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Abstract

Stability and Approximation of Queueing Networks

by

Antonios Dimakis

Doctor of Philosophy in Electrical Engineeing and Computer Sciences

University of California, Berkeley

Professor Jean Walrand, Chair

Motivated by applications in communication networks, we consider three different mod-

els of resource sharing.

We first study the stability of Longest Queue First (LQF), a greedy and low complexity
scheduling policy, encountered in packet switching and wireless networks. Contrary to other
common policies, the stability of LQF depends on the variance of the arrival processes in
addition to their intensities. We identify new sufficient conditions for LQF to be throughput
optimal for i.i.d. arrival processes. Deterministic fluid analogs, proved to be powerful in the
analysis of stability in queueing networks, do not adequately characterize it in this case.
We combine properties of the sample paths over different time-scales to obtain a sharper

characterization.

The second part is motivated by the presence of variations in channel quality and
traffic demand. For a stable Markov chain whose transition matrix is controlled by a
general stationary jump process, we provide a framework for approximating the stationary
distribution, similar to the constant and linear terms obtained by singular perturbation
analysis (SPA) However, SPA is only applicable to Markovian controlling processes. To

extend to the non-Markovian case, we follow a non-algebraic approach based on light-traffic



analysis of stationary point processes. Jackson networks with slowly varying service and

arrival rates and fixed routing are dealt with in this framework.

In the third part, we consider the congestion arising from coexistence of data and voice
flows in a single internet link. Voice flows are rejected and leave the system if on arrival,
the total number of flows is above a certain threshold. We obtain deterministic equations
describing the population dynamics for each type of flow. These equations arise as the limit
of a large stochastic system. Next, we study the behavior near the voice cut-off threshold.
While there is no “hard” boundary as in a purely loss system, admissions and rejections of
voice flows result in a similar averaging along a “soft” boundary, where temporary overloads

are possible during transient periods.

Professor Jean Walrand
Dissertation Committee Chair
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Chapter 1

Introduction

This thesis studies three different models of resource sharing that are motivated by ap-
plications in communication networks. The advent of wireless networks and the penetration
of the internet, have created new modes of congestion and therefore new problems for the
network engineer. Here we consider wireless channel interference, distributed scheduling,

channel fading, rate adaptation, and admission control.

Classical queueing models do not account for these new modes, so new models and
problems of resource sharing continue to drive intense research in engineering and applied
probability. As an example of the inapplicability of old thumb-rules from classical models,
we refer to the scheduling problem we study in chapter 2 where average arrival rates are not
adequate descriptors of congestion anymore. Ultimately this thesis is a collection of models
and methods that we have found useful in tackling problems of congestion; some of these

tools are new, others are extensions of old ones.

Section 1.1 studies the stability of a particular scheduling policy encountered in many
application contexts and whose stability has remained an open problem. The problem
we consider in section 1.2 is more general in flavour, and concerns approximation to the
stationary distributions of perturbed Markov chains. In the last section of the Introduction,
we consider a simple but informative model of bandwidth sharing the internet. Sections

1.1,1.2, and 1.3, respectively form the introductions for the three chapters to follow.



Figure 1.1. Three queues that share resources. A service of each job in a queue requires
the exclusive use of the corresponding resources at the right-hand side.

1.1 Stability of Longest Queue First

Consider the queueing system in Figure 1.1. At each discrete time-slot, jobs arrive
with respective rates A1, A2, and A3 at queue 1,2, and 3. A job at the head of a queue
requires service simultaneously from the resources on the right-hand side associated with
that queue. A resource is used by at most one job at a time. Hence, the evolution of queue
sizes 1, @2, @3 in time is determined by the choices of the queues served in each time-slot,
i.e., the schedule. If the schedule is not chosen wisely, it is possible that the queue lengths
increase arbitrarily and the system becomes unstable. Thus, desirable scheduling policies
yield schedules that make the system stable for the largest possible set of arrival rates. A
policy that achieves the largest such set is called throughput optimal. (Of course, this is
not the only performance objective that can be considered; e.g. fairness and simplicity in
implementation are other important design factors.) In chapter 2 we consider the stability
of Longest Queue First. This is a greedy policy that gives priority to longer queues. So
if the queue lengths are as given in Figure 1.1 then queue 1 will be served. Systems with
service constraints such as the one of Figure 1.1 are instances of a much more general model,
called the generalized switch and described in [39], which includes as special cases models
of multiuser data scheduling over a wireless medium, input-queued crossbar switches, and
parallel server systems. The problem of throughput optimal scheduling is addressed in [39]
where MaxWeight scheduling is proposed. MaxWeight serves the subset of queues such that
the sum of their lengths is maximum; e.g. in the case of Figure 1.1, queues 2 and 3 will be
served, since Q2 + Q3 > Q1. MaxWeight is based on the optimal policy of Tassiulas [40],

originally proposed in the context of data scheduling in a multihop wireless network. The



optimality of MaxWeight, is achieved at the cost of increased complexity. The evaluation
of the sums of queue lengths of all possible service combinations is a much more complex
operation than the single sorting required in LQF. This is why LQF was first proposed as a
lower complexity approximation to MaxWeight by McKeown in [33]. Another reason that

makes LQF attractive, is that it lends itself to distributed implementation [22, 23].

The achievable throughput of common scheduling policies in open queueing networks,
e.g., first-in first-out, head-of-line processor sharing, or MaxWeight in a generalized switch,
is characterized by average arrival intensities, to the effect that the problem of stability is
related to that of a deterministic fluid analog. The connection between the stochastic and
the fluid system, based on the strong law of large numbers, has been formalized in [30, 14, 38]
and applied with great success in multiclass queueing networks [14] and generalized switch
models [3, 39, 37, 15]. The premise is that in many cases it is easier to work with a

deterministic system than with a stochastic one.

In LQF, on the other hand, variability in stochastic arrivals may affect stability, as
will become evident in sections 2.1 and 2.3. In this case, a deterministic analog is not
detailed enough to infer stability since deterministic and nondeterministic arrivals with the
same intensities can lead to unstable and stable systems, respectively. For this reason, the
stability of LQF has remained an open problem. Previous work on LQF [28] considered
sufficient conditions for stability by analyzing the associated deterministic systems. This
led to stronger than necessary conditions on the average rate of arrivals for certain classes
of systems. Moreover, [28] dealt exclusively with constraints arising from cyclic graphs (see
section 2.1). To deal with more general graphs, we introduce the concept of local pooling, a
graph property that is characterized in terms of a linear program. The main result in this
part is Theorem 2.3.1 which states that in certain special cases, namely systems satisfying
local pooling and a rank condition (see Theorem 2.3.1), LQF is throughput optimal under
the assumption of nondeterministic arrivals. Although the systems satisfying the conditions
in Theorem 2.3.1 are special, we believe that the techniques used in its proof are interesting
on their own right. On the other hand, local pooling is satisfied for many graphs arising in

wireless networks, see [11]. A novel feature of our analysis is that we combine combine prop-
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Figure 1.2. A M/M/1 queue with arrival and service rates controlled by process X;.

erties of the sample paths over different time-scales to obtain a sharper characterization of
stability than that obtained by fluid models. Hence we retain the simplicity of dealing with

fluid limits but without giving away the key stochastic effects on which stability depends.

1.2 Approximating queues in slowly varying stationary en-

vironments

As an example, consider the single queue in Figure 1.2. At time ¢, arrivals are Poisson
with intensity A(Xy), while the service rate is p(X;). Here, (X; € {0,1},t € Ry) is a
stationary piecewise constant process, and we have P(X; = 0) = P(X; = 1) = 1/2. Assume
also that p(z) = A(z)/pu(x) < 1, z = 0,1. If X; = = is constant, we have a normal
M/M/1 queue and the invariant distribution is P(Q = i) = p(z)(1 — p(x))*. In chapter 3
we approximate the stationary distribution when X; varies slowly. As the rate of jumps, €,
of X approaches 0, we expect the timescales of X; and Q; to separate, giving P.(Q = i) —
B5p(0)(1—p(0))i+.50(1)(1—p(1))* =: m(7). We will show that P.(Q = i) = (i) +€¢(i)+o(e)

and determine ¢(+).

More generally, we consider approximations to the stationary distribution of a Markov
chain whose transition matrix is controlled by a piecewise constant process, henceforth
called the environment, only assumed to be stationary. The problem is motivated by the
presence of variations in channel quality and traffic demand in communication networks.
In general, the computation of this distribution is not tractable and one resorts to simu-
lation. Even in the case of a Markovian environment, where simulation is not necessary,

the solution of a large number of equations can be undesirable. (Note that certain simple



cases can be solved very efficiently by the matrix-geometric method of Neuts [35].) When
environment transitions are rare, Taylor-like expansions around the time-scale separation
case are possible under Markovian assumptions. Singular perturbation analysis (see [2, 41]
and references therein) is one such approach, where tools there are algebraic. Also, analytic

methods have been applied, as in [21]. These do not apply in the non-Markovian case.

Here, we propose a framework inspired by light-traffic approximations [36, 4, 10] and
weak convergence instead, in computing the constant and linear term. Key to applying such
tools are tightness and uniform convergence properties, which are established by exploiting
monotonicity inherent in specific models, and queueing networks in particular. We use
monotonicity of Jackson networks, and show that slow variations of service and arrival
rates can be dealt within this framework. Since monotonicity properties of queues are

well-studied (e.g. see [5]), we expect the approach to carry over in other systems.

As is commonly the case in light-traffic approximations, the first derivative is determined
by what happens around a single jump. Hence, the approximations we obtain do not
depend on more detailed statistics of the environment other that its transitions. Thus, the
approximations are the same as the ones given by a Markov model. It is conceivable that
higher-order terms in such expansion can be obtained using the factorial moment expansions
of [10]. Also note that, as we do not rely on uniformization, transition rates are not required

to be bounded, as assumed in singular perturbation methods (e.g. see [2]).

The main results of this part are Theorems 3.1.1 and 3.2.1. Theorem 3.1.1 in section 3.1
provides an approximation framework for general Markov chains. In section 3.2 we show

that Jackson networks belong to this framework (Theorem 3.2.1).

As a side result, we establish existence of a stationary law for varying Jackson networks.
In particular, stability is demonstrated under the condition that at every state of the envi-
ronment, the system is stable; e.g. in terms of the example above, when p(z) < 1,z =0, 1.
For single queues, weaker stability conditions are known to exist (see [8]). More specifi-
cally, it is sufficient that the average arrival rate does not exceed the average service rate,

where the averages are taken over all states of the environment. However, in dealing with



approximations when the time-scales of X; and @); separate, we need stability under any
environment state to avoid trivial cases. This is because the existence of even a single

unstable state, will yield P.(Q =) — 0.

1.3 Macroscopic behavior of a lossy resource with real- and

non-real time flows

Recent work has focused on the interplay between real-time and non-real-time flows
when both they share common resources [16, 32, 13, 31]. Such sharing occurs in data
networks, as in the internet, where real-time (e.g. streaming audio/video) and non-real-

time (e.g. file transfer, web browsing) services are carried by the same network resources.

Along with the rise in demand of real-time services, rate adaptation mechanisms have
been introduced that scale the bandwidth demands of traffic sources in response to conges-
tion signals sent by the network. These mechanisms vary in their level of sophistication,
ranging from window-based additive increase/multiplicative decrease, as in TCP and its
variants, to highly specialized algorithms that depend on the specific information encoding
schemes. We assume that flows adapt their rates in an ideal way, such that they converge

instantaneously after a new flow arrives or departs.

While real-time and non-real-time applications share the same resources and both em-
ploy some form of rate adaptation, their resource usage pattern is fundamentally different in
two ways: Firstly, real-time applications use (or intend using) a resource for a period of time
that is independent of the other flows. Contrary to this, non-real-time applications (e.g. file
transfers) do not leave the system until a certain amount of service has been accumulated
(e.g. the transfer of an entire file). Secondly, real-time applications are sensitive to their
instantaneous bandwidth share since it may cause packets losses, and delays. Thus they
have some sort of minimum (instantaneous) bandwidth requirement. User-enforced admis-
sion control has been proposed as a mechanism for signalling that this minimum bandwidth

share will likely exist [26]. Although such controls have the advantage that they do not need



an overlay signaling network, not experiencing congestion after admission of an incoming

flow cannot be guaranteed.

An important question is whether this form of control can effectively control overloads
and, if not, how do overloads occur. We are also interested in the average time that non-
real-time flows spend in the system. For the case of file transfers, this corresponds to file
transfer delay. In this part we propose a simple model of congestion at the flow level, and
answer these questions at the level of detail captured by the model. We obtain deterministic
equations describing the population dynamics for each type of flow. These equations arise
as the limit of a large stochastic system, and allow for transient analysis which is difficult to
obtain for the stochastic system itself. We note here that a more recent result of Massoulié
et al. [31] uses the same deterministic model to tackle the question of stability for the case

of a network, under different bandwidth sharing schemes.

In the loss network literature work has focused on identifying macroscopic limits under
different control schemes, e.g. see [24, 9, 1, 42]. The limiting regime considered is that
where both flow arrival rates and capacity grow large in a fixed proportion, as described
by Kelly in [25]. Hunt and Kurtz in [24] establish a weak convergence result for a general
loss network and identify the behavior at the boundary of full capacity. At the limit, the
system evolves according to a set of deterministic differential equations which arise as a
result of a time-scale separation between the number of free circuits and the number of
flows currently in the system (normalized with respect to the system size). Although in a
purely loss system the boundary restricts the system in a set of acceptable states, i.e. it is
a “hard” boundary, admissions and rejections of voice flows result in a similar averaging
along a “soft” boundary, where temporary overloads are possible during transient periods.
This will permit us, in Section 4.3, to derive a weak convergence result for a sequence of
systems that grow large in the regime described above. This is the content of Theorem 4.3.2

and Proposition 4.3.3 which are the main results of chapter 4.

In summary, congestion occurs in three ways.

1. Long-term congestion where, for a period of time of comparable magnitude with the
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Figure 1.3. Possible trajectories on the voice flow admission boundary.

duration of real-time flows, the bandwidth share for the latter is below the required

minimum amount.

2. Short-term congestion, in which the bandwidth share for real-time flows may still fall

below the minimum but does this in a timescale much shorter than flow duration.

3. Long file transfer delays for non-real-time flows. Coexistence of the two traffic types
creates file-transfer delays much larger in magnitude than that in the case where the

system carries only non-real-time flows of the same traffic profile.

Although type 1 congestion may appear only during transient periods, only type 2
congestion may occur when the system reaches steady-state. A possible boundary behavior
is depicted in Figure 1.3 for the case of voice and data, where the arrows denote directions
of trajectories at the respective states. At the gray area flows depart faster than they arrive.
Overloads do not occur and the system temporarily moves to states below the boundary.
At the dark area, voice flows arrive faster that both voice and data flows depart but not so
fast such that the system is driven above the boundary. In this case voice-flow admission
control can effectively keep the system from overloading and type 2 congestion occurs. At
the dashed area, data flows arrive faster than the rate at which both type of flows depart.
Even though no new voice flows enter the system, the ones already in progress do not leave

fast enough. This drives the system above the boundary and type 1 congestion occurs.



Chapter 2

Stability of Longest Queue First

This chapter is organized as follows. In section 2.1 we give an informal discussion of our
model and provide some intuition for the proofs to be given in section 2.3. In section 2.2 we
introduce the model and notation. section 2.3 is devoted to proving the main result of this
chapter, Theorem 2.3.1. In section 2.4 we discuss how our results extend to general service

rates.

2.1 Discussion and examples

In this section we give an informal description of our results by means of examples. We

start by giving a graph representation of our model. See section 2.2 for a rigorous treatment.

A model is specified by a graph (V) F), with V and E being the vertex and edge set,
respectively. One can think of the vertices as queues in which arrivals occur in discrete
time at some given average rate. We consider independent, identically distributed (i.i.d.)
arrival processes, although it is not hard to generalize our results to finite Markov-modulated
processes. When a queue is served, a unit of work is removed from that queue, provided that
it is nonempty. Not all queues/vertices can be served during the same time slot: if a queue
is served then its neighboring queues are not. Hence, at each time, the served queues form

an independent set of the graph. LQF scheduling chooses this set iteratively, starting from



the longest queue and proceeding in a decreasing order of queue length. Any queue with a
neighbor that has already been is not considered in the next iteration step. When two or
more queues under consideration have equal backlog, a tie-breaking rule must be specified.
This procedure is repeated until no further (nonempty) queue can be included. At each
time slot, the served queues form a maximal independent set of the subgraph consisting of

the nonempty queues.

2.1.1 Three-queue

As a first example, consider the graph with V' = {1,2,3} and £ = {{1,2},{2,3}}. Let
A; be the arrival rate at queue i, for i = 1,2, 3. We are concerned with characterizing the set
of vectors A = (A1, A2, Ag) for which the queueing process is stable, i.e., positive recurrent,
under LQF scheduling. Since either queue 2 or queues 1 and 3 can be served at any given
time, we expect that a scheduler can be stable only if A1 + Ao < 1 and A + A3 < 1. Indeed,
the scheduler cannot serve queues 1 and 2 at a total rate larger than 1 since it cannot serve

both queues at the same time. The same observation applies to queues 1 and 3.

To see why LQF is expected to be stable when these conditions hold we argue that the
longest queue decreases, on average. This is immediate if one queue ¢ is the only longest
queue for some interval of time. Indeed, in that case, queue 7 is constantly served during
that interval under LQF and its length tends to decrease because \; < 1. Now, it may
happen that a subset L of queues alternate being the longest during some interval of time.
For instance, assume that L = {1,2} so that the scheduler selects queue 2 some fraction
of time during that interval and queues {1, 3} the rest of the interval. During that interval
of time, the scheduler always serves either queue 1 or queue 2, so that the total service
rate of the queues 1 and 2 is equal to one. The total arrival rate of queues 1 and 2 is
A1 + A2 < 1. Consequently, the length of the longest queue (which is that of queue 1 and
also that of queue 2) decreases on average. The same argument can be made for any subset
L C {1,2,3}'. The key property is as follows. For any set of queues L that alternate being

the longest, there is a subset F' of L that is served at a constant total rate, independently

'We use C in the sense of non-strict inclusion.

10



of the selections that the scheduler makes, given that L is the set of longest queues. This
constant service rate must be larger than the total arrival rate into the set F', otherwise the
system would certainly be unstable. In that case, the longest queue, which is that of any
queue in F, decreases on average. Note that this is a topological property of the graph.
In our example, if L = {1,2,3}, one can choose F' = {1,2}. If L = {1,3}, one can choose
F = {1}, and so on.

The above condition is captured in our local pooling condition in Definition 2.2.1. A
characterization of local pooling in terms of a linear program is given in Proposition 2.2.3.
Using the fluid limit technique we are able to use an essentially deterministic argument to

show stability under stochastic (and deterministic) arrivals (c.f. subsection 2.3.12).

Summing up, the argument shows that if the set of longest queues satisfies local pooling
for some interval of time, then the longest queue tends to decrease during that interval.
Consequently, if all sets satisfy local pooling, the system is stable. Thus, the stability
conditions for systems that satisfy local pooling are only in terms of average intensities of
arrivals. However, for other systems, the stability of LQF may depend on “second-order”
properties. In particular, deterministic and nondeterministic arrival processes, with the
same rates, may lead to unstable and stable behavior, respectively. We describe one such

example next.

2.1.2 Six-Cycle

Consider the system specified by the 6-vertex cycle graph with V' = {1,...,6} and
E = {{1,2},{2,3},...,{6,1}} depicted in Figure 2.1.2. One can check that local pooling
fails to hold. Indeed, if the set of longest queues is L = {1,2,3,4,5,6}, there is no nonempty
subset of L that LQF serves at a constant rate. For instance, LQF serves either 0 or 1 queue
from the subset {1,2}; it serves either 1 or 2 queue from {1,2,3} and either 1 or 2 queues
from {1,2,3,4}, and similarly for all other subsets. Consequently, we cannot conclude the
stability of this system using the argument in the three-queue example. In fact, the system

may not be stable, as we explain next.

11



kAén) (k + 1)A(n)

Figure 2.1. Left: A 6-cycle system; neighboring queues cannot be served at the same time.
Middle: The separation argument. Right: Possible schedules.

Assume that a constant (deterministic) amount A of work arrives during each time
slot at each queue. Furthermore, assume that the scheduler uses LQF and breaks ties by
throwing an unbiased die with as many faces as there are tied queues. We claim that this
system is unstable if A > 4/9. What makes this fact interesting is that, as we show below,
the same system with non-constant i.i.d. arrivals with average value )\ is stable whenever

A< 1/2.

The maximal independent sets of this graph are My = {1,3,5}, My = {2,4,6}, M3 =
{1,4}, My = {2,5}, and M5 = {3,6}. Assume the system starts with all queues having
the same large backlog. Let us call the sets M; and My “big matches” and the other sets
M3 — M35 “small matches.” There are a number of possible sequences of choices that the LQF
scheduler can make. These sequences correspond to choosing a small or big match at each
step, whenever the choice is possible. The right part of the figure shows these sequences.
Fach rectangle represents a representative set of possible longest queues, up to a symmetric
renumbering. For instance the queues start all equal; the scheduler chooses a small match,
represented by S, with probability 1/3; then it selects a big match B with probability 1/2;
then the scheduler is forced to pick a big match again, and so on. By analyzing this Markov
chain that describes the choices of the scheduler, one finds that the queues become equal
again after a random number of steps. Dividing the average number of times each queue is
served by the average number of steps, we find that the scheduler serves each queue at the

average rate of 4/9. It follows that the system is unstable if A > 4/9.

12



We now explain why this system is stable when A < 1/2 if the arrivals are allowed to
vary even slightly. We saw that the instability of the system with deterministic arrivals is
caused by the locked step operations that cause the queue lengths to become all equal every
so often, which occasionally leads LQF to serve only two queues. The randomness of the

arrivals prevents the backlogs from being equal a significant fraction of the time.

The key idea is that the longest queue length tends to decrease whenever it is large.

Specifically, for n > 1, there is some 3 and some €, such that

1E[mlax Qi(nto) — mlaXQi(O)\Q(O)] < —e4tg < 0,0n {mzain(O) > nh}. (2.1)

n

It follows that max; Q;(nt) is a Lyapunov function for the Markov chain, which implies its
positive recurrence. To show (2.1), one considers a sequence of processes Q™ that behave as
the original system but with initial conditions bounded by O(n). One shows that Q™ (nt)/n
converges along a subsequence to Q(t), a deterministic system (called the “fluid limit”) that

satisfies a set of differential equations. Moreover, one proves that
Q(t) =0 for t > tq. (2.2)
This fact, together with the convergence, implies that
1
—max Q;(nt) — 0, for t > to.
n

With a uniform integrability argument, one concludes that E[max; Q;(nt)/n] — 0 for t > to,
and this implies (2.1). This line of argument is standard. The novelty in this work is in the

argument to show (2.2). The main step is to show that if max; Q;(t) > 0, then

d _
am?in(t) < —e, <0.

If the set of longest queues satisfies the local pooling condition, then one obtains the inequal-

ity above as in the three-queue example. If it does not, then the argument is qualitatively

different.

For the 6-cycle example, the only set of queues that does not satisfy the local pooling
condition is the set of all queues. Assume then that all the queues are equally large at some

time ¢, in this limit Q(¢). This implies that all the queue lengths are of order nd for the
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system Q™ at time nt. In that case, all the queues will remain nonempty for some interval

of time of order nd, since there is at most one departure from any given queue in each step.

One then shows that the difference between the maximum and the minimum queue
lengths is at least of order 6A(n) for most of the times s € I := {nt,nt + A(n),nt +
2A(n), ..., nt+ndé—A(n)}, where A(n) = n'/% and t > 0 is fixed. We explain the main steps
of that argument below. Moreover, if that condition holds for some time s = kA(n) € I,
there is a proper subset L of the queues that remain strictly longer than the others during
the interval I(s) :={s,s+1,...,s+A(n) —1}. (See Figure 2.1.2.) In addition, any proper
subset of the queues satisfies the local pooling conditions. According to the argument we
used for the three-queue example, it follows that the longest queue decreases, on average,
during I(s). Consequently, the longest queue decreases on average during most of the

intervals I(s) and, therefore, most of the time. This argument implies that

%E[max Qi(nt + nd) — max Qi(nt)|Q(nt)] < —de, < 0.

This fact implies the stability of the system.

We now explain why the queues remain separated for most of the times s € I. The
idea is that the difference between the maximum and the minimum queue lengths is lower-
bounded by differences between cumulative arrivals. We approximate these differences by
Gaussian random variables, after proper scaling. Using the Gaussian distribution, we find

that these random variables cannot be small most of the time.

First, observe that if all the queues remain nonempty the number of queues served
among queues {2,3} is always the same as among queues {5,6} under any service set M;.
Designate by Q;(t) the length of queue 7 at time ¢. If no queue empties, since the departures

cancel out,
B(t) := Q2(t) + Qs(t) — Qs(t) — Qs(t) = B(0) + Aa(t) + As(t) — A5 (t) — Ag(t) =: B(0)+ Z ()
where A;(t) is the cumulative number of arrivals in queue ¢ up to time ¢.

Second, note that D(¢) := max; Q;(t) — min; Q;(t) > |B(t)|/2, so that
D(nt) 1
> ——|B
N 2\/5’

14
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Finally, since the arrivals are i.i.d., the random variable Z(nt)//n is approximately

Gaussian and zero-mean, so that

nd
E Y 1{D(nt+m) < 6A(n)} = néP <D\(/Tg) < 6%))

) < O(VAAm)?),

m=1
| Z (nt)| < 6A(n)
2yn = Vn

as n — oo. Choosing A(n) so that /nA(n) = o(n/A(n)) — for instance, A(n) = n'/6 — we

én&P(

conclude that the fraction of the values of s € I = {nt,nt+ A(n),nt+2A(n),...,nt+nd —
A(n)} such that D(s) < 6A(n) is negligible, because |I| = nd/A(n). This step completes

the argument.

Looking back, here are the main ideas of the argument. When the set of longest queues
satisfies local pooling, the longest queue tends to decrease. Also, the set of all queues — for
which local pooling fails — cannot remain longest for any significant fraction of time: the
scheduler cannot fully compensate the fluctuations in the arrivals because the set of service
vectors has only rank 4 in the 6-dimensional space of queue lengths. Summing up, the key
stability condition is that when the set of longest queues does not satisfy local pooling, the
rank of the corresponding service vectors is small (at most the number of queues minus two

is sufficient, as will become evident in the proof of Lemma 1 in Appendix B).

These ideas form the basis of Theorem 2.3.1, where we show that LQF is stable for any

nondeterministic i.i.d. arrival processes, under a weakening of the local pooling condition.

When (the weakened) local pooling condition fails to hold, we have simulation evidence
suggesting the system may be unstable, even for Bernoulli arrivals. One such example is a
system specified by an 8-vertex cyclic graph driven by Bernoulli arrivals at rate A\; = 0.4984
for 1 = 1,...,8; ties were broken as in the 6-vertex example. In Figure 2.1.2, we plot the

queue length evolution of this system.

Sufficient stability conditions for LQF in cyclic graphs, are considered in [28]. There,
the analysis is based on the stability of the associated fluid system. It is found that if
the total arrival rate of three consecutive queues on the cycle is strictly below 1, then the

system is stable. Intuitively, if all queues alternate being the longest for some considerable
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Figure 2.2. A case of possible instability in a 8-cycle system with A\; = ... = Ag = 0.4984.

amount of time, then the three queues satisfying the condition above must decrease because
at least one of them is served at each timeslot. On the other hand, under nondeterministic
arrivals, this condition on the rates is not necessary for the 6-cycle as described above. For
systems not of the special form as the 6-cycle, i.e., those satisfying the rank condition in
Theorem 2.3.1, it is possible to still derive stability by imposing stricter than feasibility,

conditions on the arrival rates. (See the remarks following Theorem 2.3.1.)

2.2 Model and notation

We consider a discrete-time model of a set, K, of queues. Let Q(¢) denote the backlog of
queue k € K at time slot ¢ > 0, and let Ay (¢) and Dy(t) respectively denote the cumulative
arrivals and departures of work at queue k up to time t. We assume that arrivals are
mutually independent i.i.d. processes with E[A(1)] = A\p < oo for every k. Additionally,

the processes Ag(-) are independent for each k.

The scheduler cannot serve all nonempty queues at any given time. The allowable
schedules form a finite set S[K] C {0,1}%!. At any time ¢, the scheduler selects a vector
m € S[K] and removes my, € {0, 1} units of work from each queue k, unless queue k empties

first. (We relax the ‘{0, 1}-assumption’ in section 2.4.)
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By M[K] we denote the maximal elements of S[K], and treat it as a matrix whose
columns are its elements. For L C K, we use S[L] to denote the restriction of S[K] to
L and M[L] to denote the maximal elements of S[L]. This model is a special case of the
generalized switch of [39] and is similar to the model of the input-buffered packet switch

of [15].

Given M[K], the evolution of queue backlogs is completely determined by the arrival
process, A(-), and the scheduling policy. For m € M[K], T,(t) records the number of time

slots, up to and including ¢, during which the scheduling policy chooses m.

Thus, (Q(+),T(+)) satisfies the following equations:

Q(t) = Q(0) + A(t) — D(b), (2.3)
Ton(t+1) =T (t if Qx(t) >0,

Dyt 4 1) - Dyfty = | eI D T ) AR QD > (2.4)

0 otherwise ,
Y Tw(t)=t, Vt=0, (2.5)

meM|[K]

Qi(t) 20, VkeKandt>0, (2.6)
Dy(t), T)n(t) > 0, nondecreasing Vk € K, m € M[K],t > 0. (2.7)

We consider all the above processes to be defined for noninteger times as well: for noninteger

u, D(u) = D(|u]), and the other processes are extended similarly.

LQF is a stationary policy that at any time ¢ selects a vector n € M[K] as follows. First,
the queues are sorted in decreasing order according to their backlogs. Given such an ordering
k(1),...,k(|K]) (where Qp)(t) > ... > Qi Kk])); 7 is constructed iteratively by considering
the “longest queues first”: In the first iteration, we start with My := {m € M[K] : my) =
1}, i.e. all service vectors activating the longest queue. If M[K] is nondenegerate then
My # (). Moreover, we set nyq) = 1. In the i-th iteration (for i > 1), the search is confined
to vectors M; C M;_; that activate queue k(i) if possible; i.e. M; := {m € M;_1 : my;) = 1}
when M; # ) (in which case we set ny,;) = 1). If no such vectors exist (i.e. my;) = 0 for all
m € M;_1), then we set ny;) = 0, and M; := M;_,. Having fixed ny;), we continue with

the (i+ 1)-th iteration until we have enumerated all queues in K and chosen all components

17



of the service vector n. To completely describe such a policy one has to specify (stationary)
rules for breaking ties in the queue backlogs. Once such rules are fixed, the resulting process

(Q(t),t =0,1,2,...) becomes a Markov chain.

Consider a vector of arrival rates A € ]Rf . If for this A the process Q(-) has a stationary
distribution, then the time-averaged service rates must exceed the arrival rates. Thus, by
the ergodic theorem, A < ¢, i.e. Ay < ¢, for all k € K, for some ¢ € Co(M[K]). (For more
details on this, see [3]. For a matrix M, Co(M) denotes the convex hull of its columns.)

The vector A € RE is called feasible if there exists a ¢ € Co(M[K]) such that A < ¢.

For a vector v we let v’ denote its transpose, and by e denote vectors whose coordinates
are equal one. If v € R and L C K then we write vy, for the vector (v;,i € L) € RF. We
use Q to denote the rationals and Q4 to denote the nonnegative rationals. Finally, we let

aV b= max(a,b).

Definition 2.2.1. We say that L C K satisfies local pooling if there exists a nonzero vector
o € RE such that o/ ¢ is a positive constant for all ¢ € Co(M[L]). We say that local pooling

is satisfied if every L C K satisfies local pooling.

Note that if L satisfies local pooling, no vector in Co(M|[L]) strictly dominates (in all

coordinates) any other vector in Co(M[L]).
Remark 2.2.2. If L satisfies local pooling then, for any feasible vector A and ¢ € Co(M|[L]),
A < ¢y for some k € L.

For a fixed, feasible A we define

€ 1= inf{rEaLX((bk — A\¢) | L C K, L satisfies local pooling, ¢ € Co(M[L])}. (2.8)
€

By Remark 2.2.2, ¢, > 0. We interpret €, as the excess of the service rate over the
arrival rate that must exist at some queue whenever the set of longest queues satisfies local

pooling.

The observation above yields an equivalent characterization of local pooling in terms of

a linear program.
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Proposition 2.2.3. Consider the LP:

max ¢ (2.9)

ol
s.t. M[Llp > MI[LJv + ce (2.10)
ep = (2.11)
dv=1 (2.12)
p,veRY ,ceR, (2.13)

where r is the number of columns of M[L].

The set L satisfies local pooling if and only if the optimal value is c¢* = 0.

Proof. Let M = MIL| and first assume ¢* = 0. Then, for any Mpu* € Co(M|[L]) (with
du*=1), (¢, pu,v) = (0, u*, u*) must be a solution since (2.10) is satisfied with equality for
v =i and ¢ = 0. Hence, complementary slackness and dual feasibility must hold for some
dual variables o, 3%, and v*, corresponding to (2.10),(2.11),and (2.12). By complementary

slackness, we have

(@M — B \u* = —(a™' M +~v* e )u* =0.

This fact and the feasibility of (0, u*, 1*), implies 8* = —y*. Dual feasibility yields o* > 0,
a*’e =1, and

—v*e < a*M < pgre .

Since 3* = —~*, the last display implies that o' M = *¢’. Since a*’e = 1, a* > 0 is
nonzero, and §* > 0 by the nondegeneracy of M. This implies local poofling holds for L,

according to Definition 2.2.1 with o* as the required nonzero vector.

To prove the converse, it suffices to note that under local pooling for L, no vector can

dominate another in Co(M|[L]).

O

In the proof of Theorem 2.3.1 we make use of a large deviation bound on A(-). Hence-
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forth, we assume that for each k € K and € > 0,

[

> e] < Bexp(—n~y(e)), foralln>1, (2.14)

for some y(e) > 0 and 3 > 0.

2.3 Stability

In this section, we first state the main result and outline its proof. We then establish
the main properties we need and proceed with the formal proof. We conclude the section

with a remark about stability when local pooling holds.

2.3.1 Main result

Theorem 2.3.1. Consider a system M|[K| such that every L C K with rank M[L] > |L|—1
satisfies local pooling. Assume that the independent arrival processes Ag(-), one for each

queue k € K, are i.i.d., satisfy (2.14), and have nonzero variance.

The system is then stable under LQF for all feasible vectors \.

According to the condition of the theorem, if a subset L does not satisfy local pooling
then the rank off the service vectors is too small for the scheduler to be able to prevent the

queue lengths from diverging.

In applications, it may be useful to infer stability for some given feasible A rather than
for all feasible rates as in Theorem 2.3.1. In these cases, Theorem 2.3.1 implies stability,
under the same conditions on the arrival processes, when queues L that do not satisfy local

pooling and do not have rank M|[L] > |L| — 1 are instead such that the optimum of the
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following linear program is negative,

maxc
c,v

s.t. Ap > M[L]v + ce
dv=1

veR ,ceR.

(In the above, r is the number of columns of M[L].) This guarantees (according to
Lemma 2.3.10, below) that when queues in L are the longest, they must decrease in length

at a certain rate even though local pooling does not hold for L.

2.3.2 Proof outline

The strategy of the proof is as follows.

1. We consider Q"(nt)/n where Q™(-) is the vector of queue lengths in a system with

initial backlogs not exceeding n, i.e., >, Q7(0) < n.

2. We show that E(>_, QF(nt)/n) — 0 for t > t5. This result provides a Lyapunov
function for the stability of @™. Indeed, the limit implies that the expected queue

lengths tend to decrease.

3. To prove the previous result, we use uniform integrability and the fact that
Q"(nt)/n — 0 for t > tg. To prove this claim, we show that Q"(nt)/n converges
along a subsequence to Q(t), a fluid system described by a system of differential

equations, and that Q(t) = 0 for ¢ > to, for some t.

4. To prove that Q(t) = 0 for t > ty, we show that as long as max; Q;(t) is positive it

must decrease at least at a given rate. Specifically, we show that if max; Q;(t) > 0

and t is a regular time, then dmax; Q;(t)/dt < —e. < 0.

5. To derive the rate of decrease, we use the observation that while the set of longest
queues is fixed and satisfies local pooling, the queue lengths decrease at least at a

given rate.
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6. Finally, we show that most of the time, a set of queues that satisfies local pooling
dominates the other queues. We demonstrate this by proving that if L does not
satisfy local pooling, then a proper subset of L must dominate the other queues most

of the time, which argument has two parts:

a) We show that the queues must be separated (i.e. differ in leng y some amoun
We show that th t b ted (i.e. differ in length) b t
BA(n)|L| at most time steps that are multiples of A, as we did in the six-cycle

argument.

(b) We then use a uniform bound on the arrivals to conclude the domination by a

subset of L during the subsequent A(n) — 1 steps.

The first four ideas of the proof are identical to the general programme followed in
[14] and [37]. However, the subsequent steps are quite different since, as explained in the

examples, they involve second-order properties of the processes.

This section is organized as follows.

1. We first define the sequence of systems Q" in Definition 2.3.2 and state the convergence
to the fluid limit Q in Proposition 2.3.3.

2. We prove the separation of the queues at multiples of A in Lemma 2.3.4.

3. We show that queues remain separated for the subsequent A(n) — 1 steps in Lemma

2.3.8.

4. We derive the rate of decrease when the longest queues satisfy longest pooling in

Lemma 2.3.10.

5. We show that the fluid limits of the queue lengths decrease with an upper-bounded

rate in Lemma 2.3.11.

6. Finally, we conclude the proof of Theorem 2.3.1 in section 2.3.8.
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2.3.3 Fluid limit

We define a sequence of systems scaled in space and time by a factor n. Proposition

2.3.3 shows that they converge to a fluid limit.

Definition 2.3.2 (Sequence of scaled systems). On the same probability space implicitly
used above, we define a sequence of systems with the same M[K] and indexed byn = 1,2, .. ..
The initial values, Q™(0), for the n-th system satisfy Y . Q7 (0)/n < 1. The arrival
process is the same for all elements of the sequence, i.e. A"(-) = A(:). Let Q™(-), T"(-),
D" () respectively be the resulting queueing, service and departure processes under LQF.

(All systems use the same LQF scheduling policy.)

We use the fluid limits (Q(-), T(-), D(+)) to study the stability of the original (prelimit)
processes. The existence and properties of these limits are stated in the following proposi-
tion, whose proof, as it is similar to that of Theorem 4.1 of [14] and that of Theorem 3 of

[15], is omitted.

Proposition 2.3.3 (Fluid limit). A lmit (Q(-),T(),D(")) of (Q"(-),T"(-), D"()) as
n — oo exists a.s., in the topology of uniform convergence over compact sets, along some

subsequence, and satisfies the following properties:

Dy (t), T (t) > 0, nondecreasing Vk € K, m € M[K],t > 0.

Moreover, Q(-), T(+), D(-) are absolutely continuous. Times t > 0 for which the derivatives

of Q(t),T(t), D(t) ewist will be called regular times.
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2.3.4 Separation of the queues at multiples of A(n)

Let A(n) = n'/%. The following lemma states that the queue lengths remain separated

at most of the multiples of A(n).

Lemma 2.3.4 (Queue separation). Consider any nonempty set L C K that does not satisfy

local pooling. For all 1 > 6 > 69 > 0, and o > 0, we have

Vminge, Q¥ (nt) > nd} <
ZZ%MZAW 25 1{%?( QM (nt 4 m) — min QF(nt +m) < yA(n)} — 0 (2.15)
m=naog

in probability, as n — oo with v := 1.1|L| (max;ex A\; V 1).

Therefore, with probability 1, for any subsequence (n%) there is a further subsequence,
(ni), along which the convergence in (2.15) holds simultaneously for all sets L that do not

satisfy local pooling, for allt € Q4+, and for all §,0p € Q with 1 > 6 > §y > 0.

Before we proceed to the proof, we need to prove Lemma 2.3.5 first.

Let S}, be the partial sums of a triangular array, ((X}})m=1,..n) of i.i.d. r.v’s with

n>1’
nonzero variance and finite third moment. (That is, S} = X7+ ...+ XJ%.) Let (Y,) be a

sequence of r.v’s such that for each n, Y, is independent of (S, m =1,...,n).

Lemma 2.3.5. Foralll>§ > ;> 0,a >0,

nd
1
- H{|Y, + S| < A(n)} — 0
n2tA(n) m;;o { | ()}

in probability as n — 0.

Proof. Let Z be a standard normal random variable. Then, by the Berry-Esseen theorem

(see, e.g. Theorem 2.4.9 of Durrett [17]), for all sufficiently large n we have

P[Sh —mEXi| <A(m)] _ P[|Z] < A)/vm] —a1/vm
supy Py + S| < A(n)] = P[1Z] < A(n)/v/m] +e1/m

2
>1—- —F—F
- CQA(T)%)—!-I’

for some constants ¢, co > 0 and an m such that ndy < m < nd.
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Hence,

nd nd
St —mEXL|  A(n)
P[|Y, + S| < A(n)] < P || Ll <
2 Pl SisAmi<a ), [P < 7

< esnP [|Z| < é%] +nO <\}ﬁ>
= 0 (VAA@m)) , asn— oo,

for some constant cg > 0. The result follows by Markov’s inequality. O

Proof of Lemma 2.3.4. By the rank assumption of the Theorem 2.3.1, there must exist
some nonzero vector v~ € RI* such that vle = 0,09"M[L] = 0, and max;ey, [vF| = 1. Now,
provided that min;cr, Q7' (nt) > nd, queues in L do not empty during {nt,--- ,n(t + 9)};
thus,

vl QY (nt +m) = vP Q% (nt) + vE [AL(nt +m) — Ap(nt)] .
We can apply Lemma 2.3.5 to
St = Wl [Ap(nt +m) — Ap(nt)] ,

with v := 1.1 |L| (max;ex A; V 1) and Y, = v~ 10l Q7 (nt) for n = 1,2, ..., to conclude that

for all  and dp, 1 > > 5y > 0, and o > 0,

. n nd
l{mmief Q7 (nt) > nd} > o' QE(nt +m)| <vA(n)} — 0,
n§+°‘A(n) m=ndg

in probability as n — oo.

Moreover, we can find some constant x > 0, which depends on v”, such that

max Q7' (nt + m) — min Q7' (nt + m) > k ‘vLQ’z(nt +m)
i€L i€L

, m>0.

Consequently, for all § and dg, 1 > 6§ > Jy > 0, and a > 0,

1{minger, QP (nt) > nd} <2
ZrezéJralA(n) Zg l{nineaLx Q' (nt +m) — Izrélil Q' (nt +m) <~vA(n)} — 0,
m=ndy

in probability as n — oo.
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2.3.5 Separation of the queues during intervals

To show that a set of queues that satisfies local pooling dominates the other queues
most of the time, we use a bound on the fluctuations of the queue lengths. This bound

relies on the following property of the arrivals.

Lemma 2.3.6 (Property of arrivals). The following event has probability 1: For all T €

QN (0, +00),
hmnsup 0<i<nt 1T keI At 1)77;/17/)7 = A ) k| =0. (2.16)
Proof. Fix any T, e > 0 and note that
nil Pl mex Ap((i+ 1)7171/17/)7 — Ap(nVT) R 6]
< ﬁTi n%Texp(—n'/"(€)) < .
n=1
The result now follows by the Borel-Cantelli lemma. 0

Definition 2.3.7 (Domination). Let I C {0,1,...} and L,L' C K. We say that L is not

dominated by L' during I for the system Q™ if there exist u € I,1 € L, and j € L' such that

Qr(u) > QU (u).

Fix any sequence (n{) C Z; with n) — oo as k — co. Pick a subsequence (ny) of (n2)
such that the convergence in Lemma 2.3.4 is achieved almost surely. From now on we fix a

sample point, w, such that that limit is attained and (2.16) holds.

We have the following result.

Lemma 2.3.8. Forn > 1, let g(n) = n%+O‘A(n) for a > 0, such that g(n)A(n) = o(n) as
n — 0o. Assume that there exist 6 € QN (0,1) and K' C K such that K’ dominates K \ K’
during {nit, - ,ng(t +0)}, for all sufficiently large k. Also, assume that Q" (ngt) > nid

for alli € K" and fiz a g € Q with 0 < &y < 4.

Divide [nit,ni(t + 9)] into intervals of size A(ny), i.e.

L% = [ngt + (5 — 1) A(ng), gt + 5 A(ng)]
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with j € {1,2,...,6ni/A(ng)}.

The number of intervals not dominated by some set L that satisfies local pooling for the

system Q™ does not exceed g(ny) + dong/A(ng) as k — oo.

Proof. If K satisfies local pooling then there is nothing to prove, so consider a nonempty
set L C K that does not satisfy local pooling. From Lemma 2.3.4, the number of intervals
I;”“ in which

max Q" (t) — min Q" (t) < yA(ny)
€L S”

at the left-hand endpoint, ¢, of the interval is o(g(nx)) and, consequently, does not exceed

g(ng) + dong/A(ng) as k — oo.

For sufficiently large k large, the arrivals at each queue j in all the intervals are bounded
by 1.1\, since w satisfies (2.16). Moreover, there is at most one departure from each queue
in each time step. It is easy to check that if the queue lengths are separated by more
than yA(ng) at the left-hand endpoint of an interval Ii™* of size A(ny), there must be a
proper subset, L', of L that dominates the other queues during that interval. (This fact is

illustrated in the right part of Figure 2.1.2.)

Consequently, the number of intervals in which any set L that does not satisfy local
pooling is not dominated by some L’ & L does not exceed g(ny) + dong/A(ny) as k — oo.
Since all subsets of L with fewer than four elements satisfy local pooling, the number of
intervals not dominated by some L that does satisfy local pooling does not exceed g(ny) +

50nk/A(nk) in the limit.

2.3.6 Rate of decrease under Local Pooling

Here our main objective is to prove Lemma 2.3.10, which concerns the rate of decrease
of a local fluid limit. The local fluid limit idea comes from [37], and we will use it for proving

Lemma 5.
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Fix L C K. Assume that (ry), (ng) C Z4 are sequences for which 7 /n; — r < oo, and

Qi* (ri +ul(ng)) > QFF (ry + ul(ng))

for all w € [0,1],i € L,j ¢ L, and that the ordering 7 in L, given by (Q;*(rx)),c,, is kept
fixed for all k. Let iy be a maximum element of L according to m. We define

Q7* (1 + ulA(ng)) — QiF (ry,)

Q) = N

,u€el0,1,ie L.

For u € [0,1] we also define F™(u) = (F™(rj, + ulA(ny)) — F™(r))/A(ng,) for F™ ¢
{A"™ D™ Tm}. Limits will be taken with respect to the topology of uniform convergence
on [0,1].

Proposition 2.3.9. The limit (Q(-), A®(-), D3°(-), T°(-)) of (Q*(-), AT*(-), DJ*(-), T (-))

as k — oo, exists over some subsequence and satisfies

Q7 (u) = Q(0) + Aiu — D*(u) Vu € [0,1] (2.17)
DX(-) is nonnegative and nondecreasing, D>(0) =0, (2.18)
utD¥(u) € Co(MI[L)) ,Vu € (0,1] . (2.19)

Proof. Note that Q7*(0) < 0 for all i € L and large k, so Q*(0) exists in [—ooc, 0], over a
subsequence. We approximate 7" (-) by continuous processes such that the uniform error in
[rk, Tk + A(ng)] is no more than n,;l. (For example, at noninteger times approximate by the
linear interpolation of the values at the two neighboring integer times.) These processes are
Lipschitz continuous so, by the Arzela-Ascoli theorem, the limit TOO(~), of T™ as k — oo,

exists over some subsequence of (ny).

Properties (2.17) and (2.18) follow by uniform convergence of A™(-) (which in turn

follows by (2.16)), continuity, and (2.3) and (2.7).

Since queues in L are given higher priority by LQF than those in K \ L during [rg, ri +
A(ng)], and no queue in L is empty during the same interval, from (2.4) and (2.5) we obtain

Dzk (Tk + uA(nk)) — Dzk (Tk)
ulA(ny)

€ Co(M[L)).
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Lemma 2.3.10. If local pooling holds for L then, for any ordering, w, of the elements of

L, any local limit Q3°(+) of Q1 (+) satisfies

)°(1) — )2(0) < —e, .
max Q7°(1) — max @7°(0) < —e

Proof. Without loss of generality, consider a regular time ¢ € (0,1) at which Q°(t) =
Qjo(t) > —oco and Q(t) = Qjoo(t) for all i,j € argmaxje; Q; =: L. Choose a § > 0

sufficiently small that Q5°(u) > Q%°(u) for alli € L,j € L\ L,u € [t,t + d].

Fix an element of the probability space where, by Proposition 2.3.9, the fluid limit
exists. Let (ny) be any sequence along which (QZ’“(),A%’“(),IA)"’@(),T”k()) converges to
a fluid limit uniformly on compact sets. For sufficiently large k, Q" (u) > Q;”“ (u) for all
ieL,je L\L,and u € [ngt,ng(t + 6)]. Since queues in L are given higher priority by
LQF than are those in K \ L during [ngt, n(t + 0)], from (2.4) and (2.5) we obtain

DYt +6) — D7 (t)

nEo

€ Co(MIL)) .

By letting k — oo and then d | 0, we see that ﬁzo(t) € Co(MIL)).
Now, since local pooling holds for L and X is feasible, according to Remark 2.2.2 there
exists i9 € L with \;, — ﬁfg’(t) < —e, < 0. However, Qfo(t) = be’g)(t) for all i € L, so

d max; Q;O(t)/dt < —e, <0 for all t € (0,1) except some of Lebesgue measure 0. O

2.3.7 Rate of decrease of fluid limit

Pick a subsequence, (n}) of (n?) such that the convergence in Lemma 2.3.4 holds almost
surely. From now on we fix w such that that limit holds and such that (2.16) holds. Now
consider a subsequence (ny) of (n}) along which the fluid limit (Q(-),7(-),D(:)) exists.
Since Q(-) is absolutely continuous, consider any regular time ¢t € Q, for which Q(t) # 0
and the derivative of max; Q;(-) exists.

The following result holds.

Lemma 2.3.11 (Rate of decrease of fluid limit). If Q(t) # 0 then

d -
— . <_>‘<7
ap W) = e

29



where €, is as defined in (2.8).

Proof. We proceed using contradiction. Assume that

d _
7 I}é&}g(@i(t) > —€ .

Then, for some § € QN (0, 1) and all sufficiently large k,

g _ Tk _
rzréz}?ch (nk(t +9)) I}g}g{@z (ngt) > —deny . (2.20)

Divide [ngt, ni(t + 6)] into intervals of size A(ny), i.e.

I = [t + (5 — DA(n), gt + GA(n)]

with j € {1,2,...,0n/A(ng)}.

Since Q(t) # 0, there exists nonempty set K’ C K such that K’ dominates K \ K’
during {ngt, - ,nk(t+0)} and Q;* (nit) > nkd for all i € K’ by an appropriate choice of §,
noting that w satisfies (2.16) and that the departure rate is bounded for each queue. From

Lemma 2.3.8, the number of intervals not dominated by any subset of queues that satisfies

local pooling does not exceed g(ng) + dong/A(ng) as k — oo.
Hence, by (2.20), there exists an interval I]i’“ dominated by some L that satisfies local
pooling, and

max Q7 (ngt + jrA(ng)) — max Q7 (nit + (i — DA()) > —Alng)es ,

for all sufficiently large k. Otherwise, for arbitrarily large k,

max Q"* (ny,(t + 9)) — max Q" (nyt) <
€L i€l

N0

et |5 = (om0 5y )| + (900 557 ) 20

for some fixed v > 0, which contradicts (2.20) for sufficiently small d.

Since I}* C [ngt,ny(t + 9)] for all large k, there exist further subsequences (n},) of (ny)

and (j;,) of (jx) such that (njt+ (j;, —1)A(n}))/n) — oo, the order of elements of L implied
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by the ordering of coordinates in Qz;“ (nyt + (4, — 1)A(ny,)) is fixed for all sufficiently large

k, and the limit of Q™ (-) in [0,1] as k — oo exists and satisfies

. 5o B
anEaLXQZ- (1) rlylefiLXQl (0) > —€.

Since L satisfies local pooling, by Lemma 2.3.10 we arrive at a contradiction, proving Lemma

2.3.11. O

2.3.8 Proof of Theorem 2.3.1

Fix any sequence (nl) C Z4 with n) — oo as k — oc.

From Lemma 2.3.11 and the condition on Q(0) in Proposition 2, there exists to > 0
such that Q(t) = 0 for all ¢ > ¢, and since (ng) is an arbitrary subsequence of (nj) so long
as it satisfies the prescribed properties, Q”ilc (n,lﬂto)/ n,lC — 0 almost surely as k — oo. After
some uniform integrability analysis for (Q"!lc(n,itg) /n})k (see, e.g. [14]), we find that

1
—E
ny,

nl
ZQik(n}ﬂto)] —0 ask — o00.
€K

Since (n,lg) could have been any arbitrary subsequence of (ng) with the prescribed properties,

the limit over (n)) is also 0.

Remark 2.3.12. The same proof can be used (virtually unchanged) to show that a system
that satisfies local pooling is stable under i.i.d. (possibly constant) arrivals. For systems
MK that form trees, in the graph notation of section 2.1 it is easy to see that local pooling

holds: at all times either a leaf or its parent vertex is served.

2.4 Extension to general service rates

The model can be generalized to all nonzero nonnegative matrices M[K] in a straigh-
forward manner. We have not considered that level of generality, overcomplicating the

notation.

For nonintegral M|[K] we must redefine LQF appropriately, since the definition given

above depends on the fact that elements of M[K] can take values in {0, 1} only. A stationary
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scheduling policy assigns service vectors, i.e. columns of M [K], to queue lengths, i.e. vectors
in ]Rf . LQF will do this by “prioritizing” queues according to their backlog size. The
allocation of service rates (more general than 0 or 1) should be based on these priorities.
Such considerations motivate the following definition: For a service matrix M[K], let S be
the set of possible service vectors, i.e. columns of M[K]|. A stationary policy ® : Rf - S
is an LQF policy for M[K] if & = &5 0 ®;. Here @4 is a (possibly random) mapping to the
space of permutations of K that reorders the coordinates of its argument in decreasing order:
if ®1(q) = 7, then qr(1) > gr(2) = .... For a permutation 7, ®3(7) is obtained as follows.
First 7 reorders the rows of M[K]. Let M™ be the resulting matrix. The column j(r)
indexed by ®3 is the (unique) element of S such that the vector (ij'(ﬂ), My 7M,gr]i(w))

is maximal across all columns, for all £ with 1 <k < K.

Our results carry over to this more general rule (although it is not included in the
proofs), because the essential property of LQF we make use of is that shorter queues do not
affect longer ones; in each time slot the service rate of a (nonzero) queue does not depend

on the queue length of any shorter queues.
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Chapter 3

Approximating Queues in Slowly

Varying Stationary Environments

The main results of this chapter are Theorems 3.1.1 and 3.2.1. Theorem 3.1.1 in section
3.1 provides an approximation framework for general Markov chains. In section 3.2 we
consider Jackson networks with varying arrival and service rates and fixed routing, and

apply the framework developed in 3.1 This is demonstrated by Theorem 3.2.1.

3.1 Approximation of Markov chains

Consider a family of continuous-time Markov chains with countable state space ), given
by the transition matrices {Q*,x € X'}, where X is a countable set. Assume each Q7 is

positive recurrent and let 7% be the corresponding invariant distribution.
Assume a family of probability spaces ((2, F, P.), e > 0) exists, equipped with a measure
preserving flow 6 = (6%,t € R).

On (2, F), the environment process X = (X;,t € R) is given, compatible with flow 6,
taking values in X, with right-continuous piecewise-constant paths P.-a.s. for all € > 0.
(For more details on flow compatibility and the stationary framework for point processes,

the reader is referred to [5].) Assume the jump times —oo < ... < T 1 <Tp <0< Ty <
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... < 400 of Xy, form a simple point process. Under Pj, these jumps have finite intensity

A, and under P., the jump times are dilated by €71, i.e.,

P((T py....TR) €A x...xA) =Pi((e T p,...,e ' T) €A, x ... x Ayp),

for each € > 0,n = 0,1,..., and Borel sets (A,, : m = —n,...,n). The sequence of values
right after the jumps is not affected by e, ie., P(X7p, = xm,m = —n,...,n) does not
depend on e. Let PY be the Palm distribution (w.r.t. the jumps of X;) corresponding to P..

Also, by FX we denote the o-field generated by X.

On the same space, a process Y = (Y;, ¢t € R) is given, compatible with 6, for which
under P., conditionally on X it is a Markov chain with generator QX¢. That is, for any

f:Y — Rwith E|f(Yy)| < oo for all u,

Fes FO) — F(Va) - / QX (Y )du

is a martingale for all —oo < s < t < oo, w.r.t. the filtration generated by FX and

(Y, :u <t) for all ¢, and w.r.t. P,.

We will use multiple versions of Q¢ Markov chains started from different initial states.
These couple when they hit the same state and evolve according to g : X x Y xR xQ — Y,

defined such that

L g(z,y,0,0) =y, g(z,9(z,y,t,w),s0Ww) =g(z,y,t +5,w0), Vs,t>0,
2. (t,w) — g(x,y,t,w) is a measurable stochastic process for all z,y.

3. FX is independent of G, the o-field generated by (g(z,y,t,w),z € X,y € V,t > 0).

(Intuitively, w is “noise” independent of X.)

4. For all z,y, the process (t,w) — g(x,y,t,w) is a Markov chain with generator Q.

We will compare Y with another process Z which corresponds to “e = 0”. Before we give
the definion of Z, let us informally explain the idea behind this since it plays an important
role. At the jumps of X, e.g. at Ty, Z is independently started according to the invariant

X1,

distribution that corresponds to the new state of the environment, i.e. 7" 70. Between times

34



Ty and T}, Z evolves according to the transition matrix QX7o. Hence, Z behaves as Y with
the difference that equilibrium is reached “instantaneously” by the former. Notice that the
marginal distribution of Z at stationarity, is the one which Y is expected to converge to, as
€] 0. If Z and Y are defined in an appropriate way then they may couple before T7. Thus,
the difference E5(f(Yo) — f(Zy)) measures the “distance” of the marginal distributions of

Y, between cases € = § and € = 0.

We now define Z. Let V; = Vyo#0! € ) be a right-continuous piecewise-constant process
whose jumps are those of X, where the r.v’s V7,4 € Z are conditionally independent
and each distributed according to 7#~7i, given FX. Let FV be the o-field generated by

V = (V;,t € R). Define,

Zi(w) = g(X1, Vi, —To,w) 0 0", tER.
Now, consider the following assumptions:

(A1) (PX(Yp € +),€ > 0) is tight.

(A2) inf{t > 0|g(Xo, Yo, t,w) = g(Xo, Vo, t,w)} < oo, Pdas., Ve > 0.
(A3) Ee|f(Yo)| < o0, Ec|f(Vo)| < oc.

(A4) There exists r.v. B for which

/ 1£(9(Xo, Yo £,0)) — F(g(Xo, Vo, t,w))|dt < B and Timsup E%(B) < oo .
0 el0

(A5)

2 [ [ 100, W 09) = 6o, Vot )| <o

where, conditionally on X7 ,, W 2 72X and independent of FX v FV v G.

We will show the following;:

Theorem 3.1.1. Under (A1)-(A5),
E(f(Y0)) = O +ef +o(e)
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Figure 3.1. The argument behind the approximation in Theorem 3.1.1 based on comparison

of sample paths of Y (solid) and Z (dashed line). In the lower part, the jump times of X

are dilated by ¢!,

where

O =Ei(f(20) = > P(X =2)> 7 (1) f(y)

TEX yey

70 =39 ([T 1600 W) - sl Vet o))

Remark 3.1.2. The term f©) can be computed in terms of the deviation matrix of a Markov
chain [12], which is given as a solution to a matrix equation. In certain cases, most notably

the M/M/1 queue, explicit formulas exist [27] (see the example following Theorem 3.2.1).

Remark 3.1.3. Functions f : X x Y — R can be handled as well, without changing the

proofs.

Remark 3.1.4. In the case that (X,Y") is a Markov chain, (A1) is equivalent to tightness of

the time-stationary marginals. This fact is shown in section 3.3.

Remark 3.1.5. The idea behind the approximation in Theorem 3.1.1 is the following. As-
sume that (X,Y") are ergodic processes even though this is not needed in the proof. Com-
pute the “finite difference” (E(f(Yp)) — Ec(f(Zy)))/€ using the mean-cycle formula over
the jumps of X. The difference is equal to the difference accumulated during a typical cycle,

i.e.

Ec(f(Y0)) = Ec(f (%))

€

— AE? ( /O M) - f(Zt)]dt> , (3.1)

This is a function of the sample paths of Y and Z between times T and T7. Now, consider

dilations of the jump times of X by e~!. This is depicted in Figure 3.1. The assumption on
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tightness, (A1), ensures that Y; and Z; are not far apart at the beginning of these cycles. So,
in Figure 3.1 at T_1, the difference of Y; and Z; does not grow as € is decreased. If € > 0 is
sufficiently small then Y;, and Z; have ample time to couple by time 0, as it happens in the
lower part of the figure. Indeed, (A2) will guarantee that coupling occurs during sufficiently

Xo-_ Now, since e 17} — 400 P-

long cycles. Hence Yy is approximately distributed as 7
a.s., we expect the RHS of (3.1) to converge to M) This is valid as long as the limit can be
exchanged with the expectation. This is justified by dominated convergence, which applies

because of assumptions (A4) and (A5).

Proof. By (A3), the Palm inversion formula (see [5]) gives,

_ T

€

Since E.(f(Zy)) = f(9, to prove the theorem it suffices to show that the limit, as € | 0, of

the RHS is f().

First we show P°[Yy € | Xo_, Xo] — 7%0=(-) as € | 0, P-a.s. Since P? o (X_g, Xg) !
does not depend on e, tightness of (P°[(Yo,T1) € | X_o = x,Xo = 2'],e > 0) and
(P°[(Yy,Ty) € -|Xg = o, X7, = 2'],e > 0), for each z,2" with P*(Xg = x, X7, = o) > 0,
follows. (These are distributions on Z4 x (R4 U{oo}), where Ry U{oco} is equiped with the
Borel o-field of the one-point compactification.) Since X is countable, by diagonalization we
can extract a subsequence €, | 0 such that P2 [(Yp,T1) € | Xo—, Xo] — vX0-0(-) X 6o, as
k — oo, P{-a.s., where 0., is the point-mass at co. We will show that vX0-X0 = 7Xo—_ Take
any subsequence of (e) (which we denote it again by (¢)) for which the limit z~0*71 x 6 (-)
of PY[(Yy,Ty) € -| Xo, X7,] converges PP-a.s. . Now, take r.v’s (Y, T5),e > 0) on P, (per-
haps when enlarged), satisfying P[(Y€, T¥) € | Xo, X1,] = P°[(Yo, T1) € | Xo, X1,] PP-ass.,
and whose P{-a.s. limit (Y, 00), as € | 0, is distributed according to %71 x §,,. More-

over, (Y€, T7) is taken to be conditionally independent of F V'V G given Xj. Hence,
P2lg(Xo, Yo, T1,w) € -|Xo, X1,] = PPlg(Xo, Y, Tf,w) € -| X0, X1y] - (3.2)

Now, from (A2), g(Xo, Y, Tf,w) = g(Xo, Vo, T, w), for small enough e. Since Y — Y, we
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have g(Xo,Y¢, Tf,w) = g(Xo, Y?, Tf,w) for small € > 0. Combining with (3.2) this yields,
Peo[g(X07YZJaTl7w) € "X07XT1] - Plo[g(X07 ‘/(JaTle7w)|X0a XTl] —0 ) PP-&.S. )

so, the limit of the first term on the LHS is 7X° by the conditional independence of V) and
G given Xjy. Notice that
P[9(Xo, Yo, T1,w) € | Xo, X1y ] 0 6" = PP[Yg € | Xo-, Xo],

so (3.2) implies vX0— X0 = 7 Xo-

Redefine (Y€, 7¥) such that it again has Pf-a.s. limit (Y° 00), and PP[(Y¢,TY) €
| Xo—, Xo] = P2[(Yo, Th) € -| Xo—, Xo], and (Y€, T¥) is conditionally independent of F" v G

given Xo_. Now by (A2),

T
/O [f(9(Xo, Y t,w)) — f(9(Xo, Vo, t,w))]dt =

/Ooo[f(g(XO,YO,t,w)) — f(9(Xo0, Vo, t,w))]dt < 0o, P-as..

(A4) implies that the sequence of r.v’s on the LHS is uniformly integrable, so together with

(A5) imply that the limit under EY exists and equals f M/ O

3.2 Application to queues

Here, we show that Jackson networks can be put in the framework of the previous

section.

Let J > 1 and X be as in the previous section. On state x of the environment,
Y = (Yi(i),i =1,...,J,t € R) is a J-station open Jackson network with external arrival
rates ()\(.’E)R()l, ceny )\(X)R[)J)T for some (R()i,i = 1, ey J) = Ro. with ROi Z 0, Z;'Izl R()Z' =

1, service rates p(x) = (pui(x),...,ps(z)), and a J x J routing matrix R = (R;li,j €
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{1,...,J}). In other words, for any f : Zi — R, the generator Q% is given by

J
Q" f(y) = Z M) Roi (f(y + ei) — f(y))

Z:1J J

+ 03 @)Ly > 0)Ri(f(y — e+ ¢5) — f(y)) (3.3)
i=1 j=1

J

+ Z Wy > 0)pi(z) Rio(f(y —ei) — f(y)) ,

=1

where R is a stochastic matrix such that I — R is non-singular, and e; is the vector with
zero elements except a 1 in the i-th coordinate. The vector of arrival rates at each node is

given by a(z) = Mz)(I — RT)"'Ry..

We now define the processes g(z,y,t,w). For any ¢ € {1,...,J},j € {0,...,J}, let
Ngi» N be Poisson processes with intensities A(x)Ro; and pi(z)R;j, respectively, such that

(Ngi» NV

it € {l,...,J}j € {0,...,J}) are independent. Define g(z,y,t,w) to be the

solution of the SDE
J et J ot
U0 =+ NGO + 3 [ 1052 > 03N (9) = 3 [ 1{Ui-) > b (as).
j=1 §=0

i=1,...,J, wrt. (U(t),t>0).

We will consider the assumptions
(B1) p;:=sup,ai(x)/pi(x) <1 for all i,x,
(B2) inf, pi(x) > 0 for all 4, and inf, A(z) > 0,
and show the following

Theorem 3.2.1. Suppose (B1)-(B2) hold. Then,

(i) (X,Y) possesses a stationary law, for each € > 0.

(ii) (A1)-(A5) are satisfied, and therefore P.(Yy = y) can be approximated using Theorem
3.1.1.

(Notice that in part (ii), we invoke Theorem 3.1.1 for f(Yp) = 1{Yy = y}, where y € ).)

39



Remark 3.2.2. Assumption (B2) regarding the service rates can be weakened by putting
restrictions on X. What is necessary is that equations (3.4)-(3.6) below possess a unique
solution.

Ezample 3.2.3 (M/M/1 queue). Here, J = 1 and 7%(y) = p(z)(1 — p(x))¥, y = 0,1,....

Using the formula in [27] for the deviation matrix of an M/M/1 queue, we have

P(Yo=y) = S Pi(Xo = )7 (y) + A S PY(Xo- = 2, Xp = o).

+o(e), aselO.

o oy PENYTT — (i 4y — D (y)
2O =)

In sections 3.2.2 and 3.2.3, parts (i) and (ii) are proved, respectively. Specifically, in
section 3.2.2 we construct a stationary version of (X,Y"). To do this we compare Y with the
queue lengths Y of another Jackson network with service speeds ji(z) < u(x) for all . Y
is constructed by applying a time-change to a non-varying Jackson network. The existence
of a stationary version for the latter is established in [7]. In section 3.2.3, again key is the
comparison with Y. The fact that the marginal distribution of ¥ does not depend on € and
the monotonicity of g(z,y,t,w) in y € Y, reduce the proofs of (A4) and (A5) into showing
that the mean residual busy period of some non-varying Jackson network is finite. This fact
follows from the fact that in Jackson networks, recurrence times possess finite moments of

all orders (see [19] and Theorem 15.0.1 in [34]).

In the next section, we review the concept of an Euler network from Bacceli and Foss [7]
modified to allow for variable service speeds. This is used for establishing the monotonicity

properties in sections 3.2.2 and 3.2.3.

3.2.1 Preliminaries

We follow the construction in [7] allowing for variable service speeds. A tuple ¥ =

(N,t,0, R, u) is an Euler network when
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Workload in Q1 3 Workload in Q1

Workload in Q2 Workload in Q2
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3 Workload in Q1

Workload in Q2
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Queue 1 Queue 2

I — 1
/

Figure 3.2. An example motivating the association of service sizes to stations instead of
customers. Doing so, yields monotonicity properties not present in the customer-centric
case.

sequence, and o;(n) is interpreted as the job size of the n-th customer served by station

1> 1.

e r = (rin) €{0,....J}, i =0,...,J,n = 0,...,d;) for the d;’s above. r is called
the switching sequence, and r;(n) is interpreted as the station that the n-th serviced

customer from station ¢ jumps to.

o u=(pi(t)eRy, ie{l,...,J},t>0) with infy p;(¢) > 0. p;(t) is interpreted as the

instantaneous server speed at the i-th station.

e Under the above interpretations of ¢, o, r, i, the number of arrivals and departures

from station ¢ both equal d;.

Ezample 3.2.4. To motivate this construction, consider two tandem queues as depicted in
the lower left part of Figure 3.2.1. There are two customers (N = 2) arriving in the system.

The first customer arrives at ¢(1) = 0 at queue 1 and the second at #(2) = 2 at queue 2.
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Hence, di =1, dy = 2, 79(1) = 1, 9(2) = r1(1) = 2, and r3(1) = r2(2) = 0. The service
sequence is given by o1(1) = 02(2) = 1 and o02(1) = 2. Let p; be the speed of the server
at queue ¢ and first consider g1 = po = 1. At the top left part of Figure 3.2.1, we plot
the workload (i.e. the time until emptiness) for each queue as a function of time. On the

time-axis, the times of departures from the system are underlined.

In this and the following sections we seek to compare the total number of customers
in systems which differ only in their service speeds, e.g. see Lemma 3.2.5 . It turns out
that the number of customers in faster systems is dominated by that in slower ones. This
is not evident under a more “standard” construction where service times are associated to
customers and not to stations as above. Since the first customer is also the first customer
served by station 2, we should have ¢1(1) = 1, and 02(1) = 2 associated with this customer.
For the same reason, we associate o2(2) = 1 with the second customer (i.e. the one arriving
directly at queue 2). At the top rightmost part of Figure 3.2.1, we plot the resulting
workloads when p; = 1/3, and pue = 1. Notice that between times 2 and 3, the number of
customers in this system is dominated by that in the system with service speeds u; = 1,

and po = 1 (plot on the left hand side).

However, if service sizes are associated to stations as in the definition of an Euler
network, the number of customers is never below that in the faster case. This is depicted

in the leftmost bottom part of the figure.
By Theorem 8 in [7], for such ¥, the number of arrivals and departures from station 4
is determined by r, N alone.

Given 3, the set of departure times D = (Dj;(n),j =1,...,J,n =1,...,d;) is deter-

mined by the equations

Do(n) =t,, 1<n<N, (3.4)
Dj(n) _
/ pi(t)yds =oj(n), j=1,...,J, (3.5)
5j(n)
Sj(n) :==max(Dj(n—1), min ( max D;(n;;(ni))), j=0,...,J, (3.6)

no+...+ng=n =0,...,J
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where

mig(n) = nf{d; = m > 13 1rip) = j} =n}, i,j=0,....7,
p=1

is the minimum number of service completions at station ¢ such that n of them are routed
to j. The assumption inf; p1;(¢) > 0 was made so that (3.4)-(3.6) always have a unique
solution. (For more on evaluating (3.4)-(3.6) inductively, see [6].) We will sometimes
write d;(3), D(X) = (D;(X,n),j =1,...,J,n =1,...,d;(X)),5;(3,n) to emphasize the

dependence on ..

Define the time to empty after the last arrival max;—; _jmax,—1,_ 4, Di(n) —ty =:

i

Z(X), and the size of queue j at time s by

J o d dj
Q;i(T,8) =D > U{Di(n) < s, ri(n) =j} = > 1{Dj(n) < s} .
1=0 n=1 n=1

Lemma 3.2.5. Let ©% = (N, t*,0,r, %),k = 1,2 be two Euler networks with p* > p?,

t! < 2. Then, D(X') < D(¥?).
Proof. Follows directly by applying induction to (3.4)-(3.6). O

Before obtaining the important monotonicity property of Lemma 3.2.6, we need the
concept of composition from [7]. The composition ¥ = (N,t, 0,7, u) = B! + X2 where

Yk = (N* t* % % u), k = 1,2 satisfying t'(N1) < t(1), is defined as follows:

N = N! 4+ N?

t=(t1(1), ..., L1 (N, £2(1),. .., t2(N?))

ri (n) L<n<d(=h

= ri(n —di(2Y) () <i <di(Zh) +di(3?)
a;(n) 1<n<di(3h)

oi(n) = o2(n—di(2Y)  di(ZY) < i < di(2Y) 4 di(2?)

By Theorem 9 in [7], d;(X) = d;(X') + d;(X?) which follows from the fact that the number
of arrival and departures equals d;(X’), regardless of the timing information in ¢,o. This

fact also implies that composition is associative.
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Lemma 3.2.6. Z(X! + %2) > Z(2?2).

Proof. Define ©Y(A) = (N1, (t(n) — A,n=1,...,NY), ol 7l ), for A > 0. By (3.5),

Di(ZY(A),n) < _oi(n)
! ’ - inft Mz(t)

+8;(2H(A),n)
for n,7 such that all quantities are defined. Since no more than Zi:l dp (31 induction

steps of (3.5)-(3.6) are needed in evaluating S;(X1(A),n), we get

al(n)

J
Di(31(A),n) = (HH(NT) = A) < de(El)jgaxJ lnij(t) ’
k=1 T £

with the LHS not depending on A. Since inf; y;(t) > 0 for all i, we have Z(X!(A)) +
t1(N1) — A < #2(1) for sufficiently large A. For such A, Z(X'(A) + ¥2) = Z(¥?), so by

Lemma 3.2.5, Z(X?%) < Z(2! + ¥?) O

We will need one more definition; that of a time-changed Euler network. Let 7: R — R
be a strictly increasing bijection. For an Euler network ¥ = (N,t, 0,7, 1), define 7% :=
(N,7(t),0,7,v), where v(s) = u(771(s))/7'(171(s)) for all s € R. (Notice that v is defined

Lebesgue-a.e. .) It is immediate from (3.4)-(3.6) that the following holds.

Lemma 3.2.7. D(7X) = 7(D(X)), Q(X,s) = Q(7X,7(s)) for all s € R.

3.2.2 Proof of Theorem 3.2.1(i)

Let (t(k),k € Z) be a Poisson process with stochastic intensity A(X:) conditional on
FX. For each k € Z, let r* be a switching sequence generated by a random path in the
Jackson network, with probabilities given by the routing matrix (R;;). Moreover, for each
such 7%, let o* be the associated service sequence, such that the Uf (n)’s are i.i.d. exponential
r.v’s with mean one and independent of everything else. Let ¥¥ := (1, {t(k)}, 0%, r*, u(X))),
Sk o= (1, {t(k)}, 0% ¥, i(X))) for k € Z. For k,m € Z U {—oc0, 400}, with m > k, we write
Y= Y* + ...+ Y™ and similarly for f];” Also, consider the time-change

RS s r(s) = inf {v € Rls = / 1/)\(Xu)du} .

0
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By (B2) this is bijective, so Lemma 3.2.7 can be applied.

Since ji(Xs) < u(Xs) for all s € R, by Lemma 3.2.5 we have D(X9) > D(X?) for all
k < 0. This and Lemma 3.2.6 yields Z(X° ) > Z(X%.). Now, let Ny, s € R be the
counting process of points (t(k),k € Z), so e.g. Ny = > ;. 1{s < t(k) < 0} for s < 0.

Then, say if S9,81 € R, so < 51 < 0,

T (s2)
E[N771(82)|f7]-\11(51) \/fX] = E / )\(Xu)dt

S1

Fla o) VfX] :

where FY is the filtration generated by histories of N from time u < 0 to +oco. But by the

definition of 7,

T 1(s2)
/ AMXy)du = sy —s1, Vs1,82,50 <81 <0.

S1

Therefore, (7(t(k)),k € Z) are the jump times of a Poisson process with unit intensity.
Notice also, that fi;(17(s))/7'(774(s)) = p; ‘el (I — RT)"'R}. Hence, 7% corresponds
to a Jackson network with constant arrival and service rates. Notice that the arrival rate
el (I-RT)~'R{ at queue i, is less than the service rate, so Z(7X7,.) < 7(t(m+1))—7(t(m))
for some m < 0 (see [7]). By Lemma 3.2.7 and 3.2.6, this implies Z(X™, ) < t(m+1)—t(m),
i.e., the network empties before the m + 1-st arrival. Therefore, Z(X™ ) < t(m+ 1) —t(m)
and Q(X° ,0) := Q(X2,.,,0) is well-defined. Now, Y (t) := Q(£%,,0) 06, ¢ € R defines a
(P, )-compatible process, for which it is straightforward to show that conditionally on FX,

it is a Markov chain with generator given by (3.3) on {X; = z}.

3.2.3 Proof of Theorem 3.2.1(ii)

Let m be as in the proof of part (i). Since D(X2,, ;) < D(XY ), we have

J J
D Yo(i) <D Qi(S59,41.0). (3.7)

i=1 i=1
But Qi(ignﬂ, 0) = Qi(Ti%H,O) is a geometric r.v. with mean 1/(1 — p;) as the invariant
queue lengths in a Jackson network. This implies that (P2(Yy(i) € -),e > 0) is tight. Also

(A3) is satisfied.

Let y? := (y%,...,y%) > (yi,...,y}) = y' be vectors with nonnegative components,

and consider the processes t — (g(z,y* t,w),k = 1,2) defined in the beginning of this
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section. Say g(z,%2, s,w) > g(z,y',s,w) for all 0 < s < ¢, and at time ¢ one of the two
processes jumps. Then, if g;(z,y? t,w) jumps down, then so does g;(z,y!,t,w) provided it
is nonzero. If g;(z,y', t,w) jumps upwards, then so does g;(z, 4% t,w) since, in the case of
a non-external arrival, the upstream queue i will have g;(z,y?, t—, w) > g;(z,y', t— w) > 0.

Hence, g(x,%2,t,w) > g(x,y',t,w) for all > 0. This implies that (A2) holds.

It remains to show (A4), (A5). By the monotonicity above,

| 10X Yo, t.0) = ) = 1{g((Xo.Vast0) =
< inf{t > 0]g(Xo, Yo, t,w) = g(Xo, Vo, t,w) =0}
< inf{t > 0|g(Xo, Yo V Vo, t,w) = 0} .
By (3.7), and the definition of Vo, 3°,(Yo(i) vV Vo(i)) < 37, QF, k = 1,2 for some i.i.d.

Q', Q? each distributed as the RHS in (3.7). Thus, the integral above is bounded by

J

J
inf ¢ ¢ > 0|g(Xo, (ZQ}\/Q%)Zej,t,w):O = B.
i=1

= 7=1

Now, on the same probability space we can define independent geometric r.v’s (Z;,i =

1,...,J), each with mean 1/(1 — p;) > 0, such that
Y QIvQI <AL Zi, Plas (3.8)

onaset {>,Q}VQ? > M}, where M is a finite constant. This is because the LHS of (3.8)
has a geometric tail which can be dominated by the tail of the RHS for pi,...,ps close
enough to 1. Thus,
J
EY(B) < E{(inf{t > 0]g(Xo, M Y ¢;,t,w) = 0})
j=1

+ EY(inf{t > 0|g(Xo, (Z1, ..., Z;)T, t,w) = 0}) .

To show that this is finite, it suffices to do it for the 2nd term which we compare with
the time to empty for an alternative Jackson network, when started with the invariant

distribution.
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Let fi;(z) = a;(x)/p; for all i, and 3(k) = (1,¢(k), 0%, R¥, i), k € Z. Now 73 corresponds
to a Jackson network with unit arrival rate and service rate p;el (I — RT)"1RE at station

i, 50 QX0 ,0) = Q(r° ., 0) < (Z1,...,Z;)T. Let n(t) = max{m € Z|m < t}. Now,

E?(lnf{t > 0|g(X07 (Zb ey ZJ)T,t,W) = 0})
= E%>inf{t > 0]Q(2° . + ="y = o})

< E%(inf{t > 0|Q(=" Y, ) = 0})

—00?

1 N1
< mE?(T(inf{t > 0[Q(E",#) = 0}))
1 T
< g Bilnt{t > 0[QS" ) = 0})) < o0,

since this is the mean time to hit the empty state, starting from the invariant distribution.
This shows that (A4) is satified. Since W < @', where W is as in Theorem 3.1.1, the

same arguments show that (A5) holds as well.

3.3 An equivalent condition to (A1) for Markovian environ-

ments

We show the following statement: If X is a Markov chain, then (Al) is equivalent to
tightness of (P.(Yy € -),e > 0).

Proof. Let q(X;) be the instantaneous rate of jumps for X at time ¢. Since the marginal
distribution of X does not depend on the parameter e, if (P.(Yy € -),e > 0) is tight, it

follows that (P[Yy € | Xo = x],e > 0) is tight.

For fixed @ > 0 and any z, let F,, C X be finite and such that inf.so P.[Yy € F,|Xo =

x] > 1 — a. Now, for fixed arbitrary 3 > 0 let D be a finite set in X’ such that
E.g(Xo)1{Xo € D}] > (1 - A)E.(g(X0)), forall e >0

(because of the assumption that the marginal distribution of X does not depend on € > 0),

47



and define F':= UzepFy. Then by Papangelou’s formula (see [5]),

1{Ys € Flg(Xo_)

Ec(q(Xo-))
_ EPJYo € FIXo)q(Xo)1{Xo- € DY
N Ee(q(Xo))

>(1—a)(1—-p), foranye>0,

E.
POy € F) = 2

where we have used the observation that X,Y have no simultaneous jumps (P, and P a.s.).

Since «, § were arbitrary, tightness of the LHS follows. O
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Chapter 4

Macroscopic Behavior of a Lossy
Resource Shared by Real- and

Non-real-time Flows

In section 4.1 we describe a stochastic model for real-time and non-real-time flows. In
section 4.2 we establish that the model is stable, as long as the same system but comprised
only of non-real-time flows, is stable. In section 4.3 we obtain a weak convergence result

for a sequence of systems that grow large, and derive an ODE that characterizes the limit.

4.1 Markov model

We consider the case of a single processor sharing resource of capacity C which is shared
by real- and non-real-time flows. If at any time instant, there are n flows in the system,
each one receives an equal bandwidth share of C'//n. Flow dynamics are modeled as follows

(see Figure 4.1):

1. Real-time flows arrive as a Poisson process of rate A1. Each flow has a minimum

bandwidth requirement equal to 1. Upon arrival, such a flow is accepted if the in-
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2 i,
Ay K,Cny/(ny+n,)
Hqny M | .
HoCnyl(nytny) nl\ﬂ]z\fc

Figure 4.1. A Markov model for real-time, ni, and non-real-time flows, no.

stantaneous bandwidth share is greater than 1; otherwise it is lost. Once accepted, it

stays in the system for an exponential time with mean ,ufl.

2. Non-real-time flows arrive as a Poisson process of rate Ao, independent of real-time
ones. Each flow is associated with the transmission of a “file” of a random size, so that
if served by one unit of bandwidth, its transfer will complete after an exponentially

distributed time with mean gy L

Let ni(t),n2(t) denote the number of real- and non-real-time flows respectively, at time
t > 0. Then ((ni(t),n2(t));t > 0) is a Markov process describing the evolution in the
number of flows. Admission decisions depend on the state only through ni(t) + no(t). In
particular, we assume that a real-time flow is accepted if nj(t) + n2(t) < C and rejected

otherwise. Non-real-time flows are always accepted.
According to the above description, if the system is in state (n1,ns), transitions occur
to state
(n1 4+ 1,n2) with rate )‘II{n1+n2<C}
(n1 — 1,n9) with rate uing
(n1,n2 + 1) with rate Ay
n2

—1 ith rat C————
(n1,m2 ) with rate jiz .

, with the convention 0/0 = 0.
1+ n2
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These transitions define an irreducible Markov process.

Observe that if Ay = 0, )\ > 0, the system is described by a M/M/1-PS queue. (PS
stands for processor-sharing.) On the other hand if \; > 0, Ay = 0, the system is a M/M/C
queue. Thus, when A\; > 0,2 > 0 one expects the system to share properties of both
queueing, and loss systems. Accordingly, in the next section we study stability and in

section 4.3 we focus on the behavior near the boundary ny + no = C.

4.2 Stability

In this section we show that the system is stable, as long as Ay < wpeC. This is a
tight characterization of stability, since if there were no real-time flows, the system is just

a M/M/1-PS queue with arrival rate A2 and service rate paC'.

Also, the condition above does not depend on the real-time flows. This is to be expected,
since as the number of non-real-time flows grows large, they tend to consume almost the
entire capacity, making the effect of real-time flows irrelevant. This observation is the key

in showing stability:

Proposition 4.2.1. The Markov process (ni(-),na(+)) is positive recurrent if and only if

A2 <,u20.

Proof. We will use the Foster-Lyapunov criterion for stability of Markov chains. Define

f:Z2 — R by f(ni1,n2) =ny +na. The generator A of (nq(-),n2(+)) is given by

na
ny + n2

Af(ni,n2) = Ml pny<oy + A2 — pima — p2C

Fix ¢ > 0 such that ¢ < paC — Aa. Now, Af(ni,ng) < —c for all ng > 0 and n; > M; for

some My > 0. If ny < M then for every no > My, for some My > C,|

n2

A < g — S
f(n1,n2) < Ao M20M1+n2

< —cC

Outside the bounded rectangle {(n1,n2) € Zi :ny < My,ng < My}, we have Af(ny,ng) <

—c, so the process is positive recurrent. If Ay > psC then by we compare with another
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system comprised only of non-real time flows. This is coupled with the original, such that
arrivals and file sizes are identical for non-real time flows. This system is an M/M/1 queue
with arrival rate no less than the service rate. Starting from a state with the same number
of non-real time flows, the flows in the second system will always be less than ny(¢). But,

an M/M/1 queue is unstable if Ao > poC', hence the original system is unstable too. O

4.3 Fluid model

In this section we study the transient behavior of the system. We use 9, to denote

convergence in distribution.

Consider a sequence of systems indexed by N = 1,2,... such that CV = NC,\} =
NA1, Ay = N)g, and denote by (ndV(t),nd (t)) the state of the corresponding Markov

process at time t. We study the behavior of these processes as N — oc.

In the case with no non-real-time flows, the limiting dynamics can be derived using the

results of Hunt and Kurtz in [24] for general admission controls.
They establish that the limit {x1(t) : ¢ > 0} of any weakly convergent subsequence of
t {ndV(t)/N;t > 0}, as N — oo, satisfies the equation

z1(t) = 21(0) +/0 (A f(z1(w) — mar(u)) du, (4.1)

for some function f(-) that depends on the specific controls, provided N~1n{(0) LA x1(0).
(The convergence above is weak convergence of distributions on the space Dg[0, c0), the
space of right-continuous real functions on [0,00) having left-limits, equipped with the

Skorokhod topology.) Depending on the control, (4.1) might have multiple solutions.

In the next section we show that a similar limiting regime holds when real- and non-

real-time flows coexist. Moreover the limit is unique.
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4.3.1 Convergence

The analysis in this section is close to that in [24]; the differences being first that
there is a discontinuity in the interior of the state space, instead of only on the boundary,
and second, that departure rates are nonlinear. The discontinuity is dealt by starting the
system away from that point; since this point is repelling it does not play any significant
role. Nonlinear rates pose no problem, because these concern how fast the system empties.
Thus, key properties as tigntness, are not affected. Another difference with [24] is that the

system can temporarily exceed capacity.

Define the independent unit rate Poisson processes A1, As, D1, Do, on the same probabil-
ity space. Let n{(t),n2’(t) denote the number of real- and non-real-time flows respectively

and let ¥ := nlN(t)/N, i = 1,2. Also define m® (¢), the number of “free circuits”, as
N N_ N N
m>(t) =C" —ni'(t) —ny ().
The process m™¥ (+) takes values in E := Z U {+oc} U {—0c0}, endowed with the usual two-
point compactification.

As N — oo, in a O(1) time interval, the change of (z{,z%) is O(1). During the same
interval, m” makes O(N) transitions, so it moves on a faster timescale than (z},z%). In
the limit there is a complete separation of timescales [24], where the dynamics of the “free

circuits” will depend only on the limit (x1(t), x2(t)) of (z(¢), 2% (t)).

The evolution of the N-th system is given by the equations
N N 1 b
Ty (t) =x (O) + NAl </O Al I{mN(u)EA}du>

- %Dl (/Otulnjlv(u)du>

2 (t) = 2 (0) + %AQ </Ot Agvdu>

for all ¢t > 0, where A = NU {400} is the acceptance region. Notice that since {zV} has no

(4.2)

explosions, these equations define a unique solution, for each N.
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Let L(E) denote the space of measures v on [0,00) x E such that v(]0,¢] x E) =t for
each t which we endow with the topology of weak convergence of the measures restricted in

0,t] x E for each t (see [29]). Define the random measure vV by
[

t
VN((O,t) X F) = /0 I{mN(u)ep}du
for all t € [0,00), I' € B(E), so for every w € Q, vV takes values in £(E).

Before we proceed, we need the following

Lemma 4.3.1. For any k € L(E), we have

k([0,t] x T') = /Otpu(F)du, I'e B(E), (4.3)

where u — pyu(T") is Borel measurable for all T' € B(E), and I' — p,(T") is a probability

measure. (That is, (u,T') — py(T) is a regular conditional distribution.)

Proof. Fix t > 0. Since £([0,t] x E)/t =1, i.e. a probability measure on [0,¢] x E, and the

marginal is the uniform distribution on [0, 1], we have
K(C X T) = / Q(u,T)du, CeB(0,1]),T cB(E),
C

for some regular conditional distribution (u,I') — Q(u,I")/t. Now, define p,,(T') = Q(u,T")/n

forn —1<wu<mn,n>1. It is easy to check that (4.3) holds.

Now we are ready to state the convergence result.

Theorem 4.3.2. (i) Suppose (z}(0), Y (0)) 4 (21(0),22(0)), where z;(0) > 0,7 = 1,2.

N .N N)

The sequence (z7', x5 ,v") is relatively compact in Dg2[0,00) x L(E), and the limit

of any convergent subsequence satisfies,

z1(t) = 21(0) + A\1v([0, ] x A) — /Ot pizr(u—)du,

xa(u—)
u—) + zo(u—)

t

22(t) = 2(0) + Aot — / e du,
0 w1 (

for all t > 0.

o4



(ii) For allt >0,
o([0,1] x A) = / ru(A)du (4.5)
0

where m,, is a probability measure on E. In particular, m,(A) = 1 if z1(u)+z2(u) < C,

u(A) =0 if z1(u) + 22(u) > C.

Proof. For the first part, it suffices to establish relative compactness for each {z"V} and
{vN'} separately, by Proposition 3.2.4 in Ethier-Kurtz [18]. Since E is compact, L(E) is
compact by Prohorov’s theorem. {vV} is a sequence of random variables taking values in
the compact space £(E), so using again Prohorov’s theorem yields that {vV'} is tight. Now,

note that 2 () > 0 for all ¢ > 0, and
N N L5 N IR
SL‘l (t) S SL‘l (0) + NAl (/0 )\1 I{mN(u_)EA}du> + N/O )\1 I{mN(u—)EA}du
N N L5 LN AN
562 (t) S SC2 (0) + NAQ 0 )\2 dU + N 0 )\2 du
for %L(u) = Aij(u) —u,i = 1,2. But A; for i = 1,2 are square integrable martingales so
by Doob’s inequality, as N — oo the second terms of the left-hand-sides converge to zero

uniformly over any bounded time interval, in probability. Using this fact and Corrolary

3.7.4 of Ethier-Kurtz [18], relative compactness of {1V, z)} follows.

To show (4.4) we plan to invoke the continuous mapping theorem for the departure
terms in (4.2). For this to apply we have to ensure that for each ¢ >, the limit (z1(-), z2(+))

is not a point of discontinuity of the map

1))
DR?F 0. +o0) 3y = /0 y1(u) + y2(u) du

with probability 1. To prove this, we show that this is the case first for some other process
(#1(+), Z2(-)). This process is the weak limit of (] (-), ) (+)) defined below, and is such that

the continuous mapping theorem directly applies. The construction is such that Z;(-) =

Define (7V(-), #)(-)) in the following way. Fix ¢ > 0, and let f : R2 — R be such that
f is continuous,

Z2

f(z1,22) = on {(y1,y2) € ]Ri\yl +y2>¢€}, and 0< f(z1,29) <1.

xr1 + X2
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Let mN () = CN — :i‘]lv() — jév() and
V() = t m(u—) € Ajdu.
(t) /0 {rm(u—) }d

Now, let a?fv be given as the solutions of the equations,

_ 1 ! 1 .
V() = 2N (0) + NAl </0 )\JIVI{mN(u)GA}du> - NDl </0 ,ulzL“{V(u)Ndu>

3 1 t 1 ¢ N -
(1) = 25 (0) + NAQ </0 )\évdu) - NDQ (/0 /LQCNf(a:JIV,xéV)du> ,

t > 0. For the same reasons as above, {a:JlV, :L'év, N, :f:]lv, :Eév, DN} is relatively compact. Since

Dag04+0) 3= [ (w).pe(u))du

is continuous, the continuous mapping theorem implies that the limit (x1, x9, v, Z1, T2, V) of

any convergent subsequence satisfies,
t
i’l(t) = 1’1(0) + Alﬁ([o,t] X ./4) — / ulijl(u)du ,
0

Zo(t) = 22(0) + Aot — /Ot w2C f (21, Z2)du
for all t > 0. Now, if Z1(u) + Z2(u) < C for some to > t; > 0 for all u € [t1,t9], then
v([t1,t2] x A) = to —t1. This follows from the definition of 7 and the fact that (Z1(-), Z2(+))
is continuous on compact intervals. Hence, for a.e. ¢ > 0 such that Z;(t) + BZ2(t) < 2¢, we

have Z1(t) = A\; — p1#1(t), for any 8 > 0. But then,
T1(t) + To(t) > A — p12e + Bha — 3,

which is positive for small enough 5 > 0. Thus, if 21(0)+ 8z2(0) > 2¢ , we must have Z;(t)+
Bia(t) > 2¢, for all t > 0. Now 7V — ;, so for any fixed ¢t > 0, liminfy infy,ec(0, 2V (u) +
Y (u) > e. But by the definition of #V, if #V(u) + ¥ (u) > € for all u € [0,t] then
(@ (w), 2 (u) = (2N (u), Y (v)),u € [0,t]. Therefore, if x1(0) + 22(0) > ¢ then z1(t) +
x2(t) > € for all w > 0. Since the only point of discontinuity of (y1,y2) — y2/(y1 + y2) is

(0,0), the continuous mapping theorem implies that x;(-), z2(-) satisfy (4.4).

To show the second part, apply Lemma 4.3.1 to v. A limiting argument similar to that
in the first part, shows that m,(.A) has the stated properties, for zi(u) + x2(u) < C or

x1(u) + x2(u) > C.
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It turns out that the limit in Theorem 4.3.2 is unique.

Proposition 4.3.3. For almost all t > 0 such that x1(t) + x2(t) = C,

#1(t) = (a1 (t) + pawa(t) — Xa) ™ A M — i (t) (4.6)

i‘Q (t) = )\2 — U229 (t) . (47)

Moreover, (4.4) has a unique solution. Therefore (z (), zY (-)) converges weakly to (4.4).

Proof. For almost all ¢ > 0 such that x1(t) + z2(t) = C, @1(t) + @2(t) =0, i.e.,

mu( ) = a0 = ‘;imz(t) - (4.8)

from equation (4.4) and Theorem 4.3.2. But 0 < m(A) < 1, by Theorem 4.3.2.2, so the set
of times for which Ay > p1x1(t) + powa(t) or pix(t) + poza(t) > A + A2, has zero Lebesgue

measure. Hence, (4.6),(4.7) are true for almost all ¢ with x1(¢) + x2(t) = C.

Now, the ODE defined by (4.4) and (4.6)-(4.7) has step discontinuities at the boundary.
It is easy to see that for no values of the parameters, @1 (t) +2(t) is both < 0 and > 0 in the
interior and exterior, respectively, of a small neighborhood of {(y1,y2) € R%|y1 +y2 = C}.

(See Figure 4.2.)
Therefore, by Filippov [20] this yields a unique solution.

O]

The ODE (4.4), (4.6)-(4.7), implies that while on the boundary, the system can behave
in three different ways, depending on the exact point (z1,z2) = (x1,C — x1) (see Figure

4.3.1.):

1. pix1+ pexe > A1+ Ag, i.e. total departure rate is higher than total arrival rate. In this
case the system cannot maintain itself near the boundary. Thus it will immediately

move below the boundary, rendering any admission control unnecessary.

o7



Figure 4.2. Possible behavior around the boundary x1 + 22 = C.

2. Ao > pix1+poxe. In this case non-real-time flows arrive faster than flows finish, so the
system will move inevitably in states above the boundary, irrespective of the fact that
all subsequent real-time flows will be rejected. Thus in this case, admission control is
innefective in providing enough bandwidth to the already connected real-time flows.
Note that the time for the system to return in states below (or on) the boundary once

it escapes, is O(1).

3. Ao < pix1 + poxe < A1+ Ao. In this case admission control can compensate for the

variations in the number of non-real-time flows.

The possibility of case 2 above, suggests that user-enforced admission control is not sufficient
for providing enough bandwidth for the entire duration of real-time flows once they decide
to enter the system. Any admission control that claims to avoid this unpleasant situation,

should consider other information as well, such as the total number of real-time flows.

It is natural to ask whether there are any conditions that ensure that case 2 never
happens. Intuitively this should be the case when real-time flows last for a small period
of time relative to the duration of non-real-time flows, i.e. when ul_l < [y ! In this case,
departures of real-time flows could adapt fast enough in variations of the number of non-
real-time flows. Interestingly enough, this is the case when ufl < gy ! a relation between

the average real-time flow duration and the average file size. Hence, admission control is

o8



likely to be effective when the file sizes are large enough, or equivalently when the minimum

bandwidth requirement of real-time flows is small enough.

4.3.2 Equilibrium

In this section we identify the fixed points of the limit process. Clearly, there are no
fixed points if Ao > usC, i.e., the system is unstable. In the stable case, there can be no
fixed points lying above the boundary since then, the number of real-time flows would tend
to decrease, i.e., the expected drift of the number of real-time flows would be negative. On
the other hand, if there were no real-time flows in the system, then the stability condition
forces the number of non-real-time flows to decrease on the average. Hence in the stable

case, we expect any fixed points to lie below the boundary.

Considering equations (4.4),(4.6), and (4.7), the following result is immediate.

Proposition 4.3.4. If Ao < usC, the limit process (x1(-),x2(+)) has a unique fized point

(a7, 23) given by

(plaPICPQ ) if p1+p2 <C,
(21, 23) = R (4.9)

(C - P27P2> @fpl +P2 Z C7

where p; = Ni /i, i = 1,2.

We call p1 + p2 > C, p1+ p2 < C, the heavy-traffic and light-traffic case respectively. In
the heavy-traffic case the equilibrium is determined solely by the dynamics of non-real-time
flows. Moreover, the equilibrium number of non-real-time flows is such as if these were

real-time flows with average duration f, 1 and no admission control.

On the other hand, under light-traffic the equilibrium number of real-time flows is

independent of the dynamics of non-real-time flows.
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