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Abstract 

Throughput performance of an NxN ATM 
switch with input queueing is examined. Two 
architectures are considered: shared input 
memory and dedicated input memory. Input 
traffic streams are mutually statistically inde- 
pendent, with identical output port distribu- 
tions. Arriving cells are stored in the input 
memory. At any time slot, N cells residing in 
the memory are considered for transfer into the 
output queues. However, only cells with dis- 
tinct output addresses can be transferred into 
the output queue. We define qo as a probabil- 
ity that 0 cells arrive at the input port during 
a slot. The probability that a cell is destined 
to  an output port i is denoted as P;. Let us 
define PM = max(Pi, i = 1,.  . , , N ) .  We show 
that the maximum normalized throughput per 
port is upper bounded by (l-qO)/(N&). The 
carried throughput levels per output ports are 
also evaluated. This new bound is shown to 
be very tight for PM 2 2 / N .  We also show, 
tha t  for input queueing shared memory switch 
configurations, the same result holds also for a 
more general traffic loading model, under which 
traffc streams feeding different input ports may 
be correlated and governed by different output 
port distributions. 

1 Introduction 
Asynchronous Transfer Mode (ATM) represents a link 
layer technique which is widely considered for innple- 
mentation by high speed networks which support B- 
ISDN services. Under this technique, messages are seg- 
mented into 53-byte cells (including a 5-byte header). 
Within an ATM network, cells are statistically multi- 
plexed across each link in an asynchronous TDM fashion. 
Network connection and switching functions a t  the ATM 
cell switches are based on the use of the virtual circuit- 
switching method, under which a cell belonging to an 
established connection is identified by the Virtual Cir- 
cuit Identifier (VCI) of that connection. ATM networks 
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(their links and switches) are designed to operate a t  very 
high speeds, in the multiple-gigabit/sec range. An ATM 
network must be configured to provide bandwidth on- 
demand through efficient multiplexing of bursty traf- 
fic streams accross the network links and through fast 
switching operations a t  the switching nodes. 

A wide multitude of cell switching architectures have 
been investigated and implemented. Output queueing 
switch fabrics contain buffers a t  the output ports. The 
switch master clock is accelerated to operate a t  N times 
(or lower for certain designs) the input port speed so 
that during each clock cycle all incoming N cells can be 
switched to their destined port(s) and stored a t  the cor- 
responding output buffers. Under output-uniform load- 
ing (i.e., the cell’s destination port is selected in ac- 
cordance with a uniform distribution) such a switching 
system yields a throughput capacity c 100% (i.e., the 
throughput rate per port is equal tc. che speed of the 
incoming/outgoing line). However, a significant imple- 
mentation penalty is imposed by the accelerated speed 
a t  which the switching fabric must operate. 

Under an input-queueing ATM switch architecture, 
the fabric clock operates a t  the line speed (or close to it). 
Arriving cells are stored in dedicated (per input port) or 
shared (by all input ports) memory units. We represent 
each clock cycle as a time slot. During each time slot, 
at most N stored cells, each destined for a distinct out- 
put port, are selected by the switching fabric and trans- 
ported to their corresponding output lines. Such switch- 
ing systems can be implemented in a cost effective man- 
ner using VLSI technology. Studies ([1],[2],[3],[4]) show 
the throughput capacity per port of an input queueing 
switch (under a dedicated or a shared memory config- 
uration ) to be close to 0.586 under an output-uniform 
traffic loading pattern. This reduction in throughput 
performance is caused by the head-of-the-line blocking 
phenomenon ([2]) induced by the input-queueing opera- 
tion ( under which the destination-distinct cells chosen 
for transfer to the output in each cycle must be selected 
from those N cells which are positioned a t  the head of 
the corresponding queue(s) ). 

the case that incoming traffic streams select their des- 
tinations in a highly non-uniform fashion. Induced by 
burst occurrences across input lines, such non-uniform 
destination-oriented patterns can last for noticable peri- 

Under practical operational conditions, it is commonly 
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ods of times, as well as change orientation from period 
to period. 

The purpose of this paper is to investigate 
the throughput performance of input-queueing ATM 
switches, both dedicated memory ancl shared memory 
systems, under non-uniform traffic lo,ading conditions. 
In Section 2. we describe the swit'ch and traffic model 
under consideration. In Section 3. we present through- 
put analysis. Examples and discussion is prescnted in 
Section 4. Conclusions are given in Section 5. 

2 Model Description 

In this section we outline the architectural elements of 
the dedicated and shared memory input-queueing switch 
systems. We also introduce the non-uniform traffic load- 
ing model. 

2.1 I n p u t - Q u e u e i n g  S h a r e d  Memory Switch 

At the switch input lines, arriving cells are transferred 
to a shared input memory and are stored there in suc- 
cessive cell-buffer locations ([4]). If ix cell has multi- 
ple destinations, multiple copies of' the cell, each with 
its own corresponding output address, are created and 
stored in the shared memory. At the start of each time 
slot, the cells which are located at the top N positions 
of the shared memory are considered for transfer. We 
identify the buffer containing these top N cells as the 
service buffer. Only a single cell per each output port 
can be removed from the service buffer at  the start of 
each time slot. The selected cells, are removed from the 
service buffer and routed (by the non-blocking switch- 
ing system) to their destination ports. The cells a t  the 
service queue which were not selecteld for transfer are PO- 
sitioned (fedback) to the top of the service buffer. Dur- 
ing the next time slot, the service bufTer is refilled with 
cells positioned in tlie shared memory a,t subsequent top 
locations. In such a manner, a FIFO policy, over each 
output port, is implemented. 

2.2 I n p u t  Q u e u e i n g  Dedicated M e m o r y  Swi tch  

An input-queueing dedicated memory switch operates 
as follows. During a time slot, a t  most a single cell may 
arrive across each incoming line (i.e., either 0 or 1 cells 
arrive across each input line during a slot) . Each input 
line has a dedicated memory where i f s  incoming cells 
are stored. At the start  of each time slot, the switch 
controller examines the destination addresses of each cell 
positioned a t  the head of the queue of its incoming line. 
Out of the N cxamincd top positions al, the N incoming 
queues, only a single cell is selected for each output port. 
Thus, if k cells are destined to the same output port, only 
a singlc one is selected and the remaining k-1 stay in their 
queue locations. In each input queue, a FIFO order is 
preserved (so that following the removal of a selected 
cell, the next cell in line is positioned at the head of the 
queue). The selected cells are fed into a non-blocking 
switching fabric which routes them to their destination 
lines. In this manner, each output port is fed with no 
more than a single cell per slot. 

2.3 Traffic Model 
The following traffic model is assumed for the analysis 
of both shared memory and dedicated memory input- 
queueing switch systems. A more general traffic model 
can be applied for the analysis of a shared memory input- 
queueing switch, as presented in Section 3.1. Each in- 
put port is loaded by an independently arriving stream 
of cells. During each time slot, a t  most a single cell 
arrives at an input port. Ccll arrivals arc statistically 
independent from slot to slot and are mut,ually indepen- 
dent among input ports. 

We assume cells a t  different input ports to be governed 
by the same stationary output port distribution. We 
define the following probabilities: qo is a probability that 
0 cells arrive at the input port during a slot, Pi is a 
probability that there is a cell arriving a t  an input port 
during a slot and that this cell is destined to output port 
i,  i = 1 , .  . . , N ,  ciz0 Pi = 1-qo,  and PM = ma.x(P;,i = N 

1, . . . ,  N ) .  

3 Throughput Analysis 
In this section we present throughput analysis for both 
shared memory and dedicated memory input queueing 
switch systems. 

3.1 I n p u t - Q u e u e i n g  Shared M e m o r y  Swi tch  
In this section we derive a bound on the normalized 
throughput of the input queueing shared memory ATM 
switch. This bound is shown to be very tight when the 
traffic destination pattern is imbalanced. We also de- 
rive bounds on the attainable throughput levels for each 
output port. 

In case of input-queueing shared memory ATM switch, 
the traffic model applied can be quite general. We as- 
sume arbitrary stationary cell arrival processes. There 
is a t  most a single cell arival during each time slot. It 
is not necessary to assume that cell arrivals a t  an  input 
port are independent from slot to slot. It is not neces- 
sary also to assume that cell arrival streams at different 
input ports are mutually independent, or are character- 
ized by the same statistics or tlie same destination port 
distribution. The cell output port distribution is charac- 
terized by the probabilities {Pi ,  i = 1,. . . , N } ,  where we 
now define P, as follows. We select a t  random an input 
port and a time slot. We set Pi to denote the proba- 
bility that  during a slot a cell arrives a t  this port and 
that this call is destined to output port i. The proba- 
bility that  0 cells arrive a t  this port and slot is denoted 
as QO. Note that these probabilities are independent of 
the selected time slot and input port. We also define 
r), = rnax(P,,i = 1 , .  . . , N ) .  

Since our objective in this paper is to  evaluate 
the maximum throughput capacity of the considered 
switches, we assume that tlie shared buffer queue is al- 
ways non-empty. This assumption is equivalent to the 
condition PM > l/N,which causes offered throughput 
for output M,  N P M ,  to be larger than 1. Note that 
overall offered normalized throughput may still be less 
than 1. We set AY to denote the total number of cells 
destined for output port i that arrive accross all input 
lines during the n-th time slot. The total number of 

128 

Authorized licensed use limited to: Univ of Calif Los Angeles. Downloaded on March 4, 2009 at 01:46 from IEEE Xplore.  Restrictions apply.



cells which have arrived during slots 1 , .  . . , n, and are 
destined for output port i ,  denoted as SAY, is given by, 

n 

SAY = A: 
k = l  

We select a slot n such that A L  > 0, i.e., sorne of 
the cells that have arrived during slot n are destined for 
output M. These cells are stored in the shared memory 
buffer. Let us tag the last cell destined for output M, 
that has arrived during slot n. We observe the departure 
time of this tagged cell, denoted as D&, to satisfy the 
following inequality: 

n 

i = l  

Inequality (2) clearly holds because only one cell per 
slot can be transmitted over a single output line not- 
ing the FIFO schedule applied across each input port. 
Equality holds if a single cell transmission has taken 
place across output port M during each slot precleding 
the transmission of the' tagged cell. We set Rj to denote 
the total number of cells destined for output port j that 
are ahead of the tagged cell and therefore will enter the 
service buffer before the tagged cell. We observe that 
Rj _< SAY. Also, note that the maximum number of 
cells that may enter the service buffer between the in- 
stant that the tagged cell enters the service buffer and 
the instant when the tagged cell departs is equal to N. 
(This is proven by noting that the longest stay of the 
tagged cell in the service buffer occurs when all N-1 cells 
in this service buffer ahead of this cell a t  its entrance 
time are destined to output port M. In this case, the 
tagged cell will reside in the service buffer for N slots, 
a t  which time N new cells will enter the service buffer.) 
Thus, we conclude that the maximum number of cells 
destined for an output port j ,  that have departed before 
LI& is equal to SAY+N. Using Equation (2), we conclude 
that the throughput across output port j ,  over D L  time 
slots, denoted as T , satisfies the following relation, 

If we now let n -+ CO, we obtain the following upper 
bound on the attainable throughput across output port 
j ,  q = limndm T, ( a s ) ,  

'Yhc total switch throughput Ievcl, 'l', cxpressing thc 
cell throughput across all output ports, then satisfies, 

The overall throughput per output port, given aa T / N ,  
is therefore upperbounded by (l-qo)/(NPM). 

We thus conclude that for a shared input memory 
switch architecture, the key traffic feature dictating the 
switch's attainable throughput level is the output port 

distribution of the cells residing in the sliared memory. 
These results are summarized in the following Theorem. 

Theorem 1 
Consider an input queueing shared memory ATM 

switch under imbalanced input traffic loading. Define 
Pi as a probability that during a randomly selected time 
slot a cell arrives at a randomly selected input port and 
that this cell is destined for output port i. Define PM 

Define qo as the probability that during a randomly se- 
lected lime slot, 0 cells arrive a t  a randomly selected in- 
put port. The total switch throughput level, T, is then 
upperbounded by (1 - q o ) / P M .  The throughput accross 
output port i is upperbounded by Pi/Pfi{. 

3.2 Input -Queueing  Ded ica t ed  Memory Switch 
In this section we show that the result derived in the pre- 
vious section holds also for a dedicated memory input- 
queueing switch architectures. Wc show that thc two 
input queueing architectures, modeled as queueing sys- 
tems, exhibit stochastically identical throughput perfor- 
mance, under the traffic loading pattern defined in Sec- 
tion 2.3. For this purpose, let us denote as B: the num- 
ber of packets contending for transfer to output port i 
during slot n, under both architectures. For a dedicated 
input memory switch, we set CF to denote the number 
of cells moving to the head of the input queues during 
the n-th time slot and destined for output port i. A cell 
is moved to the head of an input queue when there was  a 
cell departure from that queue during the previous time 
slot. Assume an input queue to be always non-empty. 
For a shared input memory switch, Cr is set to repre- 
sent the number of cells entering the service buffer during 
n-th time slot and destined for output port i. From the 
operational definition of the two switching systems, we 
readily conclude the following equations to hold for both 

as follows: P M  = " ( P i , i  = l , . . . , N ) ,  PM > 1/N.  

systems: 

B: = maz(0, BY-' + Cr - 1) 
where, 

Prob(C;" = k )  = ( ) p / ( l -  pi)Fn-l-k, 

k = 0 , .  . . , Fn-l 
and where Fn-l represents the total number of 
that deDarted from the innut memory (sha.red or 

( 6 )  

(7) 

cells 
ded- 

icated) 'during the (n-1)st' time slot. - For a dedicated 
input memory switch archit,ecture, Fn-l represents the 
total number of new cells moving to the head of the 
input queues duriiid the 11-tli time slot. k'or a sliared 
input memory switch architecture, Fn-l represents the 
total number of cells moving into the service buffer dur- 
ing n-th time slot. Since cell arrivals a t  input ports are 
statistically independent from slot to slot and are mu- 
tually independent among input ports, the variable Cy 
follows the binomial distribution presented in Equation 
(7). The switch throughput performance is dictated by 
the statistics of Bn=(Br, .  . . , Bh). This is shown by ob- 
serving that the switch throughput level T, expressed as 
T = lim+m $ E(Fk) ,  and F,, is given by, 

129 

Authorized licensed use limited to: Univ of Calif Los Angeles. Downloaded on March 4, 2009 at 01:46 from IEEE Xplore.  Restrictions apply.



N 

i=l 

where I(p) = 1 if p is true and I(p) := GI if p is false. 
As a result, we conclude the two input-queueing systems 
to exhibit the same throughput performance under the 
assumed traffic loading conditions. We can therefore ap- 
ply the upper bound presented in Thelorem 1 to bound 
the throughput performance of dedicated memory switch 
systems. We have thus concluded the following. 

Theorem 2 
Consider an input queueing dedicated memory ATM 

switch under imbalanced input traffic loading, defined 
in Section 2.3. The  switch throughput level, T, is then 
upperbounded by (1 - qo)/PM. The throughput accross 
output port i is upperbounded by P ~ / P M .  

4 Examples 
It has been shown ([1],[2],[3],[4]) that  an input-queueing 
ATM switch, under uniform traffic loading, patterns, has 
a maximum normalized throughput equal to 0.586 (as 
N - +  CO). This throughput level is close to 0.586 when 
N is even moderately large. Let us examine how im- 
balanced the traffic pattern needs to be so that one 
can assess the tightness of the derived bound. In the 
case of a uniform destination port distribution, we have 
Pi = PM = l / N , i  = 1,.  . ., N .  Under imbalanced traf- 
fic loading conditions PM is larger thain 1,IN. Hence, we 
express i t  as follows: 

(9) 
where 6 > 0. Using Equation (5), the throughput per 
output port, denoted as T O ,  then satisfies the following 
inequality, 

We observe that for 6 2 1, the throughput per out- 
put port is lower than 0.58, so that  the effect of traffic 
imbalance is already noticable. Note that this effect is 
independent of the switch size. 

’ -1 0.5 

0.45 \ Doltsdlh.Band 

0.15 ’.? 

Figure 1 shows the throughput perfolrm,ance of an 8x8 
input queueing ATM switch as a function of the PM 

level. Note that the bound is very tight for 6 2 1 (i.e., 
PM 2 2/N = 0.25). For 6 < 1, we have PM x 1 / N .  In 
this case, the throughput capacity per port is close to 
0.58 as shown in [3] for the uniform output port distri- 
bution case. 

Figure 2 shows the throughput performance for the 
8x8 input queueing shared memory ATM switch under 
the following traffic loading. We define Pj; as a proba- 
bility that  during a randomly selected slot there is a cell 
arrival at  the input port j, destined for output port i. 
The probability Pi, defined in Section 3.1, is then given 
by, 

N 

Pi = Pji ( 1 1 )  
j=1 

For this example we initially set: 

P11 = 1, Pli = 0 ,  i = 2, . . . , N 
P21 = 1 ,  P2i = 0 ,  i = 2, . . . , N 
P3i = 0 , i  = 1 , 6 , 7 , 8 ,  
P32 = P33 = 0.2, P34 = 0.1, P35 = 0.5 

P4i = O , i =  1 , 6 , 7 , 8 ,  

P42 = P43 = 0.2, P44 = 0.1, P45 = 0.5 

Psi = 0 , i  = 1 , 2 , 7 , 8 ,  

0 P53 = P54 = 0.2, P55 = 0.1, P56 = 0.5 
P6i = o , i =  1 , 2 , 7 , 8 ,  
P63 = P64 = 0.2, P65 = 0.1, P66 = 0.5 

0 P7; = O , i =  1 , 2 , 3 , 8 ,  
P74 = P75 = 0.2, 4 6  = 0.1, P77 = 0.5 
Psi = 0 ,  i = 1,2,3,4, 
Pa5 = P86 = 0.2, Pa7 = 0.1, Pas = 0.5 

It can be observed that  PM = PI = 2/8. In subse- 
quent runs we increase PI as follows. In run number 2 
we set P35 = 0 and P31 = 0.5. In run number 3 we set 
P45 = 0 and P41 = 0.5, without changing the remain- 
ing probabilities from run 2. Similarily, in ‘run number 
4 we set P56 = 0 and P5l = 0.5, in run number 5 we 
set p66 = 0 and p61 = 0.5, in run number 6 we set 
P77 = 0 and P71 = 0.5, and finaly in run number 7 we 
set Pa8 = 0 and = 0.5, without changing the remain- 
ing probabilities from previous run. It can be calculated 
that in runs 1 through 7 PM = P1 takes the values 0.25, 
0.3125, 0.375, 0.4375, 0.5, 0.5625, 0.625, respectively. 
One can observe that the two curves in Fig. 2, one rep- 
resenting the overall throughput per output  port that  
was measured during simulation and the other one rep- 
resenting the upper bound on the overall throughput per 
0utpu.t port expressed by Equation ( lo) ,  coincide. The 
reason that the upper bound formula becomes an exact 
throughput expression is explained as follows. There are 
two input streams that  generate (with probability one) 
cell arrivals destined to output port 1 during every time 
slot. This guarantees that  there is always at  least one cell 
destined to output port 1 resident in the service buffer. 
Hence, exactly one cell transfer to output port 1 is tak- 
ifig place every time slot. Therefore, expression (2) and 
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subsequently expression (5) both hold with the equality 
relation satisfied. 

5 Conclusions 
The throughput performance of input queueing dedi- 
cated and shared memory ATM switch architecture, q un- 
der imbalanced traffic loading is examined. For an input 
queueing dedicated memory ATM switch, traffic streams 
loading input ports were assumed to be statistically iden- 
tical. Cell arrivals are independent from slot to slot and 
are mutually independent among input ports. A tight 
bound on the maximum attainable overall throughout, 
as well as a bound on the maximum attainable through- 
put per output port is obtained. For an input queueing 
shared memory ATM switch, more relaxed traffic load- 
ing conditions are assumed. General stationary traffic 
loading processes are considered. Cell arrivals a t  an in- 
put port can be correlated from slot to slot. In addition, 
cell arrivals at different input ports can also be corre- 
lated. We show that  the same throughput bounds de- 
scribed above for the input queueing dedicated memory 
switch also hold for the input queueing shared memory 
switch system. We demonstrate this bound to be very 
tight when non-uniform cell destination distributions are 
considered. 
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