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Abstract

Multistage Intercomnection Networks (MINs) are being considered for nse in
switel fabries of broadband packet switch arcliitectures. Most of the MINs con-
sidored are based on 2 x 2 switching elements (SEs). Throughput performance

is degraded mainly due to the basic size of the SEs. In this work. the Balanced

Gamma (BG) network, a multipath MIN. which features 4 x 4 SEs has been stud-
ied i detail. Architecture, fault tolerance. reliability and hardware complexity of
the BG network are compared with the 2-replicated 2-dilated Banyvan (R2D2) net-
works and the Batcher Banyan (BB) networks. A new simple routing algorithm
lias been proposed for the BG network to enhance its fault tolerance capability.
Switching performance is enhanced by increasing the size of the basic SEs and
thereby providing multiple paths between each input-output pair of the BG net-
work. The throughput performance of the BG network is studied under certain

idealistic uniform and iform traffic dit These perfc results

are compared with the R2D2 and the BB networks under the same traffic condi-
tions. Performance analysis and simulation results have shown high throughput
performance of the BG network even in the presence of an SE fault. It has been
found that the fault tolerance properties, reliability and thronghput performance
of the BG network are much superior to those of the R2D2 and the BB networks.
Due to increased throughput performance of the BG network it may be consid-
ered as a potential candidate for use in switch fabrics of broadband packet switclh

architectures.
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Chapter 1

Introduction and Literature
Review

1.1 Introduction

Rapid advancements in compnuter and communication teehnologies liave resnlted
in a virtual merger of these two fields. The advances in communieation technol-
ogy are in the areas of transmission and switching deviees while those in the field
of computers can be attributed to high speeds, multiple processors, developuients

in software, effective interconnection of thes

processors ete, There has also een

rapid developments in the field of Very Large

e Integrated Cirenits (VLSI).
Due to increasing needs from users and greater demand of varions serviees sueh as

voice, full motion video, data etc.. researchers started looking into one transmission

medium which could effectively handle all these services, ITU-T (originally called

CCITT) has defined Broadband Integrated Servi

Digital Network (B-ISDN) as
“a service requiring fransmission channels capable of supporting rates greater than
the primary rate offered by the existing cirenit and packet switehed networks™ [1].
This integrated network will be capable of supplying services sueh as voice. data,

full-motion video etc. individually or combined as in the case of mmlti-media to



g5 speeds. This is illistrated in Figure L1 which shows 1

varions places at varyi
BISDN network caryingg different pavlonds. Asynchironons Transfer Mode (ATM)
lins been identified by TTU-T as a switching system eapable of mecting the re-

quirements of B-ISDN such as very high thronghput. low switehing delay. a low

probability of packet loss. expandability, testability, fault tolerance (FT). low cost,

and ability to achiev hroadeasting as well as multicasting.

1.2 Asynchronous Transfer Mode

ATM is a packet-oriented transfer mode that uses asynchronous time division
multiplexing techniques with the multiplexed information flow heing organized into
blacks of fived size, called cells [3]-6]. ATM is also known by names such as
Asynchronous Time Division and Fast Packet Switching [4]. The packets in the
ATM networks are called cells. Each cell consists of 3 bytes of header and 48
bytes of information ficld. This is shown in Figure 1.2. The information field
is transported transparently by an ATM network without any processing. Cell
sequencing is preserved in an ATM network.

Virtual circuits are established between the users before information is ex-
changed in an AT network. This is done by a connection set-up procedure.
Similar to other switching systems, B-ISDN protocol reference model for AT con-
sists of several layers. This model has been explained in detail in references [4]-6].
An ATM public switched network is shown in Figure 1.3. It can be seen that the
public ATM network connects the lacal ATM networks. These local AT netwarks

are in turn are made up of a number of AT switclies.

ATM switching networks are currently expected to operate at 13



Mega bits per second [1]. Fieture networks are expected 1o operate at 1 Giga hits
per second or more. Research is heing camied ot in orcer to find an AT\ switeh

having very high throughput. low cell loss ratio of the order of 10=%and lower,

1.3 Asynchronous Transfer Mode Switch
Fabrics

Varions ATM switches architectures have heen proposed (], [7]. Some of these
broadband packet switch architectures inclnde the Knockout. the Roxanne, the

Coprin, the Athena. the St. Louis, the Starlite, (he Noonshine, Turner's ISPN

switches and the Banyan based switches. These switches can he ela linto

three categories: the shared medium. the shaved memory ad the space division

architectures [§]. In this work. the ATM switeh fabric which uses space division
architecture is considlered.

An ATM switch consists of N input ports and N out put ports. Ench input port
is connected to every output purt by an interconnection network. Cells arriving at
the input ports are switched ta the requested output port by the intercomeetion
network. This is shown in Figure 1.4,

There are several interconnection networks reported in references (jand 10 OF

all these interconnection networks, the crossbar type is the simplest one, Figure 1.5
shows a crosshar interconnection network connecting inpt links to the out put links.

M

There are several factors involved during the evaluation of the cast of an

network [11], [12]. The cost of an ATM switeh fabric and henee the cost of an AT

network is mainly on the crosspoint complesity of the AT switeh fbric.

The cost of a switch fabric is directly dependent o its crosspoint complexity [11].




The erosspoint complexity of an X x \* crasshar i

8]. Due to the fact that
the crosspoint complexity of a crosshar switch is greater. multistage interconnection
networks (MINs) are heing cousiclered for use in AT switch fabries. The crosspoint
complexity of an ¥ x N MIN is of the order X' x log, . Furthermore nmai-packet
aceeptance is made possible at the output ports in certain MINs to increase their

thronghpnt performances.

14 Multistage Interconnection Networks

Most of the ATM switch fabrics are composed of a large number of identical
hasic building blocks or switching clements (SEs) which form a MIN. Complex SEs
have been used only in certain cases such as the Athena and the Roxanne switclies.
Most of the MINs employ very simpleself-routing SEs. Most of the N[INs considercd
for use in ATM switch fabrics employ Banyan networks [13] and enhanced versions
of the Banyan networks [14}{17]. The Banyan network is a MIN consisting of
log, \* stages of 2 x 2 SEs, with ¥ SEs in each stage and follow destination tag
algorithm for routing the packets. In the destination tag algorithm. the binary
representation of the destination of a packet is used to route the packet through
the network. If the routingg bit for a particular stage is 0. then the packet is routed
through the upward link. Otherwise. the packet is routed through the downward
link of the SE. The Banyan networks are unipath MINs since there exists exactly
one path between an input port and an output port. The Banyan networks suffer
thronghput limitations because of the low throughput of the 2 x 2 SE. Due to this
reason, enhanced versions of the Banyan networks are being considered for use in

the AT NI switch fabrics. These NIINs along with certain other MINs which are used



in conuccting multiprocessor systems are explained in the following seetions.
1.4.1 Batcher Banyan Network

The main drawback of the Banvan networks is that they

re infernally blocking

in the sense that two packets destined for two different ontputs may collide in one
of the intermediate nades. It las been shown that packets will not block within

the Banyan networks if the incoming packets are compacted and their destination

are ic and non-repeated [L1]. This is the basic idea Dehind the
BB network.
The BB network consists of a Batcher network followed by the actual Banyan

network. In an V' x .V BB network, the Batcher network is based on bitonic sorting

n

clements. whicli are arranged in log, .V x 12 stages with 2 such elements per

stage. An 8 x 8 BB network is shown in Figure 1.5. The fotal number of SEs in

a BB network is equal to 4 x ((log, .V')? + logg, ). A destination tag algorithm is

employed to route the packets within the Banyan networks.
1.4.2 2-Replicated 2-Dilated Banyan Network

The R2D2 networks are formed by dilation of cacli link in the Banyan network

followed by a replication of this dilated Banyan network. The duplicated links are

connected to the same SEs as those of the original links. The first stage SEs of

the 2-replicated 2-dilated Banyan networks are connected to multiplexers. The two

2-dilated Banyan networks are called as subnetworks A and B in this thesis. An
SE in an R2D2 network is referred as SE;jx where i indieates the layer number,

j indlicates the stage number and & indicates the row numb: An 8 x § R2D2

network is shown in Figure 1.6.



The incoming packets are fed to the multiplexers. The multiplexers then ronte

the packets to their respective destination through one of the fanlt-free 2-dilared

Banyan network. Faults in either of the 2-dilated Banyan netwi are notified to

the nmltiplexers. If a fanlt is located in one of the subnetworks. then tlie multipl

ers do not send any packets to that subnetwork, All packets are routed through

the fanlt-free network. There are exactly two paths between eacli input and output

port in the R2D2 netwark.
1.4.3 Extra Stage Cube Network

The extra stage cube (ESC) network [18], [19] is derived from the generalized
cube MIN [20) by adding an extra stage to the input side of the network along
with multiplesers and demultiplexers at the input and output stages. respectively
as shown in Figure 1.7. The last stage and the first stage liave a similar connection
pattern. Each of these stages can be enabled or disabled by the use of the available
multiplexers and demultiplexers.

Normally, the network will be set so that stage n is disabled andl stage 0 is
enabled. If a fault is found after running fault detection and location tests. the
network is reconfigured. A fault in a stage n switch requires no clange in network
configuration; stage n remains disabled. If the fault occurs at stage 0. then stage
n is enabled and stage 0 is disabled. For a fault in a link or in a switch in stages

n —1to L. both stages n and 0 are enabled.
1.44 Augmented C-Network

The Augmented C-network (ACN) [21] derives from the C-network., an " x .\

MIN having an arbitrary number of stages of § 2 x 2 crossbar switcles each.

6



Stages are numbered 0 to n — 1 from input to ontput. C-networks are networks

which satisfy the property that the SEs in every stage. except the last one. ean be

grouped into pairs such that cach pair is connected to a common pair of SEs in the

next stage. Such SEs are called as conjugates.

The ACN provides 2" distinct paths between any sonree and destination: ut

most of these paths are not disj

int. Routing in the ACN is predicated on o ronting
tay scheme existing for the particular base C-network. \When there are no fanlis
or when certain SEs are busy, the tag is determined and interpreted by the ACN
in the same manner as it would have been done in the base C-network. Otherwise,
the two proposed routing strategies utilize both the standard path and conjugate
path switches [21). An 8 x 8 ACN constructed from an Omega network [22] of the

same size is shown in Figure 1.8.
1.4.5 Merged Delta Network

An N x N merged delta network (MDN) results from cross-linking the corre-
sponding stages of C copies of an 3 x & delta network. The delta networks are a
class of networks that include the generalized cube network. An MDN denaoted by
C-MDN indicates explicitly the number of copies. The basic switch for the MDN
is a 2C x 2C crossbar, with log, .V/C stages. An 8 x 8 MDN with C=2 is shown
in Figure 1.9.

Routing in MDN is based on the delta network ronting procedure.  Ronting

information is initially passed to a non-faulty switch in stage 0. From there, each

switch in stage j forwards the information hy choosing with equal probability one
of the copies. If the selected switch is faulty, another copy is chosen. At stage n—1

the switch output is chosen to reach the intended destination.

T



1.4.6 F-Network

The F-network [23] is a 2" x 2” with n + 1 stages of \' = 2" switches each. that
are in general 4 x 4 selectors. An 8 x 8 F-network is shown in Figure 1.10. The
F-network can emnlate the structure of the generalized cube network. At each stage

oxeept the output stage, two different switches can be selected while maintaining

the same destination. A faulty or a busy switch is avoided by taking the alternate

path.
1.5 Motivation for this Thesis

The Banyan networks suffer throughput limitation due to their basic SEs which
are 2 x 2 switches. Even though the BB network is a nonblocking switch for
permutation traffic it is blocking under realistic traffic conditions. The throughput
of the BB is severely degraded under realistic traffic conditions. Moreaver. neither
the Banyan nor the BB networks possess any FT properties. All the MINs mention
in the previous section also have low throughput hecause they accept only one

packet at their output ports in each cycle. In order to be used as a switch fabric for

broadband packet switch archi MINs should possess high tl:roughput rate.

The throughput of the R2D2 and the BG networks is increased by increasing the
size of their SEs. This thesis work aims in evaluating the throughput performance
of the BB and the R2D2 MINs and the BG network [24]. Since it is difficult
to simulate the real time traffic conditions expected in Broadband Packet Switch
Architectures, the performance of MINs under certain well known traffic conclitions
are studied in order to estimate their performance under realistic traffic conditions.

If the switches are to be used in a remote environment, MINs considered for use

8



should be highly reliable. Apart from throughput performs
in this thesis are compared with respect to hardware complexity, FT and reliability,

in this thesis.
1.6 Thesis Organization

This thesis consists of six chapters. An introduction abont ATN and the ob-
jective of this thesis work were provided in previons sections. The BG network is
discussed in Chapter Two. The hardware complexity, fault tolerance and relinbil-
ity analysis, of MINs is presented in Chapter Three. Performance of NMINs under
certain uniform and non- uniform traffic patterns is presented in Chapter Four, Per-
formance analysis results of the BG network in the presence of SE fault is disenssed

in Chapter Five. Contributions of this thesis along with some recommendations for

future work in this area are presented in Chapter




ATMMUX

£ ATM
1 Switching
Daa . : Network
Q N-1

Video

Figure 1.1: A B-ISDN Network [2].



header (includes

information field -
48 octets routeing information) -
— : Soctets
— > cell stream
' H B B—
cell-S3octels
A oS A
1
octet 53 octet 1

Figure 1.2: A basic ATM cell format [6].



H0MIIN PIPIMG NN WLV UV €T oxudtg

12



| ry -

IR

Figure 1.4: An ATM switch fabric [2].



i




Output
Stage 0 Stage 1 Stage 2 Buffers

Figure 1.6: An 8 x 8 2-Replicated 2-Dilated Banyan Network.



|

penbdanl

Figure 1.7: An Extra Stage Cube Network for N = 8 [2].

16




Figure 1.8: An 8 x 8 Augmented C-Network [2].
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Chapter 2

The Balanced Gamma Network

2.1 Introduction

Unipath and multipath MINs discussed in the previous chapter are heing ex-
perimented for use in the switch fabric of broadband packet switch architectures.
In this chapter, yet another multipath MIN called the BG network is introduced.

The BG network has multiple paths to route a packet from a source to a desti-
uation. Due to multiple paths in the network. packets can be routed through the
network even in presence of failures of some of the switching elements (SEs) in the
network. Moreover the BG network is capable of accepting up to four packets at
each destination during each cycle.

Section 2.2 discusses the structure of the BG network. The routing algorithm
followed in the BG network is presented in Section 2.3 followed by a summary in

Section 2.4.

2.2 Structure

The BG network [24] features 4 x 4 SEs and is derived by the enliancement of

the gamma network. An 8 x 8 gamma network [23] is illustrated in Figure 2.1. An

20



' X N gamma network consists of one stage of 1 x 3 SEs, followed by log:

stages of 3 x 3 SEs and finally one stage of 3 x 1 SEs. Eacli stage of the gamma

network consists of \' SEs. The ith (0 < i leg X)SE in the jth (0 < j < loy

stage is connected to SEs i. (i +2/) mod N and (i =) mod N in the (j + 1)th
stage. The gamma network consists of twice the number of SEs in each stage as
that of the Banyan network for the same .\,

In case of failure of a SE in the gamma network, one of the non-straight links in

the gamma network can be considered as an alternative for the other non-straight
link and a re-routing algorithm can be developed to exploit this redundaney. How-
ever, the straight link does not have an alternative link and becomes the most
critical component. Hence the gamma network can be viewed as an unbalanced

network.

o link to each SE. This

The gamma network is balanced by adding an ex
additional link in an ith SE of jth stage will be connected to SE (i +2/H) maod X
in the (j+1)th stage. The SEs in the last stage of the gamma network ave replaced
by buffers to form the BG network. These buffers are designed to aceopt up to
four packets during each cycle. These buffers colleet the owtcoming data from
the network and feed them to the respective destinations. Similar to the gamma
network. the BG network consists of V' SEs numbered 0 to N = 1 in each stage and
n = loga N stages numbered 0 to n — 1. This network consists of 1 x 4 SEs in the
first stage and 4 x 4 SEs in the subsequent stages. A 16 x 16 BG network is shown
in Figure 2.2. Figure 2.3 shows a reconfiguration of the BG network that explicitly
shows its block structure and modularity. If the output buffers in Figure 2.3 are

replaced by concentrators, then this network is identical to the Kappa network (26].
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Each SE in the BG network is addressed as SE; (0 <i < N.0 < j < n) where i
indicates the SE number within a stage and j the stage number. Within the 4x4 SEs
the input ports are name« as input upper (IU). input upper middle (IUNI), input
lower middle (ILM) and input lower (IL). The output ports are named as output
wpper (OU), output upper middle (OUM). outpnt lower middle (OLM) and ontput
lower (OL). Each 4 x 4 SE, SE,,. is connected to SEs SE_j-1. SEimpm1 1.
SE;j-1, and SE, -1~ from the previous stage and to SEs SE;_s js1, SEij1,
SE;yj410 SEipara ji in the next stage as shown in Figure 2.4, Each SE SEj, -y in
the last stage is connected to the ontput buffers (=24, j+1), (i.)+1), (i+2/,j+1).
(i + 2+, j +1). The links connected to QUM and OLM are called normal links
and the links connected to OU and OL are called alternate links. Hereafter the
links connected to output ports OU, OUM, OLM and OL will be referred to as OU
link, OUM link, OLM link and OL link respectively.

2.3 Routing Algorithm

The BG network originally used a distance tag algorithm [24]. To enhiance
the fault tolerance properties of the BG network a reverse destination tag routing
algorithm has been proposed in this thesis [27]. In the reverse destination tag

routing algorithm, the routing tag for a cell to e routed from source S to destination

D is the binary ion of D. viz. dy—yd,-24, (. The SEs interpret the
tag in the reverse order, i.e., the SE in stage 0 switclies a packet bascrl on bit g,
SE in stage 1 switches based on bit ), and so on until the SE in stage n — 1 which

switches hased on bit d,—;. Each SE is associated with a value a given by the



formula

i P .
3] mod 2. @0

This value a is used in switching a packet at an input port of an SE in one stage

to the next stage. An SE SE;; routes a packet through the OUM link when a is (0

and the tag bit is 0, or when o is 1 and tag bi

is 1. and the OLM link when o is

0 and the tag bit is 1. or when a is 1 and the tag bit is 0. Packets

riving al the
input port of an SE are routed through the alternate links only if more than one
packet is to be routed through with the same tag bit or when the SEs connectod (o
normal links in the next stage are faulty. As there are four inputs coming into each
SE. it is quite likely that, in a given cycle, more than one packet may arrive at an
SE with a 0 (or a 1) as the tag bit. It is easy to see that up to 2 packets with the
same tag bit can be routed without any loss. If three or more inpnts require the
same output link, any two are arbitrarily chosen and the rest are dropped. [f the
cells from inputs are to be routed through the OUM link, then one cell is rounted
through the OUM link and the other is routed through the OL link. Similarly, if
two of the incoming cells are to be routed through the OLM link. then one is routed
through the OL) link and the other is routed through the OU link. The detailed
routing procedure is given in Appendix A.

An example of this routing algorithm is depicted in Figure 2.5 which shows the
path taken by a packet from source 7 to destination 12 in a 16 x 16 BG network,

The destination tag used for routing the packet is 12 in hinary which is 1100,

Figure 2.6 shows the routing of a packet from sonrce 7 to destination 12 in the

reconfigured 16 x 16 BG network. It can be noted that in the reconfigured BG

network, the upper two links of each SE are used for switching a packet with a 0
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tag it while the lower two links are nsed for switehing a packet with a 1 rag bir.

2.4 Simulation Program

relitectires

Iation of MINs for nse in broadbaud packer switeh

Research on ¢

lias been done for the past four years under the gnidance of Dr. Venkatesan in Fae-

ulty of Engineering and Applied Seience at Memorial University of Newfoundland.

As aresult of this endeavor, a software package. written in C++. was developed

to simulate several MINs and study their performance. This simulation program
was capable of simmlating the performanee of the Banyan. the R2D2 and the BG
networks under certain traffie conditions. The current work included modification
and enhancement of this software,

The simulation program consists of four main sections - network definition.
traffic generation, switching and results sections. The network definition section
defines parameters used by the program to simulate the network. The expected
traffic pattern is generated by the traffic generation part and then switched through

the network. Finally the results are calculated in the results section.

The new routing algorithm proposed for the BG networks has been implemented
in the simulation program. The program is now capable of simulating the perfor-
mance of the BB networks. Performances of the Banyan. the R2D2. the BB and
the BG networks wwder the the permutation. the lotspot, the community of in-

terest and the bursty traffic conditions, to be discussed in Chapter . have heen

either added to the existing program. or the existing software has heen modified to
include these. The failure of an SE in the BG network has also been simulated so

that the performance under failed components can be studied.



2.5 Summary

A multipath MIN, called the BG network featuring 4 x 4 switching dvinents has
heen presented in this chapter. Evolution, structure and properties of the BG
network are explained in detail. Symmetry and modularity of the BG network are
explicit in the reconfigured BG network. The routing algorithm followed in the BG

network is illustrated with the help of an example.
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Chapter 3
Properties of MINs

3.1 Introduction

MINs are being experimented with for use in broadband packet switch archi-
tectures. Some MINs along with their routing algoritim have been explained in
Chapters 1 and 2. There are certain properties of MINs that are to be consid-
ered for use in switch fabrics of the broadband packet switch architectures. These
properties of MINs are detailed in this chapter.

The hardware complexity (HC) of the MINs are explained in Section 3.2. The
FT properties of MINs are explained in Section 3.3 followed by their reliability

analysis in Section 3.4. Finally a summary is provided in Section 3.5.

3.2 Hardware Complexity

The MINs being experimented for use in switch fabrics of broadband packet
switeh architectures have to be finally implemented on hardware. Most of the
studies indicate the number of crosspoints required to implement the switching

network as proportional to the hardware cost [11]. So the
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With rapicl advancements in the VLSI technology, apreat deal of HC can be

implemented on a single chip. Here, the main foeus

ison he erosspoint compl

of the entire MIN instead of taking the number of chips wquired for hardw:

implementation of the network.

The HC of a network can be equated to the sum of the hardware compl, s of

the SEs of the MIN. The HC of an SE is also referred to as the erosspoint complexity

because it depends on the total number of connections between the input ports and

17

the output ports within an SE. The crosspoint complexity of the SEs can e found

by different methods [11], [33). One such method s

ates the HC to be equal to the

product of number of the input ports and ontput ports. This method hias been

chosen for calculation of HCs of MINs in this thesi

Primarily the MINs diseussed

in the previous chapters are made up of either 2 x 2 SEs or 4 x 4 SEs.

The crosspoint complexity of an 2 x 2 SE is equal to -+, This has heen illustrated

in Figure 3.1. Eacliinput port is connected to two other ontput ports within the S
Hence there are 4 connections within the SE and hence the erosspoint complexity
or the HC of an 2 x 2 SE is equal to 4. Similarly the erosspoint complexity of a

4% 4 SE is equal to 16 and is shown in Figure 3.2, Here, there are | input ports

connected 4 output ports and hence a total of 16 connections exist within the SE.

Although several researchers have proposed more complex measures for com-

puting the HC of an SE (for example, a scheme which give different weights 10
the number of crosspoints, the total number of inpnt and ontput ports, and the
fabrication technology), the most popular approach is to employ the erosspoint

complexity. Hence the choice here.
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