

(A.9) max. Z yiRija; > 1.
iel,jeds

For this, we construct a feasible allocation a* with

* xj’ .] E gl’
a; =4 4 .
P X/ J€Fs.
By the complementary slackness on the constraints (3.7) and (3.8), we have
(A.10) Y YRgxj=— ) ziAgx]

ied,jeds keXy,jedi
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and
(A.11) . YRyxi= ) iAyx).
ied,jeds keXs,jeds

By the complementary slackness on the constraints (3.3) and (3.4), we have

(A.12) Yo GAyxi= ) gi=p
JE€G1 keX ke X,
and
(A.13) Yo ZAGxT=p Y =0
j€Fs.keXKs keXKsg

The last equality in (A.12) is from the strong duality theorem; the optimal objective
value of the dual problem equals the optimal objective value of the primal problem.
Readers are referred to Section 4.2 of Luenberger (1984) for a formal description
of the strong duality theorem. The last equality in (A.13) follows from (3.9). Then
from the definition of a* and (A.10)—(A.13), it immediately follows that

Y. ViRjai= ) yiRijxj=—p
ied,jedr ied,jedr
and
Z y;"R,-ja;f: Z y;(Rijx;‘/pzl,
ied,jeds ied,jeds
which imply (A.8) and (A.9) because a* € .
Next we shall show that
max Z yiRijaj <—p
iel,jegds

and

k
max “Riia; <1.
ach . Z Vi Rij4j =
iel,jegs

For any a € A, we have
* * *
D, YiRyaj=— ). fAgaj=-— ) =-p
ied,jedr keXy,jedi ke K,

The first inequality above follows from (3.7), and the nonnegativity of a; the
second inequality holds since a € » and, therefore, ) ;cq, Ajaj =1 for each
k € Xr; the third is due to the strong duality theorem. Similarly, we have

Z yiRijaj < Z i Arjaj < Z =1

ied,jeds keXs,jeds keXKs
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The first inequality above follows from (3.8); the second follows from
Zjegs Arjaj <1 and zx > 0 for each k € K; and the third is due to (3.9).

Hence, y* satisfies (A.1) and (A.2). To see the z* is an optimal solution to
(A.3)-(A.4) and (A.5)—(A.7), we consider the following problems:

*
max Z yi R,-_,-aj

ied,jedr
(A.14) S.t. Z Arjaj =1 for each input processor k,
JEGL
aj >0, JE€F1
and
max Z yiRija;j
iel,jegs
(A.15) S.t. Z Agjaj <1 for each service processor k,
JEFs
aj >0, JE€Ts.

It is easy to see that the above two problems are equivalent to the left-hand
side of (A.1) and (A.2). Furthermore, they are the dual problems of (A.3)-(A.4)
and (A.5)—-(A.7). This implies that the optimal objective values to (A.3)-(A.4)
and (A.5)—(A.7) are —p and 1 respectively. Because (y*, z*) is an optimal so-
lution to (3.6)~(3.10), (A.4) and (A.6) are satisfied by z*, > ycx, 7t = p, and
Y ke K 7z = 1. This implies that z* is feasible to (A.3)-(A.4) and (A.5)—(A.7)
with respective objective values —p and 1. Therefore, z* is optimal to (A.3)—(A.4)
and (A.5)-(A.7).

For the “if” part, let (y*, z*) be such that y* satisfies (A.1) and (A.2)
and z* is optimal to (A.3)-(A.4) and (A.5)—(A.7). Because (A.3)—(A.4) and
(A.5)—(A.7) are dual problems of the equivalent formulation of the left-hand side
of (A.1) and (A.2),

(A.16) Y zi=0p
kEJ([

and

(A.17) dog=1
k€J<5

The fact that z* is feasible to (A.3)-(A.4) and (A.5)—(A.7), together with (A.17),
implies that (y*, z*) is feasible to the dual problem (3.6)—(3.10). Furthermore, the
corresponding objective value is p because of (A.16). This implies that (y*, z*) is
optimal to (3.6)-(3.10). O

Proposition A.1 immediately leads to the following corollary because the prob-
lem max,e4 y* - Ra can be decomposed into problems (A.14) and (A.15).
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COROLLARY A.l1. Suppose (y*, z*) is the unique optimal solution to the dual
problem (3.6)—(3.10) with objective value p. Then y* is the unique I-dimensional
vector that satisfies

(A.18) max. Z yiRijaj =1
ied,jegs
and
(A.19) max y*-Ra=1—p.
acA

APPENDIX B: PROOFS OF LEMMAS AND THEOREM 1

In this section we provide the proofs for Lemmas 1, 2, 5, 6 and 10, and Theo-
rem 1.

PROOF OF LEMMA 2. From Corollary A.1 and Assumption 2, we have
"“Ra=1-p".
magyRa=1-0

On the other hand, 77 (t)/t € 4. Hence, (1 — p")t > y" - RT"(¢), which implies
Y" is nonnegative. Similarly, for any 0 <t} < 2, (T"(t2) — T"(t1))/(t2 — 1) € A,
and we have

Y - R(T" () = T" (1)) /(2 — 1) < (1 = p").
It follows that Y" () — Y"(t;) = 0. O

PROOF OF LEMMA 5. First, if the statement is not true, then we can find a vg €
V?such that kvg ¢ V forall 0 < k < 1 because of the convexity of V. Denote V) =
{kvg, 0 <k < 1}. Because any v in Vpisnotin V, VoNV = &. It is easy to see that
Vo is relatively open and convex. Therefore, there exists a hyperplane separating
V and Vj [cf. Rudin (1991), Theorem 3.4]. In other words, there exists a vector y
and a constant b such that y - v < b forallve V and y - v > b for all v € V. We
notice that b must be zero. To see this, first we have b > 0 because the origin is in
V. Moreover, for any € > 0, we can choose « arbitrarily small such that x $- vy < €.
Because kvg € V, we have b < kJ - vy < €. This implies b = 0, therefore, the
origin is in the separating hyperplane and max,ec 4 y - Ra = 0. Obviously, y # y*
because y* - v =0 < J - v for v € V. Since max e Yicd,jeds ViRijaj > 0 for
any vector y, we consider two cases:

Case 1: maxgen D icy. jeds YiR;ija; > 0. For this case, without loss of generality,
we select y such that max,e.4 Yied, jeds ViRijaj = 1. Then ¥ satisfies both
(A.18) and (A.19) with p = 1. On the other hand, from Corollary A.1, y* is the
unique vector that satisfies both (A.18) and (A.19). This is a contradiction.
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Case 2: maxqen Y jcy, jegs Vi Rijaj = 0. For this case, we will show that y* + J
satisfies both (A.18) and (A.19) with p = 1, thus yielding a contradiction. For
this, first observe that x* € argmax,e4 y* - Ra. This implies that

* *
X" € argmax *Riia;.
gaGA. 2: Yi Rijaj
ied,jegs

To see this, suppose there is an allocation a € # such that
> YiRjdj> ) ¥Ry,
iel,jeds iel,jeds
then we can define another allocation a by
. x7, € g1,
aj=1 ./ ] d1
aj, JE€Zs,
so that y* - Ra > y* - Rx*. This is certainly not true.

We also observe that x* € argmax,c.4 y - Ra because max e .4 y - Ra = 0 and
x* satisfies (3.2). This again implies that

* A
X" € arg max iRiia;.

iE.l,ngs
Thus,
max(y*+ ) - Ra=(y*+J)  Rx* =0
ach
and
max ) Of +IORyaj= ) O +I0Ryxj=1. O
ach . - . :
icd,jeds ied,jeds

PROOF OF LEMMA 6. Itis natural to work in a more general setting. Consider
an i.i.d. sequence of nonnegative random variables {v,,£ = 1,2, ...} with mean
1/uy. Assume vy have finite 2 4 €, moments for some €, > 0. That is, there exists
some 6 < oo such that E(v§+€”) =0.Let V(n) =Y )_,ve,n € Z*. Define the
renewal process associated with V (n) as G (t) = max{n: V (n) < t}. Let v">T-m =
max{ve:1 <€ <G@>T) + 1}.

It immediately follows from Lemma 3.3 of Iglehart and Whitt (1970) that

(B.1) R Tmax s 0 with probability 1.

We now show that for any fixed € > 0 and large enough #,
(B.2) P(IIV () = £/paolln > €n) <€/n.
Because vy have finite 2 + €, moments, one gets

E(|V (£) — €/, < iy 01 T€0/2 forall ¢ <n,
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where «, is some constant that depends just on 6 and €, [cf. Ata and Kumar
(2005), Lemma 8]. Then from Chebyshev’s inequality, we have, for each £ <n,

P(IV(6) = €/po] = €n) <icpl T2 [ (en)* 0 < iy /(e7T0n!Te02),
Choosing n large enough,
P(|V(£) = £/py| > €n) < e€/n.
Let
Tt =min{l:|V () — £/uy| > ne}.
Then, restarting the process at time 7,
P(|V(n) —n/pmy| < en/2|t <n)
<P(|V(n) = V() = (n —1)/uy| = €n/2 |t <n) < e€/2n.
On the other hand,
P(|V(n) —n/uy| <en/2)>1—¢€/2n.

It then follows that P(t <n) <e€/(2n — €) < €¢/n. This implies the result.
Finally, the inversion of (B.2) gives

(B.3) P(IG(s) — pos|l; > €1) <€/t for large enough t.

Readers are referred to Proposition 4.3 of Bramson (1998) for such an inversion.
Applying (B.1) and (B.3) to the utilized service times u;(£), one gets (7.4)

and (7.6) in Lemma 6. Using (B.2) for each component of the routing vector ¢ij 0)
yields (7.5). U

PROOF OF LEMMA 1. We first show that {(y", z")} is bounded. Since z" > 0,
Ykexs 2 =1, and Yypex, 2z = p” for all r, we have || < 1. To show {y"} is
bounded, we consider the following primal-dual pair:

(B.4) minimize o

(B.5) subjectto  Rx > be,

(B.6) Z Ajxj =1 for each input processor k,
jed

(B.7) Z Ajxj <p for each service processor k,
jed

(B.8) x =0,
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and
(B.9) maximize Z w+b Z Vi,
ke K ied
(B.10) subject to Z ViRij < — Z Tk Aj for each input activity j,
iel ke XK
(B.11) Z ViRij < Z Tk Akj for each service activity j,
ied keXKs
(B.12) o ou=1,
kEJCS
(B.13) y>0; and zz>0 for each service processor k.

The dual LP (B.9)—(B.13) is obtained by perturbing the objective function co-
efficients of the dual static planning problem (3.6)—(3.10). Because the dual sta-
tic planning problem (3.6)—(3.10) has a unique optimal solution, for sufficiently
small b > 0, the optimal solution of the dual LP (B.9)—(B.13) equals (y*, z*) [cf.
Mangasarian (1979), Theorem 1]. Therefore, the primal problem (B.4)—(B.8) has
an optimal solution (p, x). Now choose r large enough such that |R"x — Rx| <
be/2. Then R"x > be/2. Consider the problem (B.4)—(B.8) with b replaced by
b/2 and R replaced by R". Because (p, x) is a feasible solution, the optimal ob-
jective value p” < p. The corresponding dual problem of this new LP is the dual
problem (B.9)—(B.13) with b in the objective function coefficients replaced by b/2
and R replaced by R”. The optimal objective value of this new dual LP equals
p" < p. The new dual LP has the exact same constraints as the dual static planning
problem (3.6)—(3.10) for the rth network. Thus, (y", z") is a feasible solution to
the new dual LP. It then follows that

Y i +b/2) ¥ <p <p.

ke K, ied

This implies that ) ; y/ <2p/b for large enough r, so {y”} is bounded.

Then we only need to show that every convergent subsequence of {(y",z")}
converges to (y*, z*). Let (3, z) be a limit point of any subsequence {(y"", z'")}.
We will verify that (¥, Z) is an optimal solution to the dual static planning prob-
lem (3.6)-(3.10) of the limiting network. First, we show that they are feasi-
ble. Since {(y'",z")} — (,2) as n — oo, for any € > 0, for large enough n,
|y —y""| <e€,|z— 27| <€ and |R — R™| < €. For each input activity j € g,

S5k = Yo R+ 1e(151+ sup R
r

ied ied

<- Z Az —I—Ie<|§/| —|—sup|R’|)
kGJ([ r
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<- Z AkjZk +Ie<|§/| + sup|Rr|> + Ke.
ke X d
Since € can be arbitrarily small, we have
Zj)iRij <- Z Agjk for each input activity j € J;.
ied keX;
Similarly, one can verify that
Z JiRij < Z AkjZk for each service activity j € gs
ied keXs
and

j{: Zr=1.

keKs

Furthermore, because (y', z) are optimal solutions, Yy 5, 2" = p™. Again, we
can show that
> a=t

k€K1

Therefore, (y,Z) is an optimal solution to the dual problem (3.6)—(3.10) of the
limit network. Then by the uniqueness of the optimal solution, we conclude that
(3,2) = (y*, z*). Since the subsequence is arbitrary, we have (y",z") — (y*, z*)
asr —oo. [

PROOF OF LEMMA 10. Similar to the proof of Lemma 1 above, we can prove
that x” — x* as r — oo. From the strict complementary theorem [cf. Wright
(1997)], every pair of primal and dual LPs has a strict complementary optimal
solution if they have optimal solutions. Hence, we have the following relations:
for the limit network,

(B.14) Z Aij;-‘ = 1 is equivalent to z > 0 for all k € K;

J€Fs

(B.15) Zyl-”‘R,-_,- = Z Ayjz is equivalent to x7 > 0 forall j € gs;
ied keXKs

(B.16) Zyl'*Rij =— Z Ajz is equivalent to x7 > 0 forall j € g;;
ied ke Xy

and for each r,
(B.17)  z; >0 implies Z Aij; =p" forall k € Ks;

j€ds
(B.18) x>0 implies Zy{Ri’j = Z Akjzy forall j € gs;
ied keKs

(B.19) x>0 implies Y y/R;=— Y Axz;  forall j € g;.
ied ke X
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Since x” — x* as r — 0o, we have for large enough r,

(B.20) x7 > 0 implies x; > 0 forall j € g.

This, together with (B.15) and (B.18), implies that, for large enough r and each
service activity j € gs,

(B.21) Y yiRij= ) Awzi implies D yI R = Y Axjz.
ied keXKsg ied keXKs

Similarly, it follows from (B.16), (B.19) and (B.20) that, for large enough r and
each input activity j € Jy,

(B22) D yiRij=— ) Aijziimplies Y y/R;=— > Ayjz}.
ied ke XK ied ke K
Suppose z; = 0 for some k € Ks, then 3 ;4. Aij’/'-‘ < 1. There exists an € > 0
such that 3 jcq, Aij;‘ =1 — €. For large enough r, we have };cq. Aij; <
> jeds Aij;‘ +€/2 <1~ €/2because x" — x* as r — oo. This implies zj =0
for large enough r. Therefore, for large enough r,
(B.23) z; =0 implies z; =0 for all k € K.

Because (y*,z*) is the optimal solution to the dual static planning prob-
lem (3.6)—(3.10), we have for each a € €,

(B.24) Z(Zyi*Rij>aj <> ( > Aijz’S)dj - ( > AijE)dj <0.

jeF \ied JE€Fs \keKg jeFr \keX;
For the second inequality, we use the fact that ) jeds Agjaj <1 for all k € Kg,
> jeg; Akjaj = 1forall k € Ky, and 3 ey 2; = Dpex, 2 = 1. Since a* € &%,
y* - Ra* = maxyecg y* - Ra = 0. It follows that both inequalities in (B.24) are
equalities for a*. Therefore,

(B.25) ViR =) Axjzi forall j € g5 with a} > 0,

ied keXKs
(B26) D yRj=— )Y Az  forall je g; withaf >0,
iel ke XK
(B27) Y Awai=1  forallk e Xs with zf > 0.
Jeds

From (B.21) and (B.25), we have for large enough r,
DOVIRLG =) Awzp forall j € g5 witha} > 0.
ied keXKs

Therefore,

(B28) D aiY yR;=) a ) Ayz for large enough r.
j€gs ied j€ds keKs
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Similarly, it follows from (B.22) and (B.26) that, for large enough r,

(B.29) Z a;Zyi’Rirj =— Z aj Z Akjzy.

Jj€dr ied Jj€dr ke XK,
From (B.23) and (B.27), it follows that, for large enough r,
Yo aiAy =1 for all k € X with z, > 0.

JEFs
Therefore,
(B.30) DoY) dAG= ) % for large enough r.
keXs jeds keXs

It follows from (B.28) and (B.29) that

DT ViR =) a7 Y Agti— D a] ) AgTh

jeg ied jeg  keXKs Jj€EG  keX;
=1-p" for large enough r.

The second equality follows from (B.30), > rexcs 2, = 1, Xjeg, a;Akj =1 for
r

eachk € Ky, and ) e 5, 2, = 0"
Then Lemma 10 follows from the fact that max,cg y" - R'a=1—p". O

PROOF OF THEOREM 1. We define the scaled process X" via
X" (1) = r 2X(r%1) for each 1 > 0.
Fix a sample path that satisfies the strong law of large numbers for u; and ¢>;

Let (2 , ;) be a fluid limit of (ér, ;r) along the sample path. Following the ar-
guments in Section A.2 in Dai and Lin (2005), such a limit exists and satisfies
the fluid model equations (6.1)—(6.5) presented in Section 6. Under the maximum

pressure policy with parameter o, each fluid limit (E , 7:") also satisfies the fluid
model equation (6.6). The justification of fluid model equation (6.6) is similar to
Lemma 4 in Dai and Lin (2005), with the scaling r replaced by r2. Therefore,

(Zr, Tr) is a fluid model solution under the maximum pressure policy. Similar to
the proof of Theorem 4 in Dai and Lin (2005), using a different Lyapunov func-
tion f(f) = (o x Z(t)) - Z(t), one can easily prove that the fluid model under
the maximum pressure policy with a general parameter set (¢, B) is weakly stable;

namely, any fluid model solution (Z 7 ) under the maximum pressure policy sat-
isfies Z(¢) = 0 for each > 0 given Z(0) = 0. As a consequence, we have for any
t>0, T(t)/t satisfies (3.2)—(3.5) with p = 1. Because x* is the unique optimal
solution to the static planning problem (3.1)-(3.5) with objective value equal to 1,

T(t) = xt for each ¢ > 0. Since this is true for any fluid limit, we have T (1) — x*t
for each ¢ with probability 1, which implies asymptotic efficiency. [J
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