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Abstract
Asynchronous Transfer Mode (ATM) is the switching and multiplexing technology chosen to be used in
the implementation of B-1SDN, because of its superiority in fast packet switching. However, the use of ATM
switches with large number of input and output ports has been proven to be a bottleneck in wide area ATM
networks. In this paper we propose a new space-division grid-based ATM switch architecture with fault tolerant
characteristics.

1 Introduction

ATM isthe switching and multiplexing technology chosen to be used in the implementation of B-
ISDN, because of its superiority in fast packet switching. The use of ATM in Wide Area Networks has
revealed the necessity of ATM switches with large number of input and output ports. However, it has
become obvious that there is a bottleneck in Wide Area ATM Networks, which is not due to medium’s
bandwidth (fiber optic with extremely high bandwidth) but due to switches throughput. More
precisely, the bottleneck is located in the “cell switch fabric”, which is the core of the ATM switch, as
described in (Chen and Liu, 1995). A lot of research effort is now focused on switch fabric
architecturesin order to increase the throughput of the switch fabric, while keeping the complexity at a
reasonable level.

ATM switch fabric architectures are divided into four categories by Chen and Liu (1995):

1. Shared-medium architectures,

2. Shared-memory architectures,

3. Fully interconnected architectures, and
4. Space-division architectures

The disadvantages of all proposed architectures belonging to the first three categories become
obvious when we attempt to scale to switches with large number of input and output ports (e.g. 1024
1024). Firstly, throughput is found to be poor and secondly the hardware requirements are sometimes
just not applicable (e.g. shared memory with extremely high transfer rate).

For the above-mentioned reasons, a great research effort is converged on space-division
architectures. The majority of them are based on Banyan multistage interconnection network (e.g.
Alimuddin et al., 1995; Tobagi et al., 1991; Urushidani, 1991; Giacopelli et al., 1991; Lee et al., 1994;
Oktug et al., 1997), and their aim is to improve its throughput and alleviate its mgjor disadvantage:
being internally blocking.
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In this paper, we propose a new space-division switch architecture, called Grid-based ATM
Switch Architecture (GASA). This architecture is not based on Banyan networks, and its topology is
grid-based. The grid is formed by switching elements (SE’s). One of the main characteristics of the
proposed architecture is the number of switching elements, which is equal to the number of input and
the number of output ports. Taking under consideration the fact that central routing control in large-
scale ATM switchesis usually proved to be another bottleneck, GASA is designed to be self-routing.

GASA aso shows an excellent behavior regarding fault-tolerance, caused by the existence of
multiple paths between any input-output pair. The minimal conditions under which we have disruption
of communication between functional switching elements are studied, along with the necessary
modifications in the switch architecture, in order to support fault-tolerant routing.

The rest of the paper is organized as follows: In section 2 the overall architecture is presented in
detail. The routing algorithm, executed in each switching element, is described in Section 3. In Section
4 fault tolerance is briefly discussed. In Section 5 we present the shared-memory architecture of each
SE, which can easily support any kind of priorities. The analytical model of the switch architecture is
studied in Section 6, aswell as simulation results.

2 TheOverall Architecture

The main characteristic of GASA is the number of the necessary SE's, which is minimal, in
comparison to other switching architectures. More specificaly it is equal to the number of input ports
and the number of output ports. Each SE is directly connected to an input module, an output module
and its 2 — 4 (depending on its position in the grid) neighbor SE's. Links between SE's are bi-
directional while links between SE’'s and input or output modules are unidirectional. Internal links
rate is equal to incoming and outgoing links' rate and no speed-up factor is deployed in the present
implementation. A 16" 16 switch is presented in figure 1. The number of switching elements, the
number of unidirectional links and the number of hops are presented in tables 1, 2 and 3 respectively,
in comparison to those of a Banyan network.

@ 'nput
module

Output
© module

D Switching
element

Fig. 1. A16" 16 GASA switch

Each SE has an address, a Switching Element ID (SE ID) which is used in routing, as explained in
the following section. The SE ID is a binary number whose length (in hits) depends on the size of the
switch. Addresses are assigned in a recursive way, as demonstrated in figure 2, in away similar to the
one used in the hyper-cube architecture (athough the SE’s are not linked in the same way).

It is also worth noting that for reasons of homogeneous implementation of the routing algorithm,
a 2-bit prefix is added when expanding from N” N square switch to 2N” 2N non-square switch (e.g.
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from 16" 16 to 32" 32), although a single-bit prefix would be adequate for having each SE uniquely
identified.

16" 16 32° 32 64" 64
Banyan  (N/2)Xog, N 32 80 192

GASA N 16 32 64
Table 1. Number of switching elements

16" 16 32 32 64" 64
Banyan Nxlog, N +1) 80 192 448

GASA 6N - 4/N (squaregrid) or 80 168 352
6N - 6\/§ (non-square grid)
Table 2. Number of links

16" 16 32° 32 64" 64

Banyan log, N 4 5 6

GASA (average) 2.50 3.88 5.25
Table 3. Number of hops

1 | 0000 |41 0001 [€— 0100 [« 0101 | !
[ 0010 [«—»{ 0011 [4—p 01 10 |4 01 11| !

! | 1000 [Pt 1001 [4—»| 1100 [¢P 1101 | !

Y ¥ iy oy [ SwichIe 16 d T Switch 1616 |
! | 1010 |4—p{ 1011 [4—P 1110 [€—p{ 1111 | | prefix 00 % %y prefix 01,
@ (b)
| Switch16 16 i, Switch16 16 !

E prefix OOH prefix 01 !

(©)
Fig. 2. Switching element addressing scheme
(a) a16” 16 switch (b) creating a non-square 32" 32 switch (c) creating a square 64" 64 switch
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3 Routingalgorithm

GASA is a sdf-routing architecture. Each SE is capable of routing incoming cells towards their
destination, using only the destination SE ID. When a new cell arrives, the corresponding input
module searches for the source VPI/VCI and port number in a lookup table, in order to find the
destination output port and the corresponding destination SE ID. The destination SE ID is placed in
the tag (header) of the cell used internally in the switch (for a complete description of the cell tag refer
to Section 5).

The following routing algorithm for a 16" 16 switch is executed in each SE independently of its
position on the grid. In this algorithm, SE_I Df a] denotes the a" bit of the SE ID of the current SE,
SE_1 D[ a, b] denotes the a" and b™ bits of the SE ID, and Dest _SE_I D[ a] denotes the &" bit of the
SE ID of the destination SE.

If Dest_SE ID1,2] <> SE_I1D1,2] then
Route on (1, 2)
El se
If Dest _SE 1D[3,4] <> SE_ID[3,4] then
Route on (3, 4)
El se
Send to output nodul e

Procedure Route on (a,b)
If Dest_SE IDa] <> SE_ IDa] then
If Dest_SE IDa] = 0 then
Send to North
El se {Dest _addr[a] =1}
Send to South
El se {Dest_SE IDJa] = SE_ID[a], but Dest_SE ID b] <> SE_IDb]}
If Dest_SE ID[b] = 0 then
Send to West
El se
Send to East

Each cdll isinitialy routed to the proper “quadrant” of the grid, based on the first two bits of the
destination SE 1D, then routed to the proper SE, based on the last two bits, and then moved to the
corresponding output module.

The routing algorithm has the following characteristics:

al cellsfollow shortest paths,

al cellsdo not follow paths of the same length, but thisis not of major importance because

al cels from SE A to SE B follow the same path, which justifies the absence of reassembly
buffers.

Next we demonstrate the expandability of the routing algorithm. The algorithm for a 32" 32 or a
64" 64 switch is presented:

If Dest_SE ID[1,2]<>SE_ID1,2] then
Route on (1, 2)
El se
If Dest_SE 1D 3,4]<>SE_I1D3,4] then
Route on (3, 4)
El se
If Dest_SE ID[5,6]<>SE_ID[3,4] then
Route_on (5, 6)
El se
Send to output nodul e

(TheRout e on (a, b) procedure remainsthe same.)
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Example: The following example demonstrates the routing process of a cell from SE 14 (11 10)
to SE 0 (00 00).

SE 1D | Conditions checked Decision
1110 |Dest SE ID[1,2]* SE_ID[1,2]
Dest_SE_ID[1]* SE_ID[1] Send to North

Dest_ SE_ID[1]=0

1100 |Dest SE ID[1,2]* SE_ID[1,2]
Dest_SE_ID[1]* SE_ID[1] Send to North
Dest_SE_ID[1]=0

0110 |Dest SE_ID[1,2]* SE_ID[1,2]
Dest_SE_ID[2]* SE_ID[2] Send to West
Dest_SE_ID[2]=0

0011 |Dest SE_ID[1,2]=SE_ID[12]
Dest_SE_ID[3,4]* SE_ID[3,4] |Send to North
Dest_SE_ID[3]* SE_ID[3]
Dest_SE_ID[3]=0

0001 |Dest SE_ID[1,2]=SE_ID[12]
Dest_SE_ID[3,4]* SE_ID[3,4] |Send to West
Dest_SE_ID[4]* SE_ID[4]
Dest_SE_ID[4]=0

0000 |Dest SE_ID[1,2]=SE_ID[1,2] |Send to output
Dest_SE _ID[3,4]=SE _ID[3,4] |module

The disadvantage of the architecture isthat it isinternally blocking. Two to four cells may require
to be transmitted simultaneously from a SE over the same outgoing link. This problem can be solved
by using an internal shared buffer in each SE. Manhattan Street Networks, which have similar
topology but different routing agorithm, employ deflection routing to overcome this problem, as
described and analyzed in (Choudhury and Li, 1991; Choudhury and Maxemchuk, 1991). The
drawback of deflection routing is that cells from a source to a destination do not always follow the
same path. Different paths that cells may follow, may have different lengths, which makes the use of
reassembly buffers mandatory. This way hardware complexity increases. This is the reason why a
deterministic algorithm was preferred in GASA.

4 Fault tolerance
The fact that GASA is not “single-path” architecture (i.e. there are more than one paths between
each pair of SE's) enables GASA switches to show great characteristics regarding fault tolerance.
Neither additional links between SE's nor additional SE’s are necessary, in contrast to the so-called
“dilated” networks (e.g. Lee et al., 1994; Itoh, 1991). However, in order to enable fault tolerance in
GASA, some adjustments should be made:
1. There should be a centra unit controlling and resolving faults, from now on called "Fault
Recovery Control Unit" (FRCU).
2. There should be bi-directional links connecting each switching element to the FRCU.
3. There should be hardware in each port of each switching element able to identify and report faulty
links.
4. The routing algorithm should be adjusted, in order to be able to operate under a slightly different
way when FRCU announces a fault.
The adjusted architecture is presented in figure 3 (the input and output modules are omitted for
simplicity reasons).
When a fault occursin a SE, its neighbors identify the problem by the fact that the corresponding
link goes down. FRCU considers the combination of reports that it receives and concludes whether
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thereis afaulty link or afaulty SE. In the former case, nothing has to be done by FRCU, while in the
latter case, FRCU has to “inform” all SE's to disregard cells that are destined to the faulty switching
element.

FRCU

Fig. 3. Fault-tolerant adjusted GASA

If a SE discoversthat one of itslinksis not operational, and it has not received a notification from
FRCU that the corresponding neighbor is faulty, it concludes that there is only a link fault. Cells that
should normally be routed over the faulty link, are sent to some other output port (different from the
one that the cells arrived from).

Considering that each switching element has at |east two neighbors, we conclude that the minimal
conditions (i.e. worst case scenarios) under which there is disruption of communication between
operational switching elements SE, and SE, are the following:

Fault in 2 links: source switching element SE, is in grid 's corner and both outgoing links are
down, or destination switching element SE, isin grid ’s corner and both incoming links are down.
Probability of this scenario to occur:

2
— & orob(link failure) 2
agotal #links O

2 3

Fault in 2 switching elements: source switching element SE, or destination switching element SE,
isingrid's corner and both neighbor switching elements are down.
Probability of this scenario to occur:

2
—— >prob (SE failure) 2
0

%l -_—

&5

If the SE's under study are not in grid ’s corners, then 3 or 4 links and/or neighbor switching
elements should go down in order to have disruption of communication.

5 Switching Element Architecture

Although the number of SE’sin GASA is significantly smaller than the corresponding in Banyan
networks, the hardware complexity is quite higher. There are SE's with 2, 3 or 4 neighbor SE's.
However the architecture deployed should be similar in al SE's, independently of the number of
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inputs/outputs ports. For this reason, a shared memory architecture is deployed. Specificaly, in
(Hashemi et al., 1997) a shared-buffer switch architecture is proposed, which is deployed in our
switch.

The disadvantage of using a shared-buffer architecture for an n” n switch is that the shared buffer
has to operate at arate n times higher than each link rate. In other words the throughput of the shared
buffer has to be n times greater than each link rate. However, thisis not amajor problem in our switch,
because3£n£ 5.

On the other hand the advantage of using a shared buffer architecture in contrast to using separate
queues (one for each output port) is that we have better memory utilization. In other words, we need
less memory in order to obtain the same cell loss probability. Next the operation of the shared queueis
described.

Each queue consists of groups of cells. Each group is consisted of cells that will be transmitted
over different outgoing links during the same timeslot. Cells entering the SE enter the queue from the
head of the queue and start searching for their position (figure 4). Each cell is placed in the end of the
first group that does not have a cell for the same outgoing link and makes all cells buffered in the
following slots to move one dot backwards.

ninput n output

Imes Routlng lines
algorlthm —>
—>
[T 1=t >

——»
——»

Shared queue

Fig. 4. Shared-buffer switching element architecture

If priorities are used, then each incoming cell is not simply looking for the first group with no
other cell trying to use the same outgoing link, but its Priority Control field (figure 5) is aso
compared to the corresponding field of already buffered cells that will use the same outgoing link. If
the new cell has higher priority than the buffered cell, the new cell replaces the old one, which starts
searching for a new position moving backwards. Otherwise, the new cell keeps searching its position
in the buffer.

In order for the above scheme to operate, the use of atag is necessary. The internal structure of a
cell is presented in figure 5. The cell tag is inserted by the input module, when the cell enters the
switch. It has 4 fields. The values of the first two fields, “ Destination SE ID” and “ Priority Control”,
are assigned only once by the input modules. On the other hand, the values of the third and fourth field
are updated by each SE and are used in the operation of the SE. The “ Output port ID” field is set by
the routing algorithm, based on the next SE the cell has to move to (north, south, west, east, or output
module). The* End of group” field is set by the queue control to delimit each group.

Destin. | Priority | Output | End of
SE ID | Control | portID | group
< Tag > ATM cell >

Fig. 5. Internal cell structure

It is worth noting that there are several ways that the “Priority Control” field could be used. For
example the value assigned by the input module could be based on the Quality of Service that is
regquested for the corresponding virtual connection. Or it could be afunction of the “age” of the cell in
the switch (which means that each SE should be able to update this field). The field could also be split
into two sub-fields in order to combine the two priority control schemes. However, priority control
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schemes will not be further discussed in this paper. In the following we assume that all cells are of

equal priority.

6 Performanceanalysis

6.1 Analytical model

The analytical model is based on the analysis presented in (Vadimarsson, 1995). The following

assumptions concerning the operation of the switch are made:

1. Cells arrivalsfrom input x to output y follow a Bernoulli distribution with rate r,,. No assumption

about uniform distribution of incoming traffic to the outputs is made.

2. During atimedot 0 to n cells arrive in each SE from its incoming links, and 0 to n cells depart

from the SE over its outgoing links.

3. No “grant” signals are exchanged between the SE's prior to cell transmissions. An arriving cell

that cannot find space in the shared buffer is discarded.

4. Theanaytica model is a discrete time model, although technically there is nothing preventing the

switch from operating asynchronously.
All the notations employed in the analysis can be found in table 4.

N Number of inputs — Number of outputs — Number of switching elements

SE, Switching element with SE ID x

Ny Number of inputs/ outputsin SE,

B Buffer sizein each SE

Plyy Path length between SE, and SE,

R =[ry] “ Load matrix” : the traffic load from SE, to SE, isryy

L =1[ly] “ Link load matrix” : the traffic load over the link from SE, to SE, is|,y,
ly = 0, if SE, to SE, are not neighbors
I, = I'x (fOr conventional reasons)

linputx Load on link connecting SE, to itsinput module

| output Load on link connecting SE, to its output module

6 Current length of a shared queue

S Current length of avirtual queue

(s,0) State of avirtual queue: virtual queue contains s cells, whilethereare 6 cellsin
the switching element

3;(s,0) State probability of virtual queuei

€i(s2,05[51,01)

Transition probability of virtual queuei, from state (s;,64) to (s5,065,)

pi (K, k)

“ Arrival probability” : probability that cells arriving at the SE during atimeslot
will lead to transition of virtual queuei from state (s,6) to state (s +k;,6 +k),
under the assumption that there are no cell departures and there isinfinite buffer
space (B).

gj(mj,m) “ Departure probability” : probability that cells departing from the SE during a
timeslot will lead to transition of virtual queuei from state (s,6) to state
(s- m;,6 - m), under the assumption that there are no cell arrivals.

tix Throughput of virtual queuei, which belongsto SE, under the specific load

ty Tota throughput of SE,

Lpry Cdl loss probability of SE,

Average queue length of SE,

Table 4. Notations - Definitions
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In order to perform our analysis we employ an equivalent model for the SE: we consider each SE
having a dedicated queue per output port (from now on called “ virtual queue’). However we do not
pose any restrictions on the length of each virtual queue. We only pose restrictions on the summation
of lengths of the queues belonging to the same switching element:

Ny -1
6= Xé Sj £B
j=0
Thisway the model remains accurate.

First of al we have to calculate the link load matrix. Each element of this matrix represents the

load of alink:

ly = ary " V,w: the path from SE, to SE,, passes over the link (x,y) D

(i.e. thelink from SE, to SE,).

Iinput ,X = é rxy (2)
"y

Ix,output = "é' ryx (3)

y
The values of r,, should be such that |, £ 1, for each x, y, in order to prevend massive cell loss. Thisis
something that the Connection Admission Control (CAC) agorithm should take care of.

We define Adj(X) as the set of switching elements that are adjacent to SE,. The input and output
modules connected to the specific switching element are also considered neighbors and included in
Adj(x). We also define:

adj(x,N): the north neighbor of SE,
adj(x,S): the south neighbor of SE,
adj(x,W): the west neighbor of SE,

adj(x,E): the east neighbor of SE,

We assume that queue i in SE, is the queue corresponding to the link (x, y). In order to calculate
the probability of k; cells arriving in queuei, we first define:

piN =& r,. » " V,W: the path from SE, to SE,, passes over the links (adj(x,N), x) and (X, y) - The
probability of acell arriving in queue i from the north neighbor of SE,.
pg =4r, . V.W: the path from SE, to SE,, passes over the links (adj(x,S), x) and (X, y) - The
probability of acell arriving in queuei from the south neighbor of SE,.

ply , pk aredefined in similar way, for the west and east neighbors.

Pl =ar. » " W: the path from SE, to SE,, passes over the link (x,y) - The probability of a cell
arriving in queue i from the input module of SE,.
The “arrival probability”, i.e. the probability that k cells arrive in SE, during a timeslot and k; of
them arrivein virtual queuei, is:

o o é | ~ i
pitki, k)= a & & Opg > AO(Iadj(x,d),x "(1 P'd))x
"DI Adj(x) "D1i D& dii D1 "dI D-D1 "d
ID|=k  |D1=k;j
where |D| is the number of elements that subset D has. So in order to calculate this probability, we
consider al the combinations of k inputs sending cells (set D in eg. 4), while the rest of the inputs

(JAdj(x)| - k) do not send cells (set D ineq. 4). k; of these are destined to the virtual queuei (set D1in
eg. 4), whiletherest (k - k;) cells are destined to other virtual queues (set D - D1in eq. 4).

Similarly, the “departure probability”, the probability that m cells depart from virtual queue i of
SE, during atimedlot is:

(1_ Iadj(x,dd),x)é (4)

O

D

£22)
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o é . - U
qi(O,m)— a €Oy adj(x,d) * Oﬁ( " Ladi(x,d9 0 (53)
" DI Adj(x): &1 D dé D )
|D|=m,d1l D
. 6 - 0
atm= a §O| x,adj(x,d) X O_{L ( - 'x,adj(x,dﬂ;)l,J (5b)
" DI Adj(x):811 D d¢ D o
ID|=m, d1l D
gi(m;,m)=0, m; >1 (5¢)

where dl1 is the direction in which virtual queue i transmits. In this case we consider all the
combinations of m output ports transmitting cells (set D in eg. 5), while the rest of them (JAdj(x)| - m)

do not transmit.
Having calculated arrival and departure probabilities, we are now able to calculate transition
probabilities and state probabi lities for each queuei.
Nx Nx
e (32 02|31,01)— a a a ap|(k|:k)>q (m|7m)
k=0m=0k;j=0m;=0 (6)

k.,kj,m,m;:6, =6, +k- m,s, =s; +k; - m;

B 01
8i(s.05)= & & 8;(s1,61) %;(s5,05[s1,61) @)
é]_:OS]_:O

Each queue has (B/2 + 1)(B + 1) states. The last equation represents a linear system of (B/2 +
1)(B + 1) equations with (B/2 + 1)(B + 1) variables, the state probabilities. The system can be solved

after repIaC| ng one of the equations with the following equation:

a a 3i(s,6) = (8)
6=0s=0
Troughput:
) B
The throughput of virtual queue i under the specific load matrix, is: t}, =1- & 8;(0,6) 9
6=0
The total throughput of SE,is: t, = § t! (10)

"
while the total throughput of the switch can be calculated over the virtual queues that correspond to
output ports connected to output modules. If such queues are called i, in each switching element,

N-1 .
then: t= § tyout (11)
x=0
Loss probability:

6
We define 8, (6) = & 8;(s,6) the probability of SE, having 6 cells in its shared buffer. (The
s=0

summation is calculated over anyone of itsvirtual queuesi). The cell loss probability in SE,is:
Ao 6k y
Lpory =@ a @,(0) x apikj.ku (12)
6=0 k=0: @ ki =0 3|
6+k>B
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The pass probability of a cell moving from SE, to SE, is calculated over al switching elements
belonging to the path from SE, to SE,; Oa- Lpr,)
"zl path (x® vy)
So the total cell loss probability of the switch under the specific traffic pattern is the “weighted”
average of loss probabilities of all paths:

N-IN-18 1y & - o)
Lpr= & & 2 —X1- O@- Lpr,)~ (13)
x=0 yzogtOtal _ load 8 " z1 path (x® y) o0
N-1N-1
where total _load = § & ey (14)
x=0y=0
Delay:

In order to calculate the average delay of cells, we firstly calculate the average queue length, the
average path length and average throughput. The average length of SE, 's shared queueis:

g
T, = a(6>6,(9) (15)
6=0

1 N-1

and the average queue length of al switching elementsis. T = N AT, (16)
x=0

The average path length is also calculated as a“weighted” average, taking under consideration the
N-1N-1 r
traffic pattern (i.e. the load matrix): plyg = & & ———— %l (17)

X=0y=0 total _ load

where pl,y, is the length (i.e. number of hops) of the path from SE, to SE,.
N-1_
The average throughput is t =% a tx (18)
x=0
1l

T X
t

Finally, average delay according to Little’slaw is: § = 29 (19)

6.2 Simulation results

Based on the above anaytical model it is difficult to evaluate the performance of the proposed
architecture. In order to overcome this obstacle we employ a simulation tool, simulating a 16 by 16
GASA switch. Several simulations with different traffic loads were contacted. More specifically we
use two loads for uniform traffic distribution with total load 0.5 and 0.65 respectively. Figure 6
presents the cell loss probability versus buffer capacity (in cell slots), and figure 7 the delay (in time
slots) again versus buffer capacity. From the figures it is obvious that for uniform load 0.5, GASA
appears to be working very smoothly with minimum loss of cells and also minimum delay. The
increase of the uniform load causes an increase of both cell loss and delay. This can be easily
explained due to the fact that many links between SE's saturate and that causes an increase in the
buffer queues' length.

To further investigate the behavior of the GASA we have aso run simulations for two random
traffic patterns, with total loads 0.56 and 0.71 (figures 8 and 9). Checks were made to assure that |, £
1. The architecture exhibits similar performance in the case of random loads. Cell loss probability and
delay are slightly higher because of the non-uniform distribution of load.

Overall the GASA architecture appears to have good performance in middle to high loads in both
uniform and random loads without the use of large buffer queues. We must emphasize that the buffer
size appearing in the figuresis the buffer size of each SE.
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Fig. 6. Cell loss probability under uniform traffic pattern
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7 Conclusions

We have presented and studied a new grid-based ATM switch fabric architecture, with minimal
number of switching elements and fault-tolerance capabilities. An analytical model was developed and
the fault tolerance capabilities of the architecture were briefly discussed. The behavior of the
architecture was evaluated with the help of simulation. The results indicate that the GASA architecture
produces good performance without employing very large buffers. Even in the case where large
buffers were employed in order to reduce cell loss probability, there was not a major increase on cell
delay, while the loss probability was decreased dramatically. This behavior was exhibited in both
uniform and random traffic patterns.

A future extension of this study may include the study of the architecture ’s behavior under real
traffic loads. As far as fault tolerance is concerned, a future study may include the development of an
analytical model that will evaluate the cell availability and the reliability of the GASA architecture, as
defined and analyzed in (Vegliset al., 1998).
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