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Abstract—TIt is by now well-known that wireless networks with
file arrivals and departures are stable if one uses a-fair congestion
control and back-pressure based scheduling and routing. In this
paper, we examine whether a-fair congestion control is necessary
for flow-level stability. We show that stability can be ensured
even with very simple congestion control mechanisms, such as
a fixed window size scheme which limits the maximum number
of packets that are allowed into the ingress queue of a flow. A
key ingredient of our result is the use of the difference between
the logarithms of queue lengths as the link weights. This result
is reminiscent of results in the context of CSMA algorithms, but
for entirely different reasons.

I. INTRODUCTION

In order to operate wireless systems efficiently, scheduling
algorithms are needed to facilitate simultaneous transmissions
of different users. Scheduling algorithms for wireless networks
have been widely studied since Tassiulas and Ephremides [1]
proposed the max weight algorithm for single-hop wireless
networks and its extension to multihop networks using the
notion of back-pressure or differential backlog. Such algo-
rithms assign a weight to each link as a function of the
number of packets queued at the link, and then, at each
instant of time, select the schedule with the maximum weight,
where the weight of a schedule is computed by summing the
weights of the links that the schedule will serve. Tassiulas and
Ephremides establish that the back-pressure algorithm (and
hence, the max weight algorithm) is throughput optimal in the
sense that it can stabilize the queues of the network for the
largest set of arrival rates possible without actually knowing
the arrival rates. The back-pressure algorithm works under
very general conditions but it does not consider flow-level
dynamics. It considers packet-level dynamics assuming that
there is a fixed set of users/flows and packets are generated
by each flow according to some stochastic process. In real
networks however, flows arrive randomly to the network, have
only a finite amount of data, and depart the network after
the data transfer is completed. Moreover, there is no notion
of congestion control in the back-pressure algorithm while
most modern communication networks use some congestion
control mechanism for fairness purposes or to avoid excessive
congestion inside the network [2].

There is a rich body of literature on the packet-level stability
of scheduling algorithms, e.g., [1], [7], [8], [9]. Stability of
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wireless networks under flow-level dynamics has been studied
in, e.g., [2], [3], [4]. Here, by stability, we mean that the
number of flows in the network and the queue sizes at each
node in the network remain finite.

Under flow-level dynamics, if the scheduler has access to
the total queue-length information at nodes, then it can use
max weight/back-pressure algorithm to achieve throughput
optimality, but this information is not typically available to
the scheduler because it is implemented as part of the MAC
layer. Moreover, without congestion control, queue sizes at
different nodes could be widely different. This could lead to
long periods of unfairness among flows because links with
long flows/files (large weights) will get priority over links
with short flows/files (small weights) for long periods of time.
Therefore, we need to use congestion control to provide better
Quality-of-Service (QoS). With congestion control, only a few
packets from each file are released to the MAC layer at each
time instant, and scheduling is done based on these MAC layer
packets. Specifically, the network control policy consists of
two parts: (a) “congestion control” which determines the rate
of service provided to each flow, and (b) “packet scheduling”
which determines the rate of service provided to each link in
the network.

However, to achieve flow-level stability, prior works [2],
[3], [4] require that a specific form of congestion control
has to be used, namely, ingress queue based rate adaptation
using «-fair utility functions. More accurately, (a) the rate at
which a flow/file generates packets into its ingress queue must
maximize its utility subject to a linear penalty (price). The
utility function of each flow is assumed to be in the form
z'7%/(1 — «), for some a > 0, with z the flow rate, and
the penalty (price) charged is the number of packets queued
at the ingress queue associated with the flow, (b) scheduling
of packets is performed using the max weight/back-pressure
algorithm, where the weight of each link is the queue size (or
the queue size raised to the power «).

In this paper, we show that a-fair congestion control is not
necessary for flow-level stability, and, in fact, very general
congestion control mechanisms are sufficient to ensure flow-
level stability. The result suggests that ingress queue-based
congestion control is more important than a-fairness to ensure
network stability, when congestion control is used in conjunc-
tion with max weight scheduling/routing. As an example, a
simple fixed window size scheme which limits the maximum
number of packets allowed into the ingress queue of each flow
can provide flow-level stability.

In establishing the above result, we have used the max
weight algorithm with link weights which are log-differentials
of MAC-layer queue lengths, i.e., the weight of a link (¢, j) is



chosen to be in the form of log(1+¢;) —log(1+g;), where g;
and g; are the MAC-layer queue lengths of nodes ¢ and j. Such
a choice of link weights is crucial in establishing our stability
result. Note that we only use MAC-layer queue lengths that
are readily available at the nodes and do not involve knowing
the number of existing files at Transport layers.

The use of logarithmic functions of queue lengths naturally
suggests the use of a CSMA (Carrier Sense Multiple Access)-
type algorithm to implement the scheduling algorithm in a
distributed fashion [12], [13], [10]. The main difference here
is that the weights are log-differential of queue lengths rather
than log of queue lengths themselves, and thus results in
[12], [13], [10] are not directly applicable. We show that
the stability results for CSMA without time-scale separation
can be extended to the multihop model in this paper with
log-differential of queue lengths as weights, and the type of
congestion control mechanism considered here.

The main contributions of this paper can be summarized as
follows:

1) We show that «a-fair congestion control is not necessary
for stability, and, in fact, very general ingress queue
based congestion control mechanisms are sufficient to
ensure stability. A key ingredient of our result is the
use of the difference between the logarithms of queue
lengths as the link weights.

2) The design of efficient scheduling and congestion con-
trol algorithms can be decoupled. This separation result
would allow using different congestion control mecha-
nisms at the edge of the network for providing different
fairness or QoS considerations without need to change
the scheduling algorithm implemented at internal routers
of the network.

3) A by-product of the weight function that we use for
each link is that one can use CSMA to implement
the scheduling algorithm in a distributed fashion. In
particular, unlike [5] which also considers flow-level
stability, we do not have to assume time-scale separation
between the dynamics of flows, packets, and CSMA
algorithm.

We note that earlier versions of this paper appeared in [21],
[23] without many of the details and the proofs included here.
In particular, all three time-scales (flow, packet, and MAC
algorithm) are considered in the analytical results here unlike
the earlier versions. One interesting aspect of the simulations
in [21] is that it suggests that the advantage of using only
MAC-layer queue length for scheduling is that it reduces
delays dramatically for short flows. However, due to space
limitations, simulation results are not presented here, but the
interested reader can find them in [21].

The rest of the paper is organized as follows. In Section II,
we describe our models for the wireless network, file arrivals,
and Transport and MAC layers. We propose our scheduling
algorithm in Section III. Section IV is devoted to the formal
statement about the throughput-optimality of the algorithm and
its proof. In Section V, we consider the distributed implemen-
tation of our algorithm. Section VI contains conclusions and
possible future research directions. The appendices at the end
of the paper contain some of the proofs.

II. SYSTEM MODEL
Wireless network model

Consider a multihop wireless network consisting of a set
of nodes N' = {1,2,..,N} and a set of links £ between
the nodes. There is a link from ¢ to j, ie., (i,j) € L,
if transmission from ¢ to j is allowed. There is a set of
users/source nodes &/ C AN and each user/source transfers
data to a destination over a fixed route in the network'. For a
user/source u € U, we use d(u)(3# u) to denote its destination.
Let D := d(U) denote the set of all destinations.

We consider a time-slotted system. At each time slot ¢,
files of different sizes arrive at the source nodes. As in the
standard congestion control algorithm, TCP, files inject packets
into their MAC-layer queues. The packets then travel to their
respective destinations in a multihop fashion, i.e., along links
in the network with queueing in buffers at intermediate nodes.
Transmission of each packet along its route is subject to
physical layer constraints such as interference and limited link
capacity.

Let R denote the set of available rate vectors (or trans-
mission schedules) r = [r;; : (¢,7) € L] at each time slot.
Thus, 7;; is the number of packets that can be transmitted
from 7 to j during time slot ¢ if the transmission schedule r is
selected at time slot ¢. Note that each transmission schedule r
corresponds to a set of node power assignments chosen by the
network. Also let Co(R) denote the convex hull of R which
corresponds to time-sharing between different rate vectors.
Hence, if v = [v;; : (4,j) € L] denotes the average rate
of service provided to the links, then in general, v € Co(R).

Traffic model

We use as(t) to denote the number of files that arrive at
source s at time ¢ and assume that the process {as(t);s €
Z/l}{tzl,g’,,‘} is i.i.d. over time and independent across users
with rate [ks;s € U] and has bounded second moments.
Moreover, we assume that there are K possible file types
where the files of type ¢ are geometrically distributed with
mean 1/7; packets. The file arrived at source s can belong
to type ¢ with probability pg;, ¢ = 1,2,., K, ps; > 0,
Zle ps; = 1. Our motivation for selecting such a model
is due to the large variance distribution of file sizes in the
Internet. It is believed, see e.g., [15], that most of bytes are
generated by long files while most of the files are short files.
By controlling the probabilities p;, for the same average file
size, we can obtain distributions with very large variance. Let
me = Zfilpsi/m denote the mean file size at node s,
and define the work load at source s by ps; := kyms. Let
p = [ps : s € U] be the vector of such work loads in the
network .

Transport and MAC layers

Upon arrival of a file at a source Transport layer, a TCP-
connection is established that regulates the injection of packets

IThe final results can be extended to case when each source has multiple
destinations or to the cases of multi-path routing and adaptive routing. Here,
to expose the main features, we have considered a simpler model.



into the MAC layer. Once transmission of a file ends, the file
departs and the corresponding TCP-connection will be closed.
The MAC-layer is responsible for making the scheduling de-
cisions to deliver the MAC-layer packets to their destinations
over their corresponding routes. Each node has a fixed routing
table that determines the next hop for each destination.

At each source node, we index the files according to their
arriving order such that the index 1 is given to the earliest
file. This means that once transmission of a file ends, the
indices of the remaining files are updated such that indices
again start from 1 and are consecutive. Note that the indexing
rule is not part of the algorithm implementation and it is
used here only for the purpose of analysis. We use W, y(¢)
to denote the TCP congestion window size for file f at
source s at time t. Hence, W,; is a time-varying sequence
which changes as a result of TCP congestion control. If the
congestion window of file f is not full, TCP will continue
injecting packets from the remainder of file f to the congestion
window until file f has no packets remaining at the Transport
layer or the congestion window becomes full. We consider
ingress queue-based congestion control meaning that when a
packet of congestion window departs the ingress queue, it is
replaced with a new packet from its corresponding file at the
Transport layer. It is important to note that the MAC layer does
not know the number of remaining packets at the Transport
layer, so scheduling decisions have to be made based on the
MAC-layers information only. It is reasonable to assume that
1 < Wss(t) < Weongs 1€, each file has at least one packet
waiting to be transferred and all congestion window sizes are
bounded from above by a constant Weopg.

Routing and queue dynamics

At the MAC layer of each node n € N, we consider
separate queues for the packets of different destinations. Let
q,g,d), d € D, denote the packets of destination d at the
MAC-layer of n. Also let RS\(}Z)X n be the routing matrix

corresponding to packets of destination d where Rz(;l) =1
if the next hop of node ¢ for destination d is node j, for some
j such that (¢,7) € L, and 0 otherwise. Routes are acyclic
meaning that each packet eventually reaches its destination
and leaves the network. A packet of destination d that is
transmitted from 7 to j is removed from qu) and added to
q§d). Packet that reaches its destination is removed from the
network. Note that packets in q,(Ld) could be generated at node
n itself (if n is a source with destination d) or belong to other
sources that use n as an intermediate relay along their routes
to destination d.

III. DESCRIPTION OF SCHEDULING ALGORITHM

The algorithm is essentially the back-pressure algorithm [1]
but it only uses the MAC-layer information. The key step in
establishing the optimality of such an algorithm is using an
appropriate weight function of the MAC-layer queues instead
of using the total queues. In particular, consider a log-type
function

_ log(1+4 )

W) (D

g(z):

where h(x) is an arbitrary increasing function which makes
g(x) an increasing concave function. Assume that h(0) > 0
and g(x) is continuously differentiable on (0, c0): For exam-
ple, h(x) = log(e + log(1 + z)) or h(z) = log’(e + x) for
some 0 < 6 < 1. For each link (¢, j) with RE? = 1, define

w (1) = g( (1) —9(4”®))- @

Note that if {d € D : jo) = 1} = (), then we can remove
the link (4, j) from the network without reducing the capacity
region since no packets are forwarded over it. So without loss
of generality, we assume that {d € D : jo) =1} # 0, for
every (i,7) € L.

Let xz(;l) (t) denote the scheduling variable that shows the
rate at which the packets of destination d can be forwarded
over the link (7, 7) at time slot ¢. The scheduling algorithm is
as follows.

At each time ¢:

o Each node n observes the MAC-layer queue sizes of itself

and its next hop, i.e., for each d € D, it observes qﬁd)
and qu) for a j such that Rl(-;i) =1
o For each link (4, ), calculate a weight

w;;(t) == max w,g;l)(t), 3)
deD:R{Y =1
and
dfj(t) = argmax wfj(t). 4)
deD:R{P =1

o Find the optimal rate vector £* € R that solves

Z*(t) = argmax Z rijwi;(t). (5)
reR (i)l

« Finally, assign xl(-;l)(t) = 7;; if d = d%(t), and zero
otherwise (break ties at random).

IV. SYSTEM STABILITY

In this section, we analyze the system and prove its stability
under the algorithm described in Section III.

For the analysis, we use led) (with capital @) to denote the
total per-destination queues, i.e., the total number of packets
of destination d at node n, in its MAC or Transport layer.
Note that, for each node n, the MAC (or total) per-destination
queues qéd) (or Qg{i)) fall into three cases: (i) n is source and d
is its destination, (ii) n is a source but d is not its destination,
and (iii) n is not a source. In the case (i), it is important to
distinguish between the MAC-layer queue and the total queue
associated with d, i.e., ngd ) # q'ELd ). because of the existing
packets of destination d at the Transport layer of n. However,
Q%d) = q,(Ld) holds in case (ii), and for all destinations in case
(iii).

Let z;;(t) denote the number of packets transmitted over
link (Z,7) € £ at time ¢. Then, the total-queue dynamics for



a destination d, at each node n, is given by

N
QWE+1) = QWP - RV
j=1

N
+ SORWAD () + AD (@),
=1

(6)

where ASLd) (t) is the total number of packets for destination

d that new files bring to node n at time slot ¢. Note that
Aﬁfl )(t) = 0 in the cases (ii) and (iii) above. With minor abuse
of notation, we write E Ag,d)(t) = pﬁ{” with p%d) = pn
in the case (i) and pﬁf” := 0 otherwise. Also z@(t) =

ij
min {xgi) (1), qu) (t)} obviously, because i cannot send more

than its MAC-layer queue content at each time.

Definition 1. The capacity region of the network C is defined
as the set of all load vectors p that under which the total
queues in the network can be stabilized. Note that under our
flow-level model, stability of total queues will imply that the
number of files in the network is also stable. It is well-known,
see e.g. [7], that a vector p belongs to C if and only if there
exits an average service rate vector y € Co(R) such that

P > 0; Vd € D and ¥(i, j) € L,

N N
P =S RO S Ry <0; Vd e D, ¥n # d,
j i=1

Jj=1
Sl < W) € L
deD

Theorem 1. For any p strictly inside C, the scheduling
algorithm in Section IIl, can stabilize the network indepen-
dent of transport-layer ingress queue-based congestion control
mechanism (as long as the minimum window size is one and
the window sizes are bounded) and the (non-idling) service
discipline used to transmit packets from active nodes.

Remark 1. Theorem 1 holds even when h = 1 in (1), however,
for the distributed implementation of the algorithm in Section
V, we need g to grow slightly slower than log.

Theorem 1 shows that it is possible to design the ingress
queue-based congestion controller regardless of the scheduling
algorithm implemented in the core network. This will allow
using different congestion control mechanisms at the edge
of the network for different fairness or QoS considerations
without need to change the scheduling algorithm implemented
at internal routers of the network. As we will see, a key ingre-
dient of such a decomposition result is the use of difference
between the logarithms of queue lengths, as in (2), for the link
weights in the scheduling algorithm.

The rest of this section is devoted to proof of Theorem 1.

A. Proof of Theorem 1

1) Order of events: Since we use a discrete-time model,
we have to specify the order in which files/packets arrive and
depart, which we do below:

1) At the beginning of each time slot, a scheduling decision
is made by the scheduling algorithm. Packets depart
from the MAC layers of scheduled links.

2) File arrivals occur next. Once a file arrives, a new TCP
connection is set up for that file with an initial pre-
determined congestion window size.

3) For each TCP connection, if the congestion window is
not full, packets are injected into the MAC layer from
the Transport layer until the window size is fully used
or there are no more packets at the Transport layer.

We re-index the files at the beginning of each time slot because
some files might have been departed during the last time slot.

2) State of the system: Define the state of node n as

Su(t) = {(¢¥ (1), Z{P(t)): d e D,
(Snf(t)7wnf(t)7o'nf(t)) 1< f < Nn(t)}7(7)

where N, (t) is the number of existing files at node n at
the beginning of time slot ¢, o,s(t) € {1/m, - ,1/nk}
is its mean size (or type), and W, (t) is its corresponding
congestion window size. Note that o, /(¢) is a function of
time only because of re-indexing since a file might change its
index from slot to slot. &,¢(t) € {0,1} indicates whether file
f has still packets in the Transport layer. More accurately, if
U, r(t) is the number of remaining packets of file f at node
n, then &,7(t) = 1{U,s(t) > Wys(t)}. Obviously, if n is
not a source node, then we can remove (&, 5, Wy, 0pny) from
the description of S,,. A (t) denotes the information required
about qéd) (t) to serve the MAC-layer packets which depends
on the specific service discipline implemented in MAC-layer
queues. In the rest of the paper, we consider the case of FIFO
(First In-First Out) service discipline in MAC-layer queues.
In this case, 7. (t) is simply the ordering of packets in
qg,,d)(t) according to their entrance times. As it will turn out
from the proof, the system stability will hold for any none-
idling service discipline. Define the state of the system to be
S(t) = {Sn(¢) : n € N'}. Now, given the scheduling algorithm
in section III, and our system model in Section II, S(t) evolves
as a discrete-time Markov chain.

Remark 2. We only require that the congestion window
dynamics could be described as a function of queue lengths
of the network so that the network Markov chain is well-
defined. Even in the case that the congestion window is a
function of the delayed queue lengths of the network up to T
time slots earlier, due to the feedback delay of at most T from
destination to source, the network state could be modified, to
include the queues up to T time slots before, so that the same
proof technique still applies.

Next, we analyze the Lyapunov drift to show that the
network Markov chain is positive recurrent and, as a result,
the number of files in the system and queue sizes are stable.

3) Lyapunov analysis: Define led) (t) =
E|QY (t)|Sn(t)} to be the expected total queue length
at node n given the state S,,(¢). Then, if n is a source, and d



is its destination,
N,

—~

D
(s (6ns (1)) ®)

1

QW () = a4\ (1) +
f
Otherwise, if d # d(n) or n is not a source, then QY (t) =
¢\¥ (t). Note that given the state S(t), Q% is known.

The dynamics of Q'Y (t) involves the dynamics of qéd)(t),
&n(t), and N, (t), and, thus, it consists of: (i) departure of
MAC-layer packets, (ii) new file arrivals (if n is a source),
(iii) arrival of packets from previous hops that use n as an
intermediate relay, (iv) injection of packets into the MAC layer
(if n is a source), and (v) departure of files from the Transport
layer (if n is a source). Hence,

N
QW+ = Q1) - RI=7 0+ AN )
Jj=1
N
+ DRG0+ AL (@)~ DO (1). )
i=1

Ny n
where A (1) = 32 P J(\?,IS " Ong

of packet arrlvals due to new files, A!? (t) is the total
number of packets injected into the MAC layer to fill up
the congestion window after scheduling and new file arrivals,
and DSV (t) = Z;V;Y)Jra"(t) onf(t)If(t) is the Transport-
layer “expected packet departure” because of the MAC-layer
injections. Here, I,,¢(t) = 1 indicates that the last packet of
file f leaves the Transport layer during time slot t; otherwise,

I,¢(t) = 0°. Note that E[A;d) )| = p%d).

Let BSY(t) == AP — DY) in 9), and Es|] :=
Es[-|S(t)]. It should be clear that when n is a source but
d # d(n), or when n is not a source, AP (t) = AD (t) =
DY (t) = BYY (t) = 0. Let 1,4, denote the maximum
link capacity over all the links in the network. Lemma 1
characterizes the first and second moments of BT(ld) (t).

(t) is the expected number

Lemma 1. For the process {Bfld)(t)},
() Esg | B (t)] —0.
(ii) Let Nmin = MIN1<;<K 7, then

ES(t) |:B7(”Ld) (t)2:| § (HH+N2r$rLam) InaX{Wgong’ 1/7772nzn}

Therefore, we can write

i ¥ )
QW(t+1) = QW ZRJ 20 (t) + AD (1)

Z R(d)

where A (#) == AP (#) + B (¢). Note that A (¢) has
and finite second moment.

(10)

d
mean py,

2To notice the difference between the indicators I, ¢(t) and &,f(t),
consider a specific file and assume that its last packet enters the Transport
layer at time slot to, departs the Transport layer during time slot ¢1 and
departs the MAC layer during time slot ¢2, then its corresponding indicator [
is 1 at time ¢1 and is O for tg < ¢t < t1 and t; < t < tg, while its indicator
£ is O for all time ¢t1 <t < t2, and 1 for tg <t < 7.

Let G(u) = fo x)dx for the function g defined in (1).
Then G is a strlctly convex and increasing function. Consider
a Lyapunov function

N
)= > GO ®)
n=1deD
Let AV(t) := V(S(t + 1)) — V(S(t)). Using convexity and

monotonicity of G, we get

0= Y00

n=1deD

e+ 1) (@ +1) - Q).

Next, observe that, using (10),
QWP (t+1) = QW] < AL () + Nrimag.
Hence, because g is strictly increasing,
g QP +1) < g(QV O +ADW) + Nrr)
9@ (1) + (AL () + Nrynax)

where the last inequality follows from concavity of g and the
fact that ¢’ < 1. Hence,

> s

n= ldeD
+ Z Z (AD () + Nrpar)?.

d N d) (d d
Define )(t) ‘= max {ijl R;j)xflj) (t) — at )(t),()} , to
be the wasted service for packets of destination d, i.e., when
n is included in the schedule but it does not have enough
packets of destination d to transmit. Then, we have

>3 {ute

IA

AV(t) < )@ (¢ +1) - QP (1)

AV(H) < [ZR D) + AD (1)
n=1deD
N
Y R0} + 3 X @0
j=1 n=1deD
+ ZZ A(d) —|—Nrmaz) .
n=1deD

Taking the expectation of both sides, given the state at time
t is known, yields

Es) [AV(t)} < Z Z{ QLD (1) Esp) ol
n=1deD
N © N
+ SRR - Y R0}
i=1 j=1
+ Esu {Z D gV ()l (¢ )] +Ch,
n=1deD

where Cl — E[Zg:l ZdED(A%d)(t) =+ Nrmam)2i| < 00,
because ]E[A( )( t) } < 00.



Lemma 2. There exists a positive constant Cy_such that, for
N d
all S(t), S0y e Esi 9@ ()l ()] < Ca.

Using Lemma 2 and changing the order of summations, we
have

t) [AV(t)} <O+ Cy+ Z 3 9(@QD ()oY

n=1deD

“Esoy| Y. D2 0@ 1) - 9@ 1)].

(i.j)€L dED

an

Recall that the link weight that is actually used in the algorithm
is based on the MAC-layer queues as in (2)-(3). For the
analysis, we also define a new link weight based on the state
as

Wi(t)= max WD), (12)
deD:R{P =1
where, for a link (¢,5) € £ with R,Ej) =1,
WP (1) = g(Q¥(1) — 9(Q2(1)). (13)

Then, the two types of link weights only differ by a constant
as stated by the following lemma.

Lemma 3. Let W;;(t) and w;(t), (i,5) € L, be the link
weights defined by (12)-(13) and (2)-(3) respectively. Then at
all times

—wi;(t)] < R0y

Proof: Recall that, at each node n, for all destinations
d # d(n), we have Q%(t) = ¢?(t). If d = d(n) is the
destination of n, then QZ(t) consists of: (i) packets of d
received from upstream flows that use n as an intermediate
relay, and (ii) MAC-layer packets received from the files
generated at n itself. Since 1 < W, ¢(t) < Weong, the number
of files with destination d that are generated at node n or have
packets at node n as an intermediate relay, is at most qﬁld)(t).
Therefore, it is clear that ¢2 () < Q4 (t) < ¢%(t) +qg(t)%.
In the rest of the proof, we drop the dependence of queueysmgn
t for compactness. For all n and d, using a log-type function,
as the function g in (1), yields

9(gd) < 9@ < g(gh(1+1/nmin))
log ((1+¢H)(1 4+ 1/Nmin))

Wi (t)

<
N h(qg(l + 1/77m1n))
log(1+ 1/7min)
< g(gd) + 28T 2 Mmin) gy
It then follows that, Vd € D, and V(i,j) € £ with R(d) =
(d) (d)
|Wij — Wy | <log(1+ 1/1min)/h(0). (15)
Let d; := argmax RO 1W( and d* as in (4). Then,
using (15)
52wl > Wiy —log(1 + 1/nmin) /h(0),

and, similarly,

Wi; > ijdi-}) > w;j —log(1 + 1/Nmin)/h(0).

This concludes the proof. [ ]
Let z*(t) be the max weight schedule based on weights
{Wij(t) : (Z,j) S E}, i.e.,

2" (t) = argmax Z xii Wi (t).

TER (igec

(16)

Note the distinction between x* and T* as we used T*(t) in
(5) to denote the max weight schedule based on MAC-layer
queues. The weights of the schedules * and x* differ only
by a constant for all queue values as we show next. From

definition of z*, in (16),
Do Wit = Y #Wi(t) 2 0. (17)
(i,4)€L (i,4)eL
On the other hand,
D w Wil = > &Wi(t) =
(i,5)€L (i,5)€L
S oapWit) - > awg(t (18)
(4,5)€L (i,4)eL
Z xj‘jwm Z z; w” (19)
(i,5)eL (1,7)€L
+ Z Tijwig (t Z ;Wi (1) (20)
(i,4)€L (i,j)EL
< 2N?7pn0z 10g(1 + 1/Nmin) /1(0), 1)
because, by Lemma 3, (18) and (20) are less than

N270210g(1 4+ 1/1min) /R (0) each, and (19) is negative by
definition of £* in (5). Hence, using (11), (12), and (21), under
MAC scheduling z*, the Lyapunov drift is bounded as follows

Esq |[AV()] < Zz{ GRIO!
n=1deD
- Esw| Y aiwy] +C.
(i,5)eL

where C' = Oy + Co + 2N?7,,42 10g(1 + 1/0min) /R(0).

Accordingly, using (12)-(13), and changing the order of
summations in the right hand side of the above inequality
yields

Esq) [AV(t)} <

ZZ{ Q(d) ES(t) Jrz:R(d) *(d)

n=1deD
(d) *(d)
ZR i (
where x*@(t) =

i x};(t) for d = dj;(t) (ties are broken
at random) and is zero otherwise. The rest of the proof is
standard. Since load p is strictly inside the capacity region,
there must exist a € > 0 and a v € Co(R) such that

+C,

(d)+e<ZRmym ZRm%n ;Vn e N,Vd € D. (22)

j=1



Hence, for any 6§ > 0,

Es) {AV(t)} <

Z Z (QD (¢) Z sz) 55? Z R(d) *(d)

n=1deD
N N
- Z > 9@ W) | DR () = YRS
n=1deD i=1 j=1
N
— 33 9@ ) + C.
n=1deD

But from definition of x*(¢) and convexity of Co(R),

Z(i,j)gcxfjwij(t) > E(Lj)e[:/yijwij(t)’ vy € Co(R),
hence,

<t>[AV } —GZZ (Q(1)

n=1deD

+ C < =4,

~(d .
whenever max,, dQ%) > or, as a sufficient

g~ 1 ( Ca+9d )
condition, whenever max;, 4 gD > g1 (€212). Therefore, it
follows that the system is stable by an extension of the Foster-
Lyapunov criteria [16] (Theorem 3.1 in [1]). In particular,

queue sizes and the number of files in the system are stable.

Remark 3. Although we have assumed that file sizes follow a
mixture of geometric distributions, our results also hold for the
case of bounded file sizes with general distribution. The proof
argument for the latter case is obtained by minor modifications
of the proof presented in this paper (see [23]) and, hence, has
been omitted for brevity.

V. DISTRIBUTED IMPLEMENTATION

The optimal scheduling algorithm in Section III requires us
to find a maximum weight-type schedule at each time, i.e.,
we need to solve (5) at every time. This is a formidable task,
hence, in this section, we design a distributed version of the
algorithm based on Glauber dynamics.

For simplicity, we consider the following criterion for
successful packet reception: packet transmission over link
(i,7) € L is successful if none of the neighbors of node
7 are transmitting. Furthermore, we assume that every node
can transmit to at most one node at each time, receive from
at most one node at each time, and cannot transmit and
receive simultaneously (over the same frequency band). This
especially models the packet reception in the case that the
set of neighbors of node 4, ie., C(i) = {j : (i,5) € L},
is the set of nodes that are within the transmission range of
1 and the interference caused by ¢ at all other nodes, except
its neighbors, is negligible. Moreover, the packet transmission
over (i,7) is usually followed by an ACK transmission from
receiver to sender, over (j,¢). Hence, for a synchronized

data/ACK system, we can define a Conflict Set (CS) for link
(i,) as
CSijy = {(a,b)eL:aecC(j),orbe C(i),

orac€ {i,j},orbe{i,j}}. (23)

This ensures that when the links in CS; ;) are inactive, the
data/ACK transmission over (¢,7)/(j,4) is successful.

Furthermore, for simplicity, assume that in each time slot, at
most one packet could be successfully transmitted over a link
(i,7), i.e., z;;(t) € {0,1}. We can represent the interference
constraints by using a conflict graph G(V,E), where each
vertex in ) is a communication link in the wireless network.
There is an edge ((¢,7),(a,b)) € £ between vertices (3, j)
and (a,b) if simultaneous transmissions over communication
links (7,7) and (a,b) are not successful. Therefore, at each
time slot, the active links should form an independent set of
g, i.e., no two scheduled vertices can share an edge in G. Let
R be the set of all such feasible schedules and |£| denote the
number of communication links in the wireless network.

We say that a node is active if it is a sender or a receiver for
some active link. Inactive nodes can sense the wireless medium
and know if there is an active node in their neighborhood.
This is possible because we use a synchronized data/ACK
system and detecting active nodes can be performed by sensing
the data transmission of active senders and sensing the ACK
transmission of active receivers. Hence, using such carrier
sensing, nodes ¢ and j know if the channel is idle, i.e.,
Z(a,b)ecsu,j) Zap(t) = 0, or if the channel is busy, ie.,

(a,b)ECS (i ) Tap(t) = 1.

Remark 4. For the case of single hop networks, the link
weight (3) is reduced to w;;(t) = g(1+¢;(t))/h(q:(t)) where i
is the source and j is the destination of flow over (i, j). Such a
weight function is exactly the one that under which throughput
optimality of CSMA has been established in [10]. Next, we will
propose a version of CSMA that is suitable for the general case
of multihop flows and will prove its throughput optimality. The
proof uses techniques originally developed in [12], [13] for
continuous-time CSMA algorithms, and adapted in [10] for
the discrete-time model considered here.

A. Basic CSMA Algorithm for Multihop Networks

For our algorithm, based on the MAC layer information, we
define a modified weight for each link (7, ) as

()= max ayg (1) (24)
where
@ (1) =3 () -3 (4" ®), (25)
and,
i(a0) =max{g (¢ ®) o0}, @0

where the function g is the same as (1) defined for the
centralized algorithm, and

9" (1) = T3 9(dmas (D),

where ¢, (t) := max; g qz(d) (t) is the maximum MAC-layer
queue length in the network at time ¢ and assumed to be
known, and e is an arbitrary small but fixed positive number.
Note that if we remove g*(¢) from the above definition, then

w;; is equal to w;; in (2)-(3).

27)



Consider the conflict graph G(V,E) of the network as
defined earlier. At each time slot ¢, a link (4,j) is chosen
uniformly at random, then

(i) If Zap(t — 1) = 0 for all links (a,b)
Z;j(t) = 1 with probability p;;(t), and
probability 1 — p;;(t) .

Otherwise, Z;;(t)=0.
(i) Zap(t) = zap(t — 1) for all (a,b) # (i,7).
i) 2\ (t) = @;;(t) if d = argmax

CS(Z,])’ then
(1)

S
Z:ii(t) = 0 with

J

4R 21 u?f;l) (t) (break

ties at random), and zero otherwise.
We choose p;;(t) to be

exp(wy;(t))

T 1+ exp(@i (1) (28)

pij(t)
It turns out that the choice of function ¢ is crucial in
establishing the throughput optimality of the algorithm for
general networks. The following theorem states the main
result regarding the throughput optimality of the basic CSMA
algorithm.

Theorem 2. Under the function g specified in (1), the basic
CSMA algorithm, with any € > 0, can stabilize the network
for any p € (1—3€)C, independent of Transport-layer ingress
queue-based congestion control (as long as the minimum
window size is one and the window sizes are bounded) and the
(non-idling) service discipline used to serve packets of active
queues.

B. Distributed Implementation

The basic algorithm is based on Glauber-Dynamics with
one site update at each time. For distributed implementation,
we need a randomized mechanism to select a link uniformly
at random at each time slot. We use the Q-CSMA idea [11]
to perform the link selection: each time slot is divided into a
control slot and a data slot. In the control slot, nodes exchange
short control messages, similar to RTS/CTS packets in IEEE
802.11 protocol, to come up with a collision-free decision
schedule m. In the data slot, each link (i, 7) that is included
in the decision schedule performs the basic CSMA algorithm.
See [11], [25] for complete details.

The control message sent from node j to 7 in time slot ,
contains the carrier sense information of node j at time ¢t — 1,
and the vector of MAC-layer queue sizes of node j at time ¢,
ie., [qj(-d) (t) : d € D], to determine the weight of link (7, ).

Remark 5. To determine the weight at each link, G qq(t) is
also needed. Instead, each node can maintain an estimate of
Gmax(t) similar to the procedure suggested in [12]. In fact, it
is easy to incorporate such a procedure in our algorithm be-
cause, in the control slot, each node can include its estimate of
Gmax(t) in the control messages and update its estimate based
on the received control messages. Then we can use Lemma 2
of [12] to complete the stability proof. So we do not pursue
this issue here. In practical networks 35 10g(1 4 Gmax(t)) is
small and we can use the weight function g directly, and thus,
there may not be any need to know ¢pmqz(t).

Corollary 1. Under the weight function g specified in (1),
the distributed algorithm can stabilize the network for any
p € (1—3e)C.

The rest of this section is devoted to proof of Theorem 2.
The proof of Corollary 1 is almost identical and omitted for
brevity (see [10] and [25] for all the details).

C. Proof of Theorem 2

First, suppose the weights are constants, i.e., the basic
algorithm uses a weight vector W = [0;; : (4,7) € L] at all
times. Then, the basic algorithm is essentially an irreducible,
aperiodic, and reversible Markov chain (called Glauber dy-
namics) to generate the independent sets of G(V, ). So, the
state space R consists of all independent sets of G. The
stationary distribution of the chain is given by

ﬂ(S)Z%QXp( Z wij); sER,

(¢,7)€s

(29)

where Z is the normalizing constant.
We start with the following lemma that relates the modified
link weight and the original link weight.

Lemma 4. For all links (i,5) € L, the link weights (24) and
(3) differ at most by g*(t), i.e.,

@i (1) = wi; (8)] < g7 (2)-

Proof is simple and has been omitted for brevity (see [25]).
The basic algorithm uses a time-varying version of the Glauber
dynamics, where the weights change with time. This yields a
time-inhomogeneous Markov chain but we will prove that,
for the choice of function g in (1), it behaves similarly to the
Glauber dynamics. The proof consists of 4 steps; steps 1-3 are
concentred with properties of the basic CSMA algorithm and
step 4 is the Lyapunov analysis.

1) Mixing time of Glauber dynamics: The eigenvalues
of the corresponding transition probability matrix P can be
ordered in such a way that

(30)

The convergence to steady state distribution is geometric
with a rate equal to the Second Largest Eigenvalue Modulus
(SLEM) of P [14]. In fact, for any initial probability distribu-
tion po on R, and for all ¢t > 1,

luoP" =7l < (W) o — 1. G31)

where \* = max{\y, |\g||} is the SLEM. Note that, by

1/2
definition, [|z]|1 /> = (2;1 z(i)Qﬂli))
The following lemma gives an upper bound on the SLEM
A* of Glauber dynamics.

Lemma 5. For the Glauber dynamics with the weight vector
W on a graph G(V, ),

1
<1 —
=T 160 exp(4]V|@mar)

where Wmqe = MaxX( jyes Wij.




See the appendix of [25] or [10] for the proof. We define
the mixing time as T' = ﬁ, S0

T < 16/% exp (4| L] Wmas) (32)

Simple calculation, based on (31), reveals that the amount
of time needed to get close to the stationary distribution is
approximately proportional to 7.

2) A key proposition: At any time slot ¢, given the
weight vector W(t) = [w;;(t) (i,j) € L], the cen-
tralized algorithm, described in Section III, should solve
maxgeRr Z(i)j)eS W;;(t), instead, the distributed algorithm
tries to simulate a distribution

wt(s):Zitexp( Z u?ij(t)>; sETR,

(i.5)€s

(33)

i.e., the stationary distribution of Glauber dynamics with the
weight vector w(t) at time ¢.

Let P, denote the transition probability matrix of Glauber
dynamics with the weight vector w(¢). Also let y; be the true
probability distribution of the time-inhomogeneous chain, over
the set of schedules R, at time ¢. Therefore, py = py—1Py. Let
m, denote the stationary distribution of the time-homogenous
Markov chain with P = P; as in (33). By choosing proper g*
and g(-), we aim to ensure that ;; and 7; are close enough,
ie., ||m — pel|7v < d for some § arbitrary small, where |7 —
ullzv == £ 31 (i) — a(i)]. Note that || — 7|5 > 2ju—
7||7v. Next, we characterize the amount of change in the
stationary distribution as a result of queue evolutions.

Lemma 6. For any schedule s € R, e~ < 72;’7(15(;) < e%t,
where,

e = 214+ Waong) |L1g' (975" (14 1)) = 1= Weong ) (34)
and Weong is the maximum congestion window size.

Now, equipped with Lemmas 5 and 6, we make use of the
results in [12], [13] and [10] in the final step of the proof.
Specifically, we will use the following key Proposition from
[10].

Proposition 1. Given any § > 0, |7y — pellry < §/4 holds
when qmaz(t) > qp, + t*, if there exists a qu, such that

a;Tiv1 < 6/16 whenever ¢paqz(t) > qun, (35)
where
(i) Ty < 1617 exp(4]L|Wmaq (1)),
(ii) t* is the smallest t such that
1 RRL]
: exp(— —) <4§/4, (36)
ming 7, () ];tl T?

with dmax (tl) = Qth-

In other words, Proposition 1 states that when queue lengths
are large, the observed distribution of the schedules is close to
the desired stationary distribution. The key idea in the proof is
that, for a;; small, the weights change at the rate a; while the
system responds to these changes at the rate 1/7}. Condition
(35) is to ensure that the weight dynamics are slow enough

compared to response time of the chain such that the chain
remains close to its equilibrium (stationary distribution).

We will also use the following lemma that relates the
maximum queue length and the maximum weight in the
network. Hence, when one grows, the other one increases as
well.

Lemma 7. Let W0 (t) = max(; jye, wij(t). Then

%g (Qmaz (t)) < Wmaz (t) =9 (Qmax <t)) ’

3) Some useful properties of the basic CSMA algorithm:

Lemma 8. The Basic CSMA algorithm, with function g as in
(1), satisfies the requirements of Proposition 1.

The formal proof can be found in the appendix. Roughly
speaking, since the mixing time 7 is exponential in ¢(Gmaz)s
g’ (g~ (g*)) must be in the form of e~9"; otherwise it will be
impossible to satisfy a;T;+1 < §/16 in Proposition 1 for any
arbitrarily small 6 as ¢mq.(t) — oo. The only function with
such a property is the log(-) function. In fact, g must grow
slightly slower than log(-) to satisfy (35), and to ensure the
existence of a finite ¢* in Lemma 1. For example, by choosing
functions that grow much slower than log(1+ z), like h(z) =
log(e +log(1+x)), we can make g(x) behave approximately
like log(1 + ) for large ranges of x (correspondingly, for the
range of practical queue lengths).

Next, the following lemma states that, with high probabil-
ity, the basic CSMA algorithm chooses schedules that their
weights are close to the max weight schedule.

Lemma 9. Given any 0 < e < 1 and 0 < § < 1, there exists a
B(6,¢) > 0 such that whenever qpq.(t) > B(0,¢), the basic
CSMA algorithm chooses a schedule s(t) € R such that

() > (1 — .
D wit) 2 (1—emax 7 wy(t),
(i.5)€s(?) (i,5)€s
with probability larger than 1 — 0.
Proof: Let w*(t) = maXser Y (; jyes Wij(t) and define

Xo = {3 eR: Y wylt) < (1- e)w*(t)}.
(i,4)€s
Therefore, we need to show that pi;(x:) < J, for ¢q.(t) large
enough. For our choice of g(-) and g*, it follows from Proposi-
tion 1 that, whenever ¢yqq () > qun+t*, 2| —m¢||rv < 6/2,
we(s) — wt(s)‘ < 4/2. Thus,

and consequently, ZSGR

Z pe(s) < Z m(s) +6/2.

SEX¢t SEX¢t

Therefore, to ensure that ZSQM we(s) < 0, it suffices to have
D sex, Tt(8) < 6/2. But, by Lemma 4, w;;(t) < w;;(t) +
g*(t), so,

1 y .
E m(s) < E — X ipes wis(®) glslg” (1)
SEXt SEXt ¢
1 . .
§ —_p(I=e)w™(t) | £]g™ (1)
- Z ) e

SEXt



and
Z ez(i,j)ES ﬁ’z‘j(t) > Z ez(i,j)Es(ij(t)_g*(t))
SER SER
> W (O=ILlg (D)
Therefore,

Zm(s) < 2lLlg2ILlgT () —ew (1)

SEXt

when ¢mas(t) > qn + t*. Note that w*(t) > Winaz(t) >
9(@max(t))/N, and g*(t) = ng(Qmaw( ))s s

Z m(s) < oNV? =35 9(ama (1)) <5/2

SEXt

whenever ¢,q.(t) > B(J,¢) with

B(6,€) = max {ch +t*,g7" (%(N2 log2 + log§)>} )

4) Lyapunov analysis: Now we are ready to prove the
stability of the network under the basic CSMA algorithm. Let
z* and =* be the optimal schedules based on total queues
and MAC queues respectively, given by (16) and (5), and x
be the schedule generated by the basic CSMA algorithm. The
proof is parallel to the stability argument of the centralized
algorithm. In particular, the inequality (11) still holds, which
is

N
Ci+Cr+ Z Z 9@ (1)p!"

ES(t) [AV(t)] <
n=1deD
— Esq [ S 3 }
(i,5)€L deED
GG Y Y @)
n=1deD
- Eg(t)[ 3 azij(t)wij(t)] 37)
(i,9)€L
Next, observe that
> xijij(t)—ES(w[ i“iqu(t)} =
(1,J)€L (i,5)€L
=Es@ [Z x; W” Z %wu } (38)
(i,5)€L (1,7)€L
+ES [ Z .T w” Z fijwl‘j(t)} 39)
(1,5)€EL (i,5)€EL
+E5(t)[ Z Tijwg(t Z fijWij(t)}. 40)
(i,)€L (i,5)EL

Each of the terms (38) and (40) are less than |£|log(1 +
1/Mmin)/h(0) by Lemma 3. The term (39) is bounded from

above, by using Lemma 9, as follows.

39) < D wpwy()—(1=0)(1—e Y Fjwi(t)
(i,5)eL (i,5)€L
< ) ahwis() =81 =€) > ajwi(t)
(i,5)eL (i,5)EL
< (1-Q1=0)1-¢) > apWit)

(1,7)€L
+|L|1og(1 + 1/Nmin)/R(0),

whenever ¢q.(t) > B(,€), for any § > 0. Thus, using the
above bounds for terms (38), (39) and (40), we get

ES(t)|: > iijWij(t)] > (1-0)(1—¢) > a;Wy(t)

(i7j)€£ (’L] GE
- 3“C| log(l + 1/77mzn)/h( )(41)

Using (41) in (37) yields

N
Esw[AVH] < G+ 303 g@0D1)p0
n=1deD
- (=81 —e) Y apWi(t)42)
(1,7)€L
where C3 := C1 + Cy + 3|L]1log(1 + 1/Mmin)/h(0). Using

(12) and rewriting the right-hand-side of (42), by changing
the order of summations, yields
{ d)

Es) [Av } <03+ZZ
(1= 8)(1—e) (ZR(UD +d) iR d{)m*gi) )}
j=1

n=1deD
whenever ¢,,q.(t) > B(J, €). The rest of the proof is standard.
For any load p strictly inside (1 — 3¢)C, there must exist a
v € Co(R) such that for all 1 <n < N, and all d € D,

N N
d d d d
Pl < (1= 3e) ( STRIND -3 R§n)%(n)) :

j=1 i=1

(43)

* . d d
Let 1%36 = MMpeN,deD (Z] R;])’Y;J)

some positive p*. Hence,

> Rm 'ym ) for

J1— o) ZZ{ (@D 1)
n= ldED
[Z RO @y Z RO+ ”
+ 1—3e§:21;{ @\ (1)

[EN: Ry~ Z R b+ Cs.

For any fixed small ¢ > 0, we can choose 0 < €¢/(1 —¢) to
ensure (1 —J)(1 —€) > 1 — 2e. Moreover, from definition of

Es(s [AV(??)} <



2*(t) and convexity of Co(R), it follows that

N N N

nZ:)l d%;g(@%cﬁ(t)) [; R%)z*gz) (1) - ; REZ)x*ES? (t)]
N B N 4 ., N . )

22, 2, 9(@00) {; Ry — > R0, @4

for any v € Co(R). Hence,

Es(s) [AV(t)} <

a A N @) D N () ()

n=1deD j=1 i=1

whenever max,, 4 QY > 41 (C;—J{C/ 1229) and gas(t) >

B(d,€) or, as a sufficient condition, whenever

! 1 _
Gmaz (t) > max {3(5, 6),91((’5;6?*)} .
€

In particular, to get negative drift, —¢’, for some positive

constant €, it suffices that

Cs+¢€1—3¢
p* €

max IV, > max {gl(
n

). B6.0)}

because ¢qz () > max, N, and g is an increasing function.
This concludes the proof of Theorem 2.

VI. CONCLUDING REMARKS

In this paper, we showed that a-fair congestion control is
not necessary for flow-level stability. In fact, by using back-
pressure with link weights that are log-differentials of (MAC-
layer) queue lengths, the network stability is guaranteed for
very general congestion control mechanisms. Hence, one can
use different congestion control mechanisms for providing dif-
ferent QoS, without need to change the scheduling algorithm
implemented at the internal routers of the network. The choice
of log-differential link weights also enables us to implement
our algorithm in a distributed fashion using CSMA schemes,
without loss of throughput optimality.

Our constraining assumptions regarding the congestion con-
trol mechanisms are very mild and compatible with the stan-
dard implementations like TCP. It is observed in [20] in the
context of multiclass queueing systems that a fixed congestion
window size implicitly solves an optimization problem in
an asymptotic regime. It would be interesting to investigate
how the congestion window dynamics and the links weights
impact the system QoS performance for wireless networks.
Our simulation results in [21] show that log-differential link
weights, with a fixed congestion window size, reduce the file
transfer delays. It will be certainly interesting to establish the
validity of such an observation rigorously as a future research.
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APPENDIX A
PROOF OF LEMMA 1

Let Aif? (t) denote the number of packets of file f injected

into the MAC layer of node n, and ﬁfldf) (t) = onp(t)Inf(t)
denote the expected “packet departure” of file f from the



Transport layer. Let B,,;(t) = /Al;df) (t)
From the definition of B,,(t), we have

By (t) = 3321 Bup(t) + S35 Bug(0).

Part (i): Tt suffices to show that for each individual file
1 < f < Nyp(t), Esp [an(t)] = 0. We only need to focus
on files f with &,7(t) = 1, i.e., existing files in the Transport
layer, or new files, i.e, f € (N, (t)+1, Ny, (t)+an(t)), because
Es) [an
layer.

Let W, ;(t) be the remaining window size of file f at node n
after MAC-layer departure but before the MAC-layer injection.
We want to show that, for any w > 0,

- 157(;? (t) for file f.

(t)} = 0 if file f has no packets in the Transport

Es( | Bas ()| Wiy (1) = w] =0, (45)
then (45) implies Eg ) {an(t)] = 0. Because the number
of remaining packets at the Transport layer at each time is
geometrically distributed with mean size o,,¢(t), the Transport
layer will continue to inject packets into the MAC layer with
probability ¢,(t) = 1 —1/0,¢(t) = 1 — 0y (t) as long as
all previous packets are successfully injected and the window
size is not full.

Clearly, if w = 0, no packet can be injected into the MAC
layer. Therefore, flsf?(t) = 0 and 157(5? (t) = 0, and (45) is
satisfied. Next, consider the case w > 0. Let

pulk, ) =P (A5)(t) = k. Lus (t) = jIWip(6) = w)

for j € {0,1} and k£ > 1. For k < w, py,(k, 1) directly follows
the geometric distribution of the remaining packets of file f,
ie., forl <k <uw,

pulk1) = P(Af}()—m np() = w)

= SO0~ s (t)).

Note that from the definition of I,,¢(¢), we have

P (Inp(t) = 0Wy(t) =w) =1 = pu(k, 1) = 6 (t).
k=1

Then, a simple calculation shows that

w

Bsie [ Bus OIV4(0) = 0] = 3 pu b 1) (= o)
+P (T () = OV (1) = w)

= ko (1-

because ¢,y =1 — 1/0,,¢ by definition.

Fart (ii): Using the fact that new arriving files are mutually
independent, and are also independent of current network state,
we can write Eg(y) [Bn(t)ﬂ = “G” + “H” with

Snf) — (L= Spp)ons +wsyy =0,

6" = B[ (240 Bus0)']

N"(t “+an t) B ( ) :|

“H” = S(t) [Zf Ny (t)+1

where we have also used the fact that Eg {an(t)} = 0.
Note that B,¢(t)? < max{fli?(t)%ﬁif?(t)?}. Since the
congestion window size is bounded by Wc,ng and the mean
file size is bounded by 1/7min, We get Egq [an(t)z] <
max{Wgong, 1/n2,:.}. Thus

“H” < Ky, maX{Wfong, 1/nin}-

Next, we bound the “G” term. Let F,(¢) denote the set of
files at node n that are served at time ¢. Because B,,;(t) =0
if the existing file is not served, we have

Na ()
1> Bu| = max{ > AQ®, Y ewrv)]
f=1 feFn(t) JeFn(t)

< |F@)]- max{Wcong, 1/777nin}~

Note that |7, ()] < >_ . jyer Tnj(t) < Nrimas because the
number of existing files that are served cannot exceed the sum
of outgoing link capacities. Thus,

“G” < N%r2 maX{Wfonq, 1/77727”-”}.

mam

This completes the proof.

APPENDIX B
PROOF OF LEMMA 2

Note that )( t) =0 if q(d)( t) > N7Tpmaz, and ul? (t) <
Nrpae if q,(Ld)( t) < Nrpge. In the latter case, since the
congestion window size for every file is at least one, there
are at most 7,4, files in the Transport layer of node n
intended for destination d. Hence, using the definition of

Qi (0, A (1) < Q° = Ny + N /thnin- So,
Esc [9(Q () (8]
Eso)|9(Q" (1)l ()8 {a(1) < Nrias || <
Es()[9(Q1 ()N et {(6) < Nt ] <
Nrimazg(Q°)

Therefore Co = N370029(N7maz (1 4+ 1/0min))-

APPENDIX C
PROOF OF LEMMA 6
Note that
m(s) 7 ( _ _
— YV = 5 & Wi (T +1) —wi(t ),
e(s) Zin p Z (wi( ) (1))
(Z7J)€5
where
Zt o ZsE'R exp(Z(@j)Es wl](t))
Zit1 Doser EXP(X_(; jyes Wij(E+ 1))
< maxexp ( Z (Wi (t) — wi;(t + 1)))
(i,9)€s
S exp ( Z (’lﬂij(t) — @j(t + 1)))
(2,7)€L



Let ¢*(t) denote g~'(g*(t)). and define g.(t) :=
max{qg*(t), qu)(t)}. Then,

G+ 1) —a () =
9@t +1) - 9@t +1) - 9@ ) + 9@ ) =
9@t +1) -

Recall that the link service rate is at most one and the
congestion window sizes are at most Weong, thus Vi € N,

vd € D, |a§d)(t +1) - Zéd) (t)] <14 Weong- Hence,

@ (t+ 1) — @ (1)

1+ Wcong

IN

g @) +g' @+ 1))

< le(q*(t + 1) -1 Wcong);

where we have also used the fact that g is a concave increasing
function. Therefore,

7Tt+1(5) < 62(1+Wcong)‘["g/(q*(t+1)_1_W007L9).
m(s)

A similar calculation shows that also

m(8)

< 62(1+Wcong)‘[f‘9l(q* (t+1)_1_Wcong) .
Te1(s)

This concludes the proof.

APPENDIX D
PROOF OF LEMMA 7

The second inequality immediately follows from definition
of w;;. To prove the first inequality, consider a destination
d, with routing matrix R(? ¢ {0, 1}V*V and let w(?) =
[ng) (t): RE?) = 1], then, based on (2), we have

wl® = (1-RW)g(q'),

where g(q@) = [g(¢'?) : i € N]. Note that every row of
R4 has exactly one “1” entry except the row corresponding to
d which is all zero, so (R(?)N = 0. Therefore, (I-R.(¥)~! =
I+R@ +(R@)24... exists and I— R is nonsingular. So
g(q¥9) = (I -R¥)"1w(@ Let | - || denote the co-norm.
Then we have

1T =RD) |

N N
= DR <R
k=0 k=0
N

IRV <N
k=0

IN

where we have used the basic properties of the matrix norm,
and the fact that |R(?||,, = 1. Therefore,
l9(a)loo < X = RD) oo [W! P e < N[lw®

oo

for every d € D. Taking the maximum over all d € D, and
noting that g is a strictly increasing function, yields the result.

9@ )] + 9@ ®) - 9@ (¢ +1))] .

APPENDIX E

PROOF OF LEMMA 8
h is strictly increasing so h(z) > 1 for all z > h~1(1).
So ¢'(z) < 14%1 for z > h~1(1). The inverse of g cannot be
expressed explicitly, however, it satisfies

g (x) = exp(zh(g~(z))) — 1. (46)
Therefore,
2(1 + Weong)| L
e ok “)
2(1,+ Weong)|£] .48
exp(g*h(g(g*))) =1 = Weong
for g* > g(1 + Weong + h71(1)). Next, note that
Tyy1 < 161F1HEIWmanta™) <
161 AL (9(gmaz )+ ar£TR 9(@maz) < 16141 ¢81E19(amaz)  (49)

Consider the product of (48) and (49) and let K := 2(W;ong+
1)|£|16/%1. Using (46) and (27), the condition (35) is satisfied
if

14+ W

oo 2N _h(g 2 (g7))] (1 L 1 Wm
97 Hg*) = W,

> < 4§/16.
(50)

Consider fixed, but arbitrary, |£|, N and €. AS Gmaz — 00,
9(¢maz) — 00, and consequently g* — oo and g~ 1(g*) — oc.
Therefore, the exponent w —h(g~1(g")) is negative for
Gmaz large enough, and thus, there is a threshold g;;, such that
for all ¢, > qin, the condition (50) is satisfied.

The last step of the proof is to determine ¢*. Let t; be the
first time that g,,q.(¢) hits gz, then

t1+t 1 t1+t
Z w2 16214 Z e 161L19(dmaz (1))
k=t K k=t
ttd 16/
= 16720 " (1 + giman(t)” Famas @
k=t
_16|£|
> 1672 (1 + gy, + ) R
and
. (s) > 1
min 7me, (S =
s T Y exp (U, wig(h)
1
R| exp(|£](wmaz (t1) + g*(t1)))
1

2N* exp(2N2g(gin))

Therefore, by Proposition 1, it suffices to find the smallest ¢
that satisfies

_aN? __ 16N?2
16 t(1+ gp +1t) 9 > log(4/9)
+ N?log(2(1+ qun))

for a threshold ¢, large enough. Recall that h(.) is an

increasing function, therefore, by choosing ¢;;, large enough,

% can be made arbitrary small. Then a finite ¢t* always

_ 16N2
exists since limgs oo t*(1 + qgp, + ) *@n) = o0.



