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Abstract

Random access schemes are simple and inherently distributed, yet could
provide the striking capability to match the optimal throughput perfor-
mance (maximum stability region) of centralized scheduling mechanisms.
The throughput optimality however has been established for activation rules
that are relatively sluggish, and may yield excessive queues and delays. More
aggressive /persistent access schemes have the potential to improve the delay
performance, but it is not clear if they can offer any universal throughput
optimality guarantees. In this thesis, we identify a fundamental limit on
the aggressiveness of nodes, beyond which instability is bound to occur in a
broad class of networks.

We will mainly consider adapting transmission lengths by considering a
weight for each node as a function of its queue size. The larger the weight,
the longer the node will hold on to the channel once it starts a transmission.
We first show that it is sufficient for weights to behave as logarithmic func-
tions of the queue sizes, divided by an arbitrarily slowly increasing function.
This result indicates that the maximum-stability guarantees are preserved for
weights that are essentially logarithmic for all practical queue sizes, although
asymptotically the weight must grow slower than any logarithmic function
of the queue size. We then demonstrate instability for weights that grow
faster than logarithmic functions of queue sizes in networks with sufficiently
many nodes. Our stability and instability results hence imply that the “near-
logarithmic growth condition” on the weights is a fundamental limit on the
aggressiveness of nodes to ensure maximum stability in any general topol-
ogy. We will conduct simulation experiments to illustrate and validate the
analytical results. Finally, we will combine the random access scheme with
window-based flow control mechanisms to provide maximum throughput and

Quality-of-Service in multihop wireless networks with dynamic flows.
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Chapter 1

Introduction

Scheduling in wireless networks is of fundamental importance due to the in-
herent broadcast nature of the wireless medium. Two radios that are close
to each other might not be able to transmit simultaneously, as they can in-
terfere with each other. In other words, the simultaneous transmissions of
such radios may cause the Signal-to-Noise-plus-Interference-Ratio (SINR) at
their corresponding receivers to go below the required threshold for success-
ful decoding of data packets. Therefore, in order to operate wireless systems
efficiently, scheduling algorithms are needed to facilitate simultaneous trans-
missions of different radios.

The metrics used to evaluate the performance of a scheduling algorithm
are throughput and delay. Throughput is characterized by the largest set of
service rates that can be provided to the radio nodes. Delay is characterized
by the average time that packets spend in the network’s buffers, once they en-
ter the network until they reach their destinations. It is also essential for the
scheduling algorithm to be distributed and to have low complexity/overhead.
This is because in many wireless networks there is no centralized entity and
the resources at the nodes are very limited.

Scheduling algorithms for wireless networks have been widely studied since
Tassiulas and Ephremides [1] proposed the Max Weight Scheduling (MWS)
algorithm. MWS algorithm assigns a weight to each link as a function of the
number of packets queued at the link, and then, at each instant of time, se-
lects the schedule with the maximum weight, where the weight of a schedule
is computed by summing the weights of the links that the schedule will serve.
Tassiulas and Ephremides establish that the MWS algorithm is throughput
optimal in the sense that it can stabilize the queues of the network for the
largest set of arrival rates possible, without actually knowing the arrival rates.
However, finding the maximum weight schedule is a complex combinatorial

problem, and hence, the MWS algorithm is not typically implementable in



practice. This has led to a rich amount of literature on the design of ap-
proximate algorithms to alleviate the computational complexity of the MWS
algorithm.

A popular mechanism for distributed scheduling is provided by the so-
called Carrier Sense Multiple Access (CSMA) protocol. In the CSMA proto-
col, each node attempts to access the medium after a certain back-off time,
but nodes that sense activity of interfering nodes freeze their back-off timer
until the medium is sensed idle. Due to their simplicity of implementation,
CSMA schemes have been widely used in practice, e.g., in WLANs (IEEE
802.11 Wi-Fi) or emerging wireless mesh networks. From a local perspective,
the CSMA algorithm might seem easy to understand, but, at a global per-
spective, interactions among different nodes can lead to a very complicated
behavior that makes the performance characterization difficult.

In recent years, fairly simple models have been proposed that are useful in
predicting the throughput of the CSMA algorithm [2, 3, 4, 5, 6]. Although the
representation of the IEEE 802.11 back-off mechanism in these models is less
detailed than in [7], they accommodate a general interference graph and thus
cover a broad range of topologies. Experimental results in [8] demonstrate
that these models, while idealized, provide throughput estimates that match
remarkably well with measurements in actual systems.

Despite their asynchronous and distributed nature, CSMA-like algorithms
have been shown to offer the remarkable capability of achieving the full ca-
pacity region and thus match the optimal throughput performance of cen-
tralized scheduling mechanisms operating in slotted time [9, 10, 11]. More
specifically, any throughput vector in the interior of the convex hull associ-
ated with the independent sets in the underlying interference graph can be
achieved through suitable back-off rates and/or transmission lengths. Based
on this observation, various ingenious algorithms have been developed for
finding the back-off rates that yield a particular target throughput vector or
that optimize a certain concave throughput utility function in scenarios with
saturated buffers [9, 11, 12]. In particular, Jiang and Walrand [11] develop an
algorithm that adaptively chooses the back-off rates under a time-scale sep-
aration assumption, i.e., the CSMA dynamics converges to its equilibrium
instantaneously compared to the time-scale of adaptation of the back-off
rates. This time-scale separation assumption was later verified by a stochas-

tic approximation type argument [9, 10]. In the same spirit, several effective



approaches have been devised for adapting the transmission lengths based on
queue-length information, and been shown to guarantee maximum stability
(13, 14, 15, 16].

Roughly speaking, the maximum-stability guarantees were established un-
der the condition that the various nodes are relatively sluggish in attempting
to access the channel or in continuing transmission once they obtain the
channel. In particular, a very exciting work by Rajagopalan, Shah, and Shin
[13] demonstrates the maximum stability under the condition that the mean
transmission length is chosen to be a logarithmic function of the queue length.
In the language of [13], each link has a weight of the form loglog(Q) (@ is
the queue length) that the link uses to determine its transmission length.!

Unfortunately, such activation rules can induce excessive queue lengths and
delays, as the resulting scheduling algorithm reacts very slowly to changes
in queue lengths. This issue has triggered a strong interest in developing
approaches for improving the delay performance [17, 18, 19, 20, 21, 22| and
has also provided the motivation of this thesis. More aggressive/persistent
access schemes have the potential to improve the delay performance, but it
is not clear if they can offer any universal maximum-stability guarantees.

In this thesis, we explore the scope for using more aggressive activation
rules (more aggressive weights) in order to improve the delay performance
while preserving the maximum-stability guarantees. To this end, we will
analyze stability and instability of the network under the random access
mechanism with different activation rules.

In Chapter 3, we first tighten the condition required for CSMA-like al-
gorithms to achieve maximum throughput (maximum stability region). We
show that it is in fact sufficient for weights to be logarithmic functions of
the queue lengths, divided by an arbitrarily slowly increasing, unbounded
function. For example, weights of the form log' ¢ Q, with ¢ > 0 arbitrary
small, are sufficient to ensure maximum throughput in any general network
topology. This result indicates that the maximum-throughput guarantees are
preserved for weight functions that are essentially logarithmic for all prac-
tical queue lengths, although asymptotically weights must grow slower than
any logarithmic function of the queue length.

Since the “near-logarithmic growth condition” is only a sufficient condition,

n this thesis, all logarithms are in base e.



it is not clear to what extent it is actually a strict requirement for maximum
stability to be maintained. In Chapter 4, we will consider the fluid limits of
the system where dynamics are scaled in both space and time. For weights
which grow slower than any logarithmic function of queue lengths, “fast mix-
ing” is guaranteed in any general topology, where the activity process evolves
on a much faster time scale than the scaled queue lengths. Qualitatively simi-
lar fluid limits can arise for more aggressive weight functions as well, provided
the topology is benign. However, aggressive weight functions can cause “slug-
gish mixing,” where the activity process evolves on a much slower time scale
than the scaled queue lengths, yielding random oscillatory fluid limits. Such
fluid limits can force the system into inefficient states for extended periods
of time and produce instability. We will demonstrate instability for weights
that grow faster than vylog @ (@ is the queue length), for any v > 1, but
our proof arguments suggest that it can occur for any v > 0, in networks
with sufficiently many nodes. In other words, “the near-logarithmic growth
condition” on the weights is a fundamental limit on the aggressiveness of
nodes to ensure maximum stability (throughput optimality) in any general
topology.

In Chapter 5, we will investigate the stability of the system when flows/users
randomly arrive and depart. To achieve flow-level stability, prior works
23, 24, 25] require that a specific form of congestion control based on a-fair
utility functions has to be used, namely the rate at which a flow generates
packets into its ingress queue must maximize an a-fair utility subject to a
linear penalty (price). We will show that a-fair congestion control is not
necessary for flow-level stability, and, in fact, very general congestion control
mechanisms are sufficient to ensure flow-level stability. In establishing this
result, we will use link weights which are log-differentials of queue lengths,
i.e., the weight of link (3, j) is roughly in the form of log(14Q;) —log(1+Q;),
with @; and @); the queue lengths of nodes ¢ and j. The use of such weights
naturally suggests the use of a random access mechanism, as in Chapter 3, to
implement the algorithm in a distributed fashion. We will indeed show that
the maximum-stability result of the random access mechanism can be eas-
ily extended to multihop flows with log-differential weights and very general
congestion control mechanisms.

Our stochastic model in this thesis considers the dynamics of flows, pack-

ets, and random access simultaneously, with no time-scale separation as-
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sumptions among the dynamics.

The remainder of this thesis is organized as follows. In Chapter 2, we
introduce our model for wireless networks and describe the random access
mechanism in its most general form. Chapter 3 is devoted to the stability
result for near-logarithmic weight functions. In Chapter 4, we will demon-
strate instability of the system for weight functions which grow faster than
the near-logarithmic functions. In Chapter 5, we will investigate stability
of the system with flow arrivals and departures. In each chapter, we will

conduct simulation experiments to verify our analytical results.



Chapter 2

System Model and Description of Random
Access Mechanism

2.1 System model

For now, we consider a singlehop communication model, i.e., each source is
directly connected to its destination via a wireless link. In Chapter 5, we will
show how to extend the results to the multihop scenario.

Suppose the total number of source-destination pairs (wireless links) is V.
We use the notion of the conflict graph G(V, E) to represent the interfer-
ence/operating constraints. Each node of the conflict graph is a communica-
tion link in the wireless network and there is an edge (I, k) € E between nodes
[ and k if simultaneous transmissions over communication links [ and k£ cannot
be successful. Therefore, at each time instant, the active links should form
an independent set of GG, i.e., no two scheduled nodes can share an edge in G.
Formally, a schedule can be represented by a vector X = [z, : s = 1,..., N]
such that z, € {0,1} and x; +x; <1 for all (4, j) € E. We use M to denote
the set of all feasible schedules.

Packets arrive at link [ according to some stochastic process with rate
A= [\;l=1,...,N]. To be specific, assume packets arrive according to the
Poisson process for the continuous-time system and the Bernoulli process
for the discrete-time system. Each link [ is associated with a queue Q;(t),
representing the number of packets of link [ waiting for transmission at time
t. The vector of queue lengths at each time ¢ is denoted by Q(t) = [Qi(?) :
l=1,..,N].

A scheduling algorithm is a policy to determine which schedule to be used
in each time instant; correspondingly, which links can transmit a packet in
each time instant. The capacity region of the network is defined to be the
largest set of arrival rates that can be supported by the network, i.e., for

which there exists a scheduling algorithm that can stabilize the queues. It is



known, e.g. [1], that the capacity region is given by
A={A>0:3pu e Co(M), X <pu}, (2.1)

where Co(-) is the convex hull operator. When dealing with vectors, inequal-
ities are interpreted component-wise.

A scheduling algorithm is throughput-optimal if it can stabilize the network
for any arrival rate in A. An important class of the throughput-optimal
algorithms are the Max Weight Scheduling (MWS) algorithms where at any
time ¢, the scheduling decision X (t) satisfies

N
X(t) = arg max Z rywy(t),
I=1

where w;(t) is the weight of link [ at time ¢. In [1], it was proved that the MWS
algorithm is throughput-optimal for w;(t) = Q;(¢). A natural generalization
of the MWS algorithm in [26] uses a weight f(Q;) instead of @, with the

following properties:

1. f:]0,00] = [0,00] is a nondecreasing continuous function with

e, fl@) = oo

2. Given any My, M, > 0, and 0 < € < 1, there must exist a () < oo such
that for x > @Q:

(1 —e)f(z) < floz = M) < flz+ M) < (1+¢€)f(x).

The following lemma is fairly easy to prove [27] and thus its proof is omitted.

Lemma 2.1. Suppose f is a strictly concave and increasing function, with
f(0) =0, then it satisfies the conditions (1) and (2) above.

2.2 Description of random access mechanism

The various nodes in the conflict graph share the medium in accordance
with a random access mechanism. The random access mechanism in its most

general form can be described as follows.
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Consider the conflict graph G(V, E) of the network. Denote the neighbors
of i by aset C(i) = {k € V : (i,k) € E}. When a node ends an activity
period (consisting of possibly several back-to-back packet transmissions), it
starts a back-off period. At the end of the back-off period at time ¢, the
node can start a new packet transmission only if none of its neighbors are
active, with probability p;(Q;i(t)), p;(0) = 0, and begins a next back-off
period otherwise. When a transmission of node ¢ ends at time ¢, it releases
the medium and begins a back-off period with probability ;(Q;(t7)), or
starts the next transmission otherwise, with v;(1) = 1. For conciseness, the
probabilities p;(-) and 1;(-) will be referred to as activation and de-activation
probabilities, respectively.

The mechanism can be implemented in continuous-time or discrete-time,

as we explain in Sections 2.2.1 and 2.2.2.

2.2.1 Continuous-time system

For simplicity, we assume packet arrivals are independent Poisson processes
with rate A = [\;;i = 1,..., N]. The packet sizes of node i are exponentially
distributed with mean 1/p;. Let p; := \;/ ;.

In continuous-time mechanism, the back-off times of node ¢ are indepen-
dent and exponentially distributed with mean 1/v;. Equivalently, node i
may be thought of as activating at an exponential rate r;(Q;(t)), with r;(-) =
vipi(+),} whenever it senses the channel idle at time ¢, and de-activating at
rate 7;(Q;(t)), with 7;(-) = p;1;(+), whenever it is active at time t.

There are two special cases worth mentioning that correspond to continuous-
time random access schemes considered in the literature before. First, in case
pi(Qi) = 1 and ¢;(Q;) = 0 for all Q; > 1, node ¢ starts a transmission each
time a back-off period ends and its neighbors are silent, and does not re-
lease the medium until its entire queue has been cleared. This corresponds

to the random-capture scheme considered in [28]. In case u; = 1, v; = 1,
pi(Qi) = 1—=1;(Q;), and ¢;(Q;) = 1/(14exp(w;(Q;))), node i may be thought

Tt is in general possible to consider v; to be also queue dependent, however, in reality
the back-off period cannot be made arbitrarily small so the mentioned version seems more
practical.




of as becoming (or continuing to be) active with probability

__eo@(@0)
PO = T @@ ) 2

each time a unit-rate Poisson clock ticks and its neighbors are silent. This
roughly corresponds to the scheme considered in [27, 16, 13, 14, 15] based on
Glauber dynamics with a “weight” function w;(Q;). The weight of node i is

chosen to be

T(Qi(1)) = max (F(Qi(6)), 55/ (@Qmar (1)) (23

where Quqz(t) is the length of the largest queue in the network at time ¢
which is assumed to be known. The function f is a strictly concave and

monotonically increasing function, with f(0) = 0, as in Lemma 2.1.

2.2.2 Discrete-time system

Time is slotted and packets arrive at each node according to a discrete-time
process. Let A;(t) be the number of packets arriving at node 7 in time slot
t. For simplicity, assume that {A4;(t)}:2,, for i = 1,..., N, are independent
Bernoulli processes with parameter A = [A\;;l = 1,..., N]. In each time slot,

one packet could be successfully transmitted over a link.

2.2.3 Discrete-time mechanism with one-node update

Consider an activation probability p;(t) = p;(Q;(t)) for node i at time slot ¢
as in (2.2) with weight @ as in (2.3).

At each time slot ¢, a node 7 is chosen uniformly at random, with proba-
bility %, then

(i) If all the neighbors of i are silent, i.e., z;(t — 1) = 0 for all j € C(i),
then x;(t) = 1 with probability p;(t), and x;(t) = 0 with probability
pi(t) =1 — p;(t). Otherwise, x;(t) = 0.

(ii) xj(t) =z;(t — 1) for all j # 1.



2.2.4 Discrete-time mechanism with multi-node update

The previous mechanism is based on Glauber-dynamics with one node up-
date at each time. For distributed implementation, we need a randomized
mechanism to select a node uniformly at each time slot. We use the Q-CSMA
idea [20] to perform the link selection as follows. Each time slot is divided
into a control slot and a data slot. In the control slot, each node i that
wishes to transmit data transmits a short message called INTENT message
with some probability a;. Those nodes that transmit INTENT messages and
do not hear any INTENT messages from the neighboring nodes constitute a
decision schedule. In the data slot, each node ¢ that is included in the deci-
sion schedule can transmit a data packet with probability p;(t), as in (2.2),
only if none of its neighbors has been transmitting in the previous data slot

(see the description of the algorithm below).

(i) In the control slot, randomly select a decision schedule m(t) C M by

using access probabilities {a;}Y ;.

(ii) Vi in m(t):

If no links in C'(¢) were active in the previous dataslot, i.e., > 7o) @ (t—
1)=0:

— x;(t) = 1 with probability p;(t).
— x;(t) = 0 with probability p;(t) = 1 — p;(t).

Else z;(t) = 0.
Vi ¢ m(t): z;(t) = x;(t — 1).

(iii) In the data slot, use X(¢) as the transmission schedule.

10



Chapter 3

Stability of Random Access for Tame Weight
Functions

Consider the continuous-time/discrete-time random access mechanism, de-
scribed in Chapter 2, based on activation probability (2.2) and weight (2.3).
We are interested to determine under what conditions the system is stable,
i.e., the process {(X (), Q(t)) }+>o is positive-recurrent, for all arrival rates A

in the capacity region A.

3.1 Statement of stability result

The following theorem states the main result regarding the throughput op-

timality of such random access mechanisms.

Theorem 3.1. Consider any € > 0. The random access mechanism can
stabilize the network for any A € (1 —¢€)A, if the weight function is chosen to
be in the form of f(x) = %. The function g(x) is a strictly increasing
function chosen such that f is a strictly concave increasing function. In
particular, the algorithm with the following weight functions is throughput-
optimal: f(z) = % or f(z) = log'?(1+x) for any arbitrary small

6 > 0.

To determine the weight at each node i, Q4. () is needed. Instead, each
node ¢ can maintain an estimate of it. We can use a gossip procedure, as
suggested in [13], to estimate @Qyq.(t), and use Lemma 2 of [13] to complete
the stability proof. So we do not pursue this issue here. In practical networks
55 10g(1 + Qpaz) is small and we can use the weight function f directly, and

thus, there may not be any need to know @4, (%).

Corollary 3.1. Under the weight function f specified in Theorem 5.2, the
discrete-time mechanism with multi-node update can stabilize the network for

any A € (1 —¢)A.
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3.2 Proof of stability result

We present the proof for the discrete-time model. The proof of the continuous-

time model follows similarly. The queue dynamics for each link [ is given by

Qut) = (Qu(t — 1) — (1)) + Ay(t),

fort >0andl!=1,..., N where (-)* = max{-,0}. For notational convenience,

we define

wit) = f(Qi(t)),
wmm(t) = %f{@max(t))

Before we start the proof, some preliminaries, regarding stationary distribu-

tion and mixing time of Glauber dynamics, are needed.

3.2.1 Preliminaries

Consider a time-homogeneous discrete-time Markov chain over the finite state
space M. For simplicity, we index the elements of M by 1,2,...;r, where
r = |M]. Assume the Markov chain is irreducible and aperiodic, so that a
unique stationary distribution = = [7(1), ..., m(r)] always exists, with 7(i) > 0
foralll <i<r.

Distance between probability distributions

First, we introduce two convenient norms on R” that are linked to the sta-
tionary distribution. Let £?(7) be the real vector space R” endowed with the

scalar product
'

(2 0)n = 3 2Dy (i),

i=1

Then, the norm of z with respect to 7 is defined as

. 1/2
1]l = (Z Z(i)zﬂ(i)> :

i=1

12



We shall also use 62(%), the real vector space R" endowed with the scalar

product

RPN |
Z,y)1 = 2(1)y(i) —=,
(z:9)1 ; ) 75

and its corresponding norm. For any two strictly positive probability vectors

1 and m, the following relationship holds
e =112 1), > 2 -
I =7l =11 =l = 2l = 7llzv,

where || — u||7v is the total variation distance

I =l = 5 3 () = i)

Glauber dynamics

Consider a graph G(V, E). Glauber dynamics is a Markov chain to generate
the independent sets of G. So, the state space M consists of all independent
sets of G. Let |[V| = N. Given a weight vector W = [y, s, ..., x|, at each

time ¢, a node ¢ is chosen uniformly at random, with probability %, then

(i) If ;(t — 1) = 0 for all nodes j € N (i), then z;(t) = 1 with probability

exp(w;)
1+exp(w;)

Otherwise, z;(t) = 0.

, or x;(t) = 0 with probability #p(w’) :

(ii) x;(t) =z;(t —1) for all j # i.

The corresponding Markov chain is irreducible, aperiodic, and reversible over

M, and its stationary distribution is given by
1 -
m(X) = —=exp ( wi> ; X eM, (3.1)

where Z is the normalizing constant (It is easy to check that (3.1) indeed
satisfies the detailed balance equations and thus is the stationary distribu-
tion).

The random access mechanism with one-node update uses a time-varying

version of the above Glauber dynamics, where the weights change with time.

13



This yields a time-inhomogeneous Markov chain but we will see that, for the

proper choice of weights, it behaves similarly to the Glauber dynamics.

Mixing time of Glauber dynamics

The convergence to steady state distribution is geometric with a rate equal to
the second largest eigenvalue modulus (SLEM) of the transition probability
matrix as it is described next (see e.g. Chapter 6 of [29]).

Lemma 3.1. Let P be an irreducible, aperiodic, and reversible transition
matriz on the finite state space M with the stationary distribution w. Then,

the eigenvalues of P are ordered in such a way that
M=1>X>..>)\ > —1,

and for any initial probability distribution py on M, and for alln > 1
P = s < o lao — . (3.2)

where 0 = max{Aq, |\,|} is the SLEM of P.

The following Lemma gives an upper bound on the SLEM o(P) of Glauber

dynamics.

Lemma 3.2. For the Glauber dynamics with the weight vector W on a graph
G(V,E) with |V| = N,

1
<1-
7="7 16N exp(dNway)’

where Wy, = MaxX;cy W;.

The proof is provided at the end of the chapter. We define the mizing time
as T = -, s0

T < 16" exp(4Ntimaz)- (3.3)

Simple calculation, based on Lemma 3.1, reveals that the amount of time

needed to get close to the stationary distribution is proportional to 7T

14



3.2.2 A key lemma

At any time slot ¢, given the weight vector W (t) = [y (t), ..., N (t)], the
MWS algorithm should solve

g 2 (0
ieX

instead, our algorithm tries to simulate a distribution

(X)) = %exp(z Bi(0); X € M, (3.4)
ieX
i.e., the stationary distribution of Glauber dynamics with the weight vector
W (t) at time t.

Let P, denote the transition probability matrix of Glauber dynamics with
the weight vector W (t). Also let i be the true probability distribution of the
inhomogeneous-time chain, over the set of schedules M, at time ¢. Therefore,
we have puy = ps—1P;. Let m; denote the stationary distribution of the time-
homogeneous Markov chain with P = P, as in (3.1). By choosing proper

Wiin and f(.), we aim to ensure that u; and m; are close enough, i.e.,

|70 — pllrv < /4

for some 0 arbitrary small.
Let Winaz(t) = f(Qmaz(t)). The following lemma gives a sufficient condi-
tion under which the probability distribution of the inhomogeneous Markov

chain is close to the stationary distribution of the homogeneous chain.

Lemma 3.3. Given any § > 0, ||m — pul|lrv < % holds for all t > t*, if
Ty < 0/16 for allt > 0, (3.5)

where
(i) ay = 2N f'(f"Hwmin(t + 1)) — 1),
(ii) t* is the smallest t such that

t

Z % > 1n(4/0) + N(wWmae(0) 4+ log2) /2, (3.6)
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and Ty, is the mixing time of the Glauber dynamics with the weight vector

W(k).

The proof of Lemma 3.3 is provided at the end of the chapter. Lemma 3.3
states a condition under which || — /|7y < 2 for all t > t*. The key idea
in the proof is that, for a; small, the weights change at the rate a; while the
system responds to these changes at the rate 1/7;;;. Condition (3.5) is to
ensure that the weight dynamics are slow enough compared to response time
of the chain such that the chain remains close to its equilibrium (stationary
distribution). Now assume that (3.5) holds only when ||Q(¢#)| > Q' for a
constant Qy, > 0. Let ¢; be the first time that [|Q(¢)|| hits Q. Then, after
that, it takes ¢* time slots for the chain to get close to m; if ||Q(¢)|| remains
above Qy, for t; <t < t;+t*. Alternatively, we can say that ||m, — ]|z < 2
if |Q(t)]] > Q4 +1t* since at each time slot at most one departure can happen
and this guarantees that [|Q(t)|| > Qq, for, at least, the past t* time slots.
This immediately implies the following Lemma that we will use in the proof

of the main result.

Lemma 3.4. Given any § > 0, ||[m— |7y < 2 holds when ||Q(t) > Qum+t*,
iof there exists a Qq, such that

a;Tii1 < 0/16 whenever ||Q(6)|| > Qu, (3.7)

where
(i) 0 = 2N (" (win (£ + 1)) — 1)
(ii) T, < 16" exp(4NWpmqae(t))
(11i) t* is the smallest t such that
ty+t*

> % > 1In(4/6) + N(f(Qwm) +10g2)/2.  (3.8)
k=t Q(t)|=Qen ¥

In Lemma 3.4, condition (iz) is based on the upper bound of (3.3) and the
fact that Wiae(t) = Winax ().

n this section, [|y| = ||yllec = max; ¥i(t) = Ymaz-

16



In other words, Lemma 3.4 states that when queue lengths are large, the
observed distribution of the schedules is close to the desired stationary dis-

tribution.

Remark 3.1. We will later see that, to satisfy condition (3.7) and to find
a finite t* satisfying (3.8) in Lemma 3.4, the function f(.) cannot be faster
than log(.). In fact, the function f must be slightly slower than log(.) to

ensure a finite t* always exists.

Remark 3.2. The above Lemma is a generalization of Lemma 12 (Network
Adiabatic Theorem) of [13]. Here we consider general functions f(.), whereas
[13] considers a particular function loglog(.). The generalization allows us to
use functions which are close tolog(.) and perform much better than loglog(.)

in simulations. The proof of Lemma 3.3 is presented in Section 3.5.

3.2.3 Throughput optimality
We will use the following Lemma [26] to prove the throughput-optimality of

the algorithm.

Lemma 3.5. For a scheduling algorithm, if given any 0 < e < 1 and 0 <
d < 1, there exists a B(d,€) > 0 such that: in any time slot t, with probability
larger than 1 —46, the scheduling algorithm chooses a schedule X (t) € M that

Z w;(t) > (1 —¢) }gle%{sz

1€X(t) €Y

satisfies

whenever ||Q(t)|| > B(d,€), then the scheduling algorithm is throughput-

optimal.

Remark 3.3. Throughput optimality in Lemma 3.5 means that, for all the
rates inside the capacity region, system will be stable in the mean (see [26]

for more details), i.e.,

lim sup %Z_;E (Z fQ(Q,(t))> < 0. (3.9)

T—o00 _ i1

In our setting, the queuing system is an irreducible and aperiodic Markov
chain, and therefore stability-in-the mean property (3.9) implies that the

Markov chain is also positive recurrent [30] .
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Let w*(t) = maxxea Y ;cy Wi(t). Let us define the following set:

={Y e M) wi(t) < (1—ew(t)}.

€Y

Therefore, we need to show that

= Z e (Y) <0,

Yext

for [|Q(t)]| large enough. Suppose f(.) and w,y;, are chosen such that a;T;.; <
d/16 whenever ||Q(t)|| > Qu for some constant Qy, > 0 to be determined
later. Then, it follows from Lemma 3.4 that whenever ||Q(t)| > Qu + t¥,

2| = mellrv < 0/2,

and consequently,

Z|Mt —m(Y)] < 9/2.

YeM
Thus,

D (m(Y) =m()) < Y |lY) = m(Y))

Yex: Yext

< §/2,

which yields

S m(Y) <) m(Y)+6/2

Yext Yext

Therefore, to ensure that >y 4 (Y) <4, it suffices to have

> m(Y)<4/2.

Yex:

But

DRSS SERS) SEI0)

Yext Yex €Y

where
w;(t) = max{w;(t), Wmin(t)} < w;i(t) + Wpin(t).

18



So

Smly) £ 3 en(3wit) + wm (b))

Yext YEXt ey
1
= Z — sz €xp |Y|wmln(t)>
Yex: t a4
1
< Z — exp((1 — )w*(t)) exp(Nwnmn(t)),
Yéext t
and
Zo=3 exp(3 @) > D exp(Ywilt) > e
YeM i€y YeM i€y
Therefore,

Som(Y) < 2V ep(Nug(t) — ew' (1)),

Yex

and w*(t) > wpma(t). So, it suffices to have
2N exp(NwWpin (t) — €Wmae (1)) < §/2,

when ||Q(t)]| > Qu +t*. The choice of Wiin(t) = 55 Wmae(t), satisfies the
above condition for ||Q(t)|| > B, where

(3.10)

Nlog2—|—log§)}

B:maX{ch+t*,f_1 ( 7

3.2.4 A class of weight functions with the maximum
throughput property

In this section, we describe a family of weight functions f that yield maximum
throughput.

The function f needs to satisfy Lemma 3.4. Roughly speaking, since the
mixing time 7' is exponential in Wyaz, f'(f~(Wmin)) must be in the form
of e~"min; otherwise it will be impossible to satisfy «;T;11 < d/16 for any
arbitrarily small ¢ as ||Q(t)|| — oo. The only function with such a property
is the log(.) function. In fact, it turns out that f must grow slightly slower

than log(.) as we show next to satisfy (3.7), and to ensure the existence of a
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finite t* in Lemma 3.4.

log(1+x)
9(z)

strictly increasing function, chosen such that f satisfies the conditions of

Consider weight functions of the form f(x) = where g(z) is a
Lemma 2.1. For example, by choosing functions that grow much slower
than log(1 + ), like g(x) = log(e + log(1 + z)), we can make f(x) behave
approximately like log(1 + x) for large ranges of x.

Assume ¢(0) > 1, then
1

! < ) 3.11
f@) < (3.11)
The inverse of f cannot be expressed explicitly, however, it can be written
as
fH(x) = exp(zg(f(2))) — 1. (3.12)
Therefore,
PO ) = 1) € s (3.13)
f_ (wmzn)
1
= . 3.14
b mng ) =1 Y

Using (3.14), the conditions of Lemma 3.4 are satisfied if there exists a Q4
large enough such that

1
exp(wming<f_1 (wmm) )) -

2N16" exp(4NWpaz ) T < §/16, (3.15)

for |Q(#)[] = Q-

Using (3.12) and noting that wyin = 55Wmae, (3.15) can be written as

2N16" exp (wmm {8—N2 — g(f_l(wmm))]) <1 + ;> < §/16.
€ S Wmin) )~
(3.16)
Consider fixed, but arbitrary, N and €. As Qaz — 00, Wpax — 00, and
consequently w,,;, — oo and f~'(wy;,) — oo. Therefore, the exponent
% — g(f Y (Wpmin)) is negative for Q. large enough, and thus, there is a
threshold @y, such that for all Qe > Qun, the condition (3.16) is satisfied.

To be more accurate, it suffices to choose

(3.17)

€

Qu = (B xmax frog S, 01 (25 ).
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Then, it follows from Lemma 3.4 that ||m; — p||zv < &, whenever [|Q(t)]| >
Qun + 1.

Remark 3.4. The assumption g(0) > 1 is not required, since, as we saw
in the above analysis, only the asymptotic behavior of g is important. If we

choose Qyy, large enough such that

9(f 7 (Winin(t)) — 1) 2 1, (3.18)

when ||Q(t)|| > Quw, then (3.13) holds and the rest of the analysis follows

exactly. In particular, in order to get an ewxplicit formula for f=!, we can
choose g(x) = log(1 + z)? for some 0 < 6 < 1. The weight function for such
agis f(z) = (log(1+ x))l_e, and f=* has the closed form

1

fH () = exp(zm7) — 1.

Then (3.17) yields

ON  6AN16Y 2N 16NZ ,) 17
Qtn = exp (max{—log(T),?( c )} ) (3.19)

S

It is easy to check that for Q(t) > exp <( )1 7 log(1 + e)), Winin () > f(e)
which satisfies (3.18). Therefore, obviously, (3.18) also holds for Qu, of
(5.19).

The last step of the proof is to determine the constant B in (3.10), so we
need to find t*. Let ¢; be the first time that Q4. (f) hits Qyp, then

t1+t 1 t1+t
—2N —8N maz (K
Z 7 > 16 Z e~ 8Nf(Qmaz (k)
— k’ k:tl
16 9N tlZH 8N10g(1+Qma:c(k))
et 9(Qmaxz (k))
k=t1
Lt SN
= 1672 2(1 + Qe (k) 7 @maati
k= tl
> 1672 Z (1+ Qui + k) 72
k=1
—2N -
> 1672VH(1 + Qu + 1) 7@
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Therefore, by Lemma 3.4, it suffices to find the smallest ¢ that satisfies

Y i) N
167"t (1 4+ Qu +t) @) > log(4/0) + 5 log(2(1 4 Quw)),

for a threshold @, large enough satisfying (3.17). Recall that g(.) is an
increasing function, therefore, by choosing @)y, large enough, g(?Q—]Yh) can be
made arbitrary small. Then a finite t* always exists since

lim t*(1+ Qu, + t*)_g(gjw = 00.

t*—o0
In particular, for the function f(Q) = (log(1+ @))%, 0 < 6 < 1, and the
choice of Qy, in (3.19), we have

8N 8N €

9 Q) log(1+ Q) ~ 2N

Note that
t t176/2N

>
(t+1+Qu)/*N = (2+ Qu)/*N’

and therefore, it is sufficient to choose t* to be

1
€
N

¢ = @+ Qu) 16V 10g (%(2(1 ¥ ch»m)] (3.20)

3.2.5 Extension of the proof to the random access with
multi-node update

The distributed algorithm is based on multiple node-update (or parallel op-
erating) Glauber dynamics as defined next. Consider the graph G(V, E) as
before and a weight vector W = [iby, s, ..., Wy]. At each time ¢, a decision
schedule m(t) € M is selected at random with positive probability a(m(t)).
Then, for all i € m(t),

(i) If z;(t — 1) = 0 for all nodes j € N (i), then z;(t) = 1 with probability
li’;iggi), or x;(t) = 0 with probability m :

Otherwise, z;(t) = 0.

(i) z;(t) = x;(t — 1) for all j & m(t).

22



The Markov chain X (t) is aperiodic and irreducible if Uyen, = V' [20].
Also, it can be shown that X () is reversible, and has the same stationary
distribution as the one-node Glauber dynamics in (3.4). Here, we will assume
that i, := min,, a(m) > (1/2)Y. Then, the mixing time of the chain is

charachterized by the following Lemma.

Lemma 3.6. For the multiple site-update Glauber dynamics with the weight
vector W on a graph G(V, E) with |V| = N,

64~ _
T < 5 exp(AN Wiz ), (3.21)

where Wye, = MaxX;cy W;.

See Section 3.5 for the proof. The distributed algorithm uses a time-
varying version of the multiple-node update Glauber dynamics, where the
weights change with time. Although the upperbound of Lemma 3.6 is loose,
it is sufficient to prove the optimality of the algorithm. The analysis is the
same as the argument for the random access with one-node update. Let D

and W denote the lengths of the data slot and the control slot. Thus, the

D
D+W

particular, recall the simple randomized machanism, in Section 2.2.4, where

distributed algorithm can achieve a fraction of the capacity region. In
each node joins the decison schedule by sending an INTENT message with
probability 1/2. Note that in this case auq, > (1/2)Y, and also it sufficies
to allocate a short mini-slot at the begining of the slot for the purpose of
control. By choosing the data slot to be much larger than the control slot,

the algorithm can approach the full capacity.

3.3 Simulation experiments

In this section, we evaluate the performance of different weight functions via
simulations. For this purpose, we have considered the grid network of Figure
3.1, which has 16 nodes and 24 links, under one hop interference constraint.

Consider the following maximal schedules:
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Figure 3.1: A grid network with 24 links.

M, = {1,3,8,10, 15,17, 22, 24},

M, = {4,5,6,7,18,19,20,21},
My ={1,3,9,11,14,16,22,24},
My = {2,4,7,12,13,18,21, 23}.

With minor abuse of notation, let M; also be a vector that its i-th element
is 1 if ¢ € M; and 0 otherwise. We consider arrival rates that are a convex

combination of the above maximal schedules scaled by 0 < p < 1, e.g.,

4
A=pY M, c=[0.2,0.3,0.2,0.3].
i=1
Note that, as p — 1, A approaches a point on the boundary of the capacity
region. We simulate the distributed algorithm, and use the following ran-
domized mechanism, as in [20], similar to IEEE 802.11 DCF standard, to

generate the decision schedules in the control slots. At time slot ¢:

1. Link ¢ selects a random back-off time 7; uniformly in [0, — 1] and

waits for T} control mini-slots.

2. If link 7 hears an INTENT message from a link in N (i) before the
(T; 4+ 1)-th control mini-slot, ¢ will not be included in m(¢) and will not

transmit an INTENT message anymore.

3. Iflink ¢ does not hear an INTENT message from any link in A/(7) before
the (7} +1)-th control mini-slot, it will broadcast an INTENT message
at the beginning of the (7} 4 1)-th control mini-slot. Then, if there are
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Figure 3.2: The evolution of average queue-length for loglog and
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Figure 3.3: The evolution of average queue-lengths for p = 0.85.

no collisions (i.e., no other link in A/ (7) transmits an INTENT message

in the same mini-slot), link ¢ will be included in m(t).

Once m(t) is found, the access probabilities are determined as described in
the distributed algorithm in Section 2.2.4. Here, we choose W = 32 (which

is compatible with the back-off window size specified in IEEE 802.11 DCF).
log(14x)

log(e+log(1+x))

very close to each other, so in the plots, for brevity, we use the name log

In our simulations, the performance of log(1l + x) and are
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Figure 3.4: Time-average of queue-length per link for low and moderate
values of p.
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Figure 3.5: Time-average of queue-length per link for high values of p.

log(1+z)
log(e+log(1+x))

shows the average queue-length evolution (total queue-length divided by the
number of links), for the weight functions f(z) = % and f(x) =
loglog(e + x) and for loadings p = 0.8 and 0.82. While both functions keep

the queues stable, however as it is expected, the average-queue lengths for the

while the results actually belong to the function Figure 3.2

log
’ loglog

weight function lo{:ﬁ) S are much smaller than those for loglog. Moreover
yields a faster convergence to the steady state. The performance gap of two
functions, in terms of the average queue-length and the convergence speed,
increases significantly for larger loadings; for example see Figure 3.3 for p =
0.85. Figures 3.4 and 3.5 show the delay performance (time-average queue-
length per link) of the two weight functions under different loadings. As it

is evident from the figures, log has a significantly smaller delay than what
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Figure 3.6: The weight function /@) makes the system unstable (p = 0.92).

is incurred by using the weight loglog. A natural question is whether there
exists a function growing faster than log-type functions that still stabilizes
any general network. If such a function exists, then one will expect to get a
better delay performance. Our conjecture is that, since the mixing time is, in
general, exponential in wy,,;, log is the fastest weight function that can make
the network change in an adiabatic manner, and hence keep the system close
to its equilibrium (stationary distribution). We tried faster weight functions,
such as Q and /@, but they resulted in unstable systems (for example see

Figure 3.6). In Chapter 4, we will investigate this conjecture rigorously.

3.4  Conclusions

In this chapter, we considered the design of efficient random access algorithms
that are throughput optimal and have a good delay performance. Activation
probabilities depend on link weights, where the weight of each link is chosen
to be an appropriate function f(-) of its queue length. We showed that weight
functions of the form f(Q) = log(Q)/¢(Q) (and thus f(Q) = log' *(Q)) yield
throughput-optimality and low delay performance. The function ¢(Q) can
grow arbitrarily slowly (and e can be arbitrarily small) such that f(Q) ~
log(Q) for the range of practical queue lengths.
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3.5 Additional proofs

Proof of Lemma 3.2. The upper-bound in Lemma 3.2 is based on the conduc-
tance bound [31, 29]. First, for a nonempty set B C E, define the following:

ieB
F(B)= Y w(i)p;
i€B,jeBC
Then, conductance is defined as
F(B
¢(P)=  inf (B)

Bim(B)<1/2 (B)

Lemma 3.7. (Conductance Bounds)

1-26(P) < by < 1= 2,

The conductance can be further lower bounded as follows:

ZXGB,YGBC T(X)P(X,Y)

P) =  inf
o(P) B:n(an)gl/z 7(B)
S g
> 2 jnf Y w(X)P(XY)
X€eB,Y€Be

T

> 2minw(X) g{n;g P(X.,Y).

For our Glauber dynamics, the stationary distribution is lower bounded by

M S e S 1)~ Mo (Vi)

In addition, X and Y can differ in at only one site, and it is easy to see that

1 1
P(X.Y)> — .
(X,¥) = N1+ exp(Wmaz)
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So

1
ALY 2 NI T exp(umen) oxp(Ntoms)
1
N2V exp((N + 1 wimaz)
Therefore,
M(P) < 1- :
2N24N exp(2(N + 1)Wmae )
1
s 1= 16N exp(ANwpmaz)

By Gershgorin’s theorem (e.g. see the appendix of [29]), for a stochastic
matrix [P;;],
Ar > —1+ 2min P;.

For our Glauber dynamics,

exp(w;)
P > 1——
YYo= Z1—|—exp N ;\1/14—expw2

1 & exp(Wmaz )
> 1 _ max
- N Zzl 1 + exp(Wimaz)
1
1 + exp(Wmaz)

So,
2 1 — exp(Wmaz)

+ 1+ exp(wmaz) N 1+ eXp(wma:p) '

Therefore,
max{As, |\:|} = Mg,

and the SLEM of P is upperbounded by

1
<1-— : 3.22
7 =77 16N exp(4Nwyay) (322)
Consequently
T < 16" exp(4Nwpmaz)- (3.23)
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Proof of Lemma 3.3. The corresponding stationary distributions at times ¢

and t + 1 are respectively given by

m (Y :—exp g w;(t

€Y
and )
T (Y) = 7 exp Z w;(t+1)).
€Y
So ) 7
41 t ~ ~
= ex w;(t+1) —w(t)),
) oy S () = ()
where
Zy _ D yem eXP(D ey Wilt))
Ziy1 D yvem eXP(Xiey wilt + 1))
< maxexp sz —w;(t+1))
ey
N
< eXP(Z(@'@) —wi(t +1))).
i=1

Let Q; denote f~(wmin(t)), and Q(t) = max{Q}, Q(t)}, where Q(¢) is the
vector of queue lengths at time ¢. Recall that f is a concave and increasing

function. Hence,
@i (t4+1) =i (1) = FQi(t+1)=F(Qi(t) < F(Qi(0)(Qi(t+1)=Qi(t)) < F/(Qi(t)).

(Note that @;(t+ 1) and @;(t) at most differ by one since there can at most

one packet arrival or departure in a time slot.) Similarly,

w;(t) —wi(t+1) < f/<©i(t +1)),

and thus,

WtJFZ < exp (Zf Q (t+ 1)))
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Similarly, we have

Note that
FQi) + F(Qi(t + 1)) < 2f(Q(t+1) — 1).

Therefore, if we define

a; =2Nf'(Q*(t+1) — 1), (3.24)
then )
— o T4+1 ar
e < —7Tt<Y) < e™, (3.25)

The drift in m, is given by

2 _ T 42
Hﬂ-t“‘l 7Tt”1/7rt+1 ||7Tt+1 ||7Tt+1
m(Y) 2
= w1 (Y -1
; t+1( >(7Tt+1(Y) )
< D mea (V) max{(e — 12, (1— e}
Y
< max{(e” — 1)% (1 —e™™)%}
(eat - 1)27
for oy < 1. Thus,
71 = Tell 1w < 204, (3.26)
for oy < 1, where
a; = 2N ' (f H(wpin(t + 1)) — 1). (3.27)

The distance between the true distribution and the stationary distribution

at time t can be bounded as follows. First, by triangle inequality,

[ 22 — 7Tt“l/m < e — 7Tt71H1/7rt + |lm-1 — 7Tt”1/7rt

< e = mea|1ym, 2001
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On the other hand,

I =il = 30 =g nY) = mia(V)°

S eat_IH/“Lt —7Tt71H%/m—1.

Therefore, for ay < 1,
He
1= =1 < (At aey)lloe = meilliym, + 2001,
t
Suppose a; < /16, then [|£t — 1|5, < /2 holds for ¢ > ¢*, if

||/‘Lt - 7Tt—1||1/7Tt—1 < 5/47

for all ¢t > t*.

Define a; = ||pt441 — 7¢||1/x,. Then

aryr = |2 — 7Tt+1||1/7rt+1
= |lper1Prys — 7Tt+1||1/7rt+1

< Ut+1||,ut+1 - 7Tt+1||1/m+1,
where 04,1 is the SLEM of Py 1, since (P41, m41) is reversible. Therefore,

a1 < o [(1 4 ap)ar + 204

Suppose a; < §/4. Defining T; = —~, we have

1—0o?

a1 < (1 -

)0/44+ (24 0/4)ay).

t+1

Thus, asyq < /4, if

(24 6/4)ay < Tl (6/4+ (2 +5/4)ar),

t+1
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or equivalently if

But

5/4
Ti+1

(2+6/4)(1—1/Tp1)

oy <

5/4 5/4
Ti+1 Ti+1 6o 1

@+ 0/4)(1—1/Trr1) ~ 4(1—1/Tir1) 16Ty

so, it is sufficient to have

/Ty < 6/16.

Therefore, if there exists a time t* such that a;« < 6/4, then a; < §/4 for all
t > t*. To find t*, note that a; > §/4 for all t < t*. So, for t < t*, we have

ag

Thus,

where

<

IA

IN

IN

IN

IA

1
i Qp—1)0¢—1 Q1
(1= 7)1+ oo + 20
1 Qs
(1 — i)[(l + ozt_l)at_l + 2at—14tT1]
1 8
(]_ — T)<1 + o+ gOét_1>CLt_1
t
1 5/16, 8
(1= )0+ 20+ 3)as
1 1
1—=)1+ =)a;_
( Tt)( + Tt)at 1
1
(1— T_tg)at—l
€7T7t2at,1.
Nyttt
ay < agpe e T,
1
ag = ||7T_0_1H7r0
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and
T = myinﬂ'o(Y)
1
ZY eXp(ZieY w;(0))
1
|M| exp(Nwpaz(0))

which yields

ao S (26’wma1(0))N/2_

Putting everything together, t* must satisfy
_Zt* 1
(Qew’””(o))N/Qe LT < 5/4,

or as a sufficient condition,

t*

> Ti]g > log(4/6) + N(winaz(0) + log 2) /2.

]

Proof of Lemma 3.6. Let My C M be the set of all possible decision sched-
ules. Given X (t) = X, for some X € M, the next state/schedule could be
X(t+1) =Y with the following transition probability

1 exp(w,)
O D DU ORI | Bty | [t
meMo: XAYCm iem\(YUN(XUY)) 1+ eXp(wi) jEMNY 1+ eXp(wj)

where XAY = (X\Y) U (Y\X).
The upper-bound in Lemma 3.6 is based on the conductance bound as in
the proof of Lemma 3.2. Recall that the conductance can be lower bounded

as follows:
¢(P) > 2miny 7(X)minyy P(X,Y).

As in the regular Glauber dynamics,

1
X) >
m(X) = 2N exp(Nwmaz)’
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and

1 N
P(Xa Y) Z Apin )
1 + exp(Wimaz)

: 1
where qpin = ming,en, a(m) > 5x. Hence,
2

AN (1 + exp(Winaz )N exp(NwWimaz )
2

8N exp(2NWmaz)

o(P) >

Therefore, based on the conductance upperbound,

2

M(P) < 1-—
o(P) < 64" exp(4NwWpmaz)’

and by Gershgorin’s theorem,

2
2N (1 + exp(Wimaz) )Y

A > =1+

Therefore,
max{As, |\:|} = Ag,

and the SLEM of P is upperbounded by

2
<1- .
7= 64N exp(4NWya)
Consequently
64N
T < N exp(4Nwnaz)- (3.28)
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Chapter 4

Instability of Random Access for Aggressive
Weight Functions

In Chapter 3, we showed that to ensure maximum stability, it is sufficient for
weights to behave as logarithmic functions of the queue lengths, divided by an
arbitrarily slowly increasing, unbounded function. The result indicated that
the maximum-stability guarantees are preserved for weight functions that
are essentially linear for all practical values of the queue lengths, although
asymptotically the growth rate must be slower than any logarithmic function
of the queue length. A careful inspection reveals that the proof arguments
leave little room to weaken the stated growth condition. Since the growth
condition is only a sufficient one, however, it is not clear to what extent it is
actually a strict requirement for maximum stability to be maintained.

In this chapter, we explore the scope for using more aggressive weight
functions in order to improve the delay performance while preserving the
maximum-stability guarantees. Since the earlier proof methods do not eas-
ily extend to more aggressive weight functions, we will instead adopt fluid
limits where the dynamics of the system are scaled in both space and time.
Fluid limits may be interpreted as first-order approximations of the original
stochastic process, and provide valuable qualitative insight and a powerful
approach for establishing (in)stability properties [32, 33, 34, 35].

As observed in [36], qualitatively different types of fluid limits can arise,
depending on the structure of the interference graph, in conjunction with the
functional shape of the weight function. For sufficiently tame weight func-
tions as in [13, 14, 15, 27|, “fast mixing” is guaranteed, where the activity
process evolves on a much faster time scale than the scaled queue lengths.
Qualitatively similar fluid limits can arise for more aggressive weight func-
tions as well, provided the topology is benign in a certain sense, which im-
plies that the maximum-stability guarantees are preserved in those cases. In
different regimes, however, aggressive weight functions can cause “sluggish

mixing”, where the activity process evolves on a much slower time scale than
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the scaled queue lengths, yielding oscillatory fluid limits that follow random
trajectories. It is highly unusual for such random dynamics to occur, as in
queueing networks typically the random characteristics vanish and determin-
istic limits emerge on the fluid scale. A few exceptions are known for various
polling-type models as considered in [37, 38, 39].

The random nature of the fluid limits gives rise to several complications
in the convergence proofs that are not commonly encountered. Since the
random access networks that we consider are fundamentally different from
the polling type-models in the above-mentioned references, the fluid limits
are qualitatively different as well, and require a substantially different ap-
proach to establish convergence. Specifically, we develop an approach based
on stopping time sequences to deal with the switching probabilities governing
the sample paths of the fluid limit process. While these proof arguments are
developed in the context of random access networks, several key components
extend far beyond the scope of the present problem. Hence, we believe that
the proof constructs are of broader methodological value in handling random
fluid limits and of potential use in establishing both stability and instability
results for a wider range of models. For example, the methodology that we
develop could be easily applied to prove the stability results for the random
capture scheme as conjectured in [28].

The possible oscillatory behavior of the fluid limit itself does not necessarily
imply that the system is unstable, and in some situations maximum stability
is in fact maintained. In other scenarios, however, the fluid limit reflects that
more aggressive weight functions may force the system into inefficient states
for extended periods of time and produce instability. We will demonstrate
instability for weight functions of the form vlog(-), for v > 1, but our proof
arguments suggest that it can potentially occur for any v > 0, in networks
with sufficiently many nodes. In other words, the growth conditions for
maximum stability depend on the number of nodes, which seems loosely
related to results in [40, 41, 42] characterizing how (upper bounds for) the
mean queue length and delay scale as a function of the size of the network.

The remainder of the chapter is organized as follows. We introduce fluid
limits and discuss the various qualitative regimes in Section 4.1. We then use
the fluid limits to demonstrate the potential instability of aggressive activity
functions in Sections 4.2 and 4.3. Simulation experiments are conducted in

Section 4.4 to support the analytical results. We will focus on the continuous-
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time model but the results naturally hold for the discrete-time model as well.

Under the continuous-time random access scheme, the process (X (t), Q(t))
evolves as a continuous-time Markov process with state space M x NY'.
Transitions (due to arrivals) from a state (X,Q) to (X,Q + e;) occur at
rate J\;, transitions (due to activations) from a state (X, Q) with Q; > 1,
X; = 0, and X; = 0 for all neighbors of node 7, to (X + ¢;,Q) occur at
rate 1;(Q;) := v;p;(Q;), transitions (due to transmission completions followed
back-to-back by a subsequent transmission) from a state (X, Q) with X; =1
(and thus @; > 1) to (X,Q — ¢;) occur at rate p;(1 — 1;(Q;)), transitions
(due to transmission completions followed by a back-off period) from a state
(X,Q) with X; = 1 (and thus Q; > 1) to (X — e;,Q — e;) occur at rate
7i(Qi) = i (Qs)-

We are interested to determine under what conditions the system is sta-
ble, i.e., the process {(X(t), Q(t))}+>0 is positive-recurrent. It is easily seen
that (p1,...,pn) € A is a necessary condition for that to be the case. In
Chapter 3, we showed that this condition is in fact also sufficient for weight
functions of the form w;(Q;) = log(1 + @Q;)/9:(Q;), where ¢;(Q;) is allowed
to increase to infinity at an arbitrarily slow rate. Results in [36] suggest
that more aggressive choices of the functions p;(-) and ;(-), which translate
into functions w;(-) that grow faster to infinity, can improve the delay per-
formance. In view of these results, we will be particularly interested in such
weight functions w;(+), where the stability results of Chapter 3 do not apply.
In order to examine under what conditions the system will remain stable, we
will examine fluid limits for the process {(X(t), @(t))}+>0 as introduced in

the next section.

4.1 Qualitative discussion of fluid limits

Fluid limits may be interpreted as first-order approximations of the original
stochastic process, and provide valuable qualitative insight and a powerful
approach for establishing (in)stability properties [32, 33, 34, 35]. In this
section we discuss fluid limits for the process {(X (¢), Q()) }¢+>o0 from a broad
perspective, with the aim to informally exhibit their qualitative features in

various regimes, and we deliberately eschew rigorous claims or proofs.
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4.1.1 Fluid-scaled process

In order to obtain fluid limits, the original stochastic process is scaled in
both space and time. More specifically, we consider a sequence of processes
{(XWB) (1), QP (1)) }y0 indexed by a sequence of positive integers R, each
governed by similar statistical laws as the original process, where the initial
states satisfy S0 QgR)(O) = R and QER)(O)/R — @; as R — oo. The
process {(X ) (Rt), QF) (Rt))}i>o is referred to as the fluid-scaled version of
the process {(X®(t), QU9 (t)};>0. Note that the activity process is scaled in
time as well but not in space. For compactness, denote Q% (t) = £Q(Rt).
Any (possibly random) weak limit {q(¢)}s>0 of the sequence {Q%(t)}i>o, as
R — o0, is called a fluid limit.

It is worth mentioning that the above notion of fluid limit based on the
continuous-time Markov process is only introduced for the convenience of the
qualitative discussion that follows. For all the proofs of fluid limit properties
and instability results we will rely on a rescaled linear interpolation of the
uniformized jump chain (as will be defined in Section 4.8.3), with a time-
integral version of the X (-) component. This construction yields convenient
properties of the fluid limit paths and allows us to extend the framework of
Meyn [35] for establishing instability results for discrete-time Markov chains.
(The original continuous-time Markov process has in fact the same fluid limit
properties, but this is not directly relevant in any of the proofs.)

The process {(X I (Rt), Q" (Rt))}>0 comprises two interacting compo-
nents. On the one hand, the evolution of the (scaled) queue length process
+QW(Rt) depends on the activity process X (Rt). On the other hand,
the evolution of the activity process X ¥)(Rt) depends on the queue length
process Q) (Rt) through the activation and de-activation functions f;(-) and
g:(+). In many cases, a separation of time scales arises as R — oo, where
the transitions in X ®)(Rt) occur on a much faster time scale than the vari-
ations in Q% (t) = £Q(t). Loosely phrased, the evolution of Q®(t) is then
governed by the time-average characteristics of X (R)(-) in a scenario where
QT (t) is fixed at its instantaneous value.

In other cases, however, the transitions in X ®)(Rt) may in fact occur on
a much slower time scale than the variations in Q¥(¢), or there may not be
a separation of time scales at all. As a result, qualitatively different types of

fluid limits can arise, as observed in [36], depending on the mixing properties
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of the activity process. These mixing properties, in turn, depend on the
functional shape of the activation and de-activation probabilities p;(-) and

¥;(+), in conjunction with the structure of the interference graph G.

4.1.2 Fast mixing: Stability result revisited

We first consider the case of fast mixing. In this case, the transitions in
X @) (Rt) occur on a much faster time scale than the variations in Q*(¢), and
completely average out on the fluid scale as R — oo. Informally speaking,
this entails that the mixing time of the activity process in a scenario with
fixed activation rates r;(Rg;) and de-activation rates 7;(Rg;) grows slower
than R as R — oo. In order to obtain a rough bound for the mixing time,
assume that r;(-) = r;(+), 7;(-) = 7(+), and denote h(x) = r(z)/r(z). Further
suppose that i(R) — oo as R — oo, and h(aR)/h(R) — h(a) as R — oo,
with h(a) > 0 for any a > 0. The latter assumptions are satisfied, for
example, when h(z) = 27, v > 0, with h(a) = a”, or when h(z) = log(z)
with iz(a) = 1. Without proof, we claim that the mixing time then grows
at most at rate r(R)™ ~1#(R)™™ as R — oo, with m* the cardinality of a
maximum-size independent set. Thus, fast mixing behavior is guaranteed
when 7(-) does not grow too fast, 7#(-) does not decay too fast, or m* is

sufficiently small, e.g.,
(i) 7(z) =r and m* = 1;
(ii) r(z) = Y =D=0 #(z) = 7, and m* > 2;
(iii) r(z) = r and #(z) > o~ 1/™"+9;
(iv) r(x) =r, #(x) = 1/log(l + z);
(v) r(xz) =log(l + ) and 7(z) = 7.

The fluid limit then follows an entirely deterministic trajectory, which is

described by a differential equation of the form

d
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as long as ¢(t) > 0 (component-wise), with the function u;(-) representing

the fraction of time that node i is active. We may write

wilq) = 3 sim(si ).

seS

with 7(s; q) denoting the fraction of time that the activity process resides in
state s € S in a scenario with fixed activation rates r;(Rq;) and de-activation
rates 7;(Rg;) as R — oo. Let S* = {s € S : IV s; = m*} correspond to the
collection of all maximum-size independent sets. Under the above-mentioned

assumptions,

N
Zues* 1:[1 h(%‘)ui

exp(301L i log(h(2:)))
ues: xp(LL, wilog(h(a:)))

for s € S*, while 7(s;q) = 0 for s ¢ S*. In particular, if h(z) = 27, v > 0,
then

N

114 N

=i 1 Sil i
r(s1q) = — =) o exp(y )i silog(a)

N Y
e ﬁ o > uess XP(Y Do, uilog(gi))
uceS* 1
=1

for s € S*. Also, if h(z) = log(1l + z), then 7(s;q) = 1/]5*| for s € S*.
When some of the components of ¢ are zero, i.e., some of the queue lengths

are zero at the fluid scale, it is considerably harder to characterize u;(q), since

the competition for medium access from the queues that are zero at the fluid

scale still has an impact. It may be shown though that

N

D plg >0y <(1-9) ul@)lfy > 0)

1=
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for some € > 0, assuming that (p1,...,pny) < o € C. The latter inequality
also holds when ¢ > 0, noting that then SV u;(q) = m*, while 3% p; <
(1 — e)m* for some € > 0.

We conclude that almost everywhere

N N

1 dg;
= qd ff) > (pi— w(a)g,(0) > 0)

—1 P i=1

IA

< e ol > 0p

as long as ¢(t) # 0. This means that ¢(t) = 0 for all ¢t > T for some finite
T < oo, which implies that the original Markov process is positive-recurrent
(32, 34].

For the discrete-time/continuous-time random access mechanism based on
Glauber dynamics, p(xz) = 1—(x), and ¢(x) = 1/(1+exp(w(x))). Thus the

m*w(R) a5 R — 0o, which is consistent with our mixing

mixing time scales as e
time calculations in Chapter 3. Thus, fast mixing behavior is guaranteed

when

1

m*

(i) w(z) =vlog(l+ z), and v <

€
(ii) w(x) =log(l + x)/g(x), when g(-) can grow at an arbitrary slow rate;
(i) w(z) = log'(z);

(iv) w(z) = loglog(e + z).

This agrees with the stability results in Chapter 3 and suggests that these
results in fact hold without the need to know the maximum queue size Q) ax-

Of course, in order to convert the above arguments into an actual stability
proof, the informal characterization of the fluid limit needs to be rigorously
justified. This is a major challenge, and not the real goal of this chapter, since
we aim to demonstrate the opposite, namely that more aggressive activity or
de-activation functions can cause instability. Strong evidence of the technical
complications in establishing the fluid limits is provided by recent work of
Robert and Véber [43]. Their work focuses on the simpler case of a single
work-conserving resource (which corresponds to a full interference graph in

the present setting) without any back-off mechanism, where the service rates
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Figure 4.1: The diamond network: A complete partite graph with K = 3
components, each containing two nodes.

of the various nodes are determined by a logarithmic function of their queue

lengths.

4.1.3 Sluggish mixing: Random oscillatory fluid limits

With the aim of demonstrating instability for more aggressive schemes, we
now turn to the case of sluggish mixing. In this case, the transitions in
X@)(Rt) occur on a much slower time scale than the variations in Qf(¢),
and vanish on the fluid scale as R — oo, except at time points where some
of the queues hit zero. The detailed behavior of the fluid limit in this case
depends delicately on the specific structure of the interference graph G and
the shape of the functions r;(-) and 7;(-). This prevents a characterization
in any degree of generality, and hence we focus attention on some particular
scenarios.

In order to show that sluggish mixing behavior itself need not imply in-
stability, we first examine a complete K-partite graph as considered in [28],
where the nodes can be partitioned into K > 2 components. All nodes are
connected except those belonging to the same component. Figure 4.1 depicts
an example of a complete partite graph with K = 3 components, each con-
taining two nodes. We will refer to this network as the diamond network,
since the edges correspond to those of an eight-faced diamond structure, with

the node pairs constituting the three components positioned at the opposite
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ends of three orthogonal axes.

Denote by M, C {1,..., N} the subset of nodes belonging the k-th compo-
nent. Once one of the nodes in component M}, is active, other nodes within
M, can become active as well, but none of the nodes in the other components
M, | # k, can be active. The necessary stability condition then takes the
form p = Zszl pr < 1, with pp = max;epn, p; denoting the maximum traffic
intensity of any of the nodes in the k-th component.

Now consider the case that each node operates with an activation function
r(z) with lim,_,., 7(z) > 0 and a de-activation function 7(x) = o(x~7), with
~ > 1. This subsumes the Glauber dynamics with weight functions of the
form w;(z) = vylog(l + ), with v > 1. The random-capture scheme of [2§]
is a special case of our activation/decativation functions with 7#(z) = 0 for
all x > 1. Since the de-activation rate decays so sharply, the probability of
a node releasing the medium once it has started transmitting with an initial
queue length of order R, is vanishingly small, until the queue length falls
below order R or the total number of transmissions exceeds order R (but the
latter implies the former). Hence, in the fluid limit, a node must completely
empty its queue almost surely before it releases the medium. Because of
the interference constraints, it further follows that once the activity process
enters one of the components, it remains there until all the queues in that
component have entirely drained (on the fluid scale), and then randomly
switches to one of the other components. For conciseness, the fluid limit
process is said to be in an Mj-period during time intervals when at least one
of the nodes in component My, is served at full rate (on the fluid scale).

Based on the aforementioned informal observations, we now proceed with
a more detailed description of the dynamics of the fluid limit process. We do
not aim to provide a proof of the stated properties, since the main goal of this
chapter is to demonstrate the potential for instability rather than establish
stability. However, the proof arguments that we will develop for a similar
but more complicated interference graph in the remainder of this chapter,
could easily be applied to provide a rigorous justification of the fluid limit
and establish the claimed stability results.

Assume that the system enters an My-period at time ¢, then

(a) It spends a time period T} (t) = max;e s, Mq_’ft;_ in M.

(b) During this period, the queues of the nodes in M} drain at a linear rate
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(or remain zero)
qi(t +u) = max{q;(t) + (A — po)u, 0}, Vi € My,
while the queues of the other nodes fill at a linear rate
qi(t + u) = q;(t) + \u, Vi & My,

for all u € [0, T (1)].

(c) At time t + Ty(t), the system switches to an M;-period, | # k, with
probability

s > iear, T(Rai(t + Ti(1)))
pua(t+ Tlt)) = ’%1—{20 Doz 2iem, T(Rai(t + Ti(t)))

Thus the fluid limit follows a piece-wise linear sample path, with switches
between different periods governed by the transition probabilities specified
above. Figure 4.2 depicts an example of the fluid limit sample path for the
network of Figure 4.1 with r(z) = 1, for all x > 1.

Now define the Lyapunov function L(t) := Z,ﬁil gr(t), with

G (t) Znel%q()/u

Then,

d K
—L(t) < nn—1=p—1<0
dt(>_;Pk P <

almost everywhere when p < 1, as long as L(t) > 0. Therefore, L(t) = 0, and
hence ¢(t) =0, for all t > T, with T' = Ii(TO; < oo, implying stability [32, 34],

even though the fluid limit behavior is not smooth at all.

4.2  Fluid limits for broken-diamond network

In Section 4.1 we discussed qualitative features of fluid limits in various sce-
narios, and in particular for so-called complete partite graphs. We now pro-
ceed to consider a “nearly” complete partite graph, and will demonstrate that

if some of the edges between two components M, and M; are removed (thus
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Figure 4.2: A fluid limit sample path for the diamond network of Figure 4.1.

O N
®F

YN

©

M;

Figure 4.3: The broken-diamond network, obtained by removing one edge
from the diamond network of Figure 4.1, yielding an additional schedule
My.

reducing interference), the network might become unstable for “aggressive”
activation and/or de-activation functions! Specifically, we will consider the
diamond network of Figure 4.1, and remove the edge between nodes 4 and 5
to obtain a broken-diamond network with an additional component/maximal
schedule My, as depicted in Figure 4.3.

The intuitive explanation for the potential instability may be described as
follows. Denote py = max{p;, p2}, and assume p3 > py and pg > p5. It is
easily seen that the fraction of time that at least one of the nodes 1, 2, 3 and
6 is served, must be no less than p = py + p3 + ps in order for these nodes
to be stable. During some of these periods nodes 4 or 5 may also be served,
but not simultaneously, i.e., schedule M, cannot be used. In other words,
the system cannot be stable if schedule M, is used for a fraction of the time
larger than 1 — p. As it turns out, however, when the de-activation function

is sufficiently aggressive, e.g., 7(z) = o(z~7), with v > 1 (correspondingly
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weight functions of the form w;(z) = vlog(l + x), v > 1), schedule M, is in
fact persistently used for a fraction of the time that does not tend to 0 as p
approaches 1, which forces the system to be unstable.

Although the above arguments indicate that invoking schedule My is a
recipe for trouble, the reason may not be directly evident from the system
dynamics, since no obvious inefficiency occurs as long as the queues of nodes 4

and 5 are nonempty. However, the fact that the Lyapunov function

E max g;(t
ZEMk

may increase while serving nodes 4 and 5, when g3(t) > q4(t) and ¢g(t) >
qs(t), is already highly suggestive. (Such an increase is depicted in Figure 4.4
during the M, period of the switching sequence My — My — My, — M, —
Mj — M;.) Indeed, serving nodes 4 and 5 may make their queues smaller
than those of nodes 3 and 6, leaving these queues to be served by themselves
at a later stage, at which point inefficiency inevitably occurs.

In the sequel, the fluid limit process is said to be in a natural state when
q3(t) > qu(t) and gs(t) > g5(t), with equality only when both sides are zero.
We will assume A3 > Ay and A\g > A5, and will show that the process must
always reside in a natural state after some finite amount of time. As described
above, instability is bound to occur when schedule M, is used repeatedly for
substantial periods of time while the fluid limit process is in a natural state.
Since the process is always in a natural state after some finite amount of time,
it is intuitively plausible that such events occur repeatedly with positive
probability, but a rigorous proof that this leads to instability is far from
simple. Such a proof requires detailed analysis of the underlying stochastic
process (in our case via fluid limits), and its conclusion crucially depends on
the de-activation function. Indeed, the stability results in [27, 16, 13, 14, 15]
indirectly indicate that the broken-diamond network is not rendered unstable
for sufficiently cautious de-activation functions.

Just like for the complete partite graphs, the fluid limit process is said to
be in an M;-period when node 1 or node 2 (or both) is served at full rate.
The process is in an Ms- or M3-period when node 3 or 6 is served at full rate,
respectively. The process is in an My-period when nodes 4 and 5 are both

served at full rate simultaneously.
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Figure 4.4: A fluid limit sample path for the broken-diamond network of
Figure 4.3, corresponding to the switching sequence
Ml—)M2—>M1—>M4—>M3.

In Section 4.2.1 we will provide a detailed description of the dynamics of
the fluid limit process once it has reached a natural state and entered an
M-, Ms-, Ms- or My-period. The justification for the description follows
from a collection of lemmas and propositions which are stated and proved
in Sections 4.8.3-4.8.6, with a high-level outline provided in Section 4.2.2.
In Section 4.3 we will exploit the properties of the fluid limit process in
order to prove that the harmful behavior described above indeed occurs for
sufficiently aggressive de-activation functions, implying instability of the fluid

limit process as well as the original stochastic process.

4.2.1 Description of the fluid limit process

We now provide a detailed description of the dynamics of the fluid limit
process once it has reached a natural state and entered an M-, Ms-, M3- or
My-period. For sufficiently high load, i.e., p sufficiently close to 1, a natural
state and such a period occur in uniformly bounded time almost surely for
any initial state. As will be seen, for de-activation functions 7;(x) = o(z™7)
(correspondingly weight functions w;(z) = ylog(1+x)), with v > 1, the fluid
limit process then follows similar piece-wise linear trajectories, with random
switches, as described in the previous section for complete partite graphs and
further illustrated in Figure 4.4. For notational convenience, we henceforth
assume u; = 1, so that p; = \;, for all e =1,..., N, and additionally assume

activation functions r;(z) =1, forx > 1, foralli=1,..., N.
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M;-period

Assume the system enters an M;-period at time ¢, then

(a) It spends a time period T (t) = max { o) g:(t) } in M;.

(b) During this period, the queues of nodes 1 and 2 drain at a linear rate

(or remain zero)
¢;(t +u) = max{q;(t) — (1 — p;)u,0}, fori=1,2,
while the queues of nodes 3, 4, 5, 6 fill at a linear rate
qi(t +u) = q;(t) + pyu, for i = 3,4,5,6,

for all u € [0, T1(t)]. In particular, ¢;(t + T1(t)) = go(t + T1(t)) = 0.

(¢) At time t 4 Ti(t), the system switches to an My-, Ms- or My-period

with transition probabilities p1o = g, P13 = %, and p1y = i, respectively.

Ms-period
Assume that the system enters an Ms-period at time ¢, then
g3(t)

(a) The system spends a time period T5(t) = - in M.

(b) During this period, the queues of nodes 3 and 4 drain (or remain zero)
¢;(t +u) = max{q;(t) — (1 — p;)u, 0}, for i = 3,4,
while the queues of nodes 1, 2, 5, 6 fill at a linear rate
qi(t +u) = q;(t) + pu, fori =1,2,5,6,

for all u € [0, T5(t)]. In particular, gs3(t + T5(t)) = 0.

(c) At time ¢ + T5(t), the system switches to an M;- or Ms-period. Note
that % > % by the assumption that A3 > A, and that the process
has reached a natural state, so that gs(t) > q4(t) (since g5(t) = qu(t) =0
cannot occur at the start of an Ms-period). Thus node 4 has emptied

before time t+T5(t), and remained empty (on the fluid scale) since then,
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precluding a switch to an My-period except for a negligible duration on
the fluid scale), only allowing the system to switch to either an M- or
Ms-period. The corresponding transition probabilities can be formally
expressed in terms of certain stationary distributions, but are difficult
to obtain in explicit form. Note that in order for any of the nodes 1,
2, 5 or 6 to activate, node 3 must be inactive. In order for nodes 1, 2
or 6 to activate, node 4 must be inactive as well, but the latter is not
necessary in order for node 5 to activate. Since node 4 may be active
even when it is empty on the fluid scale, it follows that node 5 enjoys
an advantage in competing for access to the medium over nodes 1, 2
and 6. While it may be argued that node 4 is active with probability p4
by the time node 3 becomes inactive for the first time, the resulting
probabilities for the various nodes to gain access to the medium first

do not seem to allow a simple expression.

Remark 4.1. If the process had not yet reached a natural state, the

t t
Chse a3(t) ~ qa(t)
1-p3 — 1—ps

g3(?) < w

could also arise. In case that inequality is strict, i.e.,

1—p3 1—ps’
simply forcing a switch to an My-period with probability 1.

the queue of node 4 is still nonempty by time t + T(t),

In case of equality, i.e., fi(;i = f‘i(;i, howewver, the situation would be

much more complicated, which serves as the illustration for the signifi-

cance of the notion of a natural state. In order to describe these difficul-
ties, note that the queues of nodes 3 and 4 both empty at time t + Ty(t),
barring a switch to an My-period, and permitting only a switch to either
an M- or Ms-period. Just like before, node 5 is the only one able to
activate during periods where node 3 is inactive while node 4 is active,
and hence enjoys an advantage in competing for access to the medium.
In fact, node 5 will gain access to the medium first almost surely if
node 3 is the first one to become inactive (in the pre-limit). The proba-
bility of that event, and hence the transition probabilities to an M- or
Ms-period, depends on queue length differences between nodes 3 and 4
at time t that can be affected by the history of the process and are not

vistble on the fluid scale.
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Ms-period

The dynamics for an Mjs-period are entirely symmetric to those for an Ms-

period, but will be replicated below for completeness.

Assume that the system enters an M;z-period at time ¢, then

(a)
(b)

= qa_(t) in M3.
6

The system spends a time period T3(t) = {&

During this period, the queues of nodes 5 and 6 drain (or remain zero)
¢;(t +u) = max{q;(t) — (1 — p;)u, 0}, for i = 5,6,
while the queues of nodes 1, 2, 3, 4 fill at a linear rate
qi(t+u) = q(t) + piu, for i =1,2,3,4,

for all u € [0, T3(¢)]. In particular, gg(t + T5(t)) = 0.

At time ¢ 4 T3(t), the system switches to an M;- or My-period. Note
that t) < &£ t) by the assumption that A5 > A¢ and that the process
has reached a natural state, so that gs(t) < gs(t) (since g5(t) = gs(t) =0

cannot occur at the start of an Ms-period).

Thus node 5 has emptied before time ¢+ T3(¢), and remained empty (on
the fluid scale) since then, precluding a switch to an M,-period (except
for a negligible period on the fluid scale), only allowing the system to
switch to either an M;- or Ms-period. The corresponding transition
probabilities are difficult to obtain in explicit form for similar reasons

as mentioned in case 2(c).

Remark 4.2. If the process had not yet reached a natural state, the

case 115(;) > QG_(;Z could also arise. In case that inequality is strict, i.e.,

a5(t) t)
lp <q6

forcing a swztch to an My pemod with probability 1.

, the queue of node 5 is still nonempty by time t + T5(t),

In case of equality, i.e., % = 15 p , the queues of nodes 5 and 6 both
empty at time T3(t), barring a switch to an My-period, and permitting
only a switch to either an M- or Msy-period. For similar reasons as
mentioned in case 2(c), the corresponding transition probabilities de-
pend on queue length differences that are affected by the history of the

process and are not visible on the fluid scale.
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My-period

Assume that the system enters an My-period at time ¢, then

(a)
(b)

It spends a time period T(t) = min {%, %} in My.

During this period, the queues of nodes 4 and 5 drain at a linear rate
qi(t+u) =q(t) — (1 — p;)u, fori=4,5,

while the queues of nodes 1, 2, 3, 6 fill at a linear rate
qi(t +u) = q;(t) + pu, for i =1,2,3,6,

u € [0, Ty(t)]. In particular, min{q(t + Ty(t)), g5(t + T4(t))} = 0.

At time t + Ty(t), the system switches to either an Ms- or Ms-period.

In order to determine which of these events can occur, we need to

distinguish between three cases, depending on whether % is (i) larger

than, (ii) equal to, or (iii) smaller than %.

In case (i), i.e., ;14_(2 > 115_(;’3_), we have q4(t + Ty(t)) > 0, i.e., the queue

of node 4 is still nonempty by time ¢t + Ty(t), causing a switch to an
Ms-period with probability 1.

In case (ii), i.e., f‘i(;i = fi(;i, we have qu(t + Ty(t)) = g5(t + Tu(t)) = 0,

i.e., the queues of nodes 4 and 5 both empty at time ¢t 4+ Ty(t). Even

though both queues empty at the same time on the fluid scale, there
will with overwhelming probability be a long period in the pre-limit
where one of the nodes has become inactive for the first time while the
other one has yet to do so. Since both nodes 4 and 5 must be inactive
in order for nodes 1 and 2 to activate, these nodes have no chance to
activate during that period, but either node 3 or node 6 does, depending
on whether node 5 or node 4 is the first one to become inactive. As a
result, the system cannot switch to an M;-period, but only to an Ms- or
Ms-period. In fact, a switch to My will occur almost surely if node 5 is
the first one to become inactive, while a switch to M3 will occur almost
surely if node 4 is the first one to become inactive. The probabilities
of these two scenarios, and hence the transition probabilities to M,

and M3, depend on queue length differences between nodes 4 and 5 at
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time ¢t that are affected by the history of the process and are not visible

on the fluid scale.

In case (iii), i.e., % < 115_(;2, we have gs(t + T4(t)) > 0, i.e., the queue

of node 5 is still nonempty by time ¢ + Ty(¢), forcing a switch to an

Ms-period with probability 1.

Remark 4.3. As noted in the above description of the fluid limit process, in
cases 2(c), 3(c), and 4(c)(ii) the transition probabilities from an Ms-period to
an M- or Ms-period, from an Mjz-period to an My- or Ms-period, and from
an My- to an M- or Ms-period, depend on queue length differences that are
affected by the history of the process and are not visible on the fluid scale.
Depending on whether or not the initial state and parameter values allow
for these cases to arise, it may thus be impossible to provide a probabilistic
description of the evolution of the resulting fluid limit process, even in terms

of its entire own history.

4.2.2 Overview of fluid limit proofs

In the previous subsection we provided a description of the dynamics of the
fluid limit process once it has reached a natural state and entered an M,
Ms-, Ms- or My-period. As was further stated, for p sufficiently close to 1,
a natural state and such a period occurs in uniformly bounded time almost
surely for any initial state. The justification for all these properties follows
from a series of lemmas and propositions stated and proved in Sections 4.8.3—
4.8.6. In this subsection we present a high-level outline of the fluid limit
statements and proofs.

First of all, recall that the description of the fluid limit process referred
to the continuous-time Markov process representing the system dynamics as
introduced at the beginning of this chapter. For all the proofs of fluid limit
properties and instability results however we consider a rescaled linear inter-
polation of the uniformized jump chain (as defined in Section 4.8.3). This
construction yields convenient properties of the fluid limit paths and allows
us to extend the framework of Meyn [35] for establishing instability results for
discrete-time Markov chains. (The original continuous-time Markov process
has in fact the same fluid limit properties, but this is not directly relevant in

any of the proofs.)
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The proofs of the fluid limit properties consist of four main parts. Part A
identifies several basic properties of the fluid limit paths, and in particular
establishes that the queue length trajectory of each of the individual nodes
exhibits “sawtooth” behavior. This fundamental property in fact holds in
arbitrary interference graphs, and only requires an exponent v > 1 in the
backoff probability. Part B of the proof shows a certain dominance property,
saying that if all the interferers of a particular node also interfere with some
other node that is currently being served at full rate, then the former node
must be empty or served at full rate (on the fluid scale) as well. Under the
assumption A3 > Ag, A5 < Ag, the dominance property implies that after a
finite amount of time the fluid limit process for the broken-diamond network
must always reside in a natural state as defined in the previous subsection.
Part C of the proof centers on the M-, Ms-, M3- and My-periods, and estab-
lishes that at the end of any such period, the process immediately switches
to one of the other types of periods with the probabilities indicated in the
previous subsection. In particular, it is deduced that an M,-period cannot be
entered from an Ms- or M;s-period, and must always be preceded by an M;-
period once the process has reached a natural state. The combination of the
sawtooth queue length trajectories and the switching probabilities provides
a probabilistic description of the dynamics of the fluid limit once the process
has reached a natural state and entered an M-, Ms-, Ms- or Mj-period.
Part B already established that the process must always reside in a natural
state after a finite amount of time, but it remains to be shown that the pro-
cess will inevitably enter an M-, Ms-, M3- or My- period, which constitutes
the final Part D of the proof. The core argument is that interfering empty
and nonempty queues can not coexist, since the empty nodes will frequently
enter back-off periods, offering the nonempty nodes abundant opportunities
to gain access, drain their queues, and cause the empty nodes to build queues
in turn.

Part A of the proof starts with the simple observation that, by the “skip-
free” property of the original pre-limit process, the sample paths of the in-
terpolated version of the uniformized jump chain are Lipschitz continuous,
and hence so are the sample paths of the fluid-scaled process. The fluid limit
paths inherit the Lipschitz continuity, and are thus differentiable almost ev-
erywhere with probability one.

Then fluid limit paths are determined by a countable set of “entrance”
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times and “exit” times of (0, c0) with probability one. The proof then pro-
ceeds to show that if a nonempty node (on the fluid scale) receives any
amount of service during some time interval, then it must in fact be served
at the full rate until it has completely emptied (on the fluid scale), assuming
v > 1. This implies that when node i is nonempty (on the fluid scale), its
queue must either increase at rate \; or decrease at rate 1 — \; until it has
entirely drained. In other words, the queue length trajectory of each of the
individual nodes exhibits sawtooth behavior (Theorem 4.5).

Part B of the proof pertains to the joint behavior of the fluid limit tra-
jectories of the various queue lengths. First of all, the natural property is
proved that whenever a particular node is served, none of its interferers can
receive any service (Lemma 4.3). Second, it is established that whenever a
particular node is served, any node whose interferers are a subset of those of
the node served, must either be empty or be served at full rate as well (on the
fluid scale) (Corollary 4.3). For example, in the broken-diamond network,
whenever node 3 is served, node 4 must either be empty or be served at full
rate as well, and similarly for nodes 5 and 6. These two properties combined
yield a dominance property, saying that if all the interferers of a particular
node also interfere with some other node that is currently being served at
full rate, then the former node must be empty or served at full rate (on the
fluid scale) as well. In the case of the broken-diamond network, under the
assumption A3 > A4, the queue of node 3 will therefore never be smaller than
that of node 4 after some finite amount of time, and similarly for nodes 4
and 5. Thus the fluid limit process will always reside in a natural state after
some finite amount of time.

Part C of the proof focuses on the M;i-, M,-, Ms- and My-periods as
described above. Because of the sawtooth behavior, an M;-period can only
end when both nodes 1 and 2 are empty (on the fluid scale). Likewise, an M,-
or Ms-period can only end when node 3 or node 6 is empty, respectively. An
M,-period can only end when node 4 or node 5 (or both) is empty. It is then
proven that at the end of an M;-period, the fluid limit process immediately
switches to an M-, Ms- or My-period with the probabilities specified in the
previous subsection (Theorem 4.7). When the process resides in a natural
state, an Ms-period is always instantaneously followed by an M;- or Ms;-
period, while an Mj3-period is always instantaneously followed by an M;-

or Ms-period. In particular, it is concluded that an M,-period cannot be
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entered from an Ms- or M;3-period, and must always be preceded by an M-
period once the process has reached a natural state. After an My-period, the
process always immediately switches to an Ms- or M;z-period.

There is no reason a priori, however, that the process is guaranteed to
actually ever enter an M-, M-, M3- or My~ period. In fact, the process
may very well spend time in different kinds of states, but the final Part D
of the proof establishes that these kinds of states are transient, and cannot
occur once a natural state has been reached, which is forced to happen in
a finite amount of time for particular arrival rates as was already shown in
Part B. Note that an M-, Ms-, M3- or M,- period occurs as soon as node 1,
node 2, node 3, node 6 or nodes 4 and 5 simultaneously are served at full
rate. In other words, the only ways for the process to avoid an M;-, My-, M3-
or My-period, are: (i) for node 4 to be served at full rate, but not nodes 3
and 5; (ii) for node 5 to be served at full rate, but not nodes 4 and 6; (iii)
for none of the nodes to be served at full rate. Scenario (i) requires node 3
to be empty (on the fluid scale) and node 4 to be nonempty, which cannot
occur in a natural state. Likewise, scenario (ii) cannot arise in a natural state
either. Scenario (iii) requires that every empty node i is served at rate p;
(on the fluid scale), while all nonempty nodes are served at rate 0. Such a
scenario is not particularly plausible, but a rigorous proof turns out to be
quite involved. The insights rely strongly on the specific properties of the
broken-diamond network, and an extension to arbitrary graphs does not seem
straightforward. The core argument is that interfering empty and nonempty
queues can not coexist, since the empty nodes will frequently enter back-off
periods, offering the nonempty nodes abundant opportunities to gain access,

drain their queues, and cause the empty nodes to build queues in turn.

4.3 Instability results for broken-diamond network

In Section 4.2, we provided a detailed description of the dynamics of the
fluid limit process, once it has reached a natural state and entered an M-,
Ms-, M3-, or My-period. In this section we exploit the properties of the fluid
limit process in order to prove that it is unstable for p sufficiently close to 1,
and then show how the instability of the original stochastic process can be

deduced from the instability of the fluid limit process.
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4.3.1 Instability of the fluid limit process

In order to prove instability of the fluid limit process, we first revisit the
intuitive explanation discussed earlier in Section 4.2, see Figure 4.4 for an
illustration. Denote py = max{py, p2}, and recall that p3 > ps and ps < pg
by assumption. Since nodes 1, 2, 3 and 6 are only served during M-, M>-
and M;s-periods, and not during My-periods, it is easily seen that the fraction
of time that the system spends in M;-, M- and M;z-periods must be no less
than p = po + p3 + ps in order for these nodes to be stable. Thus, the
system cannot be stable if it spends a fraction of the time larger than 1 — p
in My-periods. As it turns out, however, when the de-activation function is
sufficiently aggressive, e.g., 7(x) = o(z~7) (correspondingly weight functions
w;(z) = ylog(1+ x)), with v > 1, My-periods in fact persistently occur for a
fraction of time that does not tend to 0 as p approaches 1, which forces the
system to be unstable.

Figure 4.4 shows a fluid-limit sample path corresponding to the switching
sequence My — My — My — My — M3 — M;. The aggregate queue size
starts building up in the M;s-period that follows the My-period.

In order to prove instability of the fluid limit process, we adopt the Lya-
punov function L(t) = 35, maxeas, ¢i(t), and will show that the load L(t)
grows without bound almost surely. Note that the load L(t) increases during
M,-periods while the process is in a natural state.

In preparation for the instability proof, we first state two auxiliary lemmas.
It will be convenient to view the evolution of the fluid limit process, and
in particular the Lyapunov function L(t), over the course of cycles. The
i-th cycle is the period from the start of the (i — 1)-th M;j-period to the
start of the i-th M;-period once the fluid limit process has reached a natural
state. Denote by t; the start time of the i-th cycle, : = 1,2,.... Each t; is
finite almost surely for p sufficiently close to 1, and in particular an infinite
number of cycles must occur almost surely. In order to see that, recall that
the fluid limit process will reach a natural state and enter an M-, M-,
Ms- or My-period in finite time almost surely for any initial state as stated
in Section 4.2.1. The description of the dynamics of the fluid limit process
provided in that section then implies that M;-periods and hence cycles must
occur infinitely often (and if only finitely many M;-periods occurred, then at

least one of the nodes would in fact never be served again after some finite
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time, implying that the fluid limit process is unstable regardless).

The next lemma shows that the duration of a cycle and the possible in-
crease in the load over the course of a cycle are linearly bounded in the load
at the start of the cycle.

Lemma 4.1. The duration of the i-th cycle, At; = t;1 1 —t;, and the increase
in the load over the course of the i-th cycle, L(t;v1) — L(t;) = L(t; + At;) —
L(t;), are bounded from above by

At; < CrL(t;) and L(tip1) — L(t;) < CLL(t),

forallp < 1, where Cp = —2 < L4 ! ) and Cp, =

[
1—p3—ps \ 1—po 1—max{p4,05} 1—max{pa,p5}

The proof of Lemma 4.1 is presented in Section 4.8.1.

In order to establish that the durations of M,-periods are non-negligible, it
will be useful to introduce the notion of “weakly-balanced” queues, ensuring
that the queues of nodes 4 and 5 are not too small compared to the queues
of nodes 3 and 6.

Definition 4.1. Let ™" and 8™ be fized positive constants. The queues
are said to be weakly balanced in a given cycle (with respect to ™ and 3™ )
if grmin < 32—8, ;i—gg < g™ with t denoting the time when the M-period ends
that initiated the cycle.

The next lemma shows that over two consecutive cycles, the queues will
be weakly balanced with probability at least 1/3.

Lemma 4.2. Let

P2 o P21 —maxipy, ps}

2 (P2 + (ps + 06)—11:2;1?22255}‘}) p 1 —minips, ps}

€ =

Then over two consecutive cycles, with probability at least 1/3, the queues

will be weakly balanced in at least one of these cycles with

max{ps, pe} + (1 — pa)(1 —€) /€

6max — .
min{py, ps}

)

and Bmin — 1

Bmax ‘

The proof of Lemma 4.2 is presented in Section 4.8.2.
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Figure 4.5: A cycle Dy, consisting of a pair of consecutive cycles.

As suggested by Lemma 4.2, it will be convenient to consider pairs of two
consecutive cycles in order to prove instability of the fluid limit process.

Let Dy be the pair of cycles consisting of cycles 2k — 1 and 2k as in
Figure 4.5, k = 1,2, .... With minor abuse of notation, denote by T} = tor_1
the start time of Dy and Ly = L(T;). Denote by ATy, = Tpi1 — T} the
duration of Dy and by ALy = L1 — Ly the increase in L(t) over the course
of Dy.

The next proposition shows that for p sufficiently close to 1 the load cannot
significantly decrease over a pair of cycles and will increase by a substantial
amount with non-zero-probability. We henceforth assume (p1, p2, ps, p4, P5, P6) =
p(K1, Ko, K3, K3 — @, kg — @, Kg ), with max{k1,ko} + K3+ ke =1and 0 < a <

min{ks, K¢}, S0 that p = po + p3 + pe.

Proposition 4.1. Let Cpr = Cr(2 + CL), with Cr and Cp, as specified in
Lemma 4.1, 0 = 1—(1—p)Crr, p = 1/12. Over cycle pairs Dy, k = 1,2, ...,

(1) ATy < CrrLy;
(ZZ) L(t) > 0Ly for allt € [TkaTk—H];

(iii) P(Lit1 — 0Ly, > 6(p)0Lk|Li) > p,

with §(p) a constant, depending on p, and d(p) T 6 = B (T )
as p T 1.

1
1+a—min{k3,x6})’

Proof. We first show part (i). Using Lemma 4.1, we find
ATy = Ato—1 + Atgy, < Cp(L(tas-1) + L(tar)) < C7(2 + Cp) Lg.

In order to prove part (ii), note that L(t) cannot decrease at a larger rate

than 1 — p, so that in view of part (i),
L(t) > Ly —(1=p)(t =T}) > Ly — (1 = p)AT}, > (1 — (1 — p)Crr) Ly = 0Ly,
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for all ¢ € [T, Tjt1]-

We now turn to part (iii). Suppose that the following event occurs: the
queues are weakly balanced at the end of an M;-period, say time 7, during Dy,
(which according to Lemma 4.2) happens with at least probability 1/3) and
the system then enters an My-period (which happens with probability 1/4).
Recalling that ps > ps, q3(t) > qu(t), ps < ps and ¢5(t) < gs(t), we find that
during the Mj-period L(t) increases by

| aqu(7)  gs(7) min{qy(7), gs(7)}
2, 201}

== pmin{xs, ke} + pa

1—p4’1—p5

Since the queues are weakly balanced, we deduce g3(7) pr¥gs (1) <

<
BUge(T) < (B™)2qa(7) and go(7) < B qu(T) < fMgs(7) < (B™)%q5(T).
Noting that ¢,(7) = g2(7) = 0, we obtain

L(7) = g5(7) + q6(7) < (14 ") gs(7) < B (1 + ") qa(7),

and also

L(1) = q3(7) + qs(7) < (14 ™) q3(7) < (1 + B™)g5(7).
So
L) < ™1 + ™) min{qa(7), ¢5(7) },

and thus the increase in L(t) during the My-period is no less than §(p)L(7),
with

() = o '
pmax(] 4 gmax)(1 — pmin{ks, kg } + par)

Using part (i) once again, we conclude that with at least probability 1/12,
Liyw > L +6(p)L(7) — (1 = p)ATy, > Ly + 6(p) (L — (1 — p)AT}) — (1 — p)AT,

= (1+4d(p))(Lr — (1 = p)ATy) > (1 +6(p))(Lx — (1 — p)CrrLy)

p)
= (1+0(p)0Ls.

O

Armed with the above proposition, we now proceed to prove that the fluid
limit process is unstable, in the sense that L(T) — oo as T — oo. In fact,

L(T) grows faster than any sub-linear function T, m > 1, as stated in the
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next theorem.

Theorem 4.1. For any m > 1, there exists a constant p* = p*(k,m) < 1,
such that for all p € (p*, 1],

limsup E {%} =0,

T—o0 Lm
for any initial state q(0) with ||q(0)|| =1, and ||-|| denoting the Li-norm.

Proof. Consider the cycle pairs Dy, k = 1,2,..., as defined right before

Proposition 4.1. Assume p € (1— %, 1], so that 6 € (0, 1] in Proposition 4.1.

C

For any time ¢ > T}, we can define a stopping time N; such that Ty, <t <
Tn,+1, i-e., t is within the N;-th cycle pair. (This is possible almost surely,
since T, — oo as k — oo almost surely, as will be proven below.) Recall that
Tn,+1 < Tn,4+CrrLy, and L(t) > 0Ly, by parts (i) and (ii) of Proposition 4.1,
respectively, and trivially Ly, < L(0) 4+ pTy, < 2T, for t sufficiently large.

Thus,

limsupE [tL7"™(t)] < limsupE [Ty, 116 "Ly"]

t—o0 t—o00
< /" limsupE [TNtLJ_Vﬂ +607"Crrlimsup E [L]_V:”H}
t—o00 t—o0
< (1 +2Cyr)limsupE [Ty, Ly"] - (4.1)

t—o0

So it suffices to prove that there exists p* = p*(k,m) < 1 such that (4.1) is
zero for p > p*, which we now proceed to show.

First of all, by Proposition 4.1, for any m > 0,

E[LF] < (L=p)(OLy) ™ +p((0+0)Le) ™™
= amly™, (4.2)

where F}, is a suitable filtration and a,, := (1 — p)8~™ + p(8 + 5) ™.

Since 0(p) — 0(1) = 1 and 0(p) — d(1) = > 0as p T 1, a(p) is a
continuous function of p in the vicinity of 1. Because «,, (1) < 1, there must
exist a pf, = p*(k,m) < 1 such that «,, <1 for all p > p*. This shows that,
for p > pr, L™ is a positive (geometric) super-martingale with parameter

a,, < 1. Taking expectations on both sides of (4.2) yields

E[L;™] <afLy™ (4.3)



with Lo = L(t;,) > 0 as noted earlier. In particular, limy_,., E [L,;m] =0,
and 1/L; — 0 almost surely as k — oo by the Doob’s super-martingale-
convergence theorem (page 147 of [44]). This implies that 7 — oo almost
surely because Ly < pT) + 1 < T} + 1. Therefore, the stopping time Ty, is
well-defined.

Next, consider the sequence of random variables T}, L, ™. Using Proposi-
tion 4.1,

IA

E[TLLi " Fint] < (Tiot + Cur LB [Ly" Fi
< (Tk—l + OLTLk—l)alezinl

= anTp 1 L™ + anCrr L, (4.4)

Define €, := Cpra,, L™, then, by (4.2) and (4.3), ¢, is a positive (geomet-
ric) super-martingale with parameter a,,,—; < 1 for p > p, | = p*(k,m —1).
Then, > "2 Elex] < Crram Y pey ok | < 0o, which shows that

lim T,L;™ = 0,

k—oo

almost surely. In particular, define o := max(a,, a,,,—1) and p* = max{p*,, p:. 1},

then taking expectations on both sides of (4.4) yields
E [TxL;"] < oF [T L] + aCrra™, (4.5)
which, by induction, shows that
E[T:L;™] < o* Y E[T1L7™] + Crr(k — 1)), (4.6)

for p € (p*,1]. Now observe that Tj is strictly bounded and L; is bounded
away from zero, since a natural state is reached in finite time, before the
system can empty, almost surely. It then follows that limy_,, E [TkL,;m] = 0.

The fact that T, L, ™ converges in £, implies that the sequence of ran-
dom variables T, L, ™ is Uniformly Integrable (UIl) (page 147, Theorem 50.1
of [44]). It therefore follows, by adapting the arguments of Doob’s optional
sampling theorem (page 159 of [44]), that the family of random variables
{TNtL;fV’Z} is also UI. Thus by definition, given ¢ > 0, there exists K. such
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that

We deduce

B [Twly ZE [Tk N = Ty Ly < K
< KP{N,<D}+ > Cprka* +¢
k=D+1
Fixing € and D, we find that

D

limsupE [Ty, Ly"] < (D +1) 1a +e

t—o00 —
by the Monotone Convergence Theorem [45], and thus, letting D — oo and
e — 0, we have limsuptﬁooE[TNtL } =0 for p > p*. O]

Corollary 4.1. For any m > 1, there exists a constant p* = p*(k,m) < 1,
such that for all p € (p*, 1],

L(T)
lim inf 7572 = o0,

almost surely for any initial state q(0) with ||q(0)|| = 1.
Proof. Note that for any initial state q(0) with ||q(0)|| = 1,

T 6L
lim inf ) > lim inf K
T—00 1/m k—o0 Tl/m
k+1

as can be seen from Proposition 4.1, and so it suffices to show that
limsup Ty L, ™ = 0.
k
But Tk+1 S Tk + CLTLIm thU_S,

limsup Ty41 L, ™ < limsup T L, ™ + Cprrlimsup L;mﬂ. (4.7)

k—o0 k—o0 k—o0

The right-hand side is zero because, as we saw in the proof of Theorem 4.1,
both T, L™ and L, ™" converge to zero almost surely for p € (p*(k, m), 1].
0
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4.3.2 Instability of the original stochastic process

In Theorem 4.1 we established that the fluid limit process in unstable, in the
sense that L(T) — oo as T'— co. We now proceed to show how the instabil-
ity of the original stochastic process can be deduced from the instability of
the fluid limit process. The original stochastic process is said to be unstable
when {(X (), Q(t)) }+>0 is transient, and ||Q(¢)|| — oo almost surely for any
initial state Q(0).

We will exploit similar arguments as developed in Meyn [35]. A notable
distinction is that the result in [35] requires that a suitable Lyapunov function
exhibits strict growth over time. In our setting the fluid limit is random,
and the growth behavior as stated in Theorem 4.1 is not strict, but only
in expectation and in an asymptotic sense, which necessitates a somewhat
delicate extension of the arguments in [35].

The next theorem states the main result of the present section, indicating
that aggressive de-activation functions cause the network of Figure 4.3 to be

unstable for load values p sufficiently close to 1.

Theorem 4.2. Consider the network of Figure 4.3, and suppose that r;(x) =
1, x > 1, and 7y(x) = o(xz™), with v > 1. Let (p1, p2, p3, P, P5, P6) =
p(K1, Ko, K3, K3 — v, kg — @, Kg), with max{ki,ke} + K3+ ke = 1, and 0 <
a < min{ks, ke}. Then there exists a constant p*(k, ) < 1, such that for all

p € (p(r,a),1]:

lim P liminf [|Q())]| = oo} = 1.
oam P {liminf [|Q(#))] = oo}

Since our Markov chain is irreducible, the theorem immediately implies

that it is transient.

Remark 4.4. Recall that the class of de-activation functions r;(z) = o(x™7)
includes the random-capture scheme with #(x) = 0, x > 1, as considered
in [28]. The result in Theorem 4.2 thus disproves the conjecture that the

random-capture scheme is throughput-optimal in arbitrary topologies.

The proof of Theorem 4.2 relies on similar arguments as developed in the
proof of Theorem 3.2 in [35]. A crucial role is played by Theorem 3.1 of [35],

which is reproduced for completeness in the following.
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Theorem 4.3. Suppose that for a Markov chain {Y (n);n =0,1,2,...} with
discrete state space S, there exist positive functions W (-) and A(-) on S, and

a positive constant ¢y, such that

EW(Y (n+1))[F.] < W(Y(n) — A(Y(n)), (4.8)

wheneverY (n) € Se, ={y € S: W(y) < co}, with F,, := o(Y(0),Y(1),...,Y(n)).

Then for all z € S,

P, {Z A(Y (n) < oo} >1-W(y)/e

In order to apply Theorem 4.3, we need to construct suitable functions
W (-) and A(-). The proof details follow.

Proof of Theorem 4.2. Let (X (n),Q(n)) denote the jump chain obtained from
the continuous-time Markov process by uniformization according to a Poisson
clock of rate [ as described in Section 4.8.3. In order to prove Theorem 4.2
for the original stochastic process, it suffices to establish a similar result for

the jump chain:

lim P lim inf n)|| = oo} = 1. 4.9
i Pag {iminf[Q()] = o) (1.9)
In order to apply Theorem 4.3, consider the function W (y) = E [W|Q(0) = y],

where the random variable W is defined as

RO

Wi= Y L+ [QO) +alQm)™

n=0

for some positive constants a and 7" to be determined later and m > 1. Note
that, with minor abuse of notation, W(Q(0) = y, X(0) = z) = W(y), i.e., W
only depends on the queue and not on the activity vector. The function W (y)
may be interpreted as the following approximation to a Lyapunov function

for the fluid limit process

Iy~ W (y) = Ey UO (1 +allgs(t/B)I)"dt| = V(gy(t),  (4.10)

with equality when |ly|| — oo, and § = mor is the initial state of the fluid
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limit process. Then it follows from the instability of the fluid limit process
that we can choose a and T large enough such that V(g;(t + 7)) < V(gy(t))
for any r > 0 and any initial state g. This implies that

ly[|"E W (Q(n+ 1)) — W(Q(n))|F,] < —constant

when y = Q(n) and ||y|| is sufficiently large. Thus, we can apply Theorem 4.3.
The detailed arguments may be described as follows. First of all, note that

E[W(Q(1)) = W(Q(0)|Q(0) =y, X(0) = 2] = E [¢"W — W|Q(0) = y],

where 6! is the usual backward shift operator on the sample path space [35].
We write 'V — W = A+ B + C, where

A= =L+ Q) + allQO)[]™™

IQO)IIT

ST AR+ 1) + allRm ™
~ L+ Q)] +allQm)I ™},

and

lRIIT

C= [+ QM +allQ(m) ™™

n=[Q(0)T+1

The term “A” provides the negative drift and the other terms can be bounded
as follows. Using the fact that ||Q(1)|| > ||Q(0)|| — 1, and noting that [-]~™

is a convex decreasing function, we have

Q(0)]

Z (ROl + allQ(m) =™ (4.11)

Multiplying both sides by ||Q(0)||™, we see that

lRO)|IT —m—1
iy m Q)|
IQOI"5 < pagy 2 (roiger) - e
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Let Q(0) = y and § := y/||ly||. For any y, the random variable in the right-
hand side (RHS) of (4.12) is bounded by mT', and hence

T
imsup By 1" 5] < By [m [ 1+ ala(s/ )]s
[yl =00 0
because of the weak limit convergence of ﬁQ(”y”)(HyHt) = ¢(t/B) over [0, T
and uniform integrability of the random variables of the form RHS of (4.12).
Next, for “C”, it is sufficient to consider the case that ||Q(1)]| = ||Q(0)]|+1,

where
C<TI+ |yl +1+allQUyIT) —T) ™

Similarly to “B”, multiplying both sides with ||y||™ and taking the limit gives

fmsup By [1y"C] < By [T+ allo(T/3)1]7"). (4.13)
y||—o0
again, because |ly||"C < T (thus, uniform integrability holds) and by the

weak limit convergence. Putting the bounds together, we obtain

limsup [}y " [0W = W] < —(1+a) ™"+ mE, [ / "1+ aL(s/8) " ds
0

llyll—o00

+E; [T(l + aL(T/ﬁ))_m} ,

because ||¢(s)|] > L(s) based on our notation with some initial state ¢(0) = ¢
such that ||g]| = 1. Consider the cycle pairs Dy, k = 1,2,..., as defined for
Theorem 4.1. Then,

E, { /0 OO(1+aL(s/6))_m_1ds] < BE, i / TkH(l—i—aL(s))_m_lds]

| k=0 7 Tk
[ o Tk11

< BEy | / (1+afLy)"™ ds
L k=0 7 Tk

<

BE; [ ATk(aeLk)‘m‘ll
Lk=0

< BCLr(ad)™™ > Ky L]
k=0

Note that the times T}, are random variables in general and we have used the
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fact that Ly 1 > 0L, with 0 < 8 < 1. As we saw in the proof of Theorem 4.1,
for p € (p*,1], E [L;™] < oF. Therefore,

1

mE, [/000(1 +aL(s/B)) ™ *ds| < mBCLr(al) ™t —r (4.14)

11—«

So, we can choose a large enough to ensure that the RHS of (4.14) is less

than £ (1 +a)~™. Next we show that we can choose T large enough such that

Ey [T1+aL(T/B)]™] < z(14+a)™™. (4.15)

OOlH

Note that
Ey [T[1+aL(T/B)]™™"] < a ™y [TL™™(T/B)] (4.16)

and by Theorem 4.1, limsup;_, E; [TL™™(T)] = 0, for p € (p*,1]. Hence,
we can choose T' large enough such that (4.15) holds.

Therefore,

timsup 5] [1V(Q(1) ~ W(QUO)I(Q(0), X(0)) = ()] < —5(1+a) ™

l[yll—o00

This means that there exists a a positive constant ||yo|| such that,
1 —m -m
EW(¥ (1) - W (0)[Y(0) = (y,2)] < = (1 +a) ™"y,

whenever |ly|| > |lyol|. Let co = W(yo) = W(||lyol]). On the other hand, it
follows from (4.10) that limsupy, _., W(y) = 0, which means that A, is
well-defined and also ¢y can be made arbitrary small by letting ||yo|| — oo.
Therefore, the conditions of Theorem 4.3 are satisfied with A(y) = (1 +
a)”"|ly||~™. This shows that

Constant
<oop—1, 4.17
as ||Q(0)|| = oo, which implies (4.9). O
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Figure 4.6: Queue sizes at the various nodes as a function of time for the
network of Figure 4.3.

4.4 Simulation experiments

We now discuss the simulation experiments that we have conducted to sup-
port and illustrate the analytical results. Consider the broken-diamond net-
work as depicted Figure 4.3 and considered in the previous sections. In
the simulation experiments, the relative traffic intensities are assumed to be
k1 = kg = 0.4, k3 = 0.4, and kg = 0.2 with a = 0, for the components Mj,
M,, and M3, respectively, with a normalized load of p = 0.97. At each node
i, the initial queue size is ;(0) = 500, the activation function is r;(z) = 1,
x > 1, and the de-activation function is 7;(x) = (1 + )™ (or the weight
function is w;(z) = vlog(l + x)), where we set v = 2.

Figure 4.6 plots the evolution of the queue sizes at the various nodes over
time, and shows that once a node starts transmitting, it will continue to do
so until the queue lengths of all nodes in its component have largely been
cleared. This characteristic, and the associated oscillations in the queues,
strongly mirror the qualitative behavior displayed by the fluid limit.

Although Figure 4.6 suggests an upward trend in the overall queue lengths,
the fluctuations make it hard to discern a clear picture. Figure 4.7 there-
fore plots the evolution of the node-average queue size over time, and reveals
a distinct growth pattern. Evidently, it is difficult to make any conclu-
sive statements concerning stability/instability based on simulation results
alone. However, the saw-tooth type growth pattern in Figure 4.7 demon-

strates strong signs of instability, and corroborates the qualitative growth
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Figure 4.7: Node-average queue size as function of time for the network of
Figure 4.3.

behavior exhibited by the fluid limit. Indeed, careful inspection of the two
figures confirms that the large increments in the node-average queue size oc-
cur immediately after My-periods, exactly as predicted by the fluid limit. We
further observe that in between these periods, the node-average queue size
tends to follow a slightly downward trend, consistent with the negative drift
of rate (p —1)/3 in the fluid limit.

4.5 Instability in general interference graphs

We have used fluid limits to demonstrate the potential instability of queue-
based random access algorithms. For the sake of transparency, we focused on
a specific six-node network. Similar instability issues, however, can arise in
a far broader class of interference graphs, as we will discuss in the following.

Consider a general interference graph G = (V, E). Without loss of gener-
ality, we can assume G is connected, because otherwise we can consider each
connected subgraph separately. For v > 1, the fluid limit sample paths still
exhibit the sawtooth behavior, i.e., when a node starts transmitting, it does
not release the channel until its entire queue is cleared (on the fluid scale).
Let M = {Mj,..., My} denote the set of maximal independent sets (maxi-
mal schedules) of G. We say the network operates in M; if a subset W C M;
of nodes are served at full rate (on the fluid scale), and W does not belong to

any other maximal schedules M, j # ¢. Under the random access algorithm,
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at any point in time the network operates in one of the maximal schedules
and switches to another maximal schedule when one or several of the queues
in the current maximal schedule drain (on the fluid scale). More specifically,
assume the network operates in a maximal schedule M;. If M; interferes with
all other maximal schedules, i.e., M; N M; =0 for all 1 < j < K, j # i, then
a transition from M; to any maximal schedule M;, j # i, is possible when all
the queues in M; hit zero (on the fluid scale). On the other hand, if M; over-
laps with a subset of maximal schedules M} := {M; € M : M; N M; # 0},
then the activity process can make a transition to M; € M) when all the
queues in M;\M; drain (on the fluid scale).

The capacity region of the network A is full-dimensional because all the
basis vectors of RV belong to that set. The incidence vectors of the sets M
correspond to the extreme points of C as they cannot be expressed as convex
combinations of other points. Consider a covering of V= {1,2,..., N} using
the maximal schedules. Formally, a set cover C of V' is a collection of maximal
schedules such that V' C Up,ccM;. A set cover C' is minimal if removal of
any of the elements M; € C' leaves some nodes of V' uncovered. Consider
the class of graphs in which |C| < K — 1 for some minimal set cover C,
i.e., we do not need all M;’s for covering V. Without loss of generality, let
M* = {My, My, ..., Mg~} denote such a minimal cover with K* < K — 1.
Consider a (strictly positive) vector of arrival rates A = pzifi*l o;1p, where
o, > 0,1 <1< K* such that Zfil o; =1, and 0 < p < 1 is the load factor.
Hence, a centralized algorithm can stabilize the network by scheduling each
M; € M* for at least a fraction po; of the time. However, under the random
access algorithm, the network might spend a non-vanishing fraction of time
in the schedules M\ M?*, which can cause instability as p approaches 1. This
phenomenon is easier to observe in graphs with a unique minimal set cover
M* and with a maximal schedule M interfering with all the other maximal
schedules, hence M; € M*.

This means any valid covering of V must contain M*. Therefore, consid-
ering arrival rate vectors of the form \ = ngl oilng,, 0i >0, Zfil o; =1,
the only way to stabilize the network is to use M; for a time fraction greater
than po;. Visits to M; have to occur infinitely often, otherwise the network
is trivially unstable, and at the end of such visits, a transition to any other
maximal schedule is possible, including the schedules in M\ M* with posi-

tive probability. Then, upon entrance to schedules in M\M?*, the network
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(a) {1},{2,3},{4,5} (b) {1},{2,3,4},{5,6}  (c) {1},{2,3,4},{5,6}
2

(d) {1},{2,3,4},{5,6,7}

Figure 4.8: A few unstable networks with their unique minimal cover M?*
using the maximal schedules.

spends a positive time in such schedules because the queues in M\{M;}
build up during visits to M;. Hence, the arguments in the instability proof
of the broken-diamond network can be extended to such networks, although
a rigorous proof of the fluid limits in such general cases remains a formidable
task. Figure 4.8 shows a few examples of such unstable networks with unique

minimal set covers.

4.6 Instability for de-activation functions with
polynomial decay

Our instability arguments suggest that instability can in fact occur for any
activity factor that grows as a positive power 1/k of the queue length for
network sizes of order k. In terms of weight functions of Chapter 3, the results
imply that weight functions vlog(-), with v > 1/k, can cause instability for

network sizes of order k, as will be described below.
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Consider any unstable network G = (V, F), for example the broken-diamond
network or a graph as described in Section 4.5. Let Z(i) denote the set of
neighbors of node i in G. We construct a k-duplicate graph G®, k € N,
of GG as follows. For each node i € V', add k duplicate nodes dgi), e ,d,(:) to
the graph, with the same arrival rate \; and the same initial queue length
Q:(0), such that each node dy) is connected to all the neighbors of node ¢ and
their duplicates, i.e., I(d;i)) = T(i) Urez(a) {dgl), e ,d,(gl)}, forall 1 <j <k
For notational convenience, we define ka) = {i, d(li), . ,d,(f)} and call it the
duplicate collection of node i. Note that the duplicate graph has the same
number of maximal schedules as the original graph. In fact, each maximal
schedule Mi(k) of G® consists of nodes in the maximal schedule M; of G
and their duplicates, i.e., Mi(k) = UleMiDl(k). Next, we show that the dupli-
cate graph is unstable for de-activation functions that decay as o(z~7), for
v > 1/(k 4+ 1). Essentially, for such a range of 7, each duplicate collection
acts as a super node with v > 1, i.e., (i) if one of the queues in a duplicate

(k) (%)

collection D, starts growing, all the queues in D, grow linearly at the same

(k)

rate A; (on the fluid scale), (ii) if a nonempty queue in D;"’ starts draining,
then all the queues in Dz(k) drain at full rate until they all hit zero (on the
fluid scale). Then the instability follows from that of the original network, as
we can simply regard the duplicate collections as super nodes. An informal
proof of claims (i) and (ii) is presented next.

Claim (i) is easy to prove as all the queues in a duplicate collection share
the same set of conflicting neighbors and the fact that one of the queues
grows, over a small time interval, implies that some conflicting neighbors are
transmitting over such interval. To show (ii), note that if one of the queues
in the duplicate collection drains over a nonzero time interval, no matter how
small the interval is, all the conflicting neighbors must be in backoff for O(R)
units of time in the pre-limit process. This guarantees that all the queues in
the duplicate collection will start a packet transmission during such interval
almost surely. As long as the duplicate collection does not lose the channel,
each queue of the collection follows the fluid limit trajectory of an M/M/1
queue. Suppose all the queues of the duplicate collection are above a level e
on the fluid scale for some fixed small € > 0. Thus, in the pre-limit process,
the amount of time required for the queues to fall below a threshold eR is
O(R) with high probability as R — oo. The duplicate collection loses the

channel if and only if all £ + 1 nodes in the collection are in backoff and a
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conflicting node acquires the channel by winning the competition between
the backoff timers. The probability that a node goes into backoff at the end
of a packet transmission is O((eR)~7), or approximately the fraction of time
that a node spends in backoff is O((eR)~7). Therefore, the fraction of time
that all £+ 1 nodes of the duplicate collection are simultaneously in backoff is
O((eR)™") because the nodes in the duplicate collection act independently
from each other. Therefore, over an interval of duration O(R), the amount
of time that all k + 1 nodes are in backoff is O(R'~ +1)7) which goes to
zero as R — oo if v > 1/(k + 1). Thus, the nodes in the duplicate collection
follow the fluid limits of an M/M/1 queue until their backlog is below € on
the fluid scale. Since e could be made arbitrarily small, we can view the
duplicate collection as a super node that does not release the channel until
its backlog hits zero. This demonstrates the instability of fluid limits for the
initial queue lengths described above for the duplicate network.

To rigorously prove instability of the original process using the framework
of Meyn [35], we need to show instability of the fluid limit for any initial state.
Handling arbitrary initial states for general activity functions and interfer-
ence graphs is more involved than in the specific broken-diamond network
considered here. An alternative option would be to extend the methodology
and develop a proof apparatus where it suffices to show instability of the
fluid limit for one particular initial state. The framework of Dai [33] offers
the advantage that instability of the fluid limit only needs to be shown for
an all-empty initial state. However the characterization of the fluid limit for
an all-empty initial state appears to involve additional complications.

The above proof arguments suggest that instability can in fact occur for any
v > 0 as k can be chosen arbitrarily large. This indicates that the growth
conditions in Ghaderi and Srikant [27] (Chapter 3) are sharp in the sense
that the weight functions of the form w(x) = log(1 + x)/g(z), where g(z) is
an arbitrarily slowly increasing function, are essentially the most aggressive

weight functions that guarantee maximum stability in any general topology.

4.7 Conclusions

We have used fluid limits to demonstrate the potential instability of queue-

based random access mechanisms. For the sake of transparency, we focused
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on instability for weights that grow faster than ~log(-), for any v > 1, but
proof arguments suggest that instability can occur for any v > 0, in networks
with sufficiently many nodes. In other words, the “near-logarithmic growth
condition” on the weights is a fundamental limit on the aggressiveness of

nodes to ensure maximum stability in any general topology.

4.8 Additional proofs

4.8.1 Proof of Lemma 4.1

The proof relies on basic sample path properties of the fluid limit process
{q(t)} as described in Section 4.2.1. First of all, the M;-period that initiates
the i-th cycle ends at time t; + T;;, with

q(ti)  qa(ts) } < max{q(t:), ga(t:) } < L(t;)
L—pi'1=po) ~ 1 — po T l—po

Ty = max{

Define K (t) = max{qs(t), q(t)} + max{gs(t),qs(t)} and recall that p =
po + p3 + ps. Then

K(t;+ Th)

IA

K(t;) + (p3 + ps)Tia
L(t;) — max{q:(t;), q2(t:) } + (3 + po)

L(t;) — (1—p) miXEQ;Eti)a @2(t:)}

L(t;) — (1 — p)Th,

IA

which may also be seen from the fact that L(¢) decreases at a rate 1 — p or
larger during the time interval [t;, t; + T;1] and K (t; 4+ T1;1) = L(t; + T}1) since
qi(ti +Tin) = qa(ti + Ti) = 0.

Define Ty = %. We distinguish between two cases, depending on
whether an My-period starts before time t; + T};; + Ty or not.

If no My-period occurs before time t; + T;; + Tp, then K (t) decreases at a
rate 1 — p3 — pg or larger for all ¢ € [t; + Tiy,t; + T;1 + Tp] and reaches zero
no later than time ¢; + T;; + 15, unless an M;-period intervenes. This implies

that the next M;i-period must start no later than time t; + T;; + Tj.
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Using the above results, a simple calculation shows that

Lt~ (1= p)Ta _ Lit)

Aty <Typ+To < T+ <
1 —ps—ps (1= po)(1 = p3 — po)

< CrL(t;).

Also, L(t) has continuously decreased during the cycle, so L(t;41)— L(t;) < 0.
Now suppose that an My-period does start at some time ¢y € [t; + T, t; +
T;1 + Tp], and ends at time ug.
Since K (t) decreases at a rate 1 — p3 — pg or larger during the time interval
[t; + Ti1, to), it follows that

K(to) < K(ti +Tin) — (1 — p3 — po)(to — ti — Tia).

Noting that q4(to), g5(to) < K(ty), we conclude that the duration of the

M,-period is no longer than

uo—togmin{

qa(to) gs(to) } < K(to)
1—ps 1=ps) = 1—max{ps,ps}

Since K (t) increases at a rate no larger than p3+pg during the time interval
[to, uo), it follows that

K (ug) < K(to) + (p3 + ps)(uo — to)-

The My-period will cause the queue of node 4 to empty at some point
and become smaller than the queue of node 3, and likewise the queue of
node 5 must empty at some point and become smaller than the queue of
node 6. Because My-periods can no longer be initiated from M and Mj,

K (t) decreases at a rate 1 — p3 — pg or larger from time uy onward, and reaches
K(uo)

1—p3—pe’

implies that the next M;-period must start no later than time g +

unless an M;-period intervenes. This
K (uo)
1—p3—pe”

zero no later than time ug +
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Combining the above results, we obtain

K
At; < wﬁﬂ—ti:Tﬂ+(t0_ti—Ti1)+(uo—to)+

1 —p3—ps
K(tg) 4+ (ug — t
Th+(to—t—Th)+ (to) + (1o = o)
1 —p3—ps

| K(to)
To+ (to—t; — To) + 1+
1+ (b 2 ( 1—maX{P4aP5})1—P3—P6

to—t; — Ty (2 — max{p4, ps}) K (t; + T1)
1 —max{ps, ps} = (1 —max{ps, ps})(1 — ps — po)
(2 — max{py, ps})(L(t:) — (1 — p)Ta)
(1 — max{ps, ps})(1 — p3 — pe)
(2 — max{ps, ps})L(t;) + po(1 — max{ps, p5})7Tir)
(1 — max{pa, ps})(1 — p3 — po)
L(t;) n L(t;) + poTia
(1 —max{ps, ps})(1 —ps —ps) 1—ps—ps
L(t;) L(t)
(1 — max{ps, p5})(1 = p3 = ps) ~ (1 —po)(1 — p3— pe)
L(t) 1 1
= ” ( + ) = CrL(t;).

L—ps—ps \1—po 1—max{ps,ps}

K (uo)
L —p3—ps

IN

IN

IN

T —

IN

T +

IN

Also, L(t) has only increased during the M,-period at a rate no larger than
P = po+ p3+ ps, SO

pK (to) < pL(1;)

L{ti)—L(t;) < t
( +1> ( ) p(UO 0) — 1 . max{p47p5} 1— max{p47p5}

= CLL(t).

4.8.2 Proof of Lemma 4.2

Denote by ¢; and t5 the times that the cycles start and by w; and us the
times that the M;-periods end. First assume max{q;(t1), q2(t1)} < eL(t).
Then, max{qs(t1), qs(t1)} + max{gs(t1),qs(t1)} > (1 — 2€)L(t1), so we must
have max{qs(t1),q(t1)} > (1 — 2€)L(t1)/2 or max{qs(t1),qs(t1)} > (1 —
2¢)L(t1)/2. In the former scenario, with probability 3/8 the M;-period is

followed by an Ms-period, which will last for an amount of time no less

g3(t1) qa(t1) max{q3(t1),q4(t1)} (1—2¢)L(t1)
1-p3’ 1— p4} = 1—p4 = 2(1—p4)

scenario, with probability 3/8 the M;-period is followed by an Mj-period,

than max{ . Likewise, in the latter

a6(t1)
’106}

Thus, in either scenario, with probablhty at

which will last for an amount of time no less than max{ a(t)

max{gs(t1),g6(t1)} ~ (1=2¢)L(t1)
1—-ps = 2(1-ps5) -
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least 3/8, the time until the start of the next cycle is at least %,
so that

p2(1 — 2€)L(t)
max{qi(t2), ¢2(t2)} > qa(t2) > 2(1 — min{py, ps})

Invoking the fact that L(ts) < CpL(t;), with C, as defined in Lemma 4.1,
we find that

max{q (t2), q2(t2)} > €L(t2),

with € as specified in the statement of the lemma.
Now consider a cycle with max{q; (tx), g2(tx)} > €L(tx), k = 1,2. Then

max{q (tx), g2(tx) }
qi(ux) = qi(tx) + pi 1 _ka :

, for 1 =3,4,5,6.

Note that 0 < ¢;(tx) < (1—€)L(ty), i = 3,4, 5,6, and eL(t) < max{q(tx), g2(tx)} <
L(tx). Then it is easily verified that the queues are weakly balanced at time uy

with B™" and ™2 as given in the statement of the lemma.

4.8.3 Fluid limit proofs: Part A

Prelimit model

We start with the time-homogeneous Markov process (X(t), Q(¢)),t > 0 with
state space M x NY where N = 6 and M C {0,1}" is the set of feasible
schedules. We recap to state that service times are unit exponential as are
backoff periods. In addition the Poisson arrival processes are determined by
the vector of arrival rates A and the probability of backoff is determined as
a function of queue length 1/(1 + @)Y with v € (1, c0).

The fluid limit will not be obtained directly from the above process but
rather via the jump chain of a uniformized version with “clock ticks” from a

Poisson clock with constant rate,

N
B=> A+N, (4.18)
=1

independent of state, with null (dummy) events introduced as needed.
With minor abuse of notation, denote by (X(n), Q(n)) € S to be the state

of the jump chain at nth clock tick. For our subsequent construction, it will
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be convenient to replace X (n) with the cumulative state I(n) = > ;_,X(n) €
NJ', which is by definition increasing. It determines and is determined by the
sequence X (n) and the associated jump chain is Markov if the state is altered
to be (I(n),I(n—1),Q(n)) with I(—1) = 0. From the jump chain, we obtain
a continuous stochastic process in C|[0,00) by linear interpolation and by
accelerating time by a factor 5. To be specific, at an arbitrary intermediate
time ¢ > 0 between two clock ticks t;, = (k- 1)/ <t <t,=k/B, k €N,

the interpolated process takes the values

Q(t) = Bltu—1)Qk — 1)+ B(t — t)Q(k),
I(t) = Bty —t)I(k—1)+ B(t —t)I(k).

From this construction we can obtain a sequence of such processes, indexed
by R € N, with the usual fluid limit scaling

(Q" (1), T(t)) = (%Q(R)(Rt), %T‘R)(m)) | (4.19)

This is obtained together with a corresponding sequence of initial queue

lengths
Q"(0) = £Q"(0) ~ q(0) (4.20)

Recall that the underlying jump chain (Q(n), X(n)),,-, is affected only through
the initial state. Its transition probabilities are unaffected. The convergence
in (4.20) is with respect to the Euclidean norm and without loss of generality
we may take ||q(0)|| = 1.

For every R and time ¢ > 0, (Qf(¢),I%(t)) take values in E =R} x RY,
which is therefore the state space of the process. E has the usual Euclidean
metric and associated topology and we will denote the Borel sets by Bg.
Furthermore the underlying jump chain (Q(n), X(n)),, of the uniformized
Markov process satisfies the “skip-free property” [35] W}nch ensures that the
jumps between states are bounded in L£;. It follows that the interpolated
paths are Lipschitz continuous with Lipschitz constant 38 < co. This prop-

erty is conferred on the sample paths w themselves as stated below
1Q%(t,w) — Q(s,w)[| + [[T(t,w) = T%(s, )| < 3B(t—s),  (4.21)
which holds Vw,0 < s < t, R € N. The factor 3 appears since at most two
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queues can be active at the same time and at each clock tick at most one
queue can be in(de)cremented.

To summarize, the scaled sequence of processes as defined in (4.19) take
values in the space C[0,00) of continuous paths taking values in E, endowed
with the supnorm topology, and o-algebra C generated by the open sets.
This is obtained through the usual metric po as defined in [46], page 6. This
space is both separable and complete, see [46] Theorem 2.1. The probability
measure induced on C by the Rth interpolated process (4.19) is denoted upg
so that ugr(A) is the probability of an event A € C. Finally, it is of course
the case that the jump chain sequence determines and is determined by the
corresponding interpolated path. Hence pgr and the jump chain probabilities

are equivalent, given the initial conditions.

Fluid limit

If there is an infinite subsequence, Ry, Ry,,... such that ug, = u where
= denotes weak convergence, then p is said to be a fluid limit measure. If
such a fluid limit exists then the corresponding process can be defined as
follows. Its state space is again E with underlying sample space C[0, c0) and
corresponding og-algebra C generated by the open sets under the metric, p¢,
as mentioned earlier. This is the same space as for the sequence of prelimit
processes. With the fluid limit measure p (including the deterministic ini-
tial conditions) we have an underlying probability space (C[0, 00),C, ). The
stochastic process, (q,I) is the mapping [0, 00) x C[0,00) — E with values
(q(t,w),I(t,w)) € E. The curves (q(.,w),I(.,w)) and w itself are the same.
While these definitions are somewhat redundant, nevertheless in what fol-
lows, it will be convenient to think of a sample path as either a point w or
as a random function. Finally, on some occasions, we will use the notation
X € mC to indicate that X : C[0,00) — R is measurable.

The proof of the next theorem is standard and follows from Lipschitz
continuity, Theorem 8.3 of [1], and Lemma 3.1 of [40]. The details are omitted
for brevity.

Theorem 4.4. The sequence of measures pg defined on (C|0,00),C) is tight.

Thus, it follows from Prohorov’s Theorem (Theorem 6.1 of [45]) that the

sequence pg is relatively compact and fluid limit measure p must exist. We
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suppose without loss of generality that ur = p. The sample paths under u
have the same Lipschitz constant 35. It follows that the sample paths of u
are differentiable a.e., almost surely [47].

Lipschitz continuity also implies that there are only a countable number
of closed intervals [a,b], 0 < a < b, such that g,(a,w) = q/(b,w) = 0, £ =
L,---, N, and ¢(z,w) > 0,Yx € (a,b), £ =1,--- , N, holding almost surely.

We denote by {7}, F¢ C C, the filtration of sub o-algebras gener-
ated by the open sets restricted to the interval [0,¢]. The process (q,I) is
adapted to {Fi}cg o)

By consideration of the weak law of large numbers and the existence of

the fluid limit measure p, it holds that

alt) = q(0) + At — %I(t), £>0. (4.22)
This equation can be thought of as an accounting identity. If queue ¢ is active
for a unit interval then I, increases by [, which corresponds (almost surely)
to departures at unit rate. During the same period the arrival rate is Ay of
course.
Since Iy(t+h) — I,(t) < ph for any node ¢, and any times ¢ > 0 and h > 0,
it follows from (4.22) that

q(t +h) > qi(t) + Ah —h, pa.s. (4.23)

We now derive an elementary property of the fluid limit process. Given
t > 0,h >0, define

Y =A{w: Lt + h,w) — L(t,w) = Bh} (4.24)

to be the event that queue ¢ is being served (at maximum rate) during the
interval [t, ¢+ h], i.e., the node is fully active during the given interval. Since
many of the events that we consider later are in terms of activity, we adapt

the following notation throughout the paper. In the case of (4.24),

where the superscript “¢” denotes the node, “t” time and “h” duration. “Gh”

is the amount of activity which must be met with equality here, as indicated
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2

by the subscript “=". The subscript “=" may be replaced by >, >, <, or <,

depending on the event.

Lemma 4.3 (No Conflict Lemma). Let {1 # {5 € {1,..., N} be two neigh-
bors in the interference graph G, and h > 0,t > 0, then

p{Y4nyh} =0 (4.26)

Proof. This follows by definition, and the existence of the fluid limit. The
event Yf}l N Yffl contradicts the inequality that for all t > 0, h > 0,

[Lo, (t + hyw) — Iy, (t,w)] + [Le, (t + hyw) — Iy, (t,w)] < Bh,

which holds p almost surely. ]

To obtain more detailed information with respect to the sample paths of

1, we proceed to the construction of sequences of stopping times.

Sequences of stopping times

The following definition is in connection with the amount of time a sample

path for g, is positive, immediately prior to a time z > 0.

Definition 4.2. Given a time z >0, and v,0 < v <z, andanl =1,..., N,
define

Kyg ={w:q(z—s,w)>0, Vs (0,v)}.
In words, K S?, is the set of sample paths for q, which are strictly positive in
the interval (z — v, z); if z =0, K is taken to be 0.

Observe that it could be the case that either g,(z,w) = 0 or g;(z —v,w) =0
(or both) and still w € K % Finally note that it is possible for a given w
that no such v can be found, which requires that ¢,(z,w) = 0 on account of

continuity.

Definition 4.3. Given a time z > 0 and a path w, we define the mapping
AO(z,w) : C[0,00) = [0, 2] to be

A(f)(z7w) = sup [{U TwE Kgq),} U {0}} )

which s the time for which q, was positive immediately prior to z.
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By definition, if z > u > 0 then {w s A9 (z,w) > u} = KZ(Q, from which
it follows that A®)(z,w) € mF,. So far z has been fixed. However A :
[0,00) x C[0,00) — R, is a stochastic process carried by the underlying
probability space (C|0,00),C, ) and Fi-adapted. This process is piecewise
linear and left-continuous (it falls to 0 immediately after ¢, returns to 0 from
being positive). It follows that A®) is F,-progressive, see for example [48].

We are now in a position to make the following definition.

Definition 4.4. Given an F; stopping time o, a queue ¢ € 1,--- /N and
m € Zy =7 — {0}, define Ty m(w, o) : C[0,00) x [0, 00] — [0, 00] as follows

Ton(w,0) =inf {z > o(w) : q(z) = 0, AV (z,w) € (em, fm]} < 00,

where
f L . f €7 >0
m = T, €m = y Jorm , M )
m m+1 0
fm = |m—=1|, e, =|ml|; form € Zs, m <0,

where again empty sets have an infinite infimum.

In words, T}, is the earliest right-hand end of an open interval, with value
z, such that gy is positive for a period A¥(z,w) € (e, fn], immediately prior
to Ty m. If z — f,, is the first time prior to z that ¢, = 0, then z is in the set
on the RHS. However, if this occurs at z — e,,, this is not the case.

It is plausible that T}, is also an F; stopping time, and we will subse-
quently prove this with particular choices for . We now state a construction
lemma using a sequence of stopping times. These are returns to 0 following

a fixed positive interval, in which we wait for a particular event A, to occur.

Lemma 4.4 (Stop and Look Back). Let o > 0 be an F; stopping time and
a > 0 a constant. Proposition 1.5 in Ethier and Kurtz [48] ensures that
the following inductively defined sequence is a sequence of F; stopping times:

50, 81,52, - - -,

So = o (4.27)
sk = 7.({0},sp-1+a), k=1,2,...

Here, given an F; stopping time oy > 0, 7.({0},01) = inf {t > 01, ¢(t,w) = 0}.
Now let A, € Fs, .,k =1,2,... be a sequence of events in the pre-T" o-algebras
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of the above stopping time sequence. Finally, define T = s, if Ay occurs for

the first time at step k and T = oo otherwise. Then T is an F; stopping time.

Note that we do not check to see if A has occurred if s = oo at any stage,
as T is assigned this value regardless.

We now proceed to show the following.

Lemma 4.5. Let 0p > 0 be an F; stopping time such that q/(oo(w),w) = 0
or g = 0o and suppose £, m are given. Let a = e,, and 0 = a + o9 which is
therefore an F; stopping time, and 1y, be the mapping given in Definition
4.4. Then Ty, (w,0) is an F; stopping time.

Proof. Given o we will obtain a sequence of stopping times as in the first part
of Lemma 4.4. However as we have already discussed, A is F,-progressive,
from which it follows by Proposition 1.4 of [48] that

Ay = AV (s(w), w) € mF,

Sk

Vk=1,23,...

so that A®(sy(w),w) € (em, fm] € F,,. Hence 7 as defined in Lemma 4.4 is
an J; stopping time.

It remains to show that 7 coincides with 77, as defined. First suppose 7 <
oo, and immediately, 7 > o, q/(7,w) = 0, A¥(7,w) € (em, fm] by definition.
The fact that there is no earlier time satisfying these conditions follows since
each sj is a zero of ¢, and the construction rules out that the event could
have taken place at any earlier time. The case 7 = oo coincides with there

being no zero satisfying the required conditions. O
We now make the following recursive definitions.
Definition 4.5. Given m € Zy and queue { € {1,..., N}, let 7o be the first

entry of qi(t,w) into 0 (1o is an F; stopping time). Then Zﬁ%o is defined as

Zo = Tom(w,0); if q(0,w) =0
Zﬁm,o = 705 Zf QE(07W) > 07 To € (em7fm]
Zﬁz,O = T&m(vaO); Zf (M(O,W) > 07 70 ¢ (emafm]a

and subsequent stopping times are defined as

Zt =Ty, 25 1), n=1,2,3,....

» “mmn—1
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The value of the stopping time is taken to be oo if the events do not occur.
With obvious notation, we also define

Apn(w) = A(Z;, )

m,n’

to be the actual amount of time that the queue { is positive prior to an,n,
and A}, = oo in case Z},, = co. Finally define the time at which g, last
enters (0,00) prior to Z), ,, to be

V@ - ZZ . AE
when Z}, , < oo and V), = oo otherwise. Note that V}\,, € mFy —and is

thus a non-negative random variable but not a stopping time.

The following corollary follows immediately from Lemma 4.5 and Defini-
tion 4.5.

Corollary 4.2. Z° n € Ny is a strictly increasing sequence of F; stopping

m,n)

times, Y € N, m € Zy.

This completes our goal of constructing sequences of stopping times for
the queue processes. For any queue /¢, by construction and by Lipschitz con-
tinuity, it follows that the set of stopping times, Zf,w determine all intervals
where gy is positive for any sample path almost surely.

For each m € Zg, and £ € {1,--- N}, define
B! =sup {Zﬁm : Zf;w < oo}

to be the supremum of the finite stopping times for positive intervals with
duration in (e,,, f,]. If there is an m such that B!, = oo, then ¢, returns to
0 infinitely often. Otherwise there is a B > 0, B > B‘ ,Vm € Z;. In this

case, either ¢, remains at 0 as t — oo, or queue ¢ never returns to 0.

Piecewise linearity and no backoff until empty

So far the backoff exponent v > 1 has not been taken into consideration, but
from now on it will be. The following lemma bounds the probability, for the

jump chain, that node ¢ has a backoff before its queue gets “small” provided
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that it was active earlier. Given some number Q)7 € N define,
T = {371 : Qg(k) > QT,O < k < n,Xg<7”L) = O,Xg(’n — 1) = 1}

to be the event that queue ¢ has remained above ()7 and has had a backoff

at step n. We then have the following lemma.

Lemma 4.6 (No Early Backoff). Given any Qo > Qr,

P (Kq,|Qe(0) > Qo) < 1— Z 1+r = €0, (4.28)
=Qr

Notice that since the sum is convergent, g, | 0 as Qr T o0.

Proof. 1t is convenient to consider the packets being served in generations.
That is given a target packet, suppose that we serve the packets which arrive
during its service with preemptive priority up to and including the target
packet. This makes no difference to queue behavior as the service times are
exponential and we are only interested in the first occasion when node ¢ goes
into backoff.

Suppose there are Q7 > 0 packets in the queue at the time the service
of a given target packet starts. Consider the busy period of this packet, i.e.
the time to serve the target packet and the subsequent high-priority packets
(without backoff). It is easy to see that the mean number of packet arrivals

during this busy period is including the target packet itself.

- /\ )
The service of each packet ends with a random decision to backoff with

probability less than ——=—=, since the queue length is never shorter than Qr

(1+Q )
until the target packet has departed. Thus, by the union bound, the prob-

ability of a backoff occurring before or immediately after the target packet

departs, is less than ( The probability of a backoff, starting

1 1
TQrT oA
with Qg > Q7 packets, and before the queue drops below the level Qr, is
therefore smaller than - Z: 8; a +1r)” which implies the statement of the
lemma.

]

The following lemma will also be useful. First given times t5 > ¢t; > 0 on
the fluid scale, let By([t1,t2]) be the event that node ¢ starts a backoff in the

interval [t1,t5]. This event occurs in the prelimit process (Qf, If) if for some
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jump chain index n, Xy(n) = 1, X,(n + 1) = 0 with [Rt;8] < n < [Rtsf].
Let Dy ([t1,t2]) be the event that QF(u) > ¢ (or equivalently Q,(Ru) > Rg)

for all w in the interval [tq,?s].

Lemma 4.7. Given the above definitions,
1%51010 MR {Bg[tl, tg] N DgS([tl, tQ])} = 0. (429)

Proof. First we may suppose node ¢ becomes active at some stage or there
is nothing to prove. The lemma then follows from the union bound. Since
there are at most Ry, s, = [R(t2 —t1)5] + 2 departures in the entire interval,
the union bound implies that the probability of a backoff is smaller than,

Rtl,tz

—— = 0.
(1+ Rq)” -

pir { Belt1, ta] N Deo([t1,ta]) } <

This completes the proof. O

Definition 4.6. Given a queue ¢, a time t € [0,00) on the fluid scale, and
a queue length q,(t) = Q > 0, we say that t is a point of increase for the

activity process of queue ¢ if the event
1
0 . oo ¢ ¢
Py =i {100 500 0l

occurs, with Qg% = {w: qt,w) > Q}. In words, queue € is active in any
arbitrarily small interval (t,t + 1/M) and q, is greater than Q) at time t.
Furthermore, given a time s € [0,00) and h > 0, we say that queue { is

under active, with duration h > 0 if the following event occurs
G = T8 (s, h, Bh). (4.30)

Points of increase rule out that there is a sequence t, | t such that
Ii(tn,w) = I,(t,w), as there is activity no matter how small the interval.
Under activity means that there was some idling during the interval. Given
our choice of 7, it will be shown that a point of increase cannot be followed
by a period of under activity until queue g, has drained. This is because the
probability of even a single backoff once service has begun, is effectively 0

until the queue has drained on the fluid scale.
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Lemma 4.8. Suppose s € (t,t + Q/(1 —X;)). ThenVh,0 <h <t+ Q/(1—
Ae) — s, and for all sufficiently large M,

{10 1/0,0) N QN G0 =o. (4.31)

Proof. Consider the sequence of prelimit processes. We will choose M large
enough and ¢ small enough so that [s,s+h] C (t+1/M,t+(Q —<)/(1— )]
(for some small constant ¢ > 0). Then for R, M sufficiently large, and
then by definition, occurrence of Gﬁ, for the R-th prelimit process, implies
occurrence of By([t + 1/M, s + h]). Hence we obtain,

pr {1010 QLN GG} < ue{JV(1/M,0)N QLY
NBy([t + 1/M, s + h])}

< WUB,R+ IFD,R,

where

pinn = e { IS (4 1/M,0) 1 B (¢ 4+ 1/M. s+ ) 0 Dy ([t s+ H) }
(4.32)

and
= iin { QL% N (Dec(lt s + D)} (4.33)

Thus, in order to prove the lemma, it is sufficient to show that both g g — 0
and upp r — 0,as R — oo, because then we may conclude (4.31) by applying
Theorem 2.1 in [45] and since the sets A (t,1/M,0), QE%, Gg,)l are all open.

The fact that pupppr — 0 follows from (4.22) and then by definition of
QE% and additionally by the choice of s,h,s. As far as pup g is concerned,
the event Jg ) (t,1/M,0) implies that service has started during the interval
[t,t+1/M]. On the other hand, the event By([t+1/M, s+ h]) implies that at
some time in [t, s + h] node £ starts to backoff. Setting ¢; =t and to = s+ h,
we may invoke Lemma 4.7 as by definition the event D, ([t, s + h]) implies
¢ did not go below ¢ in the interval [t;,ts]. It follows that pgpr — 0 as
required. O

The implication of Lemma 4.8 is that any positive period of transmission,
no matter how short, must be followed by full activity until the queue has

drained on the fluid scale. This implies that there is no period of under
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activity, until the queue has drained, with probability 1.

Piecewise linear paths with probability 1

The aim of this section is to show that the queue sample paths follow a
certain bilinear path during the interval prior to the queue becoming zero
again. The bilinear path depends on the duration of the interval and on the
arrival rate for the given queue.

To make the above statements precise, given ¢ € {1,--- N} define the
bilinear path ®; , for the interval [to, 1] to be,

' ()_{Ae(s—to); to < s < S, (4.34)

to,t1 s) =
A (s—tg) = (L=Xp)(s—s0); S0 <s<t,

where sg = t; — A\¢(t1 — tp). In words, g, builds up linearly in the interval
[to, So] at rate Ay and drains at rate 1 — A\, in the interval [sg, t1].
Given n > 0, and ¢ € {1,--- , N}, define Migff to be the indicator for the

event

{w :osup |qe(s,w) — (I>f07t1(s)| < T}} € Fiy-

SE[to,tﬂ

In words, ]ligfl) (w) = 1 iff the absolute difference between (PfO,tl and the

sample path for ¢, is smaller than 1 in supnorm over the interval [t, ¢1].

(n,0)
V’I’?‘L n’Zer n

Zf,, < oo and AL (the case Z , = oo is irrelevant). Define, Z[ =~ =

o (Zfny AL, ) € Cand also 250 = 2! N{w: Z¢, (w) < oo}

It will be enough to show that the sample paths lie in an arbitrarily small

We now examine the conditional probability that 1 (w) =1, given

conditional on A¢

m,n’

tube around ®¢,,

14
m,nva,n

gle Z((Z’tb)) = {w : A,{l,n(w) € (a, b]’Zﬁw(w) c (s,t]} c Zﬁf‘;

Z},  lying in some small rectan-

Theorem 4.5. Givenn > 1,m € Zgy, then ¥Vn > 0,

p {1

14
m,nva,n

- 1|Zf,fjj} —1as. (4.35)
In words, given the stopping time Zf;w and the time prior to this that g, was
¢

positive, Ay, ., the probability that @fﬂ 4o 18 followed, starting at Vrfw and

ending at Z°¢, ., is 1 under the fluid limit measure pu.

m,n’
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Proof. For any given ¢ > 0, the sets Z((Z’tb))

0<s<t,0<a<b 0<
t—s,b—a < ¢, are a m-system [49] (i.e. closed under finite intersections)
and which generate Zf;ofb Hence we only need to show that
£ a,b a,b
i) o @) = 1200 b = {200
for suitably chosen e given n > 0. Let B} (w) < Al . be the additional

time, following strict entry of ¢, into (0,00) at V! | until the first point of

m,n’
increase of I, is reached. Bfn,n € mF, as can be seen on consideration of
its definition,

Bf;m(w) = inf {u € (0, Afn’n(w)) NQ : Ig(me +u,w) — I(VE

m,n’

w) >0},
(4.36)

when Zﬁm < 00.
By definition of BY, ,, Lemma 4.8 and then (4.22), we may deduce that for
we 2V
(s:t)
(VW) +u,0) = A, u€[0,B,, ()],
By n(w)

qg(me(w) + U,W) = )\ZBfmn(w) - (1 - A@)(u - Bfn,,n)a u € [Bﬁz7n(w)’ 1 — )\6 ]’

p almost surely. Moreover BY, | (w) must satisfy

By ()
t—s+b>—"-——-2>s—t+a, pas.
1— N
in order to reach 0 in [s, t].
Therefore, given any n > 0, we may choose ¢, > 0 such that for all

vE[s—bt—al,z€[st] withb—a,t—s<g,

sup [ge(u, ) — @), . (u)| <,

u€lv,z]

i almost surely, using Lipschitz continuity. Since w € Z((g’tb))

[s —b,t —a], Z},, € [s,t], we obtain that

implies V!, , €

(0 @) [ )
p {100 5 @) =1ziy} = n{ziy}.
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for all such a, b, s,t as required. O

A similar result can be obtained when n = 0, where the possibility occurs
that q,(V,54) > 0.

Theorem 4.5 applies to general networks and relies only on the assumption
that v > 1. The theorem implies that the sample paths are more or less
determined given the sequences of stopping times Zf;w. Since there are only
countably many stopping times, and since for each finite Zﬁw < oo the queue
sample paths follow @Z for some finite interval with probability 1, we may
confine sample path realizations to countable successions of such intervals.
These either determine the entire sample path; or the queue remains at 0
following the final return; or as the final alternative, the queue remains zero
for some interval and then increases linearly at rate A\, thereafter. We define
the set of such sample paths by P C C[0,00). The probability of any event

F € C can as well be taken as

p{F} = p{F NP},

and, therefore, we suppose that the probability space is defined on (P,Cp)
with topology relativized in the usual way to P which is a subset of C[0, c0).
This establishes that the queue-length trajectory of each of the individual
nodes exhibits sawtooth behavior in the fluid limit. This concludes Part A.
In Part B, we will show that we can in fact confine ourselves to a smaller
set of paths which reflect the constraints resulting from the underlying inter-

ference graph.

4.8.4 Fluid limit proofs: Part B

No idling property and zero delay capture

Given a node ¢, let Z, be the set of its interfering nodes, i.e. the set of its
neighbors in the interference graph G. The following lemma shows that if
q(s) > @, and all its interferers are idle in some interval [s, ¢] then node ¢ is

fully active until its queue drains.

Lemma 4.9 (No Idling Property). Given a node ¢ with interference set I,
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and an interval [s,t], define
DY) = Njer, 79 (s,t — 5,0),

that is, no activity for any node in I, during [s,t|. Further, given @ > 0,
define hfng = Q/(1 — X)) A (t — s) so that the queue at most empties over

this period, and let
i (¢ ¢
S = T (5,1 g, 81 ).

which implies that node ¢ is under active. Then
¢ ¢ ¢
p{ D s ne} =0,

where Qg% is the event {w : qu(s,w) > Q}, as defined earlier.

Proof. Given n € N such that n > 1/(t — s), fix an arbitrary ¢, 0 < { < ﬁ
(recall that N is the number of nodes in the network). Clearly,

DY € DO, = e dP (s, 1, )
Hence, for arbitrary €, > 0 depending on n, to be fixed later,
D§2 CcJ (s 1/n,0)U (J(f)(s,l/n, €n) ﬂDéQ) :
Next, observe that for all ng € N sufficiently large,
Ss(? = Un>nana

with G,, = G(’iw W0y A0 G") as defined in (4.30). The union bound
g t QT ’

thus implies that

Y4 Y4 Y4 l 4
p{D00s 0y} < 3 n{enQyn O, 1m0} (1s)

n>ng

+ Z { Z)ﬂJ(E(S,l/n,en)ﬂngég}.

n>ngs

Provided ng is sufficiently large, each term in the first sum must be 0, else
Lemma 4.8 is contradicted. To complete the proof, it is therefore sufficient

to show that each of the terms in the second sum is 0 as well by suitable
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choice of ¢,,.

Given n, it is sufficient to find ¢, > 0 so that
limgun { DY), 1T (5, 1/n,e0) 1 QU } =0,
R—o0 ’ ’

because Dgﬁl, Jg)(s, 1/n,€), and Qg)@ are all open, so that Theorem 2.1 [45]
implies that
i {DEEB’L N Jg)(s, 1/n,e,) N Qg%} = 0.

The event Dégzl implies that there must have been at least

Rp Rp

— (1 =N¢) > — 4.38
Pa-ng> o (1.39)
steps in the jump chain (if we allow for no overlap between active periods
and since |Zy,| < N) at which all queues in Z, are in backoff for the interval
[s, s+ 1/n]. Also,

Q5>Q—g>g>0, (4.39)

throughout [s, s + 1/n] since there can be at most RS/n departures.

But if (4.38) occurs, we may suppose that node ¢ becomes active within
Rj/(4n) such steps, as the probability converges to 1 as R — oo that it
does so. But if we take 0 < ¢, < /(4n) the implication is that there is a
subsequent backoff. Since (4.39) also occurs, Lemma 4.7 with t; = s,ty =
s+ 1/n and ¢ above shows that the probability of a subsequent backoff goes
to 0 which establishes the result. O

Since s,t, Q) are arbitrary in Lemma 4.9, it follows from continuity that
node ¢ begins service the instant its interferers become idle, if it has a positive
queue-length.

Lemmas 4.3 and 4.9 carry an implication for the node pairs (1, 2), (3,4), (5, 6)
in our network. We say that node ¢; dominates node (o, ¢y # {5 it Z,, C 7Z,,.
Hence, if (say) queue 3 (the dominant queue) is draining, then no other queue
than 4 may be active as a consequence of Lemma 4.3. But this implies all
interferers of queue 4 are inactive. Hence, if ¢4 > 0, it will therefore begin
to drain immediately, i.e. if queue 3 is draining so is queue 4. Also if g4
becomes 0 before ¢3, then it must remain at 0, until queue 3 drains.

This result is formally stated in the following corollary, the proof of which
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is omitted for brevity.
Given any node k € {1,--- N}, gx > 0, and time ¢ define,

\I/f’qk(u) =g —(u—t)1 =), u>t, (4.40)

and given v > t, let FF

¥, be the event that |¥} ) (W) = gi(u,w)| < n for
u € [t,v].

t,qK (t,UJ

Corollary 4.3. Given a queue ¢, let k be any other queue with I, C 1Z,.
Vit > 0,QQ > 0,n > 0, definev = t+ Q/(1 — \), then with Pt(g as i
Definition 4.6, it holds that,

H {Pt(,g n <Ft(’;)n> } =0.

Corollary 4.3 implies that g almost surely the dominated node £ follows
U* the moment that dominating node ¢ becomes active.

In case the arrival rates satisfy, Ay = Ao = A > 0, \y = X5, A¢ > A5,
and A3 > A4, we show that the network enters a natural state (as defined in

Section 4.3) u a.s. This result is proved in the following theorem.

Theorem 4.6 (Almost Sure Natural State). Given the initial condition q(0)
with ||q(0)|] = 1, there exits a Ty < oo such that u a.s. for allt > Ty,

A%

q3(t) qa(t),
g6(t) > qs(t).

Moreover (recalling the definition of p given in Section 4.2) Ip* < 1 such
that for all p € [p*,1), Vequ(Tn) > 0 i.e. the network is nonempty at time
Ty.

Proof. This result follows from Lipschitz continuity and more particularly
from the fact that the sample paths are piecewise linear. Hence, apart from
a set of measure 0, the derivatives of all queue lengths exist.

Consider now nodes 3 and 4. Where the derivatives exist and ¢4 > 0, it

holds that
dgs _ daa
dt = dt’

since A3 > A4 and since ¢4 is decreasing at linear rate whenever ¢4 > 0 and

qs is decreasing at a linear rate, as shown in Lemma 4.9. We may therefore
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deduce i a.s. and where differentiability holds that,

d[qa(t) — q3(t)]

T <M= <0
dt > \4 3 )

until some time 7%, such that [gu(¢) — ¢3(t)], = 0, t > T3. The same holds
for queues 5 and 6, with corresponding time Ty and the following inequalities

are satisfied,

p < 600 =00, (60~ a0)),

)\3—)\4 >\6_>\5

We may therefore take
TN - T3 V Tﬁ,

and by taking worst case values in the above inequalities, we obtain a uniform
bound on Ty. This concludes the first part of the lemma.

We now show that T, the time to empty, can be taken arbitrarily large.
Define Lp(t) = max (q1(t), q2(t)) + ¢3(t) + g6(t). Then Lp can be reduced at
most at rate 1, since service of nodes (1, 2), 3 and 6 is mutually exclusive,
and grows at rate p = pg + ps + pg, which can be made arbitrarily close to 1.
Hence Ty — oo as p 1 1 if Lp(0) > 0. It can be the case that Lp(0) = 0 but
then ¢4(0) + ¢5(0) = 1, so that Lp(1/2) = po/2 and Tg > 5 (1 + f%p) and
again Ty — oo as p 1 1. O

This shows that a nonempty natural state can be reached in finite time.
Given Theorem 4.6, we can and will suppose that the state is natural at time
0, without loss of generality.

We define the set of paths which additionally satisfy the constraints of
Lemmas 4.3 and 4.9 to be P, C P C C[0,00). We now restrict the set
of sample paths to Pp, so that the probability of an event F' € C can be
determined as pu{F} = u{F NP}

We now give a largely informal description of the paths in Pj. Section
4.2.1 gives a detailed description of the periods M,k = 1,2,3,4. The
ends of periods My, My, M3 are marked by the corresponding stopping times
Zﬁﬁ), Z,(;‘i)n, fo,)n. For M, periods, the following construction is needed. (It is
needed because Zéi)n stopping times may be part of an M, period and hence
do not mark the end of a M, period.)

We first define Péf,)n = Vrgf,% + B%)n € m}"Z“) to be the time prior to ang?n
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when service begins (recall the definition of BY, in (4.36)).

Definition 4.7. A stopping time Z,(f,)n 8 a Mf) stopping time, denoted
amP

)
Zmn' if the following holds,

1(Zh, ~ PW) = (7)), (=36 (1.42)

(5)
That Zf,{%“ is an Fy stopping time follows as both the above events lie in

f

Ziwn

This is consistent with an My-period taking place in which queue 4 emptied
first (or at the same time as queue 5) by (4.41). If this is a strict inequality
then we say this is a strict Mf) stopping time. Equation (4.42) ensures that

queue 5 is being served throughout [Pﬁf )n, Zﬁf}n] as a consequence of Lemma,

o 5,M{Y

4.9. Similary we may define Z,, ,* .
This concludes Part B. In Part C, we will derive the probabilities according
to which one period is followed by another with no delay (on the fluid scale)

in switching from one period to the next.

4.8.5 Fluid limit proofs: Part C

We begin with some preliminary results. The first is for measures constructed
from closed continuity sets. Given a set of sample paths G, define the mea-
sures,

po{F} = p{FnG}, pg(F)=pur{FNG}.

The following lemma shows that weak convergence is conferred on ,u(GR) pro-

vided G is closed and a p-continuity set.

Lemma 4.10. Suppose jf)

space, (2, F), such that

s a sequence of probability measures on a metric

p =y,

where p is also a probability measure on the same space. Let G € F be closed

and a p-continuity set. Then it holds that

R
N(G):MG'
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In particular, the weak convergence definitions (iii), (iv), and (v), in The-
orem 2.1 of [45], all equivalently hold.

Suppose a pair of non-interfering queues in the network are operating in
isolation e.g. queues (1, 2). Then each queue will be empty and in fact
will then subsequently be empty infinitely often, almost surely. Given that
the evolutions of the two queues are independent, we prove next that the
total number of steps in the jump chain for which both queues are backed
off together increases to infinity in a period which is negligible on the fluid
scale.

Given a start time taken to be 0, define W#(u) to be the total number of
steps that queues 1 and 2 are both in backoff, starting at time 0 and ending
at time u > 0 on the fluid scale, in (Q®(¢),I%(¢)).

Lemma 4.11 (Total Backoff). Given @Q > 0, define t = Q/(1 — \), and
suppose that QF(0) < Q, ¢ = 1,2, and both queues are active at time 0.
Then for any Q,& > 0,

lim i {WR(t+ 26) > 2\/}_3} ~1.

Proof. Let 19 be the stopping index in the jump chain for the first occurrence
of

Q1(70,0) = Q2(700) = 0. (4.43)

Given any & > 0, define pf'y =P (100 < [B(t + ) R]|Q,(0) < RQ) . It will be
enough to show that ng — 1 as R — oo. To see this, note that any queue
in isolation is positive recurrent, as a consequence of Lemma 4.6. Thus,
the jump chain restricted to nodes 1 and 2 in isolation (i.e., with remaining
queues barred from gaining the medium) is also positive recurrent. Let my
be the mean number of steps between indices k such that (4.43) is again
satisfied. Also let Kf be the random number of such steps in the next

interval of | B¢R] steps. It is easily seen from the weak law of large numbers
e |5ER)
. R —
i s {2 > 50, =1

which implies the statement of the lemma.
Thus, to complete the proof, we just need to show that ng — 1. Fix
£g, > 0 and choose Qr := Qr(A,y) < 0o as in (4.28) so that the probability

of even a single backoft before either queue reaches ()1 is no more than eg,..

97



Moreover let 774, ¢ = 1,2 be the stopping indices for Q¢(7r¢) = Q7. Then,
given any n > 0, and €, > 0, it can be seen that 71 V 7r2 < BR(t + 1)
occurs with probability larger than 1—2ep , —2¢eq,., with g, — 0 as R — oo
by the weak law of large numbers.

Next, given any 7, > 0, there exists a ()1, large enough such that

P(Qe(tre+k) <Qr)>1—¢p

for all £ € N. This follows from the fact that the jump chain in isolation is
positive recurrent, and thus the corresponding sequence of infinite probability
vectors is tight as they are converging to the steady-state distribution. Hence,
with probability larger than 1 —2ep, —2co, —2¢cr, Qu(|SR(t+n)] < Qr,l =
1,2.

Moreover, again by the positive recurrence of the isolated jump chain, the
mean number of steps for queues 1 and 2 both to become 0, starting from any
state with Q, < Qp, ¢ = 1,2, is bounded by some constant my, := mp(Qr) <
oo. Thus, by Markov’s inequality, with a probability less than my/(nR), in
a further nR steps both queues will become 0 (and thus inactive).

Finally, given any € > 0, choose Q7 and @, large enough so that ¢, < €/8
and ¢, < €/8 and then R sufficiently large so that eg, < ¢/8 and m./(nR) <
€/8. Hence, with probability larger than 1 — €, 750 < (¢ + 2n)R for all R

sufficiently large. Since € and n are arbitrary, the proof is complete. O]

Transition from an Mi-period

In what follows we will further suppose that the lengths of queues 1 and
2 and their activity are both equal, as the following arguments are readily
modified where this is not the case. We therefore denote their common queue
length as ¢(u) = ¢1(u) = ¢2(u) in what follows and similarly for the activity
I(u) = I (u) = Ir(u). Finally, in the following ¢, ¢ and hence s are fixed,

=y C
s = t———
=N
O0p = age, 0<ap<1, k=01,
h = vc,

= xc, v>x >0,
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for some small positive constants ay, v, and x to be determined later. We

define the following closed set of paths that correspond to an M;-period

Ger = {w:0<c—0d) <q(s,w) <c+di}
N {w:I(s+ hw)—I(s,w) > B(h—C()}. (4.44)

Now given 0 < s < sy, and ¢ (which will be specified later), define

89 = Jf)(f—{—sl,52—31,6(52—51))HJL4)(Z+31,32—31,5(32—31)). (4.45)

c,t

I c(iA) is a (closed) set of paths for which queue 3 (and also queue 4) are fully
active during the interval [t + s1,t + s5]. Similar definitions, using the same
) 7(5:6)

= 4,5
s1, S2, and ¢, can be made for [C(,t ey

Note all sample paths must pass through the interval [c— dg, c+ 01] at time
s, but may continue to increase for a brief period at the beginning. After
s + h the two queues must be draining at rate 1 — A almost surely as shown
in Lemma 4.8. One of the other three queue pairs are expected to have the
medium during the interval [t + s1,¢ + s5]. Only one such pair will be active
during this period as a result of the forthcoming construction.

The following is the earliest time that queues 1 and 2 can drain if the

sample paths are constrained to lie in G,

c. (4.46)
As far as additional queue build up is concerned, under the fluid limit,
a(s + h,w) < qls,w) + My = q(s,w) + Ave

holds for sample paths in G, (see (4.22)). It then follows that queues 1 and

2 will reach 0 under the fluid limit no later than

CK1+)\V
C
1—X 7

T=t+ (4.47)

which is the definition for . We thus conclude that, under the fluid limit,
queues 1 and 2 will reach 0 in the interval (£, ) (for the first time after s+ h
on occurrence of the event G.;). We formalize the above in the following

lemma.
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Lemma 4.12 (Queue Bounds). Let 7, = 7.(s,{0}) = inf {t > s : ¢(t) = 0}
be the first contact time with 0 for ¢ = q = q2. Then,

p{Gesn{w: (W) € [t,8}} =0.
Additionally, Yl = 3,4,5,6,
pA{Ge: N{w = qult,w) < AtA}} =0, (4.48)

where,

At=t—(s+h)=c(l—ap—v(l—N)/1-N.

Proof. By definition of G4, q(s,w) > ¢—dp, YVw € G.;. It follows that ¢ can-
not reach 0 before ¢, as sample paths by definition lie in Py, (see Section 4.8.4,
following Theorem 4.5). A similar argument applies to ¢.

For the last part, Lemma 4.3, shows that nodes 3,4,5,6 must be idle in
the period [s + h,t]. Since the sample paths are restricted to lie in Pp, it
follows that their queues must satisfy the stated inequality at time t. The

proof is complete. n

The time for queue ¢ to reach 0 following t is therefore at least,

Y.
1— X

fo = At x , 0 =3,4,5,6.
Clearly fo — (cx X))/ ((1 = X) x (1 = X)) as o, v | 0, and so this expression
is bounded from below as «q, a1, v > x are made arbitrarily small. For future

use, we define
f=AtA_g N/ (1= Ny),

as a lower bound on the time needed to drain any queue ¢ = 3,4, 5, 6.

Our results thus far do not rule out the possibility that there is an idle
period during which queues 3, 4, 5, 6 fail to obtain the medium. In order
to make allowance for this, we introduce a period &c, € > 0, which comes
following queues 1 and 2 draining, and to be definite, we set {c = f /8. Hence,
if it is the case that

t—t<f/4 (4.49)

and that service of queue ¢ cannot start before ¢ — £c and must have started

no later than ¢ + £c, then it follows that service will continue throughout the
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interval [t + &c,t + &c + f/2]. In this case, we may take s; = f/4,s0 = f/2
again to be definite. Further, set s3 = {c + f/2. To summarize, if (4.49)
holds, on occurrence of G.; and that service of queues 3 and 4 commences
in the interval [t — &c,t + &cl, then the event IéiA) must take place. The
same is true in case service commences for either queue pair (4,5) or (5,6)
in [t —&e,t+ &l

Let Ci, k = 3,4, 5,6, be the residual time to backoff for queues 3, 4, 5, 6,
at time s+ h, with Cy = Cy = 0 as these queues will be almost surely active.
Define Sj; to be the number of steps in the jump chain before one of these

nodes gains the medium and also define

W(3’4) = {ég < /\2:4ék} U <{C’4 < ég VAN é5 VAN éﬁ} N {ég < é5}> ,
e = wedn{sy < VR}.
WG4 is the event that queues 3 and 4 win the backoff competition to take

the medium first from queues 1 and 2. Similar definitions can be made for

queues (4,5) and for queues (5,6) in addition. The probabilities of these

events are 3 |

P (W) = g=P (WES) | P (WD) = T (4.50)
as the backoff periods are unit mean i.i.d. exponential random variables.
C’éi’j% is the event that queues (3,4) win the backoff competition and that it

does so in no more than V'R of the jump chain steps when queues 1 and 2
are in backoff together.
Next let

BY? = NOD(s 4 ht — &) N {WE(s+ h, T+ &) > 2VR}

be the intersection of the event N S’Q)(s + h,t — &c) that neither queue 1 nor
queue 2 starts to backoff during the time interval [s+ h, t — &c] and the event
{WEB(s+h,t+Ec) > 2R} that queues 1 and 2 operating in isolation would
be simultaneously in backoff for a cumulative period of time of at least 2¢/R
during the interval [s+h,t+&c]. Informally speaking, the event ng) ensures
that there is sufficient backoff by queues 1 and 2 and that they do not begin
to backoff while there are a significant number of queue 1 or queue 2 packets

remaining.
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Next define cg to be,

chS3g82x(1—/\3)>0,

which is at least half the content of queues 3 and 4 on the fluid scale at time

t + s9, given our construction. Further, define the following event
QR (L T+ 52) = {w:inf {QF (u,w),u € [L,T+ 55]} > cq.m = 3,4} € Fy,

for which we obtain the following corollary.

Corollary 4.4.
. 3,4)\ €
Jim i {Geen (@) } =0

Proof. Lemma 4.12 implies that for all n sufficiently large,
lim sup pp {Gc,t N {w CQE(tw) < At — 1/n}} =0, ¢ =3,4,
R—o0

on using Theorem 2.1 in [45] and that both the above sets are closed. Hence

we need only show that,

lim pup {{w L QB(t,w) > At — 1/n, 0 = 3,4} N (@gv@) } —0, (4.51)

for sufficiently large n. However (4.51) follows from the weak law of large

numbers, from the definition of At, ¢, and the event QgA). O

Finally, define N ](%3’4) (t,t + s2) to be the event that neither queue 3 nor
queue 4 has a backoff during the time interval [¢, + s5] (on the fluid scale).
Clearly, equivalent definitions for this and the above corollary can be made
for queue pairs (4,5) and (5,6).

In what follows it will be convenient to write G := G;.

Our aim now is to show that no matter what trajectory the fluid limit path
followed earlier, if it lies in G so that queues 1 and 2 almost surely reach 0
in the interval [t, ], marking the end of an M; period, then the probability
of the next period depends only on the residual backoff times, which is a

Markov property.

Lemma 4.13. Suppose that G is a set of paths as defined in (4.44), with

parameter values so that (4.49) holds, and is also a p-continuity set. In
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addition, let F € Fs be an arbitrary closed, finite-dimensional set of paths
defined by times s and earlier. It then holds that

3
MG{FQIC(,?ZA)} > gMG{FO}

3
MG{FQ]S’G)} > gNG{FO}

1
MG{FQIC(?Z’S)} = ke )

In case F' is a p-continuity set, the interior can be dropped and > replaced

with equality.

Proof. We first show the last part of the lemma, assuming the first part to be
true. If F' is a u-continuity set, then by definition, 0 = p{0F} > pn{GNOF}
and it follows that F'is a pg-continuity set as well. Since the factors sum to
1 and the events on the left are almost surely exclusive as a consequence of
Lemma 4.3, we can now replace the inequality sign with equality.

We move to the first part of the lemma, which we will prove for queues 3
and 4. The proof for the other queue pairs is similar.

First observe that

CONNBYY NGVt +s0) C 1YY,

since O ot R N B nnplies that queues 3 and 4 activate before time ¢ + sy,
while N 1({3 A (t,t+ s2) ensures that neither queue 3 nor queue 4 has a backoff

during the time interval [t, + so]. We thus obtain the following chain of

inequalities
p {FnIi} > ugﬂ {FnctinBg? angol (4.52)
> p{F W)
~n L ({su < VRpn B nNg )
3
> 2 (P = {Su > V]

()} - (05 )

with N 1(%3’4) =N 1(%3’4) (t,t+ s2) for compactness. The first inequality follows by
inclusion, the second using pug {AN B} > pe {A} — ue {B¢}, and the third
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from (4.50) by independence of the back-off clocks and by using the union

bound in conjunction with de Morgan’s laws. We now proceed to show that

/’L(G'Ri% = ,UR { (BI(%L2)> ﬂ th} — O
udh = wn{ (NEV) nGef o

The first limit is immediate. In order to deal with the second limit, define

the event
Qg’m(s + h,t —&c) = {w : inf{Qﬁ(u,w),u €[s+h,t— 50]} >q,m = 1,2}
for some small constant ¢ > 0, and use the upper bound

uds < mn{ (BRY) QR+t =g NG
ﬂm{( (12(S+ht—§c)>cﬂGc7t}.

The limit of the second term is 0 by definition of ¢ as the earliest time that
queues 1 and 2 can drain under the event G.; and on making a suitable
choice for ¢. It suffices then to show that the limit of the first term is 0. In
order to prove this, we invoke the definition of the event BS’Q) to obtain that

the first term is bounded from above by

pr { (NS5 + bt —£0) N QR (s +hit—¢0)}
e {{W (s + 0, T+ €0) < 2VR}N Gy }
That the first term converges to 0 follows by definition of the events and

Lemma 4.7. Lemma 4.11 shows that the limit of the second term (i.e. the

event there is insufficient backoff by queues 1 and 2 on occurrence of G¢;) is
0.
In order to handle the third limit, we apply the upper bound

Pas < PR { (NSA)(Lf + 32)) N Q(34 } { ( g’4)>c A Gc,t} :

Lemma 4.7 shows that the limit of the first term is 0, while the statement of

Corollary 4.4 is that the limit of the second term is 0.
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Taking limits in (4.52) with respect to R, and using Lemma 4.10, it follows
that,

3
Jite {F N IC(iA)} > 3 lim sup u(GR) {F} (4.53)
R

3
> 3 lim inf ,u(GR) {F°}
3

> g:uG {FO} )

where the first inequality follows from the fact that F' and IéiA) are both

closed and the third since F° is open and again from Lemma 4.10. [

Let p be the fluid limit measure and proceed to define for any given ¢t > 0
the following class of sets, the finite-dimensional continuity rectangles IC,

which are a subset of the finite-dimensional sets, H;.

Definition 4.8. Define the class of finite closed rectangles R to be the sets,

N N
<H[Sj’L’ S]’,H]> X <H[Tj,Larj,H]> C Rf X Rﬁ,
j=1 j=1
where s; 1 < 551,70 < 15, otherwise we obtain the empty set.

Given times 0 < t; < ty < -+ < t; < t, define w;; : C[0,00) — E7 to
be the (continuous) projection map taking the sample path to its position at

times ty,--- ,1;

mica@) = ((@(tn,0), 1(t1,0)) - (altsw). 1(ts0) ).

Finally, take R’ to be J-products of closed rectangles. Define K, to be sets
of the form W[}}tRJ, R; € RY and finally K, C K, to be those H € K; such
that p{0H} = 0. Clearly K, C K, C F;.

Returning to Lemma 4.13, we see that it is satisfied by all sets F' € K,
with equality since they are by definition closed p-continuity sets. Further-
more, since the terms on the left and on the right are measures and since

K, s generates Fy, the following corollary holds.
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Corollary 4.5. VF € F;, Lemma 4.13 holds with equality, i.e.

3
MG{Fﬂ[c(iA)} = gMG{F}

3
MG{Fﬂfc(i’G)} = gHail}

1
MG{Fﬂ[c(i’B)} = qHeilf}.

Proof. First note that the measures on the LHS and RHS are both finite
and are therefore both o-finite, with respect to the sets in K, ;. It is readily
shown that IC, s is a m-system and o(K, ) = F,. Theorem 10.3 in [49] thus
shows that LHS and RHS agree on F;. ]

To continue toward Theorem 4.7, we now define paths that one of which
is followed immediately on completion of a (positive) M;j-period at time s, p
a.s. First define

GEM) () e [s, 1), k = 2,3,4, (4.54)

st

to be the path which is at q at time s and then follows M}, until time ¢, e.g.,
if k =1, queues 1 and 2 are decreasing linearly at rate (1 — A) and any other
queue ¢ = 3,4,5,6 is increasing at rate \,. Precise definitions we omit as the
form of the sample paths have already been discussed. The next definition is
for an indicator function that the above path is being followed in an interval
[s,s+ h],h > 0.

i) = ]l{w Hla(v,w) — 99 )] < v € [s,5 + h]} . (4.55)

Mk,q

In words My is “followed” for an interval of duration h starting at s to a
closeness 7.

Note that the result of Corollary 4.5 applies only to events in some o-
algebra F,, where w > 0 is fixed. However, the equivalent results can be
established for all events F' € ]:Zr(i’i) as stated by the following theorem. The

proof can be found in [50].
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Theorem 4.7. Vn € No,m € Zy, I, such that Vn, 0, >n >0,

Mlﬂ] _
{ Mgmn’ Z(IQ)} -
M177
{ M3mn| Z(12>}

MIJ] |
M4,m n Z(1 2)

, b a.s.,

= | =00l Wwoo| W

Since 1 > 0 can be taken arbitrarily small, the conclusion is that one of the
(1,2)

periods My, M3, My start immediately at Zf,},’fl) on occurrence of Zpn' < oo

and with probabilities determined solely by the residual backoff times.

Switchover from My, M3, My

Here we will only state our results, moreover Ms- and Mjs-periods are anal-

ogous and so we will only deal with the former. To state our theorem for

switching out of a Ms-period, define ]ﬁ/[ 2;2 -

out of M;. Also define 733 = F,, N{Z3 o < 00}

k =1, 3 as was done for switching

Theorem 4.8. Vn € No,m € Z — {0}, 3p,¢ > 0,p+ ¢ = 1 and I, such
that ¥, 1y, >n>0

M, _

,u{ Mjn?n|}"zg } = P, |t a.s.,
M7

N{ M;nrl]n"FZ?’ } =

|

The quantities p and g are determined as follows,

p = ZZ Z b (Q)75(Qu, Xa)eP (Qa, X) (4.56)

Q 0Q4 0 Xy=

q = ZZ Z b(g) 7T4 Q47X4)65 (Q47X4)

Q=0 Q4=0 Xy=

where 713°(Q4, X4) is the equilibrium jump chain probability that node 4 is in
state (Q4, X4) when operating in isolation (i.e., when node 4 is the only node
in the network). The b®)(Q) is the limiting probability as Q3 1 oo that a
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first backoff of node 3 occurs when Q3 = @, service starting with @ packets.
2(Q4, X4) is the probability that node 1 or 2 first gain the medium when
node 3 has a first backoff with ()3 = ) packets and the state of node 4 as
given. The remaining definitions for § are similar. Thus in this case there is
no simple formula and p,§ depend on the backoff parameter + as well as the
arrival rates to nodes 3 and 4.

For the case of switching out of M, we have the following result, again
making the corresponding definitions as in Theorem 4.7.

(5))

Theorem 4.9. For any ZT(ML stopping time, there is a n,, > 0 sufficiently

small so that, for all n,, >n >0

(M »77) M N o
{]Mf,mn v ]lM43mn | 7 s M(s))} =1 pas,

mn

and so that

My, 00
u{liﬁ;r:mf (M)} = 0, pas.

(4)
A similar result holds for Zr(,féw i) stopping times.
This concludes Part C.

4.8.6 Fluid limit proofs: Part D

In Parts A-C we have established (a) sawtooth properties and some con-
straints on those sample paths, (b) what will occur at the end of a given
Mj-period, k = 1,2,3,4 and (c) that a natural state will be entered in finite
time before the network can empty almost surely. What has not been shown,
is whether any M;-period would ensue at all. We can indeed show that M-
periods will occur p a.s. following a natural state, provided p is sufficiently
close to 1.

In fact, establishing this result is not strictly needed to prove instability.
If there is a last visit to queues 1 and 2 (which might occur when they
are both empty), then these two queues must grow linearly and therefore
the fluid system is unstable. Nevertheless, we have shown in [50] that an

infinite sequence of M;j-periods will occur p almost surely and in strictly
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bounded time, following T to enter a nonempty natural state. Our main
result from [50] is the following.
Denote by 73% : C [0,00] — [0, 00] as the first point of increase of either

72)

I, I5, as in Definition 4.6, following Ty. It is easily shown that 7',51 is a Fi+

stopping time, and corresponds to the start of a positive M;-period.

1,2)

Theorem 4.10. There exists a 0 < Ty < oo such that T,E < Ty + 1Ty,

[ a.s.

Thus an M;-period occurs within bounded fluid time following a natural
state. This concludes Part D.
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Chapter 5

Stability for Multihop Networks with Dynamic
Flows

In Chapters 1-4, we described the Max Weight Scheduling (MWS) algorithm
of Tassiulas and Ephremides [1] and our random access mechanism. The
stability results so far have been concerned with packet-level dynamics when
flows (users) are not arriving/departing. In real networks however, flows
arrive randomly to the network, have only a finite amount of data, and
depart the network after the data transfer is completed. Moreover, there is
no notion of congestion control in MWS and the random access mechanism
while most modern communication networks use some congestion control
mechanism for fairness purposes or to avoid excessive congestion inside the
network [23].

In this chapter, we will examine stability of the system in presence of flow
arrivals/departures. Here, by stability, we mean that the number of flows and
the queue sizes in the network remain finite is some appropriate sense. We
will also show how the stability results for the single-hop model in previous
chapters can be extended to the multihop model.

Stability of wireless networks under flow-level dynamics has been studied
in, e.g., [23, 24, 25]. Under flow-level dynamics, if the scheduler has ac-
cess to the total queue-length information at nodes, then it can use max
weight /back-pressure algorithm to achieve throughput optimality, but this
information is not typically available to the scheduler because it is imple-
mented as part of the MAC layer. Moreover, without congestion control,
queue sizes at different nodes could be widely different. This could lead to
long periods of unfairness among flows because links with long flows/files!
(large weights) will get priority over links with short flows/files (small weights)
for long periods of time. Therefore, we need to use congestion control to pro-
vide better Quality-of-Service (QoS). With congestion control, only a few

packets from each file are released to the MAC layer at each time instant,

'The terms file, flow, and user can be used interchangeably here.
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and scheduling is done based on these MAC layer packets. Specifically, the
network control policy consists of two parts: (a) “congestion control” which
determines the rate of service provided to each flow, and (b) “packet schedul-
ing” which determines the rate of service provided to each link in the network.

However, to achieve flow-level stability, prior works [23, 24, 25] require
that a specific form of congestion control has to be used, namely, ingress
queue based rate adaptation using a-fair utility functions. More accurately,
(a) the rate at which a flow/file generates packets into its ingress queue must
maximize its utility subject to a linear penalty (price). The utility function of
each flow is assumed to be in the form z'~%/(1—a), for some o > 0, with z the
flow rate, and the penalty (price) charged is the number of packets queued
at the ingress queue associated with the flow, (b) scheduling of packets is
performed using the max weight/back-pressure algorithm, where the weight
of each link is the queue size (or the queue size raised to the power «).

The main contributions of this chapter can be summarized as follows:

1. We show that a-fair congestion control is not necessary for stability,
and, in fact, very general ingress queue based congestion control mech-
anisms are sufficient to ensure stability. A key ingredient of our result
is the use of the difference between the logarithms of queue lengths as
the link weights.

2. The design of efficient scheduling and congestion control algorithms
can be decoupled. This separation result would allow using different
congestion control mechanisms at the edge of the network for providing
different fairness or QoS considerations without need to change the

scheduling algorithm implemented at internal routers of the network.

3. A by-product of the weight function that we use for each link is that
one can use random access (CSMA-type) mechanisms, as in Chapter 2,
to implement the scheduling algorithm in a distributed fashion. In
particular, unlike [51] which also considers flow-level stability, we do not
have to assume time-scale separation between the dynamics of flows,
packets, and CSMA algorithm.

The rest of this chapter is organized as follows. In Section 5.1, we describe
our models for the multihop wireless network and file arrivals/departures.

We describe our network control policy (congestion control mechanism and
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scheduling mechanism) in Section 5.2.2. Section 5.3 is devoted to the formal
statement about the throughput-optimality of our network control policy. In
Section 5.4, we consider the distributed implementation of our policy using

random access mechanisms.

5.1 From single-hop to multihop

A multihop wireless network consist of a set of nodes N’ = {1,2,.., N} and a
set of links £ between the nodes. There is a link from i to j, i.e., (i,7) € L,
if transmission from i to j is allowed. There is a set of users/source nodes
U C N and each user/source transfers data to a destination over a fixed
route in the network.? For a user/source u € U, we use d(u)(# u) to denote
its destination. Let D := d(U) denote the set of all destinations.

We consider a time-slotted system. At each time slot ¢, files of different
sizes arrive at the source nodes. As in the standard congestion control algo-
rithm, TCP, files inject packets into their MAC-layer queues. The packets
then travel to their respective destinations in a multihop fashion, i.e., along
links in the network with queueing in buffers at intermediate nodes. Trans-
mission of each packet along its route is subject to physical layer constraints
such as interference and limited link capacity.

Recall from Chapter 2 that M denotes the set of feasible schedules X =
[z;; © (i,5) € L] at each time slot. Thus, z;; is the number of packets
that can be transmitted from ¢ to j during time slot ¢ if the schedule X is
selected at time slot £. Note that each transmission schedule X corresponds
to a set of node power assignments chosen by the network. Note that if
v = [y (4,4) € L] be the average rate of service provided to the links,
then, v € Co(M).

We use a4(t) to denote the number of files that arrive at source s at time
t and assume that the process {as(t);s € U}y=12,..} is i.i.d. over time
and independent across users with rate [ks; s € U] and has bounded second
moments. Moreover, we assume that there are K possible file types where

the files of type i are geometrically distributed with mean 1/7; packets. The

2The final results can be extended to case when each source has multiple destinations
or to the cases of multi-path routing and adaptive routing. Here, to expose the main
features, we have considered a simpler model.
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file arrived at source s can belong to type ¢ with probability ps;, 2 = 1,2, .., K,
psi > 0, Zle psi = 1. Our motivation for selecting such a model is due to
the large variance distribution of file sizes in the Internet. It is believed,
see e.g., [52], that most of bytes are generated by long files while most of
the files are short files. By controlling the probabilities p,;, for the same
average file size, we can obtain distributions with very large variance. Let
mg = Zfil Psi/Mi denote the mean file size at node s, and define the workload
at source s by ps := kyms. Let p := [ps : s € U] be the vector of such

workloads in the network.

5.2 Network control policy

Upon arrival of a file at a source Transport layer, a TCP-connection is es-
tablished that regulates the injection of packets into the MAC layer. Once
transmission of a file ends, the file departs and the corresponding TCP-
connection will be closed. The MAC-layer is responsible for making the
scheduling decisions to deliver the MAC-layer packets to their destinations
over their corresponding routes. Each node has a fixed routing table that
determines the next hop for each destination.

At each source node, we index the files according to their arriving order
such that the index 1 is given to the earliest file. This means that once
transmission of a file ends, the indices of the remaining files are updated
such that indices again start from 1 and are consecutive. Note that the
indexing rule is not part of the algorithm implementation and it is used here

only for the purpose of analysis.

5.2.1 Description of congestion control algorithm

We use Ws () to denote the TCP congestion window size for file f at source
s at time t. Hence, W,y is a time-varying sequence which changes as a
result of TCP congestion control. If the congestion window of file f is not
full, TCP will continue injecting packets from the remainder of file f to
the congestion window until file f has no packets remaining at the Transport
layer or the congestion window becomes full. We consider ingress queue-based

congestion control meaning that when a packet of congestion window departs
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the ingress queue, it is replaced with a new packet from its corresponding
file at the Transport layer. It is important to note that the MAC layer
does not know the number of remaining packets at the Transport layer, so
scheduling decisions have to be made based on the MAC-layers information
only. It is reasonable to assume that 1 < Ws(t) < W,opy, €., each file
has at least one packet waiting to be transferred and all congestion window
sizes are bounded from above by a constant W,,,4. We only require that the
congestion window dynamics could be described as some function of queue
lengths of the network. Even in the case that the congestion window is a
function of the delayed queue lengths of the network up to T time slots
earlier, due to the feedback delay of at most T from destination to source,
the proof could be easily modified by including the queues up to T time slots

before in the network state (details in Section 5.3).

5.2.2 Description of scheduling algorithm

At the MAC layer of each node n € N, we consider separate queues for
the packets of different destinations. Let qy(fl), d € D, denote the packets of
destination d at the MAC-layer of n. Also let RE\C,I)X n be the routing matrix
corresponding to packets of destination d where jo) = 1 if the next hop of
node ¢ for destination d is node j, for some j such that (i,j) € £, and 0
otherwise. Routes are acyclic meaning that each packet eventually reaches
its destination and leaves the network. A packet of destination d that is
transmitted from ¢ to j is removed from qfd) and added to q](d). The packet
that reaches its destination is removed from the network. Note that packets
in qéd) could be generated at node n itself (if n is a source with destination
d) or belong to other sources that use n as an intermediate relay along their
routes to destination d.

The scheduling algorithm is essentially the back-pressure algorithm [1] but
it only uses the MAC-layer information. The key step in establishing the
optimality of such an algorithm is using an appropriate weight function of the
MAC-layer queues instead of using the total queues. In particular, consider

a log-type function as in Chapter 3, which is

_log(1+ )

g(z) : T h@) (5.1)



where h(z) is an arbitrary increasing function which makes ¢g(z) an increasing
concave function. Assume that h(0) > 0 and g(z) is continuously differen-
tiable on (0, 00): for example, h(x) = log(e+log(1+x)) or h(z) = log®(e+x)
for some € > 0. For each link (7, j) with RE;I) =1, define

Wl (t) = g(a(1) = 9 (4" 1)) (5:2)

Note that if {d € D : Rg-l) = 1} = 0, then we can remove the link (4, j)
from the network without reducing the capacity region since no packets are
forwarded over it. So without loss of generality, we assume that {d € D :
Rg;l) =1} # 0, for every (i,j) € L.

Let ml(-?)(t) denote the scheduling variable that shows the rate at which the
packets of destination d can be forwarded over the link (4, 7) at time slot ¢.
The scheduling algorithm is as follows.

At each time t:

e Each node n observes the MAC-layer queue sizes of itself and its next
hop, i.e., for each d € D, it observes qéd) and q](-d) for a j such that
RY = 1.

Wy

e For each link (4, 7), calculate a weight

wy(t) == max  w(t), (5.3)
deD:R{) =1
and
(Z;‘j(t) = argmax wfj(t). (5.4)
deD:R{P=1

e Find the optimal rate vector z* € M that solves

T*(t) = arg max Z ijw;;(t). (5.5)
remM Iy
(i.7)eL

e Finally, assign xz(-j)(t) =1 ifd = ij(t), and zero otherwise (break ties

at random).
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5.3 System stability

In this section, we analyze the system and prove its stability under the net-
work control policy described in Section 5.2.

For the analysis, we use Q%d) (with capital Q) to denote the total per-
destination queues, i.e., the total number of packets of destination d at node
n, in its MAC or Transport layer. Note that, for each node n, the MAC (or
total) per-destination queues ! (or %d)) fall into three cases: (i) n is source
and d is its destination, (ii) n is a source but d is not its destination, and
(iii) n is not a source. In the case (i), it is important to distinguish between
the MAC-layer queue and the total queue associated with d, i.e., Q%d) #* qﬁbd),
because of the existing packets of destination d at the Transport layer of n.
However, Q' = ¢\¥ holds in case (ii), and for all destinations in case (iii).

Let z;;(t) denote the number of packets transmitted over link (7, ) € £ at
time t. Then, the total-queue dynamics for a destination d, at each node n,

is given by

N

N
QW(t 4 1) Z RO+ RV + AD(L),  (5.6)
=1

where A" (t) is the total number of packets for destination d that new files
bring to node n at time slot ¢. Note that A" (t) = 0 in the cases (ii) and (iii)

above. With minor abuse of notation, we write E [A(d) )] = p( ) Wlth p,(l) =
pn in the case (i) and P .= 0 otherwise. Also z-(c.l) (t) = mm{ }
obviously, because i cannot send more than its MAC-layer queue Content at

each time.

Definition 5.1. The capacity region of the network C is defined as the set
of all load vectors p that under which the total queues in the network can be
stabilized. Note that under our flow-level model, stability of total queues will
imply that the number of files in the network is also stable. It is well-known,

see e.g. [53], that a vector p belongs to C if and only if there exits an average
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service rate vector vy € Co(M) such that
%.(j) >0; Vd € D and V(z’ j) € L,
ZRM%J +ZRm7m <0; Vd € D, Vn #d,

Z%J < 55 V(i) € L.

deD

Theorem 5.1. For any p strictly inside C, the scheduling algorithm can
stabilize the network independent of congestion control mechanism and the

(non-idling) service discipline used to transmit packets from active nodes.

Remark 5.1. Theorem 5.1 holds even when h = 1 in (5.1), however, for
the distributed implementation of the algorithm in Section 5.4, we need g to

grow slightly slower than log.

Theorem 5.1 shows that it is possible to design the ingress queue-based
congestion controller regardless of the scheduling algorithm implemented in
the core network. This will allow using different congestion control mecha-
nisms at the edge of the network for different fairness or QoS considerations
without need to change the scheduling algorithm implemented at internal
routers of the network. As we will see, a key ingredient of such a decompo-
sition result is the use of difference between the logarithms of queue lengths,
as in (5.2), for the link weights in the scheduling algorithm.

The rest of this section is devoted to proof of Theorem 5.1.

5.3.1 Proof of Theorem 5.1

Order of events

Since we use a discrete-time model, we have to specify the order in which

files/packets arrive and depart, which we do below:

1. At the beginning of each time slot, a scheduling decision is made by the
scheduling algorithm. Packets depart from the MAC layers of scheduled
links.
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2. File arrivals occur next. Once a file arrives, a new TCP connection is
set up for that file with an initial pre-determined congestion window

size.

3. For each TCP connection, if the congestion window is not full, packets
are injected into the MAC layer from the Transport layer until the
window size is fully used or there are no more packets at the Transport

layer.

We re-index the files at the beginning of each time slot because some files

might have been departed during the last time slot.

State of the system

Define the state of node n as

Sult) = {(@V (1), TY0(1) : d € D, (€us(1), Was(t), ous(1)) : 1 < f < Nu(t)}.

Here N, (t) is the number of existing files at node n at the beginning of time
slot t, onp(t) € {1/m, -+ ,1/nk} is its mean size (or type), and W, ¢(t) is its
corresponding congestion window size. Note that o,,¢(¢) is a function of time
only because of re-indexing since a file might change its index from slot to
slot. &,¢(t) € {0,1} indicates whether file f has still packets in the Transport
layer. More accurately, if U, () is the number of remaining packets of file
f at node n, then &,;(t) = 1{U,s(t) > Wps(t)}. Obviously, if n is not a
source node, then we can remove (&, 7, Wy, 0ny) from the description of S,,.
AR (t) denotes the information required about qqu)(t) to serve the MAC-
layer packets which depends on the specific service discipline implemented
in MAC-layer queues. In the rest of the chapter, we consider the case of
FIFO (First In-First Out) service discipline in MAC-layer queues. In this
case, I (t) is simply the ordering of packets in g\ (t) according to their
entrance times. As it will turn out from the proof, the system stability will
hold for any none-idling service discipline. Define the state of the system to
be S(t) = {S.(t) : n € N'}. Now, given the scheduling algorithm in Section
5.2.2, and our system model in Section 5.1, S(¢) evolves as a discrete-time
Markov chain.

Next, we analyze the Lyapunov drift to show that the network Markov
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chain is positive recurrent and, as a result, the number of files in the system

and queue sizes are stable.

Lyapunov analysis

Define Q1 (t) :=E [Q,(ld) (t)|Sn(t)] to be the expected total queue length at

node n given the state S, (t). Then, if n is a source, and d is its destination,

Ny (t)
Q1) =g (1) + Y [onr(Dus(t)]. (5.7)
=1

Otherwise, if d # d(n) or n is not a source, then QY (t) = g\ (t). Note that
given the state S(t), Q" is known.

The dynamics of @%d)(t) involves the dynamics of g\ (1), &4 (t), and N, (t),
and, thus, it consists of: (i) departure of MAC-layer packets, (ii) new file
arrivals (if n is a source), (iii) arrival of packets from previous hops that use
n as an intermediate relay, (iv) injection of packets into the MAC layer (if
n is a source), and (v) departure of files from the Transport layer (if n is a

source). Hence,

N
QW(t+1) = QW) - RIAV(t)+ A0 +ZRm P

+AD (1) —_D<d> (1), (5.8)

Nn (t

where fl(d)( ) = S - Jﬂ;'jrf) onf(t) is the expected number of packet ar-
rivals due to new files, Ay

( ) is the total number of packets injected into
the MAC layer to fill up the congestion window after scheduling and new
file arrivals, and D,(@d)(t) = Z}V;Y)Jra"(t) onf(t)L,s(t) is the Transport-layer
“expected packet departure” because of the MAC-layer injections. Here,
I,;(t) = 1 indicates that the last packet of file f leaves the Transport layer
during time slot t; otherwise, I,,¢(t) = 0.> Note that E [/_lgd) )] = P,

Let B (t) := A% (t) — DI(t) in (5.8), and Es[-] := Es[|S(¢)]. It should

3To notice the difference between the indicators I,,;(t) and &,¢(t), consider a specific
file and assume that its last packet enters the Transport layer at time slot ¢y, departs the
Transport layer during time slot ¢; and departs the MAC layer during time slot t9, then
its corresponding indicator [ is 1 at time ¢; and is 0 for tg <t < t; and t; < t < 9, while
its indicator & is O for all time ¢; <t <9, and 1 for g <t < t;.
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be clear that when n is a source but d # d(n), or when n is not a source,
AP (t) = AW (t) = D (t) = BY (t) = 0. Let 74, denote the maximum
link capacity over all the links in the network. Lemma 5.1 characterizes the

first and second moments of By (1).
Lemma 5.1. Let 1)y := miny<;<x 1;. For the process {szd) (1)},
(i) Est| BY(1)] = 0.

(i1) Bs | BS(07] < (o + N212,0) max{W2,,, 1/, }.

Therefore, we can write

N
QW (t + )= YR (1) + At +ZRW 290, (5.9)
7j=1
where /Nl%d)(t) = flgd)(t) + B (t). Note that Al (t) has mean P and finite
second moment.

Let G(u) := [, g(z)dx for the function g defined in (5.1). Then G is a

strictly convex and increasing function. Consider a Lyapunov function
N
=2 G@Yw)
n=1 deD

Let AV(t) := V(S(t + 1)) — V(S(t)). Using convexity and monotonicity of
G, we get

AV() <Y Y 9Pt +1) (@t +1) — Q1) .

Next, observe that, using (5.9),

QW +1) = Q| < AP (1) + Nrmaa.

Hence, because g is strictly increasing,

9QPE+1) < g(QLE) +ADE) + N )
< 9(@P0) + (AL () + Nrias),
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where the last inequality follows from concavity of g and the fact that ¢’ < 1.

Hence,
ZZ @QLN@IE+1) = QP () + > Y (AD () + Nrynas)*.

Define u” (t) := max {Zjvzl Rﬁf?wg-) (t) — g\ (1), O} , to be the wasted ser-
vice for packets of destination d, i.e., when n is included in the schedule but

it does not have enough packets of destination d to transmit. Then, we have

D RCCICIPLECER TR R0

n=1 deD
N N
+ > 9@ )P () + > > (AD() + Nrnas)”
n=1 deD n=1 deD

Taking the expectation of both sides, given the state at time ¢ is known,

yields
Es( [AV ]<E3 [ZZQ £)uld( t)]
n=1 deD
N N N
+y° Z{Q(Qﬁld) () Eslpl? + Y Ryl (1) = > Rial) (1) } +C,
n=1 deD i=1 Jj=1
N
where C} = E Z Z(fl;d) (t) + Nrmw)Ql < 00, because E [A;‘“(t)?} < 00.
n=1deD

Lemma 5.2. There exists a positive constant Cy such that, for all S(t),

> Esy [9(@2‘“ (t)uld (t)} oy

n=1 deD

Using Lemma 5.2 and changing the order of summations, we have

Es)[AV ()] <+ Cot T, T (@4 ()
~Es)|Sgee Laen 78 O(9(@Q°®) — 9@ ®)].  (5:10)

Recall that the link weight that is actually used in the algorithm is based
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on the MAC-layer queues as in (5.2)-(5.3). For the analysis, we also define a

new link weight based on the state as

Wy(t) = max W), (5.11)

where, for a link (7, j) € £ with RE;O =

W) = g(QI(t)) — g(QUt)). (5.12)

Then, the two types of link weights only differ by a constant as stated by the

following lemma.

Lemma 5.3. Let W;;(t) and w;;(t), (i,j) € L, be the link weights defined by
(5.11)-(5.12) and (5.2)-(5.3) respectively. Then at all times

[Wij(t) — wiz(t)] < 70)

Proof. Recall that, at each node n, for all destinations d # d(n), we have
Ql(t) = ¢(t). If d = d(n) is the destination of n, then Q%(¢) consists of:
(i) packets of d received from upstream flows that use n as an intermediate
relay, and (i) MAC-layer packets received from the files generated at n itself.
Since 1 < W,f(t) < Wepng, the number of files with destination d that are
generated at node n or have packets at node n as an intermediate relay, is at
most ¢4 (¢). Therefore, it is clear that ¢2(t) < Q%(¢) < ¢?(t) + qn(t)— In
the rest of the proof, we drop the dependence of queues on ¢ for compactness.

For all n and d, using a log-type function, as the function g in (5.1), yields

g(qg) < Q(Qi) < g (QZ 1+ 1/77mm))
log ( (1+q¢H) (1 + 1/77mm))
hgi (L + 1/Nmin))

< glqy) + R (5.13)
It then follows that, ¥d € D, and ¥(i, j) € £ with R} =
@ @
(W7 —wi;’| <log(Ll+ 1/nmin) /R (0). (5.14)
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* . (d) T . .
Let dj; := arg max W7 and dj; as in (5.4). Then, using (5.14)

d:RE?):l
5> w0l > Wy —log(1+ 1/mmin) /h(0),

and, similarly,

Wi; > W( 2 > Wi; — log(1 + 1/nmin)/1(0).

This concludes the proof. O
Let z*(t) be the max weight schedule based on weights {W;;(t) : (4,7) € L},

ie.,

x*(t) = arg max Z xi; Wi (t). (5.15)

zeEM (i,j)EL

Note the distinction between x* and T* as we used T*(t) in (5.5) to denote
the mazx weight schedule based on MAC-layer queues. The weights of the
schedules 7* and x* differ only by a constant for all queue values as we show
next. From definition of z*, in (5.15),

S apWit) = Y anWiy(t) > 0. (5.16)

(i,5)eL (i,5)€L

On the other hand, we can write

S apWit) - Y aWyt)=A+B+C

(i,5)eL (i,7)EL

where

A = Z x5 Wi (t) Z riwi(t

(1,5)eL (i,5)eL

B o= Y ajuwy(t) = Y Fwyt)
(3,9)EL (i,5)eL

C = Z iUijwij(t)— Z i’:jWij(t)-
(3,5)eL (i,9)eL

By Lemma 5.3, “A” and “C” are less than N?7,,4, 10g(1+1/Nmin )/ (0) each,
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and “B” is negative by definition of 2* in (5.5). Thus,

D apWi(t) = D a5 Wi(t) < 2N%riar 10g(1 + 1/nmin) /h(0). (5.17)

(i,7)eL (i,9)EL

Hence, using (5.10), (5.11), and (5.17), under MAC scheduling Z*, the Lya-

punov drift is bounded as follows
s [AV] £ 35 (@0} B[ 3 o] v
n=1 deD (i7)el

where C' = C + Cy + 2N?7,,0, 10g(1 + 1/0pmin) /R(0).
Accordingly, using (5.11)-(5.12), and changing the order of summations in
the right-hand side of the above inequality yields

Esq [AV (t)} <

ZZ{ £))Es [l +ZRm OR ZR%)JJ*,(?@)]} +C,
=1

n=1 deD Jj=1

=

where :1:*5;0 (t) = xj;(t) for d = d};(t) (ties are broken at random) and is zero
otherwise. The rest of the proof is standard. Since load p is strictly inside

the capacity region, there must exist a € > 0 and a v € Co(M) such that
N
d)+€<ZRm’ym — > R YneN,VdeD. (5.18)
i=1

Hence, for any 6§ > 0,

Ese [Av } Z 3 9@

R *(d R *(d ]
-

n=1 deD
N N
_Zzg( ZRzn 7@n ZR’LTL fYn] ]
n=1 deD j=1
N —
—e) ) gy
n=1 deD
But from the definition of 2*(t) and convexity of Co(M), 3, iy 25;Wis(t) >
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> igyec ViiWii(t), ¥y € Co(M), hence,

Esio[AV()] <~ >3 9(QP @) +C < =5,

n=1 deD

whenever max,, 4 Qq(ld) > gil(@) or, as a sufficient condition, whenever
maxy, q qﬁfl) > g_l(@). Therefore, it follows that the system is stable by
an extension of the Foster-Lyapunov criteria [54] (Theorem 3.1 in [1]). In

particular, queue sizes and the number of files in the system are stable.

Remark 5.2. Although we have assumed that file sizes follow a mizture of
geometric distributions, our results also hold for the case of bounded file sizes
with general distribution. The proof argument for the latter case is obtained
by minor modifications of the proof presented in this chapter (see [55]) and,

hence, has been omitted for brevity.

5.4 Distributed implementation

The optimal scheduling algorithm in Section 5.2.2 can be implemented in a
distributed manner using the discrete-time random access mechanism (Chap-
ter 2) as we show next.

For simplicity, we consider the following criterion for successful packet
reception: packet transmission over link (¢, 7) € L is successful if none of the
neighbors of node j are transmitting. Furthermore, we assume that every
node can transmit to at most one node at each time, receive from at most one
node at each time, and cannot transmit and receive simultaneously (over the
same frequency band). This especially models the packet reception in the case
that the set of neighbors of node i, i.e., C'(i) = {j : (i,7) € L}, is the set of
nodes that are within the transmission range of ¢ and the interference caused
by 7 at all other nodes, except its neighbors, is negligible. Moreover, the
packet transmission over (i, ) is usually followed by an ACK transmission
from receiver to sender, over (j,i). Hence, for a synchronized data/ACK

system, we can define a Conflict Set (CS) for link (i, 7) as

CSuy) = {(a,b)eL:aecC(j),orbe C(i),orac {i,j}, orbe {i,j}}.
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This ensures that when the links in CS; ;) are inactive, the data/ACK trans-
mission over (4, j)/(7,4) is successful. Thus, we can represent the interference
constraints by using a conflict graph G(V,E), where each vertex in V is a
communication link, and there is an edge between vertices (4, 7) and (a, b) if
simultaneous transmissions over the communication links (i, j) and (a,b) are
not successful.

Furthermore, for simplicity, assume that in each time slot, at most one
packet could be successfully transmitted over a link (4, j), i.e., z;;(t) € {0,1}.
Let |£| denote the number of wireless links.

We say that a node is active if it is a sender or a receiver for some active
link. Inactive nodes can sense the wireless medium and know if there is
an active node in their neighborhood. This is possible because we use a
synchronized data/ACK system and detecting active nodes can be performed
by sensing the data transmission of active senders and sensing the ACK
transmission of active receivers. Hence, using such carrier sensing, nodes 7
and j know if the channel is idle, i.e., Z(a,b)ecsu,j) Zap(t) = 0, or if the channel

is busy, i.e., Z(mb)ecs(i,j) zap(t) > 1.

Remark 5.3. For the case of single-hop networks, the link weight (5.3) is
reduced to w;;(t) = g(1 + ¢;(t))/h(q:(t)) where i is the source and j is the
destination of flow over (i,7). Such a weight function is exactly the one that
under which throughput optimality of random access has been established in
Chapter 3. Next, we will propose a slightly modified version of the random

access mechanism that is suitable for the general case of multihop flows.

5.4.1 Basic random access mechanism for multihop networks

For our algorithm, based on the MAC layer information, we define a modified

weight for each link (7, j) as

iy (t) = max @l (b), (5.19)
d:R\Y =1

where

Ym=3(d"®)-3(4"®). (5.20)
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and,

i () =max{g (d"®) .90}, (5.21)

where the function ¢ is the same as (5.1) defined for the centralized algorithm,

and

€

g*(t) = mg(Qmax(t))a (522)

where ¢mq:(t) = max; 4 qfd) (t) is the maximum MAC-layer queue length in

the network at time ¢ and assumed to be known, and € is an arbitrary small
but fixed positive number. Note that if we remove ¢g*(t) from the above
definition, then w;; is equal to w;; in (5.2)-(5.3).

Consider the conflict graph G(V, ) of the network as defined earlier. At

each time slot ¢, a link (4, 7) is chosen uniformly at random, then

(1) If -i.ab(t — 1) = 0 for all links (a,b) € CS(i’j), then j'zj(t) = 1 with
probability p;;(t), and Z;;(¢) = 0 with probability 1 — p;;(¢).
(

Otherwise, Z;(t) = 0.

(il) Zap(t) = xap(t — 1) for all (a,b) # (4, 7).
(d)
ij
and zero otherwise.

9) (t) (break ties at random),

(it)) i) (1) = Z5(t) 1 d = argmax, o_, o

We choose p;;(t) to be

_exp(wi;(?))
pij(t) = T exp(@ (1) (5.23)

The following theorem states the main result regarding the throughput op-

timality of the above algorithm.

Theorem 5.2. Under the function g specified in (5.1), the basic random
access mechanism, with any € > 0, can stabilize the network for any p €
(1—3¢)C, independent of Transport-layer ingress queue-based congestion con-
trol (as long as the minimum window size is one and the window sizes are
bounded) and the (non-idling) service discipline used to serve packets of ac-

tive queues.
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5.4.2 Distributed implementation

The basic algorithm is based on Glauber dynamics with one node update
at each time. For distributed implementation, we use the random access
mechanism with multiple node updates as described in Chapter 2. Next,
we describe the mechanisms for generation of decision schedules and data

transmission schedules in more detail.

Generation of decision schedule

We divide the control slot into two mini-slots. In the first mini-slot, each
node i chooses one of its neighbors j € C(7) uniformly at random, then it
transmits a RTD (Request-To-Decide) packet, containing the ID(index) of
node j, with probability 5;. If RTD is received successfully by j (i.e., j and
none of the neighbors of j transmit RTD messages), in the second mini-slot,
j sends a CTD (Clear-To-Decide) packet back to i, containing the ID of node
t. The CTD message is received successfully at ¢ if there is no collision with
other CTD messages. Given a successful RTD/CTD exchange over the link
(i,7), the link (¢, 7) will be included in the decision schedule m and no link
from CS(;; will be included in m. Hence, m is a valid schedule. So each

node 7 needs to maintain the following memories:

o AS;(t)/AR;(t): Node i is included in m(t) as a sender /receiver for some
link.

e /D;(t): The index of the node which is paired with 7 as its sender (when
AR;(t) = 1) or its receiver (when AS;(t) = 1).

e NR;(t)/NS;(t): Carrier sense by node i, i.e., node i has an active

receiver /sender in it neighborhood during data slot ¢.

The CTD message sent back from a node j to ¢ also contains the carrier
sense information of node j, i.e., NR;(t — 1) and NS;(t — 1), and the vector

of MAC layer queue sizes of node j at time ¢, i.e, qj(.d)(t).

Generation of data transmission schedule

After the control slot, every node ¢ knows if it is included in the decision

schedule m(t), as a sender, and also knows its corresponding receiver I D; = j.
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Algorithm 1 Decision schedule at control slot ¢

1: For every node i, set AS;(t) = AR;(t) = 0.

2: In the first mini-slot:
- AS;(t) = 1 with probability §;; otherwise AS;(t) = 0.
-If AS;(t) = 1, choose a node j € C(i) uniformly at random and send a
RTD to j and set ID;(t) = j; otherwise listen for RTD messages.

3: In the second mini-slot:
-If received a RTD from j in the first mini-slot, send a CTD to j and set
AR;(t) = 1 and ID; = j; nodes with AS;(t) = 1 listen for CTD messages.
-If AS;(t) = 1 and CTD received successfully from ID;(t), include
(2, ID;(t)) in m(t), otherwise AS;(t) = 0.

The data transmission schedule at time t, i.e., x(t), is generated based on
x(t — 1) and m(t). Only those links that are in m(t) can change their states
and the state of other links remain unchanged. A link (7, j) that is included
in m(t), can start a packet transmission with probability p;;(¢) only if its
conflict set has been silent during the previous time slot, as in the basic

CSMA algorithm.

Algorithm 2 Data transmission schedule at slot ¢
1: - Vi with AS;(t) = 1 and receiver j = ID;:

If no links in CSy; ;) were active in the previous dataslot, i.e., x;;(t—1) = 1

or NR;(t—1)=NS;(t—1) =0,

e 1;;(t) = 1 with probability p;;(t),
e z;; = 0 with probability p;;(t) = 1 — p;; ().

Else z;;(t) = 0.

- V(i) & m(t): @y(t) = 2yt = 1).
2: In the data slot, use x(t) as the transmission schedule.

Data transmission and carrier sensing

In the data slot, we use z(t) for the data transmission. In this slot, every
node i will perform of the following.

z;;(t) = 1: Node ¢ will send a data packet to node j.

x;(t) = 1: Node ¢ will send an ACK to node j after receiving a data packet

from j.
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All other nodes are inactive and perform carrier sensing. Since the data/ACK
transmissions are synchronized in our system, every inactive node ¢ will set
NS;(t) = 01is it does not sense any transmission during the data transmission
period and set NS;(t) = 1 otherwise. Similarly, node ¢ will set NR;(t) = 0 if
it senses no signal during the ACK transmission period and set NR;(t) =1

otherwise.

Remark 5.4. In IEEE 802.11 DCF, the RTS/CTS exchange is used to re-
duce the Hidden Terminal Problem. However, even with RTS/CTS, the hid-
den terminal problem can still occur. Since, in our synchronized system,
RTD and CTD messages are sent in two different mini-slots, this completely

eliminates the hidden terminal problem.

Corollary 5.1. Under the weight function g specified in (5.1), the distributed
algorithm can stabilize the network for any p € (1 — 3€)C, independently of

the congestion control mechanism.

The rest of this section is devoted to proof of Theorem 5.2. The proof of

Corollary 5.1 is almost identical.

5.4.3 Proof of Theorem 5.2

The proof uses ideas from Chapter 3, thus we focus only on the main differ-
ences here. First, recall that when weights are fixed, the basic algorithm is
essentially an irreducible, aperiodic, and reversible Markov chain to generate
the independent sets of G(V, E), with the stationary distribution

1
n(s) = - exp ((2 ww); seM, (5.24)
1,7)€s

where Z is the normalizing constant.
We start with the following lemma that relates the modified link weight
and the original link weight.

Lemma 5.4. For all links (i,j) € L, the link weights (5.19) and (5.3) differ
at most by g*(t), i.e.,

i (1) — wi; ()] < g"(t). (5.25)
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Proof is simple and has been omitted. Next, we characterize the amount

of change in the stationary distribution as a result of queue/file evolutions.

Lemma 5.5. For any schedule s € M, e < ”j;—(ls()s) < e, where,

ar = 2(1 4+ Weong)|L]g' (g—l(g*(t +1)—-1- Wcong),

and Weong 15 the mazimum congestion window size.

(5.26)

Now, equipped with Lemmas 3.2 and 5.5, we make use of the following key

proposition from Chapter 3 that is reproduced below for completeness.

Proposition 5.1. Given any 6 > 0, ||m — pe||rv < §/4 holds when Gpaz(t) >

Gn + t°, if there exists a qup, such that
Ty < /16 whenever Gmas(t) > qun,

where
(i) Ty < 161 exp (4] L]maz (1)),
(ii) t* is the smallest t such that
ty4t*

exp(= 3 ) <0/,

k=t k

1

ming 7, ()

with qmax(tl) = {th-

(5.27)

(5.28)

We will also use the following lemma that relates the maximum queue

length and the maximum weight in the network. Hence, when one grows,

the other one increases as well.

Lemma 5.6. Let Wpao(t) = max(; jes wij(t). Then

%g (Qmax(t)) < wma:c<t) <g (Qma:c(t)) :

Some useful properties of the basic algorithm

Lemma 5.7. The Basic random access algorithm, with function g as in

(5.1), satisfies the requirements of Proposition 5.1.
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The formal proof can be found in Section 5.6. Next, the following lemma
states that, with high probability, the basic algorithm chooses schedules that

their weights are close to the max weight schedule.

Lemma 5.8. Given any 0 < e <1 and 0 < 6 < 1, there exists a B(d,e) >0
such that whenever Gma.(t) > B(d,¢€), the basic random access algorithm
chooses a schedule s(t) € M such that

D> wi(t) = (1— e max > wy(t),

(i.5)€s(t) (i.j)€s
with probability larger than 1 — 6.

Proof. Proof is in parallel with the arguments in Section 3.2.3. Let w*(t) =
maXsem Y jyes Wij(t) and define x; == {s € M : 37, wi;(t) < (1 —
e)w*(t)}. Therefore, we need to show that p(x;) < 0, for Gma.(t) large
enough. For our choice of g(-) and g¢*, it follows from Proposition 5.1 that,

whenever ¢na.(t) > qn + t*,

D uls) <D mils) +6/2.

SEXt SEX¢t

Therefore, it suffices to have > . m(s) < d/2. But, by Lemma 5.4, w;;(t) <
wit) + g°(1), 50,

1 ; .
> ms) < Z?ez(i,ﬂesww)e\s\g ®)
sEXt SEXt t

1 * *

< Z — 1o ®)lLlg" (@)
SEXt t

and

Jy = Z ez(i,j)es wi;(t) > Z 62(1,3')65(7”7&]’(’5)*9*(1‘/)) > ew*(t)—lﬁ\g*(t)'
seM seM

Therefore,

Zm(s) < 2lEIRILlg" (1) —ew™ (1),

SEXt

when Gmaz(t) > qn + t*. Note that w*(t) > Winee(t) > 9(Gmaz(t))/N, and
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9" (t) = 7339 (Gmas(t)), s0

Zﬁt(s) < 9V emaolamas(®) < §/2,

SEXt

whenever ¢,q.(t) > B(J, €) with

2N 2
B(J, €) = max {qth +t*, g7 <T(N2 log 2 + log 5)> } .

Lyapunov analysis

Now we are ready to prove the stability of the network under our network
policy, when we use the basic random access mechanism instead of the cen-
tralized scheduling algorithm. Let 2* and Z* be the optimal schedules based
on total queues and MAC queues respectively, given by (5.15) and (5.5), and
Z be the schedule generated by the basic random access mechanism. The
proof is parallel to the stability argument of the centralized algorithm. In

particular, the inequality (5.10) still holds, which is

Es) [AV()] < S @) - Eso| 3o Yo owi’] + ¢+

n=1 deD (i,j)€L dED
- Z Zg — Es) [ Z fz‘j(t)Wij(t)] + C1 + Ca.
n=1 deD (’L,j)ec

Next, observe that

Z zj ;Wi (t) _ES(t)|: Z .%ijI/VZ-j(t)} = A+ B+C,
(ivj)EE (’L'J)Eﬁ
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where

A = Bsp| Y = — D apwit }
_(z'j)EE (i,)eL

B = Esq Z Wi (¢ Z Tijwij ( ]
z] )eL (4,5)EL

C = Esu Z Tijwi; (¢ Z TijWis( }
Zj )eL (3,9)eL

Each of the terms “A” and “C” are less than |£]log(1 + 1/Mmin)/h(0) b
Lemma 5.3. The term “B” is bounded from above, by using Lemma 5.8, as

follows.

B < ) aywy(t) = (1=8)(1—¢) Y Fwy(t)

(i,5)eL (i.5)eL
< D whuylt Y= > wiwylt
(i,9)eL (i,9)eL
(w)eﬁ

whenever ¢pq.(t) > B(J,€), for any § > 0. Thus, using the above bounds for
terms A, B and C, we get

Eso| Yo #uWs()] = (1=0)(1—a > ;W)

(i,9)eL (3,9)EL
—31L] log(1 + 1/1min) /B(0).  (5.29)

Using (5.29) yields

Eso|AV(H)] < OIS (=019 3w Wiy

n=1 deD (i,j)eL

+Cs, (5.30)
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where C5 := Cy + Cy + 3|L|1log(1 + 1/Mmin)/R(0). Using (5.11) and rewriting
the right-hand side of (5.30), by changing the order of summations, yields

Esq) [AV } Zzg 09D (t) [ @) 4 (1— <ZR d)x* d)

n=1 deD i=1

—ZR >]+03,

=2

whenever ¢, (t) > B(d,€). The rest of the proof is standard. For any load
p strictly inside (1 — 3¢€)C, there must exist a v € Co(M) such that for all
1<n<N,and all d € D,

N

N
(1—3e) (Z R = > R ) (5.31)
=1

Let 1”—*36 = Milyen gep (Z an 'yn] > Rm vm)> for some positive p*.
Hence,

N

Eoo[aV()] < (-0 -3 3 {ol@ [ZR =l ZR 0]}

L 30y Y oy [iRM o sz W) v

For any fixed small € > 0, we can choose § < ¢/(1—¢) to ensure (1—4§)(1—¢) >
1 —2e. Moreover, from definition of x*(¢) and convexity of Co(M), it follows
that

izg( [ZR *(d ZR *(d }

nZIJieD N N
>33 QY [ZR Dy - Z&?vﬁf } (5.32)
n=1 deD
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for any v € Co(M). Hence, for any fixed ¢ > 0,

Es [AV(t)] < —€ i Z g(QL [Z Rn] 'y Z Rm 'ym ]

n=1 deD

IN

)+ C5 <
n=1 deD

whenever max,, 4 Q) > g’l(cf;)—fel%) and Gz (t) > B(6,¢€) or, as a suffi-

cient condition, whenever

Qmaz(t) > maX{B(67 6)79_1(03 els 36)} .

p* €
In particular, to get negative drift, —¢’, it suffices that

),Bw,e)},

C '1-3
maan>maX{g1( st e ‘
n p* €

because ¢pq.(t) > max, IV, and g is an increasing function. This concludes
the proof of Theorem 5.2.

5.5  Conclusions

In this chapter, we showed that a-fair congestion control is not necessary
for flow-level stability. In fact, by using back-pressure with link weights
that are log-differentials of (MAC-layer) queue lengths, the network stability
is guaranteed for very general congestion control mechanisms. Hence, one
can use different congestion control mechanisms for providing different QoS,
without need to change the scheduling algorithm implemented at the internal
routers of the network. The choice of log-differential link weights also enables
us to implement our algorithm in a distributed fashion using random access
schemes of Chapter 2, without loss of throughput optimality.

Our constraining assumptions regarding the congestion control mecha-
nisms are very mild and compatible with the standard implementations like
TCP. It is observed in [56] in the context of multiclass queueing systems
that a fixed congestion window size implicitly solves an optimization prob-

lem in an asymptotic regime. It would be interesting to investigate how the
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congestion window dynamics and the links weights impact the system QoS
performance for wireless networks. Our simulation results in [55] show that
log-differential link weights, with a fixed congestion window size, reduce the
file transfer delays. It will be certainly interesting to establish the validity of

such an observation rigorously as a future research.

5.6 Additional proofs

5.6.1 Proof of Lemma 5.1

Let Aff? () denote the number of packets of file f injected into the MAC layer
of node n, and ZADS? (t) = onf(t)1,f(t) denote the expected “packet departure”
of file f from the Transport layer. Let B,(t) = Af;?( ) — Df{?(t) for file f.
From the definition of B, (t), we have

B(t) = 33 Bup(t) + 30000 Bug(t).

Part (i)

It suffices to show that for each individual file 1 < f < N, (1), Eg( [Bn f(t)] =
0. We only need to focus on files f with &,;(t) = 1, i.e., existing files in the
Transport layer, or new files, i.e, f € (N,(t) + 1, N,(t) + an(t)), because
Es [an(t)] = 0 if file f has no packets in the Transport layer.

Let W) ((t) be the remaining window size of file f at node n after MAC-
layer departure but before the MAC-layer injection. We want to show that,
for any w > 0,

By | B (0| Wi () = w] =0, (5.33)

then (5.33) implies Esq [an(t)] = 0. Because the number of remaining
packets at the Transport layer at each time is geometrically distributed with
mean size o,¢(t), the Transport layer will continue to inject packets into the
MAC layer with probability ¢,;(t) =1 —1/0,f(t) = 1 — n,¢(t) as long as all
previous packets are successfully injected and the window size is not full.

Clearly, if w = 0, no packet can be injected into the MAC layer. Therefore,
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121;(? (t) = 0 and 157(:? (t) = 0, and (5.33) is satisfied. Next, consider the case

w > 0. Let

pulk,) =P (AL(0) = k, Ly (8) = 5Wi () = w)

for j € {0,1} and k > 1. For k < w, p,(k, 1) directly follows the geometric
distribution of the remaining packets of file f, i.e., for 1 < k < w,

pulk 1) = B (A0 = KW(1) = w)
= 7O~ ()

Note that from the definition of I,¢(t), we have

P (Liy(t) = 0Wi,(t) =w) =1 = pulk.1) = ¢4().

k=1

Then, a simple calculation shows that

Eso | Bus (Wi (1) = w] = Zm D) (k= onslt))

+IP (Lns(t) = OV (t) = w) w
= > ke (1 = 6y (8)
—(L =y () ons(t) +weyp(t) = 0,

because ¢,f(t) =1 — 1/0,(t) by definition.

Part (ii)

Using the fact that new arriving files are mutually independent, and are
also independent of current network state, we can write Es, [Bn(t)ﬂ =
“G” _"_ (LH)? With

@ o= B [ (T nf< n)].

CIT” Nn, an(t
H = Eso | X720 0 B (1),
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where we have also used the fact that Eg [an (t)} = 0. Note that B,;()? <

max{flg? (1), Dg? (t)*}. Since the congestion window size is bounded by Weong

and the mean file size is bounded by 1/7,,:,, we get

Eso | Bus(t)?] < max (W, 1/m)-
Thus
“H” < Kn maX{WEonm 1/7772nzn}

Next, we bound the “G” term. Let F,(t) denote the set of files at node n

that are served at time ¢. Because B,,¢(t) = 0 if the existing file is not served,

we have
N (t)
~(d
’Zan(t)’ < max{ S A%, Unf(t)}
f=1 fEFn(t) fEFn(t)

< |F@®)]- maX{Wcong, 1/77mm}-

Note that [F,(¢)| < 375 0ec Tnj(t) < NTmaz because the number of existing
files that are served cannot exceed the sum of outgoing link capacities. Thus,
eX S N27"2

max

maX{Wczongu 1/7772nzn}

This completes the proof.

5.6.2 Proof of Lemma 5.2

Note that u” (t) = 0 if qﬁfl)(t) > Nryag, and ul? (t) < NrTpas if g (t) <
N7 In the latter case, since the congestion window size for every file is
at least one, there are at most Nr,,,, files in the Transport layer of node n
intended for destination d. Hence, using the definition of Q" (1), QY () <
Q" := N7yaz + NToaz/Mmin- SO,

Es [9(Q () (1)] = Esty | 9(QLE)uD (01 {a(t) < Nrmas}|

< ES(t) [Q(di) (t))Nrma:r]l {C];d) (t) < Nrmam}:|
< N7pmaeg(Q°).
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Therefore Cy = N371009(NTmaz (1 + 1/Tmin))-

5.6.3 Proof of Lemma 5.5

Note that
Tear1(S Z, - ~
H—l( ) = ¢ exp ( (ww(t —|— 1) — wzj(t))>,
7Tt(3) Zt+1 (i
1,])ES
where
Zy D sem eXp(Z(i,j)ES wi;(t))
Zit1 D sem EXP(2( jyes Wit + 1))
S maXxexp < Z (lﬂzj(t> — ﬂ?”(t + 1)))
(i,5)€s
< exp (D0 (@y(t) - @yt +1))).
(i,7)EL

Let ¢*(t) denote g~*(g*(t)), and define &éd) (t) := max{q*(t), ql(d) (t)}. Then,

Gl +1) —a () = 9@t +1) — 9@t + 1) — 9@ @) + 9@ (#))

9@+ 1) = @ (1) + 9@ (1) — 9@ + 1))

Recall that the link service rate is at most one and the congestion window
sizes are at most Weon,, thus Vi € N, Vd € D, |Z]§d) (t—l—l)—@@ ()] < 14+Weong-

Hence,

@ (t+1) — @ (t)] & &
< ¢(¢7W)+4¢' (" (t+1))
1 + Wcong J

< 29/(q*(t + 1) —1- Wcong)7

where we have also used the fact that g is a concave increasing function.

Therefore,

2(14+Weong)|L]g' (¢7 (t41) = 1=Weong)

IA
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A similar calculation shows that also

Ti(5) 201 Weomg)I£19/ (4" (441) -1 Weons).
T (s) —

This concludes the proof.

5.6.4 Proof of Lemma 5.6

The second inequality immediately follows from definition of w;;. To prove
the first inequality, consider a destination d, with routing matrix R@ &
{0, 1}V and let w(?@) = [wgl)(t) : jo) = 1], then, based on (5.2), we have

W = (1= R“)g(q),

where g(q?¥) = [g(qfd)) 1 i € N]. Note that every row of R¥ has exactly one
“1” entry except the row corresponding to d which is all zero, so (R(¥)N = 0.
Therefore, (I — R@)™" = I+ R@ 4+ (R®)2 4 ... exists and I — R@ is
nonsingular. So g(q?) = (I — R@)~w(@, Let || - ||o denote the co-norm.

Then we have

N
IT=RD) Mo = |13 (R HOOSZH ) loc
k=0
N
< D IRWIL <A,
k=0

where we have used the basic properties of the matrix norm, and the fact
that |[R?¥ |, = 1. Therefore,

lg(a)lloe < I(T = RD) oo [Vl < N[[w! |,

for every d € D. Taking the maximum over all d € D, and noting that g is

a strictly increasing function, yields the result.

5.6.5 Proof of Lemma 5.7

The h(:) is strictly increasing so h(z) > 1 for all # > h™'(1). So ¢'(z) < 115

for x > h71(1). The inverse of g cannot be expressed explicitly, however, it
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satisfies
9~ (x) = exp(zh(g~" (2))) — 1. (5.34)

Therefore,

2(1 + Weong) | L]

ar = 5.35
t g_l(g*) - Wcong ( )
_ 2(1 + Weong)|£| (5.36)
exp(g*h(g7(9"))) = 1 = Weong’
for g* > g(1 + Weong + h71(1)). Next, note that
E+1 S 16“C‘e4|£’|(wmaz+g*)
< 16\5\e4|5|(g(qmaz)+ﬁg(qmaz))
< 16/£1e8lIElg(amar) (5.37)

Consider the product of (5.36) and (5.37) and let K := 2(W,ny + 1)| L] 16/,
Using (5.34) and (5.22), the condition (5.27) is satisfied if

5[ 3 3 —1 (% 1 + W
Koo (g1 (1 N —> <516, (538
9 (g%) = Wh / (539
Consider fixed, but arbitrary, |£|, N and €. AS ¢unaz — 00, 9(Gmaz) — 00,

and consequently g* — oo and g '(¢*) — oo. Therefore, the exponent
32|L|N3
€

threshold ¢, such that for all ¢4 > @, the condition (5.38) is satisfied.
The last step of the proof is to determine t*. Let ¢; be the first time that
(maz(t) hits g, then

R
27

— h(g7(g*)) is negative for g,q. large enough, and thus, there is a

ttt
1624l Z e~ 161£19(amaz ()
k=t1
t1+t
= 1673 (1 + Guae () Fomec®

k=t1

v

16|

> 167201 4 gup + 1) Mo,
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and

1
> exXP(D e, Wi (t1))
1
M| exp(|£|(Wimax(t1) + g*(t1)))
1

2NV exp(2N%g(qun))

v

min 7, (s)
S

Therefore, by Proposition 5.1, it suffices to find the smallest ¢ that satisfies

16N2

16_2N2t(1 + g+ 1) %@ > log(4/0) + N*log(2(1 + qu)),

for a threshold ¢, large enough. Recall that h(.) is an increasing function,

, 16N can be made arbitrary small.
h(qtn)

16N2

Then a finite t* always exists since lim«_, oo t*(1 4 g, + %) o) = oo.

therefore, by choosing ¢, large enough
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Chapter 6

Conclusions and Open Problems

In this thesis, we first established that CSMA-like algorithms can achieve
maximum throughput in any general network topology under a “near loga-
rithmic growth condition” on the weights. In words, to achieve throughput
optimality, it is sufficient for weights to be logarithmic functions of the queue
lengths, divided by an arbitrarily slowly increasing, unbounded function. For
example, weights of the form log'~“(-), with any 0 < ¢ < 1, are sufficient
to ensure throughput optimality. This result indicates that the maximum-
throughput guarantees are preserved for weight functions that are essentially
logarithmic for all practical queue lengths, although asymptotically weights
must grow slower than any logarithmic function of the queue length.

We further demonstrated that the “near-logarithmic growth condition”
is indeed tight, in the sense that weights that grow faster than ~log(-), for
any v > 0 will cause instability in some network topology. Thus our stability
and instability results imply that “the near-logarithmic growth condition” on
the weights is a fundamental limit on the aggressiveness of nodes to ensure
maximum stability (throughput optimality) in any general topology.

Finally, we showed that the above maximum-stability results can be easily
extended to multihop networks with dynamic flows by using very general
congestion control mechanisms.

In this thesis, we have enforced the requirement that the CSMA algorithm
must provide maximum throughput in any arbitrary topology with possibly
very large number of nodes, i.e., the algorithm is robust against worst case
scenarios. The “near-logarithmic growth condition” on the weights could be
potentially relaxed if one imposes some restrictions on the class of topolo-
gies or could obtain some information about the topology. For example, in
complete graphs, and more generally in complete partite networks with any
number of components, the “near-logarithmic growth” s not a restriction

and nodes could use weight functions that are arbitrarily more aggressive. It
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is also possible that one can use more aggressive weight functions in bounded
degree graphs. Moreover, it is plausible that the “near-logarithmic growth
condition” on weights can be mitigated if the network operator is not inter-
ested in the maximum stability region and he/she is willing to sacrifices a
fraction of the capacity region to obtain better delay performance. In gen-
eral, we are still far from a comprehensive characterization of the throughput-
delay-complexity tradeoff and much more research is needed to design better
algorithms and to reduce the gap.

For flow-level stability, our constraining assumptions regarding the con-
gestion control mechanisms are very mild and compatible with the standard
implementations like TCP. We did not discuss what type of window dynamics
to use to achieve a certain QoS metric. It would be interesting to investi-
gate how the congestion window dynamics and the links weights impact the
system QoS performance for wireless networks. It is observed in [56] in the
context of multiclass queueing systems that a fixed congestion window size
implicitly solves an optimization problem in an asymptotic regime. Our sim-
ulation results in [55] show that log-differential link weights, with a fixed
congestion window size, reduce the file transfer delays. It will be certainly
interesting to establish the validity of such an observation rigorously as a

future research.
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