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Abstract

Consider a queueing model with I > 1 customer classes and J > 1 service sta-
tions, each consisting of many independent servers with identical capabilities.
Customers of different classes can be served at these stations at different rates,
that depend on both the class and the station. Service times are exponential
while arrival processes are renewal. A system administrator dynamically con-
trols scheduling and routing. The model is studied in the Halfin—-Whitt heavy
traffic regime: one considers a sequence of models parameterized by n € N
where the arrival rates and the number of servers are scaled up in such a way
that the processes representing the number of class-¢ customers in the sys-
tem, ¢ € Z, exhibit diffusive fluctuations about the static fluid model. The
static fluid model represents a Law of Large Numbers behavior of the system
and is assumed to be critically loaded: the total processing rate devoted to
each class’s ‘material’ is equal to its arrival rate and an increase in any of the
external arrival rates results with an overloaded system.

We find a new, unusual heavy traffic ‘behavior’ of a system: under appropri-
ate assumptions there exists a dynamic control policy that maintains a criti-
cally loaded system as if it were underloaded. The effect is studied in chapters
2 and 3.

In chapter 2 the above phenomenon is shown to be related to a formulation
of the limiting diffusion model as a controlled diffusion with a singular control
term. The singular term may be used to constrain the diffusion to lie in certain
subsets of R’ at all times ¢ > 0. We say that the diffusion is null-controllable
if it can be constrained to X_, the minimal closed subset of R! containing all
states of the prelimit queueing model for which all queues are empty. We give
sufficient conditions for null controllability of the diffusion in terms of the graph
that encodes the network’s structure. Under these conditions we also show that
an analogous, asymptotic result holds for the queueing model, by constructing
control policies under which, for any given 0 < ¢ < T' < 00, all queues in the
system are kept empty on the time interval [e, T'|, with probability approaching
one.

In chapter 3 we introduce and analyze the notion of throughput sub-optimality
of the underlying static fluid model. Roughly, this means that the servers can
be allocated so as to achieve a total processing rate that is greater than the
total arrival rate, while, for every ¢ € Z, the mass of servers allocated to serve
class 7 does not exceed the mass of class-i material. Assuming throughput sub-
optimality, (which is shown to be a weaker assumption than that of chapter
2), we introduce a dynamic control policy under which, for every finite 7', the



measure of the set of times prior to 7', at which at least one customer is in
the buffer, converges to zero in probability at the scaling limit. The results
of chapter 2 allow for both preemptive policies (where service to a customer
can be interrupted and resumed at a later time, possibly at a different server)
and nonpreemptive ones (where service cannot be interrupted), while chapter
3 only treats preemptive policies. The notion of throughput sub-optimality
complements and explains the null controllability.

Chapter 4 deals with limiting diffusion models of queueing systems and their
formulation as the controlled diffusions. By imposing conditions on the service
rates, significant simplifications of the controlled diffusion model arise, and, in
particular, the model process lives in one dimension. We then indicate partic-
ular cases when an exact solution is available, and describe how to construct
control schemes for the originating queueing model that are conjectured to be
asymptotically optimal.
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Notations

A unit coordinate vector.

= (1,1,...,1). The dimension of vector e may change from one expression
to another.

A scalar product of two vectors v, u of the same dimension.
—e-x=x,+..+z; forz e R

= max{z,0}, z € R.

= max{—z,0}, z € R.

=7 |2;|. A norm of x € RY,

= suPg<yu<¢|| X (u)]|. A norm of an R'-valued function.

Probability measure.

A sigma-field generated by a collection A of random variables.

= number of class ¢ customers in queue at time ¢.

= number of idle servers in station j at time t¢.

= number of class ¢ customers being served in station j at time t.
= number of class 7 customers in the system at time ¢.

= X" in fluid scaling.

= X" in diffusion scaling.

= {1,2,...,I}. The set of vertices, corresponding to customer classes.

={1,2,..., J}. The set of vertices, corresponding to server stations.



1% =7UJ.

£ ={i,j)eTxT)}

& ={(i,j) € € : (1,7) is activity}. See Section 2.2.1.
Eva ={(i,j) € & : (i,7) is basic activity}. See Section 2.2.1.
Enb ={(i,7) € & : (i,7) is non—basic activity} = &, \ Epa-
Ga = (V,&,). The graph of activities.
Gba = (V, &a). The graph of basic activities.



Chapter 1

Background

1.1. Queues in heavy traffic
1.1.1. Conventional heavy traffic

The vast majority of works on approximation of queueing networks has dealt
with conventional heavy traffic asymptotics. Consider a sequence of M /M /N
models indexed by n. The number of servers N* = N is kept fixed, but the
workload is increased by assuming u™ — p, A" — Ny and p" = X" /(Nu") — 1
at the rate of \/n(l — p") — [, 0 < [ < oo. The scaled queue length
corresponds to accelerating time by n and scaling down space coordinates by

V/n as
A Q" (nt
Q(t) = 40,
vn
In the sequel we use = to denote weak convergence (see the last paragraph of
Section 2.1 for the definition).

Theorem 1.1. (Iglehart and Whitt, 1970 [39]). Assume Q"(0) = Q(0). Then
Q" = Q in D([0,00)), where Q is a reflecting Brownian motion with drift, that
18

t € ]0,00).

Q(t) = Q(0) — BNpt + \/2Np W (t) + L(t).
Here W(t) is a standard Brownian motion, and L is the local time for Q at
the origin.

We do not attempt to cover all the papers on conventional approximation.
For a full account, readers are referred to Whitt [56] and Chen and Yao [17].
The heavy traffic analysis for a single station queueing system was initiated by
Kingman [43] in the early 1960’s. One should mention Whitt [55] and Iglehart



[39]. Mandelbaum and Pats [48] generalized the M/M/1 treatment for the
case of state dependent queues. For multiclass networks, refer to Reiman [51],
Harrison [31], Harrison and Williams [36], Chen and Mandelbaum [18]. The
stochastic processes that arise there as diffusion approximations are closely
related to, or are themselves multidimensional diffusions of the type called
reflected Brownian motions (RBM’s). For open networks the state space is the
nonnegative orthant (see Harrison and Reiman [34], Williams [60], Chen and
Mandelbaum [19] on the subject). See also Harrison, Williams and Chen [37]
for a treatment of closed queueing networks, i.e, systems where the number
of circulating customers is constant in time, with the diffusion approximation
resulting in RBM’s on the nonnegative simplex.

It is known however that, for some multiclass queueing networks, heavy traf-
fic limit results do not hold (see Dai and Wang [23]). The question then arises
on how to determine whether this is true for a particular network. See Williams
[61], Bramson [15], where they establish a framework of proving heavy traffic
limit theorems for multiclass networks under a variety of queueing disciplines.

1.1.2. Queues in the Halfin—Whitt heavy traffic regime

Theorem 1.1 above represents, in the terminology of Gans, Koole and Man-
delbaum [26], an efficiency driven operational regime, in the sense that all
resources are working extremely close to full capacity.

The Halfin-Whitt regime [30] (also known as the QED regime), in contrast,
exhibits a regime where the operation is both Efficiency—Driven (high servers’
utilization) and Quality-Driven (high service levels). Consider the M/M/N
model consisting of a Poisson arrival process with rate A, and N independent,
statistically identical servers, each offering an exponential service at rate pu.
Let X (t) denote the number of customers in the system at time ¢. The heavy
traffic regime, proposed by Halfin and Whitt, arises when taking the number of
servers to infinity in a specific manner. Namely, consider a sequence of systems
indexed by N, the number of servers. Denote p" = % Take N — oo and

assume that pv — g and % — p, 0 < p < 00, at the rate of

VN1 -p") =B, 0<8< . (1.1)
Define the centered, normalized queue length as

. XN(t)—- N

XN(t) = #, t €10, o0) (1.2)



Theorem 1.2. (Halfin and Whitt, 1981 [30]).

1. Assume XN (0) = X(0). Then XN = X in D([0,00)), where X is a diffu-
siton characterized by
X X t

X)) =X0)+ | b(X (s5))ds 4 /21 W (2).

Here W (t) is a standard Brownian motion, and the drift b is given as

b(x) =
—pu(z+5) = <0.

2. The probability of delay has a nondegenerate limit as follows:

A}im P(XN()>N)=a, 0<a<l, (1.3)
where « is related to 3 from (1.1) via a = [1+ 3®(B)/d(B)] ™. (Here ® and ¢
are, respectively, the distribution and density functions of the standard normal
distribution,).

The convergence in (1.1) is in fact necessary and sufficient for the conver-
gence (1.3). Note, however, that the result in Statement 1 remains true without
assuming strict positiveness of 4 in (1.1).

For more information and motivation regarding the QED regime, see [26].
Due to the desirable features of the Halfin-Whitt regime and because it turns
out to be a good model for large telephone call centers, it has enjoyed recently
considerable attention in the literature. For recent generalizations of [30] see
Whitt [58]-[59] and the references therein. Convergence of the scaled queueing
process, but for the case when service times have phase-type distribution is dis-
cussed in Puhalskii and Reiman [50]. The papers of Jelenkovic, Mandelbaum
and Momcilovic [40] and Mandelbaum and Momcilovic [47] study the limiting
distribution of appropriately scaled virtual waiting time in queues where the
service duration is either deterministic [40], or is a random variable with finite
support [47]. Mandelbaum, Massey and Reiman [46] develop limit theorems
for queueing models, where the arrival rates, the number of servers and the
service rate of each server can depend on time and state. Garnett, Mandel-
baum and Reiman [27] extended the results of [30] for queues with possible
abandonments. Papers dealing with control aspects are discussed in the next
section.



1.2. Scheduling and routing of queueing networks

Optimal scheduling and routing are among the most interesting and difficult
challenges in the management of queueing networks. The routing problem is
to determine, upon an arrival, which of the available servers, if any, should
we assign to serve a customer. The scheduling problem is to indicate, upon
service completion, which of the available waiting customers, if any, should be
served.

The earliest control work for single server queues was the exact analysis
by Cox and Smith [20]. They looked at a multi—class single-station network
(M/G/1) with linear waiting cost, i.e. one pays ¢;7 units for each job of
class ¢ that waits for service 7 units of time. This is equivalent to looking at
f(f > ¢iQi(s)ds - the integral over a linear combination of the queue lengths.
They proved the classical cu rule, which can be described as follows. With
each class of jobs we associate an index ¢;u; (with u; being its service rate)
and at a decision point one always serves the highest index. See Walrand [54]
for various extensions.

A similar setting was considered in the conventional heavy traffic asymptotic
regime by Van Mieghem [53], with his generalized cu rule. This culminated
in the work of Mandelbaum and Stolyar [49]. They treat the parallel server
models (J nonidentical servers working in parallel and I customer classes) and
convex cost functions C;(+), i = 1, ..., I. Optimal scheduling corresponds to the
following: at each time ¢, when server j becomes idle, it chooses for a service
a type i customer with the largest C!(Q;(t))ui;. Note however that the cost
functions C'(+) in [49] were restricted to convex functions with C'(0) = 0 and
C’"(0) = 0. This excludes a direct application to linear costs.

For linear delay costs, one is referred to Williams [62] and to Harrison [32]
and Harrison and Lopez [33]. In [33] it is proved that for the parallel server
models, the diffusion control problem exhibits a massive state-space collapse
and is reduced from multi-dimension to one-dimension, which is much easier
to solve. This is done by the striking ”equivalent workload formulation”. See
also Harrison and Van Meighem [35].

The difficulty in [35] is that the asymptotic solution does not have a clear
interpretation within the prelimit model. Bell and Williams [11] proved that
for the 2-parallel servers model the asymptotically optimal policy is a threshold
policy; i.e., the priority of service depends on whether the queue lengths are
below or above certain levels - thresholds. The subsequent paper [12] of the
same authors deals with extending the threshold strategy to parallel server
systems.



Results are less established for networks with many-server stations. By tak-
ing the QED diffusion scaling (taking the number of servers N to infinity in
an appropriate manner), Armony and Maglaras [2] model and analyze rational
customers in equilibrium; they treat jointly the problem of optimal control and
staffing. Harrison and Zeevi [38] analyze the diffusion control problem associ-
ated with a single pool (multiple customer classes) model with linear costs.
Specifically, they show that this control problem has an optimal Markov con-
trol policy (cf. [25]) which is characterized in terms of its underlying Hamilton-
Jacobi-Bellman (HJB) equation.

The works of Atar, Mandelbaum and Reiman [7] and Atar [3] and [4] es-
tablished asymptotic optimality of policies in the QED regime, for treelike
models (the J nodes, which correspond to the J multi-server stations and the
I nodes, corresponding to the I classes, jointly constitute a tree). The scaling
then enforces convergence of the prelimit control problem to a diffusion control
problem which can be dealt with by stochastic control methods, namely via the
HJB equations. Then a method is provided on how to translate the obtained
solutions into prelimit policies. The diffusion limit problem arises as a formal
weak limit of a preemptive network scheduling problem, i.e. one where a ser-
vice to a customer can be stopped at any moment and resumed at a later time,
possibly in a different station. In the prelimit, the behaviour is clearly differ-
ent for nonpreemptive networks, but it is proved that this difference vanishes
asymptotically.

Related papers, working in the QED asymptotic regime, are those of Dai
and Tezcan [21]-[22]. Given a control scheme, [21] gives a recipe for verifying
whether this control admits state space collapse, i.e., a reduction of the di-
mension of the processes involved. Their paper [22] studies a queueing system
with 2 customer classes and 2 server stations under some special conditions on
service and abandonment rates, where they obtain exact control policies.

Gurvich and Whitt [29] propose a routing control called Fixed-Queue—Ratio.
A newly available agent next serves the customer from the head of the queue of
the class (from among those he is eligible to serve) whose queue length exceeds
the most a prespecified proportion of the total queue length. This results in a
dimension reduction, in a sense that vector-valued queue-length process is now
asymptotically evolving as a one-dimensional process. The routing problem in
[29] is treated simultaneously with the problems of optimal network design and
staffing.



Chapter 2

Null controllability in heavy
traffic

2.1. Introduction

We consider a multiclass queueing model with heterogeneous service stations,
each consisting of many independent servers with identical capabilities. The
servers offer service to different classes of customers at rates that may depend
on both the station and the class. A system administrator dynamically controls
all scheduling and routing in the system. The model is considered in the heavy
traffic parametric regime, first proposed by Halfin and Whitt [30], in which the
number of servers at each station and the arrival rates grow without bound,
while keeping, in an appropriate sense, a critically balanced system. Both the
model and the parametric regime have recently received much attention, espe-
cially in relation to large telephone call centers (see [26] and references therein).
The chapter is based on [8].

When studying queueing models in heavy traffic, one considers a sequence
of models parametrized by n € N that, under a Law of Large Numbers (LLN)
limit, give rise to a fluid model which is critically loaded. Typically, an attempt
is then made to prove that appropriately scaled fluctuations of the queueing
model about the fluid model converge to a diffusion. If, as in the current setting,
a control problem is associated to the queueing model, then a similar approach
gives rise to a controlled diffusion model. In this case, a natural goal is to prove
that, given a cost criterion, the (suitably scaled) value of a control problem
for the queueing model converges to one for the diffusion model. Moreover, it
is often the case that solving the diffusion model for optimal controls helps
understand how to construct control schemes for the queueing model that are
asymptotically optimal. A similar approach is taken in this chapter. However,

10



rather than a cost criterion, our formulation will be concerned with a certain
property observed for the diffusion model and shown to be inherited, in an
asymptotic sense, by the queueing model. The property, that is unusual in
heavy traffic formulations, will have to do with the ability to maintain empty
queues.

We let I denote the number of customer classes, and let X"(¢), t > 0 denote
an I-dimensional process for which the ith component X () represents the
total number of class-i customers in the system at time ¢, in the nth system.
The fluctuations alluded to above are denoted by X "(t), t > 0. These fluctu-
ations are scaled in such a way that Xn gives rise, as weak limits are taken
formally, to a (controlled) diffusion process denoted by X (t), ¢ > 0. Moreover,
one has that ,

Xﬂ@)ex.::{xeﬂy:EZmigo}
i=1

holds if and only if the total number of customers in the nth system at time ¢
is less than or equal to the total number of servers. Ideally, if one could freely
rearrange customers in the system without any constraints, it follows that one
could maintain empty queues whenever X”(t) € X_. We will thus refer to X_
as the null domain. Although the queueing model considered in this chapter
is subject to additional constraints (e.g., a station may offer service to only
some of the classes), the null domain will play the same role in the asymptotic
regime under consideration.

An important feature of the controlled diffusion model derived in this chapter
is that the stochastic differential equation describing it has a singular control
term, that is a control process with sample paths that are locally of bounded
variation, the increments of which take values in a fixed cone C of R!. The
singular term may be used to constrain the diffusion to lie in certain subsets
of R” at all times t > 0. We say that the diffusion is null-controllable if

CNX2 #0, (2.1)

where X° denotes the interior of X_, because under this condition the diffusion
can be constrained to X_. Condition (2.1) will be given in explicit form in
terms of the model parameters (see (2.33)). Our main result shows that under
(2.1) one can construct control policies for the queueing model in such a way
that, for every given 0 < ¢ < T < oo, all queues are kept empty on the time
interval [e,T] with probability approaching 1, as n — oo. We will refer to
such behavior as asymptotic null-controllability. We will, in fact, consider two
versions of the problem: One, referred to as preemptive scheduling, in which

11



service to a customer can be interrupted and resumed at a later time (possibly
in a different station). The other, referred to as non-preemptive scheduling,
where service to customers may not be interrupted before service is completed.
The treatment of the non-preemptive case is more complicated than that of the
preemptive case. Thus, to keep the exposition simple we have limited ourselves
in the non-preemptive case to the simplest possible network structure where
null-controllability can show up: two customer classes and two service stations.

Our results on asymptotic null-controllability can be regarded as the demon-
stration of a new, unusual heavy traffic behavior. On one hand, the system is
critically loaded. Indeed, as intuitively expected (and precisely stated in Propo-
sition 2.1), an increase in any of the external arrival rates at the fluid level
results with an overloaded system, in the sense that large queues inevitably
build up. On the other hand, the system behaves as if it is underloaded as far
as the capability of maintaining empty queues is concerned.

Singular control arises in connection with queueing systems in heavy traf-
fic in many references. The singular term is often associated with positivity
or finite buffer constraints for the queue length process (see [44], Chapter 8
for discussion and further references), with admission control (ibid.) or with
constraints on the so-called workload process to lie in a given cone [16]. The
source for the singular term in the current setting is however quite different,
and it has to do with the fact that a many-server limit is taken. To explain
this point, consider a network in which customers of classes, say 1 and 2, can
be served at both station A and station B (these two classes and two stations
could be a subset of a larger setup). Assume that the network operates under
preemptive scheduling. Suppose that at a certain moment one selects, say r
class-1 customers that are in service at station A and r class-2 customers in
station B and considers the option of interchanging their position, so that the
r class-1 [class-2] customers that were selected are moved to station B [respec-
tively, A]. Since the service rates may depend on both the class and the station,
the average rate at which components 1 and 2 of X" change at that moment
may be different depending on whether such an interchange takes place or not.
If the interchange is performed instantaneously, the rates alluded to above will
change abruptly. Moreover, since in both stations the number of servers is as-
sumed to be large, this effect can be amplified by letting r be large. This, as
scaling limit is taken, results with a control term that can have arbitrarily large
increments over a given time interval. An appropriate formulation for such a
controlled diffusion model will thus have a singular control term. Next, let G,
denote the graph with classes and stations as vertices, and with (7, j) pairs as
edges if and only if station j can serve class 7. It is instructive to note that our

12



explanation above relies on a certain property of the graph G,, namely that it
contains a cycle with vertices 1, 2, A and B. Indeed, this is just another way of
saying that customers of each of the two classes can be served in both stations,
as we have assumed. A heuristic similar to the one described above will lead
to a singular term in the diffusion model whenever G, contains cycles, whether
with four vertices or more. Thus, in general, cycles contained in G, will play
an important role in the singular control formulation of the diffusion model.
Note that the phenomenon described above is indeed a result of the many
server setting, because it must be possible to occasionally let the number r
referred to above take large values, and r is clearly limited by the number
of servers. In particular, this phenomenon is not seen in what is sometimes
referred to as ‘conventional” heavy traffic, where diffusion limits are obtained
for systems with a fixed number of servers (and large service rates; cf. [49]).
Recall that the so-called fluid model describes the LLN limit of basic quanti-
ties of the queueing model. One ingredient of the fluid model is a (deterministic,
constant) matrix denoted by £*. The entry &, represents the (large n limit)
fraction of the number of servers in station j that serve class-i customers. One
refers to (i,7) pairs that are edges of G, as activities, and to activities (i, j)
for which &; > 0 as basic activities. In particular, the number of servers that
are engaged in non-basic activities (§;; = 0) is of order o(n) (where the total
number of servers is proportional to n), in a sense that can be made precise
(see, for example, Lemma 2.1). The policy that we shall propose for the pre-
emptive case will basically mimic the construction of a constrained diffusion.
Namely, a special rearrangement of customers in the service stations will take
place whenever the process X" reaches close to the boundary of X_ (from the
inside). In this rearrangement, the number of servers allocated to work in a
certain non-basic activity will be much larger than the typical fluctuations of
the process X™ (but still o(n)). This rearrangement will have an effect on the
dynamics of X” that is a reminiscent of that of a Skorohod mechanism [45]
on a constrained diffusion. Namely, it will constrain X" to X_ by making the
term that, in the limit, shows up as singular control, large. Because of (2.1),
this can be performed in such a way that the term points into the domain.
Although this question is not directly addressed in this chapter, it is expected,
in fact, that the restriction to the time interval [e, T'| of the processes X" con-
verge to a constrained diffusion as n — oco. The picture is quite different in the
non-preemptive setting. The arrangement of customers can only be controlled
indirectly (via routing decisions), and the constraining mechanism of the dif-
fusion cannot be faithfully mimicked. A convergence result as above is not to
be expected; in fact, the processes X" that we construct in this case are not

13



even tight. The main idea behind the policy proposed in this case is to assure
that a relatively large portion of the servers are engaged in the non-basic ac-
tivity at all times, rather than at times when the boundary is reached as in
the preemptive case.

We reiterate that it is the presence of cycles in G, that induces a singular
control term in the diffusion. A model similar to the current one is studied
in [3] and [4] under structural assumptions that are complementary to those
of this chapter, in the sense that the graph G, is assumed there to be a tree.
Indeed, in these references the diffusion has no singular control term, and a
phenomenon as described in this chapter does not occur. Finally, we would like
to mention that one can also consider a setting in which the diffusion has a
singular term as in the current chapter, but null controllability does not hold,
and approach the model from a control theoretic viewpoint so as to minimize
costs of interest. This will be subject for future study.

The organization of the chapter is as follows. In Section 2.2 we first intro-

duce the model and describe how its parameters are rescaled. We then present
the main step toward the derivation of the diffusion model in Theorem 2.1,
where a representation of the prelimit queueing model is provided. The diffu-
sion model, obtained from this representation under the scaling limit, is stated
in equations (2.30)—(2.32). We then state that, under (2.1), the diffusion can
be constrained to X_ (Theorem 2.2), and provide the main results regarding
asymptotic null-controllability in the preemptive case (Theorem 2.3) and in
the non-preemptive case (Theorem 2.4). At the end of Section 2.2 we give nu-
merical examples, and demonstrate that asymptotic null-controllability cannot
be expected in overloaded models (Proposition 2.1). Section 2.3 contains the
proofs of Theorems 2.2 and 2.3. The proof of Theorem 2.4 appears in Section
2.4. The appendix contains the proofs of Theorem 2.1, Proposition 2.1 and
some auxiliary results.
Notation. For E a metric space, we denote by D(E) the space of all cadlag
functions (i.e., right continuous and having left limits) from R, to E. We
endow D(FE) with the usual Skorohod topology (cf. [13]). If X™, n € N and X
are processes with sample paths in D(E), we write X™ = X to denote weak
convergence of the measures induced by X” (on D(F)) to the measure induced
by X.
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buffer

station

Fia 2.1. (a) A network with 2 classes and 3 stations. (b) Corresponding graph G, with basic
and non-basic activities (solid and, resp., dashed lines). The subgraph Gy of G, is a tree.

2.2. Setting and main results
2.2.1. Queueing model

A precise description of the queueing model is as follows. A complete probabil-
ity space ({2, F, P) is given, supporting all stochastic processes defined below.
The processes will all be constructed in such a way that they have cadlag
sample paths with probability 1. Expectation with respect to P is denoted
by E. The queueing model is parametrized by n € N. It has [ > 2 customer
classes and J > 2 service stations (see Figure 2.1(a)). Station j has N} identi-
cal servers working independently. The classes are labeled as 1,..., 1 and the
stations as I +1,..., 1+ J:

T={1,....1}, J={I+1,....1+J}

Arrivals are modeled as renewal processes with finite second moment for the

interarrival time. More precisely, we are given parameters A\ > 0, ¢ € Z,
n € N, and independent sequences of strictly positive i.i.d. random variables
{Ui(k),k € N}, i € T, with mean EU;(1) = 1 and variance C3; = Var(U;(1)) €
[0,00). With 32 = 0, the number of class-i arrivals up to time t for the nth
system is given by

Fori € Z,j € J and n € N, we are given parameters y;; > 0, representing
the service rate of a class-i customer by a server of station j. If u7; = 0, we
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say that class-i customers cannot be served at station j. Consider the graph
G, having a vertex set Z U J and an edge set

Ea=1{(i,J) €T x T : pi5 > 0}.

We assume that &, does not depend on n. We denote i ~ j if (i,7) € &. A
class-station pair (i, j) is said to be an activity if i ~ j, or equivalently, if class-i
customers can be served at station j. For every (i,j) € Z x J, we denote by
¥/ (t) the number of class-i customers being served in station j at time ¢. By
definition,

wii(t) = 0 for i £ j. (2.2)

Service times are modeled as independent exponential random variables. To
this end, let 7%, (4,7) € T x J be Poisson processes with rate yj; (where a
Poisson process of zero rate is the zero process), mutually independent and
independent of the arrival processes. Note that the time up to ¢ devoted to
a class-i customer by a server, summed over all servers of station j, is given
as Ji ¥/(s)ds. The number of service completions of class-i customers by all
servers of station j up to time ¢ is, by assumption, given by S7( I wi(s)ds).
The precise description of the processes ¥" = (!I/[;,z €Z,j € J)is not given
at this point. We do emphasize however that they will be constructed in such a
way that future service completion times are independent of the current state,
which results with independent exponential service times (cf. [4]). We note in
passing that whereas renewal arrivals are quite natural in the Halfin—Whitt
setting, assumptions on service times that go beyond exponential (not to be
dealt with in this chapter) lead to far more complicated diffusion models [50].

The processes A" and S™ will be referred to as the primitive processes.

Denoting by X () the number of class-i customers in the system (meaning:
in the queue or being served) at time ¢, and setting X" = X7(0), it is clear
from the above that:

t
XP(t) = XO 4 An(t) — 2;75;; (/0 gvg;<s)ds) . ieT,i>0.  (23)
je

For simplicity, the initial conditions XZ-O ™ are assumed to be deterministic.
Finally, we introduce the processes Y;"(t), representing the number of class-i
customers in the queue (not being served) at time ¢, and Z}(t), representing
the number of servers at station j that are idle at time ¢. Clearly, we have the
following relations:

Yt + )W (t) = X7(t), i €T, (2.4)
jeT
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Z7t)+ > Wity =N, jed. (2.5)
ieT
Also, the following holds by definition

YO 20, ZMt) >0, Uli(t) >0, i€l jeJ.t>0.  (26)

We will write X™ for the vector (X[',i € Z) and similarly Y = (Y;",i € ),
n= (27,5 € J).

2.2.2. Control and rescaling

Equations (2.2)—(2.6) indicate some properties of the processes involved, but
they do not characterize these processes, because the control processes ™ have
not yet been described. This is the purpose of the following definitions.
Preemptive scheduling. We will regard scheduling as preemptive if service to a
customer can be stopped and resumed at a later time, possibly in a different
station. Formally, such a scheduling is a scheme according to which one selects
U (t) at every t. In this chapter we will be concerned only with scheduling of
feedback form, in the sense that the selection of ¥"(t) depends only on X™(t),
for every t. The precise definition is as follows.

Definition 2.1. Let n be given. We say that a map f* : ZL — Z!7 is a
preemptive resume scheduling control policy (P-SCP) and X™ is the controlled
process corresponding to [T, initial data X°™ and primitive processes A™ and

S™oaf W (t) = fM(X™(t)) and equations (2.2)—(2.6) hold.

Non-preemptive scheduling. By this we mean that it is impossible to interrupt
service to customers. Thus, the quantities ¥; cannot be directly controlled, but
they are affected by the routing decisions according to the following equation:

(1) = w(0) + B0 - 53 | t 73 ()ds ) (2.7)

Above, for each (4, j) € TxJ, B}, is anondecreasing Z, -valued process starting
from zero, that increases by k each time k class-i customers are routed to
station j. Of course, Bj; = 0 for i ¢ j. In non-preemptive scheduling, a control
policy is a scheme for selecting B?j(t) for every t. In this chapter we will
need a randomized formulation, in which the scheme according to which B
are determined may depend on an auxiliary stochastic process. In addition,
in our formulation we will only need the routing decisions to take place at
the times when arrivals occur. To this end, for i € Z and n € N we let 7"
denote the time of the kth jump of the process A7, i.e., the time of the kth

1)
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class-¢ arrival. Finally, it will be assumed that all customers in service at time
zero begin their service at that time, and the initial arrangement of these
customers in the stations, i.e., ¥j1(0), is determined by the policy. We write
En(t) = (Xn(t)7 Yn(t)7 Zn(t)v kpn(t))

Definition 2.2. Let n be given. We say that a triplet (¥°", F™, R™) is a non-
preemptive scheduling control policy (N-SCP) and X™ is the controlled process
corresponding to (¥°", F™ R™), initial data X°™ and primitive processes A",
S™ if the following hold:

i. WO e ZL is the initial condition for ™ i.e., W(0) = WO, In particular, it
satisfies &DZ%’TL =0 foriotj, 3; W,g-’n < X" and ¥, Wg’" < Nj.o

. R™ is a collection {R™ i € T}, where, for each i, R™ = {R." : k € N} is
a sequence of R-valued independent random variables. The sequences R™ are
mutually independent and independent of the primitive processes.

iti. F™ is a collection {F}}, (i,7) € T x J} of measurable maps F{} : Ry x Z} x
L X L] X 78 xR — Zy and for each (i,7) € T x J, B}, is given in the form

Br(t)= Y Fi# Z"('-), Ry, t>0.

k:Tl?’iSt

iv. Equations (2.2)—(2.7) hold.

Remarks. 1. The restriction to policies in which decisions take place only when
arrivals occur may not appear to be natural, and one could consider exten-
sions of this definition, say, by allowing decisions to take place upon arrivals
or service completions, or even continuously in time. Note however that this
restriction does not affect our result (i.e., Theorem 2.4) that is concerned with
the existence (and construction) of N-SCP with a certain property: Clearly, the
existence of such policies under the preceding definition implies the existence
of policies under any extension of it.

2. Existence and uniqueness of the processes X" and ¥™ (given the primitive
processes) is easily obtained by induction on the jump times of the primitive
processes. In addition, one can argue that the future service completion times
are independent of all that has occurred up to the current time. For a pre-
cise statement and an argument to this effect in a more restricted setup, see
Proposition 1 of [7]. This can be adapted to the current setup, but we have
omitted the details.

Fluid scaling. We assume that the parameters of the processes involved are
scaled in the following way. There are constants \;,v; € (0,00),i € Z, j € J
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and p;; € (0,00), (4,7) € & such that
nTIA =\, 5 = Mg, n’lN]’-l — V. (2.8)

We also define yi;; = 0 for ¢ 4 j. Note that this is consistent with (2.8) because
piy =0 for i £ j. Let

fiij = vipij,  (i,J) €T x T, (2.9)
and consider the following linear program:

Minimize p € Ry subject to

Z ﬂijgij = )\Z‘, Z&] S P, gij Z O, 1 E I, j S j (210)

jeJ i€l
Throughout, we assume that the fluid model is critically loaded. More precisely,
we will assume that the Heavy Traffic Condition [33] holds: There exists a
unique optimal solution (£*, p*) to the linear program (2.10), and moreover,

Yieré; = lioral j € J (and consequently p* = 1). We shall keep the
notation &; throughout the chapter. We also let

J

and refer to the quantities £*,¢*, x* as the static flutd model, or just fluid model
for short (see in [4] what these quantities intuitively represent).

Following [33], an activity (i,7) € &, is said to be basic if £; > 0. Define
the graph of basic activities Gy, to be the subgraph of G, having ZU J as a
vertex set, and the collection &, of basic activities as an edge set. We will also
denote the set of non-basic activities as &, = &, \ Epa (see Figure 2.1(b)).

Like in some other papers that study a similar fluid model in heavy traffic
(e.g., [33]), we will have one more assumption in this chapter about the fluid
model, namely, that the complete resource pooling condition holds. This con-
dition expresses, in a sense, a strong mode of cooperation between the service
stations. More precisely, one of the equivalent formulations of this condition
(see [33]) is that all vertices in J communicate via edges in Gy,. It was shown
by Williams [62] that this condition is equivalent to the condition that the
basic activities form a tree. Thus we assume throughout:

The graph Gy, is a tree. (2.12)

We now introduce a rescaled version of the processes describing the queueing
model: B B
XMt =n"'XT(1), V() =n""Y (1),

3 K3
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ZM(t)y =n"'Z0(t), WR(t) = nT (D).

Denote X" = (X[,i € Z), and use a similar notation for Y, Z" and ¥". We
will sometimes consider X", Y and Z" as column vector-valued processes.
Heuristically, one expects that (X" Y™, Z" ¥") = (z*,0,0,%*), and this is
indeed the case under appropriate conditions (see, for example, equation (2.57)
and Lemma 2.1 for such statements in the preemptive and, respectively, non-
preemptive case). For this reason, these processes are referred to as the fluid-
level rescaled processes.

Diffusion scaling. We further assume that there are constants j\i,/lij € R,
1€Z,7 € J,such that

~

A =nt PN =) = A A = 0P — ) — g, (2.13)

(2

]\7;‘ = n1/2(n_1Nf —v;) — 0. (2.14)

We introduce a centered, rescaled version of the primitive processes:
AP(t) = n (ANt — APE),  Si(t) = nTYA(SE(nt) — mplit).  (2.15)

Similarly, the processes representing the queueing model are centered about
the fluid model quantities and rescaled:

Xp(t) = n~A(X](t) - naj), (2.16)
YR =0T BYR), 200 =0 P2 (1), (2.17)
W (L) = n A (E) — ). (2.18)

The processes denoted with hats will be referred to as diffusion-level rescaled
processes. Similarly to the fluid-level processes, define Xn = (X[L,i € 7), with
an analogous definition for }A/", Z" and @”, and consider X " Y™ and Z" as
column vector-valued processes.

Scaling of initial conditions. It is assumed that there are constants xz;, 1 € Z,

such that the initial conditions satisfy
X = XM0) — . (2.19)

Throughout, = = (z;,i € 7).
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2.2.3. Main results

Our first result expresses a relation directly between the diffusion-level processes.
Although its proof requires only some elementary manipulations of the rela-
tions (2.2)—(2.6) and (2.16)—(2.18), it has an important role in this chapter as
the basis for deriving the diffusion model. In particular, it will make clear how
the singular control formulation arises. To present it we need some notation.

Denote by C the set of all cycles that are subgraphs of G,, for which exactly
one edge is a non-basic activity. We call an element ¢ € C a simple cycle (see
Figure 2.2(a)). Lemma 2.4 in the appendix shows, using (2.12), that every
non-basic activity belongs to a simple cycle (as an edge). Consequently, there
is a one-to-one correspondence between &,,;, and C, which we denote by o. More
precisely,

o(i,7) = ¢ whenever (i, 7) € &, and c is the simple cycle through (i, j).
(2.20)
With an abuse of notation, we will write (7, j) € ¢ when we mean that a (not
necessarily non-basic) activity (i,j) € &, belongs to the edge set of the graph
c.

Next, we associate directions with the edges of simple cycles. Let ¢ be a
simple cycle with vertices i, jo, %1, j1, - - - , ik, Jr, Where for 0 < [ < k, 4y € T
and j; € J, and edges (ig, jo) € Ew and (Jo, 1), - - -, (ik, k), (ks i0) € Epa- The
direction that we associate with the non-basic element (ig, jo) is i9 — jo (in
words: from ig to jy). The direction of the other edges, when considered as
edges of ¢, is consistent with that of the non-basic element, namely: i — jo —
iy — j1 — -+ Jr — io. Note that an edge (corresponding to a basic activity)
may have different directions when considered as an edge of different simple
cycles. We signify the directions along the simple cycles by s(c, i, j), defined,
for all ¢ € C and (i,7) € ¢, as

(c.i ) —1 if (i,7), considered as an edge of ¢, is directed from i to j
S C? Z? - . . . . . . . .
J 1 if (i, 7), considered as an edge of ¢, is directed from j to i.

We will denote

c 7,C)

mg. = s(e,d, j)uiy, €L, mp=(mj,i€l). (2.21)
§:(ind

1,7)€C
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Next, consider the system of equations in ¥:

Yjeg iy =a;, 1€T1,
EiEI wij = ij j € jv (222)
¢ij - 07 <Z7j) € gnb-

It is known that (2.22) has a unique solution v for every a, b satisfying 3, a; =
>_; b; (see [3], Proposition A.2). With

D ={(a,b) e R" xR”: > a, = > b;}, (2.23)

ie1 jeT
denote by G : D — R!7 the solution map, namely
Vi = Gila,b),  (1,]) € & (2.24)

The function G is linear and so Lipschitz (a fact that will be used in the sequel).
Denote also

H'(a,b) = = pisGyj(a,b), ie€Z, acR beR, H" = (H!"i€cT),
J

) (2.25)
Let £ = A\ — Y jeq f7;97; and set
~ A A t_
Wrin = A = St ([ #sds ) + et (2.26)
i 0

Finally, let the quantities {¥];}, as (4, j) ranges over the non-basic activities,
be labeled by simple cycles, namely define for every ¢ € C, ¥, = ¥;; where
(i,7) = o71(c). Let a diffusion-level version of these processes be defined as

"~

wr =n 2w
Theorem 2.1. Let X" Y™ Z™ U™ satisfy (2.2)~(2.6) and let Xn yn, Zn gn
be defined by (2.16)—(2.18). Then the following relations hold for all t > 0:
N N ~ t N ~ ~ ~
Xn(t) = X0 4 W (t) + / HY(X"(s) — Y"(s), N" — Z"(s))ds
0
t .
+ ZmQ/ " (s)ds, (2.27)
ceC 0

YAt 20, i€, Z}() 20, j€T, YK -Y0]= XN} - Z; (1)),

i€T jeJ

22



See the appendix for a proof. We now explain how a diffusion model is
derived from the above result. First, note that the limit, as n — oo, in the
definition (2.21) of m” exists, and is equal to the expression obtained from
(2.21) by replacing iy by ;. We denote the limit by m.. The vectors m, will
be referred to as directions of control because of the role they will play in the
singular control term. In a similar fashion, we denote by H the limit of H"
as n — 00, or equivalently, as the expression obtained in (2.25) by replacing
iy by puij. Next, we take a formal limit in (2.26). We let £ = (¢;,7 € Z) where
l; = lim, o 0} = 5\1 — Yjeg lijj; and let W denote a Brownian motion
for which the mean and the covariance matrix of W (1) are given by ¢ and,
respectively, & := diag(X\;C7;+A;) (for short: an (¢, X)-Brownian motion). The
expression above for the covariance is obtained by calculating the covariance
matrix of W"(l) upon formally replacing the fluid-level quantities Lﬁg(s) in
(2.26) by the quantities ¥7; from the fluid model, and finally taking limits as
n — oo.

Next, equation (2.29) imposes a constraint on ¥ in the form of a lower
bound at zero. It is also not hard to see that an upper bound on @g follows
from (2.5), (2.14) and (2.18). However, such a bound is of the order of n'/2,
and as n grows without bound it becomes irrelevant. It therefore makes sense
that, in the proposed diffusion model, each integral in the last term of (2.27)
is replaced by a process 7. that is required to have increasing sample paths,
and no additional limitation.

We thus obtain a diffusion model involving processes X (t), Y (¢), Z(t) taking
values in ]Ri, Rfr and, respectively, ]Ri as well as R -valued processes 7., ¢ € C.
Equations (2.30)—(2.32) below, that describe the diffusion model, are analogous
to equations (2.27)—(2.29), respectively:

X(t) =2+ W(0)+ | CH(X(s) — Y(s),—Z()ds + Y men(t)  (2:30)

ceC

Yit) >0, i€Z, Zi(t)>0, €T, > Yit)=> Xi(t)+ > Zt), t >0,
€T i€l JjeJ

(2.31)

For every ¢ € C, 7. is nondecreasing and 7.(0) > 0. (2.32)

We will consider Y, Z and {7.} as control processes, and regard (2.31), (2.32)
as constraints that they must satisfy. To define precisely what controls will be
regarded as admissible, recall that W is an (¢, X)-Brownian motion defined
on (£2,F, P). Let (F;) be a right-continuous filtration of sub-sigma-fields of F
such that (W(t) — ¢, F; : t > 0) is a martingale. Let a deterministic initial
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condition z € R! be given. A triplet (Y, Z,n) is said to be an admissible
control and X a corresponding controlled process if Y, Z and 7 are processes
with cadlag sample paths, Y and Z are (F;)-progressively measurable, 7, is
(F:)-adapted, and (2.30)—(2.32) hold for all ¢ € [0, 00) P-a.s.

A principal hypothesis of all the results below is what we refer to as the null
controllability condition:

There exists ¢ € C such that e-m,. < 0. (2.33)

Note that the cone C referred to in the introduction, in which the increments
of the I-dimensional process Y. m.n.(t) of (2.30) take values, is simply the
cone generated by {m. : ¢ € C}. Also, condition (2.1) of the introduction is
given explicitly by (2.33). The following result is proved in Section 2.3.

Theorem 2.2. Assume (2.33) holds. Then there exists an admissible control
(Y, Z,n) under which e- X(t) <0 and Y(t) =0 on [0,00), P-a.s.

The main results of this chapter establish the validity of statements about
the queueing model, that are analogous to Theorem 2.2 in an asymptotic sense.
The first is concerned with preemptive scheduling (see Section 2.3 for a proof).

Theorem 2.3. Assume (2.33) holds. Then there exist P-SCPs under which,
for every € and T satisfying 0 < e < T < o0,
JirglOIP’(Y”(t) =0 forallt € le,T]) = 1.

The treatment of non-preemptive scheduling is more involved. In order to
keep the notation simple we have focused in this chapter on the most simple
case where one can expect a null-controllability result: The case I = J = 2.
Clearly, in this case there is at most one simple cycle. It is expected that the

general case can be treated with similar ideas. The result below is proved in
Section 2.4.

Theorem 2.4. Assume I = J = 2 and let (2.33) hold. Then there exist N-
SCPs under which, for every ¢ and T satisfying 0 < e < T < o0,

lim P(Y"(t) =0 for allt € [¢,T]) = 1.

n—oo

Remark. As can be seen in Sections 2.3 and 2.4, Theorems 2.3 and 2.4 hold
with ¢ = 0 in case that the initial condition x satisfies ez < —1 (or even
e-x < 0, with an obvious modification of the proofs).
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(a) (b) (c)

F1G 2.2. (a) A graph as in Figure 2.1(b) with two simple cycles. Dashed lines represent non-
basic activities. (b) A possible set of directions of control corresponding to the two cycles.
(c) The direction my may be used to constrain the diffusion model to the null domain X_.

2.2.4. Discussion

Let us consider some numerical examples. Consider first a system with struc-
ture as depicted in Figure 2.1(a). Assume v; = 1 for j = 1,2, 3, and

V(8 (3101
- 4 ) M_:u_ 1 4 2 )

(where in this subsection we abuse notation and label j by 1,...,.J). One
checks that the heavy traffic condition holds, and

. (1050 (=T (9
S=loos 1) ™={g3 ) m=|_|

Above, m; and my are the directions of control corresponding to the two
non-basic activities (2,1) and (1,3). In fact, the graph that appears in Fig-
ure 2.1(b) precisely describes G, and Gy, in the current example. Clearly the
null-controllability condition holds, since e-m; < 0. The simple cycles and di-
rections of control are depicted in Figure 2.2(a) and (b). To demonstrate the
geometric aspect we refer to Figure 2.2(c), where the null domain X_ is shown
along with a vector field defined on its boundary assuming the constant value
m;. Under appropriate assumptions, one can construct a diffusion in R? with
a boundary term according to this vector field, that will be constrained to X_.
In contrast, msy can not be used to constrain the diffusion to the same domain.
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In general, the diffusion can be constrained to X_ provided that at least one
of the vectors m, satisfies e- m, < 0. This is the source for condition (2.33).
We next consider examples with two classes and two stations:

uzuz(g m) A:<13> f,F:<1o.5> 7n:<—2>

3 6 ) 3 ) 0 05 )7 3 )7
(2.34)

___(4 7) A_(?ﬁ) g*_<10.5> 7n_<—3>

H=t=\2a) "= 2 ) ST loos) ™7\ 2 /)
(2.35)
Above, we have presented both the data and the solution to the linear program
in each case. In both cases the heavy traffic condition holds and the activities
are as depicted in Figure 2.3(a). Note that in these examples there is a single
cycle. The null controllability condition does not hold in the first example,

and it does hold in the second. In fact, one can write the null controllability
condition (2.33) for the above examples in a straightforward way as:

far + peg < fi2 + fo1. (2.36)

It is instructive to note that there are values of p for which (2.36) does not ex-
press the null controllability condition (2.33). Consider the following example:

(37 V(35 . (0 05 (4
p=i=\g 11 ) *~lnus) $={105) ™=\ _5)

Note that the values of both sides of the inequality (2.36) are the same as in
example (2.34). Still, as can be verified by calculating e- m, the null controlla-
bility condition, that did not hold in example (2.34), does hold in this example.
The reason is that the structure of the graph has changed and it now corre-
sponds to Figure 2.3(b). In particular, the direction of the cycle is reversed,
and condition (2.33) is equivalent to (2.36) with a reversed inequality. We can
see that the null controllability condition depends on the values of u as well
as the direction of the cycle, which in turn is determined by the fluid model
parameters A and /.

We now come back to the point referred to in the introduction regard-
ing the unusual heavy traffic behavior. A particular consequence of our main
results can be stated as follows. One can find policies (preemptive and non-
preemptive) under which, for every ¢ > 0,

lim P (e-Y"(t) =0) = 1. (2.37)

n—oo
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(a) (0)

F1G 2.3. Two examples with cycles in opposite directions (dashed lines represent non-basic
activities).

What we referred to as unusual is that a critically loaded system shows a
behavior that is typical to underloaded systems: the possibility to maintain
empty queues with probability approaching one. We would like to make pre-
cise the statement that the system under study is critically loaded. One aspect
of this is that the underlying fluid model is critically loaded, in the sense that
the linear program (2.10) is solved with p* = 1, by assumption. More signif-
icant, however, is a statement that can be made regarding the probabilistic
model. Namely, one can show that in a probabilistic model associated with an
overloaded fluid model, queues inevitably build up.

To this end, let \;, i € 7 be constants satisfying A\, > \; for all i and \; > \;
for at least one ¢ € Z. The parameters (A, i) lead to a fluid model that is
critically loaded. In the same sense, the pair (X, i) correspond to an overloaded
fluid model. We consider a sequence of processes Ap; defined analogously
to A™, but with A\ replacing the parameters A", where A\ is a sequence
satisfying n='\'"" — X' (compare with (2.8)). Let X3, stand for the processes
X" obtained by replacing throughout our probabilistic model A™ by Ap;.
Define analogously all other processes involved, e.g., Y3, in place of Y. As
the following result shows, the model thus obtained is indeed overloaded in
the sense that queues (in fact, large queues) necessarily build up. The result
shows a sharp contrast with (2.37).

Proposition 2.1. There exist constants C; and Cy > 0 depending only on
(A, N, i) (and not depending on n or t) such that under any policy, for every
2

lim P (e Y5, (t) > (—Cy + Cat)n) = 1. (2.38)

n—oo

A proof is sketched in the appendix.
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2.3. Diffusion model and queueing model in the preemptive case

In this section we prove Theorems 2.2 and 2.3.
PROOF OF THEOREM 2.2. Let ¢y be such that e- m., < 0. Consider the domain

D,={¢eR e & < —a}

for some fixed @ > 0. Fix some j, € J. We will construct a control with the
following properties:

Y(t)=0, Z;(t)=0, forall j # jo, n.(t)=0forall c#cy, t>0.
(2.39)
The process Zj, will satisfy

Z.(t) = —e X (1), t > 0. (2.40)

As a result, (2.31) will be satisfied. Finally, the process 7, will serve as a
constraining term of a reflected diffusion on the domain D, with reflection
field identically equal to m., on the boundary 0D,. We therefore consider
equation (2.30) in the special form

X(t) =+ W)+ [ H(X(5))ds + megneg (1), (2.41)

where H(£) = H(E, (e-€)e;,). Note that H is linear. Consider first the case
x € D,. The result of [45] regarding existence of strong solutions to stochastic
differential equations with oblique reflection, stated for a bounded domain,
implies, using a standard localization argument, the existence of a pair (X, 7,,)
with the following properties. The process X is progressively measurable, 7,
is continuous nondecreasing, adapted, with values in R, equation (2.41) holds
for all £ > 0, a.s. and X () € D,, t > 0, a.s. In particular, we have constructed
a process X with the property e- X(t) < —a, t > 0, a.s. Letting now Y, Z
and 7., ¢ # ¢y be defined via (2.39) and (2.40), we have constructed a triplet
(Y, Z,n) that is an admissible control, and have shown that X and Y satisfy
the conclusion of the theorem.

In the case where e-x > —a, clearly x + m,, € D, for 3 large. Fix any (3
as above, and set y = x + 8m,, € D,. Denote the control and the controlled
process corresponding to starting from y as (}7, Z, 1) and, respectively, X. Now
set Y =Y, Z = Z, 0 (t) = B+ 7, (t) and X (t) = X (t). Then X(0) =y, and
clearly (2.41) still holds for all ¢ > 0. As a result, (Y, Z,n) is an admissible
control and the conclusion of the theorem holds. O]
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We remark that in the proof above we can simply take o = 0. Our results
regarding asymptotic null controllability will be inspired by a similar construc-
tion but a will be taken to be positive.

Recall that, by definition, a P-SCP is a map that determines ¥"(t) for a
given value of X" () in such a way that (2.2)—(2.6) hold. The following lemma
shows that, under suitable conditions, we can determine the value of ¥™ by
first selecting values for Y™(t), Z™(t) and {¥2(t),c € C}.

Lemma 2.1. There is a constant ag > 0 such that the following holds for all
n large. Suppose that, for some t, the following relations hold: X™(t) € Z.,
| X"(t) — na*|| < aon, Y™(t) € ZL, Z"(t) € Z7,

e Y (t) +e N" = e X"(t) + e Z"(t),  [e- YD)V [e: Z"(t)] < aoln + 1,

Uty eZy, ceC, and
U (t) < apn, ceC.

Set

WL (t) = Gy (X"(t) = Y"(t),N" = Z"(t)) — Y s(c.i, j)r(t). (2.42)

ceC:(i,5)€c

Then the quantities
{Xi'(t),i e I}, {Y;" (1), 0 € I}, {Z}(t),j € T}, {¥5(0). (4,) €T x T}

satisfy (2.2) and (2.4)—(2.6).

The proof of this lemma appears in the appendix.

PrROOF OF THEOREM 2.3. We begin by describing the policy. By Definition
2.1 we need to describe a map that determines ¥"(t) for a given value of
X"(t). Given the one-to-one relations (2.16) and (2.18), this is equivalent to
describing ¥ (t) for a given value of X™(t). Let ag be the constant from Lemma
2.1. If | X"(t)|| > aon'/? we assume that ¥"(t) is determined as the image of
X"(t) under some fixed map f", in a way that is consistent with Definition 2.1
but otherwise arbitrary (there will be no need to describe f™ more precisely).
Focusing below on the case ||X”(t)|| < agn'/?, we fix a sequence K,, n € N so
that n'/2K,, € Z, for all n and

K, — oo, n 2K, — 0, as n — oo. (2.43)

Denote
Di={¢cR e &< 1},
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Fix throughout a simple cycle ¢y for which e-m,., < 0. Also fix throughout
19 € Z and jg € J. The proposed policy sets

. X"(t)e D
pny =% XWED (2.44)
0 K., X"(t) € DS

and Pr(t) = 0 for all ¢ # co, t > 0. It also sets Y*(t) = 0 for all i # i,
Z3(t) = 0 for all j # jo and

A

Vi) = (e X"(t) —e N, Z0(t) = (e X"(t) —e-N")",  t>0.
(2.45)

By (2.43) and (2.44), V! (t) < agn for all n large. By Lemma 2.1, ¥"(t) are
well defined given X" (¢), and (2.2), (2.4)—(2.6) hold. This completes the de-
scription of the P-SCP. Clearly, this description, along with equation (2.3),
uniquely define the processes ¥ and X" given the initial conditions and prim-
itive processes. Although the description applies for any initial condition XO0n,
the treatment with be slightly different for X% in Dy and outside.

In what follows let 0 < e < T < oo be fixed. Let

7 = inf{t : | X"(t)|| > agn'/*}. (2.46)
Let also
H™(§) = H*¢ = (e-& — e N")Feyy, —(e-6 — e N")7eyy).
For t < 7™, one has by (2.27)

X"(t) = X0+ Wn(t) + /0 CH(R(s))ds + m]. /0 B (s)ds. (247)

Note that H" satisfy
IE"(©) < Cu(lEl + IN"l),  £eR\neN, (2.48)
where Cp is a constant independent of n. Denote C7 = —e-m. . Note that by

assumption C7' — —e-m,, > 0 as n — oo. It is assumed in what follows that
n is so large that
Cl > |e-me,|/2 =: 2Cy. (2.49)

Denote X = e- X" and similarly W = e- W", X0 = ¢. X0 and H" = e- H".
Then by (2.44) and (2.47) we have

N N “ t R t
Xo(t) = X0 4 W (t) + /0 H*(X"(s))ds — C"K,, /0 L oids, LS
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The rest of our argument is divided into four steps.
Step 1. We first show that there exists a deterministic constant C'; independent
of x, n and K,, such that

X5 < CL(1+ | X% + [W™|%)  on the event 7 > T. (2.51)
To this end, denote A, = [4]le]| (|| X°"|| + [|[W™||%)] V 1 and let
' =inf{t € [0,7]: X"(t) < —A, —1}.

Note that ' > 0. Since by assumption 7" > T, (2.47) and (2.50) are valid for
t <T. By (2.48) and (2.50), noting that X}'(t) > —A, — 1 for t < 77", we have

4 A ~
KnCS/O Lin(sys1d8 < Ap + 14 G + [l [ X + [lefl W17

to.
+lellCi [ 1K (s)Ids, ¢ <7 AT,
where we denote 3, = ||e|CxT||N"|. Note that 3, — 0. Hence by (2.47),
A o
X" @) < Co(Au+ 1)+ G [ IX"(s)llds,  t< AT,

where C5 does not depend on X Om, W”, K, or n. By Gronwall’s lemma,
HXnH;"/\T < Cy(A, + 1) (2.52)

Since on the event 7{ > T' the property (2.51) follows from (2.52), we consider
in what follows only the case 77" < T. If X(t) < —1 for all t € [0,7]], let
Ty = 0; otherwise let

Ty = sup{t € [0, 7]] : X?(t) > —1}.
Note that X™(r)') > —1 — |le||[| X°"||. Hence by (2.50)
Ayl |7 > X ()= X2() = Wi r) =W (m)+ | H; (X" (s))ds.
As a result,
A,/2 <

[ )ds| < el Cur X5y +

2
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This and (2.52) show A, /2 — B, < |le||CamCy(A, + 1)e?T. Since A, > 1,
A,/(A, +1) > 1/2. As a result, there exists a deterministic constant 6 > O
not depending on X0n Wn, K,,,n such that, provided that n is large enough,

71" > 6 on the event 7" > T (2.53)

Combining (2.52) and (2.53) we have that || X" |5 < C5(1+ || X" + [W"|3),
where O3 does not depend on X% W™, K, n. In a similar fashion we have for
1=1,2,... ) ) )

[ X715 < Cs(1 4+ [ X" [Gi—ys + W7 [I7).

Assuming without loss that C3 > 1 the above implies

X717 < (2C) TP L+ X0+ W 17)

and proves (2.51).
Step 2. Recall that W denotes an (¢, X')-Brownian motion. We next show that

lim P(7" < T) =0, (2.54)
and )
W"=W  onl0,T]. (2.55)

Let A;, 7 € Z and Sy, (i, j) € TxJ be mutually independent Brownian motions
with mean zero and variances given by EA?(1) = \C7,, ES}(1) = py;. By
Theorem 14.6 of [13],

(A", 8") = (A, S) locally on compacts. (2.56)

By (2.5) and (2.6), ¥3(t) < N for all i,j and ¢. Thus by (2.8) and (2.26),
W[5 < | A5+ 5"l &,7+]1€"]|T for a suitable constant Cy. Hence n=2/2|[T/™||5
converges to zero in probability. By (2.51), n=Y/2|| X"||%,,-. converges to zero
in probability. Using the definition (2.46), this establishes (2.54). In turn, this
shows that n~ /2| X"||% converges to zero in probability. By (2.45), so do
n~V2||Y™||5 and n~Y/2|| Z7||%. Note that G(z*,v) = 1*, as follows from (2.11)
and (2.24). Using (2.42), linearity of the map G, (2.43) and (2.16)-(2.18) we
thus obtain, for a suitable constant Cs,

1978 = "l < 0 Y IGX" = na* =Y, N = — 275+ 0 2K,
< Csn ™ POIX" 7+ 1Y 17 + 1N+ 12717) +n~ 2K,
— 0 in probability. (2.57)
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Combining (2.26), (2.56) and (2.57), the claim (2.55) follows from the lemma
on p. 151 of [13] regarding random change of time.

Step 3. Recall (2.19). We prove the theorem in the case x € D;. In this case,
for all n large, X% ¢ Dy. Denote

— inf{s € [0,T] : X(s) > —1/2}.
Denote also 2" = {7" > T'}. By (2.54), lim,, P(£2") = 1. If we show
lim P({r" < T} N 2") =0, (2.58)
it would follow that P(X(t) < —1/2 for all t € [0,T]) — 1, and in turn, by
(2.17) and (2.45), that P(Y"(¢t) = 0 for all ¢ € [0,T]) — 1, as n — oco. Hence
in order to prove the theorem it suffices to prove (2. 58)

To this end, note that the jumps of the process W™ are bounded by n
and write

—-1/2

P({r" <T} N N") < P({there exist 0 < s <t < T such that
— 1< X™(0) < —1/2 for all § € [s,1],
X7(s) < —7/8 and X(t) > —5/8} N 2"). (2.59)

Under the event indicated immediately above, on the (random) interval [s, t],
X? > —1, and thus by (2.50),

< X2(0) = X2() = [ HPCEN0)d8 + WI(E) ~ WI(s) = CPE(t =),
(2.60)
Moreover, by (2.48) and (2.51),

[ FR X0 (0)d0 < Culle|Cute — )l + [Walli] +

where r = 14sup,, || X%"||. Since K,, — oo, it follows that there is a determin-
istic ng such that for all n > nyg

A (s,t) = WIE) — W2(s) + Crllel|Ci(t — 8) W5 + Ba
+ [CZ Ky — Chlle||Cur(t — s)

="
>Rt —s)
- -5
4 0
12 4> K1/
> J ol s = Ky (2.61)
1/4, t—s< K12
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where Cj is as in (2.49), and on the first inequality we used the fact that
Cylle||Cyr does not depend on n. Combining (2.59) and (2.61), we see that
there are constants Cg, C7 > 0 not depending on n and K, such that

PH{m" <T}nNNO")
< P(there exist s < t < T such that A,(s,t) > CoK/?)
+ P(there exist s <t < T such that t — s < K, /2 A,(s,t) > 1/4)
< P(Wallz = CoK,)
T P(wr(Wa, K72) 2 1/8 = B,) + PCulel| Gy 2 Wally > 1/8)
< 2P(||Wall7 > C7G/%) + Plwr (W, K V%) > 1/8 = 6,),
where wr(f,0) denotes the modulus of continuity of a function f on [0, 7.
Since by (2.55) W™ are tight, and the weak limit process has continuous sample
paths, (2.58) follows (see e.g., Theorem 16.8 of [13]) and hence the result.

Step 4. Finally, we prove the theorem in the case r € Df. Let 73’ = inf{t €
[0,7] : X < —1}. Then

P({r} > e} N 2") <P{X™0) > —1 for all § € [0,]} N 2").

An argument similar to step 3 (only simpler) shows that under the event
indicated on the r.h.s. of the above display,

A, (0,e) > =1 —r+ [CUK,, — Cyle||Cyr]e,

and in turn that P(75 > €) converges to zero as n — co. We can now review
the argument of step 3, replacing X°" by X"(72) and 7" by 77 := inf{t €
(72, T : X™(t) > —1/2} (where ) = oo on the event 7' > T) so as to show
that P(7; < T) — 0 as n — oo. The only issue that is different now is that the
“initial condition” X "(74) is random and cannot be bounded by a deterministic
constant r. Instead, let us define the random variable 7 := 1 + || X™(72")|| and
let 27 := {r" < Co(Cylle]|Cy) 'K, } N {73 < T}. Coming back to (2.61) with
r™ in place of r, it is clear that the second inequality will hold on (27, and so the
remainder of the argument of step 3 is valid once (2" is replaced by 2" N (27.
Since P(7§ < T') converges to one, the relations (2.51), (2.54) and (2.55) imply
that the random variables r” are tight, and therefore P(£2 N 2") — 1 as
n — oo. This establishes the theorem. ]

2.4. The non-preemptive case

In this section we treat the non-preemptive case and prove Theorem 2.4. Recall
that we only consider the case [ = J = 2. Thus Z = {1,2} and J = {3,4}.
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The heavy traffic and complete resource pooling conditions, that are in force,
imply that the graph of basic activities Gy, is a tree with vertex set ZU J =
{1,2,3,4} (cf. (2.12)). It follows that there are exactly 3 activities that are
basic. Had we not had a fourth activity, the graph G, would not contain a
cycle and it would not be possible to fulfill the null controllability condition
(2.33). Thus, the hypotheses of the theorem require that there be a fourth, non-
basic activity. We have labeled the classes as ‘1’ and ‘2’. Although J = {3, 4},
it will be more natural in the discussion that follows, and throughout the
section, to refer to the stations as ‘station 1’ and ‘station 2’, and with an
abuse of notation regard the index set for the stations as {1,2}. Accordingly,
we have four activities, (¢,7), 4,7 € {1,2}, and without loss of generality, we
let (2,1) be the only non-basic activity (see Figure 2.3(a)). As a result, the
direction of the only simple cycle, that we denote as ¢, is: class 2 — station 1
— class 1 — station 2 — class 2. By (2.21) we get m@ = (ufy — ply, — by + 1)
and m. = (11 — f2, —po1 + p22). In what follows we will write m” for m”
and m for m.. We also let C) = —e-m" and C,,, = —e- m. Note that condition
(2.33) can be written as C,,, = —e-m > 0.

We now specify the N-SCP for which the conclusions of Theorem 2.4 will be
shown. According to Definition 2.2, we must specify the initial arrangement
and how routing is determined upon each arrival. To this end we need some
notation. Note that by (2.23) and (2.25) there exists a constant C’; such that

n C
|[H"(a,b)]| < Tf(llall +18l}),  (a,b) € Dg,n € N. (2.62)
et 21 16C" 1 log?2 log 8
+ H 0g 0g
" Co selm| "y 7T (263)

The initial arrangement and the routing rules will depend on X On and in
particular on whether e- X% < —1 or not. First consider the case where
e X0n < —1.
Initial arrangement. Recall that X" (0) = X" is given and we have to specify
U (0). We set
5(0) = [n°/°x],
Ui (0) = [(N = Ng' + X7 + X3™) /2] — 95 (0),
Ui(0) = [(N3 — N{' + X7 = Xp™) /2] + 93 (0),

%nz(o) - Xg’n - lpgl(o)-
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Using (2.4), (2.5) one verifies that
Y'(0) = Y5'(0) = 0, [27(0) = Zz(0)] < 1. (2.68)

Routing. The routing decisions can be based only on n, the value of =" right
before the arrival, and some auxiliary randomness that we have denoted by
R™. The way we use the randomness in the proposed policy is so as to split the
customers of class 2 into two sub-classes, that we label as a and (3. Upon the
kth class-2 arrival, an independent biased coin is tossed according to which it
is decided what sub-class the arrival belongs to. The bias of the coin is allowed
to depend on k. We denote by a, (k) the probability that the kth class-2 arrival
is classified as a class-a customer. The value of «, (k) is determined as

) = {0 ) e TS DN (2.69)

/\2713/8 TL)\Q

Since we assume that X°" < —1 and the difference between Z'(0) and Z5(0)
is at most 1, it follows that the initial arrangement is such that there are free
servers in both stations. Below, we shall describe the routing policy only as
long as there are free servers in both stations. The description of the policy
at other times is not important and will be left completely open (in fact, one
of the main ingredients of the proof will be to show that the event that there
are no free servers in one of the stations some time before T has probability
approaching zero as n — oo). The routing rules are as follows.

1. Class-1 customers are routed to the station with more free servers. More
precisely, if a class-1 customer arrives at time ¢, it is instantaneously routed to
station 7, where

it zre-) > Z-)
I= 2 otherwise.

2. Class-a customers are routed to station 1 upon arrival.

3. Class-(3 customers are routed to station 2 upon arrival.

Next, consider the case where the initial condition satisfies e X0n > 1,
Denote 7, = e- X%" — e- N™ + [n!/2]. For the initial arrangement, we let r,
class-1 customers be left in the queue, and let ¥7;(0) be defined as in (2.64)-
(2.67), except that we substitute X%" — r, for X%". As a result, in place of
the left part of (2.68) we will have Y"(0) = r,, Y;*(0) = 0. The routing is
determined as follows. The r,, class-1 customers that are initially put in the
queue are kept in the queue. Rules 1-3 above apply for all the other customers.
Upon the first arrival after the time 7' when the number of free servers in the
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system first exceeds 7, + [n'/?], all the r,, customers are moved into service: 77
into station 1 and 7% into station 2. Here, 77 = [(Z5 (175 —) — Z7 (78 —) +70) /2],
o= [(ZP(10—=) = Z3(T8 =) + 1) /2]. Clearly, e- X"(8") < —1. Also, by the
above choice for 77, one achieves that Y;"(7)") = 0 and |Z7(7") — Z3(73)| < 1,
a situation similar to (2.68). From the time 7' on, the routing rules 1-3 above
apply for all the new arrivals. Note that once again we have ignored the scenario
that there are no free servers in one of the stations at some time before T, for
reasons as mentioned before.
Here and for most of this section we shall assume that e-z < —1. Since
Xon xr, we have
e X0 < —1 (2.70)

for all large n, and as a result only the first part of the definition of the policy
will be relevant until, at the end of the section, we return to the treatment of
the case e-x > —1.

Without loss of generality assume that 7' is a multiple of §, and set k =
T/§. Divide the time interval [0,7] as follows: I, = {0}, Iy = (0,0], ...,
It = (k= 1)6,k6]. Let h: [0,T] — R be defined as

h(t)=2"%forallt €I}, k=0,1,...,k.

Define _
- t
7" = inf {tEO:Xg(t) > —(2)}/\T. (2.71)
Let I = 2% = LR(T). Let
o =inf{t > 0: Zr(t) A Z2(t) < 4R’} (2.72)

and (" = 7" A ¢™. By (2.70) and since Z7(0) and Z(0) are nearly equal (cf.
(2.68)), it is useful to note that

Z™(0) A Z2(0) > 1/4. (2.73)

Also, it is clear that there are idle servers in both stations up to time o”.

Denote
D(a,p)={¢€eR":|¢| <a, e < —p},  a>0, p>0.

Let K,, = n'/? and
DY = D(e°F K, 27).

For k =0,1,...,k, denote
Qp = {X"(t) € Dy, t € Ty, for all B < k} N {C" > ko). (2.74)
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Proposition 2.1. Let the assumptions of Theorem 2.4 hold and assume also
that e-x < —1. Then for k=0,1,... k, P(£27) — 1.

The above result implies that P(¢” < T') — 0. Since by construction of the
policy, Y™ (t) = 0 for t < ¢", this establishes Theorem 2.4 in this case.

In preparation for the proof of Proposition 2.1 we need some notation and
preliminary results. Recall that we have denoted the only cycle by ¢, and that
according to our notation W7 (t) = W2 (t) and ¥ (t) = W2 (). Let A™(t) [AZ(1)]
denote the number of class-« [respectively, class-/3] customers that have arrived
up to time t. Let

Ant) = w2 AL(E) — Ko [ () n(s)ds, (2.75)
where
bo(t) = ke, t>0. (2.76)

A sequence of processes is said to be C-tight if it is tight and every subsequen-
tial limit has continuous sample paths with probability one. The following
three lemmas will be proved later in this section.

Lemma 2.1. Under the assumptions of Proposition 2.1 one has

\AZP} — 0 in probability, (2.77)
| X" — 2| T pon = nfl/zH)A(nHi}Aan — 0 wn probability. (2.78)
H@" — V|7 pon = n71/2||¢n||*mgn — 0 in probability. (2.79)

In addition, the processes A?(- A o), 3{; (fo'/\gn @[}(s)ds) are C-tight. In par-
ticular, one has | S5, (fo %’ﬂs)ds) [5ron — 0 in probability.
Lemma 2.2. Under the assumptions of Proposition 2.1, |lﬁcn — K bolhpgn — 0
in probability, where 1y is as in (2.76).
Lemma 2.3. Under the assumptions of Proposition 2.1, lim,, ., P(¢" < 7") =
0.

The following will be used several times in the proofs of both Proposition

2.1 and the above lemmas. Recall that for ¢ < ¢™, Y"(t) = 0. Hence have from
(2.27)

~ ~ ~ t ~
Xn(t) = X0 4 () + / (H™(s) + m™07(s)|ds, <"  (2.80)
0
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where we have denoted
H™(s) = H"(X"(s), —Z"(s)). (2.81)

Also, substituting zero for Y™ in (2.28), using (2.14) and positivity of Z]”, we
have for all n large

IZ' I < IX"®1+1, <o (2.82)
Thus by (2.25), (2.62), (2.81) and (2.82), for all n large,
I (I V lle H™ ()] < Cu(L+IX"(s)), ¢t < o™ (2.83)

PROOF OF PROPOSITION 2.1. We argue by induction on k. As the induction
base, consider k = 0. By (2.70) and since X°" converge, we have X"(0) € D
for all large n. By Lemma 2.3, it remains to show that 7 > 0 with probability
approaching 1. This follows from (2.71) and the fact that the jumps of X" are
bounded by n~1/2.

Next consider the induction step. Assuming that for a given k < k one has

lim P(2}) =1, (2.84)
we shall prove
nh_)rgo P(£2;,,) = 1. (2.85)

In view of Lemma 2.3, it suffices to show

dim P(7" < (k+1)d) =0, (2.86)
and R
nhj{)lo PUX"™ |50+ 1)0m < E,) = 1. (2.87)

To this end, note that from (2.80) we have
A A o t N
Xn(t) = X0n 1 Wnt) + / [H'(s) — Ch0™(s)|ds,  t<o™  (2.88)
0
By (2.63), one verifies that the constants , § and v satisfy

e < 2, 1+ Che” < —Chr, (2.89)

N | —

4(1 + ||m||rde™®) < . (2.90)
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Denote N
= n{c" >7r"n{r" < (k+1)d}.

Let h = £27%. On 2} (hence on 27 the following must hold:
| X"(ko)|| < e*K,,  X"(ké) < —8h. (2.91)
In addition, on 27,
there exist k0 < s <t < (k+1)d A o" such that
X"(s) < =Th, X"(t) > —5h.

Hence in view of (2.88), the following must hold on £27:

A

2h < X7 (t) — X7'(s) = W (t) = W'(s) + / TH2(u) — CL (u))du. (2.92)

e

Denote a, = |7 — Kyolngn, bn = [W*{[5rpn and d, = W2 (v) — W2 (u).
Let

Q= PN {Can < 2} N {20, + 20|mlja, + T < K,,}. (2.93)
By Lemmas 2.1-2.3 and (2.84),
lim P(£27) = 1. (2.94)

On the event £27, by (2.80), (2.83), denoting
A" = || X" (RO) |+ 2bn + O|m" | 17 g + T
we have
IX @) < 4"+ [ ClX@)la, w< (k+1)0A0"
ko
By Gronwall’s inequality and the first part of (2.89) this shows that || X™(u)|| <
24" for u as above. Using this along with (2.93), and assuming in what follows

that n is so large that [|m"| < 2|m|| and C}, > C,,/2, we have on the event
2

| X™(w)|| < 4K, (1 + ||m||rde?®) < K,e?* D 4 < (k+1)0 Ao™, (2.95)

where in the last inequality we used (2.90). Equations (2.94) and (2.95) estab-
lish (2.87). Next, combining (2.92) and (2.95), and using again (2.93), we have
on the event (2! N (2}

2h < d7, 4+ (Cl +1)(t — 5) + K, (t — 8)e™*[Cle” — Cpri /2.
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Writing ' = C}; + 1 and using the second part of (2.89), we conclude that for
all large n, on the event 27 N (2}, there exist s and ¢ such that kd < s <t <
(k+1)0 Ao™ and

LRIt > KO

d*, > 2h+ (eFK, — C)(t — s) >
st Z (e )t —s) > {2h, b < Kgl/z‘

Hence for all large n
P({2})
< P((27)°) 4+ P( there exist 0 < s < t < T A ¢™ such that 2d3, > KY?)
+ IP( there exist 0 < s <t < T A o" such that t — s < K,;%/? and dy, > 2h)
< P((2)°) + P(dby = K/?) + P(wrpon (W, K V%) 2 ).

By (2.94), the tightness of b, and the C-tightness statement in Lemma 2.1,
we see that P(£27) — 0 as n — oo. By (2.84) and Lemma 2.3, this shows
(2.86). 0

Let a constant r > 0 be given and let 6" = inf{t € [0,8] : X"(t) < —r}. Let
¢ be as in Theorem 2.4. The following consequence of the above proof will be
useful.

Corollary 2.1. Under the assumptions of Proposition 2.1, lim,_., P(6" >
e/2) = 0. In addition, || X"||}= are tight.

ProOOF. With the notation from (2.74) and (2.93), define 2" = {0 >
e/2} N §27. By Lemmas 2.1-2.3 and Proposition 2.1, lim,, .., P({2}") = 1 and
therefore it suffices to show that P(£2") — 0. On 2" we have

1 < X2 () = X2(0) = W2 (o) = W2 () + [ [H2 () — O (u)]du

and an argument along the lines of the proof of Proposition 2.1 proves the first
claim of the result. )

Next we prove the tightness statement. Note that by assumption || X™(0)|| <
Cp for some deterministic constant Cjy ir}dependgrlt on n. Let ¢" = (2r +
lellCo)e P K1 and 27 = {0" > <"} N 7. On 2" we have (just as in the
proof of Proposition 2.1)

N N ~ " ~
1 < R = K10+ W + [ ) = O (w)du
X2(0) + W) + (Cly +1)s" = Ky s

<
< WP (™) + (Chy 4+ 1) — 2,
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As a result,
lim P(0" > ¢") = 0. (2.96)

n—oo

Let C = Cy+4r||m||x 4+ 2CHr +1. On 27, for n so large that <" < &, with the
notation a™ = |¥* — K, ¢l ,n, we have

X715 < [ XO)]| + wr(W", ") + [[m™[|6a™ + [|m" |5 Ke?’s™ + Oy K€"
< wp(W™,¢") + 2||m||da” + C — 1.

Since by Lemmas 2.1-2.2, we have lim, o P(wr (W™, ¢") 42||/m||da™ > 1) = 0,
we conclude that lim,, ., P(|X"||% < C) = 1. In view of (2.96), this shows
that || X"||5. are tight. O
We turn to prove Lemmas 2.1-2.3.

PROOF OF LEMMA 2.1. We first prove (2.77). Let R} denote the indicator of
the event that in the nth system, the kth class-2 arrival was classified as an
arrival of class a. Then ER} = P(R} = 1) = «a,(k) given in (2.69). Since AZ(¢)
represents the number of class-2 arrivals up to time ¢ that were classified as
class a, we can write A" (t) = z;ﬂt) R}. By (2.75) we have

A(t) = A1) — e 22 (- 1),

where throughout this proof C' = (g1 +7)k/Xe. Fix & > 0. Then A”(t) > ¢ if
and only if A"(t) > n'/2e + K7, where

A C
KI'=n% 22 (7 - 1),
v

Therefore

P( there exists ¢ < T, such that A"(t) > &) < p!' + p}, (2.97)
where

Pl =P(sup |AZ(t) — Aot] > n**) = 0 as n — oo (2.98)

t<T

Py = P(sup |A5(t) — \it| < n*/*, and there exists t < T,
t<T

An(t)
such that > R} > n'/?c + K}
k=1
B(nt)
< PP( there exists ¢ < T, such that > Ry — K;' > n'/%),
k=1
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where B(n,t) = [A3t + n3/*|. The convergence statement in (2.98) is due to
the tightness of A} (cf. (2.56)). A direct calculation based on (2.69) shows

Bn.t)
> E(RY) < Kj'+ ',
k=1
for all large n, where C” is a deterministic constant not depending on n. Hence

B(n,t)
Py < P(there exists t < T such that Y (R} — ER}) > n'/?%e — C'n®/®).
k=1

Denoting m(l) = YL, (R? — ER?) we can write
k=1L k

Elm(2237)?)

Py < P(Imf5pur >n"e/2) < 220,

Y

where in the last step we used Doob’s inequality for the martingale m. In turn,
E[m(1)?] = X _, a,(k), and substituting 2A5T for [ one finds that p} — 0. As
a result, the Lh.s. of (2.97) converges to zero. A similar calculation, that we
omit, shows that the probability that there exists ¢ < T such that flg(t) < —¢
also converges to zero. Since ¢ is arbitrary, (2.77) follows.

Exactly as in the proof of Theorem 2.3 we have

n~ V2w = 0. (2.99)
Since X" converges, we have from (2.80), (2.81) and (2.83), for all large n,
N A t N A
X" (@ < Kn+||W”(t)||+C}f/0 A+ [IX" () Dds+T(lm" [ [El]l7, ¢ < o™

(2.100)
Using the inequality

r(t A ™) < I0) + n”Y2AY(T) (2.101)

and Gronwall’s inequality we have
IX"(1)|| < CLE, + |[W™(t)|| +n YV2ANT) +1), t<o"AT, (2.102)
for an appropriate constant Cy not depending on n. It follows from (2.77) that

lim P(A™(T) > n**) =0, (2.103)

n—oo
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Combining (2.99), (2.102) and (2.103) we have (2.78). Using (2.4), (2.5), (2.11),
(2.16)—(2.18) and the fact that Y™(¢) = 0 we have, for all ¢t < o™,

UL (8) + Uiy (t) = X7 (1), () + U3 (t) = X3 (1), Z3'(8) + Wy (1) + 0 (1) = MY
These equations along with (2.82) show that
1" ()] < Co(L+ |X" ()| +2(2), t<om, (2.104)

for a constant Cy not depending on n. Combining (2.101), (2.103) and (2.78)
we have (2.79). The result (2.79) implies that the processes ¥/(- A o) are
tight and that every subsequential limit has continuous sample paths with
probability one. Using this and the time change lemma [13] along the lines of
the proof of Theorem 2.3 above proves C-tightness as claimed. Finally, consider
the last claim in the statement of the lemma. Since ¥3; = 0, (2.79) shows that
"%, ,» — 0 in probability. Using this and (2.56), the claim follows using
again the time change lemma. O]
PROOF OF LEMMA 2.2. By construction of the policy, Bj,(t) = A%(t) for all
t < o". Thus by (2.7),

(1) = 3(0) + A2(e) — S5 ( [ i (s)ds).

Denote
o(t) = (p21 +7)%o(t), t=>0. (2.105)

Recalling that U™ (t) = n~Y/20"(t) = n~ /202 (t), using (2.75), one checks by
direct calculation that

A

~ t t . —~
B = E20) + 0 [ pls)ds — gy [ 0 s)ds + W), t<o”,

where .
Wit = Aut) - 53 ([ B()ds) .

Note that 1(t) = x + [3 0(s)ds — a1 fy wo(s)ds, and let 18 be the unique
solution to

Ub) =+ [ ol)ds — iy [ (s (2.106)

Then, for t < o™,

07 (1) = O ) = 02(0) — 0 — gy [ 82(5) — U ()ds + T 0)
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By (2.64), ¥7(0) — n'/8x — 0. By Lemma 2.1, |W[4,,. — 0 in probability.
An application of Gronwall’s inequality therefore shows that

W — p!/Syps, . — 0 in probability. (2.107)

Also, by (2.13) and (2.106) it is easy to see that 6"(t) < Ce, +C [3 §"(s)ds for
t < T, where §"(t) = |[o(t) — Yg(t)|, C is a constant and n'/8¢, — 0. Hence
nl/86" |5 — 0. Along with (2.107), this proves the lemma. O
PROOF OF LEMMA 2.3. By (2.73) the initial values for both Z and Z are
greater than 8h'. We thus have {o™ < 7"} C 27 U (25, where for i = 1,2,

(27" = {there exist u; < uy < ¢" such that
sup  ZMu) < Th', ZM(uy) > 6B, Z'(ug) < 5R'}.

u€lu,uz)

Step 1. We show that P(£2]) — 0. Let u; and uy be as specified in the expression
for 27. Note that the size of the jumps of X" is bounded by n~'/2. Hence
for u < 7" we have X”(u) < —32h" + n~'/2. This, combined with (2.14),
(2.28), and the fact that Y;*(u) = 0 for u < ¢ imply that Z7(u) < Z2(u) for
u € [ug, us]. According to our definition of the policy, all class-1 customers are
routed to station 2 during the period [uq,us] and only class-a customers are
routed to station 1 during this period. As a result, B}, (us) — B}y (u1) = 0 and
BY, (uz) — By (u1) = A2 (ug) — A% (uy). By (2.7), we have

> (T (ug) — ¥ (ur)) = Ap(ug) — Al (ur) — Dy (ug, ug),

i=1,2

where

Dt 1) = Y [s;;. (/Ot ;zfg;(s)ds> g (/Ot @[;(s)dsﬂ L =12

1=1,2

Note that D?(tl, to) represents the number of departures from station j during
(t1,t2]. Using (2.5) and (2.14), one has on (2] that

W'n'/? < Al (ug) — A% (uy) — DY (uq, ug). (2.108)

Denoting, for j =1, 2,

e = 3 4n (/Ot wg(s)ds),

i=1,2
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- — — ta .
S0ty 1) = W(ta) — WP(t) + 3 {u;; /t B2 (s)ds + nM 2t — 1)

i=1,2
(2.109)
and

~ ~ A l2
A, t2) = Ad(ta) = Ant) + 07" [~ ols)ds,

t1

where p is as in (2.105), one checks by direct calculation that (2.108) can
be written as b’ < A?(uy,up) — SP(up, us). Note that o is bounded above.
Moreover, pt13; is bounded below by a positive constant. Using (2.104) and
denoting A = us — uq; we therefore have, for all large n,

W < 2| A5 + wppen (W, A) — n'/2AT A, (2.110)

where ) )
A} = Cy = Con™ P14 (| X7 pgn + 1 7 pgn)
and C; > 0 and Cs are suitable constants. We conclude that P(£27) < P(£27 )+
P(§275), where
(27} = {there exists A € (0, n_1/4] such that (2.110) holds},

(275 = {there exists A € (n~Y*, T such that (2.110) holds}.

By Lemmas 2.1 and 2.2, A7 — C; and |A"|%. — 0 in probability, and W7 (-Ac™)
are C-tight. This shows that P(£27,) — 0. On £27,, if A7 > 0 then n'/*A} < ¢,
must hold, where &, = 2|A"[% + 2|W|%,. .. Hence P(027,) < P(AT < 0) +
P(A? < n~Y4g,) — 0. This shows that P(£2}) — 0.

Step 2. We next show that P(£25') — 0. Letting u; and us be as in the expression
for 27 and arguing as before one obtains that Z(u) > Z2(u) for u € [uy, u)
and consequently that all class-1 customers are routed to station 1 during this
period. Analogously to (2.108) we find that on 2

W2 < A(uz) = A(us) = D (us, wa).

Using the inequality Aj(ua) — Aj(u1) < A5(uz) — Aj(ui) and some direct
calculation we deduce from the above that

W < A3 (uy, us) — Sy (ur, up), (2.111)
where SJ is as in (2.109) and

Ag(tl,tQ) = Ag(tg) — A;(tl) + )\Sn_l/Q(tg — tl)
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Note that the r.h.s. of (2.111) contains the term ~,n'/?(us — uy), where 7, =
n_l)\g—zi:m v, We claim that v, is bounded above by a negative constant
for all n large. Indeed, recall that &, = 0 and note that from (2.10) we have
Ao = [i22€5,. With (2.9) and (2.11) this shows Ay = pgoth3y < 3019 tlio®jy. The
claim regarding +,, thus follows from (2.8).

Along the lines of step 1, we obtain instead of (2.110)

W < wppgn (A8 — W, A) — 2 AR A,
where A = uy — uyq,
Ay = Cy — O P+ | X[ pgn + 2 [700m),

and C3 > 0 and Cj are constants. The rest of the argument for showing
P(£25) — 0 is similar to that in step 1 and is omitted. We conclude that
P(o" < 7™) — 0. O
PROOF OF THEOREM 2.4. In view of Proposition 2.1, it only remains to treat
the case where e-x > —1. We can split the sequence of systems into two
subsequences according as e- X0n < 1 or not, and since the result is already
proved for the subsequence on which e X0 < —1, we will assume without
loss of generality that e- X0 > —1 for all n. As a result, the second part of
the definition of the proposed policy applies. In the first part of the proof we
used the fact that the system starts with no queues. In the current situation
we argue that even if the system starts with a queue, it is brought quickly to
zero. Recall the notation 7§ from definition of the policy. Note that prior to
time 73 there are 7, class-1 customers that are kept in the queue and that
as far as all other customers are concerned, the system behaves exactly as
in the first part of the definition. As a result, we can use Corollary 2.1 with
r =1+ sup,n /?r, < oo, and it follows that P(7} < £/2) converges to 1.
At time 7§ the system is in a state very similar to that in which a system
satisfying e- XO" < —1 is at time zero, in the sense that e- X™(72) < —1 and
|Z7(18) — Z5(15)| < 1. A review of the proof of Proposition 2.1, replacing
the initial values of all processes by their values at time 73 shows that, with
probability approaching 1, Y™(t) is kept zero for ¢ € [¢,T]. As in section 2.3,
the only remaining issue is that X "(78) must be shown to be tight. This is
indeed the case by Corollary 2.1. O]
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2.5. Appendix to chapter 2

Lemma 2.4. (i) All nodes T U J of Gy, are connected through the edges of
gba-

(i) Every non-basic activity (i,7) € Ep belongs to a simple cycle.

PROOF. For (i), consider a node of G,, i € Z. By (2.10), 35, i3;&;; > 0, and

therefore there exists j € J such that £ > 0. This shows that f J) € &
and thus ¢ must be a node of G,. A similar argument holds for a node j € J
observing that 3=, §;; = 1 by the heavy traffic condition. Item (ii) follows since
Gy, 1S a tree. O
PROOF OF THEOREM 2.1. We first show that the relations (2.3)—(2.6), when

rescaled appropriately, imply the following:

Xp(t) = X"+ Wit ZNU/ ds, iel,jeg,  (2112)
JjeTJ
D+ Y Up(t) = Xp(1), i€l (2.113)
JjeTJ
)+ > Uty =N, e, (2.114)
i€

Yi(t) >0, Z;(t) >0, ¥"t) >0 i€, je€T, ceC, t>0. (2.115)
To this end, note that by (2.15), (2.16) and (2.19),

() = —1/2<X"< ) - x’f)

e s ([ o)

JEJ

At =Y np / ]

jeT

+ 12

By (2.13), (2.17) and (2.18), the last term in the above display is equal

—Zuw/ ds+)\”t+n1/2[)\—2uz¢l .

JjeT jeT

Using (2.10), (2.11) and (2.13),

'’ [Az- -3 um] t= = X it

JjeT JjeT
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Combined with (2.26), this establishes (2.112) above. Equations (2.113) and
(2.114) and the first two inequalities in (2.115) directly follow from (2.4), (2.5),
(2.6), (2.11), (2.14), (2.16), (2.17) and (2.18). For the last inequality in (2.115)
recall that for ¢ € C, ¥ = @Z’; where (i,7) = 0 !(c), and that for all (¢, 7) of
this form ¢} = 0.

Equations (2.28)—(2.29) follow from (2.113)—(2.115). As for (2.27), it suffices
to prove the identity

W(t) = Gy (X™(t) = Y"(t),N" = Z"(t)) — Y. s(c,i, j)r(t), (2.116)

ceC:(i,5)€c

for all (i,75) € &, t > 0. Indeed, with (2.21), the above implies the identity

jeg jeT ceC
which, along with (2.25) and (2.112) establish (2.27). In order to show (2.116),
define

T =00+ Y s, ()L (2117)
ceC:(i,j)€Ec

As follows from the uniqueness statement succeeding (2.22), in order to prove
(2.116) it is enough to show that {77}} satisfy the system of equations (2.22)
with a = X"(t) — Y"(t) and b = N" — Z"(t). To this end, note that if (i, )
is a non-basic activity then there is exactly one simple cycle ¢ for which (i, )
is an edge and one has s(c,i,j) = —1 and, by definition of ¥", " = 43
This show that 77} = 0 for (i,j) € Euw. Next, note that for a given ¢ € C and
a node ¢ € 7 of ¢, there are exactly two edges of ¢ of the form (7, j). By the
construction of directions, for these two values of j, the signifiers s(c, 4, j) must
have opposite signs. As aresult, > cc 2. j)ec 5(¢, 4, 7)¥(t) = 0. Changing the
order of summation and using an analogous argument for summation over 1,
we obtain

>N s(ed, )Nt =0, i€l
J€T ceC:(i,5)€c
SN s(ei, )Er() =0, jeJ. (2.118)

1€Z ceC:(i,j)€Ec

Equations (2.113), (2.114) and (2.118) now show that {17}} satisfy (2.22) with
the values a and b mentioned above. This proves (2.116), and in turn, the
relation (2.27), and completes the proof of the theorem. ]
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PROOF OF LEMMA 2.1. Let X™(t), Y"(t), Z™(t) and {¥(t)} be given, satisfy-
ing all requirements in the statement of the lemma. Define {¥}3(f)} according
o (2.42). Equations (2.2), (2.4) and (2.5) follow directly from the definition
of G and {s(c,i,7)}. As for (2.6), it remains only to prove that ¥} (t) > 0 for
every (i,j) € &y Along the lines of Lemma 3 of [4], note that ¢* = G(z*, v),
as follows from (2.11). Using linearity of the map G on the domain D¢ and
the bound assumed on ¥,

Wh(t) > Gij(na™,nv) + Gy (X"(t) —nz* = Y"(t), N" —nv — Z"(t)) — Chaon,
where (] is a constant independent of n, t and the choice of ag, and therefore
W) = (¥ — Crag)n — Co([|X™(t) — na® =Y (0)|| V IN" —nv — Z7()]]),

where (5 is a constant depending only on the map G. With the assumed
bound on [[X™ — nz*|| V [[Y*| V ||Z"|, using also (2.14), we obtain Vji(t) >
(w;"j — Csap)n — Cyn'/? for appropriate constants Cs, Cy independent of n, t
and ag. Since ;> 0 for all (7, j) € &y, it follows that ag > 0 may be chosen
so that, for all large n, ¥ji(t) > 0. O

SKETCH OF PROOF OF PROPOSITION 2.1. We simplify the notation by writing
A" A" X™ and, respectively, X" for A%, A%, X3, X2, ete. (there will be
1no confusmn). Note that an analogous result to (2.56) holds, and in particular,

for every t,
nrAN(t) — A in probability (2.119)

as n — oo. Fix t > 1. By (2.112) we have
X1 (t) = X2(0) o [ os)ds + Az,
where

A = [1/25” ([ ()ds)+ Gy — o) [ T(6)s] . (2120)

By (2.5) and (2.6) @7 (t) is bounded. An argument as in step 2 in the proof
of Theorem 2.3 shows that the first term in (2.120) converges to zero in prob-
ability. Since pj; — pij, so does the second term, and it turn A7 () — 0 in
probability. It can be shown that there exists a constant § > 0 depending only
on (A, N, ), such that for any sub-stochastic matrix (&;;)

max| [\ — Zuu &l > 6. (2.121)
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Let 27 = {for all i € T, | AP(t)] + [t71AP(t) — A
P(£2") — 1. Define

< §/3} . By (2.119), we have

mn

n o _ 1/t V5(8) 4 en i
ij th v ) ij S f:}j
It can be shown by (2.5) and (2.8) that A} — 33, fuj &8 > N, — 35 g & — 6/3,
for all n large and all 7. Since £ is sub-stochastic, (2.121) implies that for some
i we must have \; — >, fi;; 5{; > 0, hence N = 20 g &5 > 24/3, for some 1.
This can be used to show max; X['(t) > dt/3 on 2". Due to the relation
YM(t)+32; Wl (t) = X['(t), we have Y;*(t) > X7'(t) — C, for all i, where C' does
not depend on n or t. Hence max; Y;"(t) > 6t/3 — C. We conclude that on 2",
for all n large, >-; Y*(t) > [0t/3 — C]n, and the result follows. O
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Chapter 3

Throughput sub-optimality and
heavy traffic

3.1. Introduction

In this chapter we introduce the notion of throughput sub-optimality for an
underlying fluid model, and show that it plays a central role in the ability to
achieve efficiency in a strong sense, that is usually only seen in systems that
are sub-critically loaded. The chapter is based on [10].

The number of servers at each pool and the arrival rates of the queueing
model in heavy traffic are scaled up at a nearly fixed proportion. When viewed
at a scale at which the arrival and service processes exhibit diffusive fluctu-
ations, the processes that represent the number of class-i customers in the
system, i € Z, fluctuate about a certain static fluid model. Assume that the
fluid model is critically loaded, in a standard sense. In particular, (1) servers
can be allocated in such a way that the total processing rate devoted to class-¢
‘material’ is equal to the arrival rate \;, for every i € Z; and (2) property (1)
does not hold if one of the arrival rates \; is replaced by some A, > \; (there
are some further assumptions; see Section 3.2). It is possible for such a model
to satisfy the following condition: servers can be allocated so as to achieve
a total processing rate that is greater than the total arrival rate, while, for
every ¢ € 7, the ‘mass’ of servers allocated to serve class i does not exceed
the ‘mass’ of class-z ‘material.” If this condition holds we say that the fluid
model is throughput sub-optimal. Our main result shows that when the (crit-
ically loaded) fluid model is throughput sub-optimal, one can find a dynamic
control policy for the queueing model that is efficient in a strong sense: Under
this policy, for every finite T', the measure of the set of times prior to T, at
which at least one customer is in the buffer, converges to zero in probability
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at the scaling limit.

A related analysis appears in Chapter 2, where the same model is proved
to satisfy a stronger result under a stronger assumption. While the current
chapter addresses the capability to maintain a system with no customer in
the buffer ‘most of the time’, with large probability, the result of Chapter 2
concerns maintaining a system with no customers in the buffer ‘at all times’
(apart from an initial transition phase), with large probability. More precisely,
under appropriate assumptions, it is shown ibid. that there exists a policy
under which, for every 0 < ¢ < T < o0, the probability that at least one
customer is present in the buffer any time within [, T] approaches 1 in the
scaling limit. This phenomenon is shown to be related, on one hand to a
formulation of the limiting diffusion model as a diffusion with singular control
(see Section 2.3 of Chapter 2). On the other hand, it is shown to be related
to a condition on the graph that encodes the network’s structure. This graph
has a vertex for each class i € Z, a vertex for each server pool j € J, and an
edge, with an associated weight 1;;, between a class vertex ¢ and a pool vertex
J if, and only if p1;; > 0. The assumption of Chapter 2 is the existence of a
cycle p in this graph, having a negative total signed weight, p(p), where the (p-
dependent) signs of the weights 41;; are appropriately defined (as in equations
(3.17) in the current chapter; see also equation (3.18) for a definition of u(p)
as the sum of the signed weights along p). We will show that the algebraic
condition alluded to above is a special case of the main assumption of the
current chapter, namely throughput sub-optimality. We will also characterize
the latter condition in terms of the graph and the signed weights, and show
that throughput sub-optimality may occur in one of two ways: The existence
of either a cycle or an open path p (appropriately defined), with signed weight
n(p) < 0.

We make two further remarks about the relation to Chapter 2. First, the
difference between having no customers in the buffer for a given period of time
(as in Chapter 2) and having no customers in the buffer most of the time,
may be significant with regard to the queuelength performance measure. In
fact, under the policy constructed in the current chapter, there are short time
periods in which large queues build. We believe that a result of the type of the
previous chapter is not possible under the conditions of the current chapter,
but we do not prove this claim. Second, the results of Chapter 2 allow for
both preemptive policies (where service to a customer can be interrupted and
resumed at a later time, possibly at a different server) and nonpreemptive ones
(where service cannot be interrupted), while the current chapter only treats
preemptive policies. We leave open the question of whether analogous results
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are possible for the nonpreemptive case.

Both chapters 2 and 3 reveal two aspects of a phenomenon, where critically
loaded many-server systems behave as sub-critically loaded. As this chapter’s
main result shows, the notion of throughput sub-optimality captures this phe-
nomenon. It is reasonable to expect that this connection continues to hold in
a wider context of critically loaded many server systems, such as ones with
similar parametric regime but more general structure than the ones studied
here.

The main tool in analyzing the probabilistic model is a related deterministic
dynamic fluid model, that, roughly, replaces stochastic fluctuations by deter-
ministic ones. Throughput sub-optimality is shown to have an effect on this
model that is similar to the one discussed above. The proof of the result relies
on the graph-theoretic characterization alluded to above, and specifically uses
the existence of a path p with the property p(p) < 0. The result for the proba-
bilistic model follows from the deterministic one in a relatively straightforward
way.

The organization of the chapter is as follows. Section 3.2 contains the de-
scription of the model and assumptions, and the statement of the main result.
Some numerical examples are given at the end of this section. Section 3.3
provides an algebraic characterization of throughput (sub) optimality. The dy-
namic fluid model is introduced in Section 3.4. A property for this model that
is analogous to the main result is proved, based on the results of Section 3.3.
Relying on the deterministic model results, we provide in Section 3.5 a proof
of the main result.

3.2. Setting and main result
3.2.1. Probabilistic queueing model

The queueing model is described in Section 2.2.1. Recall the equations (3.1)—
(3.5) below, which indicate some properties of the processes involved.

t
XI(t) = X0 4 An(t) — 3 8" (/0 wg@)ds) . ieTi>0. (31

JjeJ
Y+ Yot = XP(t), i€, (3.2)
JjeTJ
Zi) + D wh(t) =Ny, jed. (3.3)
1€l
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Fia 3.1. A queueing model with four customer classes and three service pools

Also, the following holds by definition
YP() >0, Z0() >0, Wi(1) >0, ie€T,jeJ,t>0.  (34)
wi(t) = 0 for (i,7) s.t. py; = 0. (3.5)

For simplicity, the initial conditions XZ-0 ™ are assumed to be deterministic.
Note that (3.1)—(3.5) do not characterize these processes, because the process
U™ has not yet been described. As reflected in the following definition, we
regard Y™ as a control process, that can be obtained as ‘feedback’ from the
‘state’ process X™ and the arrival process A™.

Definition 3.1. Fiz n. We say that a process W™ with values in Z2*7 and

cadlag paths is a scheduling control policy (SCP) if the following conditions
hold:

i. Given initial data X™° and primitive processes A" and S", there exist
processes X", Y™ and Z" with values in Zi, Zi, and Z“Z , respectively,
such that (3.5)—(3.4) are met;

it. For every t > 0, ¥"(t) is measurable on o{X"(s), A"(s) : s < t}.

Note that uniqueness of the processes X", Y™ and Z", given A", S™ and
" is immediate from (3.1)—(3.3). Note also that according to this definition,
service to a customer can be stopped and resumed at a later time, possibly in
a different station.

We will use some elementary graph theoretic terminology and notation as
follows (see e.g., [24] for standard definitions). For a non-empty set V' and
E CV xV, wewrite G = (V, E) for the graph with vertex set V' and edge set
E. A vertex having exactly one neighbor is called a leaf verter, and an edge
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joining a leaf vertex is called a leaf edge. A connected graph that does not
contain cycles is called a tree.

Denote the index set for all customer classes and service stations by V :=
Z U J, and the set of all class-station pairs by £ := Z x J. Recall the set of
class—station pairs (activities), where station j can serve class i

E.={(i,j) €T x T+l >0}, (3.6)

We assume that &€, does not depend on n. Throughout, if &; is a subset of &,
we write & for the complement of & with respect to £. The set of class-station
pairs that are not activities is denoted by £ = £\ &,.

3.2.2. Static model: heavy traffic and throughput optimality

Heavy traffic condition and related assumptions. Following Chapter 2, recall
the constants \;,vj, 1 € Z, j € J, and p5, (i,)) € &,, such that (2.8) holds.

Consider a fluid model, where the arrivals and service processes are replaced
by deterministic flows with corresponding rates A; and p;;. There are I classes
of incoming fluid and J processing stations, with capacity v; for station j. Let
E be the set of I x J matrices  with §; > 0, (i,j) € £, and >;&; < 1,
Jj € J. For £ € Z, &; will represent the fraction of the service capacity from
station j allocated to class i. We call an element of = an allocation matriz. The
fluid model uses a fixed allocation matrix for all times (hence the term ‘static’
model). Set fi;; = p;;v;, (i,7) € £. Recall the linear program (2.10):

Find {&;,(i,7) € £} and p € Ry so as to minimize p subject to
Yeg Big&iy = Ni, 1 €L,

(3.7)
ez Sij < ps jeJd,

&j;j >0, (i,7) € €.

For p € [0,1], a £ as above is clearly an allocation matrix. The first line of
(3.7) expresses that the system is balanced, in the sense that, for each i, the
total processing rate of class-i material equals the arrival rate of this class.
We will assume throughout that the system is critically loaded, in the sense
of the Heavy Traffic Condition [33]. Namely, we assume that there erists a
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unique optimal solution (&, p*) to the linear program (3.7), and moreover,
Yiez &Gy =1 foralli € J (and consequently p* = 1). Let

v =&y wi =) &, i€LjEe]. (3.8)
J

The following simple relations follow directly from the heavy traffic condition

Z@D;kj:x;k, Z¢:jzij Ai = Zﬂiﬂb;j, ie€Z,jed. (3.9)

JjET i€ VISvA

The quantity ; represents the mass of class-i material present at station
j under the allocation matrix £*, and x} represents the total mass of class-
¢ material being processed. Recall also the definition of basic and non-basic
activities (see Section 2.2.2) and the complete resource pooling condition (2.12).

Throughput optimality. The uniqueness statement included in the heavy traffic
condition implies that given any allocation matrix £ other than £*,

there is a class ¢ € Z for which Z fii&ii < A (3.10)
JjeJ
namely, that the processing rate is not sufficient for handling arrivals of this

particular class. Note however that there is no analogous limitation concerning
the total processing rate. That is, it is possible that there exists an allocation

matrix £ under which

(i)e€ =

The set of allocation matrices £ € = that satisfy

Z fijyj < .T;k foralli e T (312)
JjeJ
is of interest. Under these allocation matrices, for each ¢ € Z, the total mass
of class-i material being processed does not exceed that under £*. A condition
involving simultaneously (3.11) and (3.12) will be key in this chapter. We will
say that the static fluid model is throughput optimal if the following holds:

Whenever € € = and Z &jvip <x; Vi€, one has Z fij&ij < Z)\Z».
j€T (i.j)€E i€
(3.13)
We will say that the static fluid model is throughput sub-optimal if it is not
throughput optimal.
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When the static fluid model is throughput sub-optimal, one can find ¢ € =
meeting (3.11) and (3.12). Recall that z* represents the mass of material of
cach class being processed in all service stations. Thus when (3.13) fails to
hold, one can keep the same mass of material of each class as under £*, and
redistribute it among the stations so as to obtain a greater total processing rate
than under £*. Because of (3.10), a use of this allocation matrix will necessarily
result with instability. In the probabilistic queueing model, however, one can
vary the capacity allocation over time, and the existence of £ as above turns
out to have a crucial impact. This is expressed in Theorem 3.1 below, which
is our main result.

The following assumption regards the second order behavior of the parame-
ters and initial condition.

Assumption 3.1. There exist constants fci,j\i,ﬂij eR,1eZ,5eJ, such
that X
n TN = N) = N, 0P — ) — g

n' P X" —af) > &, 0PN =) — 0. (3.14)
Theorem 3.1. Let the heavy traffic and complete resource pooling conditions
hold. Let Assumption 3.1 hold. If the static fluid model is throughput sub-
optimal then there exists a sequence of SCPs, under which for any fived 0 <
T < oo and o> 1/2,

T
/0 Lieyn(s)>0yds — 0 in probability, as n — oo, (3.15)
n7| X" — X%"||5 — 0 in probability, as n — oo. (3.16)
3.2.3. Examples
We demonstrate throughput sub-optimality by some numerical examples.

Example 3.1 Consider the following static fluid model in heavy traffic, with
2 classes of customers and 3 stations

(1 V(8 (3101
V= 1 ) - 4 ) ,LL—,LL— 14 2 )

The resulting optimal static allocation is as follows (3.8)

e (1050 . (15
1/’_5_(0 0.5 1) and ‘”‘(1.5)'
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To see that the fluid model is throughput sub-optimal, let € > 0 be sufficiently
small and consider the allocation matrix

g_ 1—¢ 054¢ 0

N e 0b—e 1)°

Clearly, we have }-; éjvj = z} for every i. However, }°(; jjce éj/lij > A1+ Ao
Thus the condition of throughput optimality (3.13) is not satisfied. The result

of Theorem 3.1 holds. We note that the assumptions of [8] are also valid in
this example. See more information on this example in the end of Section 3.3.

Example 3.2 In this example, the data is the same as in Example 1 above,
except for one entry:

(1 N\ = 8 (3 10 1
S\ AT a ) PEET Vo a2 )
The resulting optimal static allocation is as follows
« (1050 « (15
¢‘f"<oa51> x_<15>’
With ¢ > 0 sufficiently small, the matrix
g_ 1—¢ 054¢ 0
N 0 05—¢ 1
is an allocation matrix. Moreover, 3, §juj = x; and 3 jee éjﬂij > A1+ Ao

Thus the fluid model is throughput sub-optimal. As shown in the end of Section
3.3, the conditions of [8] are not satisfied for this example.

Example 3.3 Consider

1 4 2 4 05
v=|1]|, x=|1]|, p=p=(03 1 1 |,
1 2 0.1 05 4

The resulting optimal static allocation is as follows

1 05 0 1.5
P =&=|0 05 05 and z* = 1
0 0 0.5 0.5

The fluid model for this example is throughput optimal, as we show in the end
of Section 3.3, using the tools we develop in Section 3.3.
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3.3. Characterization of throughput optimality

The main result of this section (Theorem 3.2) characterizes throughput opti-
mality in terms of some graph-theoretic properties of the network. To state it
we need some definitions.

Recall that by the complete resource pooling condition (2.12) the graph G,
is a tree, and by construction of it as a subgraph of G,, all its edges are of the
form (7,7) where i € Z and j € J. In the definition below and elsewhere in
this section it will be convenient to identify (4, j) with (j,4) (where i € 7 and
j € J) when referring to an element of the edge set £. Although the notation
is abused, there will be no confusion, since Z and J do not intersect.

Definition 3.2. i. A subgraph q¢ = (V,;,&;) of Gu, is called a basic path if
one has V, = {io, jo, - i, Ji }, and

Sq = {(i07j0)7 (j07 Z‘1)7 SR (Zkajk’)}

where k > 1 and ig,...,ix €L, jo,...,Jx € J are 2k+2 distinct vertices.
Note that every edge of a basic path is a basic activity (i.e., an element
of Eva ). Denote by BP the set of basic paths. Basic paths are used in this
chapter mainly in order to define simple paths, as follows.

1. Let the leaves 1y and ji. of a basic path q be denoted by 19 and, respectively,
j%. The pair (i%, j9) could be an activity (an element of &, ), in which case
it is necessarily a non-basic activity (i.e., an element of €, \ Epa ), and we
say that the graph (V,, &, U{(19,79)}) is a closed simple path; otherwise
(449, 79) is not an activity (i.e., it is in ES) and we say that q itself is an
open simple path. We say that p is a simple path if it is either a closed
or an open simple path. Denote by C'SP and OSP the sets of closed and
open simple paths, respectively, and by SP the set of simple paths. For a
path p € SP, we write V,, and &, for its vertex and edge sets, respectively.
Finally, if p is a simple path, let g* € BP denote the corresponding basic
path q, and let i? € T and j? € J denote the leaves 17 and 77 of ¢P.

Note that if p = (V,, &,) is a simple path and ¢ = (V,, &,) is its correspond-
ing basic path, then V, =V,, and & = &, \ {(¢", j*)}.

Next, we associate directions with edges of simple paths. Let p be a simple
path and let ¢ = ¢ = (V,,&,) be the corresponding basic path. Write &, =
{(i0,Jo), - -, (ix, jk)}, where ig,... i € Z and jo,...,jr € J. The direction
that will be associated with the edges in &;, when considered as edges of p, is
as follows: j, — i — jr_1 — ix_1 — -+ — Jo — ig. In the case of an open
simple path, this exhausts all edges of p. In the case of a closed simple path, the
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direction of (i, j?) = (ig, jx) is 190 — Jjr. We note that an edge (corresponding
to a basic activity) may have different directions when considered as an edge of
different simple paths. We signify the directions along simple paths by s(p, 7, j),
defined fori € Z, j € J, (i,j) € €,, p € SP, as

—11if (i,7), considered as an edge of p, is directed from i to j

s(p,i,j) = {

1if (4,4), considered as an edge of p, is directed from j to i.

(3.17)
We will denote

ulp) =Y s(p,i,jw;, i€ (3.18)

(1.5)E€Ep
Theorem 3.2. Let the heavy traffic and complete resource pooling conditions
hold. Then the following statements are equivalent

1. The static flurd model is throughput sub-optimal;
2. There exists a simple path p € SP such that p(p) < 0.

Condition (3.13) is stated in terms of the variables {¢;;}. It will be convenient
to work with the variables {¢;;} in the proof below. To this end, recall that
v; > 0 for all j and ¢j; = §};v;. Thus the negation of (3.13) can be written as

follows: There exists
¥ e R (3.19)

satisfying
(@) Yiez Wiy <v; foralljeJ,

(b) Yjeq iy < xj; foralli €T, (3.20)
(€)  Lwgyee Hijij > Tier Ai-
PROOF THAT STATEMENT 2 OF THEOREM 3.2 IMPLIES STATEMENT 1. As-

sume that statement 2 holds and fix a simple path p with u(p) < 0. Let ¢ = ¢?
be the corresponding basic path, and recall that v7; > 0 for (i, j) € &, Denote

a= min ¥’ > 0. 3.21
ek, (820)

For each (i,j) € Z x J we define

o = —as(p,i,j) if (i,]) € &, (3.22)
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and o0;; = 0 otherwise. Let
Vij =¥y +oi  for (i,5) €T x J. (3.23)

To show that statement 1 of the theorem holds, let us show that 1) satisfies
(3.19) and (3.20). For (i, ) € &, ¥y = ¥}; > 0. For (i, j) € &,

Yij >y —a >0,

by (3.21). In the case where p is an open simple path &, = &, and (3.19)
follows. In the case where p is a closed simple path, it is left to show that
Y » > 0. Recall that the direction associated with (%, j7) is @ — j*. Thus by
(3.17) and (3.22), ¥ j» > ¥}, ;» = 0, establishing (3.19).

Next, if p is a closed simple path then every vertex v of it has exactly two
neighbors along p, say, v" and v”, and the directions of the corresponding edges
are v' — v and v — v”. Hence by (3.17) and (3.22), ;704 = 0 holds for
every ¢ € Z, and Y ,c70;; = 0 holds for every j € J. The term o j», which
is positive in the case when p is closed, is in fact zero in the case when p is
open, thus yielding > ;.70 < 0 for every ¢« € Z and > ;704 < 0 for every
j € J. Since 9" satisfies (3.20)(a) and (b), it follows from(3.23) that so does
. Finally, by (3.23) and since (3.20)(c) holds for ¢* with equality, it suffices
to prove

Z WijOi5 > 0 (324)
(i,9)€€
to establish that v satisfies (3.20)(c). By (3.22) and (3.18)

o pioi; = —a Y pis(p,i,j) = —ap(p) >0,
(i.9)€€ (1,5)€Ep

where the inequality follows from (3.21) and the assumption p(p) < 0. This
establishes (3.24) and completes the proof that statement 2 implies statement
1. O
In the rest of this section we prove that statement 1 of the theorem implies
statement 2. Define
M(O’) = Z HijOij, (325)
(4,5)€€

for any matrix o € R¥. Let S denote the set of ¢ € R® satisfying the conditions

Y oy <0forallieZ, > o;<0foralljeJ, (3.26)
JjeJ i€T
Vi +0i; >0 forall (i,7) € &, (3.27)
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and
o;j =0 forall (4,5) € &. (3.28)

Note that S is non-empty and compact, and let
Mppar = max{M (o) : 0 € S}. (3.29)

It is easy to see that the existence of a ¢ satisfying (3.19) and (3.20) is equiv-
alent to the condition M,,,, > 0.

Throughout what follows, let statement 1 hold. By the above discussion,
Mpaz > 0. Let Sope [resp., S4] denote the set of o € S such that M(0) = My
[resp., M (o) > 0], and note that S,y and S; are non-empty. For 0 € S,
consider the graph G, = (V,, E,), where

E, = {(27]) S 5{1 2 044 7& 0} (330)

and V, ={i € Z:(i,j) € E, some j}U{j € J:(i,j) € E,, some i} consists
of all corresponding vertices. Since M (o) > 0, we have:

there exists (i, 7) € E, with g;; > 0. (3.31)
By (3.26) and (3.30),
if (4, 7) is a leaf edge of G, then o;; < 0, (3.32)

and

if (¢, j) € E, and 0;; > 0 then there exist two edges (¢, jo), (0, ) € E»
with Tiog < 0 and Oijo < 0.
(3.33)

Definition 3.3. Let 0 € S be given. A subgraph g = (V,,&,) of the graph G,
1s called a good path for o, if it satisfies the following conditions.

(i) (Connectivity) All vertices in V, communicate via the edges in &,.
(i) The degree of each vertex is at most 2.
(11i) The number of edges is at least 3.
(iv) (Alternating signs) Whenever (i1, j), (i2,7) € E,, one has o4, joi, ; < 0;
whenever (i, 1), (4, j2) € E,, one has 0, j,0;, < 0.
(v) (Mazimality) Whenever g is a subgraph of some subgraph ¢ of G, and
g’ satisfies properties (i)-(iv) above, one has ¢' = g.
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It is not hard to see that observations (3.31) and (3.33) about the graph G,
imply that, whenever o € S, , there exists at least one good path for o.

Let 0 € Sy be given. For any edge (i,j) € E,, define s,(i,7j) = —sign(o;;)
and for any good path ¢ for o set

M(U’g) = Z Sﬂ(ivj)luij' (3'34)

(i,4)€ &

We write So [respectively, Sp] for the set of all o € S,,; for which there
exists a good path [respectively, there exists no good path] g for o that is
a cycle. The letters C' and O are mnemonics for closed and open. Note that
Sopt = S U Sp. We also set

Sc ={(0,9) : 0 € S¢ and g is a good path for o that is a cycle},
So ={(0,9) : 0 € Sp and g is a good path for o that is not a cycle}.

Lemma 3.1. Let (0,9) € So. Write g = (V,,&,), where

Vg = {Ub .- .,Uk}, gg = {(Ulav2>7 SR (Uk—bvk)}a

and vy,...,v; are distinct elements of V,. Then o, , < 0 for every edge
(v1,v) € E,, and similarly o,,, <0 for (v,v) € E,.

PROOF. Argue by contradiction and assume that o,, ,, > 0. By (3.33) (v1,v2)
must have a neighbour (vg,v1) with vy # v, satisfying o,,,, < 0. It is easy to
see that if we had vy € V,, there would exist a good path for o that is a cycle,
violating the assumption of the lemma that there exist no such good paths for
0. Define a new graph ¢’ by Vy = V,U{vo} and £, = £,U(vy, v1), and note that
it is a good path (cf. Definition 3.3). This contradicts the maximality property
(Definition 3.3(v)), and therefore one must have oy, ,, < 0. The second leaf
edge (vg_1,vy) is treated similarly.

To prove the second statement of the lemma, let vg # vy be such that
vg € Vg, (vo,v1) € E,. Argue by contradiction and assume that o,,,, > 0.
Since we already proved that o,, ,, < 0, we can again use the assumption that
there is no good path for ¢ that is a cycle to conclude that vy & V,,. Defining ¢’
by Vy =V, U{vo} and £y = &, U (vy, v1) produces a good path that contains
g, contradicting property (v) of Definition 3.3. Hence oy, < 0. O

Lemma 3.2. Let (0,g) € ScUSo. Then there ezists a set SP, C SP of simple

paths, such that
plo,g) = > ulp). (3.35)

pE SPy
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PRrOOF. Consider first the case where (o,g) € Sc. Write g = (V,,€,) and let
7? € R be defined by

0 Sign(o-i) ) if (Z7J> €&
o — i << (3.36)
0, otherwise.
By (3.34) and (3.36) we have
M) = Y = Y, sign(oy)u; = —p(o,g). (3.37)

(27])66 (’i,j)egg

The following property is due to (3.36) and the fact that g is a good path for
o that is a cycle:

for any i € Z and j € J we have » %Qj =0 and Z%Qj =0. (3.38)

JjeT i€

Define a finite sequence 7" € R® recursively as follows. Given 7", if there are
no non-basic activities (i.e., elements of &, \ &) in the set of edges where 7" is
supported then terminate, and set R = r. Otherwise, select such a non-basic
activity, and let p, denote the (unique) closed simple path containing it as an
edge. Define 4"t € R by
r+1 __ PY:]_'_S(pT?L]) ) lf (Z7J) egpr
V=4 _ (3.39)
Vij s otherwise.

For 0 < r < R, the selected non-basic activity at step r is (i?", j7) (using the
notation from Definition 3.2). By the discussion following Definition 3.2, the
direction for this activity is i*~ — 7?7 and thus by (3.17) we have that

viat =1 — 1 where (i,7) = (i, 7). (3.40)

Given a non-basic activity (i,7), let r be the first ' for which (4,7) is the
selected non-basic activity at step r’ (if such 7’ exists). Since the transformation
(3.39) modifies vy only at basic activities and at the non-basic activity selected
at the given step, it follows that ] ; =+ ;. Hence by (3.27), (3.30) and (3.36)
that %Qj = 1. Thus (3.40) shows that %le = 0. As a result, the support of 4" !
contains one non-basic activity less that that of 7". It follows that R < oc.
Thus v is well-defined and supported on basic activities.

Next, since by construction, the selected simple paths are closed, it follows

by the linearity of the transformation (3.39) that (3.38) holds for each 4", and
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in particular, for 4. It also follows from the linearity of (3.39), using (3.18),
that M (") = M(y") + u(p,) for 0 < r < R. Hence

R-1

M) =M©»") + > wlpr). (3.41)

r=0

The fact that 2 is supported on basic activities and that these form a tree (cf.
(2.12)), combined with the fact that v satisfies (3.38) implies that v* = 0.
Hence M (y%) = 0, and using (3.37) and (3.41), we obtain (3.35).

Next, consider (o,¢g) € Sp. Then g = (V,,&,), where

Vg:{vla"'avk’} Sg:{(Ulav2>a---a(vk—lavk)}7

and vy, ..., vy are distinct elements of V.. First, note that either (vy, vy) € TxJ
or (vg,v1) € IxJ.Indeed, by Lemma 3.1 and properties (iii)—(iv) of Definition
3.3, |&| is an odd number, while having both v; and vy, belong to either 7 or
J would result with an even number for |&,|.

Also, we claim that (vq,v;) € ES. Argue by contradiction and assume that
Hoy e > 0. If we had oy, ,, > 0, then by Lemma 3.1, 0, ,, < 0 and g,,_, 4, <0,
and there would exist a good path, which is a cycle. This is prohibited since
(0,9) € So. Hence 0y, ,, < 0. Set 0 := min{|oy, uv|: |0v,_, .|} and define
a new matrix o’ € R® by assigning o, , = 0y, + 6 and o), = oy; for
(i,7) € €\ {(v1,v)}. By the definition ¢’ satisfies (3.26)—(3.28) (see also
Lemma 3.1), which implies M (0") = M(0)+0 fiy, v, > M (o). This contradicts
the assumption o € S,y Therefore pi,, ,, = 0 meaning (v, v;) € E.

The rest of the argument is similar to the treatment of the case where
(0,9) € Se, with some modifications, as follows. Instead of (3.36), consider
7? € R¢ defined as

Sign(aij) ) if (27]) € gg7
%Qj =11, if (4,7) = (v1,vx), (3.42)
0, otherwise.

Since (v1,vg) is not an activity, f,, ., = 0, and thus (3.37) is still valid. Also,
it follows from Lemma 3.1 that 79 ,, =5, = —1, and as a result, (3.38) is
valid. We can now repeat the construction of {7}, 0 < r < R and the inductive
argument that leads to (3.41). The matrix ¥, in this case, is supported on
basic activities plus the edge (v1,vy). Denoting by p the open simple path
whose leaves are v; and v, we apply one last time a transformation of the
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form (3.39) as follows:

’Yg—i‘S(p,Z,j), lf (17]) eg}n

= if (i, ) = (#,57) = (v, 00),
75%, otherwise.
As a result,
R-1
MY = M©H0) + 3 up,) + u(p).
r=0

Arguing as before, we obtain that yf+1 is supported on basic activities, satisfies

(3.38) thus vanishes. Hence M (yf*1) = 0, and (3.35) follows as before. O
Lemma 3.3. Let (0,9) € Sc U So. Then the following statements are true.

(i) u(o,9) < 0.
(ii) If (o, g) = 0 then there exists 0’ € Sop satisfying Ey & E,.

Proor. We first prove part (i). Consider first the case where (o,9) € Se.
Arguing by contradiction, assume p(o, g) > 0. Let

a= min |o;| >0, 3.43
Jmin, (o] (3.43)

and for each (i,j) € E, define
01 = 045+ 851, j)a if (i,j) € &, and oj; = 0;; otherwise. (3.44)

We show that ¢’ satisfies conditions (3.26)—(3.28), and therefore that o’ €
S. To this end, note that the sums in (3.26) remain unchanged under the
transformation from o to o', due to the fact that g is a cycle and using the
alternating signs property (Definition 3.3(iv)). Thus (3.26) is satisfied by o’.
The relation (3.27) follows from (3.43) and (3.44), since o;; > 0y; for (4,7) € &,
with 0;; < 0 and o7; > 0 for (i, j) € & with o, > 0. The relation (3.28) holds
trivially. This shows ¢’ € S. We have

M(o") = > ol = D oypg+o Y seli,j)ui
(i.j)€€ (i.j)€€ (i,)€€q
= M(o) + ap(o, g). (3.45)
Since (o, g) > 0 by assumption, we have M (o’) > M (o), which contradicts
the assumption o € S,,,. Hence (i) holds.

Consider now the case where (o, g) € Sp. Argue by contradiction and assume
that p(o,g) > 0. Define ¢’ as in (3.43)—(3.44). Once again, we claim that the
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constraints (3.26)—(3.28) are satisfied for ¢’. The argument following (3.44)
applies, and it remains only to check (3.26) for the vertices v; and wvg. The
validity of (3.26) in this case follows from (3.43), (3.44) and Lemma 3.1, since
we have 0, v, <0, 0y, _, 4, < 0and oj; < 0 holds for all (7, j) € & with o5 < 0.
This shows that o’ € S. The rest of the argument is as in the previous case.

Next we prove part (ii). The desired ¢’ is, in fact, the one constructed in
the proof of part (i). Indeed, we have proved that ¢’ € S. Moreover, since
wu(o,g) = 0 and o € S,,, we have by (3.45) that ¢’ € S,,;. By (3.43) and
(3.44),

oy =0 for all (i',5") € arg min |0y,
(i,4)€&g

and therefore statement (ii) holds. O

PROOF THAT STATEMENT 1 OF THEOREM 3.2 IMPLIES STATEMENT 2. Let
0 € Sop- Let g be such that (o,g) € Sc U So. Set (6%, ¢°) = (0,g) and define
a finite sequence (07, g") € S U Sp recursively as follows. If u(o”,¢g") < 0
then set R = r and terminate. Otherwise, by Lemma 3.3(i), u(c”,¢") = 0. Let
o™ denote the matrix ¢’ from Lemma 3.3(ii) corresponding to (¢", ¢"). Since
o™ € S, = Sc U So, it follows from the definition of Sp and S that there
exists g such that (07", g) € Sc U Sp. Let g"™* be such a good path.

The finiteness of R follows from Lemma 3.3(ii) and the finiteness of the set
&y
By construction, (0%, g) € Sc U Sp and u(cft, g%) < 0. Lemma 3.2 thus
implies that there exists a simple path p such that p(p) < 0. This concludes
the proof of the Theorem. n

We end this section by revisiting the three examples from Section 3.2.3. We
can now use Theorem 3.2 to determine throughput sub-optimality for each
example.

Example 3.1 The simple path p corresponding to Example 3.1 (see Figure
3.2, left) satisfies u(p) = —4 < 0. Hence Theorem 3.1 applies. Moreover, p is a
closed simple path, and one checks that [8, Theorem 2.3] is valid too.
Example 3.2 In the case of Example 3.2, the simple path p is open (see Figure
3.2, right). We have u(p) = —3 < 0. Theorem 3.1 applies. Since p is open, |8,
Theorem 2.3| does not apply.

Example 3.3 To see that the fluid model of Example 3.3 is throughput op-
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Fia 3.2. Simple paths for Examples 3.1 and 3.2: On the left p is a closed simple path, while
on the right p is open. For Ezxample 3.1, puo1 > 0 and (2,1) is a non-basic activity. For
Ezample 8.2, p21 = 0 and (2,1) is not an activity

timal, one could calculate p(p) for all simple paths. We can instead use the
linear optimization problem described in (3.26)—(3.29), and find that M,,,, = 0
(3.29).

3.4. Dynamic fluid model

As a tool for analyzing the probabilistic model, we consider a model with de-
terministic arrival and service rates. The model is obtained from (3.1)—(3.4) by
replacing the primitive processes A7 (t) and S7(t) by the deterministic func-
tions A\it, pit, @ € Z, 5 € J, and adding perturbations. More precisely, the

model consists of deterministic cadlag functions X;, Y;, Z;, ¥;;, W;, @ € I,
Jj € J, satisfying the equations below, for all ¢ > 0.
t
JjeJ 0
Yi(t)+ > w,(t) = Xi(t), Q€T (3.47)
JjeET
Zi(t)+ D Wty =v;+0;,  jET, (3.48)
i€T
Wz](t) =0, (27]) < gga (349)
Yi(t) >0, Z;j(t) >0, ¥;(t)>0, i€, jeJ. (3.50)

Above, the constants {z}, \;, jui;,v;;1 € Z,j € J} are as in Section 3.2, and
{0;;7 € J} are additional real constants. We refer to (I, 6) as data for the
model.

Definition 3.4. Given o > ¢ > 0, we will say that the data (W,0) for the
dynamic fluid model (3.46)—(3.50) is an (e, 0)-perturbation if

W) <e forall 0<t<o, and ||0| <e. (3.51)
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Let the heavy traffic and complete resource pooling conditions hold and,
in addition, assume that the static fluid model is throughput sub-optimal.
Let ¢ > 0 and ¢ > 0 be given and assume that the data (W,0) is an (g, 0)-
perturbation. Below we will construct functions {X;(¢),7 € Z}, {Y;(t),i € 7},
{Z;(t),j € J} and {¥;;(t),(i,5) € T x J} that satisfy (3.46)—(3.50), such
that [ 1icy(s)>0pds and | X () — 2| are o(1) as € becomes small. The precise
statement will be formulated in Theorem 3.3.

Since the static fluid model is throughput sub-optimal, we have from The-
orem 3.2 that there exists a simple path p with u(p) < 0. Fix such a path p.
Set

& ={G.4) €& s(pi,j) =1}, & ={(i,j) € & s(p,i,j) = —1},

and note that

pp)= > spi,j)uy =25 — %, <0, (3.52)
(i.4)€Ep
where
Sy = D M
(i§)e&F
In addition, set

(ivj)eg;smgba

Define the constant

1 _
a= 5(1%—2;/217). (3.54)
The following inequalities follow from (3.52) and (3.54)
1 | _
§<a<1 , Xy —aX) :§(EJ—ZP)<0. (3.55)

We will need the following result from [3, Proposition 7] (that follows from the
tree structure of &,): the system of equations

Yieg i =ai, 1€T,

Yier iy =05, Jj€EJT, (3.56)

¢z] = 07 (Zaj) € glfa’
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in the unknown ¢ has a unique solution, whenever a and b satisty 3>, a; = >, b;.
With
DG:{(a,b)GRIXRJ:Zai: ij}, (3.57)

i€l jeTJ
denote by G : Dg — R!*7 the solution map, namely
¢ij - Gij(a’ b)7 (17]) € 5’ (358)

and note that this map is linear. We need a notion of an operator norm for G,
and thus set

Cg = sup{max]Gij(a, b)| : (a,b) € Dg , |la]| V[[b]] < 1}' (3.59)
ij
Recall that, by the definition of basic activities, ¥* has the property that
5 > 0 for (i,7) € Epa. Set
1

. . B
01 = 2 (i,?)lgslba vy >0, ap = (2Cg) ™ 41, (3.60)

259

5y = (3.61)
0 if X0 = 0.

By (3.55) we have 0 < 9y < d;.
We can now construct the functions X,Y, Z, ¥. The construction will be

5 min{azp_zj, (1- a)} if 320 > 0,

based on a finite sequence of times 0 = 1y < (1 < 1 < (o < --- that are
bounded by 7, where
T=7ANo , F=inf{t >0, |X(t) -2 >e"?} (3.62)

and where 7y, (; are to be defined recursively. Observe that 7 > 0, which follows
from (3.46), (3.51) and € < £'/2 for £ > 0 sufficiently small. Let 3 = () € R?
be a constant matrix satisfying

Define the constant matrix 1) € R as

;-kj + ad; + ﬁij,

(2,7)
- w;*j—51+5ij, (iaj)e‘g;’ 3.64
Yij vy — 02+ Bij, (2,7) o
(4, 7)

0,
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Throughout, we use X, for e - X, and use a similar convention for z}, v, and
.. Fix ig € Z and jy € J. Set 9 = 0. Let £ > 1 and consider the system of
equations (3.65)—(3.68):

Xi(t) = Xi(ne—1) + Wi(t) — Wi(m—1)

_I_Az(t - 77k—1) - Z]e] 12273 f;k—l WZ"(S)dS, 1€ I7 te [77k—17 Ck‘)a

w(t) = 127 t e [’r]k—th)a

Yi(t) = Xi(t) — Xjes Wi(t), €L, t € [Mk-1,Ck),

Zi(t) =v; +0; — Xiez Wi(t), jE€J, t € [M—1, ),
(3.65)

where

Ck = mf{t 2 MNg—1 - Xe(t) — Xe(T]k,1> S —78} A\ T, (366)

and

Xi(t) = Xi(Ge) + Wilt) — Wi(Cr)
FNi(t — ) — Xjer Mij fctk Vii(s)ds, i€, t € [Ck, M),

Y(t) = (Xe(t) — Ve — 9€>+6i07 Z(t) = (Xe(t) — Ve — 06)76j07 le [Ckﬂ?k),

U(t)=G(X(t)-Y(), v+0—Z(t)), t € [Ces k)5
(3.67)
where

Lemma 3.4. Equations (3.65)—(3.68) uniquely define a finite sequence ny, (.
and functions X,Y,Z and ¥ on t € [0,7). For all ¢ > 0 sufficiently small,
these functions satisfy (3.46)—(3.50) on [0, 7).

ProOOF. Note first that, if & > 1 and n;_; and X(7;_1) are given then the
first two equations in (3.65) define X and ¥ uniquely on [nx_1, ;). The last
two lines of (3.65) define Y and Z on the same interval. Moreover, it is easy
to see that equations (3.46)—(3.49) are satisfied on [0, (x), provided that they
are satisfied on [0, 7;_1). The validity of the constraints (3.50) is argued later.
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Next, let ( and X ((x) be given. Substituting into the first equation in (3.67)
the values for Y, Z and ¥ from the last three equations of (3.67) results with
an equation of the form

t

Xi(t) = Xi(C) + Wilt) — Wi(Gr) + i Fi(X(s))ds, 1€T,

k
where F; : Rl — R are globally Lipschitz. This uniquely defines X, and in
turn, Y, Z and ¥ on [(x,nx). Thus X, Y, Z and ¥ are uniquely defined on
[0, 7x), provided that they are on [0, (x). Let

=inf{k >0 : ny=71 or (41 =7} (3.69)

We show that K < oo. To this end, observe that, for ¢ > 0 sufficiently small,
we have (; > €% > 0. Indeed, if ¢; = o, this is clear. Otherwise, (3.51), (3.48)
and (3.50) imply the inequality ¥;;(¢t) < v; + ¢, and as a result, from (3.65)
and (3.51) it follows that for any 0 <t < (4

| Xe(t) — Xe(0)] < || X(t) — X(0)]] <24 (c1 + co6)t, (3.70)

where ¢; = 37, \i + 2245 pijvy and ¢ = 37,5 py;. By right-continuity of X and
(3.66) we have that | X.(¢;) — X.(0)| > 7e. Thus ¢; > 5e(ey + ce)™! > &2 for
¢ sufficiently small. For £ < K denote

Li=[me-1, &), I =[Gy k), Tn=1I U} (3.71)

An argument similar to the one for ¢; > % shows that each of the intervals I}
and I? has a length of at least 2. Hence K is finite. The inductive argument
given above thus shows that the functions X, Y, Z and ¥ are uniquely defined
on [0, 7) and satisfy (3.46)—(3.49). We now show that the relations (3.50) hold.
The two interval types are treated separately. B

Intervals I} : Let k and ¢ € I} be fixed. By (3.65), ¥;;(t) is given by ¢, defined
n (3.64). The nonnegativity of each 1@-]- for all sufficiently small € follows from
(3.60) and 0 < 62 < 91 (cf. (3.61)). To show that Z; are nonnegative, note that
by (3.65) and (3.64)

Z](t Vj‘i‘e Zg/w —I/j‘i‘ej—Z{/;ij

i€l i€z
>0; —C|IB|+0l{i:(i,5) € 5;}|
—ab[{i:(i,7) € & H +02l{i: (4,7) € E N Ewall,
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where C' = |&,|, and we have used (3.9) in the last line. By Definition 3.2
and (3.17), for any vertex j € J in V, there exists exactly one edge, (i1, ) €
&y, with s(p,iy,j) = 1, and there exists at most one edge (is,j) € &, with
s(p,iz,j) = —1 (in the case where p is an open simple path and j is a leaf,
such 75 does not exist). Thus the positivity of d;, nonnegativity of do and the
bounds on  and € show that Z;(t) > (1 — a)dy — (C + 1)e > 0 for all €
sufficiently small and 5 € J.
Given ¢ € Z, by similar considerations,
> (1) = Yy
JjeJ jedJ
<z +Cl1B —al{j: (i.7) € EH
+adil{j: (i,7) € &} — 07 = (i,)) € &5 N &}
<z +Ce—(1—a)d.

Since t < 7, we have by (3.62) that | X (¢) — z*|| < £"/2. By (3.55) and (3.60),
(1 = a)d; > 0. We conclude that ;. 7 ¥;(t) < X;(t), and in turn by (3.65),
Yi(t) > 0, provided that ¢ is sufficiently small.

Intervals I}: Fix k and ¢ € If. The nonnegativity of Y;(¢t) and Z;(¢) is
immediate from (3.67). It remains to show that ¥;;(¢) > 0, (i,j) € £. This
follows from [4, Lemma 3], noting that its assumption || X(¢) — z*|| < ag is
satisfied for t < 7 and e sufficiently small, and that the special structure
assumed in [4, Assumption 3] is not used in the proof of the cited lemma. This
concludes the proof of Lemma 3.4. O

Theorem 3.3. Let the heavy traffic and complete resource pooling conditions
hold. Assume that the static fluid model is throughput sub-optimal. Then there
exist functions v, and vo from (0,00) to itself, satisfying lim. o~ (¢) =0 and
lim. g 72(e) = 00, such that the following statement holds. If the data (W,0)
for the dynamic fluid model is an (e, o)-perturbation then the functions X, Y,
Z and ¥, that are uniquely defined by (3.65)—(3.68), satisfy

oAy2(g)
/0 Licy(s)>01ds < 7i(e), (3.72)

| X () —z*|| <ye) forall 0<t<aAy(E). (3.73)
The proof of the following lemma appears at the end of the section.

Lemma 3.5. Recall the definitions of K (3.69) and intervals I} and I? from
(3.71). There exist constants my, ma, ms € (0,00), not depending on €, o and
k, such that for any k < K
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1|1} < mye;
2. | X — ¥y, < kmae;
3. |1 > m3/k.

PrROOF OF THEOREM 3.3. We begin by showing that
Y(t) =0 for all t € [(x,mk), k < K. (3.74)
By (3.67), it suffices to show that
Xe(t) —ve—6. <0, forall t € [, mr), k < K. (3.75)
Indeed, from (3.66), (3.51) and using v, = 2% (by (3.9)), we have
Xe(G) = Ve =0 < Xe(G) = Xe(0) + (Xe(0) — 27) — 0 < —Te +e— 0 < —be.

Then by (3.68), taking into account the possibility of jumps of at most 2 for
W, we have for t € [(1,m1):

Xo(t) = ve — 0 < Xo(C1) — ve — 0 + || X (1) — X(G)]| < —5¢ + 5e < 0.

A proof by induction that repeats the above argument, using (3.66) and (3.68)
shows that (3.75), and in turn (3.74), holds for k£ > 1.
Next let us show that

T >0 Aye), (3.76)

where y5(g) = 73\ loge|, for sufficiently small . Consider the number ky =
ko(e) := [(2maet/?)71) A K (where K is as in (3.69)). If kg = K and 7 = ng
then from (3.62), (3.69) and using Lemma 3.5(2), we have 7 = o, since then
| X — 2*||,, < &Y2. Otherwise, if kg = K and 7 = (i 11, or ko = [(2mae'/?)7Y],
one uses (3.62), (3.69) and Lemma 3.5(2),(3) to obtain

ko(e)
ms _ mg
TEnko_ZTZTlogd

Hence (3.76) follows.
Let Ko = Ko(e) = max{k : (x < cAy2(e)}. By Lemma 3.5(3), for sufficiently

small ¢,
Ko—1

1
Y. kT <mgly(e) = —Zloga.

k=1
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This implies that log Ky < —1loge, hence Ky < /2, provided that ¢ is
small.
Now, using (3.74), Lemma 3.5(1) and the estimate on Ky, we have

oNy2(g) 1/2
/0 Liev(s)>0yds < (Ko(e) + 1)mye < 2mae™/= < yi(e),

where 7;(¢) := 2(m; V 1)e'/2, establishing (3.72). As a result of (3.62) and
(3.76) we obtain that

| X (t) — 2*| < &% for all t < o A ya(e).

Asaresult, | X—z*[|},,) < €/?+2e < 7i(e). This shows (3.73) and completes
the proof of Theorem 3.3. O

PrROOF OF LEMMA 3.5. By (3.64) and (3.65), the dynamics of X on the
intervals I} is given by

X(t) = X(qk—1) + W(t) = W(ne—1) + (£ = me—1)(r + ), (3.77)
where
ri=N— Y gl —ady Y gt Y o > g, (3.78)
ied Ji(i,5) €€ Ji(i,9)€EF 3:(6,9) €EFNEpa
and

by =bi(p, B) :=— > B — Y. HiBie

j:(ivj)egp j3(i7j)egﬁm5ba
By (3.9), (3.55), (3.60)-(3.61) and (3.78) we have
= 5,20 + 5,0 52*<152+ "Xo) <0 3.79
z;ri—2p+1p_051p_§(1p—051p)<. ()
1€

Note that by (3.51) and (3.46), |AX,| < 2e. From (3.65) and (3.66), and using
(3.79), we thus obtain for I}, k > 1,

—10e < Xo(¢) — Xe(nr—1)
< We(Cr) = Welmi—1) + (e -7+ [|b])(Ck — mr—1)
<2+ (e 4+ 1) (¢ — 1),
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for ¢; = 3;; pij, and where we also used (3.51) and (3.63). Therefore for e
sufficiently small,
] = Gk — 1 < e, (3.80)

where my = 24/|e-r|. This proves part 1 of the lemma.
From (3.77) and (3.80), for t € I} and sufficiently small &

1X(8) = X ()| < 26 + ealt — i) < (24 coma)e,
where ¢y = 2||r||. We therefore have

sup || X () = X (ne-1)[| < (24 cama)e. (3.81)

te€nr—1,Ck]

By (3.68), || X(t) — X ()| < 3e for all t € I2, and taking into account a
possible jump at 7, we have

sup ([ X(2) — X(Gk)| < 5e. (3.82)

Since by (3.46) and (3.51), || X (0) — 2*|| < ¢, part 2 of the lemma follows from
(3.81) and (3.82).
In view of (3.67), (3.74) and (3.75), we have on I

Y(t)

Z(t) (Xe( ) = ve — be) €y, (3.83)
Vij(t) = Gig(X (1), v+0 — Z(1)).

Define X (t) = X (t) — z*. From the definition of map G (3.56)—(3.58) we have

Giu(X(t) 4%, v+60 — Z(t))
= Gy(a*, V) + G (X(t) — Oeiy , —Z(1)) + Gij(Bees, , 0).  (3.84)

Due to (3.9) we have Gy;(z*,v) = v};. Now consider the second term in (3.84).
Using (3.83)

GZ](X/(ﬂ —0c€iy , — ( ))

GZ] (X<t) 0 eCig s (X6<t> — Ve — 66) ejo)
Gii(X(t), Xe(t) o) (3.85)
+ sz( Oceiy _eeejo)a

7



where we used X, = X, — v, due to 2 = v, (3.9). Finally, from (3.83)(3.85),
we have

Wis(t) = 05 + Gy (X (1), Xelt) e)
+ Gij(_eeeio ) _Qeejo) + Gij(eeeio ) 9>’ te Ilg' (3'86)
Define the map H by

HZ(I) = ZM,‘ij(l’, xeejo), z € R! , 1€T1, (387)

J

and the constant H? by

HZQ = —ZMU [Gi]’(—eeeio s —966]'0) + Gij(eeeio y 9) s 1€T. (388)
J

By the heavy traffic conditions, 3=;¢c 7 pi;1;; = Ai. Hence using (3.46), (3.83)—
(3.88), we have

t

X(t) = X(G) + W(t) — W(G) + i H(X(w)du+ H(t—¢¥),  telf,
' (3.89)

By (3.56)—(3.58) and (3.51), there exist constants ¢y > 0 and Iy > 0, such
that

1H ()| < callzll,  1H < lne, (3.90)

for e sufficiently small. Therefore, applying (3.51), (3.90) and Lemma 3.5(2)
to (3.89), we have from (3.68)

B < IX () = X (Go)ll = [IX () = X (G)ll < 26 + (crrkms + L) (m = G

The above implies € < (e¢ghkmsg + ly)(nx — Cx)e. Therefore, for £ > 1

s L (3.91)
—_— — ms = .
chmg + ZH — k ’ 3 C3CHMY ’

I = — G >

where the constant ¢z satisfies (c3 — 1)cgmsg > 1. This concludes the proof of
Lemma 3.5. O
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3.5. Estimates on the probabilistic model

In this section we prove Theorem 3.1. We begin by introducing a rescaled
version of the processes defined in Section 3.2 as follows. For n € N and ¢t > 0,
let

XMt =ntXMt), Yt =ntYMt), i€l (3.92)

1

7N _ _—1mn n _ _—1,yn . .
Zt)=n"Z0 (), Wi(t)=nTNR), €I, jeJ. (3.93)
Denote X" = (X7 € T), and use a similar convention for Y, Z" and ¥™.
Following a straightforward calculation, relations (3.5)—(3.4) can be rewritten
in terms of the rescaled processes, as equations (3.94)-(3.98) below, holding
forn e Nand ¢t > 0:

Uh(t) =0, (i,)) € &, (3.94)
() = + WP (E) + Mt — ;7% /Ot Ui(s)ds, ieT.jed,  (3.95)
J

V() + YWl (t) = X7(t), i €T, (3.96)

jeT
Z3(t) + z;@g}(t) = v; + 07, jeJ, (3.97)

1€

Yi(t) >0, Z;(t) >0, ¥(t) >0 ieZ, jeJ, (3.98)

where we set
W(t) : = n AR (t) — A

| —n Y [SZ (n /Ot &Di?(s)ds) — L /Ot Lpg(s)ds}

JET
t_
(X =) (N = N Sy — ) [ T (s)ds
jeg 0
(3.99)
and
07 =n~'NI' — v;. (3.100)

The above equations resemble the dynamic fluid model studied in Section 3.4,
and the proof of Theorem 3.1 will rely on the results of this section.
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Lemma 3.6. Under any SCP, for any given T € (0,00), {n'/2[|W"||%,n € N}
are tight random variables.

PROOF. Relations (3.3), (3.4) and (2.8) imply that 0 < ¥}i(t) < ¢;, where ¢;
is a constant independent of 7, j,n and ¢. Hence by (3.14), the last three terms
in (3.99) are bounded by cy(T + 1)n~"/2, where c; is a constant independent of
i,7,n and t. Denote flz"(t) = n"V2(A(t) — \'t) and Sg(t) = n’l/Q(S{"j (nt) —
npit). Theorem 14.6 of [13] shows that {A? n € N} converges weakly to a
Brownian motion (with zero mean and variance that depends on i), and that
a similar statement holds for {Sz’;,n e N}. It follows that {|A?[%, n € N}
and {|§Z|:T’ n € N} are tight random variables, for each 4, j, whenever c is a
constant that is independent of n. By (3.99) we obtain that

n W < AR5+ [SE]E 7+ eo(T + 1), (3.101)

As a result, {n'?|Wn|%, n € N} are tight random variables, and the lemma
follows. ]

PROOF OF THEOREM 3.1. For n € N, let " = n~"/2?logn. By (3.14), for
sufficiently large n,

16" < e (3.102)
For n € N, let
- ) n ,7) € ET,
o L 3108
wij_52+ﬁznju (Zuj)eggﬂgbav
0, (4,7) € & N &,
where [ are constants chosen in such a way that, for all sufficiently large n

one has |G7]> < (¢")?, and mZZ has integer values, for each i, j and n. Below,
we write a system of equations for the processes (X", Y™, Z™, ¥") that uniquely
defines them. We then let the processes (X", Y™ Z™ ¥™) be defined through
(3.92), (3.93). These processes will then be shown to form a SCP, and to satisfy
the statement of the theorem.
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Fix ig € Z,j0 € J. Set n§ =0, and consider the system of equations:

Xz'yl(t) = Xﬁ(nl?fl) + WN) - Wi”(nﬁfl) -
T = ho1) — Zjeg Hij f;@l Wii(s)ds, i € I, t € [ni_y,G),
wn(t) = g, t € [mi_1, G,
Yin(t) = in(t) —Yjeg @Z}(t), 1 €7, te g1 ),
Zi(t) = v + 07 — Yier Ui(t), JE€JT, t € [mi1, )
_ (3.104)
where W™ is given by (3.99),
G =inf{t = mp, ¢ XN(E) = X2(ny) < —Te"} AT, (3.105)
and
X2(t) = Xp(G) + W) - W)
+>‘i(t_Cl?) _Zjejluij f(jtg Wig(s)d‘sv i EI, te [Cl?vng)a
Y (t) = (X(t) — ve — 02) Fesy, t € [ m),
Zn(t):(Xen(t)_Ve_eg)iejo’ te [Cl?’nl?)a
wr(t) = G(X"(t) = Y"(t), v+ 0" = Z"(t)), t € (G m),
(3.106)
where
me=int{e > G () — XN = 3 AT (3.107)
TM=F"Ao", T =inf{t >0: || X"(t) — | > (")}, (3.108)
o =inf{t > 0: |W"(t)|| > "}, (3.109)
and finally,

XP(t) = XP(r") +n AR () — AP(r™), t=> 7",

YMt) = X[(t), Z}(t) =n'NP', Wl(t) =0, ieZl,jeJ,t>1"
(3.110)
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The above equations mimic the deterministic model (3.62)—(3.68), and there-
fore what is established in Section 3.4 can be used here. Notable difference is
the definition of the processes for times t > 7". Note that, by definition of 7",
[W™(¢)|| < e™ holds for all ¢+ < 7. This and (3.102) provide a bound that is
similar to (3.51) over [0,7"). As a result, Lemma 3.4 implies that, given the
primitive processes A} and S}, the processes X" Y™ Z" and ¥™ and the ran-
dom times 7}, ¢ and 7" are uniquely defined by equations (3.104)—(3.110). It
also follows from Lemma 3.4 that the processes (X", Y™ Z" ™) satisfy (3.94)—
(3.98) over [0,7™). In turn, the processes (X", Y™, Z" ¥™) satisfy (3.5)—(3.4)
on this interval. It is also easy to check that these equations are satisfied for
t > 7" We show that the processes (X', Y", Z7,W}) take values in Z,. Since
we have proved that (3.5)—(3.4) are satisfied, it suffices to show that v} take
integer values. By construction of QZ, W/: take integer values for t € 1, G-
On the intervals [}, nz), by (3.67), ¥; will be the solution of the system of
equations (3.56) with integer right hand sides. In this case, a simple argument
that uses the tree structure of &, shows that Wl’} are all integer valued.

To show that the constructed processes form a SCP, it remains to prove that,
for every ¢, ¥™(t) is measurable on o{X"(s), A"(s) : s < t} (cf. Definition 3.1).
Fix ¢t. We will show in steps (a)—(d) below that the value of ¥"(t) is uniquely
determined by the sample path A[0,t] .= {X™(s), A"(s) : s € [0,1]}.

(a) By (3.1), the sample path A[0,¢] uniquely determines the sample paths
Yjeg Si (fo Wg(u)du>, i €Z on [0,t].

(b) By (3.105), (3.107), A[0, t] along with the value 7 At uniquely determine
the values np At, (P At, k=1,..., K. Thus by (3.104), (3.106) and (3.110),
A[0,¢] and 7" A t uniquely determine ¥™ on [0, ¢]. Equation (3.99), along with
(a) above, shows that the same data, A[0,¢] and 7" A ¢, uniquely determine

W™ on [0, t].

(c) We next show that A[0,¢] determines ¥™ and W™ on [0,t). Let (&7, W),
(w5, W2) be two sample paths that correspond to the same data A[0, ¢]. Argue
by contradiction and assume that on [0,¢) they do not agree. It follows from
(b) that the corresponding values of 7", that we denote by 7{* and 7', do not
agree, and that 7" A7) < t. Without loss of generality, assume that 7" < 73’ At.
Using (b) again, we have that (¥7*, W) = (&3, W) on [0,7]. In particular,

Wi () = Wl (). (3.111)
Since 7" is defined in terms of X",

TIAt=Ty At (3.112)
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Recall that o™ is the time when W™ leaves an open set of R! (3.109). Thus
Wn(rl') is either inside the open set, in which case 7' = 7' < o} A o0& and
therefore by (3.112) 7" = 73, or it is outside the open set, in which case
11" = o7, and by (3.111), we have that o] = of and 77" = 73". In both cases we
obtain a contradiction to 7]* < 7. We conclude that statement (c) holds.

(d) By (3.99) and (a) above, W™(t) is uniquely determined by A[0,t] along
with the values of ¥™ over [0,t). Hence in view of (c), W"(¢) is determined by
A[0,¢]. Thus the right continuity of W" and the definition of o™ imply that
o™ At is determined by A[0,¢]. Hence so is 7" At and, by (a), so is ¥"™(t).

Finally, we show that (3.15) and (3.16) hold for any fixed 7" € (0, 00) and
0 > 1/2. To this end, note that

P(o" < T) < P(|W"[|7 2 ") = P(n[W"|}. = logn) — 0,

by Lemma 3.6. On the event o™ > T', we can use Theorem 3.3. On this event,
for all n sufficiently large, we have T' < v9(g,,) A 0™, thus Theorem 3.3 implies
that [y Lieyn(s)=0yds < 71(e"). Since " — 0 and 7, (04) = 0, (3.15) follows.

The second and third parts of Lemma 3.5 imply that there is a constant
C(T) < oo, independent of n, such that [|[X™ — x*||7» < C(T)e" on the event
o™ > T. On this event we therefore have

ne| X" — XO|5 < C(T)n22logn + n~2|n ' XO" — 27|,

where the last term on the above display converges to zero by (3.14). Since
P(o" > T) — 1, (3.16) follows. This completes the proof of Theorem 3.1. [J
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Chapter 4

Diffusion models: a reduction to
one dimension

4.1. Introduction

In this chapter we deal with diffusion models under the assumption of pool-
dependent service rates. We find several significant reductions of the corre-
spondent diffusion model, which yield a one-dimensional controlled diffusion.
Given some cost, we formulate a one-dimensional stochastic control problem
with a compact control space. We then identify particular cases, for which an
exact solution is available, and describe how to construct control policies for
the prelimit model, that are conjectured to be asymptotically optimal. The
chapter is based on the paper [9].

There have been other instances when the reduction to a one—dimensional
diffusion model has been discovered in queueing systems with pool-dependent
service rates. Armony [1] treated the model with one class of customers and
several server stations and showed the optimality of a property, similar to our
Statement (77) of Theorem 4.1. The recent paper of Dai and Tezcan [22] treats
a model with 2 classes and 2 stations. They show a similar reduction and also,
due to a certain condition on abandonment rates, get an exact solution of the
control problem. The working paper of Gurvich and Whitt also treats pool-
dependent queueing models without the abandonments, adapting the approach
from [49].

Our model is more general than the ones treated by the above works, and as
a result the 1-dimensional diffusion control problem is sometimes more compli-
cated. In particular, it does not in general admit a pathwise solution. However,
a standard control theoretic approach yields a solution via the HJB equation
which, due to the one—dimensionality, can be easily solved, at least numerically.
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Fic 4.1. A queueing model with abandonments and pool-dependent service rates

4.2. Reduction of a pool-dependent diffusion model

Consider the queueing model described in Section 2.2.1 where, in addition,
abandonments are allowed, i.e., customers may abandon the system while wait-
ing to be served, and abandonments arise according to exponential clocks. For
each 1 € Z, let 0! = 0; be the abandonment rate of class—i. The queueing
system is assumed to be in heavy traffic and satisfy the complete resource pool-
ing condition (see also Section 2.2.2 and equations (2.8)-(2.12)). In addition,
the service rates are assumed to be (asymptotically) pool-dependent, i.e., the
quantities {y;;} from (2.8) satisfy

Pij = Ky €1, jeJ.

The corresponding pool-dependent diffusion model (see e.g., [3]) is given in
terms of the following equations:

Xi(t) = 2+ Wilt) = 3 g /Otllfij(s)ds—ﬁi /OtY;;(s)ds, icT. (41)

JjeJ
S (1) = Xi(H) ~Yilt), €T, (4.2)
JjeJ
> () =—=2;(t), jeJ. (4.3)
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() =0 if iy (4.4)

Yi(t) >0, Zjt)>0, ieZ jeJ, t>0. (4.5)

The last term in (4.1) is due to the abandonments (see [3]-[7] for a rigorous
introduction of abandonments into the diffusion model). Set u = (u1, .., ).
In what follows we will impose the assumption that the minimal service rate
is greater than the maximal abandonment rate, i.e.,

Mmin = Omaz for Hmin = I]Iélél Hjs Omaz = r?eaIX 0;. (46)

By allowing the abandonment rates to exceed the service rates in the prelimit
queueing system, it may be optimal not to route customers to service for some
periods of time. This will result in having queue length of order O(n) and
not just O(y/n). Therefore, the static fluid model, about which the centering
is performed, is no longer relevant. From that point of view it is natural to
assume (4.6).

Let a complete filtered probability space {2, F, (F;), P}, an (F;)-Brownian
motion W and a deterministic z € R be given. A set M of processes (X,Y, Z,¥)
is said to be a diffusion model if the following conditions hold:

e X, Y, Z and ¥ are (F;)— progressively measurable,
e cquations (4.1)—(4.5) are satisfied P-a.s..

A subset M of M is called a reduction of M, if for any (X,Y,Z,¥) € M
there exists (X,Y,Z,¥) € M, such that for any constant ¢ € Ri, P-a.s.
c-Y(t) < e Y(t) forall t > 0. We emphasize that the above statement regards
a pathwise property of Y and Y, meaning P{c- Y (t) < c¢-Y(t),Vt > 0} = 1.
Fix some jy, satisfying 11, = fimin.
Theorem 4.1. (i) Let M be a diffusion model and let M, be the subset of
M, that, in addition, satisfies 1.-2. below P-a.s. for all t > 0:

1. Y.(t) N Ze(t) =0,

2. Ww(t) = 0 for (Z,]) - gnb-
Then M; is a reduction of M.
(11) Let My be the subset of My that, in addition, satisfies Z(t) = Z.(t)ej,
P-a.s. for allt > 0. Then My is a reduction of M;.

The proof appears in Section 4.4. We comment that Statement 1 of Theorem
4.1 (i) corresponds to Joint Work Conservation (JWC), while Statement 2 says
that the system uses only basic activities. Both were introduced in [3]-[4] as
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central assumptions. Theorem 4.1 justifies those assumptions in the case of
pool-dependent service rates, at least when we are interested in minimizing
queue lengths (see also [7], pp. 1103-1104, for a discussion about how some
other types of cost, e.g., delay or abandonment costs, can be treated within
the framework of queue-length costs). Therefore, as a consequence of Theorem
4.1, we may restrict the diffusion model M to M,.

Consider the family O of (F,)-progressively measurable processes (X, u) €
R x U, where

9

X(t) = 2, + Wt )+Mmm/ X- ds—/()t[H-u(s)]X+(s)ds, £> 0. (4.7)

U={ue R' : u; >0, u,=1}. (4.8)
Recall (2.22)-(2.24) and set

= wiGij(x — xfu, —x_ej,) — bizfu, i€l
J

The main result of this chapter is the following

Theorem 4.2. Let M© be a set of processes (X,Y, Z, W) such that P-a.s. for
all t > 0 one has

X(t) =z + Wt / (5))ds. (4.9)
Y (t) = X (t)u( (4.10)
Z(t) = e_( )€jo (4.11)
V() = Gy (X () — X (Du(t), - X, (Dejo), €L, j€T, (412
where w is such that (X, u) € O. Then

1. M® = M,.

2. For any (X,lf) € O and a corresponding (X,Y,Z,¥) € M® we have
P-a.s. X, =X.

See Section 4.4 for a proof. This establishes a reduction of the diffusion model
to a one-dimensional model. The steps of reduction are summarized in Fig.
4.2.
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Pool-dependent diffusion model

Theorem 4.1 (i)

Pool-dependent diffusion model
+JWC

Theorem 4.1 (i)

Pool-dependent diffusion model
+ JWC + all activities basic

Theorem 4.1 (ii)

Pool-dependent diffusion model
+ JWC + all activities basic
+ only one pool has idleness

Theorem 4.2

1 - dim controlled diffusion

FiG 4.2. A scheme of dimensionality reduction for the diffusion model

4.3. Diffusion control problem

As a demonstration of dimension reduction consider the following stochastic
control problem. Let X be a controlled diffusion with a control u, satisfying
(4.7)—(4.8). Assume that we are given deterministic constants v > 0, ¢ € RY.
Let 7w := (Q, F, (F:),u, W) be an admissible control system system (see [25],
Chapter II1.8) and consider the cost functional

Cla,n) = ET /0 T e e u(®))XT()dt,  x € R (4.13)

Define a diffusion control problem by optimizing C(x, ) over the set IT of all
admissible control systems:

V(z) = iIﬁfC(x, ), z € R. (4.14)
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As a consequence of Theorem 4.2, the one-dimensional problem (4.7), (4.13),
(4.14) is equivalent to the problem of minimizing the queue lengths cost

E, /O T e Me - Y(1)dt

for the original diffusion model, whenever ™ = e - y. Regarding the stochas-
tic control problems, such a reduction of dimensionality certainly simplifies
the general solution methods and even enables one to get exact solution in
particular cases. We will address those in the subsection below.

Exact solutions and connection to the prelimit queueing system

Solving (4.7), (4.13), (4.14) requires standard methods of stochastic control
(see also our discussion in directions for future work, Section 5.2). However,
there are particular cases in which the optimal control policy can be obtained
explicitly.

Lemma 4.1. Assume there exists a pair of indices i,j € I, such that ¢; > ¢;
and 0; < 0;. Then, necessarily the optimal control will satisfy u; = 0.

The proof appears at the end of Section 4.4. As a consequence, it enables one
to get an optimal control policy in the special cases below, which provide a
generalization of the models without abandonments treated in [22].

Corollary 4.1. (i) Assume that 0; = 0 for all i. Then following is an optimal

control: g (t) = €, for some fized iy, satisfying ¢;, = min; ¢;.

(ii) Assume that
0 <0, <..<0;
CL>C 2 ... 20Cp

Then the control uy(t) = ey is optimal.

Remark 4.1. We introduce a problem of minimizing convex queueing costs,
for which an exact solution is also obtainable. Assume that 6, = 6 for all 7. Let
the optimization goal be given as

o

0

V() = inf B / e‘”tZOi<ui(t)Xe+(t))dt, z R/, (4.15)

Note that u; X represents queue length of class i. Here C;(-) are strictly in-
creasing continuously differentiable convex functions. Then optimal controls
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are characterized by
Ci(ui ()X (1) = Colus(t) XS (1)) = ... = C(uj () X1 (), t=0. (4.16)

Indeed, when all §’s are equal, the scalar product 6-u in (4.7) equals to constant
6, hence the control u does not influence the dynamics of the system in (4.7).
Therefore, one just needs to solve the following minimization problem:

minZCZ-(yi), st. g+ .y =z,

The solution y* satisfies C](y;) = ... = C}(y;) and e - y* = . O

Although the focus of this chapter is on diffusion models, we would like to
comment on their relation with routing and scheduling policies for the prelimit
queueing models. Given the optimal policy of the diffusion control problem, [4]
provides a scheme of constructing an asymptotically optimal policy for the pre-
limit model. Due to the simplicity of the diffusion optimal policies in Corollary
4.1 and Remark 4.1, the construction of analogous policies is straightforward.
Indeed, we conjecture that the following are asymptotically optimal for the
prelimit model. We consider here the harder case of non-preemptive policies.

For Corollary 4.1 (case (ii) follows from (i), by taking ic = I):

e ROUTING: each arriving customer, if not queued, is routed to the fastest
server available, otherwise stays in queue. The system ”tends” to have
idle servers only in station jy (recall Z;, = Z)

e SCHEDULING: a newly available agent, that can serve class ig, will ac-
cept a waiting 7p—class customer, only if no other classes are waiting for
him. All other situations are resolved arbitrarily. In other words, class
19 always has the lowest priority, and thus the system will seek to have
waiting customers only in class iy (recall Y;, = Y.). Note that this setting
generalizes that of Dai and Tezcan [22] to multi-dimensional models.

Consider the scheduling policy that satisfies the above. A newly available agent,
among all the waiting customers, will accept a customer with the largest hold-
ing cost c. Since the service rates do not depend on the class, this scheduling
policy is related to the cu rule (see e.g., [54]).

Regarding Remark 4.1:

e ROUTING: the same as in Corollary 4.1.

e SCHEDULING: at any time ¢, among all the waiting customers that are
available for him, a newly available agent at station j will serve a cus-
tomer from class * = argmax;;{C/(Y;"(t))}. The system will seek to
achieve approximate equality in (4.16).
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Similarly to our ¢ comment from above, this scheduling policy is related to the
generalized cp rule (see [53] and [49]). Note, however that we do not claim that
a similarity to the cu rule holds in a more general setting, where a customer
is to be chosen from a number of classes having class—dependent service rates,
as the results of [4] show. In fact, the relation to the cu rule is very limited to
the current setting.

4.4. Proofs

PROOF OF THEOREM 4.1 (i): We show that each (X,Y,Z,¥) € M defines
(X,Y,Z,W) € M, such that for any ¢ € R! and all ¢ > 0 P-a.s. holds
c-Y(t)<c Y(t).

Consider an arbitrary (X,Y, Z,¥) € M. By summing equations (4.1) over
all i’s, we obtain

t t
X () =z + W) + 3 uj/ Z,(s)ds — Z@/ Yi(s)ds. (4.17)
: 0 ; 0
jeTJ 1€
Define a process M as
M(t) =Ye(t) N Z.(t), t>0. (4.18)

Observe that M is F—progressively measurable, since both Y and Z are. Also
M (t) > 0, which follows from (4.5). From (4.2), (4.3) we have X, =Y, — Z..
Now rewrite (4.18) as (Y. — M)A (Z.— M) = 0 to get Y, = X} + M and
Z. = X. + M. Therefore, we can define an F;—measurable process U = (u,v)
taking values in

A={(u,v) eRT xR’ : wy,v; >0, u, = v, = 1}, (4.19)

such that for all t > 0, Yi(t) = w;(t) (X (t) + M(t)), Z;(t) = v;(t) (X (t) +
M(t)). Recall = (u1, ..., py) and rewrite (4.17) as

Xe(t) = ze + We(t)+ /Ot[,u ~v(s)] X, (s)ds — /Ot[e ~u(8)]XF(s)ds  (4.20)
+ /Ot (u ~v(s) — 6 - u(s))M(s)ds (4.21)

The new processes (Y Y, Z, @) will be constructed as follows. For any ¢ > 0
set

Yi(t) = ui () XF (1), icT (4.22)
Z;(t) = v ()X (1), jed (4.23)
U(t) = Gy (X (t) = Y (t), = Z(t)). (4.24)
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and X is constructed by substituting (4.22)-(4.24) into (4.1). By the construc-
tion, (X, Y., Z ,u:/) are J;—progressively measurable and satisfy (4.1)—(4.5) for
all t > 0 P-a.s.. By (4.22)(4.23) Y, A Z. = 0 and by the properties of G (see
(2.22)-(2.24)), we also have ¥;; = 0 for (i, ) € &, Hence (X, Y, Z,¥) € M,.
Consequently,

Xe(t) = a0 + Wo(t) + /0 t[u-us)])?;(s)ds— /0 t[0~u(s)]7(:(s)ds. (4.25)

By (4.6) we have p - v(s) > 60 - u(s). Therefore, from (4.20) and (4.25),

S(X0 = X)) < o) (X)) + 10wl (X0 - X7 0)

< o) (%) - X)) +10- w0l (X0 - X))

where we used the simple inequalities a™—b~ < (a—b)~ and a™—b" < (a+b)".
By the comparison principle for one dimensional ordinary differential equation
(Theorem 7, p. 29, [14]), we get X () < X.(t) and, as a result, for any ¢ € RL
and all t > 0 P-a.s. we have Y(t) = u; (1) X (t) < w;(8)(XF(8)+M(t)) = Yi(t),
i € Z. This proves part (i) of the theorem.

PROOF OF THEOREM 4.1 (ii): Again, we show that each (X,Y,Z,¥) € M,
defines (X, Y, Z, @) € M such that for any ¢ € Rfr and all ¢ > 0 P-a.s. holds
c-Y(t)<c Y(t).

Consider an arbitrary (X,Y, Z,¥) € M;. By summing equations (4.1) over
all 7’s, and using U(t) from the proof of part (i),

Xe(t) = e + We(t)+ /Ot[u ~v(8)] X (s)ds — /Ot[G ~u(8)] X[ (s)ds.  (4.26)

Fix some arbitrary jo satisfying 11, = ftm and consider a new F;—measurable
process U := (,7), defined for all t > 0 as @(t) = u(t) and o(t) = ¢;,. Using
a similar argument as in the proof of part (i), by substituting U into (4.22)-
(4.24), we get a nevyv(X,f/, Z, !ZN/) € M. By the choice of v and using (4.23),
we also have that (X,Y, Z,¥) € My. Since p1- v(t) > p-5(t) = fmin,

(Z(Ye(t) - Xe(t)> < u-v(s)] (5(“ (t) — X, (t)) +10- ult)] (Yj (t) — (t))

<o) (%) - X)) +10-u(0)(%0) - X.0)
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and, again, by using the standard comparison principle, we get X, (1) < X.(t).
As a result, similarly to the proof of part (i), for any ¢ € RL and all t > 0
P-a.s. holds Y;(t) = u;(t) X (t) < w;(£)XF(t) = Yi(t), i € Z. This proves the
theorem. O]

PROOF OF THEOREM 4.2(1). We first prove the inclusion My € M©. Con-
sider an arbitrary (X,Y, Z,¥) € My The proof of Theorem 4.1 suggests the
existence of an Fi-measurable process u = u(t) with values in U, such that
(X,Y, Z, W) satisfy (4.10)—(4.12) and the inclusion (X,Y, Z,¥) € M© follows
by substituting (4.10)—(4.12) into (4.1). The opposite inclusion is obvious. [

PROOF OF THEOREM 4.2(2). We need to show that, after substituting (4.10)—
(4.12) into (4.1), the resulting X for all ¢ > 0 P-a.s. satisfies X,(t) = X(¢).
Indeed, by the properties of G, we have >,z V;;(t) = Z;(t) and, therefore, by
(4.9)-(4.12),

Xo(t) = w0 + Wolt) + fionin /Ot X (s)ds — /Ot[e u(s)]XH(s)ds.

Since the process u above is the same as in (4.7), the statement of the theorem
follows. O

PROOF OF LEMMA 4.1. Assume there exists a control u(t), such that u;(t) is
not identically equal to zero. The corresponding controlled process will be X..
Now consider another control u, such that @;(t) = 0 and @;(t) = w;(t) + u;(1).
Denote the corresponding controlled process X,. Using the relation 6 - u(t) >
0 -u(t) and repeating the comparison argument from the proof of Theorem 4.1
(i), we get that X (t) < X.(t). Moreover, since ¢ - u(t) < ¢ - u(t), trivially for
all t > 0 P-a.s. we have [c- a(t)| X (t) < [c- u(t)| X (¢). O
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Chapter 5

Future work

5.1. Extending the existing control-theoretic framework

Adding a singular component. In addition to the heavy traffic and complete
resource pooling conditions (see Section 2.2.2), the theory developed in Atar,
Mandelbaum and Reiman [7] and Atar [3, 4] relied on two key assumptions:
(a) the absence of non—basic activities and (b) joint work conservation. As a
result, the diffusion model for these formulations was the following controlled
Markov diffusion:

X(t) = X(0) + oW (t) + /Ot b(X(s), u(s))ds, (5.1)

where u € U is a control term and the control space U is compact. One of the
key points discovered in Chapter 2, is that when one drops either one of the
two assumptions, a term is added to the diffusion model:

X(t) = X(0)+ oW(t) + [ “BOX (5), u(s))ds + . (5.2)

The term 7 is of bounded variation, but not necessarily absolutely continu-
ous with respect to the Lebesgue measure and, in the literature, is sometimes
referred to as ”singular”. Theorem 2.2 of Chapter 2 states that, under some
conditions, the singular term can result in the null-controllability of the con-
trolled diffusion. However, in general, it is natural to consider a stochastic con-
trol problem, with both drift and singular controls, for minimizing expected
discounted costs, associated with queue lengths, delays or abandonments. Ex-
tending the theory from [3, 4, 7], regarding the HJB equations and its use, to
such problems seems an interesting and challenging research direction.
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Queueing systems with relatively “small” service stations. Besides the system-
atic study of a diffusion control problem, [4, 7] construct scheduling policies
for the prelimit control problem. The policies are based on diffusion optimal
controls and are shown to be asymptotically optimal for both the preemptive
and non—preemptive regimes. The asymptotical equivalence was possible due
to the following property of the heavy traffic regime: the population in each
station and the arrival rates are of order O(n), with possible fluctuations of
O(y/n). The control is applied only to diffusive fluctuations of order O(y/n).
As n grows to infinity, service completion or arrival of O(y/n) customers takes
time of O(1/4/n), which is short.

The cases when some service station has O(y/n) servers, or an arrival rate
of some class is of order O(y/n) are not covered by the existing theory. As a
simple demonstration, consider a queueing system with a single class and two
different pools, where the arrival rate and stations’ populations are assumed
to satisfy

A=+ /n, NP=n, NI=yn, (5.3)
and the service rates pq and pg are constant (see Fig 5.1).

x
]

:

O

Fic 5.1. A queueing model with a relatively small service station

Let ¥'(t), 1 = 1,2, represent the number of customers being served in each
station at time ¢ > 0. For simplicity, we assume ¥* = (X" — W) A N}, namely,
each customer, if not routed to the ”small” (with /n servers) station, joins the
queue only if the ”large” station is fully occupied. As n increases, by applying
formal weak limits to appropriate centered and rescaled processes, one can
derive the following diffusion model, which is different from (4.1)—(4.5):

X(t) = X(0) + W(t) + s /0t<X<s) — By(s))ds — o /Ot Uy(s)ds  (5.4)
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0< W) <1, t>0. (5.5)

The last condition is due to the fact that no centering is applied to W2 (recall
the last condition in (5.3)). The relations (5.4)—(5.5) suggest to consider the
process ¥, as a control process, and X as a controlled diffusion. Given a cost,
we can then formulate a one-dimensional control problem, the study of which is
not expected to be complex, especially given the theory from [3, 7]. However, we
believe that this diffusion control problem is not the right problem to generate
asymptotically optimal policies for the prelimit system in the non—preemptive
scheduling regime! A rough explanation is as follows. Assume that the diffusion
policy suggests to immediately decrease ¥,. Translated to the prelimit model,
this suggests to decrease ¥’ by an amount of O(y/n) in a short time, which is
impossible due to Ny = /n.

On the other hand, due to a much higher arrival rate of the order O(n), it
is indeed possible to increase ¥3' by an amount of O(y/n) almost immediately.
Therefore, the right approach seems to introduce a non-decreasing process
B, with B(0) = 0, as a control process, and to consider (X,¥) as a two—
dimensional controlled diffusion which, in addition to (5.4)—(5.5), satisfies

%@:%@—mf%@w+mw (5.6)

Here B(t) represents the "input flow” to station 2. Since B is not necessarily
absolutely continuous, one should treat it as a singular control. Finally, given
some cost, we have a singular control problem with B as control.

Unfortunately, unlike the one—dimensional singular control problems, the
structure of the optimal solution for such problems in high dimensions is gen-
erally unknown. Shreve and Soner [52], for example, studied a very particular
2-dimensional singular control problem and showed that it is optimal to keep
a diffusion inside a certain region, that is given in terms of an HJB equa-
tion (note that singular controls make it possible to do so). The extension of
their result to higher dimension or to weaker conditions on the diffusion model
(in dimension 2 and higher) are hard open problems. However, see Atar and
Budhiraja [5] and Atar, Budhiraja and Williams [6] for recent developments.

It is possible, however, that there is some structural property in the current
problem that makes it treatable. Thus a better understanding of this setting
will be the subject of future study.

Non—exponential service times. Exponential distribution of service times is a
key assumption in most of the works (including ours) that deal with many-
server queues in heavy traffic. The reason for this is the memoryless property,
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which results in some remarkable simplifications in representation of processes.
As of today, there are only few papers dealing with convergence of scaled queue-
ing processes in the QED regime, where the service duration is not exponential.
[40] and [47] study the limiting behaviour of the virtual waiting time in queues
where the service duration is deterministic or has a finite support; [50] studies
single pool model with service times distributed as phase-type, which can be
thought of as a relative of the exponential one (see Section 1.1.2 for the litera-
ture background). For general service time distributions, the queueing models
are believed to be infinite dimensional. The recent paper of Kaspi and Ra-
manan [42] studies measure-valued processes arising as fluid limits for general
service time distribution.

To the best of our knowledge, there is no research dealing with stochastic
control of queueing systems in heavy traffic in the non-exponential setting.
Extending the existing ”exponential” control framework to the case of generally
distributed service time is an interesting challenge. To start with, one may
consider phase-type distributions. Regarding the current work, we believe that
the null-controllability phenomenon can be extended to the non—exponential
setting.

5.2. Further study of pool-dependent diffusion models

In Chapter 4 we studied pool-dependent diffusion models and showed that they
can be reduced to one-dimensional controlled diffusions. We also identified
some cases when the control problem (4.7), (4.13), (4.14) has explicit solution.
However, the most interesting cases are yet to be solved analytically. Consider,
for example the simplest case with two customer classes, where the service and
abandonment rates satisfy

¢ > ¢y and 61 > 62.

Translated into the language of queues, the administrator must make a trade—
off: either to maintain the waiting population in class 1 and get a higher total
abandonment rate, but also higher cost rate; or to move waiting customers
into queue 2 and get lower cost rate, but also low abandonment rate. The
results of Chapter 4 show that this 2-dimensional model can be reduced to a
1-dimensional one, with value and dynamics as follows (assume fi,,;, = 1):

Vz) = igf E7 /OO et <clu + (1 — u))X+dt, (5.7)

0
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dX = dW + X~dt — (Hlu +0y(1— u)>X+dt. (5.8)
The corresponding HJB equation is

1
§Vm + ir[%)fl] (c1 — cx)ux™ — (6 — Qg)umﬂ/x} + (27 = 02TV, + o™ — 4V = 0.
ue|0,
(5.9)

A significant advantage of the reduction to a one—dimensional model is that
the corresponding HJB equation is one-dimensional as well, and thus amenable
to numerical schemes. Moreover, initial calculations suggest that the optimal
policy is ”bang—bang”: the control u(t) takes only two different values: 0 or 1,
depending on the relation between V(X (¢)) and g'=g2. To be precise, u(t) = 1
if Vo(X(t) > 5= and u(t) = 0 otherwise. Trying to solve this problem and
then to generalize it to models with more customer classes will be the subject
of future work.

To begin with, one may be interested in the properties of V' from (5.7).
Computer simulations suggest that V' is concave, which implies the existence
of a point z* > 0, such that u(X(¢)) = 0 once X(t) > z* and u(X(t)) =1
otherwise.

In the future work we will also address diffusion models for queueing systems
with class—dependent service rates:

i = Hi s i€, jeJ.
Several reductions are also available in this setting, although one does not

expect a reduction to one-dimensional controlled diffusion.

5.3. Staffing in throughput sub—optimal systems

This is a question that is important for further understanding of the through-
put sub—optimality property. As a motivating example consider a static fluid
model with the following arrival and service rates:

A:(i), #:G’lf;). (5.10)

Assume that the staffing vector is given by v = (0.3,0.3,6.1)". The resulting
optimal static allocation matrix is as follows

e (11 oo
—\0 0 0329 )

98



The resulting graph of activities is depicted in Fig 5.2(left). The fluid model
is throughput optimal, as can be easily checked.

Fi1G 5.2. The resulting graph of activities. The left graph corresponds to throughput optimal
fluid model, the right graph - to sub—optimal, with the corresponding closed simple path

Now assume that the staffing vector equals to 7 = (1, 1,1)" and the arrival and
service rates remain the same (5.10). The resulting optimal static allocation is

as follows
g* (1050
V0 05 1)

The fluid model now appears to be throughput sub—optimal, though the total
staffing was decreased from v, = 6.7 to 7, = 3. In Figure 5.2(right) we see
the graph of activities together with a corresponding closed simple path. An
interesting question is to identify the set of /s that result in throughput sub—
optimality.
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