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Abstract

We establish mean-field limits for large-scale random-access networks with buffer dynamics
and arbitrary interference graphs. While saturated-buffer scenarios have been widely investi-
gated and yield useful throughput estimates for persistent sessions, they fail to capture the
fluctuations in buffer contents over time, and provide no insight in the delay performance of
flows with intermittent packet arrivals. Motivated by that issue, we explore in the present pa-
per random-access networks with buffer dynamics, where flows with empty buffers refrain from
competition for the medium. The occurrence of empty buffers thus results in a complex dynamic
interaction between activity states and buffer contents, which severely complicates the perfor-
mance analysis. Hence we focus on a many-sources regime where the total number of nodes
grows large, which not only offers mathematical tractability but is also highly relevant with the
densification of wireless networks as the Internet of Things emerges. We exploit time scale sep-
aration properties to prove that the properly scaled buffer occupancy process converges to the
solution of a deterministic initial-value problem, and establish the existence and uniqueness of
the associated fixed point. This approach simplifies the performance analysis of networks with
huge numbers of nodes to a low-dimensional fixed-point calculation. For the case of a complete
interference graph, we demonstrate asymptotic stability, provide a simple closed-form expression
for the fixed point, and prove interchange of the mean-field and steady-state limits. This yields
asymptotically exact approximations for key performance metrics, in particular the stationary
buffer content and packet delay distributions. The methodological framework that we develop
easily extends to various model refinements as will be illustrated by several examples.

1 Introduction

1.1 Background and related work

Wireless networks are already large and complex today, and being at the heart of the so-called
Internet of Things (IoT) [2], are expected to grow even denser in the future [21]. The rapid increase
in wireless applications has led to an increasing demand for scarce wireless spectrum, and hence
it is necessary to make the most efficient use of the limited available capacity. Obviously, when
the number of nodes is large, in the hundreds or even thousands of nodes, a dedicated medium or
channel cannot be assigned to each node, and nodes have to share the medium. Multiple simultaneous
node transmissions on the same channel will however inevitably give rise to interference and loss
of throughput. Medium access control (MAC) mechanisms are crucial to resolve this contention.
However, in large networks, a centralized control mechanism is hard to implement and to maintain
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since it would require constant status updates generating prohibitive communication overhead. For
this reason the design of efficient distributed (local) MAC protocols has attracted a lot of attention.

A very popular distributed MAC mechanism is the CSMA (Carrier-Sense Multiple-Access) pro-
tocol, which is currently at the core of the IEEE 802.11 and 802.15.4 standards. Its popularity is
mostly due to its simplicity and efficiency. The key feature of the CSMA protocol is that each node
waits for a random back-off period before initiating a transmission. Interference is avoided since the
back-off countdown is interrupted whenever potential interference is sensed, and only resumed once
the medium is sensed idle again. This protocol, whilst extremely easy to understand on a local level,
generates complex and interesting macroscopic network dynamics.

In the performance analysis of CSMA networks, a common assumption is the existence of an
underlying graph that represents interference between the various nodes in the network. An edge
between two nodes means that destructive interference is caused by simultaneous transmission. Both
empirical and theoretical support for the notion of an interference graph is provided in [26, 46].

When the nodes always have packets to transmit, the network is said to be saturated and the
macroscopic activity behavior is amenable to analysis under the assumption of an interference graph.
In particular, the activity process has an elegant product-form stationary distribution [9, 29, 40].
The computation of the stationary distribution of the activity process reduces to the identification
of all the subsets of nodes which may transmit simultaneously, namely the independent sets of the
interference graph.

Real-life scenarios however involve unsaturated networks. Packets arrive at the various nodes ac-
cording to exogenous processes, and buffers may drain from time to time as packets are transmitted.
In particular, in IoT applications, sources are likely to generate packets only sporadically, with fairly
tight delay constraints, and often have empty buffers. Since empty nodes temporarily refrain from
the medium competition, the activity process is strictly intertwined with the buffer content process.
In this situation, the product-form solution no longer holds [14, 40] and an exact stationary analysis
does not seem tractable. Furthermore, not even stability conditions for the queueing dynamics in
the nodes’ buffers are known, let alone results for the stationary distribution of the buffer content
process.

The analysis of unsaturated CSMA networks simplifies if certain symmetry conditions amongst
the various nodes hold. An important instance is when there is a substantial number of nodes with
similar traffic and placement in the network, so that the operation of one is equivalent to that of
many others. More generally, nodes can be divided into classes with the symmetry conditions now
applying to nodes of the same class. The asymptotic regime where the number of such nodes in each
class grows to infinity, is often referred to as a mean-field regime. Mean-field theory originated in
physics, where it is still largely used in the study of models involving a large number of interacting
particles. The aggregated effect of all the other particles on any tagged particle is approximated by a
single averaged effect (the mean-field), thus reducing a many-body problem to a tractable one-body
problem. Mean-field analysis has since been exploited in various scientific areas, from epidemic
models to queueing systems and from biology to game theory. In the context of random-access
networks a mean-field regime, not only provides analytical tractability, but is also highly relevant in
the context of the envisioned massive numbers of IoT devices.

A thorough survey of mean-field analysis of random-access protocols is presented in [19]. The
work of Bianchi [6] is a landmark paper which assumed a propagation of chaos property to hold so as
to derive tractable formulae for the key performance measures of the system. The papers surveyed
in [19] mostly use mean-field theory to provide either evidence or objection for the propagation of
chaos assumption of Bianchi. Among these papers, it is worth mentioning [16], where the authors
investigated the existence of a global attractor for the mean-field system and provided sufficient
conditions for its existence, deducing the validity of Bianchi’s assumption. Further papers which
deserve to be mentioned are [10, 36], where the authors exploited mean-field theory so as to obtain
approximations for key performance measures of large systems. In particular [10] focuses on the
characterization of the stability region, while [36] examines the throughput performance of the
system. None of the above-mentioned papers considered scenarios with unsaturated buffers, with
the exception of [10], which however dealt with systems evolving in discrete time and did not consider
performance metrics like packet delays.



1.2 Key contributions and paper organization

In the present paper we examine the buffer dynamics in large-scale unsaturated random-access
networks. Specifically, we analyze the buffer occupancy processes in a mean-field regime where the
number of nodes grows large. Such a mean-field regime not only furnishes analytical tractability,
but is also particularly relevant in understanding the collective behavior of massive numbers of
interacting IoT sources.

The paper has two main interrelated threads. The first part in Section 4 deals with networks
with general interference graphs. We prove that a suitably scaled version of the buffer occupancy
processes converges in the mean-field limit to a tractable deterministic initial-value problem. We
also establish necessary and sufficient conditions for the existence and uniqueness of a fixed point
of the initial-value problem, and provide a characterization the fixed point as the solution of a
low-dimensional equation.

The second part focuses on scenarios with a complete interference graph. We demonstrate in
Section 5 global asymptotic stability of the initial-value problem, i.e., convergence to the unique
fixed point from any initial state with finite mass, and then proceed to show positive recurrence
of the pre-limit process and tightness. We combine these properties to prove interchange of the
mean-field and steady-state limits. In Section 6 the interchange of limits is then leveraged to es-
tablish that the stationary buffer content distributions at the various nodes converge to geometric
distributions while the stationary distributions of the scaled waiting time and sojourn time converge
to exponential distributions. The parameters of these limiting distributions are directly expressed
in terms of the fixed point of the initial-value problem. These results provide asymptotically exact
approximations for the stationary waiting-time and sojourn time distributions, which in fact turn
out to be remarkably accurate, even for a relatively moderate number of nodes.

Mean-field limits for various model extensions are briefly discussed in Section 7, illustrating the
versatility of the methodology. In Section 8 we present some simulation experiments to illustrate
the analytical results. Finally, in Section 9 we make a few concluding remarks and offer several
suggestions for further research.

2 Model description

We consider a network of N nodes sharing a wireless medium according to a random medium access
protocol. The various nodes may be grouped into a set of classes/clusters C = {1,...,C} such that
nodes in the same class have the same statistical characteristics. Denote by NéN) the number of
class-c nodes, with > . N = N and py = NV/N.

Interference graph. Given a class-wise interference graph G = (C, &), two nodes interfere when they
belong either to the same class or to two neighboring classes in G. A feasible class activity state can
thus be represented by a vector w € {0,1}¢, with w. = 1 if a class-c node is transmitting in state w
and w, = 0 otherwise, and w.wq = 0if (¢,d) € €. Let Q be the set of all feasible class activity states,
which are in one-to-one correspondence with the independent sets of the graph G. For every class c,
we define the following subsets of Q:

Q_c={weQ:w.=0,wg=0Vdst. (¢,d) € E},
Qie={we:w. =1}

This means that w € Q_. if and only if in the class activity state w none of the nodes belonging to
class c or to a class interfering with class ¢ are active, while w € Q. if and only if a class-c node is
active. We define the class-capacity region of the network as follows

F:{veRgzﬂa:(aw)weg s.t. ay ZO,Zaw < 1,Zaww:'y}.
weN we

As an illustration, Figure 1 shows a square interference graph G with C' = 4 classes of nodes.



Figure 1: A square interference graph with C' = 4.

The activity states are

Q= {(0,0,0,0),(1,0,0,0),(0,1,0,0),(0,0,1,0),
(0,0,0,1),(1,0,0,1),(0,1,1,0)},

and the class-capacity region is given by

F={~¢ Ri : max{vy1,v4} + max{vys, v} < 1}.
Taking ¢ = 1 the sets Q_., Q. C Q are

Q. = {(0,0,0,0),(0,0,0,1)}
Q+1 = {(1,0,0,0),(1,0,071)}~

Network dynamics. Packets arrive at the various class-c nodes as independent Poisson processes of
rate ,\E;N) =X /NéN). Once a class-c node obtains access to the medium, it transmits one packet,
which takes an exponentially distributed time with parameter ;LS;N) = p.. In between two consec-
utive transmissions a class-c node must back-off for an exponentially distributed time period with
parameter l/éN) =, /NéN). Note that a node refrains from the back-off competition whenever its
buffer is empty. Also, the back-off period of a class-c¢ node is suspended (frozen) when the medium
is occupied by an interfering node, i.e., the class activity state does not belong to Q_..

Define the queue length process QY (t) = (Qij\,i) (t))cec ken, where QSZ) (t) represents the num-
ber of packets in the buffer of the k-th node belohging to class ¢ at time t excluding any possible
packet in transmission, and define by y @™ (t) the class activity process on the state space Q. Ob-

serve that (Q(N) (1), Yy (t)) evolves as a Markov process.

A population process description. To ease the notation we write N, = NC(N) from now on. Due to the
class symmetry, the nodes within a class are statistically exchangeable, and the system state may be
described in terms of the numbers of nodes belonging to the same class and with the same number

of packets in the buffer. In particular, define the population process xW (t) = (XC(JX) (t))cec nens
where

¢ LSS gr0™)

X0 = A I; H{Qx (t) = n}.

o (N
The process (X( )(t), Y(N)(t)) is itself Markovian with state space E x Q, where

E=y¢, X ={x = (xn)nen : T € [0,1], Vn € N}. (1)



Observe that the population process lies in E* C E where

E' = {x = (ten)eecnen : ) Tem =1, Ve € C}, )

n=0

(V)

The possible transitions for the process (X (¢), yW )(t)) may be described as follows:

e A packet arrives at a class-c node having n packets in its buffer: this happens at rate )\EN) times
the number of class-c nodes in state n, i.e., /\éN)NcXéﬁ) = )\CXC(fX), and generates the transition

v (N) o (N) 1
{Xc,n - X0 - L

S(N S(N ¢
Xc(,nlrl - Xc(,nlrl + J\IIC’

. 1
,Y(N)) — (X(N) + ﬁ(ec,n—&-l - ec,n),Y(N))a

where e., € E' has all 0 entries except a 1 in position (c,n).

e A transmission is completed by a class-c node: this happens at rate ,ugN) = u. and only if a

class-c node is transmitting, i.e., Yy ¢ Q.. The transition generated is the following

5 (N)

X (N)7Y(N)) - (X 7Y(N) - eC)'

(X

e A back-off is completed by a class-c¢ node having n > 0 packets in its buffer: this happens only

if the class activity state allows class-c nodes to back-off, i.e., Y™ ¢ Q_., and at rate uéN) times
v (N)
c,n

the number of class-c nodes in state n, i.e., VgN)NCX n = yj(é%), and generates the transition

YN 5y e,
X’C(fx) — X%) - Ni
X0 - x0

c,n—1 c,n—1

ie.,

o (V)

~ 1
XM y™y 5 (XN 4 2 (eent — een), Y +eo).

Ne

Preliminary results for saturated scenario. As mentioned earlier, we focus on an unsaturated network
where nodes with empty buffers refrain from competition for the medium. For later purposes, it is
convenient to also consider a related saturated network where each class behaves as a single node
always competing for the medium, and backing-off at rate n.v., where n = (1:)cec € Rg. The
transmission times of the node associated with class ¢ are exponentially distributed with parameter

fe-
For compactness, denote o, = v/, and for any € RY,

Z(erl) = H(ncac)wca w e Qa
ceC

and

Z(n)= Y Z(win).

weN

The activity process in this fictitious saturated network has a product-form stationary distribution
[9, 40, 42]

Z(w;mn)

Z(m)

Define now the throughput function 0 : RE — I', where

Oc(n) = > wer(win) = Y w(win) = 7(Qiein) (4)

we wWEN 4

m(w;m) = w e N (3)



represents the fraction of time that the node associated with class c is active in the saturated network.
As proved in [27, 41], the throughput map @ is globally invertible, i.e., for any achievable through-
put vector v € int(T') there exists a unique vector n(v) € RY such that

0(n(v)) =~- (5)

Intuitively, the c-th coordinate of n(y) represents by what factor the back-off rate at node ¢ needs
to accelerate/decelerate in order for the target throughput vector 4 to be achieved in stationarity.

3 Overview of the main results

In this section we provide an overview of the main results of the paper, along with an interpreta-
tion and high-level discussion of their ramifications, before presenting the proofs in the subsequent
sections.

In the first part, we analyze networks with general class-based interference graphs. We consider

< (N
the sequence of population processes X ( )(t) as the number of nodes in the system increases, and
rigorously establish its weak convergence to x(t), the solution of a tractable deterministic initial-value
problem as stated in the next theorem.

Theorem 1. Assume X
the sequence of processes

(N)(O) N2, 20 ¢ B and My _yoo Pe,nv = Pe > 0 for every ¢ € C. Then

XM (V1)) € Dy[0,00)

has a continuous limit x(t) € Cg[0, 00) which is determined by the unique solution of the initial-value

problem ®
dx(t oo
o = Hx(), ®(0) =2, (6)

where the function H(-) is defined by

H(x) = Z 1 ()\c i mc’negzzﬂ + Ty (R ) i xc,negjﬁ_l)
n=1

cec Pe n=0

and Tz, (2_¢) = ZweQ,c Tao (W)

The major difficulty in the analysis of unsaturated networks arises from the correlation between the

population process X (N)(t) and the activity process y ™) (t). A key observation in the proof of
Theorem 1 is that these processes evolve on different time scales, i.e., the population process evolves
N times slower than the activity process. Hence, in the mean-field regime, the rapidly changing
activity process “converges to an instantaneous measure on the activity states” determined by the
current fraction of queues which are empty. This is the reason why the initial-value problem (6)
does not involve explicitly the activity process and the evolution of the population process at time
t depends only on x(t). Specifically, fraction of class-c nodes with n > 1 packets in the buffer “in-
creases” at rate \. and “decreases” at rate v mg, (€2_.), where the measure 7, (€2_.) represents the
limiting “instantaneous measure” on the activity states that allows class-c nodes to back-off. This
argument based on a “separation of time-scales” is highly flexible and applies to more general and
complicated versions of random-access networks as will be illustrated in Section 7.

The initial-value problem (6) is certainly easier to analyze than the population process in a
network with a finite number of nodes. Theorem 2 states that, under certain necessary and sufficient
conditions, there exists a unique equilibrium point «* for the initial-value problem (6), and provides
its characterization in terms of the load of the network.

Theorem 2. Ifp € int(I') and § = n(p) < e, where n(-) is defined in (5), then x* = (z7 ,,)cec nen,
with

m:,n = (1 - Ec) ?7 (7)
is the unique equilibrium point with H(x*) = 0 in E' of the initial-value problem (6).
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Figure 2: Diagram for the interchange of limits.

Specifically, the condition p € int(T") is necessary and ensures the load p of the system is sustainable.
On the other hand, the condition & = n(p) < e ensures that the desired throughput vector p can
be achieved by a feasible back-off vector. Although Theorem 2 only concerns the scaled population
process, combined with Theorem 1 it yields that the stationary distribution of the associated class
activity process is given by 74 (+) in the limit. In other words, in the limit the stationary distribution
of the class activity process is the same as in a scenario where the aggregate back-off rate of class c is
a constant fraction &, of the nominal back-off rate v.. This is consistent with the fact that &, is the
stationary fraction of class-c nodes that have non-empty buffers and compete for the medium, and
& will therefore in the sequel be referred to as the vector of activity factors. The equation & = n(p)
reflects that the activity factors must be such that each class c is active a fraction p. of the time.

The second part of the paper focuses on deriving asymptotically exact results for the key per-
formance measures of the system. For a rigorous treatment, we focus on the scenario where all the
classes mutually interfere, i.e., the interference graph G = (C,€) is complete, in which case

F={yeR":) y. <1}
ceC

In this framework, the nodes of every class are allowed to back-off only when the activity process is
in the idle state. We will show that the vector of activity factors £ in Theorem 2 simplifies to

fom 2
‘ Vc(l = Ydec %)’

so that the condition & = n(p) < e can be expressed in explicit form as

A A
macx—c<1— —d,
ec v,
¢ ¢ dec Hd

(8)

which forces the right-hand side to be positive, i.e., p € int(I"). When condition (8) applies, Theorem
3 holds and asymptotically characterizes the stationary distribution of the population process as the
equilibrium point of the initial-value problem (6).

Theorem 3. The sequence of stationary distributions (:c(N))NGN C E' converges to z* € E', i.e.,

XM (1) 2= 2 2o o, (9)



In order to prove Theorem 3, we show that the interchange of limits displayed in Figure 2 holds.
Specifically, our methodology reduces the derivation of the stationary distribution of an intractable
N-dimensional Markov process to the computation of the equilibrium point of a low-dimensional
fixed-point equation.

Theorem 3 is exploited so as to obtain approximations for the performance measures of the
system. In particular, denote by £N) the stationary queue length at a class-c node, and by WC(N)
and S(EN) the stationary waiting time and sojourn time of a packet at a class-c node, respectively.

Assume condition (8) holds.

Theorem 4. For every class c,

AN Q. SN, W S,
where
Q. ~ Geo(&,), W, ~ S, ~ Exp(lgifc)7 ceC.
Theorem 5. For every class c,
BQVI Q) (SEWN B, SCEISY S EIS).

These theorems show that, given any node in the system, its stationary queue length converges
in distribution and expectation to a geometric random variable, while the scaled waiting time and
sojourn time of a packet in its buffer converge to exponentially distributed random variables. These
limits can be used as approximations for the performance of finite-node systems, which are provably
exact as the number of nodes in the network grows large, and remain very accurate when the size
of the network is moderate.

4 Mean-field limit in a general framework

In this section we present the proofs of Theorems 1 and 2 as stated in Section 3.

4.1 Derivation of the mean-field limit

Denote N
x®™ @y = x"™ (V)

as the fluid version of the population process. Theorem 1 describes the weak limit of the sequence

of processes {X S )(t)} ~Nen, which is known as the mean-field limit of the population process. In

order to prove Theorem 1, we need to go through various steps which we briefly outline here.

1. In Section 4.1.1, a Poisson representation for the prelimit process
(XM (@), Y1)

is provided. This representation allows us to easily derive the dynamics of the process on a
fluid time scale.

2. In Section 4.1.2 a detour is needed in order to ensure the existence of the limiting process.
Specifically, the class activity process YN g replaced by a measure-valued activity process
a™) | so that the evolution of the model on fluid time scale can be equivalently described via
the process

(Xt), ™ (2)). (10)
Finally, the sequence of processes (10) is shown to weakly converge as N — oo to a limiting
process

(x(t), a(t)). (11)



3. In Section 4.1.3 we characterize the limiting process (11).

4. As a last step, in Section 4.1.4, we describe how the limiting process «(t) at time ¢ is uniquely
determined by the value x(¢). Hence a self-contained deterministic initial-value problem gov-
erning the behavior of x(t) is obtained.

In preparation for the analysis, we briefly recall few useful properties of the topological space
where the population process evolves. The sample paths of X(N)(t) lie in Dg[0,00), i.e., the set of
the cadlag functions from [0, 00) in E = x¢, where the space E C [ .. R> is defined in (1). Define
on E the metric p(-,-) such that

p((@)cecs (@P)cec) =Y p(x, 2l?),

cec
where . = (z¢n)nen and p1 is a metric on R, i.e.,
(:1;(1 22 n 511) (2)|
" T

Note that (R, p1) is separable and complete, and x is compact in (R, p1) as each coordinate lies
n [0,1], see [7, page 219]. From [8, Section M6, pages 240-241], the following lemma is therefore
obtained.

Lemma 1. The subset E = x© is complete, separable, and compact under the product topology
induced by the metric p in the space [[..o R*

In the subsequent analysis we will work with D0, co) using the metric d, an exponentially weighted
version of the Skorohod metric, see [20, page 117]. Under this metric Dg[0,00) is complete and
separable as (E, p) is itself complete and separable, see [20, Theorem 5.6, page 121].

4.1.1 Unit Poisson process representation

In this subsection we describe the fluid-time marginals of the prelimit Markov population process

(X (N), yWw )) in terms of infinite sequences of unit Poisson processes. For each ¢ € C, and then for
each n € Ny, the random quantity N ., (t) determines the class-c arrivals to queues with n packets
in the buffer during the time interval [0,¢). We similarly define Ng ., (t) for each ¢ € C, n € N, to
determine the back-offs and finally N .(t) determines the process of transmissions for each ¢ € C.
These processes are supposed mutually independent and defined on a common probability space
(QF, FF. IP’). We also define the centered versions of these processes to be ./\~/'A,C,n(s) =Naen(s) —
s, c € C, n € Ny, with corresponding definitions for the back-offs and the transmissions. These are
martingales with respect to their natural filtrations.

To obtain the Poisson process representation, we first fix the initial conditions, which are de-
terministic. Realizations of the above unit Poisson processes are then drawn and the (unscaled)
population random variables X, Y are obtained as solutions to the following equations, where fluid
time is . That is,

oo c n+1

R SRUED I I SRS 3 S =

ceC n=0 C ceC n= lN

,;n— 1

(N) n(t)

YN (1) =Y ™ (0) = > eV Zi
eC n=1

ceC



where

t
Aenlt) = N (A [ NOIZED(5)ds).
0

t s
Dent) = / Y ™M(57) € Q)N e (v / NMXED (w)du ).
0 0

t s
(t) = / 1y M (s7) € QN () / du).
0 0

and ei’;" = €4,m — €c,n With e., € I/ denoting the vector having zero entries everywhere but a 1 in

its (e, n) coordinate.
As in the discussion in [32, Section 2.2], the solutions to these equations can be obtained by
fixing the sample paths of the Poisson processes Na cn, NBcn, N above. It can then be seen

inductively that the sample paths of the process (X(N) ), Y™ (1)) lie in Dgiyq. Note that the
total rate of the above Poisson processes is bounded above by ECGC (Ae + ve + pe) < oo. Hence
there can only be finitely many jumps in any finite interval [0,¢] w.p. 1 and the sample paths are
by construction piecewise constant cadlag functions.

To confirm that the distribution corresponds to that of the multi-dimensional process defined in
Section 2, let G; denote the history up to time ¢, that is

gtia((X(s),Y(s)) :Ogsgt).

It is straightforward to show that the infinitesimal transition rates obtained by conditioning on G;
and the current state, yield those of the multi-dimensional process detailed in Section 2, see also
[32]. But these conditional rates are the defining property of the process and so the representation
follows the same statistical law. Equivalently, as the rates are bounded, the representation could
also be verified by considering the uniformized version of the process and then showing that the
underlying jump chain matches that of Section 2.

We now rewrite these equations in a more compact form, working componentwise. The N
superscript has been omitted for conciseness.

Xc,n(t) = chn(o) + AC,nfl(t) - AC,n(t) + Dc’nJrl(t) - Dc,n(t)» (12)
Ya(NE) = Ya(0) + No S Do (8) — Vi), (13)
where
1 t
Acn(t) = 5 Naen (NAC /0 Xw(s)ds), (14)
Den(t) = Ni/o L{Y (Ns™) € Q_}dNp e (NVC/O Xc,n(u)du), (15)
Vi(t) = /0 L{Y (Ns—) € Q.0) dNT,C(NMC /0 ) du), (16)

for each n € Ny and ¢ € C.

Equation (12) expresses the change in the fraction of class-c nodes with n packets, i.e., arrivals
to a queue with n — 1 packets or departures from a queue with n + 1 packets increment this fraction
whereas arrivals or departures to component n result in a decrement. Equation (13) describes the
dynamics of the class activity process and Y, is incremented whenever there is a back-off from
any non-empty class-c queue, and returns to inactivity when the corresponding packet has been
transmitted. Equation (14) defines the sequence of arrivals by fluid time ¢, the (stochastic) intensity
is proportional to the fraction of queues for each component, with the convention A, _;(t) = 0 for all
t. Equation (15) expresses the back-offs as an integral of a previsible process over a Poisson process,
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again with intensity varying according to the fraction of the corresponding component. Note that
D, o(t) = 0 as no back-offs can occur from empty queues. Finally the transmission process (16) is
again an integral of a previsible process over a scaled version of the original Poisson process.

The expressions (12)-(16) are preferably written in the following martingale form:

t
c, n+1 C
X(t )+ > Z . /0 Xen(s)ds

ceC n=0
t
Vc _ —_
JrZZe -1 /O]l{Y(Ns ) € O} Xun(s)ds + Z(2), (17)
ceC n=1

Y.(Nt) =Y,(0) + Nue /Ot Y (Ns™) € Qo3 (1 — Xoo(s))ds

—N,uc/ ]l{Y(NSi) S Q+C}d8+¢c(t), (18)

0
where

Ec,n(t) :Ni [MA,c,n—l(t) - MA,c,n(t) + MB,c,n+1(t) - MB,c,n(t)] ’ (19)

ZMBCW, MTC( ) (20)

MA,c,n(t) :NA,c,n (N/\c/ Xc,n(s)d5>a (21>

Mp.on(t) = /0 L{Y(Ns") € Q .} dNp..n (Nuc /0 ) Xc’n(u)du)7 (22)

Moro(t) :/0 1{Y(Ns™) € 0} dNly, (NMC/OS ). (23)

The following technical lemma guarantees that the processes M4 ,, Mp , M7, and E are martin-
gales, a property that we will use throughout the following analysis. The proof of the lemma is given
in Appendix B.1. For ease of exposition we will consider the single-class case only, but the extension
of the argument to the multi-class case is straightforward.

Lemma 2. Given the common probability space (QF,.FF,]P’), there is a filtration F defined on it,
such that My n,n € Ng and Mp,n € N, are sequences of locally square integrable martingales
adapted to F together with Mp which is also a locally square integrable F-martingale. In addition =2
is a L2-F martingale.

Observe now equations (17) and (18). Note that on a fluid time scale there are order N transitions
in the activity process, which thus evolves much faster than the fluid population process. Hence,
in the mean-field regime, the activity process reaches its stationary distribution before the state
of the population process changes. Intuitively, the stationary distribution of the activity process is
influenced by the current state of the population process, in particular only a fraction (1—z.) € [0, 1]
of class-c nodes has packets and so competes for the medium access. Hence, using the notation
introduced in (3), given that the population process is in state & € FE, the probability for the
activity process to be in state w € ) in stationarity is

Tao (W) = 7(w; € — Xp).

4.1.2 Representing Y as a random measure

Since the weak limit of the sequence Y ™) does not exist in D, we introduce the cumulative time

process aV) € CR&T[O’ 00), which has components oy (t) for w € Q, as the cumulative fluid time
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spent in state w by the activity process Y™ in the interval [0,¢]. That is, for each w € Q,¢ > 0,

o M(t) = ]1[/01\” {Y M (s) = whds. (24)

Observe that > a&N)( t)=t, a(N)(O) =0, and oV (t) is a continuous, increasing and unit Lipschitz
function for every w € Q. Indeed, a™¥) is unit Lipschitz under the sup norm metric.

Thus Y) induces a sequence of random measures (V)| as determined by a¥) € OJRi,T[O’ 00),
on the space of increasing, nonnegative functions with initial value 0. This holds since the mapping
from Dgql0,00) — CRi,T[O’ o0) as defined by (24) is continuous. For any realization, a™¥) the

measure on B([0,00) x Q) is obtained by integrating the derivatives of a®¥). In fact, adv (t) has

left and right derivatives everywhere taking values in {0,1}. Note that oy )( t) increases at rate 1 if
Y(N)( t) = w, and 0 otherwise. Taking left derivatives along a sample path, it follows that

oM () = Y™ (Nt) =w},  if YY)(N?) is continuous at Nt,
¢ T H{Y™(NtT) = w}, otherwise.

We may therefore rewrite (17) by substituting the left derivatives of a™Y) in the intensity function
(compensator),

Ac
XN (¢ :X(N) )+ cn-‘rl / X(N)
() ZZ DPe,N

ceC n=0
Y Y / > G s + =00 (25)
weN_

ceC n—1 Pe,N
We now proceed to show that a weak limit for the sequence of joint processes
(X(N) (t), a™) (t))
exists. This follows from Proposition 1, whose proof is given in Appendix B.2.
Proposition 1. The sequence of joint measures (X(N) (t), ™) (t)) is relatively compact.

Observe that, as a consequence of [20, Theorem 2.4, page 107] (see also [7, Exercise 6, page
41]), in order to prove Proposition 1 it suffices to show the tightness for the marginals, i.e., the
tightness of a™¥) and of X (N) The proof of the tightness of a(™) is quite simple, but establishing
the tightness of X (V) requires substantial effort. In particular, the argument in Appendix B.2 relies
on Lemma 1 and on the sequence of processes X (V) being asymptotically Lipschitz in probability,
an easy-to-verify property which we detail separately in Appendix A.

4.1.3 Mean-field limit characterization

We just established the existence of (z(t), a(t)), i.e., a weak limit for the sequence (X(N) (), aM(t)).
In this section, as a further step towards Theorem 1 we prove an intermediate mean-field limit, which
will be further developed in the next section. Specifically we describe the steps needed to obtain the
following result.

Proposition 2. Given (z, ) a weak limit for the sequence (XN aM)) then & and o satisfy the
differential equation

+Z Z C”H/O Zen(s)ds

ceC Cn 0

D z en- / Ton(s) S Guls)ds.

cEC wEQ,
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Observe that Equation (25) determines X V) (t) as in the following sum, of an initial term plus
sample paths lying in D:

XM@ = XxM0)+ 100 + 1% @) + 2N (@), (26)

where

I;N)(t) - Z Zecn—i-l/X(N)
ceC

Mg = Ve Z en— 1/ Z 60 (3) X (s)ds.

cec PeN ) weQ_

Pe,N

Furthermore if @, o are weak limits of X v ), a™) then we make corresponding definitions for I 4, I5.
Further define I (¢) = X™ (0) + I (¢) + IV (¢) and let I be the corresponding limit.
In order to prove Proposition 2, we need to go through the following steps:

(a) Show that the weak limits of X ™) (¢) and I™¥)(¢) coincide. This is established through Propo-
sition 3 and the following remark.

(b) Derive the weak limit of ™) (¢) as in Proposition 4 and Lemma 3.

Focus on step (a), we apply the Continuous Mapping Theorem, see [7, Theorem 5.1, page 30] to
the weak limits for the terms on the right hand side of (26) as follows. First recall [8, Theorem 3.1,
page 27 which states that if (I(N), X(N)) are random elements of Dg[0,00) x Dg[0, o) (defined on
some common probability space) and taking values in a metric space with metric d then if I RN |
and it also holds that d(I(N), X(N)) = 0, then it follows that X¥) = I. To apply the above result

0 (26), we will take d to be the Skorohod metric on Dg[0,00) as defined in [20, Section 3.5]. In
order to show that X and I"Y) have the same weak limit, it will be enough to establish the
following proposition which is proved in Appendix B.3.

Proposition 3. Given anyn >0 and T > 0,

lim IP{ sup p(EM(1),0) > 77} =0.
N—oo te[0,T]

To see that Proposition 3 implies that d(X ™), 1)) = 0, first note that we may choose A(s) to be
1(s) the identity map in [20, Equation (5.2), page 117]. In this case the term on the right hand side
of [20, Equation (5.3)] becomes

a(X M A), 1A ) < sup o)1), 0,
t<u
where q(-,-) = p(+,-) A 1. Finally, given ¢ > 0, choose T, so that e~7¢ < (/2 and set u := T in the
above upper bound which then shows the required result.

We now continue with step (b). Observe that I (V) (t) is a sequence of continuous paths. We
will establish convergence of this latter sequence in Cg[0,00) under the uniform metric using the
Continuous Mapping Theorem. This establishes convergence in D (the Skorohod topology relativized
to C coincides with the uniform topology).

Given a subsequence (X a(Nm)) = (2, a) (without loss of generality we will take this
subsequence to be the whole sequence), we obtain the corresponding weak limit of I (N) provided
that the given mapping is continuous.

Proposition 4. Consider a sequence (X(N), a(N)) € Dg[0,00) x L]0, 0) such that (X(N), oz(N)) —
(x, @) in the product topology. Then for allt >0,

/X ds—>/ Ton(s (27)
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and

t M) (5)a M) (s)ds txpnso'zws s.
> [ x> Y [ i e8)

wEN_. wWEN_.

The proof of Proposition 4 is given in Appendix B.4. Note that Xc(%)(s) € Dgl0,00) is Lebesgue

integrable over any finite interval and so the first integral is well-defined. Since the oY) are unit
Lipschitz and increasing, the integrals in (28) also exist. Proposition 4 only establishes pointwise
convergence to the continuous functions on the right hand side of (27) and of (28). However since
these functions are non-negative, non-decreasing as well as unit Lipschitz continuous, then given any
fixed T > 0 it follows that convergence is uniform in the interval [0, T, for each component (¢, n) as

a consequence of the following lemma which is proved in Appendix B.5.

Lemma 3. Suppose that u™) u € L+[0,T] with a common Lipschitz constant, which we take to be
unity. Suppose that ¥Vt € [0, T],uN)(t) — u(t) i.e. the sequence of functions converges pointwise.
Then convergence is uniform, i.e. given € > 0, 3N, such that sup,co 7 luN) () —u(t)| <€, VN > N,.

However uniform convergence of the components implies the same for the sequence so that

sup p(I8V (1), 1a(t)) — 0,

t€[0,T]
sup p(I")(t), Ip(t) = 0.
t€[0,T]

But since T is arbitrary this implies convergence in Cg[0, 00) and hence in Dg[0, 00). This yields

IM™M (@) = I(t).

4.1.4 Weak limit characterization of «

Proposition 2 determines any weak limit @ as the solution to a differential equation for which the
corresponding limit occupancy measure « is given. We now proceed to characterize this latter limit

in terms of the stationary measure of the activity process.

Recall the properties satisfied by the processes a&N). In particular, for every ¢ > 0,

YoMy =t, > M) =1 (29)

weN weN

We begin by substituting « into (18) to obtain that

t
YN - YO0 + N 3 [ a0 s)as
0

wEN
t
—Nv, Z / &N (s) (1 — Xéfg)(s)) ds
weN_. 0
is an F-martingale. Dividing by N and taking weak limits for (x, &), we obtain that
¢ t
/ ve(1- X5 (5) Y 6l (s)ds - / pe Y &M (s)ds =0, (30)
0 weN_. 0 wEN 4.

for every t > 0.
We apply to (30) the Continuous Mapping Theorem as explained in the discussion before Propo-
sition 3, and use the limits established in Proposition 4, to obtain

0:/0 ve(l=xeo(s) > dw(s)ds—/o pe Y du(s)ds, (31)

wWEN_. weﬂ+c

for every t > 0.
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Corollary 1. The function a(t) € C[0,00) is differentiable almost everywhere and

ve(l—zc0)\We
du(t) = [Leee (5 . (32)
Vc(l_xc,o) We
Zw’GQHCEC( He )

Proof. Thanks to the fundamental theorem of calculus applied to (31), it holds that

0=ve(l=aeo(t) Y du(t)—pe > du(t), ae (33)

weN_. we .

Hence, at every time t, we have to look for (z!),cq, solutions of

ve(1 — e o(t)) Z 2t = e Z 2t Veed, (34)

we_¢ wEQ .

where in view of (29)

Z 2t =1, zt > 0.
we

Observe that, 2!, corresponds to the stationary fraction of time spent by the activity process in state
w € Qin the saturated network where node ¢ transmits at rate u. and back-offs at rate v.(1—x.0(t)),
ie.,
Z(w; e —zo(t))

Z(e —mo(t))

which is equivalent to (32). In particular, existence and uniqueness of the stationary distribution
Tao(t) (W) is ensured whenever xo(t) < e.

Hence, ¢, (t) = 2!, is well-defined and, since an increasing unit Lipschitz function starting from 0
is determined by its derivatives, the equality holds for all ¢, determining «,,. Observe that «, exists
everywhere since it coincides with the integral of a continuous function. O

a,(t) =21, = T(w;e — zo(t)) = T (t) (W) =

Having characterized the weak limit of a, we obtain Theorem 1 by substituting (32) in Propo-
sition 2.

4.2 Analysis of the mean-field limit

In the previous section we proved Theorem 1, establishing the convergence of X (V) (t) to x(t) €
CEgl0,00), the solution of the initial-value problem (6). In this section we present the proof of The-
orem 2. Specifically, we show that a solution to (6) exists and is unique. Moreover, we provide a
general condition yielding the existence of a unique equilibrium point x*.

Transient behavior. Observe that by definition X ™) (¢) € E! for every N € N and ¢t > 0. Such
property is carried over as N — oo, indeed if £(0) € E*, then x(t) € E* for every t > 0. Hence, the
set B! is positive invariant for the initial-value problem (6). It is easy to show that the function H(-)
defined in (6) is Lipschitz continuous in the metric space (E!, p), so that uniqueness and existence
of the solution of (6) follows.

Limiting behavior. In order to prove Theorem 2, we observe that given that an equilibrium point
a* exists, it must satisfy the relation H(x*) = 0 component-wise, i.e., for every ¢ € C

/\C(xz,n—l - xz,n) + VeTay (Q—C)(‘rz,n—i-l - xz,n) = 07

for all n > 0, and
=ty g+ VeTgs (Qc)wy 1 = 0.

c,1

Thus
Ay = VeTax () Tp i1 VneN,

ce,n
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yielding
Ac

VeTray (Q—c) (35)

w:,n = f?x:,O? €C =
for every n € N. In other words, any equilibrium point &* must satisfy the above geometric relation.
In addition, such an equilibrium point x* lies in E! if and only if £, =1 — zy o < 1for every c €C,
ie., & = e — x} < e. Hence, thanks to (35), the uniqueness of £ yields the same for x*.

According to the product-form solution in (3) and the definition of throughput (4), it holds that

06(6) = ﬂ—mg (QJrc) = Z W(w;ﬁ).
wEN ¢

In order for * to be an equilibrium point, & must solve
0.(&) = pe, Veel,

i.e., the fraction of time that class c is active in equilibrium must be equal to its load. Noting that
p € int(T), the global invertibility of the throughput map (5) implies that € has to satisfy

£=n(p).

Observe that the existence and uniqueness of € follows from the global invertibility property of

the map 6(-). We conclude that «* as in (7) is the unique equilibrium point of the initial-value

problem (6), and that =* € E! if and only if n(p) < e. (As a side-remark, we mention that the

initial-value problem would not have any equilibrium point, if the assumption p € int(I") were not

satisfied. This makes sense since the latter condition is necessary for the queue lengths to be stable.)
As an example, consider the square network displayed in Figure 1 and assume that

max{p1, pa} + max{pz, ps} < 1,

ie., p € int(T). In order to identify the unique equilibrium point of the initial-value problem (6),
the following system of equations has to be solved:

A B
§c = ma c=1,23.4, (36)
where
Ty (Q-1) = %(1 +048s), Tz (Qog) = %5)(1 + 03&3),
Ty (—3) = %(1 +02&2),  Tap(Qoy) = %(1 + 01&1),
and .
Z(&) =14 Y 0cbe + 010461&s + 02036283
c=1

The equilibrium point exists if and only if & < e. Methods for solving these kinds of equations are
discussed more extensively in [15, 41].

In this section, we proved the convergence of the population process towards the solution of
a deterministic initial-value problem. Necessary and sufficient conditions for the existence and
uniqueness of an equilibrium point have been established. In the following section we aim to exploit
the equilibrium point so as to obtain an asymptotically exact approximation for the stationary
performance measures of the system. The analysis will focus on the case of a complete interference
graph where all classes mutually interfere.
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5 The complete interference graph case

The second part of the paper focuses on the analysis of important stationary performance measures
such as the queue length, the waiting-time, and the sojourn-time distributions. In particular, we
will build upon the equilibrium point &* described in Theorem 2 to obtain approximations which
are asymptotically exact in the mean-field regime for the case of a complete interference graph and
accurate even in moderately large networks. Specifically, we will prove Theorem 3, i.e., we will show
that for any initial state £>° € E'! with finite mass the solution x(t) of the initial value problem
satisfies &(t) — x* as t — oo, which implies

lim lim P{p(X™)(t),2*) > e} =0, Ve>0. (37)

N—oo0t—00

Due to the class symmetry, relation (37) implies that

lim lim P{QUV)(t) =n} =2, VeeCk=1,... N.

N—o0 t—00
In order to establish (37), we need several steps.

e In Section 5.1 we will show that

lim lim P{p(XMN(t),z*) > e} =0, Ve>O0.

t—o00 N—oo

e Equation (37) is well-posed only if the population process in the finite system possesses a
stationary distribution, hence conditions for the positive recurrence of the prelimit processes
are established in Section 5.2.

e In Section 5.3 the interchange of limits is then proved so that (37) follows.

Throughout Sections 5 and 6 we assume the interference graph G to be complete and condition (8)
to hold. Simulation results suggest that (37) remains valid even in the case of a general interference
graph. In the course of the analysis we will point out the difficulties that would need to be resolved
in order to obtain a rigorous proof in that case.

For a complete interference graph, it holds that

o . o £eoe
0.(&) = m(ec; &) = m~

Thus the equilibrium point * has the following closed-form expression, and (8) is indeed necessary
and sufficient so as to guarantee £ < e.

Corollary 2. The unique equilibrium point in E' of the initial-value problem (6) is given by x* =
(mZ,n)cec,neN, where

* n >\C
xc,n:(l_gc) ¢ fc_

= . 38
Vc(l — D dec ﬁ) (3

5.1 Global stability of x*

We begin by observing that, when the interference graph is complete, Theorem 1 specializes as
follows.

Corollary 3. Assume G = (C,E) to be complete, X(N)(O) N2oo, poo ¢ B and lmy o0 Pe,N =

pe > 0 for every ¢ € C. Then the sequence of Markov processes (X(N)(Nt))Nzl € Dg1]0,00) has
a continuous limit x(t) € Cp1[0,00) which is determined by the unique solution of the initial-value
problem
dx(t)
dt

= H(w(t))a iL'(O) =z, (39)



where the function H(-) is defined by

H(@) =) — ( Zxcnec”“ﬂmoch%nec" ')

cEC n=0

_ 1
07 Thypee Z(1-2c0)”

b
and m,,

In this section we will show that for any initial state °° € E' with finite mass the solution x(t)
of the initial value problem satisfies ac(t) — x* as t — oo, which implies

lim lim P{p(XN(t),2*) > e} =0, Ve>0, (40)

t—o00 N—oo

i.e., the fixed point * € E' as described in Corollary 2 is a stable equilibrium point of the initial-
value problem described in Corollary 3.

Denote by B(x*) C E* the basin of attraction of =*, where € B(z*) if and only if for any open
neighborhood N(x*) of a*, there exists a finite time T such that the solution of the initial-value
problem (39) starting from @ hits N(z*) and remains there for every ¢t > T. Of course z* € B(z*).
Moreover we say that «* is locally stable if and only if {x*} # B(x*). In this section we explicitly
characterize B(z*), and we show that it contains a nonempty open subset of E'.

Here we briefly outline the steps necessary in order to prove (40):

e In Section 5.1.1 we introduce the concept of mass of a population vector as the average number
of packets in the buffer of the various nodes. Observe that the mass of the equilibrium point
* is finite and the mass of a solution x(t) of (39) is a continuous Lipschitz function.

e Then, in Section 5.1.2, we show that stochastic dominance is an invariant property for the
initial-value problem (39), see Proposition 5. This property allows us to couple different
solutions of (39) and will play a key role in the proof of (40).

e We leverage the previous steps in Section 5.1.3 so as to show that, if 2(0) has finite mass,
x(t) — x*. This is proved in Proposition 6 and implies that (0) € B(z*). We will say that
x* is a globally stable equilibrium point.

5.1.1 The concept of mass

Definition 1. Given & € E', we define the class-c mass of x as

oo
x) = E N,
n=0

and the total mass as m(x) = Y .o me(x). Denote m(x) = (me(x))ccc-

Given a solution z(t) € Cg1[0,00) of (39) such that m.(x(0)) < oo, we observe that m.(x(t)) is
differentiable in ¢ and the following differential equation holds

Z ( :L'c n—1 t) - xc,n(t)) - Vcﬂ—go(t) (xc,n(s) - xc,nJrl(t)))

i )\ Z Ten(t) — Vcﬂ'go(t) Z xcm(t))
n=1

= — ()\C — l/c(l — xc’o(t)>ﬂ'20(t)> (41)
Hence, the evolution of m(x(t)) is governed only by the value of xy(t), i.e., by the fraction of nodes
with empty buffers. Moreover, observe that m(x(t)) = 0 if and only if

Ac

b
=—"° . Vcel.
T20® T U1 = 200(t)]
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In particular, if xy = xf, i.e., zco = 1 — &, then, by definition of &, (see (35)), « is an equilibrium
point for m(x(t)).
Furthermore, observe that m.(z(t)) is increasing in z.o (at least as long as « € E'). In fact

0 . Ve g Ve b
Sx(t)) = = 1+ (1 —zc0)—m, ) >0.
8$c,0m (m( )) pcﬂ—mO( +( ‘ ’O)Mc’n O)

Therefore, given two solutions x(¢) and zY(¢) such that xf(t) > z{ (t) (where the inequality is
componentwise), we have
the (2" (t)) > me(zY(t)), Vceec,

and consequently, if x5 (t) > xf > x¥ (¢),
e (x"(t) > 0 > me(zY(t)), Vcec.
5.1.2 Stochastic dominance

The set E' C E may be partially ordered via the stochastic dominance relation.

Definition 2. Given =¥, 2V € E', then ! is stochastically dominated by =Y if

m m
Zxan 2 Z%Un for every m € Ny, c € C.
n=0 n=0

We denote this relation by xl <, 2V.

This relation allows us to couple different solutions of the initial-value problem governed by (39)
as stated in the following proposition, whose proof is provided in Appendix B.6.

Proposition 5. The stochastic dominance is a positive invariant relation for the initial-value prob-
lem governed by (39). In particular, given solutions =% (t),zY(t) € Cp1[0,00) of (39), and ty > 0
such that " (tg) <, Y (to), we have X (t) <, &Y (t) for every t > t,.

Hence, by exploiting that if (0) = &* then x(t) = «* for every ¢t > 0, we identify the following
invariant sets.

Corollary 4. The sets
D={xcE':x<,2*}, D={xcE': x> x*}
are positive invariant for the initial-value problem (39).

Moreover, stochastic dominance provides valuable information about how the mass of a certain
solution evolves.

Corollary 5. Consider solutions z=(t), 2V (t) € Cg1[0,00) of (39) such that X (t) <, Y (t). Then
me(@”(t)) < me(@V (1), g (@(t) > me(x” (1)), (42)
for every c € C.

The first relation is a direct consequence of the mass definition, the second follows from the
formula for the mass derivative (41) and from % (t) > ®l(t) for ¢ € C, which is a direct implication
of the stochastic dominance property. In particular, observe that if (0) € D (resp. z(0) € D) then
me(x(t)) < me(x*) (resp. me(x(t)) > me(x*)) and rm(x(t)) > 0 (resp. m.(z(t)) < 0) for every
ceCandt>0.
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5.1.3 Characterization of B(x*)

Consider a solution x(t) of (39) with (0) € E'. Observe that if z(t) — x*, then x(0) € B(z*).
The following proposition, whose proof is provided in Appendix B.7, characterizes B(x*).

Proposition 6. The basin of attraction B(x*) of €* coincides with the set EL_ C E', where
El ={xc E':m(x) < o0},

i.e., z(0) € B2

<oo

implies that x(t) — x*.

Observe that the stated condition is necessary, indeed m(x*) is finite and a solution of (39) cannot
hit EL_ in finite time starting from an infinite-mass state. However, apart from this necessary
exclusion, all the other solutions are attracted by the equilibrium point * € E', which is therefore
globally stable in EL .

The same argument, without the assumption for the interference graph to be complete, would
not lead to the proof of Proposition 6. Indeed the argument relies on Proposition 5 which is not
true in general, i.e, given solutions & (¢), 2" (t) of the initial-value problem governed by (6) for
general class-interference graphs & (o) <; V(o) does not imply that () <, Y (t) for all t > t,.
However, in the inductive argument used in the proof of Proposition 6, we rely on the invariance
of the stochastic dominance only in the basic step, i.e., Lemma 5 in Appendix B.7, where we show
that @ (t) — «f. Hence the following proposition holds.

Proposition 7. Given a general class-interference graph, and assume the existence of an equilibrium
point for the initial-value problem (6). Then, if a solution x(t) of (6) is such that

(E(O) S Eioo’ w()(t) — wa
it holds that x(0) € B(x*).

Propagation of chaos and consequences of Proposition 6. In dealing with many-particle interaction
problems, a common assumption is the propagation of chaos, i.e., the assumption that the particles
become pairwise independent when their number grows and their evolution is influenced only by
an aggregated averaged effect of the entire population state. Mean-field theory provides a powerful
machinery by which the propagation of chaos assumption can be validated. In our setting, the
particles are the nodes and their state is given by the number of packets in their buffer. Consider
a chaotic initial condition, i.e., the initial number of packets in the buffers of the various nodes are
mutually independent, then the multi-exchangeability property [25, Section 5] and the convergence
towards the initial-value problem presented in Theorem 1 suffice to guarantee that the independence
propagates over any finite horizon, see [3, 39]. However, as described in [3], in order for the inde-
pendence to hold in the limit (as the time grows to infinity), it is necessary that the solution of
the initial-value problem (39) converges to an equilibrium point. We conclude that, in a complete
interference graph setting, the queues of the various nodes in the system behave independently and
undergo a common averaged effect depending on the equilibrium configuration of the network.

In the case of slotted CSMA networks, Bianchi in [6] assumed chaos propagates provided the
network is large enough, and so obtained an analytical expression for the network throughput. Many
papers discuss this assumption, including [16], which validated the propagation of chaos under certain
assumptions via a mean-field approach. Here we just provided another supporting argument for the
case of a complete interference graph.

5.2 Positive recurrence

As mentioned earlier, the final objective of this section is to obtain an approximation for the station-
ary distribution of the queue length processes at the various nodes in large systems. In particular,
we will show that * € E' provides an approximation for the stationary distribution &™) of the
system with N nodes when N is large. First, however, it must be ensured that the population
process has a stationary distribution 2™ under condition (8) for each system with a finite number
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of N nodes. Hence, we will establish the positive recurrence of the queue length process Q(N )| from
which the positive recurrence of X M) follows.

The complete interference graph assumption plays an important role in this analysis. Indeed,
since at every moment in time at most one node can be active, the CSMA model can be described as
a single-server polling system with random routing. Specifically, the switchover periods of the server
correspond to the idle-state of the activity process, i.e., the intervals in which each node is allowed
to back-off. When a node completes its back-off period, the server visits that node and serves a
packet, when present. Specifically, consider the polling system with the following features:

e Single server and N nodes. The nodes are partitioned in Nl(N) + ...+ NéN) nodes with
class-dependent features;

e Packets arrive at the k-th node belonging to class ¢ as a Poisson process of rate /\EN).
e The service policy is 1—limited. In particular, a single packet is served if present, otherwise
the server leaves the node immediately;

e When a class-c node is visited and its buffer is nonempty, a packet is served for an exponentially
(N)

distributed time with parameter u¢ ’;
e The switchover time of the server between two consecutive visits is exponentially distributed

with parameter v := ) NC(N)I/éN) => coVe;

ceC ceC

e At the end of a switchover period, the probability for the server to pick the k-th node belonging
to class c is equal to p.r = UC(N)/V.

Observe that the above-described polling system behaves exactly as the CSMA model with complete
interference and that the latter property is crucial in establishing this connection.

Polling systems have been extensively studied in the literature. In particular, the condition for
the positive recurrence of the above-described model has already been investigated. In [17, 18, 22],
the authors provide positive recurrence conditions for general classes of polling systems via the fluid
limit analysis of the queue length processes [17, 18] and via a direct approach [22]. The following
result is a special case of Theorem 2.3 in [18], and in Appendix B.8 we adapted our notation to the
setting in [18], so as to further illuminate the connection.

Proposition 8 (Theorem 2.3 [18]). Define

(i) If o < 1, then the queue length process Q(N) 1s positive recurrent for every N € N.
(i) If o > 1, then the queue length process Q(N) is transient for every N € N.

The proof in [18, Theorem 2.3] consists of analyzing the fluid limit of a polling system, and we
can conclude the positive recurrence of the CSMA model due to the above-described equivalence.
Remark: Observe that condition ¢ < 1 is not dependent on N, and is equivalent to condition
(8), i.e.,
0<1l <<= & <1, foreveryceC.
In Appendix B.9 we provide an alternative and constructive proof of Proposition 8 for the single-
class case. The proof consists in exhibiting explicitly a quadratic Lyapunov function.

When the interference graph is not complete, the connection with polling systems does not apply,
and an explicit condition for positive recurrence is an open problem.
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5.3 Tightness and interchange of limits

In Section 5.2 we showed that the queue length process Q(N ) (t) has a stationary distribution if
condition (8) is satisfied. Denote it by the probability measure 7(™), i.e.,

lim PQ™M () = g} =7 (@),  qeNy.

For finite N the process Q") (t) completely characterizes X () (t), hence the population process
xW )(t) also has a stationary distribution. In particular, define ™) € E' as

a™ = 3" 7N (g)e(q),

geNy

where e(q) € E' is such that

1 &
(e(@))en = ﬁ;ﬂ{qc,k:n}~

Then we know that
Jlim P(p(XM (1), 2™)) > €) =0, Ve>0.
—»00

At this point we are close to the target we set at the start of this section, that is proving equation
(37). Indeed, in Section 5.1 we characterized =* € E', and thanks to Proposition 8, we proved the
existence of the sequence of limiting distributions {m(N )} Nen € B

Two further steps are needed in order to show (37). First, we need to actually show that the
sequence (a:(N )) ~Nen € E! has at least one limiting point. Then we need to show that each possible
limiting point necessarily coincides with *. Once we settle these issues, we can finally state that
the limits can indeed be interchanged and that equation (37) holds.

The proof of the following proposition is given in Appendix B.10.

Proposition 9. The sequence (V) yey € E' is tight.

At this point, via Prohorov’s theorem [7, Theorem 6.2, page 37] we deduce that the sequence
(w(N )) ~eny C E' possesses converging subsequences. In order to complete the proof of Theorem 3,
it suffices to show that these subsequences all converge to * € E'.

Given any of the converging subsequences (2(M)),,o, denote by d its limit. The elements
of the sequence (a:(Nm))m>0 may be interpreted as a sequence of initial values for the mean-field
limit described in Theorem 1. Consider the sequence of solutions of (39) along this sequence of
initial-values. Observe that, as N,,, — 0o, such a solution has to converge to the solution (¢) of the
differential equation (39) with initial condition d. However, d is a stationary distribution for the
system with N — oo nodes, and therefore d must be a stationary point of the initial value problem
(39). Due to Theorem 2, the only possibility is d = x*. We conclude that the sequence (™)) yen
converges to x*.

The above argument is well-known in the literature, and has been detailed in [4]. Tt has been
applied in many contexts, see for instance [23, 31, 38]. Observe that, apart from the tightness of
the sequence (v ))nen, we relied only on the fact that there exists a unique equilibrium point for
(6) (stability of «* is not required). In [28, Section 7.2] the authors provide an example where it is
shown that if multiple limiting points exist, then the interchange of limits may lead to drastically
different results.

6 Performance measures

In this section, we leverage the asymptotic results of Section 5 for the population process to obtain
various performance measures of interest. In particular, we derive approximations for the stationary
distribution and expectation of the queue length of a node, the sojourn time and waiting time of a

packet in the system. Denote by QE the stationary queue length at a class-c node, and by (N)

and SgN) the stationary waiting time and sojourn time of a packet at a class-c node. For ease of

notation we denote N, = NC(N).
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6.1 Convergence in distribution

Consider a tagged class-c node. In order to obtain an approximation for the stationary performance
measures, we rely on the symmetry of the class-c nodes and we leverage the results established in
the previous section. In particular, for N sufficiently large, we use the approximation
: Ny 1y~ T : (N) 2y
Jim PO (1) =k} ~ Jim_lim B{QY (1) = k), (43)
and similar approximations for the waiting time and the sojourn time, and derive exact expressions
for the limit on the right-hand side as stated in Theorem 4.

In order to prove Theorem 4, we begin with the queue length distribution. Theorem 3 implies
that

. . (N) /7 1 . (N) /N
i, i B () = k) =l Jim Qe (1) = k).
and in turn, via the mean-field limit in Theorem 1, we argue that

. . (N) o BT
Jim lim P{Q, (1) =k} = lim (1),
while Proposition 6 implies

Jim (1) = 2, = (1 - )L

— 00 ’

Hence,

QM = Q. Qe ~ Geo(€.), celC.

We now continue with the waiting-time distribution. Denote by ¢x(-) and Fx(-) the Laplace-
Stieltjes transform and the probability generating function of a random variable X. Define the
random variable V_VC(N) = %ZWéN). Observe that the Laplace-Stieltjes transform ¢ v and the
probability generating function F o (z) satisfy the distributional form of Little’s law, ie.

G0 (2) = Gacyyon (2) = Foon (1 =2), 2 €[0,1], (44)

see [5]. Moreover, we already proved that

1_50

Fam=2 = —ga

z € [0,1].

Hence, it only remains to be shown that the sequence of random variables {WC(N)} N converges.
We state the following proposition, which is a consequence of Little’s law.

Proposition 10. The sequence of random variables {WC(N)}N is tight.

Then, it follows from Prohorov’s theorem, that the sequence {WC(N)} N is relatively compact. Let
W, be a limit random variable for an arbitrary convergent subsequence. It follows from (44) that

_ l_fc
o1&l =2)

However it is known that the Laplace-Stieltjes transform of a non-negative random variable is ana-
lytic in the positive open half plane (excluding the imaginary axis) [45, Chapter 8]. Moreover, from
(45), it coincides with the Laplace-Stieltjes transform of a exponential random variable on a line
segment. It is known that two analytic functions agreeing on a line segment must be the same on
the entire domain, that is the non-negative half plane, see [1], so

_ ]-_gc
1=l —-s)

b, (2) z € [0,1]. (45)

dw. (s) Re(s) > 0.

23



Therefore, we have shown that

A . _
2w =W, W, ~Exp(

1_50
o )

€e

We now conclude with the sojourn time distribution. Define the random variable
and observe that

ceC.

a(N) _ A o(N)
Se —ESC ,

- A
N~ W)
Se Ty

c

U(N) ceC,

where UV ~ Exp(,ugN)) ~ Exp(u.) denotes the transmission time of a class-c¢ packet. Therefore

A . . 1-¢
A S, ~ Exp Y, ceC.
N, ( &e )
Combining (43) and Theorem 4 we obtain an approximation for the stationary distribution of
the queue length at a tagged class-c node given by

lim P{QY (1) = k} =~ (1 — £.)¢k,

i.e., a geometric distribution with parameter &, for N sufficiently large, and similar approximations
are obtained for the waiting and sojourn time distributions.

6.2 Convergence in expectation

In the previous subsection, we proved Theorem 4 obtaining the limiting distributions of the stationary
queue length, waiting-time, and sojourn time distributions of the various classes. Such convergence
results do not allow any immediate conclusions for the corresponding expectations as stated in
Theorem 5. Here we show the convergence of the stationary expected waiting time from which the
convergence of the stationary expected sojourn time and queue length will follow easily.

Thanks to Theorem 4, we know that the rescaled stationary waiting time of a packet at a class-c
node converges in distribution to W, ~ Exp(1 EC) It is well-known [8] that

E[W,] < lim _inf %E[WC(N)], (46)

N—oo I[N,

and we want to show that N
E[W,] = lim ZSE[W )]

N—oo [N,
In order to prove that, we will exploit again the equivalence with a 1-limited polling system with
random routing described in Section 5.2.
Specifically, the following formula is the pseudo-conservation law proved in [12, Eqn. (5.34)]
specialized to a CSMA setting, i.e., pex = Ve )/1/ and o, = v, with v = 25:1 Ve

ZZ -~ ﬁ)E[Wém]

ceC k=1 CMC
cEC k=

where p = Zivzl pe- The above pseudo-conservation law is valid as long as the stationary expecta-
tions of the waiting times are finite, which is granted by [17, Theorem 5.5] as long as the stability
condition (8) is satisfied.

We will show that there exist a sequence of constants K.y > 0 for c € C, N > 0 converging to
K. > 0, such that

N,

1 Ae
fpz Hele 722 VN 47)
ceC k=1

ceC k=1

)

1

_ Ae
ZKC]E[W = lim sup ZK‘N E[W(N)] (48)
ceC N—oo ceC N
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Since K., K. n > 0 for every ¢ € C, N > 0, (46) and (48) imply

lim E]E[ng] =E[W,], ceC.

N—oo [N,

It remains to show that (48) holds. As the pseudo-conservation law (47) suggests, we consider

B Ae 1
KCN:p’N(]-_i )7

He Vcl_p

. — c Ac
and consequently K, = be (1- Zﬁ)' In fact,

. De,N Ae 1 VA (N)

lim su — (1 - ——— ) —E[W;
N—)Izo; He ( Vcl_p)Nc [ }

. 1 Ae Ae 1

= lim sup — Z -2 —)EWM

N_};ON;MC( Vc]-_p) U

=t sy (S T e Y e e )

Nooo N pimne 1-p

ch c

1=p ec'ucyc

where the second equality is due to (47). On the other hand,

hence (48) holds, and we just showed

Ao -
EE[WC(N)} — E[W.].

The result for the sojourn time follows immediately since

W) = s N N ~ Exp(ue).

The argument we just presented implies that the sequence of random variables { WC(N)} N is
uniformly integrable. Via the conventional Little’s law we can then deduce that, for every ce€C,
the sequence {QEN)} N is itself uniformly integrable. Hence, it holds that

E[Q(M] — E[Qc].

7 Model extensions

The theoretical machinery for the derivation of mean-field limits developed in Section 4 is highly
flexible and may be applied to a wide range of models. In order to illustrate that, we outline in
this section some possible extensions of the model described in Section 2, and state the associated
mean-field limits. The proof of these limit results resembles that for the original model, and the
arguments are not repeated. In particular, the time-scale separation between the activity process
and the population process plays a key role once again. However, the expression for the stationary
distribution of the activity process with a fixed population is model-dependent and this is reflected
in the corresponding limiting initial-value problems which differ only in the expression for 7, (2_.).
We recall that 7, (€2_.) may obtained from the product-form solution for the stationary distribution
of the activity process of saturated CSMA models.
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7.1 Models with multiple transmission rates

In this model, the transmission of the packets may occur via different modes, which are associated
with different distributions of the transmission times. Denote the set of modes which a class-c node
may use by M. = {mf{,...,m;, }. In particular, mode m{ is picked with probability pj and the
transmission time with that mode is phase-type distributed with mean (p4)=* > 0.

Observe that a weighted sum of phase-type distributions is itself phase-type. This extension
influences our original analysis only in Section 4.1.4, where we characterize the limit of ade), yielding
a more complicated version of the system of equations (34). However, it is shown in [40] that such
a system can be uniquely solved and its solution only depends on the mean of the phase-type
distributions involved, due to an insensitivity property for the stationary distribution of the activity
process in saturated networks.

Hence, the mean-field limit of this generalized model turns out to be very similar to Theorem 1,
and we only need to characterize the counterpart of 7, (2_.). Denote by U, the expected value of
the transmission time of a class-c node, i.e.,

U5=i~li.

Pe
"

Theorem 6. Assume X(N)(O) Moo,

the sequence of processes

> € E and limy o0 pe,y = pc > 0 for every c € C. Then

(V)

(X" "(Nt)) € Dg[0,00)

has a continuous limit x(t) € Cgl0,00) which is determined by the unique solution of the initial-value
problem
dx(t)
dt
where the function H™"(-) is defined by

=H™"(2(t), (0) =,

9] [eS)

Hmtr _ 1 A c,n+1 mitr [9) c,n—1

(x) = —\Ae Ten€cy 1 T, (Q-c)ve Ten€en
cec t'¢ n=0 n=1

and Tl (Q_e) = D cq, Tan" (W) with

Zo Zo

mtr 1 We
7rw0t (w) = Zmir H (Ucyc(l - ﬂﬁc,o))
ceC

and Z™7 a normalizing constant.

Note that in the original case we have only one rate per class, yielding U. = 1/, for every ¢ € C,
in which case Theorem 6 reduces to Theorem 1.

Observe that all the results in Sections 4.2 and 5 may be extended to the model with multiple
transmission rates, by replacing p. with 1/U.. Moreover, since phase-type distributions approximate
any nonnegative distribution, we deduce that the mean-field limit is insensitive with respect to the
transmission time distribution.

7.2 Models with queue-based back-off rates

In the basic model, nodes with nonempty buffers back-off at a rate that depends only on their
class. However, in [24, 35|, the authors showed that CSMA networks with suitable queue-based
back-off rates are maximally stable without any explicit knowledge of the arrival rates in arbitrary
interference graphs.

Consider the model described in Section 2, where the back-off rate of a node is a function of the
number of packets in its buffer, i.e., the back-off rate of a class-c node having n packets in the buffer
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is V) (n) = ve(n)/Ng, see [11]. Note that when v.(n) = v, for every n we recover the basic model.

The system dynamics are very similar to those of the original model. Specifically, we only have to
replace the back-off transitions, as follows:

A back-off is completed by a class-¢ node having n > 0 packets in its buffer: this happens
only if the class activity state allows class-¢ nodes to back off, i.e., YN ¢ Q_., and at rate
) (n)NCXéﬁ) = uc(n)f(éﬁ), i.e., vt times the number of class-c nodes in state n, and generates
the transition

YN 5y e,

X0 0D _ 1

X0 - x0) +
ie.,

(N) (N) 1

+5reen YN +e,).
c
In accordance with the basic framework, the following theorem provides a description for the

mean-field limit of the CSMA model with queue-based back-off rates.

XYWy 5 (x

Theorem 7. Assume X' (0) Moo,

the sequence of processes

z* € F! and limpy_ oo De,N = Pe > 0 for every c € C. Then
XN (V1)) € Dg[0,00)

has a continuous limit x(t) € Cg[0, 00) which is determined by the unique solution of the initial-value

problem
dx(t)

L0 _ 1), w0 ==, (49)
where the function H(-) is defined by
H®(x) = Z 1 ()\C Z xc,neg;zﬂ + 72 (Q_,) Z Vc(n)xc,negZ*l)
ceC Pe n=0 n=1

and 7(Q_.) = ZwGQ_C 7t (w) with
1 >0 Ve(n)Tepn\ we
b n=1"e en
n(w) = o [ (Fn=r i)
4 ceC He
and Z% a normalizing constant.

Note that if v.(n) = v, for every n € N, then

oo o0
Z Ve(N)Tep = Ve Z Tem = Ve(l —Zcp)
n=1 n=1

and the original mean-field limit in Theorem 1 may be interpreted as a special case of Theorem 7.

In order to understand the formula for 72°(w), consider a fictitious saturated CSMA model, with
C nodes and the original class-interference graph and a time-invariant population & € E. The time
required to transmit a packet originating from node c is exponentially distributed with parameter
e, while the length of a back-off period of node ¢ is captured by the population-dependent random
variable V,(x), where

‘/c(x) ~ 17?6111\11 ch(-’ll), Vc,n(m) ~ EXp(LEC,nVc(TL)),

and therefore V.(x) ~ Exp(3 o, ve(n)xen). In [40] the authors proved the insensitivity of the
stationary distribution of the activity process for saturated CSMA networks with respect to the
back-off distribution. Hence, we know that the expression for the stationary probability of the
activity process to be in state w corresponds to 7%°(w). Intuitively, the cumulative back-off time
needed by class-c nodes is given by the minimum of the back-off time required by each node in the
class, whose distribution depends on the number of packets in their buffer.
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Theorem 8. If p € int(I") and

oo m 1
v = L. < 00, VeeC,
P
where Ue = ven(p)e, then there exists a unique equilibrium point ** = (v} ,,)cec.nen € E for the
ingtial-value problem (49). In particular

1
* _ _ *
xc,O - Lc7 xc,n - l‘c,nfl'

(50)

We now briefly sketch the main argument needed to prove Theorem 8. The relation H(z*) = 0
must be satisfied component-wise, i.e.,

Ton = Ee(M)ainr,  Ee(n) = () ()

for every ¢ € C and n > 0. Hence we only need to show that necessarily &.(n) = 0. /v.(n).
Given x € S, define the vector of effective class-back-off rates o(x) € Rf as follows

Ue(x) = Z ve(k)zer, ceC.

k=1

Observe that ()
Ue(x
8 Q) = =78 (Q),
and &* € E is an equilibrium point only if &(x*) = v where 7, = n(p). with o, = 1/u. for every
¢ € C. Hence, the uniqueness of U is ensured by the global invertibility of the map 6(-) over T.
Therefore, if £* is such that H(z*) = 0, then

b He _qb
R () = Bertl () = 22,
and consequently 5
w0 =
As a simple example, consider the case with a single class and v(n) = nv. Observe that 7 must
solve
A_ vl
po 14+v/p
and therefore )
U= [
"

We now need to verify that L < oo,

Hence, we conclude that
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7.3 Models with finite capacity

A practical constraint in the implementation of CSMA is that the number of packets stored in the
buffer of a node must not exceed a certain capacity. In this section, we assume that the buffer
capacity of every node in class c¢ is limited to be no more than a certain value K. € N. In particular,
this feature yields immediately

XM =0, ¥n>K.,ceC.
”(N)(O)J\H_O%

Theorem 9. Assume X
the sequence of Markov processes

™ € E' and impy_ o0 De,N = Pe > 0 for every c € C. Then

(Nt)) € Dg[0,00)
has a continuous limit x(t) € Cgl0,00) which is determined by the unique solution of the initial-value
problem

dx(t)

) (), w(0) =2, 61
where the function HT(-) is defined by
1 Ko—1 K.
H(x) = Z — ()\c Z Tenel™ 41, (Q_ ). Z xc’neg’z_l).
Pc ’ ’
ceC n=0 n=1

Observe that when K. = oo for every ¢ € C we recover Theorem 1 as a special case of Theorem

Focus now on the analysis of the equilibrium points for (51). For any = € E!, denote

&= —p—.
VeTro (2—¢)
Consider an equilibrium point z* € E* for (51), i.e., H/?(x*) = 0, then
al, = (6 )"ty VYn=0,....K. c€C,
and 7, for every n > K.. Hence, * € E' is an equilibrium point, if and only if
1
S8

We now identify sufficient and necessary conditions on £ € Ri such that the population vector
x¢ € E' is an equilibrium point for (51), where

*

rho = xy, = (& )",r:o]l{ng(c}, Vn=0,...,K. ceC.

1
xg,o = — ﬂﬁgn = §?$S,01{n§Kc}~

K i
Zn;l é‘t”:"b

Assume the population vector €& € E' to remain constant over time, i.e., ¢ is an equilibrium point
for (51). Then, the fraction of time allocated to the activity of class-¢ nodes is given by

~ ]_ Z/C/(]_ — {,CS’ ) w.r
0.(€) =77 Ezﬂ: 1;[6 (7%/ 2 ) = 0.(e — x5).
w +c C

On the other hand, the effective stationary load of class-c nodes is given by

A=t )
pe(&) = o ,
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i.e., a packet arriving at a class-c node with a full buffer is lost and does not enter the system so
that the effective arrival rate at class-c nodes is A.(1 — :1:5 x.)- We conclude that x¢ € E'is an
equilibrium point for (51) if and only if

0(8) = p(&). (52)
Consider the single-class case, i.e., C' =1, and drop the ¢ subscript. Observe that
F0- =)
é frg H Zn:O E ’
©) 1+ 7(1

)

1
DS &)
so that (0) = 0, limg o, 0(€) = (v/p)/(1 4+ v/p) > 0, and 8%@(5) > 0. On the other hand,

A ¢K
=-(-=x
K Zn:0€
and p(0) = A/p > 0, limg_,o p(€) = 0, and %ﬁ(f) < 0. Hence, the uniqueness of £ satisfying (52)

is ensured for every A, u,v, K, and in turn yields the uniqueness of the equilibrium point for the
initial-value problem (51).

p(&) )

8 Numerical experiments

In this section we perform numerical experiments in order to complement the analytical results
obtained in the previous sections. In particular, we provide evidence that the results proved in
Sections 5-7 for complete interference graphs in fact extend to more general graphs.

Throughout this section we focus on the square network displayed in Figure 1 and considered at
the end of Section 4 with the following parameters:

A=(04,02,0.3,04), v=(4,335), p=(1,1,1,1),

and an equal number of nodes in each class, i.e., p. = 1/4 for ¢ = 1,2,3,4. First of all, we verify
that € = n(p) < e to ensure that a unique equilibrium point * of (6) exists, by virtue of Theorem
2. In view of (36), we need to solve the system of equations

chc(]- +£570V57C) = )\cz(g) c= 17273747
where
4 2
Z(€&) =1+ chyc + Z€c§5—chV5—c-

c=1 c=1

Observe that the above system of equations cannot be solved explicitly in general. Hence, we use
the numerical algorithm described in [15], which is an adaptation of the algorithm presented in [41],
and obtain

& ~ (0.4302,0.2635,0.6537, 0.3442).

Theorem 2 thus yields that
T = (xz,n)7 xz,n = (1 - fc)ﬁ?a

is the unique equilibrium point.

Convergence of population process. In Theorem 1 we proved the convergence of the properly scaled
population process {X ™ (Nt)} to the solution x(t) of (6) for arbitrary interference graphs. In
Proposition 6 we showed global stability of «*, the unique fixed point of (6), for complete interfer-
ence graphs. In Figure 3 we display a numerical solution of (6) and observe that @(t) — a*. This
supports the hypothesis that the solution x(t) of (6) converges to * even when the interference

30



Class 1
0.8 | R
0.6 ! 1

02 1

Class 3

0.8 ft q

0.6 - 1

04 - 1

0.2 1 1

Class 2

Wl |

0.6 [ 1

04 | 1

02 F q

Class 4

o |

0.6 [ 1

02 q

10 20 30 40 50

Figure 3: Plot of the solution . ,(t) of (6) for n =0,1,2,3.
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graph is not complete.

Convergence of the stationary distribution of the population and the queue length process. In Theorem
3 we proved that limy_,o ™) (c0) = z*, where (M) (00) is a random variable with the stationary
distribution of XV )(t) as t — oo, for complete interference graphs. Also, in Theorem 5, we showed
that

Jim P{Q(V(00) = n} = aZ,,.
where QEN)(OO) is a random variable with the stationary distribution of the queue-length QEN) at
a class-c node as t — o0o. In order to examine these two properties, we conducted 10000 simulation
runs and collected 10000 observations (5;§N ):h Jh=1,...,10000 Of the population process for large ¢ and
values N = 2! for [ = 2,...,9. We use the average observed distribution of the population process
for large t in a network with N nodes, i.e.,

as an empirical estimate for V), and

CDFM(n) =" &)
as a proxy for

t—o0

lim P i QM (t) = k}.
k=m

In Figure 4 we display in the bar plot the euclidean distance d.(x?, ing )) between the asymptotic

approximation x} and the empirical estimate :i'gN ) for values N = 2! with | = 2,...,9, where
(oo}
* s ~(N
de(wZ, 80) = || Y (a2, — Te)2.
n=0

The different colors in the plot correspond to the various classes. Observe that the distance is
small even for moderate values of N. In the plot on the right we display the empirical estimate
CDFI(N)(n) along with the asymptotic value (£5)" for n = 0,...,12 and N = 2! with [ = 2,...,9.
Observe that as N increases, the accuracy of the asymptotic approximation ()™ for the tail proba-
bility P{QgN) (00) > n} (in red) improves, and the difference becomes almost indiscernible. In order
to save space, we do not display the tail distribution convergence for the classes ¢ = 2, 3,4 which
show similar behavior. These observations suggest that the convergence of the stationary distribu-
tion of the population process and the queue length holds in non-complete interference graphs as
well, and that the asymptotic values provide accurate approximations even for moderate values of N.

Convergence of mean waiting time. In Theorem 5 we proved that a properly scaled version of the
mean waiting time )\CE[WC(N)}/NC converges to &./(1 — &) as N — oo for complete interference
graphs. In order to obtain an empirical estimate for the mean waiting time from the simulation

runs, we invoke Little’s law
= - 1
AEWMNN, =Y V) = — Z Znﬁ:ﬁ”h.
h

In Figure 5 we display the empirical estimates IE[VVC(N)] /Ne, ¢ =1,2,3,4, along with the asymptotic
approximations &*/A.(1 — &) for values N = 2! with [ = 2,...,9. The asymptotic approximations
turn out to be extremely accurate even for N = 26 = 64, i.e., N, = 16. The results in Figure 5
support the conjecture that the mean waiting-time approximations in Theorem 5 extend to non-

complete interference graphs, and are accurate even for moderate values of V.
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9 Conclusion

We analyzed distributed random-access networks in a many-sources regime with buffer-dynamics.
The difficulty in the analysis is the complex interaction between the medium activity state and the
buffer content process. However, in the mean-field regime, these processes are shown to decouple
and a tractable initial-value problem describing the buffer content process is obtained. As illustrated
through several examples, the methodological framework that we developed is fairly generic, and
expected to be applicable to a broader range of problems where a similar decoupling occurs.

In the second part of the paper we focus on the analysis of the key performance measures for
the case of a complete interference graph. The stationary buffer content and the packet waiting
and sojourn time are shown to converge in distribution and expectation to random variables whose
parameters depend on the unique equilibrium point of the initial-value problem and are explicitly
provided. These results are obtained via an interchange of limits approach which ensures that
the resulting approximations are asymptotically exact. Numerical experiments suggest that these
results extend to general interference graphs, but a rigorous proof remains as a challenging problem
for further research.

It would be of interest to develop a mean-field analysis for random-access networks in different
regimes. In this work we assumed both arrival and back-off rates to scale as the number of nodes
increases. Such scaling allows analytical tractability thanks to the decoupling between the medium
activity state and the buffer content process. However, the back-off rate scaling entails a degradation
in the delay performance which scales with the number of nodes as well. The study of large networks
where only the arrival rate scales would be important since we expect this degradation would not
happen. However, different analytical tools are required and we will investigate this problem in
future work.

A Asymptotically Lipschitz in probability

In the course of obtaining the mean-field limit, we will use the property of a sequence in Dg[0, 00)
of being asymptotically Lipschitz in probability and its relation with the relative compactness of
a sequence of processes taking values in a metric space E with metric p and sample paths in D.
Various versions of this property have been described in the literature, e.g., [13, 37], and we will use
the following definition.

Definition 3. A sequence of random paths XM e Dg [0,00) is asymptotically Lipschitz in proba-
bility for a given T > 0 if there exists K > 0 such that for every t1,ts € [0,T] and for every e > 0
the following is satisfied:

P{XM : p(XM (1), XN (1)) < Klta — t1] + €} = 1.
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We now reproduce [20, Theorem 3.7.2], and also refer to [8, Theorem 16.4], and the subsequent
discussion.

Theorem 10 ([20] Theorem 3.7.2). Let (E, p) be complete and separable, and let {X N} be a family
of processes with sample paths in Dg[0,00). Then {X(N)} 1s relatively compact if and only if the
following two conditions hold:

(a) For every n € Rsg and b € Qxq, there exists a compact set I'; , C E such that

i%fP{X(N)(b) el =1—mn.

(b) For everyn € Rsg and T € R, there exists 6 € Rsq such that

sup P{w' (XM 5, T) > n} <,
N

where w'(X(N)7 8, T) represents the modulus of continuity, i.e.,

W (XM §,T)= inf max sup p(XN(s), XM (1))

{t’i};l:() g S,te[ti717ti)
and the sequence {t;}1_, is nondecreasing and such that t,—1 <T.

Remark: In order to show relative compactness in the space Dg[0, co) we therefore need to show
tightness in Dg[0, T] for each T. However, in many cases the space E is itself compact so that only
condition (b) of Theorem 10 has to be shown. ([20, Theorem 6.3] characterizes the compact closure
in DE [O, OO))

This leaves us with condition (b) and we therefore proceed to show the next proposition.

Proposition 11. If XM ¢ Dgl0,00) is asymptotically Lipschitz in probability, then XM ¢
Dgl0,00) satisfies condition (b) in Theorem 10.

Proof. Recall the definition of the modulus of continuity for paths in D. see [7, pages 109-110], and
also [20, page 122]. Given § > 0,7 > 0,

/ . s II T
0)=1inf ti1,t
wy(0)=1inf max wolti_yt;),
where II is a partition of [0,7] such that 0 = ¢{} < ' <... <th =T with [t} — ¢ | > § for every
i=1,...,ny, and

wols )= sup (p(a(u), z(v)).
u,vE[s,t)

Consider condition (b) in Theorem 10 and assume 1 and T given. Note that it suffices to verify
this condition for N > Ny, as [20, Lemma 6.2 (a)] shows that w’ is right continuous and therefore
we may choose 0 < 0y, to ensure (b) holds for the first n < Ny cases.

Fix € < n/2. Now choose Ny(e,n) such that

P{X®M : p(XM) (1), XN (s3)) < Klsy — 51| + ¢, V51,5, € [0,T]} >1—1

for every N > Ny(e,n). Observe that Ny(e,n) exists due to Definition 3. Now choose a uniform and
sufficiently fine partition so that the spacing is d; where 6; K < 1/2 and denote this partition as
1%, Observe that for N > Ny(e, n),

1—17"%

P{XM e [0, 7)) < K6, +€) > 1 —
{ x| ) < i } n
n

for every i = 1,... ,nnsl. We now choose § = d1/2 and observe that by definition of w/(X(N), 0, T),

P{XM /(XN 6, T)<n} >1—n.
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Indeed, w'(X S ), 0,T) is given by the infimum over the suitable partitions and therefore is certainly
lower than the outcome obtained by considering the suitable partition 11, hence

P{XWM /(XN 5T) > n} <.

For the remaining n < Ny make 0 smaller as described above to obtain the required result as w' is
non-decreasing in §. O

B Extended proofs

B.1 Proof of Lemma 2

As previously stated, we consider the single-class case only. The following arguments are along
the same lines as given in [30]. First observe that the unit Poisson processes for the arrivals, the
back-offs, and the transmissions are all mutually independent and by assumption are defined on a
common probability space which satisfies the usual conditions. Moreover, the arrival rates, back-off
rates and the transmission rate are all bounded. In particular, the natural filtrations

HA®t) = 0 (Nan(u),0 <u<t),Vn € N, (53)

are defined with the o-algebra generated by Na n(u) for all 0 < u < ¢. We make corresponding
definitions for the back-offs HZ(t),n € N, and for the transmission process denoted by HT ().
Given a multi-parameter time s = (s, s1, 2, ...) € [0,00)°°, define H(s) to be the o-algebra

His) = |\ Hik(sanin) |V |\ A2 (s20) | VAT (s0) Vo (M)

neNg neN

where N, is the collection of all null sets in F©. With this construction we thus obtain the
multi-parameter filtration

H={H(s): s e R},

see [20, page 85], where the metric space for the index set is R} with the usual metric. (We may
suppose that this filtration is right continuous as otherwise we may work with its right continuous
augmentation, see [34, Lemma 67.4] for example.) Also the process

NTaNA,OaNA,l7NB717 s

is a right continuous multi-parameter martingale adapted to the filtration #.
Since X,Y are the unique solutions to (12)-(16), it follows that we can apply [20, Theorem 2.2,
page 313], to show that 7 is a multi-parameter H-stopping time, where

(1) / NAX,(s)ds, n€Np

Bty = /NI/X neN

/ Nyuds,
0

see [20, Chapter 2, Section 8] for the definition.

As in [20, Proposition 8.6, page 87|, define F(t) = H(7(t)) where 7 is the above H stopping time.
Since 7(t) is a right continuous function of ¢ and #H(s) is a right continuous filtration, it follows that
if n is a F(t) stopping time, then so is 7(n).

It follows from the Optional Sampling Theorem for martingales on a metric lattice [20, Theorem
8.7, page 87] that M 4 is a right continuous F multi-parameter martingale. This martingale is locally
square integrable, because the rates are uniformly bounded over time. In particular if 7' > 0 the

)
S
—
o~
~
|
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version of these martingales stopped at T is a £2 F-martingale. The same arguments show that the

vector back-off process,
t
(./\7'137” (Nl// Xn(s)ds)>
0 neN

is also a locally square integrable F-martingale as of course is the process Nt (N I fot ds) . However

Y € mF(t) which implies that Mg is also a locally square integrable F-martingale as the integrand
is previsible and similarly for M. Finally E is adapted, being a countable sum of F martingales,
and it is straightforward to show that it is bounded in £? and thus a £? martingale.

B.2 Proof of Proposition 1

Observe that a(™)(t) lies in the space of unit, increasing Lipschitz functions L[0, T], where
L[0, 7] = {1:10,7) » R, u(t) = Ut2)ll < [ty ~ a1 }

so that |I(t)| <t. It follows from the Arzela-Ascoli theorem [7, page 221], that L[0,T] has compact
closure restricted to [0,77], since the space L[0,T] is compact within the topology of C[0,T]. It
follows from [43, Lemma 2.1], (see also [44]) that we may extend this result to deduce that L0, c0)
is compact within CR‘i 4[0,00).  Therefore a sample path of a™) lies in a compact set within
CRi +[0,00). This implies that the sequence of measures on a®) is tight.

We turn to the sequence of population processes X (N) First observe that the space F is compact
as a consequence of Tychonoff’s Theorem as it is a finite product of compact spaces, see Lemma 1
and the preceding discussion. In Appendix A the concept of asymptotically Lipschitz in probability
is introduced and its relation with relatively compactness is stated in Proposition 11. Lemma 4,
which is stated and proved below implies that the sequence of population processes is asymptotically
Lipschitz in probability.

Lemma 4. The sequence of processes (X(N))N is asymptotically Lipschitz in probability.

However since the space (F,p) is complete and separable, it follows from the converse half of
Prohorov’s Theorem that the sequence X (V) is tight, [7, Theorem 6.2, page 37]. It follows, as
already stated, that the sequence of measures (X O ), aN )) is therefore tight. Hence, the sequence
(X v ), aN )) is relatively compact, again as a consequence of Prohorov’s Theorem, [7, Theorem 6.2,
page 37].

Proof. (of Lemma 4) Recall that £ = x¢ and C < oo, see (1). Focus on (25), and observe that its
(¢,n) component can be written as

X0 =X 0) = 3N NA/XW) )ds)

1
+ﬁNAvn 1 N)\/Xc(]x)1 )dS)

1

_ FNB,C,n(NVC / XEDEINS) € 0 }as)

1
/\/Bcn+1 NVC/ Xm+1 )]l{Yc(N)(Ns)GQ_c}ds)

# L (0 [ RO s v [ X010 v) € 0

DPe,N

Y / XMN(s ds+y/X(N) $)L{Y ™M (Ns) € Q_ }ds) (54)

36



where the centered Poisson processes are martingales bounded in £2. We recall that Doob’s sub-
martingale inequality, see [33, Theorem 1.7], yields that

EINZ, ,(T)]
P{ sup |N. cn(t)] > Nn} < —220 =, 55
(o Wan®)] 2 o} < =50 (55)
and it follows that Ncn are non-negative submartingales. Also,
E[Naen(NA / XN (s)ds)|F] = N / X0 (s)ds,
and
E[NZ e (N / X0 (s)ds)|F]
(N / XM (s)ds)? + N, / X0 (s)ds,
yielding that
Aem (N / X0 (s)ds)|F] = N / X0 (s)ds < N,
and a similar argument applies for N . .
From (54) we obtain that
XSV () = X (w)]
2
|Z(N)+ch 1|+|V N)+Vc(n+1|+p (/\C+VC)|t_u| (56)

for every t,u € [0,T], where Z§ n and Vc(n) are the maximum values of the martingales in magnitude
over [0,T]. Observe that (55) yields

P{z"N P{V) (T : 57
(D) > ) < 3, PV >0 < Fo 57)
N) N (N)
Denote Tcn = |Z( + ch |+ ‘V( L+ Vc,n+1|-
Now, fix € > 0 and choose n(e) so that
27" < —
> <5
n=n(e)+1
From (56), we obtain
(V) (4 S (4 4
N n N
pXN(0), XM (@) <37 (D02 + = O +vlt —ul + 55)
ceC n=0 ’
for every ¢,u € [0, T]. Observe that, thanks to (57), it holds that
(|| > ¢/2n(e)} =% 0,
Hence,
lim P{X® : p(X™ (t), XN (4 <e+4Z Ae + Vo)t —ul} — 1
N —oc0
CEC
for every t,u € [0, T].
L]
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B.3 Proof of Proposition 3

As shown in Lemma 2, the process E is a multi-parameter martingale adapted to F. Since C' is
finite, there exists K, such that

=

Z Z = n(N)| /2.

ceCn>K, 1+ “—‘

For each c € C,n < K, ES,VJ (t) is a £2 F martingale so that (E(N)(t))2 is a £! F submartingale.
Applying Doob’s submartingale inequality with p = 1 (see [33]), we obtain

te[0,T]

E{|=N(T)?
p{ sup [N (#))? >a} < W ceCn<K,. (58)

However E {\ (N)(T)\ } = O(1/N) from which the result follows.

B.4 Proof of Proposition 4

Consider
XN g aéN)%ao,

in Dg[0,00) and C]0,00) respectively. Note that x%) € Dio,1)[0,00) has only countably many
jumps in a finite interval [0, ¢], see [20, Lemma 5.1, page 116], and is bounded by definition. Hence,

fo ;1:9[3 )ds exists for all ¢ > 0. Moreover, at all points of continuity of x..,(s) we have that

xﬂ)( ) = x¢pn(s). Therefore, for every t > 0

¢ ¢
/ xg\?? (s)ds — / Tem(s)ds
0 0

by dominated convergence, since xSZYJ is bounded to be in [0, 1].

Now we show that for every ¢t > 0
t t
/ :cgﬁ{b)(s)d&N)(s)ds — / T ()l (s)ds.
0 0

First of all, these integrals exist since scgj\fb)(s) may be approximated by step functions h(m)(s) on

[0,¢] converging to :vgj\,?(s) almost everywhere. Then

/ t R ()6 N) (s)ds

0

exists, so that the existence of
t
/ xﬁﬁ)(s)dff\’)(s)ds
0

follows by dominated convergence. We can conclude similarly that

/Ot Ten(8)y(s)ds

exists.
Consider the difference

t t
/xg@(s)a&m(s)ds—/ Ten (), (s)ds
0 0

= tw(N)s—mcns aM(s)ds txcnsd(N)s S — ta?cnso'zws S.
| @060 = an(s)a® s+ [ (a0 - [ wen(s)inis)a
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Then the first term
t
[ 006 = (a0 15| < [ 1o006) ~ a0 51
0
< / |ng¥)(3) — Zen(s)|ds — 0
0

by dominated convergence since xﬂ)(s) — e p(s) at all but countably many points. As for the

second term
¢ t
‘/ xcm(s)dffv)(s)ds—/ Ten(8)au (s)ds|,
0 0

observe that for any step function h(s),

‘/Oth( oM (s /h )ao(s)ds| = 0

since |04£,N) (s) —a(s)] — 0 uniformly in [0, t]. Now choose a step function he(s) such that |z, (s) —
he(s)] < € for every s € [0,t] (he(s) exists as shown by [7, page 110]). Hence,

| / 80 (5)ds /0 t Ten(5)6i(s)ds|

<| / o™ (s)ds — /0 o (s)i (5)ds

and taking limits as N — oo, we obtain

t t
lim ‘/ xc)n(s)d&m(s)ds—/ xc’n(s)o}w(s)ds‘ < 2te.
0 0

N—00

t
+ 2/ |zen(s) — he(s)|ds,
0

However, t is fixed and e is arbitrary, hence

t
lim ‘/ Zen(s )dsf/ xcm(s)dw(s)ds’ — 0.
N—o00 0

It follows that for every ¢ > 0
t t
/ xgyg(s)d&m(s)ds — / Ten(8)(s)ds.
0 0

B.5 Proof of Lemma 3
Given € > 0, we may find a partition of [0,T], to =0 < t; < .-+ < tx = T such that,
0 <u(ty) —u(tpi—1) <€/2, k=1,--- | K,

since u is Lipschitz continuous by assumption.
Next given any ¢ € (0,T") the following inequality holds, for some k < K,

™ () — u(t)] < ™ () = ultren)| V[0 (trar) — ulte)],

since if on the one hand, u)(t) < u(t), then the first term on the right is a bound and on the other
hand if the inequality is reversed then the second term is a bound. Using the triangle inequality on
each respective term, we obtain

™ (#) - u(t)|
< (1 (k) = w(ti) |V [ (th) = uti)]) + ultisn) = ulti).

Since the partition is fixed, we can find N, so that the right hand side is smaller than e using
pointwise convergence and the properties of the partition. Clearly, this N, can be taken to cover the
case t = 0,7 as well and the result is proved.
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B.6 Proof of Proposition 5

For notational convenience, the proof is only presented for the single-class case, but the arguments
easily extend to the multi-class case.

Consider solutions x%(t) and xY(¢) of the initial-value problem (39). These solutions are con-
tinuous and differentiable in ¢, therefore it is sufficient to show that, when the solutions are on the
boundary of the stochastic dominance region, the solutions are forced to remain inside such region.
Specifically, consider a time ¢ > to such that the stochastic dominance relation x*(t) <, £Y () holds,
i.e., the solutions are inside the stochastic dominance region, and there exists & € Ny such that

z i
PIEACEDPEACE (59)

i.e., the solutions are on the boundary of the region, then we need to show that

2 (St~ Y alin) 20

i.e., the solutions are forced to remain inside the stochastic dominance region.
From (39) we obtain

9 K k
S TOIEACEDSEAC)

n=0 n=0
= = Az () + vmgr ) (0)xf () + A () = vigy 4 (0)a 4 (¢)
- EL(t) i U(t)( )x,’;‘H(t) + )\:E,—CU(t) — Vﬁmg(t)(O)xEU+
( R () = 2 (8) + vge () (0) (xf () — 2, (1), (60)

and in fact w4 (0) = 7y (1) (0) since zk () > 2§ (1).
Observe that the stochastic dominance property and (59) yield

SE k() > YR 2l ),
Sk pak(t) =h_ 2l(),
SR k() > SR U (1),

and therefore

|
8

Eallw

=
A
o

‘T£+1(t) - xl_cU-i-l(t) >0, af(t)

Hence, the nonnegativity of (60) follows.

B.7 Proof of Proposition 6

For notational convenience, the proof is only presented for the single-class case, but the arguments
easily extend to the multi-class case.

Define x°(t) as the solution of the initial-value problem (39) with an empty initial state, i.e.,
2J(0) = 1 and 22(0) = 0 for every n € N. Proposition 5 implies that °(¢) <, x(¢) for any solution
x(t) of (39).

Assume now that x(0) € EL <oor We will prove that the solution @(t) of the initial-value problem
(39) is then such that x,(t) — z} for every n € Ny. The proof relies on induction on n, and the

base case is proved in the following lemma.

Lemma 5. Consider a solution x(t) = (x,(t)) of (39) with (0) € EL__. It holds that zo(t) —

n>0
*
x5
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Proof. Define A(t)=m(z(t)) —m(x°(t)), and observe that A(0) < oo because z(0) € EL_ . Thanks
to the fundamental theorem of calculus,

A) = 80) = [ (1(a®(t) = (e (t))dt = A©) = AQO.T),

where
A(tl,tg):/t (rn(2°(t)) — 1(z(t)))dt.

Observe that, according to (42), A(t) > 0 and m(z°(t)) — ri(x(t)) > 0 for every t > 0, therefore
limp_00 A(0,7) < A(0). By means of a contradiction argument, we deduce that

m(a(t) — m(z’(t)).

In fact, assume there exist € > 0 and two intertwined sequences {t¢}nen, {t%}nen, where & €
[tc,,t5,41], such that for every n € N

]
L an(x0(ty)) — m(z(t;,)) >
2. m(x°(t,)) — m(x(ty)) = €/2,
3. m(x0(t)) — m(x(t)) > €/2, for every t € [t€ 1¢].
Since m(x°(t)) — m(x(t)) > 0 for every t > 0, we have that
i 80.7) 2 3 A6, ).

Note that each term of the sum is strictly positive. In fact, since the function m(-) taking values in
E' is Lipschitz continuous,

Aty ) > S (E —t5) > 0.
Hence,
lim A(0,T) = oo > A(0),
T—o0

which is a contradiction. By letting € | 0, we conclude that m(z%(t)) — r(z(t)).
Since 7(x°(t)) — rm(x(t)), no matter the choice of #(0) € EL__, it is legitimate to pick (0) =
x* € EL . In this way,
m(x’(t)) — rm(z") =0,
and due to the transitive property of the convergence relation,

r(z(t)) — 0

for every solution z(¢) such that x(0) € E%OO
Now, due to (41), we may write m(x(t)) explicitly, so that

A= vl —20(t)) Ty (0)) — 0,

or equivalently,
A

zo(t) = 1 — — Ok (61)
Plugging 75, (+)(0) = m in (61), we then conclude that
$0(t)—>1—]/(1/\>\)=1—§=378-
Iz
O
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The inductive step is proved in the following lemma.

Lemma 6. Consider a solution x(t) = (xn(t))n>0 of (39) with z(0) € EL_ and such that @, (t) —

<oo
x¥, for every m <n — 1. It holds that x,(t) — x*.
Proof. According to (6),
j}o(t) = —Rl (t), i‘m_l(t) = Rm_l(t) - Rm(t), for m > 2,

where
Ry(t) = A1 (t) — Vg (1) (0) 2 (1).

The fact that @, (t) — x, for every m < n — 1 implies that there exists T, such that for every
t > T, we have that [z, (0) — 722 (0)] < € and |z, () — 27| < € for every m = 0,...,n — 1.
Consider now t > T, then there exist functions (G, (€))m=2....» such that

[Bim—1(t)] < G (),

and lim¢_,0 gm () = 0. Define g;(e) = 0.
Recall that the fundamental theorem of calculus yields

t+h
Tt (t+ h) — Ty (t) = / Em—1(8)ds.
t
Now consider t > T,, and note that
t+h
—2¢ — gm(e) < / R, (s)ds < 2e + g (e),
t

for every m = 1,...,n. Therefore, for m = n, we obtain that

—2¢ — gn(e) + Mak_1 —e)h t+h 2e 4 gn(e) + Mak_1 + e)h
PTES () FRS R JAROUE 00

which may be rewritten as

ALy, /t+h Ay
h —Li(e,h) < Ty (8)ds < h + Ui (e, h),
U (0) 1( ) \ ( ) Vs (0) 1( )
e—0 Az, _

where Ly (e, h), Ui (e, h) —= 0. At this point, observe that ——= @y = n due to the definition of
o

in Corollary 2. Since these inequalities hold for every h > 0, thanks to the Lipschitz continuity of

2n(t), we conclude that
*
.

Tp(t) =
O

In order to complete the proof of Proposition 6, we have to show that given any solution x(t)
of (6) with initial-value (0) € E' \ EL_ it holds that x(t) -» =*. Note that a necessary condition
for x(t) — x* is the convergence of the masses, i.e., m(x(t)) — m(x*). Note that m(x(0)) = oo
and m(x*) < oco. Hence, since the function m(x(+)) is Lipschitz continuous, the convergence of the
masses cannot happen in finite time, and in turn x(0) ¢ B(x*).

B.8 Proof of Proposition 8

Here we relate the notation in our framework with the notation in [18], so as to make the proof of
Proposition 8 as transparent as possible. For ease of notation we omit the superscript N.
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The N queues in [18] are identified in our framework by (c, k) for c€ C and k =1,..., N.. The
A,k
M,k
server visits a queue with m packets in the buffer S(m) packets are served, where

S(m) = 0, ifm=0,
)1, ifm>o0.

load of queue (¢, k) is per = , where A¢r = A\¢/N; and pcj, = pe. In our framework when the

Hence S = lim,, ;o0 S(m) = 1. Denote by T(c,k)(d,n) the probability that the server visits queue
(d, h) after having visited queue (¢, k). In our case, the queue visited by a server is not dependent

on the past visits, so that
Vd

TeR)dn) = Th = N

where v =} . v.. Also, the switchover times {0 x)(a,n)(1) }n>0, i.e., the time the server needs for
switching from queue (¢, k) to (d, h) at the n-th occurrence of such a switch, are independent of the
queue just left. More explicitly, the random variables d(. ry(a,n)(n) are i.i.d. copies of the random
variable

S k)(a.n) ~ Exp(v).

In particular, (. xy,n) is distributed as the minimum of N exponential random variables each
corresponding to the back-off time of a different node whose parameter depends on the class in
which it belongs. The routing probabilities r (. x)q4,n) define a Markov chain on the state space
{(c,k):ce€Ck=1,...,N.}. Let p(r) be its unique invariant distribution. In our framework, due
to the independence of 7(c i) (a,n) from (c, k), it holds that

Ve

P(e,k) = @

Lastly, define

5= > ey (er) dm BBy dm],
(o) (d,h)

which in our framework yields

ve vg 1 1 Ve V,
=> > V@;—;Z NN

N. N,
(e,k) (d,h) (¢,k) (d,h)
Ve
S OM D ng
(¢,k) (dh (e,k)
1 ve 1
= 2 N =

<k>c

At this point, in [18, Theorem 2.3], the condition for positive recurrence of the polling system is
proved to be the following

Aek)
.k + max —= 6 < 1. 62
Zp7 (Ck) p(c,k)S ( )

Observe that in our framework
/\(c k) )\ N 14 /\C

P(e, k)S Ne ve Ve
Hence, (62) can be rewritten as

max 1/—7 <1- —

(e,k) VeV LEZC

which yields Proposition 8.
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B.9 Alternative proof for Proposition 8 - Single-class case

Fix the number of nodes N. For every node k, define a Poisson process of rate v/N, which represents
the back-off opportunities. By opportunity, we mean that the corresponding event (back-off in this

)

case) happens if the condition of the system allows for it. Denote by bS{“’N a realization of the back-

off opportunity process at node k, i.e., at time b%k’N), a back-off is accomplished if Q;N)(b%k’m) >1
and Y(b%k’N)) = 0. In parallel, define a Poisson process of rate u, which identifies the transmission
opportunities. In particular, denote by S;N) a realization of the transmission opportunities process.
At time S%N), a transmission is completed if YV )(sglN)) = 1. The arrivals at node k are governed
by a Poisson process of rate A/N, and in this case we do not need to consider opportunities. Indeed
at every realization of the process a new packet arrives, no matter the state of the system. These
processes are sufficient for describing the stationary behavior in the single-class case with N nodes,
a special case of the model described in Section 2.
Consider now the following random sets of times

B = J O, 5= s,

k=1neN neN

and define the subset 7W) C BWY) guch that £ € TW) if and only if there exists SSLN) e S™) such
that
t= inf {t>sM}.
te1§<N>{ > o)
Observe that different elements of SU¥) may identify the same element in 7(V). Basically, the back-
off opportunities in 7W) are the only opportunities taken by nodes which are not blocked by the
activity process. Observe that the absence of packets in their buffer might still prevent them from
initiating a transmission.
Drop the superscript (N), and denote the sequence of elements of 7OY) = T by {t,}nen. We
want to analyze the embedded queue length Markov chain (Q™), e on the state space NV where

and Q(t) is the length of the k-th queue at time ¢.
Define the following random variables

e T, = t,1—ty represents the length of the n-th time slot. Observe that (T}, ),en is a sequence of
i.i.d. random variables whose distribution is given by the sum of two exponentially distributed
random variables of rate y and v. Observe that E[T,,] =T = L + 1.

14

o A" = (A}:.)k:lw, N counts the number of packets arriving at the various queues during the
n-th time slot. Observe that A}|7, —s ~ Poisson(3s) for every k=1,..., N.

e D" = (Dg)kzlw, ~ counts the number of packets leaving the various queues during the n-th
time slot. Note that D} € {0,1} and >, D} < 1.

Proposition 12. If %t + % < 1, then the queue length Markov process (Q(N)(t))tzo 18 positive
recurrent for every N > 0.

Define L(Q") = Zszl(QZ)z. We will show that L(-) is a Lyapunov function for the embedded
queue length Markov chain (Q™),en. In order to prove that, it suffices to show that E[L(Q™)|Q"]—
L(Q™) < 0 unless Q" € K, where K € RY is a compact set.

Since

n+1l _
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it holds that
E[L(Q")|Q"] — L(Q™)
N N )
=L(Q") +2)> QrE[(A} - D})|Q" + > _E[(A} — D})7|1Q"] — L(Q™)
k=1 k=1
N

N
=23 QRE[(A} - D)IQ"] + D E[(A} - Dp)*1Q").
k=1

k=1

S1 Sa

Consider S7, and observe its terms individually. As for the first term, it holds that
N N N \ 11
23 QIEMALIQU =23 QIE[AL] =23 Qi 5T =2A(, +)Q"
k=1 k=1 k=1

where Q" = + ng’:l Q. Focus now on E[D}}|Q"] for a generic node k € {1,...,N}. Denote by
C7 the random variable indicating the node associated with the j-th back-off opportunity during the
n-th time slot, i.e., in [t,, tp41). Denote by J™ the random variable counting the number of back-off
opportunities during the n-th time slot. Observe that J” > 1 due to the time-slot definition. Finally,
define the random variables

om {1, if the j-th back-off opportunity is successful,
=

0, otherwise.

It holds that
E[D?}|Q"] Z]P’ =14,07 =1|Q"]

> ]P[Cl =14,07 =1|Q"]

=P[CT =1|CT =i, Q"|P[C} =1]

Z Liqr>oy -
Thus

A
51§2/\( )Q"—QZQkN—%Q”( +——1) (63)

Consider now Ss, and observe that its value is bounded by a constant. Indeed,
Sy <D E[(AP)]+1= Z E[E[(AM)?|T,]] +

N
= ZE[E[@TR)? + iTnﬂ +1

N N

i=1

)\—]E[TZ] + AE[T,] + 1

N " "

A22(p? + pv + v?) 1 1

NT + )\(; + ;) + 1= CN7/\,;L,V < Q. (64)

Combining (63) and (64) we obtain
n n n o A A

E[L(Q"Y)|Q"] — L(Q™) < 2Q (; +- - 1) + e (65)

Since A/p + A/v < 1, there exists a compact set of the form of K = {Q : % Zivzl Q; < ¢} such
that if @ ¢ K then

E[L(Q"")|Q"] — L(Q™) < 0.
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B.10 Proof of Proposition 9

Recall that, given &™), the stationary distribution of the population process, we would like the

following property to hold for every class ¢ € C: for every € > 0, there exist n., N. > 0 such that
eV >1—¢ VN>N.
n=0

Observe that this property would be implied by: for every class ¢ € C there exists a constant K. < oo
such that m.(z™)) < K, for every N > N., where

E nxcn .

We would like to relate m, (™)) with E[W (SN)], i.e., the expected waiting time at a class-c node

in stationarity in a system with N nodes. For the sake of notation we write N, in place of NéN).
Observe that
o 1 N
W) 2 (o= + J)EQEY)

N, —

—£) > nP(@QN)(00) = n)
n=0

N oo

e (N)

Ve ) T;OTL:L‘C n

where QEN) is the random variable denoting the number of packets waiting in the buffer of a class-c
node in stationarity. Therefore

me(a™) < —LLe gy < Zegy)),

_VC—’_NC/'I’C _NC

Thus it suffices to show that E[WC(N)] grows at most linearly in NV as N — oo.

The following formula is the pseudo-conservation law proved in [12, Eqn. (5.34)] specialized to a
(V) . .
CSMA setting, i.e., p.x = “5— and o) = v, with v = Zil v.. Hence, equation [12, Eqn. (5.34)]

becomes equation (47) which can be further reduced to

> 21— Ze )

vel—p
cecﬂc c

SN A er) B

_p ECMC HelVe

TR (66)

where p = Zi\le pe- The above pseudo-conservation law is valid as long as the stationary expecta-
tions of the waiting times are finite, which is granted by [17, Theorem 5.5] as long as the stability
condition (8) is satisfied.

From (66) we can deduce that

P A 1 Nede p
Vd 1-p ZCGC ué + 1—p ZCGC ,uzucc ZcEC uy,c +

2wV < . :
= 1
_Vd_ PeAe
_ 1—p £uc€C pypucve
T Ao L) + K,
Hd vg 1—p

where limpy_.oc Ky = 0.
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