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the Contention Resolution Policies of
the Input-buffered Crosspoint Packet Switch
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Abstract

In this paper, an NxN input-buffered crosspoint packet switch which selects a Head Of the Line,HOL, packet in contention
randomly is analyzed with a new approach. The approach is based on both a Markov chain representation of the input buffer
and the probability that a HOL packet is successfully served. The probability as a function of N is derived, and it makes it
possible to express the average packet delay and the average number of packets in the buffer as a function of N. The contention
resolution policy based on the occupancy of the input buffer is also presented and analyzed with this same approach and the
relationship between two selection policies is analyzed in terms of the occupancy of the input buffer.

I. Introduction

Surveys of several proposed packet switching fabrics can
be found in [1], [2]. Based on the placement of the buffers,
these switch fabrics can be categorized into different
architectures-internal buffer, input buffer, output buffer,
shared buffer, or various combination of these[3]. Among
them, the input-buffered architecture includes Batcher-banyan

networks with ring reservation[4] or three-phase contention

resolution[5], and a self-routing crossbar network with
parallel, centralized contention resolution[6]. Because of
head-of-line(HOL) blocking, its maximum throughput is only
about 58 percent[5],[7], but this can be increased.

In this paper, a sclection policy which selects the HOL
packet in the input-buffered switch architecture is suggested
and compared with the conventional selection policy. The
conventional policy is called random selection policy which
selects a HOL packet under the contention randomly. As
conventional arbitration policy takes no account of the
characteristic of the input traffic, it doesnt respond to the
input traffic flexibly. Besides, the hot-spot phenomena for
which the traffic is concentrated on the specific input port or
output port may be popular in the broadband multimedia
environments. As a result, the selection policy adapting to the
fluctuation of the input traffic is desperately required to avoid
the overflow in the input buffer. For this objective, a
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selection policy called the threshold selection policy which
selects a HOL packet with reference to the occupancy of the
input buffers is suggested. For the comparison of the
performance for two selection polices, the analysis using
Markov chain representation of the input buffer[8] is used and
the probability that a HOL packet under contention situation
is served is derived as a function of the number of input port.
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Fig. 1. Input buffered crosspoint switch.

II. Switch Architectures and Arbitration
.polices

1. Random selection
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The input buffered crosspoint switch to be considered is
shown in Fig. 1. Each arriving packet goes, at least
momentarily, into a buffer on its input port.

At the beginning of every time slot, the arbitration
functions check the first packet in each buffer. If every
packet is addressed to different outputs, all the packets go
through. If k packets are addressed to a particular output, one
packet is picked to be sent; the others wait until the next time
slot, when a new selection is made among the packets that
are waiting. The random selection policy selects one of the
k packets at random. Each packet is selected with equal

probability I/k.
2. Threshold selection

A selection policy based on the occupancy of the buffer is
presented in Fig. 2 and it is called threshold selection policy.
When the threshold of the input buffer is passed, the Buffer
Full, BF, signal is generated and transmitted to the cross-

points on the same row. In case of contention among k input

" buffers, if all the k input buffers are below the threshold, one
of the k packets is selected at random. If the occupancy of
only one input buffer is above threshold, it wins the
contention because the buffers with occupancy above the
threshold get higher priority in arbitration than those below.
If the occupancy of m input buffers of k input buffers are
above the threshold, one is selected among the m buffers at
random. This selection policy features the high adaptability to
the burst traffic which concentrates on the input buffer
transiently.
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Fig. 2. Input buffered crosspoint switch with threshold.

1II. Analytical Model

We assumed that packet arrivals at the N input ports are
governed by independent and identical Bernoulli processes. In
any given time slot, the probability that a packet arrives at a

particular input is p. Each packet has equal probability 1/N of
being addressed to any given output port. In addition, the
destinations of newly arriving packets are independent of
those of previous packets. This assumption simplifies the
analysis without significantly affecting the results[8].
Following an approach based on [9], this buffer can be
represented as a Markov chain with state variable %, the
number of packets present at the beginning of a time slot.
Fixing our attention on a HOL packet in a particular
buffer(the tagged packet) and defining the probability that
the tagged packet is served is g, the transition rate diagram
of the tagged buffer is illustrated as Fig. 3 where L is the
buffer length.
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Fig. 3. The discrete-time Markov chain transition rate
diagram for the input buffer size.

The probability pk which is the probability that there are
k packets in an input buffer is given by

g, p [p(l—qﬂk_l
P, = Po = Po
* Ho 7 q(1- p) q(1~p)J

Jor 1<k<L+1 @

and pp is obtained by means of the normalization condition

P @

From the definition of the p and g, the equilibrium
probability pk only exists at the condition of p<gq.
Solving (3), po is obtained as a function of p, ¢, and L:

b= TR @
e =

and by extending the sum in (3) or approaching L in (4) to
infinity , the relationship among po , p, and g is given by

P0=1—1;— ©)

The average packet delay is considered as the average
number of time-slots between the reception of a packet at the
switch and its successful transmission. The number of packets
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preceding a newly arrived packet at the beginning of the first
time-slot after its arrival, is given by the sum of the number
of packets already present in the system, diminished by the
average number of packets that leave the buffer during a slot,
unless the buffer is empty.m By considering that each packet
can be averagely transmitted in I/g slots and by taking the
average of the position occupied in the system by a newly
arrived packets, the following expression of the average
packet delay, D, is obtained

D=[1+R~a(1-p)]L ©)

where K is t he average number of packets in the buffer and
its expression as a function of p and g is

E=21=0) U
a—0p
For the expression of both the average packet delay and the
average number of packets in terms of p, the probability ¢
which varies depending on the selection policy should be
expressed as a function of p, and next chapter deals with it.
IV. Successful Transmission Probability

1. Random selection

In the random selection -policy, ¢ is given by

ey O R

Jj=0

That is, under the condition that there are i non-empty
buffers of N-I buffers and j HOL packets of the i non-empty
buffers with the same destination as the tagged packet, the
probability that the tagged packet is served is given by 1/4+1.
The probability that there are i non-empty buffers of N-I
buffers is given by (I-po)’ pd" " and the probability that j
HOL packets of the i non-empty buffers with the same
destination as the tagged packet is given by (I/NY(I-1/N)".
The probability, g, is also derived from the probabilities that
the tagged packet wins the contention or experiences no
contention. The probability, pcomemion that the tagged packet
wins the contention is expressed as

i

T 1 (2 KT

J=1

and the probability ,pro comemion, that the tagged packet
experiences no contention is given by

N-IUN - i EETATE i 1 i-j
o e
pnoromenlnn ;[ i )( pf))p g j N N (10)
So, the probability, g is
&N -1 P N-1-i L[ 1y 1 i_jL
ng[ i )(]—p") Po Z(,J(W) (]—7) J+l
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1= (M ha- w0 1-4) 7 an

Both (8) and (11) are simplified to the sarﬁe expression as
(12).
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The equations (4) and (12) are too complex to be expressed

as a function of p, N, and L but for the infinite buffer length,

q can be expressed in terms of p and N
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Figure 4 shows the dependency of ¢ on p and N.
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Fig. 4. The probability that a HOL packet is served.

From (5) and (13), the probability ,pO , is also expressed in
terms of p and N

1
P=1-M1-(1-» "] (15)
As N -> oo,
po=1+in(l-p) (16).
The equilibrium probability pk in terms of N and p is
given by

Bt 1 1 -1
O R ]{I—N[l—(l—b)”]}{_n[l—(llzzz)”]—b} an

As N -> o,

_ - _ — N k-1
P,= 1n(1 17)1[.1“;1%(1 ] ln(ll—pi)) P] (18)

The probability pr as a function of N for specific & is
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depicted in Figure 5.
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Fig. 5. The equilibrium probability p;.

The curves of equilibrium probability ,p;, as a function of
N shows that the probability increases as N increases and it
is reasonable result in that the chance that a HOL packet is
served decreases as N increases. It follows from (6), (7) and
(13) that the average packet delay, D, is given by

D=

(l—p)N{l—(l-p)V}

[

and the average number of packets in the buffer,
expressed as

K =

(l-p)N{l—(l—p)V}

I—N[l—(l—p)W:I
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The relationship between equations (19) and (20) is D=K/z
and this result also can be attained from Littles theorem
directly. Figures 6 presents the average packet number with
infinite buffer length respectively.
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Fig. 6. The mean packet number with the random selection.
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Fig. 7. The maximum throughput.
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The maximum p, maximum throughput, is obtained when
q approaches to p. Applying this condition to (13), the
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maximum throughput is gven by(21).

1‘(“%)N @1

The switch throughput as a function of N is shown in
Figure 7.

2. Threshold selection

In threshold selection policy, the probability that the tagged
packet is-served, ¢, is conditioned on its buffer state. So, gk
is used for its dependency on the buffer state in this selection
policy. In case that its buffer state is below the threshold, the
tagged packet gets the opportunity to be served only when the
HOL packets in the buffers whose occupancy is above the
threshold have the different destinations and the HOL packets
in the buffers whose occupancy is below threshold have the
same destination as the tagged packet. For this case, the
probability is given by (22) where po<m<ry means the pk for
0<k<TH and TH is the threshold value in the input buffer.

¥-1 N-l~i-j ! 9’2(’]( I)‘( ! JH !
q, §( )Pm <TH Z ( ] PraaP N) WRAN. N/ k+]

Jor ‘r< T 2)

On the other hand, if the tagged buffer state is above the
threshold, it contends with only the buffers whose occupancy
is above the threshold and whose HOL packets have the same
destinations as the tagged packet. For this case, the
probability is given by (23).

a= g(N: 1)Pimzm(l — PV >

for r2TH @9

For the convenience of the notation, ¢, for r < TH and
-r=TH is referred to g, and g, respectively.

From the (2), pocm<ts and pu>ry in (22) and (23) are
given by

DPocmeTH™ 2 pi= 2ob [ { z(a(ll——ng }TH—IJ (24)

Q.= b

p()p p(l _ Qb) ] TH=1 (25)

bm21H= ZHD — qb(l p)

Equation (22) and (23) are reduced to
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If the threshold of one or infinity is applied to (26) and
(27), po<m<tn and p,>74¢ become 1 or O respectively, and g
for both cases tends to (12) which is the ¢ for the random
selection policy. Therefore, the performance of the threshold
policy with threshold of one or infinity will be same as that
of the random policy. This result is anticipated in that the
threshold selection policy with threshold of one or infinity
shows identical operations with the random selection policy.
From the definition of ¢, the maximum throughput over the
entire N input ports, S , is considered as the g when py is O.

S_

pymo Pocntn + 4ol o P N @8)

Applying (24) and (25) to (28), S is given by

(1- (1—%)N)N 29)

For the random selection policy, the maximum throughput
over the entire N input ports is attained by multiplying (21)
by N. As the multiplying result is equal to (29), it is
concluded that the maximum throughput over the N input
ports for the threshold selection policy is same as for the
threshold selection policy. Although the overall maximum
throughput is same for the two policies, the throughput for
the specific input port is different according to the condition
on the occupancy of the input buffers. The curves ¢, q, and
q as a function of p,-74 are presented in figure 8. First, as
N increases, all the curves decreases. This is resulted from
more contentions caused by the increase of N. The figure also
shows that g, and g, decrease as pm>rw increases. As in (22)
and (23), pn>7n eans that the probability that the occupancy
of the other buffers except the tagged buffer is above the
threshold. So, the increase of pm>7y results in that of
contention between the tagged buffer and others. The more
contention happens, the more g decreases. When py > is 1,
the figure shows that gb is identical to g. As the value 1 of
pm=rn means that the occupancy of all the input buffers is
above the threshold, there is no difference between two
selection policies under this conditions. So, g, should be same
as g. The figure also shows that g, and ¢ have the same
values when p,,>my is 0. As value O of pmTH means 1 of
Po<m<Tn, this case is that all the input buffers are in the state
of po<m<rs. In this case, there is no difference between two
policies and it is proved in the figure. The simulation for the
correctness of the analysis is perfdrmed and presented in the
figure. The simulation is only performed for the case that p,,~
m is 0, 0.25, 0.50, 0.75, and 1. It is learned from the figure
that the analysis and the simulations match.
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Fig. 8. Comparison of g for threshold policy and random
policy.
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Fig. 9. Difference between q, qa and gb.

The differences among ¢, g. and g, are presented in figure
9. It is learned from the figure that the difference between g,
and g is about 0.3 and the difference decreases as pm>7o
increases. The increase of p,>7y causes the decrease of the
gb but the ¢ is constant, so the results is obtained. It is
observed from the analysis and simulations that the service
rate of the threshold selection policy on the HOL packet in
the buffer whose occupancy is above the threshold is about
30 % higher than that of the random selection policies.
Therefore, the threshold selection policies are suitable to the
environments in which the input traffics are so bursty and
concentrated to some input ports, so the probability of
overflow for the concentrated buffers is very high. As the
threshold selection policies service the HOL packets in the
concentrated buffers preferentially, the overflow caused by
the transient bursty traffics is more reduced than the random
selection policies.

V. Simulation and Discussion

The simulation is performed for the dependency of the
threshold selection policy on the threshold and the
comparison for two policies. The simulation is performed
under the condition that the number of input and output ports
is 8 and the size of input buffer is 32 and the iteration
numbers are 200,000. In the case that the input traffics and
those destinations are evenly distributed; the blocking
probability for the two selection policies is simulated in
figure 10.
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Fig. 10. Blocking rate for evenly distributed traffics.
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Fig. 11. Blocking rate for concentrated traffics.

It is observed from the figure that two polices behave
identically for this kind of traffics. Under the above traffic
patterns, all the input buffers have the same occupancy. So,
two selection policies operate identically. On the other hand,
when the input traffics are concentrated to a specific input
port and the traffics of input traffics are evenly distributed to
output ports, the dependency of the blocking probability on
the threshold in threshold selection policy is given in figure
11. As the analysis is indicated, the figure also shows that
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two selection policies have the same blocking probability
when the threshold is 1 or above the buffer length. It is also
learned from the figure that the blocking probability of the
concentrated input buffer and non-concentrated input buffer
decreases and increases respectivelyb as the threshold
increases. When the input rates to the concentrated buffer are
high, so the mean buffer lengths of the input buffer
approache to the buffer size, the increase of the threshold
causes that of pn>rn of the concentrated input buffer. In turn,
this results in more service of the HOL packet in the
concentrated buffer. As the destinations of the input traffics
are evenly distributed, the increase of the service probability
for the concentrated buffer means the decrease of the
non-concentrated input buffers which have the HOL packets
whose destinations are same as those of HOL packts in the
concentrated buffers.

So, the service probability of the non- concentrated buffer
decreases. It is interesting that the blocking rates in the
threshold selection” policy are dependent on the threshold as
figure 11. The -blocking rate of the concentrated buffer in the
threshold selection policy is minimum when the threshold is
30. But, at this threshold, the blocking rate of the
* non-concentrated buffers is maximum. This situation is
caused by the policy of the threshold selection which gives
higher service priority to the concentrated buffers than the
non-concentrated buffers. So, it is concluded that the
threshold makes an effect on the performance of the blocking
rate.

VI Comlhméﬁon

In this paper, two arbitration polices of an NxN
input-buffered crosspoint' packet switch are compared with a
new analysis. The analysis shows that the maximum
" throughput over the N input ports is same between two
selection policies. But, the throughput for a specific input port
is different between two policies. The analysis also shows
that the threshold selection policy serves the HOL packets in
the input buffer whose occupancy is above the threshold with
higher probability than the conventional selection policy and
this situation of higher probability is evident as the input

traffic increases. So, it is concluded that the threshold
selection policy is suitable to the broadband service
environments in which input traffics to the switch are so

fluctuated that an input buffer is overloaded transiently

because it shows better performance for the blocking rate
than the random selection policy.
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