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A new class of switching architectures for broadband packet networks, called Shuffleout, is introduced in this 
paper. Its interconnection network is a multistage structure built out of unbuffered 2x4 switching elements. 
Shuffleout is basically an output-queued architecture in which the number of cells that can be concurrently 
switched from the inlets to each output queue equals the number of stages in the interconnection network. 
The switching element operates the cell self-routing adopting a shortest path algorithm which, in case of con
flict for interstage links, is coupled with deflection routing. The architecture presented here is called Open
Loop Shuffleout, since the cells that cross the whole interconnection network without entering the addressed 
output queues are lost. A different version of this architecture, called Closed-Loop Shuffleout is described in a 
companion paper. The key target of the proposed architecture is coupling the implementation feasibility of a 
self-routing switch with the desirable traffic performance typical of output queueing. 

1. INTRODUCTION 

In the eighties we have witnessed to a continuous evol
ution in the classes of switching architectures proposed 
for broadband packet switching. A common feature to 
virtually all of these proposals is the adoption of the 
Asynchronous Transfer Mode (ATM) technique [1]. 
ATM consists in transferring infonnation units through 
the network in fixed size units, called cells, each con
taining 48 bytes of user infonnation and 5 bytes of 
network overhead. It is generally agreed that the bit 
rate of each link entering a switching fabric should be 
on the order of about 150 MbitJs. Thus the cell process
ing within an ATM switching fabric cannot exceed the 
transmission time T of a cell, that is called slot (it lasts 
about 2.7 Ils). 

This time constraint, together with the very high 
throughput required to an ATM switch (hundreds of 
Gbit/s), called for the adoption of self-routing intercon
nection networks as the core of the ATM switching 
fabric. These networks, usually called banyan (or delta) 
networks [2] are based on a multistage structure built 
out of smaU switching elements (SEs) with size kxk, 
with k equal to a power of 2 (usually k=2). The basic 
feature of these SEs is their autonomous capability to 
route the received ceUs towards their respective outlets 
based on the status of one bit of the outlet address 
carried by the cell (bit-based self-routing). The SE struc
ture is very simple, i.e. on the order of tens of gates. The 
basic banyan network with N inlets and N outlets in
cludes m=log2N stages of2x2 SEs, so that only one path 
exists per inlet-outlet pair. Since different 110 paths are 
not disjoint, some additional mechanisms are needed to 

limit the cell loss due to cell collisions in interstage links 
common to different 110 paths. 

Two solutions have been proposed to overcome this 
problem: providing each SE with buffers or arranging 
the cells offered to the banyan network in such a way 
thatco11isions never take place. The former solution was 
adopted in the fabric-buffered proposals described in 
Refs. [3,4]. With the second solution, a sorting network 
precedes the banyan network so as a conflict-free cell 
pattern is offered to the banyan network in each slot. 
Received cells that do not satisfy this condition are 
stored either at input queues [5] or in a logical shared 
buffer [6]. Different types of drawbacks characterize 
each of these proposals, e.g. SE complexity in fabric-buf
fered solutions, throughput limitations in input-queued 
switching fabrics, significant increase in the total num
ber of switching stages in the interconnection network 
in the shared-queued solution. 

An optimal traffic performance can be provided by a 
pure output-queued solution, as proposed in Ref. [7], in 
which N conflict-free paths connect each inlet to all the 
N outlets. Thus each outlet interface is potentially able 
to receive concurrently up to N cells, one from each inlet. 
Even if concentrators are used to reduce the number of 
concurrent packets that can be received by each queue, 
this solution corresponds to an "internal speed-up" 
equal to N. Apparently, the price to pay in this solution 
is the hardware complexity of the interconnection net
work related to the maximum speed-up value adopted 
in the switching fabric. 

Solutions that take fun advantage of the hardware 
simplicity and self-routing capability of un buffered SEs 
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are also proposed that adopt a sman internal speed-up, 
say less than 10. A sorting-banyan structure is gener
ally proposed in these cases that adopts output 
queueing together with input queueing in Hefs. [8,9] or 
with shared internal queueing in Hef. [10]. Traffic per
formance is improved in these solutions compared to 
architectures without speed-up at the expense of an 
increased hardware complexity of the overall intercon
nection network. 

In this paper we propose a new class of ~T~ switchin~ 
architectures called Shuffieout [11], WhICh IS a multI
stage self-routing structure based on output queueing. 
It accomplishes an internal speed-up greater than that 
characterizing the mentioned mixed queueing 
strategies in order to obtain quasi-optimal performance, 
but sti111ess than N so as to limit the hardware com
plexity. The SE operates an address.based.cell self-rout. 
ing, that is in general more complex to be Implemented 
than the bit-based self-routing of banyan networks. 
Nevertheless, by fully exploiting the properties of.the 
shuffle pattern adopted in each interstage connectIOn, 
the SE complexity is not increased significantly. Shor
test-path routing is applied to cells recei~ed in ea~h S~, 
which is internally unbuffered. Deflection routing IS 
also applied in case of path conflicts within the inter
connection network in order to minimize the cell loss. 

Two alternative architectures of Shuffieout switches 
have been conceived, the Open-Loop Shuffieout switch 
(OSS) and the Closed-Loop Shuffieout switch (CSS). 
Cells that have not reached the desired output queue 
after crossing the whole interconnection network are 
lost in the former switch and recirculated within the 
network in the latter switch. This paper describes the 
OSS architecture, whereas the CSS architecture is stu
died in a companion paper [12]. The structure of the 
interconnection network is described in Section 2, 
where in particular the shortest-path routing and .de
flection routing algorithms are presented. An analytical 
model is developed in Section 3 to evaluate the perfor
mance of the OSS and the obtained results in terms of 
cell loss probability and cell delay are reported in Sec
tion 4. 

2. SWITCH ARCHITECTURE 

2.1 Network structure and routing algorithm 

The basic structure of the NxN Open-Loop Shuffleout 
interconnection network is represented in Fig. 1 for 
N=8. It includes a number 8 of stages of 2x4 switching 
elements (SEs) with adjacent stages interconnected by 

a shuffle connection pattern. Each stage includes ~ 
. N 

rows of SEs, rangIng from row 0 to row 2' - 1. The N 
switch inlets are connected to the N inlets of the first 
stage whereas each of the N switch outlets is termi
nated by an output queue. Each of these queues is fed 
by cells received on S links, one per stage. Thus, each 
SE is connected to two output queues: the SE in row i is 
connected to output queues 2i and 2i+l. Each .SE in 
stages 1 to 8-1 is also connected to two SEs m the 

following stage. The packets entering the SEs of stage 
8 that are not routed to the output queues are lost. 

Fig. 1 - The Open-Loop 8huflleout structure 

In order to perform the routing function, each SE needs 
some information about the switch outlet required by 
the cells. Therefore, cells are provided with an addi
tional header field, called tag, containing the address of 
the required switch outlet. If the network size isN, the 
tag is made of a m =log~ bit string. The cell routing 
within the interconnection network adopts jointly two 
distinct criteria, i.e. shortest path and deflection routing . 
A SE always attempts to route the packets ~eceive~ on 
its inlets along the shortest path to the reqwred SWItch 
outlet. The length of the shortest path (that is the 
distanceofa cell to the required switch outlet) is defined 
as the minimum number of interstage hops needed to 
reach the required switch outlet. The cell distance ran
ges from 0 to m-I hops. If the packet address matches 
(does not match) with one of the switch outlets reach
able through the SE, itis said to require a local (remote) 
switch outlet. A packet requiring a local switch outlet 
in the SE is routed to the appropiate output queue. The 
same rule applies if two packets entering the SE are 
addressed to two distinct local switch outlets. If both -
packets require the same local switch outlet, or if the 
shortest path route to the r~quired rem~te switch ou~let 
implies choosing the same mterstage hnk, a def1ec~IOn 
routing is applied. The packet clo~st to th~ reqUIred 
switch outlet is routed along the lInk belongIng to the 
shortest path while the other packet is routed along the 
other link. If the two packets have the same distance to 
the required switch outlets, a random choice is carried 
out. 

An example of packet routing i~ shown in Fig. 2. I~ ~he 
first stage the SE in row 2 receIves t~o cells reqUl~ng 
the remote switch outlet 0 and the SE In row 3 receIves 
two cells requiring the remote switch outlet 1. In both 
SEs a conflict occurs for the upper interstage link. Both 
cells to be routed by the SE in row 2 have a distance d=l 
hop to switch outlet 0, therefore a random choice is 
carried out by routing the cell in inlet 4 along the 
shortest path and deflecting the other cell. Both cens to 
be routed by the SE in row 3 have a distance d=2 hops 
to switch outlet 1 therefore a random choice is carried 
out. Two deflected cells reach simultaneously the SE in 



the third stage in row 2. Both shortest paths follow the 
upper interstage link, therefore a conflict occurs. One 
more time the cells have the same distance to the 
required switch outlets and the random choice is per
formed. The cell that has undergone two deflections 
cannot reach the proper switch outlet within the fourth 
stage of the network, and it is lost. 
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Fig. 2 - An example of cell routing 
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Let 't denote the SE latency, that is the time it takes for 
a packet to propagate throu§h a SE. A packet reaching 
the output queue from the st stage (8=1 ... S) undergoes 
a network delay of s't. Therefore, packets simultaneous
ly entering the switch may reach the output queues at 
different times. Synchronization of arrivals at the out
put queues is guaranteed by imposing an additional 
delay of(S-s)'t to the cells exiting the network from stage 
8. In such a way cells entering the network at time to 
reach the output queues at time to+S 'to This operating 
mode implies that the Open-Loop Shuffleout switch 
implicitly guarantees packet sequence integrity. 

2.2 Switching element structure 

The structure of the 2x4 SE is represented in Fig. 3. The 
tags of the incoming cells are transmitted to the blocks 
which compute the distances (the distance computing 
blocks) and identify the SE outlets belonging to the 
shortest paths (the SE outlet identifiers). The output of 
the distance computer is a set of m lines: if a cen is d 
hops distant fr~ the required switch outlet, all the 
lines but the d t are set to low. The output of the SE 
outlet identifier is a line that is set to low either if the 
shortest path to a remote switch outlet follows the upper 
interstage link, or if the cen requires the even local 
switch outlet. In the remaining cases, i.e. ifthe shortest 
path to a remote switch outlet follows the lower inter
stage link or if the cell requires the odd local switch 
outlet, the line is set to high. Using the outputs of the 
described blocks, the commutation logic block computes 
the proper setting of the output demultiplexerslmulti
plexers, according to the specified routing scheme. The 
cells enter the output section from two delay lines; the 
delay is the sum of the tag reading time, the distance 
computing time, the SE outlets identifying time and the 
output demultiplexerslmultiplexers setting time. 

OUTPUT DEMUXlMUX 

Fig. 3 - The 2x4 switching element structure 

2.2.1 The distance computing block 
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The distance computing block is the core of the SEs, it 
is represented in Fig. 4 for N=16.1t receives the cell tag, 
composed of four bits: U3 U2 U1 UO, from the most signi
ficant to the least significant. The first three bits repre
sent the row number of the SEs connected to the re
quired switch outlet. The bits i3 i2 i1 represent the row 
number of the SE which is routing the cen. The output 
ofthe distance computing block is a setofm lines, called 
the E lines. If the distance is d hops, all the E lines but 
the d t are low. 

• • • U3 U2 Ul 

Fig. 4 - The distance computing block for N=16 

Performing a one-stage hop within a shuffle connection 
pattern means that a cell leaving a SE in row im.1 im-2. 
•• i1 can reach SEs in rows im -2 im-3 • •• im-1 or (im-2 i m-3 
... im-1) XOR (0 0 .•. 0 1). Therefore the shuffle 
connection pattern operates on the address bit strings 
by a one-bit left rotation and, if necessary, an XOR sum 
with 1. Computing the minimum distance corresponds 
to evaluating the minimum number of shuffle steps 
needed to make the string im -1 i m -2 • •• i1 coincide with 
Um-1 Um-2 • •• U1. If the distance is 0 the outputs of the 
three XORs determining the status of DO are high, since 
u3=i3, u2=i2, U1 = il. Therefore, when the distance is 0 
the line Do is high. If the distance is 1 the outputs of the 
two XORs determining the status of Dl are high, since 
u3=i2, u2=i1, therefore the lineD1 is high. If the distance 
is 2 the line D2 is high, since u3=i1. If the distance is 3 
no one of the described conditions is true, therefore the 
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lines Do throughD2 are low; the shaded block recognizes 
this particular condition, and sets the line E3 to high. 
It may happen that more than one of the D lines is high, 
Le. when the two strings are 0 0 O. In this case the 
shaded network recognizes the high line corresponding 
to the lowest distance and sets to high the proper E line. 

2.2.2 The SE outlet identifier 

Once the distance is computed, the SE can identify the 
outlet belonging to the shortest path. In Fig. 5 it is 
represented an example of outlet computer, in the case 
of N=16. The outlet identifier receives the E lines (from 
Eo to E3) coding the cell distance, the U lines (from Uo 
to U3) representing the required switch outlet and the 
13 line, the most significant bit of the string identifying 
the row number of the SE which is routing the cell. If 
the cell distance is 0 (Eo=l) the output line is set to high 
if the cell requires the odd local switch outlet (Uo=I); it 
is set to low if the cell requires the even local switch 
outlet. If the cell distance is d>O, the cen must perform 
d interstage hops to reach the required switch outlet. 
The row address of the SE connected to the required 
swi tch outlet is computed by applying d left rotations to 
the string i3 i2 il (eventually each left rotation can be 
followed by an XOR sum with 1). After d rotations i3 
corresponds to Ud, therefore if i3 equals Ud the row 
address of the required remote SE is given by a left 
rotation, in the other case by a left rotation followed by 
an XOR with 1. If the SE which is routing the cell 

belongs to a row from 0 to ~ - 1 (i3=0) the simple left 

rotation corresponds to the choice of the upper inter

stage link; if the SE belongs to a row from ~ to ~ - 1 

(i3=1) the left rotation followed by the XOR operation 
corresponds to the choice of the lower interstage link. 

13 

EO 

Fig. 5 - The SE outlet identifier for N=16 

2.2.3 The commutation logic 

The commutation logic block (CLB) reads the distances 
of the cells to be routed, and the SE outlets correspond
ing to the shortest paths. It routes the cens accordi ng to 
the following scheme: 
- Both SE inlets are idle: the setting of the output 

demultiplexerslmultiplexers is indifferent. 
- Only one cen to be routed keeps a SE inlet busy: 

- if the cell distance is d=O, the CLB routes the cell 
towards the proper switch outlet. 

- If the cell distance is d>O, the CLB routes the cell 
towards the next stage, along the shortest path. 

- Two cells to be routed: 
- if no conflict occurs, the CLB routes the cells 

towards the next stage along the shortest paths 
(eventually towards the proper local switch 
outlets). 

- If a conflict occurs: 
- if the conflict is for an interstage link, the CLB 

routes the lower distance cell along the shortest 
path and deflects the other. Ifboth cells have the 
same distance to the required switch outlet, the 
CLB adopts a random choice. 

- If the conflict is for a local switch outlet, the CLB 
adopts one more time the random choice 

2.2.4 Switching element complexity and routing delay 

Although the cell routing requires a rather high process
ing degree in the SEs, the gate count of these elements 
is not much larger than the gate count of the classic SEs 
performing bit routing or address routing. For N=16the 
distance computing block requires less than 20 gates, 
while the outlet identifier requires less than 10 gates. 
A few gates are required by the commutation logic block 
and the output multiplexersldemultiplexers, for a total 
gate count on the order of 100. The complexity of the 
SEs depends on N: the distance computing block re
quires approximately m2 gates, while the complexity of 
the other blocks does not vary considerably. Therefore, 
the total gate count for a SE withN = 1 024 is on the order 
of 200. 

The cell routing time within the SE requires at least a 
tag reading time (m bit times). The distance computing, 
the outlet identification and the output demultiplex
erslmultiplexers setting time require a few gate delays 
(Le. approximately 10 for N=l6). 

3. PERFORMANCE ANALYSIS 

The parameters we use to evaluate the performances of 
the Shuffieout switch are the cell delay, that is the time 
it takes for a cen to cross the switch, and the cell loss 
probability. The cell loss includes two components: the 
network loss (the cells that cannot reach the required 
switch outlet within the sth. stage) and the output queue 
loss. Also the cell delay includes a network delay an 
output queue delay. The performance analysis of the 
Open-Loop Shumeout has been carried out developing 
an analytical model, whose acouracy has been tested by 
comparing the results with those provided by simul% 
tion. The analysis is recursive: the load of the s+i 
stage is computed using the load of the stlt. stage. There
fore, starting from the first stage whose offered load is 
known, we can compute the load of all the stages of th~ 
network. The load that would be offered to the 8+1' 
stage gives the network cell loss probability. The ana
lysis has been carried out under the hypothesis of a 
purely random traffic offered to the switch. That is cell 
arrivall!l on SE inlets are independent and each cell il!l 



likE'ly to require any remote SE outlet (or local SE outlet 
if the CE'll distance is 0) with equal probability. 

3.1 The analytical model of the network 

Let ps be the load of the 8 th stage of the network; PI is 
the mean traffic offered to the network. Moreover, let 
qS,d be the load of the 8 th stage, due to the cells d hops 
far from the required switch outlet. The load p. and the 
distribution q.,d are related by the following equation: 

m-I 

ps = I q',d 
d=O 

(1) 

The recursive equation relatingps+l with ps is drawn as 
follows. A tagged cell can exit the network from stage 8 

only if it is 0 hops far from the required switch outlet. 
Furthermore one of the following conditions must be 
true: 
- the cell is the only one to be routed by the SE, 

therefore no conflicts can occur, 
- the SE receives another cell with distance d>O, 
- the SE receives another cell with d=O and: 

- no conflict occurs for the same local switch outlet 
or 

- a conflict occurs, but it is won by the tagged cell, 
due to the random choice algorithm. 

These conditions are formally described by the equa
tion: 

[ 

m-I j 
ps+l = ps - qs,o (I - Ps) + I qs,d + ~ qs,o 

d=l 

(2) 

(in this paper the result of a sum is set to 0, if the lower 
index is greater than the upper index in the sum). 

To proceed the iteration from the first stage to the 8 th 

stage, we also need a set of equations relating the qs+l 
distribution to the q. distribution. The qs+l,d load is 
computed as: 

m-I 

qs+l,d = I P{qs+I,d1qs,S} qs,8 
S=O 

(3) 

In order to compute q,s+l,d we need the conditioned 
probability P{qs+I,d1qs,St . 

Computation OfP{qs+l,dlqs,d+l} 

A cell passing from stage 8 to stage s+ 1 reduces (by one 
hop) its distance d if it is routed along the shortest path. 
This happens ifone of these conditions is true: 
- the cell is the only one to be routed by the SE, 

therefore no conflicts can occur or 
- the SE receives another cell with a major distance or 
- the SE receives another cell with a smaller distance 

d>O and no contention occurs or 
- the SE receives another cell with equal distance d+l 

and no contention occurs or 
- the SE receives another cen with equal distance d+ 1, 

a contention occurs and it wins the conflict or 
- the SE receiver another cen with distance d=O. 

In short: 
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m-I d 

P{ql+l,d1qs,d+l} = I-p. + I qs,8 + ~ I q',8 + 1 q.,d+l+q.,O 
b=d+2 ~l 

(4) 

Computation ofP{qs+l,dlqs,d} 

When d ~ m-I the computation proceeds as follows. A 
cell passing from stage 8 to stage 8+1 can retain its 
original distance only if it is deflected. Cells following 
the shortest path reduce their distance, while deflected 
cells generally increase it. Due to the topological fea
tures of the shuffle connection pattern, a deflected cell 
retains its distance only ifit is routed along interstage 
links 0 or N-l (the extreme interstage links). Therefore, 
a cell is deflected and retains its distance if: 
- the SE receives another cell with minor distance and 

a conflict occurs or 
- the SE receives another cell with equal distance, a 

conflict occurs and the considered cell is deflected. 

and 
- it is routed along an extreme interstage link. 

In short we can state that: 

( 

d-l ] 
P{qs+I,d1q.,d} = ~ ~ ~ qS,8 + i qs,d (5) 

When a cell has maximum distance (d=m-I) to the 
required switch outlet, every deflection keeps it at dis
tance m-I, no care about the interstage link it follows 
(extreme or not extreme). Therefore, if d = m-I, Eq.5 

applies in which the factor ~ is removed. 

Computation OfP{qs+l,Dlqs,d} with D>d 

A cell passing from stage 8 to stage 8+1 increases its 
distance only ifit is deflected. A cell is deflected if: 
- the SE receives another cell with minor distance d>O 

and a conflict for an interstage link (or for a local 
switch outlet) occurs or 

- the SE receives another cell with equal distance, a 
contention for an interstage link (or for a local switch 
outlet) occurs and the cell is deflected. 

. Therefore we have: 

P{qs+l,Dlqs,d} = r (D,d) [~I qs,s + i qS,dj 
6=1 

(6) 

The nD,d) factor is the probability that a cell gets a new 
distance D>d after being deflected when it was d hops 
distant from the required switch outlet. Some approxi
mate expressions for [(D,d) were obtained, although 
better results were achieved by numerically evaluating 
it. The cell on link i requiring outletj is deflected, and 
the new distance (D) measured. Examining all the 
possible couples (iJ)' a very good approximation of 
HD,d) is obtained. 

Computation of Ql,d 

To start the iteration we need the probability that a cen 
entering the first stage of the network is d hops distant 



32 

from the required switch outlet. The probability dis
tribution Ql,d is computed measuring the distance from 
the switch inleti to the switch outletj, for all the couples 
(iJ). This procedure is corre ct under the hypothesis 
that a cell enters the switch from a specific inlet chosen 

with probability ~ and is destined for a specific outlet 

with the same probability. 

In Fig. 6 it is shown how the analytical results match 
those obtained through simulation. The cell loss prob
ability in the network In versus the number of stages is 
represented in the figure, for a network with N=64 
inlets and offered loadpl=0.7. 
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Fig. 6· Analysis validation 

3.2 The concentrator model 

Each output queue is fed by 8 lines (one per stage), 
therefore it must accept groups of arrivals up to a 
maximum of 8 . When 8 is large (i.e. more than 16) it 
seems convenient to concentrate these lines, to reduce 
the complexity of the output queues. A careful analysis 
of the concentrator is carried out in ref. [7] under the 
hypothesis of purely random traffic. The expression 
obtained for the cell loss probability for a concentrator 
with 8 inlets and L outlets is: 

1,= :,.i(k-L)(~)r; )(l-~ r (7) 

where pc is defined as the load offered to the concentra
tor, and is given by: 

pc = pt ( 1 - In ) (8) 

3.3 The output queue model 

The cell arrival process at the output queues has the 
binomial distribution: 

P!k arrivalsl= (t)(1: )(1-1: r (9) 

where pq is the load offered to the output queues and is 
defined as: 

pq = Pe ( 1 - le ) (10) 

The server of the queue tranmits one packet per slot, 
therefore the output queue can be classified as discrete
time GEOM/D/1/Qo, where Qo is the output queue ca
pacity, measured in cells. This kind of queue has been 
widely analyzed in the technical literature (Le. ref. [13]) 
A series of recursive solving algorithms have been pro
posed. Nevertheless, we have computed the cell loss 
probability of the queues by solving numerically the 
Markov chain of the queue. 

4. PERFORMANCE RESULTS 

4.1 The cell 1088 probability 

In this section the most significant performance results 
of the Open-Loop Shuffieout switch are presented. The 
performance of the switch is described by the total cell 
loss probability and by the cell delay. The cell loss 
probabilities in the various parts ofthe switch have just 
been defi ned as: 
- In: the cell loss probability in the network, 
- le: the cell loss probability in the concentrator and 
- loq: the cell loss probability in the output queue. 

The cell loss probability in the network is plotted versus 
the number of stages in Fig. 7, for N ranging from 64 to 
1024 and offered 10adpl=1.0. It should be noted that In 
decreases faster with 8 for deeper networks (see Fig. 6). 
The cell loss probability In greatly depends on the net
work size, once the number of stages is fixed (Fig. 7). 
For N=512 and 8=42 we have In=8.24x10· 10

, while for 
N=1024 and the same number of stages we have 
In=6.75x10·4• 

p1=1.0 

---No04 

N-128 

---N-256 
-e-
N-512 ...... 

"8 N-l024 

I 
26 31 36 41 46 51 

nurrber of gages S 

Fig. 7 . Network cell loss vs number of stages 

Fig. 8 plots In versus the offered load for a network with 
1024 inlets and various numbers ofst&ges. The network 
cell loss probability obviously increases, as the offered 
load grows, although it is possible to keep In low em
ploying a relative small number of stages. For N=1024 
and offered load£1=1.0, 49 stages are enough to guar
anteeln=2.5x10· ,whileaBatcher-banian interconnec
tion network with the same size N would require 65 
stages. 
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Fig. 8 - Network cell loss us offered load 

The cell loss probability in the output queue concentra
tor (le> versus the load is plotted in Fig. 9, for 8 ranging 
from 16 to 64 and L=l1. For L=ll the concentrator cell 
loss probability is lower than 10.9, even for an offered 
load Pl=1.0. Therefore, a small number of lines feeding 
each output queue is needed to keep the cell loss prob
ability below the required bound. In such a way great 
reduction in the hardware complexity of the output 
queues is achievable. 
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Fig. 9 - Concentrator loss us concentrator load 

In Fig. 10 the cell loss probability in the output queue 
(loq) is plotted versus the queue capacity Qo [cells] for 
various offered loads ranging from 0.5 to 1 and L=12 
inlets to the queue. For heavy load, i.e. Pl=0.9, a queue 
capacity Qo>80 cells is needed to keep Iq below 10.9• 

The total cell loss probability is defined as: 
It = 1 - ( 1 - I" )( 1 - le )( 1 - loq ) (11) 

Since we are interested in obtaining low cell loss prob
abilities, It in Eq.10 can be well approximated by: 

It "" I" + le + loq (12) 

In Fig. 11 the total cell loss probability versus the 
number of stages is plotted for a network with N=1024 
inlets, L=l11ines, Qo=83 cells and offered 10adpl=0.7, 
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0.8,0.9. The total cell loss probability initially decreases 
as the number of stages grows, then reaches a constant 
value. This saturation phenomenon is due to two facts: 
output queue saturation and concentrator saturation. 
For Pl=0.9 the curve marked by a filled square reaches 
a steady val ue for a number 8 of stages greater than 48. 
In fact, for 8>48, the ceIlloes probability in the output 
queues loq is greater than I" and le (see Fig. 9, 10). For 
Pl=0.8 also the curve marked by an asterisk reaches a 
steady value for 8 > 48. However in this case the 
saturation is due to the cell loss probability in the 
concentrator: for S > 48 it is greater than In and Ioq. 
Therefore, a careful design is needed to properly choose 
the numer of stages of the network, the concentrator 
output lines and the output queue capacity, in order to 
obtain an optimum performance of the switch. 
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Fig. 10 - Output queue loss us output queue load 
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Fig. 11 - Total cell loss vs number of stages 

4.2 The cell delay 
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The cell delay includes two main components: the net
work delay and the output queue delay. The network 
delay is fixed and, including the synchronization delay 
at output queues, is given by: 

T" = S t (13) 
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where 't is the SE latency. It has been shown that 't is 
quite small (much smaller than 1 time slot). 

The output queue average delay, in the hypothesis of 
infinite queue capacity, is given by (see Ref. [13]): 

T. - Pq (14) 
q - 2 ( 1- pq) 

Eq. 13 can be used to evaluate the average delay in the 
output queue even for finite queue capacity with good 
approximation, if loq is low. 

For a network withN=1024 inlets, S=48 stages, output 
queue capacity Qo=83 cens, L=l1 concentrator output 
lines and offered load p 1=0.9, the cell average delay in 
the output queue is 4.5 time slots. The tag reading time 
consists of 10 bit delays, while the routing time is 
pessimistically evaluated 20 bit delays. Therefore, the 
SE latency consists of30 bit times, for a total of3.4 time 
slots in the case of 48 stages. Therefore, the total aver
age cell delay is 7.9 cells; for a line speed of 150 Mbitls 
it corresponds to an average delay of 22 Ils. The maxi
mum cell delay is important as well as the average 
delay. A few numerical reasoning will make us conclude 
that the output queues are the bottleneck of the pro
posed architecture. If we arbitrarily fix the maximum 
cell delay to 1 ms, the maximum output queue capacity 
Qo we can provide is 357 cells for a line speed of 150 
Mbi~s. In fact, a cen scheduled for transmission in the 
357 l position in the queue has to wait for 357x2.8=lms 
to be served. If we fix a maximum cell loss probability 
of 1x10-9 the maximum load that we can offer to the 
specified queue is on the order OfP1=0.975. 

5. CONCLUSIONS 

A new ATM switching architecture has been described 
in this paper that is based on a multistage shuffle 
interconnection network of switching elements each 
operating an address-based self-routing of the cells. By 
fully exploiting the topological properties of the inter
stage shuffle connection patterns, the SE structure re
quires a very reasonable number of gates. The intercon
nection network accomplishes an internal speed-up 
equal to the number of stages, which is the key feature 
to provide very small cell loss probabilities for random 
traffic even for high offered loads. It has been shown 
how the network parameters, that is the number of 
stages, the line concentration ratio and the output 
queue size, are to be selected in order to obtain the 
desired performance targets for a switch with a give size 
N. This architecture also guarantees packet sequence 
integrity. 

Several important issues concerning the structure and 
performance of Shuffieout are currently under investi
gation. For example, how to reduce the depth S of the 
interconnection network, that is the main index of the 
switch complexity. Two different actions could be taken: 
using larger switching elements, i.e. kx2k with k>2, or 
defining outlet grouping such that cells are addressed 
to a group of switch outlets, not a single outlet. The 
random traffic assumption used in this paper only gives 
an approximate idea of the switch performance. More 
realistic traffic patterns should be considered too, such 

as correlated traffic and unbalanced traffic. We expect 
Shuffieout to provide good performance also for these 
kinds of traffic owing to its possibility of switching 
concurrently S cens from the inlets to the output 
queues. Supporting service priorities should be pretty 
easy in Shuffieout, since it only implies a very small 
additional processing in the SE. A service priority field 
should be carried by the cell and considered as the first 
criterion to resolve contentions in the SE. 
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