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Abstract— Scheduling algorithms for input-queued packet
switches have been widely researched. It has been shown
that various classes of scheduling algorithms provide guar-
antees on stability and on average delay for single switches.
However, recent research has demonstrated that most of
these scheduling algorithms do not guarantee stability for
networks of switches.

Most of the research that treats networks of switches pro-
poses switching policies that require coordination among the
single switches. The problem to find distributed scheduling
policies that guarantee the stability of a network of switches
has so far only been investigated for a policy based on a
computationally very complex maximum weight matching
algorithm.

In this paper, we investigate distributed scheduling algo-
rithms of low complezity that belong to the classes of maximal
weight matching algorithms, p-maximal weight matching al-
gorithms for switch architectures based on a space-division
multiplexing extension, and MINCM algorithms. For these
scheduling algorithms, we prove the stability of networks of
input-queued switches where all switches deploy the same
scheduling policy. We also show that networks of input-
queued switches in which specific classes of different switch-
ing policies are deployed simultaneously at different switches
are stable.

I. INTRODUCTION AND MOTIVATION

The increase in internet traffic and the progress in optical
transmission technologies create a need for fast switching
technologies in the internet core. Research on switch ar-
chitectures and scheduling algorithms has mostly focused
on input-queued (IQ) and combined input output-queued
(CIOQ) switches. A typical CIOQ switch is shown in fig-
ure 1. To avoid head-of-line blocking, a typical NzN CIOQ
switch has N virtual output queues VOQ; ;,1 < j < N
at each input i. Packets that arrive at input 7 and are des-
tined for output j and not forwarded immediately upon
their arrival, are buffered in VOQ@); ;. The switching core
works with a speedup of S, S > 1, i.e., it works at a speed
S times faster than the speed of the input and the output
links. If S > 1, packets are also buffered at the outputs.
The switching core is typically modeled as a crossbar, such
that not more than one packet can be sent simultaneously
from the same input or to the same output.

The choice of the scheduling algorithm is a major de-
sign criteria for switches. The problem of finding an op-
timal switch configuration for a specific switch state can
be modeled as the problem of finding a maximum weight
matching of a bipartite N x N graph. In [12] and [14], it
has been shown that for a speedup of S = 1, a maximum
weight matching algorithm can guarantee the stability of
a single switch if the weights are chosen proportionally to
the lengths of the VOQs. However, the implementation
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Fig. 1. Architecture of an input-queued switch

of maximum weight algorithms is impractical as they re-
quire the solution of an optimization problem that is based
on the Hungarian method and has a known complexity of
O(N3) (see [17]).

Therefore, various kinds of computationally less complex
scheduling algorithms have been investigated. In particu-
lar; the class of maximal weight matching algorithms has
been widely investigated ([6], [10], [11], [15]). It has been
shown in [7] that under the assumption of admissible traffic,
every maximal weight matching algorithm deployed with a
speedup of 2 guarantees the stability of the switch. In an
improvement on the work in [7], it was shown in [4] and [5]
that a switch that deploys any maximal weight matching
algorithm is stable even with a speedup S that is slightly
smaller than 2.

However, in view of the steady increase in optical trans-
mission speed, even a moderate speedup of 2 or less - as
required for the stability of maximal weight matching al-
gorithms - becomes increasingly difficult to implement. To
overcome this difficulty, in [18], a CIOQ switch with a
space-division multiplexing expansion has been proposed.
In contrast to the crossbar model of a switch that assumes
the existence of only one connection between each input
and output pair, this model allows more than one connec-
tion per input - output pair. It is shown in [18] that a
switch that provides two connections between each input
and output pair and deploys a 2-maximal weight match-
ing algorithm with a speedup of S = 1 guarantees 100%
throughput of the switch.

In [16], a new class of maximal weight matching algo-
rithms called the class of maximum node containing match-
ing (MNCM) algorithms, is introduced. It is shown in
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[16] that MNCM algorithms provide 100% throughput for
a switch with a speedup of S = 1. The gain in speedup
compared to the traditional maximal weight matching al-
gorithms discussed above comes at the cost of a higher
computational complexity. Whereas traditional maximal
weight matching algorithms have a complexity of O(N?),
the MNCM algorithms are based on the solution of a max-
imum size problem which has a complexity of O(N?%).

It was shown in [3] that in a specific network of input-
queued switches that is not overloaded, a maximum weight
matching policy as defined in [12] that is implemented inde-
pendently at each switch does not guarantee stability. The
authors give a specific example where under non-overloaded
conditions the number of packets buffered at specific VO@s
at some switches in the network grows unlimited. This re-
sult showed that the previous work on maximum weight
matching algorithms in isolated switches is of limited prac-
tical value in networks of switches. Following the ideas in
[3], it can also be shown that networks of switches that de-
ploy maximal weight matching, p-maximal weight match-
ing and MNCM algorithms can become instable in non-
overloaded networks.

In [1] and [3], switching policies that guarantee the sta-
bility of all switches within a network, but require coor-
dination and cooperation among the switches within the
network, are presented. In [3], the LIN policy is proposed,
which assumes that all switches in the network always know
the actual traffic patterns all other switches. In [1], a stable
scheduling policy that requires the exchange of state infor-
mation only among adjacent switches is illustrated. Both
policies require signaling traffic for the communication be-
tween the switches.

In [2], for the first time a distributed switching policy was
proposed that guarantees 100% throughput in a network of
input-queued switches. Each switch makes its scheduling
decision independently of the other switches and no ad-
ditional signaling traffic between the switches is required.
The scheduling algorithm is a maximum weight matching
algorithm with specific weights.

Due to the impracticality of maximum weight matching
algorithms described above, it is of interest to understand
if distributed scheduling algorithms of low complexity that
guarantee 100% throughput in a network of input-queued
switches exist. This paper shows for the first time the ex-
istence of distributed switching policies of low complexity
that are based on maximal weight matching algorithms,
p-maximal weight matching algorithms and MNCM al-
gorithms and that guarantee 100% throughput when all
switches in the network deploy the same switching pol-
icy. In addition, we prove that a network of input-queued
switches where each switch deploys any of these policies
or a maximum weight matching policy as proposed in [2],
also guarantees a 100% throughput. We use the theory of
the Lyapunov function ([12], [9], [14]) and the fluid model
methodologies ([7], [8]) to establish our results. Our proofs
make use of new equations that describe the behavior of
maximal weight matching and p-maximal weight matching
algorithms.
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The rest of the paper is organized as follows. Sec-
tion IT introduces the terminology to model networks of
queues and networks of switches. In section III, we define
three types of scheduling policies and develop mathemat-
ical models to describe their behavior. For each policy,
we present stability results for networks of input-queued
switches. Finally, we show the stability of networks where
different policies are deployed simultaneously at different
switches. The proofs of the theorems are given in the ap-
pendix. We conclude in section IV.

II. TERMINOLOGY AND MODEL
A. Model of a network of queues

In this section, we follow an approach in [2] to describe
our model of a queueing system. We assume a system
of J physical queues ¢/, 1 < j < J of infinite capacity.
Each physical queue consists of one or more logical queues,
where each logical queue corresponds to a certain class of
customers within the physical queue. Whenever a packet
moves from one physical queue to another, it changes class
and therefore also changes logical queue. We denote a logi-
cal queue by ¢¥, 1 < k < K, where K > J. A packet enters
the network via an edge switch, travels through a num-
ber of switches and leaves the network via another edge
switch. We define a function L(k) = j that defines the
physical queue ¢’ at which packets belonging to the logical
queue ¢* are buffered. The inverse function L~!(j) returns
the logical queues ¢* that belong to the physical queue ¢”.

Throughout this paper, the time ¢ is described via a dis-
crete, slotted time model. Packets are supposed to be of
fixed size and a timeslot is the time needed by a packet to
arrive completely at an input link.

We define a row vector X, = (z,...,2K), where the k-
th vector ¥ represents the number of packets buffered in
the logical queue ¢* at the beginning of the n-th timeslot.
We define E,, = (e, ...,eX), where ef equals the number of
arrivals at the logical queue ¢* in the n-th timeslot. Analo-
gously, we define D,, = (d, ..., dX), where d* expresses the
number of departed packets from ¢* in the n-th timeslot.
We assume that packets arrive at a queue at the beginning
of a timeslot and depart from a queue at the end of a times-
lot. Thus, we can describe the dynamics of the system as
follows:

Xp41 = Xn + E, — Dy (1)

Packets that arrive at a logical queue ¢* either arrive from
outside the system or are forwarded from a queue within
the system. Thus, we can write:

where A,, = (al,...,ak) denotes the arrivals from outside
the system and T}, = (tL,...,t%) denotes the arrivals from
inside the system.

We further define a routing matrix R = [r; ;], 1 <i,j < K,
where r; ; is the fraction of customers that depart from
the logical queue ¢* and are destined for the logical queue
¢’. Assuming a deterministic routing policy, there holds,

Volume 34, Number 3: July 2004



Tij € {0, ].}7 Z Tij <1, Z

1<i<K 1<j<K
if ¢ follows ¢’ along the route. Noting that T}, = D, R and
writing I for the identity diagonal matrix, we find from (1)
and (2):

ri; < 1. Wesetr; ; #0,

Xpy1 =X+ A, —D,(I —R). (3)

We assume that the external arrival processes are station-
ary and satisfy the Strong Law of Large Numbers. Thus,

> A

. =1
lim *
n—o0 n

=A

w.p.1, (4)

where E[A,] = A = (\!, .., \K) vn > 1%

We now calculate the average workload of the logical
queues ¢* which we denote by W = (w!,...,w"). The ex-
pected traffic arriving from outside the system is by defini-
tion equal to A. The traffic that arrives at the logical queues
after having passed through m previous queues inside the
network is by the definition of the routing matrix R equal
to AR™. Noting that (I — R)™! = I+ R+ R%*+ ..., we find
that the overall average workload at the logical queues ¢*
denoted as is given by W = A(I — R)~L.

Finally, we give a stability criteria for a network of queues
as proposed in [2].

Definition 1: A system of queues is rate stable if

n—1

1
li — FE,—D;)=0
Jim - )

=0

. n
lim — =
n—oo N

w.p.1.

A necessary condition for the rate stability of a system of
queues is that the average number of packets that arrive at
any physical queue ¢/ during a timeslot is less than 1. In
order to formalize this criteria, we introduce the following
norm for a vector Z € R¥ :

Definition 2: For a vector Z € RE [ Z = (21, .., 25%),
and the function L=!(k) as defined in this subsection, we
set:

Z 2P (5)

HZ”mawL = .{I}ax
- KeL—1(j)

IR}

If we apply this norm to the average workload vector W,
then the expression ||W||mazr denotes the maximum av-
erage workload over all physical queues ¢’. The necessary
condition for rate stability can now be formalized as fol-
lows:

||W||maxL < 1. (6)

In the sequel, we will say that a system of networks that
satisfies condition (6) and is rate stable achieves 100%
throughput.

IThroughout the paper, we abbreviate ”with probability 1”7 by
”W.p.l”.
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B. Model of a network of switches

In this section, we apply the terminology of the previous
section to a network of 1Q/CIOQ switches. A network of
IQ/CIOQ switches can be conceived as a queueing system
as defined in the previous section where the virtual output
queues are considered as the physical queues (The concept
of virtual output queues is explained in the introduction of
this article). In this model we neglect the output queues
of the switches because instability can only occur at the
VOQ@s (see [2]).

We say that packets that enter the network via the input
of a given switch and leave the network via the output of a
given switch belong to the same flow. Packets belonging to
the same flow travel through the same sequence of physical
queues and are mapped to the same logical queues at each
physical queue, i.e. a flow can be mapped biunivocally to
a series of logical queues.

We assume that each logical queue behaves as a FIFO
queue and assume a per-flow scheduling scheme which is
more complex than a per-virtual output queue scheduling
scheme. In sections III B - F, we prove the main results
of this paper for per-flow scheduling schemes. In [2], it has
been shown how per flow scheduling schemes can be used
to design per-virtual output queue scheduling schemes.

The network consists of B switches and each switch has
Ny, 1 < b < B, inputs and outputs. If the total number
of flows in the system is T, we do not have more than
N? physical queues and TN? logical queues at switch b.
We can model the whole network of switches as a sys-
tem of Y. TN? logical queues. For the sake of sim-

1<b<B

plicity, we suppose that N, = N, Vb, 1 < b < B and set
K = TN?B. Finally, we define Q(b, ) as the set of indexes
corresponding to the logical queues at the i-th input of the
b-switch. Analogously, Qo (b, i) denotes the set of indexes
corresponding to the logical queues directed to the i-th out-
put of the b-switch. We further note that logical queues are
defined per switch, per virtual-output queue and per flow.
Thus, the index k of any logical queue in the network can
be uniquely expressed as k = TN2b+ TNi+Tj+1,0 <
b< B,0<14,j < N,0<I1<T. We use these definitions
to adapt the norm ||Z||;maezr to a network of switches that
handle multiple flows at their inputs.

Definition 3: Given a vector Z € RE,Z = {2* k =
TN?b+TNi+Tj+1,0<b<B,0<i,j<N,0<I<T,
the norm ||Z]|1o is defined as follows:

> 1M,

meQr(b,i)

> =M

meQo(b,3)

1Z]l10 = max_

i=1,..,N

Because we assume a deterministic routing policy, the
necessary condition for rate stability given in (6) can now
be written for a network of switches as follows:

Definition 4: For a network of IQ/CIOQ switches, a
traffic and routing pattern W is admissible if and only if:

IWllro = A = R)7Y| < 1. (7)

Without further mentioning, in the rest of this paper, we
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will only consider traffic and routing patterns that satisfy
the condition (7).

III. STABLE LOCAL SCHEDULING POLICIES

In this section, we introduce three different local schedul-
ing policies that guarantee 100% throughput in a net-
work of 1Q/CIOQ switches. We will initially present each
scheduling policy in a non-distributed, centralized way, i.e.
we will describe the scheduling algorithms as if it was in
each timeslot executed by a central network server. The
server calculates the configuration of all switches in the net-
work by taking into account the actual state of each switch
and then sends each switch its specific configuration. In
section F', we will show how the individual scheduling poli-
cies can be implemented in a distributed fashion, i.e., in
each timeslot, each switch calculates its own configuration
taking into account only its own state.

A. Weight function

All scheduling policies introduced in this paper are
matching policies. Any matching policy is defined rela-
tive to a specific weight. For the definition of the weights,
we will make use of a family of real positive functions
fe(@) : N > R 1 < k < K, that satisfy the following
property:

_ fr(n) 1
AT T S R R 8)
We define Ek(n) = Y d* as the cumulative number of
m<n

services at queue q’C up to time n. Here, we assume that
all switches start service at the same time m = 0 and all
switches continuously work until time n. For a given pos-
itive constant C, we define the weight of the queue ¢* at
time n as

¢ = n—fild ) +C. 9)

This choice of the weights is motivated by the fact that
it will allow us to derive the relation (36), which in turn
implies the rate stability (see definition 1) for the theorems
2, 4,5 and 7 below. We set ®,, = (¢L, .., ¢K).

We see that for a fixed function f(-) that satisfies the
relation (8), there exists a constant C' > 0 such that

k

¥n, n > 0, there holds f(EZ) < % — C. Further, because
the accumulative departure rate at each logical queue ¢*
cannot be more than the accumulative arrival rate, there
holds lim )
see that for any function f(-) that satisfies the condition
(8), one can always find a C' > 0 such that the weights ¢&
are positive Vn, n > 0, Vk, 1 < k < K. This fact is impor-
tant in view of the theorems 1 - 5 below, which all require
the weights ¢ to be strictly positive.

In [2], an example for fi(n) is given. The cumulative
function of external arrivals for the logical queue ¢* is given

by @ (n) = 3. aF,. The inverse function [@*]~!(p) maps
m<n

< n. Combining these two estimates, we
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the packet number p to the arrival slot. Setting C' =0 and
fr(p) = [@]7(p), the weight ¢} = n — [a*] 7' (p) denotes
the age of the p-th packet at time n. At its departure time
n, the age of the p-th packet is n — [Ek]*l(ai).

B. Maximal weight matching algorithms

In this section, we propose a maximal weight matching
scheduling policy for a network of switches with a speedup
of S > H.

For this purpose, we introduce some additional terminol-
ogy. In this section, we call a timeslot as defined earlier an
external timeslot defined as the time needed by a packet
to arrive completely at an incoming link. As the switch-
ing core works at a speedup S > 1, an internal timeslot
is defined as the time needed to transfer a packet through
the switching core from an input to an output. Thus, the
external timeslot from time ¢ to ¢ + 1 consists of the S in-
ternal timeslots [t + (kK — 1)/S,t + k/S], 1 < k < S. For
the sake of simplicity, we always assume that S is an inte-
ger. The proofs of the theorems in this paper can be easily
generalized for non-integer S. For any rational S, instead
of considering the dynamics of the switch over one exter-
nal timeslot as done in the proofs related to this chapter,
the dynamics of the switch over ¢S external timeslots such
that ¢S is an integer would have to be considered. If S is
non-rational, all proofs in this paper hold by replacing S by
a arbitrarily close, smaller rational number. We suppose
that packets arrive at the beginning of an external times-
lot ¢ and are transferred instantly at the end of an internal
timeslot.

As the switching core is modeled as a crossbar, in every
internal timeslot at most one packet can be sent from the
same input or to the same output, i.e.

[|Dnllro < S, Vn > 1. (10)

Further, for a given input ¢ and a given output j at a
given switch b, we define the set of all logical queues that
either belong to the input ¢ or that are directed to the
output 5. We set vb,¢,7, 1 <b<B,1<1,j <N,

Shij = {m :1<m< K, me Ql(b,i)UQo(b,j)}.

For each set Sy ; 7, we sum the average arrival rates for all
logical queues that belong to Sy, and define the maxi-
mum of these summations as H :

H =

max

§ m
w .
1<b<B

1<i,j<N mESb,iyj

(11)

From (7), we see H < 2.

We now give a formal definition of a maximal weight
matching algorithm: For a set of positive weights P*, 1 <
k < K, where P* is the weight assigned to the logical queue
¢*, a maximal weight matching algorithm is defined as fol-
lows:
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1. Initially, all logical queues ¢, 1 < k < K, are considered
potential choices for a cell transfer.

2. The logical queue with the largest weight, say ¢ is
chosen for a cell transfer and ties are broken randomly. We
assume without loss of generality that ko € Qr(b1,41) and
ko € Qo(b1,71)-

3. All logical queues ¢* with k € Sp, 4,;, are removed.

4. If all ¢* are removed, the algorithm terminates. Else go
to step 2.

We now develop an inequality that describes the dy-
namics of a maximal weight matching algorithm. This in-
equality will be used to prove the stability of a specific
maximal weight matching scheduling policy in theorem 2.
We define the weights of the algorithm as a function of
the actual timeslot n as follows: P, = (PL,..., PK) are
the weights at the beginning of the n-th external timeslot.
PT’f & 1 < s <8, is the weight of the logical queue ¢~ at
the beginning of the s-th internal timeslot of the n-th ex-
ternal timeslot. Thus, P, = P, 1, Vn > 0. We also define
the departure vector of the s-th internal timeslot of the
n-th external timeslot as D,, s = (d d¥ ) such that

n,s) " 'n,s

S
D, = > D, and

s=1

||Dn,s||IO < 17 (12)
Vn > 1,V1 < s < 5. Now, we establish a lower bound for
the weight of a matching calculated by a maximal weight
matching algorithm during an external timeslot. In par-
ticular, we show that the weight of a matching calculated
in an external timeslot is 1/H-times larger than the sum
of the products of the average arrival rate w” of a logical
queue ¢* multiplied with the actual weight P*  summed
over all logical queues and all internal tlmeslot of the con-
sidered external timeslot.

Theorem 1: For a network of 1Q/CIOQ switches that
applies a mazximal weight matching algorithm for positive
weights P* > 0,1 < k < K, and a speedup-up of S, there
holds for any timeslot n

1 S K K
ﬁZZPrlzswk SZZPJ;SdeS

s=1k=1 k=1s=1

Proof: We first analyze a maximal weight matching algo-
rithm in the first internal timeslot. In its first iteration,
the algorithm selects the queue with the largest weight,
say Pk with ki € Sp, 4, j,, for transfer. Thus, using that
Pk > 0, we see from (11):

Py > pk

>, w”

meSy,

>

mESpy iy ,j

581501

m,, m
Plw™.

v

All logical queues ¢* with k € Sy, 4, j,are removed. In
the second iteration, the remaining queue with the largest
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weight, say P*2 with kg € S, 4., is chosen. Thus,

PH > PP > wh
’"esbz»iz«m
mESby iy i1
> > Pruwm, (13)

™ME€Sbyin,52

mESyyig,i1
The matching algorithm stops after h, h < BN iterations
when none or only empty queues remain. For each of these
h iterations, an inequality analogous to (13) holds. If any
empty queues remain, we hypothetically continue to run
the algorithm (BN — h) times and produce valid inequal-
ities as in (13) where both sides are equal to zero. We
note that d¥ = 1 only for the logical queues g chosen for
transmission. Thus, summing over all BN inequalities, we
obtain

Z Pkm _ Z Pkmdk ZPkdk

Applying this analysis to all S internal timeslots, we obtain
from (14)

s=1k=1 s=1k=1

K

Z Prwk. (14)

k 1

We state the next corollary as an immediate consequence
of theorem 1:

Corollary 1 For any input buffered switch that applies a
mazximal weight matching algorithm and a speedup—up of S,
if there holds for a positive constant Cy, |Pk  — PF .|| <
Cy Vk,n,s,1<k<K,n>1l, 1§s§S—1 then there

holds for any timeslot n :
K
S 1) 1
=N Pt <) PRE 71( — .
H ; w(Bw Z an “al*tm

Proof: The corollary is derived from theorem 1 by approxi-
mating the Pff’s by P* - using the assumptions of the corol-
lary - and applying the estimates |w*| < 1, |[d¥| < 1 which
follow from (7) and (12) respectively.

The assumption of corollary 1 that weights only change by
a finite, bounded amount between two iterations of the al-
gorithm is valid for most weight functions proposed in the
literature. In particular, it applies to the weight function
defined in (9).

We now state the main result of this section. The follow-
ing theorem states the existence of a class of local schedul-
ing policies that are based on a maximal weight matching
algorithm using a speedup larger than H and that achieve
100% throughput in a network of IQ/CIOQ switches.

Theorem 2: A network of 1Q/CIOQ switches that im-
plements a maximal weight matching scheduling policy with
a speedup of S > H in which the weight ¢F of queue ¢* at
time n is defined as in (9) and ¢% > 0, achieves 100%
throughput.

Proof: The proof is given in the appendix.
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C. p-mazimal weight matching algorithms

The application of p-maximal weight matching algo-
rithms to the problem of determining the configuration of
a packet switch was first described in [18]. In contrast to
earlier switch architectures that allow only one packet to
be sent from one input or to one output in each timeslot,
in [18] a switch with a space-division multiplexing expan-
sion is presented that deploys p, p > 2 connections between
each input and output pair.

The scheduling problem is modeled as a p-matching
problem on a bipartite graph whose nodes are the inputs
and outputs of a switch and the edges are the connections
between inputs and outputs. A p-matching is defined as
a matching, such that no node of the matching is incident
with more than p nodes. Thus, for a p-maximal weight
matching algorithm the following relation holds:

[|Dnllro < p.

In this paper, we consider a specific p-maximal weight
matching algorithm that can be considered as a gener-
alization of the maximal weight matching algorithm dis-
cussed in the previous section. The algorithm is executed
at the beginning of each timeslot. During each execution, it
successively schedules up to pBN transmissions from the
logical queues at the inputs of the switches to the des-
tination outputs. We introduce the additional variables
¢, 0 < r < 2NB, where r indexes all inputs and outputs
in the considered network and 2N B is the total number of
all inputs and outputs in the network. During the execu-
tion of the algorithm, if r indexes an input, the value of
the variable ¢, expresses the actual number of times that
a cell has been scheduled to be sent from the input r to
any output. If r indexes an output, ¢, equals the actual
number of times a cell has been scheduled to be sent to the
output r from any input. At the start of the algorithm, the
variables ¢, are initialized equal to zero and they can take
integer values between 0 and p.

We now define a p-maximal weight matching algorithm:
With regard to a set of positive weights P*, 1 < k < K,
where P* is the weight assigned to the logical queue ¢*, a
p-maximal weight matching algorithm is defined as follows:

(15)

1. Initially, all logical queues ¢*, 1 < k < K, are considered
potential choices for a cell transfer. All ¢, 1 <r < 2NB
are set equal to 0.

2. The logical queue with the largest weight, say ¢*° is
chosen for a cell transfer and ties are broken randomly. We
assume without loss of generality that kg € Q;(b1,41) and
ko € Qo(b1, j1)-

3. ¢;, and cj, are updated as ¢;; = ¢; +1 and ¢, =¢;, +
1. If ¢;; = p, all logical queues ¢* with k € Qy(by,i1)
are removed. If ¢;, = p, all logical queues ¢* with k €
Qo(b1,J1) are removed.

4. If all ¢* are removed, the algorithm terminates. Else go
to step 2.

The weights of the logical queues at the beginning of the
n-th timeslot have been defined as P¥. After each iteration
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of the algorithm, some weights are updated. We define
Pk* as the actual weight of the logical queue ¢¥ between
inclusively the first and the large iteration of the algorithm.
At the beginning of the first iteration we initialize P%* =
PE. As the weight of a queue ¢* is updated at most p times
during the execution of the p—maximal weight matching
algorithm, the value of P®* might change up to p times
during each execution of the algorithm.

In the sequel, we will only consider actual weights P**
that do not change by more than a positive constant Cy at
each update during the execution of a p-th maximal weight
algorithm. This assumption can be justified in the same
way as the assumptions of corollary 1 in section III B. As
an actual weight P¥ is initialized as P** = P¥ and as it
is not updated more than p times during the execution of
the algorithm, there always holds Vn > 1, Vk, 1 < k < K.

Py = Py (16)

< pCh.

Similarly to theorem 1, we now prove a lower bound for
the weight of the matching calculated a p-maximal weight
matching algorithm:

Theorem 3: For a network of 1Q/CIOQ switches where
each switch deploys p connections between each input and
output pair and that applies a p-maximal weight matching
algorithm, p > 2 with speedup S = 1, with positive weights
Pk > 0,1 <k < K that satisfy the condition (16), there
holds for any timeslot n :

K K
1
=Y Pt < Y Phdl  +p?BNCy (1 + E) .
k=1 k=1

Proof: In its first iteration, the algorithm chooses the queue
with the largest actual weight, say P¥* with k1 € Sp, 4, 1
for transfer. Thus, from (11):

P71§17*H > P’r]fh*

>, w”

MESpy iy,

> Y P

mGSblﬂ‘,l 1

(17)

The weights ¢;, and c¢;, are updated. The second to the
p— 1-th iteration of the algorithm are performed exactly as
the first iteration and allow us to derive inequalities as in
(17). In the p-th iteration, after updating the weights, all
logical queues ¢*, k € S, ; j such that ¢; = p\/ ¢; = p are re-
moved. In the p+ 1-th iteration, the remaining queue with
the largest weight, say P+ with kpt1 € Sp
chosen. Thus,

ot Lsiptisdptr 18

m
Z w
p+1:ip+1:Jp+1
mesb,i_j s.t.
ci=pV cj=p

P ™.

Protir [ > pketis*
n — n

mes,

>

p+12tp+1:dp+1
mESy ;5 st

c;=pV cj=p

IV

(18)

meSy,

The matching algorithm stops after h, h < pBN iterations
when either none or only empty queues remain. For each
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of the last h — p iterations, an inequality analogous to (18)
holds. For the eventually remaining empty queues, we hy-
pothetically continue to run the algorithm (pBN —h) times
and produce valid inequalities as in (18) where both sides
are equal to zero. Summing over all BN inequalities of the
types (17) and (18), we obtain:

pBN 1 pBN
> P> i > Phrrwk, (19)
m=1 m=1

Arguing as in the proof of corollary 1, we obtain from (7),
(16), and (19):

> P

H

K K
1
k ik 2 k, .k
k§_1Pndn +p?BNC, (1 + —) ;_lpnw .0

Using theorem 3, we can show that a network of IQ/CIOQ
switches that implements a p-maximal weight matching
scheduling policy achieves 100% throughput:

Theorem 4: A network of 1Q/CIOQ switches that im-
plements a p-mazximal weight matching scheduling policy,
p > 2 with a speedup S = 1, in which the weight ¢F of
queue ¢~ at time n is defined as in (8) and ¢F > 0, achieves
100% throughput.

Proof: The proof is given in the appendix.

D. MNCM algorithms

MNCM algorithms have been introduced in [16]. They
are based on maximum size matching algorithms that func-
tion on weight functions of the input and output ports
rather than on weights functions of the VOQ@s or the logi-
cal queues as the (p)- maximal weight matching algorithms
described in the two previous sections. An MNCM algo-
rithm is defined as follows:

Definition 5: A maximal size matching algorithm be-
longs to the class of MNCM algorithms if and only if
each computed matching contains all nodes with maximum
weight.

The existence of MNCM algorithms has been shown in
[16]. An MNCM algorithm is executed without speedup
and allows only one simultaneous connection between an
input and and ouput, i.e.,

1Dullro < 1. (20)

In order to define a specific set of MNCM algorithms,
we introduce additional notation. By our assumption, the
network contains BN input and BN output ports. We
index all 2BN ports in the network with the index h, i.e.
1 < h < 2BN. In analogy to the definition of per link
weights in (8) and (9), we define per port weights U”. For
a port h at switch b, we introduce the following notation:

N
> X
J=1k€ESy,n,j,

SOy

i=1k€ESy,i,n

if h is an input port,

(21)

k—h if h is an output port.
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The sum > runs over all logical queues at the switch b

k—h
that belong to input h/are destined to output h . We set

F, o= Y d, (22)
k—h

" = Zwk.
k—h

We define a family of real positive functions gp(z) : N —
R, 1 < h < 2BN, that satisfy the following property:

1
lim gn(n) = —
n

w.p.1. (23)

= 7
For a given positive constant G, we define the weight of the
port h at time n as:

n—oo

Ut n— g(F™ (n) + G. (24)

We set U,, = (U}, ..,U?BN). Similar to the discussion of
the constant C' (see (8)) in section IIT A, one can prove
that for every function g(-) that satisfies the relation (23),
one can always find a constant G, such that U > 0,
Vh,1 < h < H,Vn,n > 0. Now, we state the following
theorem:

Theorem 5: A network of 1Q/CIOQ switches that im-
plements an MNCM scheduling policy with a speedup of
S =1, in which the weights U are chosen as in (24) and
Ul >0, achieves 100% throughput.

Proof: The proof is given in the appendix.

E. Networks of I1Q/CIOQ switches that deploy different
scheduling policies

In the three previous sections, three different scheduling
policies for networks were presented. It was shown that
they provide stability for a network of switches where all
switches implement the respective scheduling policy.

In [2], the following stability result for a scheduling pol-
icy that is based on a maximum matching algorithm has
been shown:

Theorem 6: A network of 1Q/CIOQ switches that im-
plements a maximum weight matching scheduling policy
with a speedup S = 1, in which the weight ¢F of queue
q® at time n is defined as in (9), achieves 100% through-
put.

In [2], theorem 6 is only proven for C' = 0. The proof
can be easily generalized to the case C' > 0. This policy is
subject to constraint (20).

Following the argument in the previous section, it can
be shown that a maximum weight matching policy can also
be implemented in a distributed manner. It can now be
asked if a network of switches in which each switch deploys
any of the four scheduling policies stated in theorems 2, 4,
5 and 6 achieves 100% throughput. The answer is affirma-
tive:

Theorem 7 A network of 1Q/CIOQ switches where
each switch deploys any of the policies defined in theorems
2, 4, 5 and 6 achieves 100% throughput.

Proof: The proof is given in the appendix.
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F. Distributed implementation of the scheduling algorithms

In the sections B - E, we presented three centralized
scheduling algorithms for a network of switches. Now, we
explain how those three scheduling algorithms can be im-
plemented in a distributed manner. In a centralized imple-
mentation, a switch algorithm cannot implement any arbi-
trary matching. Depending on the scheduling algorithm,
in each timeslot only a limited number of packets can be
sent to each input and from each output. These limitations
are expressed by the relations (10), (15) and (20) respec-
tively. These relations prohibit specific configurations at
individual switches. However, scheduling decisions taken
at different switches do not constrain each other.

Further, for a maximal weight matching algorithm we
see by its definition in section B, that when - in step 2 -
a queue ¢* at switch b is chosen, then - in step 3 - only
queues that also belong to switch b are removed. Thus, a
maximal weight matching algorithms can be implemented
in a distributed manner in the following way: The set of
logical queues ¢* is split in subsets S, where S; contains
the queues that belong to the physical queues of the switch
b. Each switch b executes the maximal weight matching al-
gorithm on the set of logical queues that belong to S,. The
same argument holds for a p-maximal weight matching al-
gorithm.

For an MNCM algorithm, we again divide the set of all
logical queues in subsets S, and each switch b executes
the MNCM algorithm on the set of logical queues that be-
long to Sp. Whereas a centralized implementation guar-
antees that a matching contains all ports with maximum
weight throughout the networks, a distributed implemen-
tation guarantees that at each switch all ports with max-
imum weights are contained in a matching. Obviously, a
distributed implementation will satisfy the requirements of
a centralized implementation as it selects all ports through-
out the network with maximum weight. Thus, the proof
of theorem 5 in the appendix is also valid for a distributed
implementation.

IV. CONCLUSIONS

This paper presents distributed scheduling policies of
low complexity for networks of input-queued switches. In
particular, it defines switching policies based on maximal
weight matching, p-maximal weight matching and MNCM
algorithms. It is shown that for specifc weights, a network
of switches that deploys any of these three switching poli-
cies guarantees 100% throughput under admissible traffic.
It is also proved that a network of input-queued switches
where each switch implements either any of these three
switching policies or a maximum weight matching based
switching policy guarantees 100% throughput.
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V. APPENDIX: PROOF OF THEOREMS 2, 4, 5 AND 7
A. The fluid methodology

The proofs of theorems 2,4 and 5 make use of the fluid
methodology as introduced in [7], [8]. We now recall an
extension of the fluid model to a network of switches from
[2] and refer the reader for further details to [2]. We define
IT = {x} as the set of all possible network-wide matchings,
i.e. possible switch configurations throughout the network.
Using (3), we obtain the fluid equations of the system as
follows:

>
—
o~
Nt

X(0) + At — D@)(I — R),

> wTa(t),

mell

(25)
(26)
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S Th(t) = t,

mell

(27)

where T (t) is a non-decreasing function denoting the cu-

mulative amount of time that the matching 7 has been used

up to time ¢. Also, noting that by (8) tlim fu(t) — t/wk,
— 00

—k
and that d () — oo for t — oo, we obtain

)

o (t) =t — — + C.

(28)

B. Proof of theorem 2

We denote the set of all switch configurations found at
time ¢ by maximal weight matching algorithms as defined
in theorem 2 as [, (¢). The fluid equations (6) and (7) can
be rewritten as:

D(t) =

Z Tﬂ'l (t)

T EH 1(t)

Z 7T1T7r1 (t)v

T EHl(t)
‘ (30)

(29)

We define T' = [y("/)] as the diagonal matrix with
7Bk = ¥ and let T~! be the inverse of T'. Taking the
derivative on both sides of (28), we obtain:

®(t)=T— D) (31)
Writing the scalar product for two vectors vy and vy as
(v1,v2) = v1v3, we define the Lyapunov function:

V(®(t) = 5 (@)L, @(1)).

N |

We want to show that Vt > 0,
o(t) < B, (32)

for a certain constant B > 0. Noting that V(®(0)) =
(®(0)I', @(0)) > 0, we see that if

d
— V(P <
Ly @) <o (33)
V¢ such that (I, ®(t)) > K for a fixed Ky > 0, then V¢t > 0,
there holds V(®(¢t)) < (LO) = max V(L), which in
LeR

(L) <Ko
turn implies (32) for a certain B > 0. Thus we will show
(33) in order to prove (32).
We note that for any ¢, there holds by the pigeonhole
principle:

L ®(t))
k > < ) )
(max ¢%(t) 2 = (34)
Finally, we express corollary 1 in the following way:
S
7 Wee(®) < (m, @) + K1, Vm e ILi(t),  (35)
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where K, = 2=V 1+ +). Now (33

5 ) follows from
(29), (30), (31)7 (34), and (35):

SV(@(1) = (BT, 0(0)) + 3 (BT, (1)

_ {bor,00) = {1 - DT80
= W) - Y (mT(0),90)

m €[], (t)
= Z Tm ){(m1, (1))

m €[], (t)
s<wm»(—% LK,
_ H-S >Dk I, &(t))
T gkt K
< 0,

where the second to last inequality holds for (I, ®(t)) >
Koy > 0 if Ky is chosen sufficiently large. We see from (28
and (32):

—k
d (1)
- (36)
—k
This implies lim dT(t) =wk, e,
t—oo
D
lim D) = W, w.p.1, (37)
t—oo

which corresponds to the rate stability condition of X (). O
C. Proof of theorem 4

We denote the set of all switch configurations found at
time ¢ by maximal weight matching algorithms as defined
in theorem 2 as [],(¢). Theorem 3 can now be expressed
as follows:

7 (W2(0) < (mo,

where Ky = p?BNC, (1 + %) . The proof of theorem 4 is
identical to the proof of theorem 2 with the exception of
using the relation (38) instead of the relation (35). The
relations (29) and (30) hold with 7 and [, (¢) substituted

by mo and [[,(¢). O
D. Proof of theorem 5
We first introduce some additional terminology. Set
>
k—h

Vh, 1 < h <2NB. Based on (22) and (39), we use the fluid
methodology (see [7], [8]) to define the continuous function

F"(t) and Fh(t) . By definition,

(I)(t>> + Ko, Vg € Hz(t)7 (38)

(39)

—h
d(F )t:to

= F").
7 (to)

(40)
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Arguing analogously to (28), we obtain

h

Uh(t) -t — Fli(f) +G.
Thus, we derive from (40)
—~h h
UMt =1 FI,E” :1—FI—}(f) (41)

Following an argument in [16], we introduce the function
f(U(t)) that plays as similar role as the Lyapunov function
(see (32)) in the proofs of theorems 2 and 4. The function
fU®)) : R2BN — R is defined as:

fo@) = 1 (U (t))*,

max
1<h<2BN

where a; = arg | max Uh(t). As U(t) is differentiable

under the fluid model, f(U(t)) is continuous, but not nec-
essarily differentiable. However, we can define the right
derivative of f(-) as follows:

df(U(®))

- 1

dtt o §—0+

fUE+9)) - fUR)
5 :

We note that if f(U(t)) = I (U"(t))2, there holds:

Fho(t)y = 1, (42)

This relation states that whenever a port h has the max-
imum weight, a cell is scheduled for transfer from/to the
input/output h. This follows from the definition of an
MNCM algorithm.

We discuss the properties of the function f(U(t)) as in
[16]. For every ty > 0, there is always a set of indices
Qt, such that Yho € Qy,, f(U(to)) = 1" (U"(t))2. More-
over, for every ty > 0 there exists a 4 > 0 such that
fU(@)) = The(Uho(t))%, Vt € [to, to + 6] and Vho € Q-
We say that U(t) is represented by U"(t), hg € Qy,, in the
interval [to, to+9.] The time axis can always be partitioned
into disjoint intervals [0, Aq[,[A1, A1 + Ag[,.. such that
each interval is represented by a common index ¢; ;—12,...
If f(U(t)) is represented in the i-th interval by ¢;, then

Analogously to (32), we want to show that

Ui (t) [Mas Uhai (t). (43)

Uh(t) < By (44)

for a certain By > 0 and Vt, t > 0, VA, 1 < h < H. In order
to prove (44), we show in analogy to (33) that

(W)t:t <0,V >0.

The relation (45) implies f(U(t)) < f(U(0)), Vt,t > 0,
which in turn implies (44) with By = 1/ f(U(0))/ min 1M,

1h>o0

(45)
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We assume that tg € i—interval:

().,

2Uh‘“ (to)[hq’i Uh‘“ (to)

hq;
2 (1 - LI (t°)> Ihas Uhai (1)

h
2(I"Mai — 1)U ()
< 0.

The first and the second relation follow from (43) and (41)
respectively. The third and fourth relations follow from
(42) and (7) respectively. Arguing similarly as in (36) and
(37), we derive from (44):
—=h
F(t
lim —( ) =

t—o0 t

I VYh,1<h<H. (46)

)

From (46), the stability condition as given in (37) fol-

—k
lows straight if we take into account that lim d t(t) <

t—o0
w®, Vk, 1 < k < K, which follows from the fact that the ac-
cumulative departure rate at each logical queue ¢* cannot
be more than the accumulative arrival rate. O

E. Proof of theorem 7

We divide the switches in the network into four groups
Gi, i € {1,2,3,4} where the groups Gi, Ga, G3 and G4
contain the switches that deploy the switching policy de-
fined in theorems 2, 4, 5, and 6, respectively. Accordingly,
we can divide the departure vector D(t) and the arrival
rate vector W in four subvectors, i.e., we write D(t) =
(Dl(t), Dg(t), Dg(t), D4(t)) and W = (Wl, Wg, W3, W4) In
order to prove the stability condition (37), it is sufficient
to show that Vi € {1, 2, 3,4}

lim DlT(t) =

t—o0

W; w.p.1. (47)
For each i € {1,2, 3,4}, the relation (47) can be proved by
applying the proofs of theorems 2, 4, 5 and 6 to the corre-
sponding group of switches GG; instead of applying them to

the whole network of switches. O
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