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This paper presents a special ATM switch with buffers at the input 
trunks and analyzes the mean transfer time of packets traversing a 
multistage packet switching network composed of these switches and 
which works in a clocked or non-clocked operating mode. We applied 
three methods: Simulation, QNA (Queueing Network Analysis by 
decomposition), and a formula derived by Kruskal, Snir, and Weiss 
(z-transform for the waiting time distribution). We found that the 
mean transfer time of packets running through a network is the same 
for both operating modes and that QNA and the formula of Kruskal, 
Snir, and Weiss approximate the simulation results very well for 
large switches. 

1. INTRODUCTION 

For the future broadband ISDN it is important to adopt a flexible transfer 
mode with high transmission bit rates. Asynchronous Transfer Mode (ATM) 
techniques are discussed in this context. At present, CCITT is working on the 
standardizing of ATM (see . Ill). In ATM, the data stream produced by a terminal 
is packetized and a header is added to each packet to identify the virtual 
connection. The packets have a fixed length. In ATM, a large number of virtual 
connections is multiplexed on one trunk. 
Fig. 1 shows the structure of a packet switching network (PSN) for ATM. 
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Early work in describing these networks was done by Kumar and Jump 12/. The 
switches are the basic elements of such PSNs • Several types of switch 
architectures have been proposed. In 131 two of these types of architectures 
are compared: SWitches with FIFO buffers at the input trunk (see Fig. 2a) and 
switches with FIFO buffers at the output trunk (output queueing switches, see 
Fig. 2b). The performance of PSNs with input buffers is worse than that of 
PSNs with output buffers. However, output buffers have an significant disad
vantage: The processing rates inside the switches have to be much higher 
than on the trunks. 
Therefore, we present a new model of a switch with input buffers. 
The modifications compared with the switch described in 121 are: 

The buffers are RAM buffers. 

1.3A.5.1 
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- Each input buffer has k outlets. Thus, it is possible to transmit k packets 
simultaneously from the same input buffer to k different output trunks. If 
k is equal to the number m of output trunks, the mean waiting time of 
packets at this switch is the same as in a switch with FIFO buffers at the 
output trunks, because m packets can be transmitted simultaneously from the 
same input buffer to m different idle output trunks without blocking. In 
the following a switch with m output trunks and k outlets per input buffer 
is called a (m,k) switch. 
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FIGURE 2a FIGURE 2b 
We studied two types of arrival processes on the input trunk. In the first, 
the time between two successive packets on one trunk is a multiple of a 
'packet transmission time length I (Asynchronous Time Division = ATD). In the 
second, every value of time between two successive packets is possible. For 
ATD, we describe a clocked operating mode (clocked PSN); for the other pro
cess, a non-clocked operating mode (non-clocked PSN) of the network. We study 
the mean transfer time of packets through a clocked and a non-clocked PSN by 
simulation and two approximation methods: QNA and a formula developed by 
Kruskal, Snir, and Weiss 131 (in the following: the (KSW) formula). The 
results of the approximation methods are not as exact as those of the simula
tions. They are, however, indispensable for quick calculation, because they do 
not have the disadvantages of simulation (programming work, long execution 
times). 

2. TRAFFIC ASSUMPTIONS AND OPERATING MODE OF CLOCKED AND NON-CLOCKED PSN 

The networks discussed in this paper were studied under the following assump
tions: 

1. Arrivals of packets at the network input are independent. 
2. Packets are directed equiprobably to all network outputs. 
3. A connection between two switches (link) can carry only one packet at 

the same time. 
4. If two packets require the use of the same link, one of the packets is 

randomly selected to be transmitted, the other one is buffered in the 
input buffer. 

5. The size of input buffers is infinite (i. e.: there is no loss). 
6. Packet size: P bit; transmission rate: T Mbit/s; transmission time for 

one packet over one link: PIT s. (In a clocked system, this is the net
work cycle time.) In the following, all quantitative results are 
measured in the uni t "clock cycle". 

7. 80th networks are ideal: There is no delay between the end of a pack
et's transmission over one link and the beginning of the next trans
mission. 

We studied the network with two different arrival processes and operating 
modes (see chapter 1 ). 
Clocked PSN: The assumptions are the same usually found in literature 151: 
- The interarrival time of packets at the network inputs is geometrically dis

tributed. 
- All the switches in the network are synchronized by a single clock, so that 

packets can be transmitted in all switches of the network only at time T , 
2T ,3T ... where Tc is the network cycle time. c c c 
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t«ln-clocked PSN: 
- The interarrival time of packets at the network inputs is 'shifted negative 

exponentially' distributed, i. e.: The p.d.f. is given by 

f(t) = OA. e c or t ~ T 
{

-A (T - t) f 

otherwisec 

where A is given by the arrival rate of packets at one input. 

- All the switches in the network work as follows: 
At the moment one link between two stages becomes idle, an algorithm starts 
randomly selecting the packet to be transmitted next over this link. 

3. FIRST INVESTIGATION BY SIMULATION:THE EFFECT OF SIMULTANEOUS TRANSMISSION 
FROM AN INPUT BUFFER WITH K OUTLETS 

Fig. 3 shows the dependence of the mean transfer time from the number k of 
outlets per input buffer. This diagram is the result of simulating a 
PSN (64,8, 3) • 
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FIGURE 3 
The mean transfer time decreases with increasing k. But the differences be
tween k = 1 and k = 2 are much more higher than between k = 2 and k = 8 
(and with that for all k with 2 ~ k ~ 8), where it is very small. 
For an explanation of this effect, consider the following: Let p(k,u) be the 
probability that all outlets of an input buffer are busy, where k is the 
number of outlets per input buffer and u the utilization of the input link. If 
we assume that each outlet has the same utilization and the outlets are 
independent, then: k k 

p(k,u) (u/k) ~ (l/k) 

1.3A.5.3 
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For example: p(2,u):s 0.25; p(3,u) ~ 0.037; p(4,u) ~ 0.004. 
This shows that for k > 2, the probability p(k,u) is very small, so that there 
is no significant improvement in the mean transfer time for k > 2. These re
sults imply that two outlets per input buffer are sufficient for hardware im
plementation. 
These results can, however, also be used for theoretical considerations: 
We found that the mean transfer time of packets traversing a PSN with 
(m,k) switches with k ~ 2 is nearly the same as of a PSN with (m,m) switches 
and this is the same as the mean transfer time through a PSN with output 
queueing switches. Switches with RAM input buffers are difficult to analyze 
but a number of approximation methods can be used to analyze output queue
ing switches (see chapter 5). These results also allow us to simplify a 
(m,k) switch for considerations in the following chapter. 

4. SECOND INVESTIGATION BY SIMULATION: COMPARISON OF CLOCKED AND 
NON-CLOCKED PSNs 

We simulated a PSN(64,8,3) and a PSN(16,2,4) (both clocked and non-clocked) 
under the assumptions presented in chapter 2. The simulation showed that there 
is almost no difference between the mean transfer time of packets running 
through a clocked or non-clocked PSN (see fig. 3 and fig. 5). 
For an explanation of this result, we consider a buffer of an output queueing 
switch: 
In the clocked case, r packets may arrive at the beginning of cycle i. In the 
non-clocked case, we consider a time interval [T , T + T ], where T is the 
network cycle time in the clocked case. For compgris8n purposes we ~sume that 
these r packets arrive uniformly distributed over the interval. Let x be the 
number of waiting packets in cycle i-I (clocked case) resp. at time T 
(non-clocked case), including the actual transmitted packet. 0 
We assume x > O. In the clocked system, each of the newly arriving ·packets has 
to wait for the full transmission of x-I 'old' packets. In the non-clocked 
system the actual transmission stops at T + L with L< T • The packets 
arriving before (after) T + L have to waitOlonger (less) th~n the packets in 
the clocked case. On aver~ge the waiting times in the two systems are the 
same, because EL = T /2 and the uniform distribution of the arrival time in 
the non-clocked case: 
Similar considerations in the case of x = 0 show that the waiting time in the 
two systems are the same in most situations. There are only some rare ex
ceptions in which the non-clocked system is better. 
These considerations show the plausibility of the result described above. 

5. SHORT DESCRIPTION OF THE APPROXIMATION METHODS APPLIED 

Because of the results detailed in chapters 3 and 4, we can use the following 
two approximation methods to estimate the mean transfer time of a PSN with 
(m,2) switches. 

5.1. The Queueing Network Analyzer 

The Queueing Network Analyzer (QNA) is a software package developed at Bell 
Laboratories to calculate approximate congestion measures for a general net
work of queues. lhe queueing network of QNA is of an open network type, having 
n multiserver queueing stations with arbitrary interconnections. The general 
approach in QNA is to approximately characterize the arrival process and ser
vice times by their first two moments and then analyze the individual nodes 
separately. The nodes are analyzed as standard GI/G/m queues, partially 
characterized by the first two moments of interarrival time and service time 
distribution(see /6/). Below, we describe a QNA model of a PSN(64,4,3). 

1.3A.5.4 
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In Fig. 4, you can see four stages, each stage with four nodes and each node 
at stage i is connected with each node at stage i + 1 (i = 0,1,2). Since 
only one external arrival process is -allowed in QNA at each node, we have to 
modify 'the model so that QNA does apply. We added a ·zero stage· with dummy 
nodes that have low traffic utilization (see /7/). 
The traffic assumption (see chapter 2) allows us to reduce the PSN (64,4,3) 
to this QNA model: The utilization at any link is the same, thus it does not 
matter from which buffer at stage i a packet arrives at a buffer at stage i+l. 
The only thing that matters is that a buffer at stage i + 1 is able to receive 
packets from four buffers at stage i (i = 0,1,2 ). 
The rule used to construct a QNA model of a PSN(l,m,n) is: it has n + 1 stages 
and each stage consists of m nodes. Each node at stage i is connected to 
each node at stage i + 1 (i= O, ••. ,n - 1). 
In the QNA model, the interarrival time t of the external arrival processes is 
·shifted negative exponentially· distributed (see chapter 2). The mean M, the 
variance V, and the squared coefficient of variation c2 of this distribution 
are: 

M = (1 + c A. )1 A , V = 11 A 2 c 2 = 11 (1 + cA.) 2 • 

Since packet lengths are assumed to be constant, the service times at the 
nodes are deterministic. 
The QNA model represents a PSN with non-clocked output queueing switches. 
I-bwever, chapter 4 shows that there is only a small di fference in the mean 
transfer time of packets traversing a (m,2) switch and an output queueing 
switch. 

5.2. A Formula developed by Kruskal, Snir and Weiss 

In 14/, the authors developed a formula to be used to calculate the mean wait
ing time E(W) in the first stage of a clocked PSN with m/m switches (m input,m 
output trunks) and output buffers. Assuming that traffic is uniform and that a 
packet arrives at an input trunk with a fixed probability p at each cycle 

(1) E(W) = (1 - l/m) p I (2(1 - p)) • 

If there is no loss, probability p represents the average utilization S of 
any link. Assuming this: 

(2) . E (W) = (1 - I/m) g I (2( 1 - s» and (3) 1im E(W) = m __ oo S / (2(1 - s»· 
The limes of -E(W) is the mean waiting time of a MIOIl queueing model. 
The formula is used to estimate the mean waiting time for a clocked output 
queueing switch. Because of the results detailed in chapters 3 and 4, we 
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can estimate the mean waiting time of a (m,2) switch in the first stage of a 
clocked or non-clocked PSN by (2). What about the following stages? 
By simulating we found the mean values of the waiting time distribution at 
each stage of a retwork to be nearly the same for m ~ 8. So (2) performs the 
mean waiting time well at each stage for m ~ 8. Therefore, we calculate the 
~~~o;~~nsfer time Tn (m) of a PSN with (m,k) switches and n stages as 

T n (m) = (1 - l/m) n ~ / ( 2 ( I - g )) + n (KSW) formula 

Thus: mlim T (m) = n '? / (2(1 -.s») + n 
-00 n (M/O/l) formula 

Note: The transmission time for a packet over one stage is one clock cycle 
over n stages n clock cycles. 

6. COMPARISON OF tv£THOOS WPLIEO 

For comparison purposes, we analyzed the mean transfer time of a PSN (16,2,4), 
a PSN (64,4,3), and a PSN (64,8,3) by simulation, QNA ,(KSW), and (M/O/l) 
formula. The results are shown in Fig. 5, 6, and 7.In these figures you can 
see that the (MID/I) formula and QNA provide an LPper bound for the mean 
transfer time. Thus, QNA performs significantly better than the (MID/I) 
formula. Fig. 6 and 7 demonstrate that the (KSW) formula is the best 
approximation for a PSN(l,m,n) with m ? 4. By comparing the diagrams, it can 
be seen that the three approximation methods and simulation yield 
approximately the same value of the mean transfer time of PSNs with large 
switches. 
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7 . CONCLUSION 

Using a new switching model, we have analyzed the mean transfer time of 
packets traversing a clocked or a non-clocked PSN. 
We found that the mean transfer time of a clocked and a non-clocked PSN and of 
a PSN with (m,k) switches or with output queueing switches is nearly the same 
for k ~ 2. 
Since simulation is expensive and time consuming, we looked for analytical 
methods to approximate the mean transfer time. For a (m,2) switch the QNA and 
the (MID/I) formula provide an upper bound, the (KSW) formula is in good 
agreement with the simulation for m ? 4. 
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