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High performance of advanced packet switches can be achieved by providing queueing both at 
the input ports as well as at the output ports. This paper considers such a switch where output 
buffer sharing is introduced. A better memory utilization is expected when the output queueing 
space is shared among all the output ports as opposed to having dedicated queues at each output 
port. An analytical approach is presented for the performance study of this new scheme. The 
investigation is based on two performance measures: the average delay and the maximum 
throughput of the switch. Analytic results for these measures are derived. It is demonstrated that 
the scheme of output sharing offers significant improvements over the scheme of dedicated output 
queueing. It is found that the total output queueing space can be reduced by 70 percent, or more, 
while maintaining the same performance as in the scheme with dedicated output queues. 

1. INTRODUCTION 

For advanced packet switches, output 
queueing has received increased attention because 
of its performance advantages. It has been 
demonstrated that a modest amount of output 
queueing provides significant delay and throughput 
improvements over pure input queueing and, in 
particular, that the ideal performance of infinite 
output q ueueing can be closely approached [1]. 
This was shown for a packet switch with corn bined 
input and output queueing capabilities where a 
dedicated queue is provided at each output port. 

The objective of this paper is to study a new 
packet switch which employs a combination of a 
shared queueing scheme at the output ports and at 
the same time provides additional queueing at the 
input ports in order to avoid output buffer 
overflow. In the context of computer 
communication networks, buffer sharing schemes 
offer substantial performance improvements [2]. In 
packet switching, a better memory utilization is 
expected when the output queueing space is shared 
among all the output ports as opposed to having 
dedicated queues at each output port [3,4,5]. 
Previous research on the effects of shared output 
buffering has focused on packet switches which do 
not consider queueing at the inputs and, therefore, 
allow losses due to shared output buffer overflow 
[3,4,5,6,7]. The present paper considers a generic 
switch with combined input and shared output 
queueing capabilities as shown in Figure 1. The 
limited queueing at the output ports partially 
resolves output port contention. Overflow at the 
shared output buffer is prevented by employment 
of a backpressure mechanism and additional 
queueing at the input ports. 

Previous work on the class of packet switches 
where losses at the outputs are prevented by means 
of additional queueing at the inputs has 

concentrated on a synchronous or slotted operation, 
e.g. [3,8,9]. The switch models considered in these 
works were all synchronous. In the present paper 
we consider an asynchronous model which was first 
introduced in [I] to study the asynchronous 
operation with fixed size packets. In Section 11, 
expressions for the average delay are obtained 
analytically. In Section Ill, the maximum 
throughput of the switch is derived and, finally, 
Section IV presents some numerical results 
demonstrating the performance advantages of the 
shared output buffer scheme. 

2. SYSTEM ANALYSIS 

We consider a single-stage N x N packet 
switch as shown in Figure 1. The number of 
input/output ports N is assumed to be large 
(N - 00). Packets are assumed to have a fixed 
length and a fixed transmission time (the speed of 
the input. and output ports is the same). In the 

N N 

Fig. I An N x N packet switch with input 
queueing and a shared output buffer. 
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following, we select this transmission time as the 
unit of time. The input queues are assumed to be 
infinite whereas the shared outpu t buffer is finite. 
We consider an asynchronous model where the 
arrival as wel.l as the transmission of packets to the 
output ports occur in an asynchronous fashion. The 
arrival process is assumed to be Poisson with 
parameter A. It is assumed that the traffic is 
uniform, that is the destination of an arbitrary 
packet can be any of the N output ports with an ' 
equal probability of J IN, and that successive 
packets are independent regarding their output port 
destinations. 

The shared output buffer is provided to 
resolve output port contention up to a certain 
degree. Let B(N) be its capacity. At the input side, 
when a packet reaches the head of an input queue, 
the transfer process to its destination port is 
initiated. If the output port is idle, the packet flows 
through the switch, in a cut-through fashion, 
~ithout experiencing any delay. If the output port 
IS busy and the shared output buffer is not full, 
then the packet is transferred and stored in the 
buffer. However, if the buffer is full, then a 
backpressure signal is applied which causes the 
packet to wait at the head of its input queue. At 
this moment, there may be other packets waiting at 
the heads of input queues and contending to be 
dispatched to the shared output buffer. We refer to 
this as head of the line contention. As space 
becomes available, they are transferred to the 
shared output buffer, according to a given selection 
policy. 

The efticiency of the switching fabric is 
assessed based on two measures: the average delay 
and the maximum throughput of the switch. The 
analysis is carried out in a similar fashion as in 
[1 J. The packet delay consists of three 
components: 

1. waiting time within the input queues until the 
head of the queue is reached, 

2. waiting time at the head of the input queues 
due to head of the line contention, and 

3. waiting time at the output queues due to output 
port contention. 

The second and third delay components are 
calculated from an equivalent single-server 
queueing system. Then, the first delay component 
is obtained from another single-server queueing 
system whereby t.he service characteristics are 
provided by the previous study. 

Let · us denote by A the area containing the 
head of the line queueing spaces, C the area 
containing A and the shared output buffer, and E 
the area containing C and the output lines. Let us 
introduce some definitions. 

Xi: the number of packets in area E at a 
random time t destined to output port 
i (J ~ i:$; N). 

Yj: the number of packets in area C at a 
random time t destined to output port 
i (I ~ i ~ N). 

Z: the total number of packets in area C at a 
N 

random time t, (Z = I: Yj ). 

j=] 

Let us consider an input queue. As N goes to 
infinity, the time intervals between the instants at 
which packets destined to the tagged queue appear 
at the head of the input queu~ become extremely 
long. Therefore, successive intervals become 
statistically independent, which implies that these 
instants form a renewal process with an intensity of 
AIN. Also, as N goes to infinity, the N processes of 
this kind which correspond to the N input queues 
become independent. Their superposition forms the 
process of the instants at which packets destined at 
the tagged queue appear at the head of their input 
queues, and it tends to a Poisson process with 
parameter A as N goes to infinity [J J. 

At a typical instant t, when a packet appears 
at the head of an input queue, it will continue its 
transmission at the output port provided that that 
port is idle. If the port is busy then it will either be 
transferred to the shared output buffer, if there is 
space, or it will have to wait. Let W be the 
waiting time due to backpressure, that is the delay 
a packet experiences from the instant it appears at 
the head of its input queue, until the instant it 
starts its transmission to the corresponding output 
port or shared output buffer. Let us also consider 
the delay, D2, from the instant that the packet 
appears at the head of its input queue until the 
instant it begins its transmission at the output port. 
From the above discussion it follows that the 
measures of interest can be evaluated by studying 
an equivalent MIDll queueing system. The 
average delay D2 is given by 

75-(A) - A 1 
2 - 2(1 _ A) , I\. < 1 . (2.1 ) 

This is a well-known result obtained for an MIDII 
queue with arrival rate A, service time one unit 
and, consequently, utilization factor A. Also, Yj are 
the number of packets waiting to be served in the 
equivalent MIDI1 system. Consequently, 

Yi = Q and y? = Q2 (2.2) 

with Q and Q2 being the first and the second 
moment of the number of waiting customers of an 
MIDIl queue with arrival rate A and service time 
of one unit, respectively, given by 

It can be shown that, at the limit where N 



approaches infinity, the probability that the total 
number of packets in area C does not exceed the 
output buffer capacity is given by 

where 

J~~ pr[f Y, " B( N)] = 
1=1 

1 

o 

{ f~· 
1 - u 2/2 / __ e du. 

-ex> -y 2 1t 

(X == lim 
N ..... oo 

B(N) 
N 

(X = r; . 

(2.4) 

(2.5) 

~ _ ..L lim ( B(N) - y . fN) (2.6) 
U N-+oo fN 1 

with _u being the standard deviation 
u = [Y[ - _1)'i )2]1/2. Let us denote by 0'; the load 
for which Yi(tl) = (x. Using Eq. (2.3) and solving for 
0'; yields 

(2.7) 

Then, according to Eq. (2.4), for all tl such that 
tl < u:, there is always empty space in the shared 
output buffer, therefore Wex = ° and the 
performance of the switch is optimal. Now let us 
examine the case where tl > 0';. In this case the 
shared output buffer is always full, so that the 

N 
number of packets in area A is L Yi - B(N). 

i=1 
Applying Little's result in the area A we get 

-;;v; = Hm 
N-+O'.) 

(2.8) 

or 

_ I (t,E[Ya) -B(N) 

W = - lim --:..---~---
IX tl N-+()o N (2.9) 

I { B(N)} y. - (X 

=T J~! E[Ya -AT =-' tl-

Also, it can be shown that if tl = 0'; then JV(X = O. 
Now let. us examine the input queues. Due to 

the traffic symmetry, all of the queues have 
identical behavior. For N -+ 00, the input queues 
behave like N independent single server queues. 
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The above quantities can be evaluated by the study 
of an M/G/I queue, where the service time, 
denoted by T, accounts for both the waiting time 
due to the head of the line contention and the 
transmission time of a packet. Consequently, the 
waiting time of a packet at the input buffer until 
the head of the buffer is reached, w,., is that of an 
M/G/I queue with arrival rate tl and service time T 
equal to Wex + 1. 

- tl tl T2(tl) 
Wi ( ) = 2 (I - tlT(tl» for tlT(tl) < 1 (2.10) 

where 

T (tl) = Wex (tl) + 1 (2.11 ) 

T2 (tl) = W 2 (tl) + 2 Wex (tl) + 1 . ex (2.12) 

When tl s 0';, then Wex = 0, consequently, 

- tl 
Wi (tl) = 2 (I - tl) (2.13) 

For tl > 0';, the calculation of the second moment 
of Wex is required. This turns out to be quite an 
involved task which goes beyond the scope of this 
paper. We proceed, however, by considering the 
following bounds, 

-2 W 2 w2=Q2-Q (Wex) S ex S 0 tl2 . (2.14) 

Thus, 

and 

[WC( (tl) + li s T2 (tl) 

S W~ (tl) + 2 Wex (tl) + 1 
(2.15) 

tl [ Wex (tl) + 1 i -
< w· (tl) 

2 (1 - tlT(tl)) - , 

s tl [ W[(tl) + 2 W;(tl) + IJ 

2 (1 - tlT(tl» 

(2.16) 

for tl > 0': . 

From the above discussion it follows that for 
a given load tl the total delay D(tl) of a packet 
through the system is given by 

(2.17) 

where the first term of the summation accounts for 
the waiting time at the input queue until the head 
of the queue is reached, and the second term 
accounts for both the waiting time due to the head 
of the line contention, and the waiting time at the 
output queues due to the output contention. 
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Combining Eqs. (2.1), (2.13) , and (2.16) , (2.17) 
yields 

and 

- A D(A)=-
I-A 

A A [Woe (A) + li -
~~~+ ~D(A) 
2 (1 - A) 2 (1 - A [1 + Woe (A)]) 

A A [ W; (A) + 2 Woe (A) + 1 ] 
~ + ---"'-----..,;.;---

2 (1 - A) 2 (1 - A [1 + Woe ().)]) 

3. SATURATION ANALYSIS 

(2.18) 

(2.19) 

In this section we examine the impact of the 
different out.put buffer sizes on the maximum 
switch throughput. Let us denote by p; the 
maximum throughput of the switch at saturation. 
The system is stable if and only if A < p;. Eqs. 
(2.10) and (2.11) imply that the system is stable if 
and only if 1 - A[1 + Woe (A)] ~ Let us consider 
the function ftA) = 1 - A[1 + Woe (A)]. From the 
above, it follows that ftA) > 0 \fA < p; and ftp;) ~ o. 
This implies that 1(p;) = 0, that is p; can be 
computed as the root of the function ftA). Note 
that for A = u;, 1(u;) = 1 - u; > o. Therefore, 
p; > u:. Using Eqs. (2.2) , (2.3) and (2.9) we get 

1 - p; - Q (p;) + (X = 0 

or 1 _ p. _ (p;)2 + (X = 0 
oe 2(1 _ p;) 

(3.1 ) 

or (p;)2 - 2«(X + 2)p; + 2(1 + (X) = 0 

Thus, the maximum throughput is found to be 

p; = (X + 2 - J (X2 + 2(X + 2. (3.2) 

The saturation loads, p;, along with the 
values u:, are listed in Table 1 for various values 
of (X and are plotted in Figure 2 with a solid and a 
dotted line, respectively. 

The system is stable as long as the average 
number of packets arriving in the input buffers is 
less than the saturation load. The process 
according to which packets arrive at the input 
queues has no effect on the stability of the system, 
although it does affect the delay characteristics. 

Table t. Maximum throughput for various output 
buffer sizes. 

o 
0.125 
0.25 
0.5 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

00 

. 
Uoe p; 

0.000 0.585 
0.390 0.620 
0.500 0.649 
0.618 0.697 
0.732 0.764 
0.828 0.838 
0.873 0.877 
0.899 0.901 
0.916 0.917 
0.928 0.929 
0.937 0.938 
0.944 0.945 
0.950 0.950 
0.954 0.954 
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Fig. 2 Maximum throughput vs. output buffer size. 

4. NUMERICAL RESULTS 

In this section we present theoretical re~;ults 
obtained from the analytical model and we 
compare them with simulation ones obtained for 
realistic finite switch sizes N. l~Figure 3 we plot 
the total average system delay D as a function of 
the load A, for various output buffer sizes using 
Eqs. (2.18) and (2.19) . The dotted lines indicate the 
upper and lower bounds of the average delay. 
Observe that for a load A = u; the lower bounds 
for the average delay exhibit a discontinuity with 



regard to the first derivative, which implies that the 
average delays also exhibit a discontinuity with 
regard to the first derivative. Note from Table 1 
that for 0: 2: 3, a; and p; are almost equal, up to 
the first. two digits after the decimal point. This is 
ret1ectcd in Figure 3 where the dotted curves 
become almost vertical as 0: increases. The obtained 
curves illustrate that significant delay and 
throughput improvements can be achieved by 
increasing the size of the shared output buffer. 

Figure 4 shows simulation results obtained for 
a 16 x l6 packet switch with (X = 1 and 4, 
respectively. The simulations were carried out for 
an extremely large number of events such that 95% 
confidence intervals were very small. In general the 
simulation results are in good agreement with the 
theoretical ones (depicted with dotted lines) with 
some deviations observed for loads close to the 

C1 = 0 .125.5 1 2 3 00 

10 

_ 8 

~ 

0.2 0.'1. 0.6 0.8 1.0 

Load (A) 

Fig. 3 Total delay vs. load for various shared 
output buffer sizes. 

C1 = 1 ... 

12 

-Q) 

~ 8 
"0 ., 
1 
~ <4-

Q) 

~ 

0 
0 0.2 1.0 

Load (A) 

Fig. 4 Simulation results - Total delay vs. load 
for a 16x 16 packet switch. 
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value a: and for saturation. For A > 0': the dotted 
lines indicate the lower bound of the average delay 
given by Eq. (2.19). The saturation loads in the 
two cases were found to be 0.776 and 0.906, 
slightly greater than the theoretical values of 0.764 
and 0.901, respectively. A magnification of the 
delay curves for loads around the area O'j = 0.732 
is depicted in Figure 5. This figure demonstrates 
the fact that the simulation curves approach the 
theoretical one as the switch size increases. 

The advantage of employing a shared output 
buffer over the scheme of having dedicated output 
buffers at each output port is expressed through 
the buffer reduction ratio defined next. For a given 
output buffer size b the maximum switch 
throughput is given by Ab [IJ. Let (Xb be the 
required shared output buffer size per port which 
yields the same throughput Ab' The b~ffer 

6 
.................. ANALYSIS 

--+-- 8)(8 

-Sf- 16x16 
-+- 32)(32 

0.68 

.............................. j/ 

0.72 

Load (A) 

: 

0.76 
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reduction ratio is defined as (J.b/b and is plotted in 
Figure 6 as a function of b. It demonstrates clearly 
that significant buffer savings on the order of 70% 
or more can be achieved by employing a shared 
output buffer scheme. 

5. CONCLUSIONS 

A new single-stage packet switch with 
queueing capabilities both at the input ports as 
well as at the output ports has been considered. 
This packet switch employs a combination of a 
shared queueing scheme at the outputs and at the 
same time provides additional queueing at the 
inputs. The average delay and the maximum switch 
throughput were obtained analytically. It was 
demonstrated that sharing the output queueing 
buffer among all the output ports results to a 
significantly better performance over the scheme of 
having dedicated queues at each output port. A 
modest amount of output queueing space provides 
significant delay and throughput improvements, 
and the ideal performance of infinite output 
queueing can be closely approached. 

The methodology presented in this paper for 
the analysis of the pure output shared memory 
scheme can also be used for the performance 
evaluation of some related more general schemes. 
The hybrid scheme which consists of a combination 
of shared and dedicated output queueing, and the 
restricted output shared queueing scheme which 
imposes a limit on the number of packets residing 
in the shared memory and having the same 
destination, are currently under investigation. 
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