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Abstract— In recent years, several high-throughput low-
delay scheduling algorithms have been designed for input-
queued (IQ) switches. It has been shown however that
scheduling policies based on maximum weight matching
(MWM) that perform optimally for an isolated switch are
unable to achieve stability in a network of IQ switches [2].

Although algorithms that ensure stability have been de-
signed [2], [1], they are either only globally viable or re-
quire excessive book-keeping, making them less desirable.
In this paper, we propose the use of a local, online switch-
scheduling algorithm that incorporates fairness, and prove
that it achieves stability in a network of switches.

We show that this algorithm performs desirably when ap-
plied to the 8-switch counter-example described by Andrews
& Zhang [2]. We then provide a proof of stability for an arbi-
trary network of single-server switches, followed by a proof
of stability for an arbitrary network of N × N switches.

I. INTRODUCTION

A. Input-Queued Switches

The input-queued (IQ) switch architecture is widely
used in high-speed switching. This is primarily due to its
memory bandwidth requirements that are much lower than
those of the output-queued and shared-memory architec-
tures, making it the preferred choice.

In an N × N IQ switch, packets are queued up at the
inputs. Cells arrive at inputi for output j at an average
rateλij. In each time slot, at most one cell arrives at each
input and at most one cell can be transferred to an output.
The following holds forΛ = [λij ] under admissibile traffic
conditions:

N∑

j=1

λij < 1, ∀i

N∑

i=1

λij < 1, ∀j

The switch-scheduling problem thus reduces to a match-
ing problem in a weighted bipartite graph withN inputs
andN outputs1.

1The weight of the edge(i, j) is usually a measure of the level of
congestion, e.g. the length ofQij , or the age of its oldest packet.

B. Prior Work

The performance of an IQ switch-scheduling algorithm
is evaluated based on the throughput and delay it deliv-
ers. The Maximum Weight Matching (MWM) algorithm
has been shown to be stable2 under Bernoulli IID arrivals
[12], [16], making it the ideal scheduling algorithm for IQ
switches. Practical heuristics to approximate MWM [15],
[8] too have been proposed.

This result, like most other literature on IQ switches fo-
cuses on switches in isolation. In this paper, we are inter-
ested in anetwork of IQ switches. It has been shown pre-
viously [2] that even under admissible traffic, a network
of IQ switches implementing a MWM scheduling policy
can exhibit unstable behavior. To counter this, the au-
thors proposed the Longest-In-Network (LIN) policy that
achieves 100% throughput under any admissible traffic
pattern falling under the leaky-bucket model. LIN relies
on the exact knowledge of the traffic pattern at each switch
however, making it an infeasible scheduling policy.

In [1], the authors proved the existence of a stable al-
gorithm which does not require information regarding the
global state of the network. This algorithm requires ex-
cessive book-keeping to approximate packet arrival rates
over time, and acts independently of the current state of
the system.

C. Paper Outline

In [2], the authors present a counter-example on which
MWM policies fail to achieve 100% throughput. This be-
ing a standard example used for proving instability, we dis-
cuss this first in section II.

In section III, we introduce a fairness-based algorithm
that not only promises a fair rate allocation to flows, but is
also stable. We proceed to show that it promises stability
in the case of the afore-mentioned counter-example, and
prove this result for arbitrary starting queue sizes.

In section IV, we consider arbitrary networks of single-
server switches and prove that our algorithm achieves

2A stable algorithm is one that ensures 100% throughput.
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100% throughput. We then extend this result toN × N
switches in section V and in section VI, discuss our simu-
lation setup and results, followed by conclusions in section
VII.

II. I NSTABILITY OF MWM

An optimal algorithm for isolated switches under ad-
missible traffic, MWM was first shown by Andrews &
Zhang in [2] to be unstable in networks of switches. In
their paper, they present an 8-switch network as a counter-
example, and show that queue sizes grow unboundedly
with progression of time.
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Fig. 1. A Network of 8 Switches

Their original construction is shown in Fig. 1. The
network consists of four main switches A, B, C and D
and four auxillary switches A’, B’, C’ and D’. Each main
switch has twelve input ports and one output port while
each auxiliary switch has one input port and three output
ports. Packets of four different types are injected into the
system from the outside world. Type 1 packets enter the
system at switch A and go through switches A’, C, C’, D
and D’ after which they leave the system. Similarly, pack-
ets of type 2 follow the path B, B’, C, C’, D and D’. Type 3
packets go through switches C, C’, A, A’, B and B’ while
type 4 packets go through switches D, D’, A, A’, B and B’.
Packets of each type enter the first switch on their route via
distinct input ports but subsequently, packets of the same
type traverse an identical path of input/output ports in the
network. The injection rate of each flow is1/30, ensuring
an admissible traffic pattern for the network. Andrews &
Zhang employ a fluid type analysis to show the instability
of this network under MWM.

III. FAIRNESS INCORPORATED

Our approach to counter instability in the above and in
the more general scenario, is to incorporate fairness in both
LQF for the single-server switches and MWM for theN ×

N switches. We first describe these algorithms and then
proceed with proving that they achieve stability.

A. Fair-LQF

We first present Fair-LQF - an algorithm that uses
fairness to ensure stability in a network ofsingle-server
switches [10]. For any pre-specified threshold value, this
algorithm has been shown to ensure a Max-Min fair alloca-
tion of rates [3]. Instead of using the notions ofcongestion
defined by the authors in [10], we differentiate between
the treatment we impart to the queues based on whether
they are non-empty, i.e. threshold = 0. The pseudo-code
follows:

//Information Collection
if (queue_i is non-empty)

add_to_list(queue_i);
// Scheduling
// Step1: scheduling non-vacant ports
m = number-of-nonempty-queues;
while ( m != 0) {

// Round-Robin
schedule-nonempty-queues();
m--;

}

Since we simply cycle through the non-empty queues,
the algorithm is equivalent to performing anon-idling
round robin schedule. Since the algorithm is work-
conserving in nature, and the traffic is admissible, a simple
Lyapunov analysis can show that it is stable on an isolated
switch.

B. Fair-MWM

Now we present Fair-MWM - an algorithm that uses
fairness to ensure stability in a network ofN ×N switches
[10]. For any pre-specified threshold value, this algorithm
has been shown to ensure a Max-Min fair allocation of
rates [3]. Instead of using the notions ofcongestion de-
fined by the authors in [10], we differentiate between the
treatment we impart to the queues based on whether they
are non-empty, i.e. threshold = 0. Once a non-empty queue
V OQij is served, it gets blocked3 for nj time slots, where
nj is the number of non-empty queues containing packets
headed for outputj. In the scenario that multiple outputs
have congested queues,nj may be different for every over-
subscribed outputj. Once the blocking is accounted for,
the matching is determined by MWM as before. Pseudo-
code for the algorithm follows.

//Information Collection
if (voq_ij is non-empty)

add_to_list(voq_ij);

3BlockingV OQij is equivalent to assigning it a weight of0.
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// Scheduling
// Step1: MWM
MWM_schedule_unblocked_voqs();

//Step2: Blocking information
for (i=0; i<N; i++) {

for (j=0; j<N; j++) {
if (voq[i][j] is matched and non-empty)

cycles_to_block[i][j] =
number-of-nonempty-voqs-to-output-j();

else if (cycles_to_block[i][j] > 0)
cycles_to_block[i][j]--;

}
}

Fair-MWM differs from MWM mainly in its proactive
way of limiting a non-empty queue’s throughput. The key
idea is to prevent it from competing for a maximum weight
matching for more than its fair share of time slots, thus
giving other queues a chance to be serviced. Note that
Fair-LQF is a specialN × 1 case of Fair-MWM.

IV. STABILITY IN NETWORKS OFSINGLE-SERVER

SWITCHES

We first study the 8-switch counter-example in [2] and
prove that Fair-LQF achieves stability in this case. We
generalize this proof for arbitrary admissible traffic arrival
rates and prove rate stability for single-server switches.We
then extend this result to the scenario where the starting
queue sizes are arbitrary, thus proving stability of Fair-
LQF in the general case of single-server switch networks.

A. The 8-Switch Counter-Example

The counter-example in [2] can be reduced to a network
of single server switches A, B, C and D, as shown in Fig. 2.
Each switch has twelve input ports and a single ouptut
port. Flow of type 1 passes through switches A, C and
D in succession. Flow of type 2 passes through switches
B, C and D. Type 3 packets flow through switches C, A
and B while type 4 packets flow through switches D, A
and B. We now analyze the performance of Fair-LQF on
these single-server switches.

Let a1, a3, a4 be the rates at which packets of type 1,
3 and 4 respectively enter switch A anda′
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. We first observe that if the queues are initially empty,

all the flows leave the network at the same rate at which
they are injected and the network is stable.

Consider flow of type 1. It enters switch A at rate
a1 = 1/3. This entering flow is actually split up over
10 input ports each of which receives packets at rate1/30.
Each of these 10 input ports thus asks for a service rate
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Fig. 2. A Network of 4 Switches with Rates

that is less than its fair share of1/12 and therefore gets
served at exactly its requesting rate. Thusa′

1
= a1 = 1/3.

Similarly, b2 = b′
2

= 1/3, c3 = c′
3

= 1/3 and d4 =
d′
4

= 1/3. Now consider switch A. Herea3 = c′
3

= 1/3
and a4 = d′

4
= 1/3. Under Fair-LQF each one of the

input queues will get a service rate equal to its weighted
fair share. Since the sum of the request rates at switch A
is equal to 1 the weighted fair share for each queue equals
its requesting rate. Thusa′

1
= a′

3
= a′

4
= 1/3. Now con-

sider switch B. Hereb3 = a′
3

= 1/3 andb4 = a′
4

= 1/3.
Also, type 2 packets arrive at each of their ten input ports
at rate1/30 from the outside world. The sum of the arrival
rates at switch B is thus equal to 1 and the queues will be
served according to their weighted fair shares which will
be exactly equal to their requesting rates. Thusb′

2
= b′

3
=

b′
4

= 1/3.
Packets 3 and 4 enter the network at ratesc3 = 1/3

andd4 = 1/3 respectively and leave the network at rates
b′
3

= 1/3 andb′
4

= 1/3 respectively. Packets of type 3 and
4 thus leave the system at precisely their rate of injection,
and the queues that they pass through are therefore stable.
We can similarly show that packets of type 1 and 2 do not
queue up at any of the switches in the network.

The Fair-LQF algorithm is thus proved to be stable on
the 8-switch counter-example when all queues are initially
empty. We now need to prove its stability on arbitrary con-
figurations of single server switches with arbitrary (but ad-
missible) injection rates and arbitrary initial queue sizes.
We then extend this result to prove stability of Fair-MWM
on networks ofN × N switches.

V. STABILITY IN NETWORKS OFN × N SWITCHES

As for single-server switches, we show that Fair-MWM
achieves rate stability for uniform admissible traffic arrival
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rates, extending this result to non-uniform traffic rates. We
then consider the scenario where the starting queue sizes
are arbitrary, thus proving stability of Fair-MWM in the
general case ofN × N switch networks.

VI. SIMULATIONS

We ran simulations to verify the correctness of our in-
tuition. The simulations were run on the configuration of
switches in Fig. 1 with different initial queue sizes and dif-
ferent admissible injection rates. The results of the simula-
tions for two different experiments are shown in Fig. 3 and
Fig. 4. It is clear that under LQF the number of packets in
the network grows without bound whereas under Fair-LQF
the number of packets remains bounded.

Experiment 1: All queues are initially empty
Flow 1 Flow 2 Flow 3 Flow 4

Injection Rate 0.33 0.318 0.318 0.326
Departure Rate (LQF) 0.275 0.277 0.277 0.285

Departure Rate (F-LQF) 0.329 0.317 0.317 0.325

Experiment 2: Queue sizes are chosen randomly
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Fig. 3. LQF vs Fair-LQF: Comparing Total Packets in System

Flow 1 Flow 2 Flow 3 Flow 4
Injection Rate 0.743 0.124 0.125 0.122

Departure Rate (LQF) 0.744 0.128 0.091 0.097
Departure Rate (F-LQF) 0.723 0.138 0.126 0.125

VII. C ONCLUSIONS
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