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Abstract

The large bandwidth, in the range of tens of Terabits/sec, capacity of optical fiber made it
an obvious choice for transmisson medium of emerging and future networks. However,
as the electronically operated computing nodes can not process information at these rates,
network architectures must be designed to alow pardle transmissons among the

computing nodes by dividing the bandwidth of optical fiber into multiple channels.

Multichannel multihop architectures use Wavelength Divison Multiplexing (WDM) for
concurrent transmissions at the (order of Gigabits/sec) speeds of computing nodes. The
nodes in these networks communicate using a predefined connectivity pattern caled
logical topology. The LAN/MAN architectures usualy employ a regular topology as

nodes interconnectivity pattern.

This thesis expands upon the multichannel multihop LAN MAN architectures based on
regular topologies and considers the use of reconfiguration as a regular topology design
issue for tolerating changes in the network such as node failures and additions. By
assuming a regular structure of larger Size as a base topology wherein each node in the
network occupies a unique position, reconfiguration is defined as changing the links of
the neighbors of failed/ added node so that the resultant structure remains connected. We
cdl this reconfiguration as local perturbations and the topologies designed using loca

perturbations as reconfigurable topologies or perturbed topologies.

This work studies the applicability of the proposed locd perturbations paradigm to
traditional regular topologies such as Torus, Hypercube and deBruijn graph and aso
designed regular logica topologies that treat reconfiguration as a new dimension to the
topology design, while addressing other dimensions such as low diameter, less average
internode distance and ample routing. The reconfigurable topologies are evaluated for
uniform and non-uniform traffic conditions.  Findly, LAN/MAN architectures using

reconfigurable topologies are proposed.
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Chapter
1. Introduction

Networking has become an integra part of computing. Computing applications in dl
sectors are now dependent upon computer networks to routinely, accurately and rapidly
convey data from one to another. Similarly, networking is the heart of audio and video
communications. Today, Loca Area Networks (LANS) with transfer rates of IOMbps to
100 Mbps are commonplace. Networks with few hundred Mbps transfer rates are aready
replacing the existing 10Mbps networks and networks supporting a few Gbps per node
are emerging. This development towards higher speeds has been a push and pull between
users and suppliers, fuded by the technologica developments in optical communication
and the opportunities provided by the new applications (multimedia web applications,

virtual environments, distributed computing).

This chapter presents the motivation and the need for research on logica topology design
for fiber optic Local and Metropolitan Area Networks (LAN/MANS). Section 11 gives
an introduction to the area of fiber optic loca and metropolitan area networks. Section
12 discusses various logical topologies proposed for multichannel multihop fiber optic
LAN/MANSs. Section 13 presents the motivation behind this research. Section 14 states
the problem of designing logica topology by considering reconfiguration as a design
issue and section 15 presents the objectives of the present work. Last section describes
the methodology followed in this thesis to address reconfigurable logical topology design

problem.

1.1 Fiber Optic LANsS/MANs

The first generation fiber optic LANSMANSs were developed on the principle of the
traditional networks wherein dl the nodes share the single communication channel.
Examples of this generation include Expressnet [Tobagi et. a., 1983], CRMA
[Nassehi,1990], DQDB [IEEE Std802.6/D15,1990], and FDDI [1S09312-2,1989]. The



speeds of these networks are limited to the peak eectronic processing speeds (2-5 Gbps)
[Kazovsky et. al.,1992]. The dependency of nodes transmisson capacities on the
network throughput and hence on number of nodes in these networks is a limiting factor
for bandwidth hungry applications listed in CCITT recommendation 1121 - such as video
telephony, high-definition image transfer, high-speed data transfer, multimedia mall,
video on demand and high-fiddity audio. To overcome this problem, next generation
networks am to utilize the tremendous bandwidth of optical fibers. This became possible
by recent advances in photonic technology to multiplex and demultiplex hundreds of
wavelengths on a single optical fiber. A detailed study on these generations of networks
IS given in [van As, 1994]. In this class of networks, the bandwidth of optical fiber is
divided into a number of channels with each channel operating closer to the maximum
speeds of the electronic interface units, i.e, of the order of Gbps. By usng these
channels for pardld transmisson among various nodes, each node processes only that
part of network traffic available on the channels alocated to it. Thus, the network
capacity can be increased up to the bandwidth of optica fiber or beyond [Green, 1993;
Svargan and Ramaswami, 1994; Mukherjee,1997]. A brief discusson on multichannel

networks is presented in the following section.

111 Multichannd Fiber Optic Networks

The communication among the nodes, in optical networks with multiple channels redlized
in a sngle fiber optic cable, can be established either by switching the channels using
tunable transmitters/receivers or by switching the information (packets) across various
nodes. Networks based on the former approach are caled as single-hop networks while
those of latter approach are multihop networks [Mukherjee, 1992a; Mukherjee, 1992b;
Mukherjee,1997]. In a single-hop network, the transmitted information remans in
optica form up to its destination. Since the number of transmitters and receivers
associated with each node is much less than the number of channels available in the
network due to electronic bottleneck, significant amount of coordination among nodes is
required. For a packet transmission to occur, one of the transmitters of the sending node
and one of the receivers of the destination node must be tuned to the same wavelength
and/or code for the duration of the packet's transmisson. Moreover, the transmitters and

receivers should be able to tune to different channels quickly, so that packets may be sent



or received in quick succession. In addition, single-hop networks should take into
account different propagation delays among different pairs of nodes and dispersion of
optica sgnd (i.e., sgnas of different wavelength propagate at different speeds).

Conversaly, in multihop networks, packets pass through intermediate nodes where they
may briefly leave the optical domain in order to be routed, and in some cases they may be
buffered. A packet is routed to its destination according to a relatively static connectivity
among transmitters and receivers of dl nodes, and this static connectivity is not expected
to change except when a new connectivity of dl transceivers (transmitter and receiver
pairs) is deemed to be more beneficid. The static connectivity among the transmitters
and receivers of nodes is caled as logical topology or virtual topology. As the logica
topologies are relatively static, the tuning times of transceivers have little impact on the
performance of the network. However, in multihop networks, a sgnificant fraction of
system capacity is lost due to data (packet) forwarding [Ganz and Koren,1991]. Hence,
in designing a “‘good” multihop system, one should address two other important issues.
First, the logical topology chosen must be close to optimality in some sense, eg., the
structure's average (hop) distance between nodes must be small, or the maximum number
of hops a packet makes should be less. Second, processing complexity of the nodes aso
must be smdl because the high-speed environment alows very little processing time;

consequently smple routing algorithms must be employed.

For both single-hop and multihop LANs/MANSs, it is important to keep in mind that any
design must be not only smple and implementable, but also scalable to large user

population.

Single-hop networks need wavelength-agile components, as they require dynamic
coordination between the nodes for the packet transmission duration. Given that the
tuning times of current optical transceivers are dgnificantly long (compared to the packet
transmission duration), the chalenge is to develop protocols for performing the proper
transmission coordination in an efficient fashion. Conversely, in multihop networks, a
packet is routed to its destination according to a relatively static connectivity (logical
topology) among transmitters and receivers of dl nodes. Hence, multihop networks

provide guaranteed packet delivery. The logical topology of multihop networks needs to



be changed only when there is a change in the network (failure or addition of node)or in
traffic. Hence, multihop networks can be developed with existing (relatively) sow
tunable transceivers. The following section briefly discusses multichanne multihop fiber
optic LANSMANS.

1.2 Multichannel Multihop Fiber Optic LAN/MANs

Multichannel multihop fiber optic LAN/MANSs use broadcast and sdect architectures,
wherein different nodes broadcast messages on different WDM channels, typicaly, over
passive star, linear bus, or tree topologies. Access nodes in these networks receive
messages routed by making use of the logical topology. Logical topologies are embedded
on to the physical topologies such as passive star, linear bus and tree topologies by tuning
the transmitters and receivers of the access nodes. Multichannel multihop networks are
classified as regular and irregular topology networks based on the regularity of the
logicaltopology [ Mukherjee, 1992b/.

A topology in which each node is connected to exactly k nodes is cdled k-regular or
regular topology. Otherwise, it is sad to be irregular. Figure 11 gives an example of

each class.

a) Regular Topology b) Irregular Topology
Figure 1.1 Examples of Regular and /rregular topologies
121 Irregular Topologies
Irregular topologies are, usually, designed based on some optimality criterion.
Generdly, the optimization function is selected to minimize, the maximum flow among
dl logica channels. This is done by properly assigning the wavelengths to node pairs
based on traffic between them and hence the optimization problem is widdy known as
flow and wavelength assgnment (FWA) problem. The FWA problem is setup as a
mixed integer optimization problem  [Labourdette,1991, Labourdette and



Acampora,1991; Zhang and Acampora,1994]. Since the search space of this problem
rapidly increases with the sze of the network, sub-optimal solutions are proposed in
[Labourdette, 1991; Labourdette and Acampora, 1991, Zhang and Acampora, 1994].

Alternatively, the optimization function is selected to minimize the average delay of a
packet. The work in [Bannister et. a., 1990] reports that algorithms based on simulated
annealing can be employed to solve the delay based optimization problem.

Examples of networks based on irregular topologies include [Labourdette, 1991;
Labourdette and Acampora, 1991, Zhang and Acampora, 1994, Ofek and Yung, 1995].
Most of these topologies are proposed for wide area networks. But, in [Ofek and
Yung, 1995], irregular topologies are aso demonstrated for loca area networks.

122 Regular Topologies
Regular topologies are usually designed with an emphasis on the relationship among

nodes. Severd regular topologies have been extensively studied as interconnection
networks for paralle computers [Wittie, 1981, Bhuyan and Agarwal, 1984; Dimopoulos
et. al,1990; Dandamudi and Eager, 1991, Ganesan and Pradhan,1993; Gaughan and
Yalamanchili, 1993; Madluhi and Bayoumi, 1994, Szymanski, 1995; Latifi and
Srimani,1996; Opatrny et.al.,1996; Vadpdli and Srimani, 1996]. These topologies
became the basis for the study of logica topologies for lightwave networks. This is
evident from the topologies proposed for lightwave networks in [Mukherjee, 1992b;
Ayadi et. al, 1993; Banerjee et. al, 1994; Brass| et. al, 1994; Feng and Yang, 1994, Sen
and Maitra, 1994; Svargan and Ramaswami, 1994; Wang and Hung, 1994; Banerjee et.
al., 1999], which were studied earlier as interconnection networks. A more recent survey
by Banerjee, Jain and Shah on regular topologies for lightwave networks presents various

interconnection networks as logicd topologies [Banerjee et. a., 1999].

Regular topologies can be further divided as basic and hierarchical topologies. While
the basic topologies define smple structures, the hierarchica topologies are constructed
by considering such basic topologies as building blocks at different levels. A topology is
cdled as k-level hierarchical topology if the topology is constructed by treating nodes of

the structure at level /> 1 as regular structures such as Hypercube, Ring and deBruijn



graph.  [Liu, et. a., 19948 proposed two-level hierarchica networks for optica
communication. As the node degree, in smple (basic) regular topologies such as
Hypercube, increases with the size of topology, hierarchical topologies are amed at
constructing the topologies with fixed node degree or amed at reducing the rate of
change of node degree with the sze of network. For example, in the Hierarchical
Hypercube (HHC) proposed in [Maluhi and Bayoumi,1994], the node degree is (log log
k), compared to the node degree of (log k) for Hypercube of size k. Similaly, the
maximum degree of a node in Cube Connected Cycles (CCC) is three [Wittie 1981;
Bruck et. al,1995; Banerjee et. al,1999]. However, the smaler node degree in
hierarchical networks is achieved a cost of the average internode distance and/or
diameter.  Similarly, some other hierarchicad topologies based on de Bruijn and
ShuffleNet are proposed in [Liu et. a., 19944].

Basic topologies are further divided into point-to-point and bus-based topologies
depending on whether the logica link connects two or more nodes, respectively.
Examples of point-to-point regular topologies include Shuffle Exchange Net (SX-Net)
topology and its variations used in [Bannister et. al.,1990; Ayadi et. al.,1993; Ramaswami
and Sivarajan,1994; Sen and Maitra, 1994, Tong and Du,1994; Wang and Hung, 1994];
Manhattan Street Net (MS-Net) used in [Brassl et. al, 1994; Sen and Maitra,1994; Wang
and Hung, 1994]; deBruijn graph used in [Feng and Yang, 1994; Svagan and
Ramaswami, 1994]; Hypercube used in [Ganz et. al,1994; Tong and Du, 1994], Torus
used in [Banerjee et al,1994]. In bus-based networks, because a logica link connects
more than two nodes, some kind of arbitration is required in sharing the logicd links in
the topology. Usudly, time divison multiplexing is used as arbitration method for
sharing logical links in these bus-based topologies. Bus-based Mesh and Hypercube
topologies are proposed in [Liu et. al, 1994b].

Regular topologies, because of their structured node-connectivity pattern, have smplified
routing methods. However, their regularity restricts the set of solutions in addressing the
topology optimization problem. Hence, the topology optimization problem in regular
topologies is studied as optimal node placement problem, i.e., mapping the nodes of
regular logical topology to the nodes of the physical topology such that some predefined



criteria are satisfied.  Generally, for the networks based on broadcast (physica)
topologies, there are ™ ways in which TV nodes may be arranged in TV places of the
logical topology. Identifying the optimal placement from these TV/ ways of placement is a
computationally intensive problem. The works in [Banerjee and Sarkar, 1992; Banerjee
and Mukherjee,1993; Ganz et. al.,1994] and [Yeung and Yum,1998] investigated fast
heuristic solutions for constructing near-optimal structures. These solutions are classfied
as flow-based heuristics and delay-based heuristics, based on whether the optimization

criteria are to minimize the maximum flow in a link or to minimize average packet delay.

Though the networks with irregular logica topologies are designed to optimize the
network performance, the sub-optimal solutions used for finding optima topology are
usually computationally intensve. Regular topologies are preferred for LAN MAN
solutions for the reasons like they use identical hardware (because each node has same

degree of connectivity) and allow simple routing.

1.3 Motivation

The huge bandwidth potential of single mode optica fiber and electro-optic bottleneck
made the researchers to design novel architectures, by invoking some form of
concurrency to utilize the entire bandwidth of optical fiber, to saisfy the needs of
bandwidth-hungry applications such as virtua environments and distributed computing.
Severa attempts have been made and a few test-beds were developed by industry giants
to study the feashility of the architectures that are intended to exploit the complete
bandwidth of optical fiber [Kazovsky et. a.,1992]. Thus, the demand for high-speed
networks and technical feadhility to develop practicable systems are the prime

motivations for this research on fiber optic networks.

Out of the various network architectures, regular multihop networks are advantageous not
only due to the sufficiency of using fixed or dowly tunable transmitters/receivers, but
adso due to the smple routing properties defined based on their logica structure.
However, the fault-tolerant capabilities of these networks are limited to the node degree.
As the access nodes in multihop networks route the packets to destination nodes, failure
of nodes may disconnect the network topology. Also, as the regular structures usually

wouldn 't allow arbitrary number of nodes, one can think of constructing a regular



topology of arbitrary size asfailure of nodes in a complete regular structure. Hence,
reconfiguration of logical topologies - the process of defining connectivity among
transceivers of nodes in the network - is essential for regular multihop networks for

coping with the changes in the network such as failure or addition of nodes.

Presently, reconfiguration methods are only defined for tolerating traffic changes. These
solutions treat reconfiguration as a combinatorial optimization problem and computes
new logical connectivity [Labourdette, 1991; Banerjee and Sarkar, 1992; Banerjee and
Mukherjee, 1993]. The reconfiguration process then switches the current connectivity
diagram to the newly computed connectivity diagram, which may vary to a greater
extent. In the process of reconfiguration due to traffic changes, virtua circuits
established on the current connection diagram will be torn down, and later re-established
on an entirely new connectivity diagram, with different routes. This will cause packet
delay, packet loss and packet desequencing, because packets that belong to the same
virtual circuit will take different paths to reach destinations [Labourdette, 1991].
Moreover, the process of reconfiguration diverges if the frequency of reconfiguration is
more than the rate at which reconfiguration process is completed [Chlamtac and

Farago,1994].

As the node changes in the network occur randomly, present reconfiguration methods
cannot be applied for tolerating changes in the network. Hence, for tolerating faults and
expanding the network, the reconfiguration method should be defined as a natural
process in such a way that it affects only that portion of the network where change
occurs. Thus the need for reconfiguration to accommodate changes in the network such

as addition and falure of a node has motivated us to investigate further.

1.4 Statement of the Problem
One of the major problems in regular multihop fiber optic LAN/MANS is dynamic

reconfiguration of the /Jogical topology whenever changes (node failures and/or
additions) occur in the network. Present reconfiguration methods basicaly are proposed
for tolerating changes in traffic. They cannot be applied for tolerating changes in the
network. This is because node changes in the network occur randomly. This work

considers reconfiguration for tolerating changes in the network as a topology design



issue rather than addressing separately as a combinatorial optimization problem. This

view of reconfiguration is motivated by the following observations.

» Reconfiguration affects the performance of the networks similar to the way other
design issues of logical topology such as diameter, average internode distance and

node degree affect.

It is known that network performance parameters such as throughput, utilization,
average packet delay depends on the characteristics of logical topology such as
diameter, average internode distance, number of links and node degree. Smilarly,
reconfiguration helps in reducing congestion either by finding an optima connectivity
pattern [Ramaswami and Sivarajan,1995] or by optimdly placing nodes in a given
logical topology [Banerjee and Sarkar, 1992]. The reduction of congestion plays a
predominant role on the average packet delay, utilization and throughput of the

network.

Other network performance parameters such as rdiability, maintainability,
expandability and cost aso depend on the logica topology characteristics such as
node degree and number of links. But, the ability to reconfigure the logica topology
(redefine the connectivity among nodes, i.e., logical topology) plays a crucial role in
tolerating faults and accommodating new nodes and hence affects the performance

parameters such as reliability, maintainability and expandability.
> Reconfiguration and other design issues of logical topology are interdependent.

High node degree is desired to have high fault tolerance. But, with the ability to
reconfigure the network, the fault tolerance capability can be increased even with less

node degree.

Smilarly as the reconfiguration defines new connectivity among nodes, it affects

diameter and average internode distance.

This thesis addresses the design of logica topologies by proposing the concept of a new
paradigm cdled local perturbations [Reddy and Reddy, 2001la] for dynamic
reconfiguration of (regular) logica topologies.



Local perturbations paradigm define a methodology for reconfiguring regular logica
topologies. According to this paradigm, the network assumes a structure of the largest
sze for which the network performance is affordable.  We cdl this structure as base
topology. Each node in the network takes a unique position in the base topology, and is
identified with the position in the base topology. Networks with smaler sizes can be
constructed by assuming some of the nodes as faled in the base topology. Whenever a
node fails, the neighbors of failed node become interconnected (or reconfigured) such
that connectivity is maintained and routing properties of base topology are preserved.
Smilarly, whenever a node isadded to the network, it takes a unique position in the base
topology and establishes connections accordingly. Thus the reconfiguration process
changes the structure of logical topology with each reconfiguration  Topologies
designed, using loca perturbations paradigm, are referred as dynamically

reconfigurable topologies or smply, reconfigurable topologies.

The reconfiguration process changes the logica topology by just changing the links in the
topology where the change (such as node addition and falure) occurs in the network.

Hence, the reconfiguration process is simple and efficient.

15 Objectives

The primary goal of this thesis is to provide a new solution for the reconfiguration of the
logical topologies for tolerating node failures and additions in the multichannel multihop
fiber optic LAN/MANS.

A key emphasis of this work has been to consider reconfiguration as a topology design
issue. A framework has been developed by compiling al the design parameters and by
studying their relationship with each other and with the performance of the network. The
existing solutions for logical topologies have been investigated under this framework.

Other objectives of this work include:

e study and understand optica networks.
* propose a st of aternative regular topologies whose dynamic reconfiguration is
transparent to users. Ensure that the dynamicaly reconfigurable topologies

proposed possess smple routing properties.
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e study the performance of the proposed topologies under uniform and non-uniform

traffic conditions.

» propose fiber optic LAN/MAN architectures.

1.6 Methodology

In order to design dynamicaly reconfigurable regular logical topologies for tolerating
changes in the network, reconfiguration is treated as a design issue. Before developing
such logical topologies, we studied how various properties such as diameter, average
internode distance, node degree and reconfiguration affect the network performance
parameters such as throughput, packet delays, reliability and expandability. We proposed
a framework based on these properties, for evaluating logica topologies. Later, we
compared and contrasted various logica topologies proposed in the literature - for
multihop lightwave networks as well as paralld computers - based on the framework
designed. The evaluation of existing logical topologies showed the need to design logical
topologies that consider reconfiguration as a design issue. Chapter 2 describes more on
this.

We then proposed local perturbations paradigm for reconfiguring the logical topologies.
The key issues in designing a reconfiguration scheme based on loca perturbations are to
maintain the connectivity of logical topology and to retain structural properties of base
topology. Applicability of loca perturbations in traditional topologies is then
investigated. A detailed discusson on this is presented in Chapter 3. Reconfigurable
topologies designed - Perturbed Torus and Reconfigurable Circulant Graphs - are
discussed in this chapter, by applying loca perturbations to existing Torus, Circulant

Graph topologies as their base topologies.

Chapter 4 evaluates the dynamicaly reconfigurable topologies, designed in chapter 3,
based on the framework presented in chapter 2. The results show that performance of
dynamically reconfigurable topologies is comparable to their datic counterparts -
topologies with base topology structure of same sze. As the framework proposed for

evaluating logica topologies does not consider non-uniform traffic conditions, greedy



solutions proposed for optimal node placement are used to compare the performance of

topologies under non-uniform traffic conditions.

Chapter 5 discusses various implementation issues for fiber optic LAN/MANS based on
the dynamicaly reconfigurable logica topologies proposed in chapter 3. The simulation
results of these LAN/MANS are presented. The performance results based on smulation

complemented the results obtained in chapter 3 and chapter 4.

Findly, chapter 6 summarizes the man contributions of this research and concludes with

directions for further research.



Chapter

2. Regular Logical Topologies

This chapter presents a survey on various regular logical topologies used for fiber optic
LAN/MANSs, pardle computer architectures and wide area networks and compare some
of the well-known logica topologies. Section 2.1 gives an introduction to the concept of
regular logica topology. Section 2.2 describes a framework for evaluating regular
logical topologies. Section 2.3 provides andyss of various regular logical topologies
such as deBruijn graph, Manhattan Street Net, Torus, Hypercube and Shuffle Net,
proposed for fiber optic LAN/MANs and parale computer architectures. It aso
presents comparison of these well-known logica topologies based on the framework
proposed in section 2.2. Findly, section 2.4 discusses how dynamic reconfiguration can
be visualized as a topology design issue, and proposes loca perturbations paradigm for
reconfiguring logical topologies.

2.1 Introduction

The term physical topology has been used to refer the connectivity of access nodes
(terminals and hosts) interconnected by means of physicad medium, signd repeaters,
transmitters and receivers [Bannister et. a., 1990], while the terms logical topology and
virtual topology are used, interchangeably, to refer to the coordination among
transmitters and recelvers of access nodes [Bannister et. a., 1990, Svargan and
Ramaswami, 1991]. Logica topologies have been referred as interconnection networks
in paralel computers literature to describe the connectivity among processing e ements
(PEs) [Feng, 1981, Wittie, 1981; Bhuyan and Agarwal, 1984; Ayadi et.al., 1993; Bruck
et. al., 1994].

Logica topologies are clasdfied as regular and irregular topologies depending on
whether each node in the topology is connected to same number of nodes or not. Regular

topologies are advantageous over irregular topologies due to the richness in their



structure that dlow to define smple routing properties and to use identical hardware at
each node. In this chapter, we study some popular logica topology families, including
Hypercube networks, shuffle exchange networks and hierarchical networks. These
topologies vary in terms of their characteristics such as node degree, regularity and

diameter.

2.2 A Framework for Evaluating Regular Logical Topologies

In order to provide a clear understanding of the logical topologies, we study the various
topological characteristics and how they affect network performance. In describing
various topological characteristics, the logica topology is considered as a graph with the
nodes in the network as vertices and the logicd links of the topology as edges. Hence,
the terms — graph, network and logica topology are used interchangeably. Similarly, the
terms ~ node and vertex are used interchangeably. Also, the terms ~ link, logica link and
edge are used interchangeably.

» Degree of a node: According to graph theory, the number of links incident to (from)
a node is caled the incoming (outgoing) degree of that node. The incoming degree
dictates the number of receivers, while the outgoing degree tells the number of
transmitters a node requires. In order to reduce the cost of the network, the degree of
a node (both incoming and outgoing) should be small. To be able to expand the
network, it is aso desirable that the degree of a node should not be changed with the
change in sze of the network (i.e.,, number of nodes). Even if the node degree

changes with the size of the network, the rate of change should be minimd.

However, to provide high rdiability, the connectivity (minimum number of edge
digoint paths between dl pairs of nodes) should be high. As the connectivity for a
connected graph is the minimum node degree, node degree should increase with the
network size.  Thus reliability contradicts with the other network performance
parameters -- cost and expandability. However, since reliability can also be achieved
through reconfiguration (a means for tolerating faults), it is desired to have less node

degree.
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Regularity of atopology aso helps in using identical hardware at each node. For ak-
regular topology, the incoming degree and the outgoing degree of a node are equd to
K. Hence, the network interface of each node in a k-regular topology uses k

transceivers.

Number of Nodes: Number of nodes puts a limit on the expandability of the
network. For point-to-point topologies, the number of channels obtained by dividing
optical bandwidth limits the number of nodes in the network. The effective topology
should connectmore number of nodes with less number of channels. 1n other words,
the number of nodes that can be accommodated is inversay proportional to node
degree. Alternatively, more number of nodes can be accommodated by sharing a
channel in lightwave networks with two or more links of logical topology. One such
solution is proposed by [Chlamtac and Ganz, 1990] wherein WDM channels are
shared using TDM. Bus-based topologies are another aternative for accommodating

more number of nodes in a network.

Diameter of the Network: The diameter of the network - maximum internode
distance - is smply the maximum number of hops (link traversals) that a message
may take when it traverses through the shortest path from a source node to a
destination node. It places a lower bound on the maximum delay a packet may make
while propagating through the network. As the diameter of the network increases,
packets need to make more hops and hence, the average queuing delay increases and

the network throughput decreases. It isdesirable to have smaller diameter.

Average Internode Distance: In contrast to the diameter of the network, average
internode distance is the expected number of hops a typical message requires to reach
its destination. This is a better indicator of average message delay than the network
diameter. Unlike the network diameter, the average internode distance depends on
the message routing distribution. This routing distribution specifies the probability
with which different nodes exchange packets and ultimately depends on the
communication requirements of the application. Mathematically, average internode

distance is described as
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where d(i.j) is the distance between nodes 7 and ;,in terms of number of hops; Nis

the number of nodes

For a symmetric topology, the average internode distance can be written as,

d = if- * 1(i) (2.2)

where D is the diameter; f (/) is the probability of an arbitrary message from a node,

makes /hops (i.e., routing distribution).

Different choices of /(/), depending on message routing distributions, lead to
different average internode distances. For uniform message routing distribution f (1)
is same for dl nodes and is given as N, /(N - 1),where TV, is the number of nodes at
a distance /. Uniform routing distribution is more appealing because it makes no
assumptions about the type of computation for generating messages, but the same is
aso a lidbility from a different perspective. Most message generation distributions
exhibit some measure of communication locality. Hence uniform routing distribution

provides what is likely to be an upper bound on the average internode distance.

It is always desirable to have average internode distance as short aspossible. For
irregular topologies, low average internode distance may require an unreasonable
number of links for each node. This leads to have more number of communication

ports.

Routing Algorithm: When a message is to be routed from one node to another, the
path it takes is determined by the routing algorithm. The routing agorithm is
executed by the originating node and by every other node in the path to the
destination. // is desirable that the routing algorithm is simple and nodes do not
requires complete knowledge of the network to route the packets. It would be

convenient by just knowing the source node address and destination node address to
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obtain the shortest sequence of nodes the message should traverse to reach its
destination.

Routing algorithm affects many of the network performance parameters such as

channel tilization, fairness of media access, throughput and ease of implementation.

+ Reconfigurability:  Reconfiguration is the process of (re)defining the logical
connectivity (topology) of the nodes. Reconfiguration is required for tolerating node
failures as wdl as for adding nodes into the network. Thus the ability to reconfigure
(reconfigurability) a network not only improves reliability, but also provides
expandability of the network. Also, reconfigurability relieves the node degree being

used as the parameter for measuring the connectivity reliability.

The characteristics of a topology described above node degree, number of nodes,
diameter, average internode distance, routing algorithm and reconfigurability -
constitute the framework for evaluating regular logical topologies [Reddy and Reddy,
2001b]. This framework is used for evaluating the traditiona topologies studied as well

as the reconfigurable topologies designed in this work.

2.3 Regular Topologies

In this section, we study various regular topologies proposed, by research community,
such as Binary Hypercube, Torus, Manhattan Street Network (MS Net), deBruijn Graph,
Shuffle Exchange Network (SX Net), Chorda Rings, Star Graph, Cayley Graph, Cube
Connected Cycles and Hierarchica Hypercube. These topologies vary in terms of their
structure and topological characteristics such as node degree, diameter and average

internode distance.

In order to simplify the details of our study, these topologies are discussed as part of their
family of topologies that describe general structure of the topologies. This section briefs
Hypercube Network, Shuffle-Exchange Network, Linear Congruential Graph, Cayley
Graph and Hierarchical Topology families.
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2.3.1 Hypercube Networks Family
Many researchers attention was drawn towards Hypercube networks family because of

their regular structure provides smple routing and alow easy mapping of various task
graphs. This family of networks interconnects N = m, *m_ *.. *m nodes where n is
dimensions of the hypercube with m, nodes in /-th dimension, where ; is an integer less
than or equal to 7. Some of the networks of this family include Generalized Hypercube
(GHC) proposed in [Bhuyan and Agarwa, 1984; Gaughan and Yalamanchili, 1993],
Hyperrectangular interconnection networks discussed in [Gaughan and Yaamanchili,
1993], Hypermeshes proposed in [Szymanski, 1995], Multidimensional Torus proposed
in [Gaughan and Yaamanchili, 1993] and [Banerjee et. al., 1994], Binary Hypercube
proposed in [Bhuyan and Agarwal, 1984] and Manhattan Street Network proposed in
[Brassl et. a., 1994]. These networks vary in terms of the number of nodes in each

dimension and how the nodes in each dimension are interconnected.

We discuss below two architectures of Hypercube networks family namey, Binary

Hypercube and Multidimensiona Torus.

2.3.1.1 Binary Hypercube
Binary Hypercube was firgt introduced in 1963 by Squire and Paais. Since then it has

been pursued intensvely as multiprocessor interconnection architecture by many
researchers due to its various attractive features, involving a dow increase in diameter
and degree, structura regularity, smple routing and the existence of rich parale paths
between pairs of nodes [Tzeng, 1990]. Several research and commercid hypercube
machines have aso been built, for example the cosmic cube, NCUBE and Inte iPSC
[Das and Banerjee, 1992; Banerjee et. a., 1999]. Hypercube structure was proposed for
computer networks by [Bhuyan and Agarwal, 1984; Dowd, 1992; Li and Ganz, 1992] and
its topological properties are described in [Saad and Schultz, 1988].

Binary n-dimensional hypercube is an interconnection of 2" nodes, which may be placed
at the corners of an n-dimensional cube with each edge of the cube connecting two nodes

in two corners of the edge. The number of nodes in the binary hypercube is given as

Ngy =2" (2.3)



A 3-dimensional hinary hypercube is shown in Figure 2.1.
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Figure 2./ Three Dimensional Binary Hypercube
Each node is connected to one node in each dimension. Hence the degree of a node, r,,

is equa to the number of dimensions of the Hypercube, » .

Few — N (24)
The total number of links, L..is given by

Ly, =Ny, *n_ (2.5)
The node number is represented in »-bit binary number and a link represents one hit
change in binary codes of the connecting nodes. Hence the distance between any two
nodes is the hamming distance of the binary codes that represent node numbers. Since
there are n digits in binary representation of the node number, the maximum distance

between any two nodes is »,which is nothing but the diameter, D, of the topology.

Dw=n (2.6)
For nodes of distance A, a packet requires to make h hops by changing one dimension in
each hop. Therefore, there exist h different edge digoint shortest paths for nodes of
distance h. Since n is the diameter, the maximum number of edge digoint shortest paths
for any par of nodes is n. The average internode distance for binary hypercube
[Mukherjee, 1997] is

N
aBH — 2 ¥y (27)

Shortest path routing in binary hypercube is quite Smple. A popular shortest path routing
algorithm, known as e-cube routing, is explained in [Hamdi, 1995]. According to this
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algorithm, the packet travels from node X to node Y on links corresponding to 1 hit in
X©Y starting from most significant 1 bit to the least significant 1 bit, where © is the bit
wise Exclusive-OR operator. Adaptive routing protocols discussed in [Gaughan and
Yalamanchili, 1993] do not bother about the sequence of links to be traversed in order to
reach the destination.

The main constraint on the binary hypercube topology is the size of a sysem has to be a
power of two. It leaves a large gap between two consecutive alowable system sizes To
overcome this problem, variations to binary hypercube topology have been proposed —
incomplete hypercube (IH) [Katseff, 1988, Tzeng, 1990; Tan and Du, 1993],
incrementally extensible hypercube (IEH) [Sur and Srimani, 1992] and supercube [Sen
and Maitra, 1994]. In addition to the above, some more alternatives have been studied to
optimize other topological properties such as diameter; twisted cube [Chedid, 1995] and
hyper peterson network [Sen and Maitra, 1994]. As the node degree and number of links
increases with size of the network which necessitates additiona expensive noda interface
and a larger st of channels, binary hypercube is not regarded as a practical solution for
logical topology of multihop lightwave networks [Banerjee et. a., 1999]. Other solutions
related to binary hypercube include binary hypercube with unidirectiona links [Tan and
Du, 1993;Hamdi, 1995].

2.3.1.2 Multidimensional Torus
Multidimensional Torus was proposed as logicad topology for multihop lightwave

network by [Banerjee et. a., 1994]. Conceptudly, the Torus topology can be considered
to consist of a number of rings in different dimensions, namdy X rings in the /-th
dimension. Lot of research work has been done on the Torus network in the literature,
but most of it applies to the two dimensiona unidirectional Torus, which is referred to as
the Manhattan Street Network (MSN) [Brass| et. d., 1994; Sen and Maitra, 1994]. The
Torus topology gives better performance when the number of nodes in each dimension is
same. Hence, here we study both unidirectional and bidirectional Torus with k nodes in

each dimension.

The multidimensional Torus with k nodes in each dimension, also cdled as k-ary n-cube

interconnection network, is a generaization of Binary Hypercube such that k nodes are
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connected as loop in each dimension. Since each dimension has k nodes, the number of

nodes in n-dimensional network is given as

N.lﬂ'? . k" (2-8)

A 2-dimensional Torus with 4 nodes in each row and column is shown in Figure 2.2.
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Figure 2.2 Two Dimensional Toruswith /6 nodes
Since nodes in each dimension are connected as a loop, each node is connected to two
nodes in each dimenson. Hence in n dimensions, each node is connected to 2*n nodes.

Therefore, the degree of a node, 7w, IS given as

Foor= 2%n (29)

Hence, the total number of links is given as
Ly = Nue *2%n
The diameter of the network is given as [Bhuyan and Agarwal, 1984]

Dyor = k*n/2 (2.10)

The average internode distance [Banerjee et. al., 1994 is

n

. (2.11)

k 2
dipr = 7

The unidirectional two-dimensional Torus with links in adjacent rings point in opposite
lirections is cdled as Manhattan Street Net (MSNet). In other words, the nodes in
ASNet are connected in a grid with adjacent rows and columns traveling in opposite

irecfion, SMilar to the streets and avenues in Manhattan. Multidimensiona extension to
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MSNet was studied in [Banerjee et. a., 1994]. MSNet with 16 nodes is shown in Figure
2.3.
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Figure 2.3 MSNet topology with 16 nodes.

Since links are unidirectional, the degree of a node in MSNet is hdf of that of

bidirectional torus. Hence, the node degree, rues, in//-dimensiona MSNet isn.

Faaey = N (2.12)
The total number of links, Lus, in @ Nusx node MS Net is given as
Lus = N, e N (213)

The average internode distance of multidimensionad MS Net is approximately given by
[Banerjee et. al., 1994]

2 —1-n 5
_ l*p*n+i*p* — 17”+7*p—4
d aasy :dh = = - 2 = = (214)
N NMSN

==

where d, is the average internode distance of bidirectional torus and p = £

l‘\.)|

The average internode distance of two-dimensiond MSNet is given as [Banerjee et. d.,
1994]

dusnw = . F1w- j,— (2.15)
2 k*

To understand shortest path routing algorithm, we assume that a node is identified by its
position in //-dimensional Euclidean space. According to this algorithm, a packet travels

from node X to node Y such that it visits the node Y's coordinate in dimension 1, then
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the coordinate in dimenson 2 and so on. Another routing algorithm, Deflection routing
algorithm is described in [Brassl et. a., 1994]. According to deflection routing, if more
than one packet contends for an outgoing link, one of the packets is routed through that
link while rest of the packets are deflected to possibly longer routes via other available

outgoing links at the node.

2.3.2 Shuffle-Exchange Network Family
The main am of the networks of this family is to provide /ogN diameter with fixed node

degree. Shuffle Exchange Net proposed in [Acampora, 1987], deBruijn graph proposed
in [Sivargan and Ramaswvami, 1994] and GEMNet proposed in [Iness et. a., 1995] fdl

under this category. In this section we study these three architectures.

2.3.2.1 Shuffle Exchange Net (SX Net)
The Shuffle Net (Shuffle Exchange Net or SX Net) architecture was first proposed for a

multichannel multihop lightwave application by Acamporain 1987.

In general, the (p,k)-shuffle net is a directed graph consisting of Nw=Ap" nodes
(k=1,2,...and p=2,3,...) arranged in k columns of p* nodes each, where/? is the number
of incoming and outgoing links of a node in the graph. The nodes in the 4-th column are
connected to the nodes in the first column so that the interconnection graph can be
visualized as being wrapped around a cylinder. The connectivity between the nodes in
adjacent columns of SX Net is a p-shuffle, which is analogous to the shuffling of p decks
of cards. More precisdly, assuming nodes in a column are numbered as O through p* - 1,
anode; (0 <7 <p*-1) in a column is connected to nodesj,/+1,...,/4p-1in the next

column where j - (i * pfPop* « The node degree, rsw, isgiven as

Fon =P (2.16)
The diameter of (p,k)-shuffle net is given as,

Dgy =2k -1 (2.17)

The average internode distance of Shuffle Net is given by
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kp* (p —1)3k —1)- 2k(p* - 1)
- —_ -
SAN 2([) = lepﬁ. B l)

Figure 2.4 depicts a shuffle net with 8 nodes (k=2, p=2).

(2.18)

0.0)g Q"u *e (0.0)
(L0g g‘” @ (1.0)
2.0)g g“ @ (2.0)
(3.0)g ;g L4 G.0)

Figure 2.4 A (2,2)-shuffle net with 8 nodes.
The distributed shortest path routing agorithm is described in [Banerjee et. al., 1999].
According to this algorithm, a node at the r-th row and the 6-th column in (p,k)-shuffle
net is assigned address (r,c) where 0 <r <p*-1 and 0 < ¢ < k-\. An intermediate node
(r,,c;) determines the column distance X between itself and the packet's destination (r4,c,)
which can be given as X = (k+ ¢, —c, ohvhen ¢s is not equa to ¢, and X=k,
otherwise. Out of p neighbors in the next column, it chooses the node a row
(r *p+ X ~1)%(p"’ —l). Note that the routing decision is made independently at each

node without regard for source node of the packet.

In [Maxemchuk, 1989], deflection and store-and-forward routing techniques are
investigated for shuffle net. It is observed that deflection reduces congestion, especialy
in large networks. It is also observed that increasing the number of buffers help in
improving throughput. However, the throughput decreases significantly if the arrival rate
exceeds the arriva rate for maximum throughput. To shorten the aternate path traveled
by misrouted packets in deflection routing, in an alternative solution, al the neighbors of
a node in a shuffle net are connected through an auxiliary link to form a loop. The
resultant topology, caled Augmented Shuffle Net, provides improved performance as it
reduces the additional hop distance for misrouted packets [Wang and Hung, 1994]. Other
solutions related to shuffle net -- Bilayered ShuffleNet proposed in [Ayadi et.al., 1993]
and Extended ShuffleNet proposed in [Camarda and Cocolicchio, 1992] study the use of
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additional links to the nodes in the previous column and the use of sharing channels to
accommodate more nodes in the network, respectively.

2.3.2.2 deBruijn Graph

deBruijn graph structure was first proposed by de Bruijn in 1949 [Banerjee et. a., 1999
and was adopted as logica topology for optica networks by [Sivargian and Ramaswami,
1994].

(k.D)-deBruijn graph is the -regular directed graph with N, = k" nodes where k > 2
and D > 2. Each node is represented as /)-digit number in 4-ary number sysem. A link
from node A=aa,..a, to B=bb,.. b, exigsiff b =a ,; a,be{0l. . k-1},1<i<D-

1+] >
1. In other words, there is a link joining node A with node B if node B can be reached
from node A with one left shift and a new input digit a the right end. As the right end
digit can take any value between 0 and 4-1, each node is connected to k nodes. Thus the

degree of a node is given as

Yo = k (2.19)
The total number of links, La iSgiven as
Lac = (k*Nag) (2.20)

The maximum number of digits to move from a node A to reach any node B isD. Hence.

the diameter of the network is given as

Dac = D (2.21)
The average internode distance, d . of deBruijn graph is bounded by the following
inequality [Sivargan and Ramaswami, 1994].

b5 Ty . (2.22)

N—_l_(k—l_):Jr(k“—]lk—l) N-1 k-1

whae k>2,D2>2.

D

Shortest path routing in the de Bruijn graph is smple. A link from node A to node B can
be represented by (D+1) k-ary digits, the first D of which represent node A and the last D
digits represent node B. In a smilar fashion, any path of length x can be expressed by



D+x digits. In determining the shortest path from node A = ga,..a, to node B =
bb,..b,,, one needs to consider the last severd digits of A and the first severa digits of B
to obtain a perfect match over the largest possible number of digits. If this match is of X
digits, i.e, bb,..b, . =a_a,,,. a, thenthex-hop shortest path from node A to node B

isgivenby aa,..a,b, . .b, .. b,

An undesirable characteristic of the de Bruijn graph is that, even if the offered traffic to
the network is fully symmetric, the link loadings can be unbalanced. This is due to the
inherent asymmetry in the structure, eg., in the (2,3)-de Bruijn graph shown below in
Figure 2.5, the sdlf-loops on nodes 000 and 111 carry no traffic (and hence are wasted)
and the link 1000 only carries traffic destined to 000 while link 1001 carries dl remaining
traffic generated by or forwarded through node 100. This asymmetry in link loads affect
throughput [Sivargan and Ramaswami, 1994].
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Figure 2.5 A (2,3)-deBruijn graph

Another disadvantage of de Bruijn graph is the restriction on the number of nodes. Since
there is a large gap between £“ and £”*', smooth expansion of the network is a problem
as one may face the choice of too little or too many avalable nodes. However, the
requirement of 4? nodes seems to be inherent in D-vector k-ary number system and

there is no obvious way to extend de Bruijn graphs for arbitrary number of nodes. To



overcome this problem, in [Du and Hwang, 1988], nodes of de Bruijn graphs are
represented by ordinary numbers so that the link set consists of i—>(ki +r)%k", for
0<i<k” 9% r < k\. This extenson of de Bruijn graph, cdled generdized de
Bruijn graph, allows arbitrary number of nodes because we can easily replace " with

some arbitrary number N.

2.3.2.3 GEMNet
GEMNet is a generaization of shuffle exchange networks described earlier including the

shuffle net and de Bruijn graph.

A (K,M,p) GEMNet interconnects Nemw=K*Mnodes arranged in K (>1) columns and
M(2p) rows, with each node being connected to p nodes in the next column. Each node
Is identified with its position in the grid (that is row number followed by column
number). A node (r,c) positioned at row r and column c is connected to the node

((r* p+ M (c +1P6K) where<p. A (2,6,2) GEMNet with 12 nodes is shown in

figure below.

0,0

1,0

3,0

4,0

5,0

Figure 2.6 A (2,6,2) GEM Net
It may be observed that GEMNet reducesto (p.K) ShuffleNet when M=p". GEMNet also
reduces to a de Bruijn graph of Diameter D when M=p” and K=1. Hence, GEMNet,
which is based on a generalized shuffle exchange connectivity pattern, has more flexible
structure than that of shuffle net or de Bruijn graph because the number of nodes is not

restricted in any form.
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The diameter, Do, 0f GEMNet is given by

Dene = [ log M 1+ K -1 (2.23)

There is no closed form expression for the average hop distance in GEMNet. However,
tight upper and lower bounds (in closed form) on the average internode distance are given
as follows [Mukherjee, 1997].

MK ] I K (p!’(_;ﬂﬂ K _ ]

dUEMmM = _'___'_(1 GEl +*7'_]\’)"
w'e g MK —1 p-1

e ) (2.24)

and

L+K Ltk 1
b i[M - p™* Zpkj] (2.25)
L+1

J=0

I
d(”:]‘\-f min — Z fl[)I +
1=0

1

el 1) - K
. ) y T =] . ~ G EM
K if, pPomKPek y b z — <M, where F = 8 ___ |
p* -
Dop —K -1 otherwise

where, ,:J D

GEM

In general, the lowest average hop distance occurs for GEMNets with K=1. Also, for the
GEMNets with p=3, in general, the best average hop distance is achieved by a GEMNet
with K=1,

The shortest path routing is described in [Mukherjee, 1997]. Let (r,,c,) and (rscs) bethe
source node and the destination node, respectively. The column distance, 6, is defined as
the minimum hop distance in which the source node touches (covers) a node (not
necessarily the destination node) in the destination node's column. Then the column

distance is given as 8=(K + ¢, —¢, )oK The hop distance from source node to the
destination node is given by the smdlest integer 4 of the form (8+K), j=0,1,2,...,
satisfying the following expression:

R= IM fr, - (rj‘ xp”}?/oM I’/oM <p"
R, called the route code, specifies a shortest route from the source node to the destination

when it is expressed as a sequence of A base-p digits. In generdl, tf R= [a,ag..,a,,],,as,,,p,

then the node about to send the packet on /-th hop will route on @ ,-th outgoing link. As



the shortest path routing algorithm does not consider link loads, alternative routing
schemes that perform better by considering aternate shortest paths are discussed in
[Mukherjee, 1997].

2.3.3 Linear Congruential Graphs

Linear Congruential Graphs were formdly developed by [Opatrny and Sotteau, 1991] for
interconnection networks. The class of networks interconnects N nodes such that node x
is connected to /, (x)%N, where /(x)e F is alinear function and F is the sat of linear

functions, called as generator set, defines node connectivity.

The class of linear Congruential graphs is a very broad family of graphs. By imposing
some restrictions on the values of constants of the generators, we can obtain subfamilies
of linear Congruential graphs. Some of the subfamilies that belong to this class include
Kautz graphs [Kautz, 1969; Panchapakesan and Sengupta, 1995], generalized de Bruijn
graphs [Du and Hwang, 1988], Circulant Graphs [Khurshid et. a., 1989; Bruck et. a.,
1993] and DCC linear Congruential graphs [Opatrny et. a., 1996]. The following section
briefly discusses Circulant Graphs.

2.3.3.1 Circulant Graphs
Circulant graphs were proposed for multichanne optica networks by [Khurshid et. d.,

1989] and were studied in [Bruck et. a., 1993] for pardle computers. Circulant graphs
are also referred as Chorda/ Rings.

A graph is a Circulant graph or Generalized Chordal Ring (GCR) if its nodes can be
labeled with integers and there is a divisor g of N such that node 7 is connected to node /
iff node (i + g)%N is connected to node (j+¢)%N . The link that connects node 7 to
node ] through divisor q is called as chord or jump of length g. A Chorda Ring (CR) isa
specia case of a GCR, in which every node has chords of length +1 and -1. Figure 2.7
shows Circulant graph of 8 nodes with chords of length +1, -1, +2 and -2. Note that the
jumps of length +1 and -1 are represented as bidirectional links.  Similarly, jumps of

length +2 and -2 are represented as bidirectional links.



Figure 2.7 An 8 node Circulant Graph with jumps of length\ 1, -1, 2 and 2.
Different configurations are possible with different choices of jumps. Hence, node
degree, diameter and average number of internode distance of a Circulant graph depend
on the number of chords, chord lengths and number of nodes. One of the popular
configuration of Chordal rings, caled daisy-chain, is studied in [Reed and Schwetman,
1983]. Daisy-chain has jumps of length 2, in addition to jumps of length 1. Anocther
configuration logarithmic node degree and diameter, caled Hyper-Ring is described in
[Khurshid et. a., 1989]. An N node Hyper-ring hasjumps of length 1, 2, 4, ..., flog_ﬁl

Simple routing method can be formulated for Circulant graphs by reducing distance
between source and destination. According to this agorithm, caled distance-reduction
algorithm, the packet travels on a link that reduces the distance between the current node

and destination node.

2.3.4 Cayley Graph Family
The Cayley graph model was formaly developed by [Akers and Krishnamurthy, 1989]

for processor interconnection networks. These networks are based on permutation groups
and include a large number of families of graphs, like Star graphs [Day and Thripathi,
1994], Hypercubes, Pancake graphs [Akers and Krishnamurthy, 1989], Borel Cayley
graphs [Tang and Arden, 1992] and Cayley graph with constant node degree four
[Vadapalli and Srimani, 1996]. An excellent survey of these Cayley graphs can be found
in [Lakshmivarahan €t. d., 1993]. In the following section, we study Star Graphs and
Cayley Graph of Constant Degree Four.



2.3.4.1 Sar Graph
A Star Graph S» of dimension n is a Cayley graph with n\ nodes, each labeled with a

distinct permutation of the set of integers {1.,2,....n}. The adjacency among nodes is
defined based on a set of permutations. G, referred to as generators, where
G- {g(i, j)3 1,2,..,(i=1).(i+1),..n}. Without loss of generdity, it is assumed / = 1.
The neighbors of a node are obtained by composing the generators with the labe of the
node. For example, Star graph Ss; contains sx nodes labded as 123, 231, 312, 132, 213
and 321. The st of generators G={g(l,2),9(I,3)}. Each node of S; is connected to two
nodes. For example, node 123 is connected to 213 and 321 using g(l,2) and g(l,3)

generators.

Since each node is connected to one node usng a generator, the node degree of Star

graph is given as

r

IG|=n-1 (2.26)

Star —

Hence, the number of links in Star graph is

L, =(n-1)*nl (2.27)

“Star

The diameter of Star graph is given by [Latifi, 19931 and [Latifi and Srimani, 1996]

[ 3(n- l), ] (2.28)

D A

The shortest path routing between two nodes in the star graph is done according to the

following rules:

1. If the leftmost digit of current node is same as the destination, move the packet on
link with generator (1,/)where j-th digit of current node and destination node is not

Same.

2. Ifx is the leftmost digit, where x<n, move the packet on link (1,/)where /-th digit of

destination is x.
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2.3.4.2 Cay ley Graph of Constant Degree Four
Cayley Graph of Constant Degree Four was proposed by Vadapali and Srimani as an
interconnection network in [Vadapalli and Srimani, 1996].

Unlike many Cayley graphs proposed in the literature, this graph has constant node
degree four. The Degree Four Cayley graph is defined as a graph, (., connecting
N (aniera =0*2" nodes for any integer n, n>3; each node is represented by a circular
permutation of n symbols in lexicographic order where each symbol may be represented
in either uncomplemented or complemented form. Thus, for n distinct symbols, there are
exactly n different cyclic permutations of the symbols in lexicographic order and since

each symbol can be present in ether complemented or uncomplemented form, the

number of nodes in the graph is
N soiic EH* LT (2.29)

For example, for »=3, the number of vertices in the graph is 24; abc, cab, cab are

vaid nodes while acb or bac are not. The following four generators define the edges

of the graph.
oae, .a,)- a,a,..a,a, (2.30)
f(a1az...an) = a,a,...a, a (2.31)
g“(a1a2...an) = a,a,..a,, (2.32)
'(a,...a,) = a,a,..a,, (2.33)

The diameter of Degree Four Cayley Graph, G, is given by [Vadapali and Srimani,
1996]

)
-~

Dieys =L 2 (2.34)

tq|

A simple routing scheme is explained in [Vadapdli and Srimani, 1996]. Let 4,a,..4,be
the source node and 4,4,..b, be the destination node. The following agorithm computes

a path from source node to the destination.

32



1 Computek, 1<k<n, suchthata, =h

n

,whereh denoteeitherb or b .

2. If k>L— J, then go along successive g ' edges (n-k) times
else go aong successive g edges k& times.
3. fori=1tondo

* *

gotothenode b,., b, ...b, bb,..b by either the g or the f edge.

2.3.5 Hierarchical Topologies

Hierarchical topologies are built by considering regular structures of smdler dimensions
as the building blocks (nodes) for the regular structures at higher levels, i.e., each leve of
hierarchy comprises a network of modules that in turn contain a set of lower-level
modules interconnected in some fashion. Thus in atwo-level hierarchical network, the N
nodes in the system are grouped into K\ modules of n;=N/Knodes each. Each module of
n; nodes is linked together internally by alevel 1 interconnection network. One or more
nodes from each module act as interface nodes to the rest of the system. These interface

nodes are interconnected by aleve 2 network.

Though the structures can be built with any number of levels of hierarchy, most of the
networks proposed in the literature have only two levels. Some of the hierarchica
networks studied in the literature include Cube Connected Cycles (CCC) proposed in
[Wittie, 1981; Bruck et. a., 1995], Hierarchical Hypercube proposed in [Dandamudi and
Eager, 1991; Madluhi and Bayoumi, 1994], Cayley Graph Connected Cycles discussed in
[Banerjee et. al., 1999] and Hierarchical networks based on deBruijn graphs and Shuffle
Net which is proposed in [Ganesan and Pradhan, 1993] and [Liu et. ., 19944)].

Hierarchica networks am at accommodating large number of nodes with relatively low
node degree. Also, hierarchica topologies are capable of exploiting the locality of
reference (communication). Following sections discusses two architectures of
Hierarchical networks family namely, Cube Connected Cycles and Hierarchica
Hypercube.



2.3.5.1 Cube Connected Cycles (CCC)

Cube Connected Cycles was proposed for computer networks by [Wittie, 1981].

A cube connected cycles (CCC) of dimension D contains ) *2” nodes arranged in a

cycle of D nodes at each of the 2° vertices of a binary hypercube of 1) dimensions. Each

node is connected to exactly three others by dedicated bidirectiona links; two links to

neighbors on the same cycle and one link crossing hypercube in one of the 1) dimensions

to the corresponding node in another cycle.  The number of nodes and node degree of

CCC are expressed as

Neoo =D*2°

4

" - )
Yo =3

Figure 2.8 shows a CCC with 24 nodes with D=3.
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Figure 2.8 A 24 node CC(’ with D-3.

(2.35)
(2.36)

For analysis purpose, we consider each node being identified by the position in the cycle

followed by a coordinate in a 2" lattice. For example, node pc,¢,..c,, , positioned a p

inacycea cg,..cp,

in the 2" lattice, where 0<p<D-1 and ¢,=0 or 1, for dl 0<i<D-1.

Node pc,c,..c, IS connected to (p+ 1eDeyc,..c, , ad (p+ D-1P%Dcyc,..cp jin

the cycle and pc,..c,..c,, Where ¢, is the complement of the p”’ bit in binary

representation of the node's position in the 2” |attice.



The diameter of CCC is given as

Do =D*2— 1 (2.37)

The average internode distance is given by [Wittie, 1981]

dice = D133 2+1 (2.39)

4 ZIJ 1
An efficient routing algorithm for CCC is damilar to that for binary hypercube topology.
To explain routing we consider the nodes are identified by the node's postion in the
cycle followed by the cycle postion in the cube. For each source node containing the

message, compare binary coordinate ¢, of the source to that of the destination where i=p,

the cycle position of the source node. If the coordinates differ, use the /-th dimension
cross-link to relay the message to a new node with the same index as the source except in
the ¢; coordinate. If the /-th coordinates are equal, but the message has not yet reached
the cycle of the fina destination (i.e., not dl the binary coordinates match), use a cycle-
link to move to the node in the next position within the same cycle (i.e., to the node with
index: (p+ 1)"/ol)cﬂcl..‘cL,_1 ). If the message has reached the final cycle, determine
whether the destination node is closer in the forward (p+1) or the backward (p-1)
direction along the cycle and use a cyclelink to move one position closer to the final
destination. Repeat the comparison and use of a crosslink or cyclellink, until the

message reaches the destination node.

An improvement over CCC obtained by rearranging the hypercube links is discussed in
[Banerjee et. d., 1999]. This network, caled HCRNet, sgnificantly lowers average

internode distance.

2.3.5.2 Hierarchical Hypercube
Hierarchical Hypercube (HHC) has been proposed as interconnection network in

[Dandamudi and Eager, 1991; Maluhi and Bayoumi, 1994].

An N node Hierarchical Hypercube (HHC) with N=2" for k=2"+m, where AW is a positive
integer, is a symmetric structure consisting of a father hypercube whose nodes are by

themselves hypercubes rather than smple nodes.
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The N nodes are grouped into clusters of 2” nodes each, where m is positive integer, and
the nodes in each cluster are connected to form an m-cube caled the Son-cube or Scube.
The set of Scubes constitutes the second level of hierarchy. A father cube, called the

Fcube, connects the 2° ™ = 2*" Scubes in a hypercube fashion. Edges of Scubes are
caled interna edges and edges of the Fcube are referred to as external edges. An Scube
having 2” nodes is connected to exactly 2" externa edges with each edge is incident to a
node of a Scube.

Figure 2.9 shows two adjacent Scubesin an 11-HHC (an HHC with k=I 1 and m=3).

Internal edge —

001  external edge OOl UU(\

Scube 00000000 Scube 00000010

Figure2.9Two adjacent Scubesin 11-HHC
Formally, for A~=2"+m. an k-HHC is a 2 -nodes graph where each node is represented in
binary number system as b, b, ,...b,. The address of a node is divided into two parts, F
part and S part, and is represented as atwo-tuple (f,s). The F part is the (k-m) bits binary
number b, b, ,..b, representing the address of Scube in which the node is located. The

S part is the m bits binary number b b, ,..b,, representing the address of the node
within the Scube. A node (f,s) is connected to m nodes in the same Scube with addresses
(f,s® 2, 0<j<m and to the node with address (f®2°,s) in the Fcube. Thus the degree of

anodein HHC isgiven as

e =m+1 (2.39)

where m is the dimension of Scube. The diameter of <-HHC is given as

Dy =2%m (2.40)
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The average internode distance is given as [Dandamudi and Eager, 1991]

2m| k _2m _ 2# m-|
d e = i +(g— )[m+%
N N 2l m I

] (2.41)

Simple routing procedures can be developed by dividing the routing problem logicaly
into two parts. The first is concerned with packet transfer within Fcube (between Scubes)
and the second part is for transferring the packet within the Scube. Shortest routing

algorithms are used for each of these two parts.

2.3.6 Discussion
The topologies discussed above are now evauated using the framework proposed in

Section 2.2. Table 2.1 summarizes the properties - number of nodes, node degree,
diameter and average internode distance - of the regular topologies namey Binary
Hypercube, Multidimensional Torus, MS Net, deBruijn Graph, Shuffle Net, GEM Net,
Sar Graph, Cayley Graph of Constant node degree 4, Cube Connected Cycles and
Hierarchical Hypercube. From the table, it is clear that MS Net, Cayley Graph of
Constant Degree Four and Cube Connected Cycles have fixed node degree. Among the
topologies that have variable node degree depending on the number of nodes, it may be
also observed that Hierarchical Hypercube can accommodate more number of nodes with

less node degree, while Binary Hypercube has the highest node degree.

The node degree in Shuffle Net and de Bruijn Graph can be varied without depending on
the number of nodes. But, node degree has impact on diameter and average internode
distance. Depending on the performance (diameter and average internode distance)
required, the cost of the network (transceivers) for Shuffle Net and de Bruijn Graph based
networks varies. Hence MS Net, Cayley Graph of Constant Node Degree Four, Cube
Connected Cycles, Shuffle Net, de Bruijn Graph and Hierarchica Hypercube are better

candidates for cost conscious solutions, as they need less number of transceivers.
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Topology No. of Nodes | Node Diameter Average Internode
Degree Distance
Binary Hypercube N=2" n n N*n
2(N -1)
1di i =" * 2
Multidimensional N=k 2*n k*n/2 ] L " n
Torus 4  k
MS Net N=k* N
2 k=+/N L 41
k -
de Bruijn graph N=k" k D=log!’
Shuffle Net N=k*p" p 2k-1 kp*(p - 3k - - 2kp* -1)
2p -k p* -1)
GEM Net N=K*M p<M 1og;’ +K -1
Star Graph N=n! n-1 (n-1)/
=0 1
Cayley Graph of N=n*2" 4 3n/2
Constant Degree 4
=D*7P
Cube Connected | N=D*2 3 D* 3 1 D+ [ 34 L’));II
Cycles 2 4 -
Hierarchical N=2""2" m+1 2*m m 2—_2")[m+
Hypercube
(k*'m)z‘ m-1 ]
A

where k=m+2"

Table 2.1 Properties of some of the popular regular logical topologies

A comparison of the diameter of various regular topologies discussed above is presented
in Figure 2.10(a) and Figure 2.10(b). The node degree in Shuffle Net, de Bruijn graph




was chosen as 2 for the comparison of diameter. The results show that Star Graph has
lowest diameter of dl the topologies studied.

Figure 2.11 (@) and Figure 2.1 I(b) give a comparison of the average internode distance of
various regular topologies. It is observed that Binary Hypercube has lowest average
internode distance. However, the node degree of hinary hypercube increases

logarithmically.

From these figures, it is observed that Cayley Graph of Constant Degree Four has
comparable performance (diameter and average internode distance) with the best, among
the topologies studied. Hierarchica Hypercube may be a better aternative, if one wishes
to make use of locdlity of reference, as it has low average internode distance, low

diameter and very low increase of node degree with size of network.

Smple routing can be achieved in dl these regular topologies because the
interconnection among the nodes is governed by different well-defined mathematical

functions.

However, fault tolerance or reliability of networks based on these regular logical
topologies is limited to the connectivity of the logical topology, which is bounded by the
node degree [Banerjee et. al., 1999]. This dependence of fault tolerance on connectivity
(node degree) can be attributed to the fact that most of the regular topologies proposed as
logicd topologies of lightwave networks are adopted from pardle computer

interconnection network architectures.

As the channels in a lightwave network based on a broadcast topology represent logical
division of optical bandwidth and assuming that tuning ranges of network interfaces
(transmitters and receivers) are large enough to cover the all channels, reconfiguration
(redefining the links of nodes in the network) of the topology to cope with nodefailures
and additions can be used to maintain connectivity and hence to achieve the fault

tolerance.
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Since the node changes in the network occur randomly, reconfiguration for tolerating
faults and expanding the network should be defined as a natural process. Current
solutions for dynamic reconfiguration on logical topologies are amed at optimizing the
topology according to the changes in network traffic [Labourdette, 1991; Banerjee and
Sarkar, 1992; Banerjee and Mukherjee, 1993]. These solutions cannot be applied for
tolerating changes n the network because the new optimized connectivity computed may

vary with old connectivity diagram to a greater extent.

As discussed earlier, reconfiguration affects the network performance in a Smilar way
like other properties (diameter and average internode distance, etc.) does (refer Chapter
1). Hence, the reconfiguration method for fault tolerance and network expandability
should be defined together with topology design to ensure that the topology is

reconfigurable.

2.4 Reconfiguration As A Logical Topology Design Issue

By considering reconfiguration as a topology design issue, we mean that the
reconfiguration agorithm should be defined while designing the logica topology for
bypassing node falures and for adding new nodes. When changes (node failures or
additions) occur in the network, the topology sze either decreases or increases. Defining
reconfiguration methods for all existing logical topologies may not be possible due to the

following facts.
» Many of the existing logical topologies do not allow arbitrary sizes.

> The connectivity among nodes is defined based on network size. That is, the linksare
defined as a function of number of nodes in the network. Hence, reconfiguration may

change many links each time it is invoked.

To overcome these problems, we assume a structure (topology) of larger size for which
the network performance is affordable. This structure is caled base fopology Each node
in the network takes a unique position in the base topology, identified with node id. The
position of a node can be changed according to traffic changes using optimal node
placement algorithms. Networks with smaler szes can be constructed by assuming

some of the nodes in the base topology as faled nodes. As the network size varies up to
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a maximum of the size of base topology, the structure of topology changes depending on
which nodes are present in the base topology. Hence, the topology that also considers
reconfiguration as a design issue is cdled as dynamically reconfigurable topology, or

samply, reconfigurable topology.

Whenever a node fails, the neighbors of failed node get interconnected such that
connectivity is maintained and routing properties of base topology are preserved
Similarly, whenever a node is added to the network, it takes a unique position in the base
topology and establishes connections accordingly. Hence, this method of reconfiguration
dynamically changes the structure of /ogical topology moving back and forth from the
base topology. We cdl this method of reconfiguration that makes changes to the
neighboring nodes of a place to which a node is allocated or deallocated, as local
perturbations. Reconfigurable topology that is designed using loca perturbations is
referred as perturbed topology. Because reconfigurable topologies are designed using
local perturbations, they named after the base topologies with one of the prefixes -

reconfigurable or perturbed.

To understand the concept of reconfiguration based on locd perturbations, let us consider
a base structure, 2-D Mesh with 9 places as shown in Figure 2.12(a). Assume that 7
nodes placed in the base structure of Figure 2.12(a), resulting a logica topology shown in
Figure 2.12(b). Now, assume that a node wishes to add at (2,3) position in the logica
topology shown Figure 2.12(b). Then nodes at (2,2), (1,3) and (3,3) positions connect to
the newly added node resulting in the logicad topology shown in Figure 2.12(c). Now
assume that node at (3,2) position wishes to be deleted, then its neighbors in positions

(3,1) and (3,3) get interconnected leading to the structure shown in Figure 2.12(d).

Q. o @ ® o__ O o ® O @
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a)Base topology b) Base topology filled  c) Node addition d) Node dcl'ctlion
2-D Mesh with with 7 nodes 1o position (2.3) from position (3.,2)
9 nodes
Figure 2.12 Reconfiguration in maximal structure approach




It may be noted that there are k! permutations (where k is the node degree or regularity
of the logical topology) for interconnecting the neighbor nodes, when a node
failure addition occurs.  However, not all the permutations retain the structural
properties of base topology. Hence, it is necessary to sdect a way of interconnecting
neighboring nodes that retain the properties of base topology. For this reason,

reconfigurable topologies are identified with their base topology.

It may be observed that reconfiguration based on loca perturbations has the following
advantages.

» The disturbance to the network during reconfiguration phase is minimum.
» Reconfiguration process can be invoked simultaneoudly.

» Assuming that allocation of a place to a node is done based on the traffic
requirements, the throughput, utilization and deay peformance dfter

reconfiguration would remain close to optimal values.

The next chapter discusses the possbility of usng loca perturbations paradigm for base
topologies of well-known regular structures such as Torus and design novel topologies
that are eadly reconfigurable and are having comparable performance with respect to

well-known topologies.



Chapter

3. Design of Dynamically Reconfigurable Logical
Topologies

In this chapter, we study the application of local perturbations paradigm for dynamic
reconfiguration of well-known topologies such as Torus and aso design a new set of
topologies that treat reconfiguration as a logical topology design issue. Section 3.1
gives introduction to the design of dynamicdly reconfigurable logica topologies and
presents local perturbations as a reconfiguration paradigm. In section 3.2, we investigate
the application of loca perturbations for well-known topologies such as Torus. Section
3.3, first, discusses the need for a Hamiltonian circuit for maintaining connectivity in
logical topology and then discusses the design of dynamicaly reconfigurable logical
topologies based on Circulant graphs with edge digoint Hamiltonian circuits. Findly,
section 3.4 compares the dynamically reconfigurable logica topologies designed in this
chapter with the well-known logical topologies studied in the previous chapter.

3.1 Introduction

Many regular topologies have been studied in literature as logica topologies for multi-
hop fiber optic LAN/MANSs. This is manly because regular topologies facilitate smple
routing and use identical hardware. Smple routing is achieved because the

interconnection among the nodes is governed by well-defined mathematical functions.

Most of the regular topologies were initidly proposed as interconnection networks for
parallel computers. When these regular topologies were adopted as logical topologies
for fiber optic 1.4Ns MANs, reconfiguration of logical topology for tolerating nodefaults
and additions was not considered as an issue. However, we believe that dynamic
reconfiguration is essential for tolerating network changes. Access nodes in fiber optic
LANs/MANs that use regular topologies as their logica topology, route the packets to the
destination nodes and failure of nodes may disconnects the topology. Asthe LAN/MANs



use broadcast (physical) topologies as physica interconnection, reconfiguration of logical
topology can be done independent of physica topology by (re)tuning wavelengths of
nodes' transmitters/ receivers. Further, we assume that reconfiguration should be an
integral part of logical topology design. This is because the reconfiguration affects the
network performance parameters such as reliability and expandability smilar to the way
the properties of logical topology such as diameter and average internode distance affects
network throughput and packet delays. It is adso observed that reconfiguration and
properties of topology such as node degree are interdependent.

To facilitate the integration of dynamic reconfiguration into logical topology design, this
work proposes Local Perturbations paradigm in the [Reddy and Reddy 2001]. Local
Perturbations paradigm assumes a base topology of maximum size, which gives the most
affordable performance. Each node has a unique position in the base topology. In this
work, loca perturbations refer to the changes made to immediate neighbors in the
network to accommodate dynamic changes within the network. In other words,
whenever a node gets added or deleted from the network, immediate neighbors change
their logical links in order to retain the connectivity.

For example, consider node X as connected to n nodes via incoming links and to n nodes
via outgoing links, as shown in Figure 3.1 (a). Failure of node X changes the logica links
of immediate neighbors as per a reconfiguration function that retains connectivity by
mapping nodes of incoming links to nodes of outgoing links, as shown in Figure 3.1(b).
An example of the mapping where an incoming link 7 to outgoing link 7 is shown in
Figure 3.1(c).
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Figure 3. /Perturbations of Node X
It may be observed from the Figure 3.1(b), that there are n! possible mappings between
neighboring nodes of incoming and outgoing links of a faled node. The selection of
mapping between neighboring nodes not only needs to maintain connectivity, but also

needs to maintain the structural properties of the network such as routing and diameter.

A node can get added according to its position in the base topology and establishes links
accordingly.  Change of logical link is particularly easy for multichannel /ightwave
networks as it can be done by tuning transmitters and or receivers of the nodes

representing the logical link to a different wavelength.
Local perturbations have thefollowing advantageous.

> The number of link changes is minimal. The number of link changes due to a
reconfiguration based on loca perturbations is equivalent to the degree of a node.
> Routing tables of immediate neighbors only need to be changed.

> Reconfiguration process takes very lirfle time. Since the links in a regular
topology are usually defined as a mathematical function of node ids, identification

of neighbor during reconfiguration can adso be computed mathematically.
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> Effect of reconfiguration on network traffic is minimum. The preservation of
connectivity by this paradigm minimizes packet loss, dday during the

reconfiguration phase.

The following sections discuss the applicability of local perturbations paradigm for
dynamic reconfiguration in existing topologies and proposes a s&t of new topologies that

consider dynamic reconfiguration as an integral part of topology design.

3.2 Local Perturbations in Existing Topologies
In this section, we investigate the possibility of applying local perturbations as
reconfiguration methodology for some of the existing topologies such as Ring, Torus, and

Hypercube.

It is observed that Ring topology is able to bypass faulty components (nodes or links) and
it can folerate unlimited number of faults. By viewing Ring topology as a Hamiltonian
circuit (a circuit which vidits every node precisely once), reconfiguration process for
bypassing faled nodes can be defined as connecting the previous node with the
subsequent one in the network.

Hypothesis 3./. Connectivity in any topology is maintained if reconfiguration is done
along a Hamiltonian circuit.

Application of local perturbations to the topologies proposed in the literature, such as
Torus, Hypercube, de Bruijn graph and Sar graph, is considered as defining
reconfiguration functions, from incoming nodes to outgoing nodes, in such a way that
routing properties are preserved. Such a reconfiguration function may not guarantee the
connectivity in the topology. For example, in Torus topology, each node is connected to
four nodes in North, South, East and West directions. Routing between two arbitrary
nodes X and Y can be done by moving in row of X to the column of Y and then moving
row-wise t0 reach node Y. Of the different possible mappings among the incoming and
outgoing nodes, as shown in Figure 3.2, connecting North-South neighbors and East-

West neighbors preserves the routing properties.
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Figure 3.2 Connections and possible perturbations of node i
However, such a reconfiguration leads to disconnection of the topology. For example,
consider the Torus topology with 16 nodes shown in Figure 3.3. By assuming that nodes
2,3,5,6,7,8,9,12 and 13 are faled and by applying reconfiguration, the resultant structure

becomes a disconnected topology as shown in Figure 3.4.
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Figure 3.4 Torus structure with perturbations made to the neighbors of failed nodes
2,3,5,6,7,8,9,12 and 13.



Though reconfiguration along Hamiltonian circuit guarantees connectivity, defining
local perturbations such that a Hamiltonian circuit is maintained, becomes a complex
task. Moreover, such reconfiguration cannot retain routing properties of the base
topology. Hence, additional methods are required for maintaining connectivity in
existing topologies. In the following section, we will study Perturbed Torus derived from
the base structure, Torus.

3.21 Perturbed Torus

Perturbed Torus is a dynamicaly reconfigurable topology derived from the base Torus
structure in which whenever a change in topology occurs, perturbations are made by
connecting North-South neighbors and East-West neighbors [Mohan Reddy and
Reddy, 1996a]. However, to retain the connectivity of the nodes in the Perturbed Torus
network, we propose to maintain a row (column) so that a node shall be present in every
column (row) whenever there exists another node in thar column (row). This row

(column) is cdled as base row (column).

To understand how connectivity is mantained in Perturbed Torus using base row
(column), consider that the network maintains the first row as the base row. Theorem 3.1
proves the preservation of connectivity in Perturbed Torus, with first row as base row, by
showing the existence of a path between two arbitrary nodes. The proof can be
generalized for a Perturbed Torus that maintains a base column.

Theorem 3.1. Maintenance of base row (column) and perturbations made by connecting

North-South neighbors and East-West neighbors preserves the connectivity in the
Perturbed Torus.

Proof: Whenever a node exists in a column, according to the concept of base row, there

exists a node in the same column of the base row.

Nodes in a row or column of Torus topology are connected in the form of ring. Local
Perturbations maintain these rings in rows and columns. It is because perturbations are
made by connecting North-South neighbors and East-West neighbors of a deleted (failed)

node.

To prove the existence of path between any two nodes, consider two nodes X and Y

shown in Figure 3.5. Node Y can be reached from node X by following the steps below.
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a) Move in the column ring of node X to the base row,
b) Then move in the base row to the column of the node Y, and findly
¢) Move in the column ring of node Y to reach node Y.

Thus there exists a path between X and Y, and hence they are sad to be connected.

Hence, the connectivity of the network is maintained. .
Row 0 —> o e
X'e
®

N

Figure 3.5 Path between two arbitrary nodes X and Y in a Perturbed Torus

Reconfiguration.

Reconfiguration in Perturbed Torus is done when a node is either gets deleted from or
added to the base topology. To simplify the discussion on reconfiguration, without loss
of generdity, we assume row O is used as base row. To explan the reconfiguration
process, we distinguish the node's id from the node's position in base topology. Node's
position is identified with the row and column in the base Torus structure. Usudly, in a
base Torus structure with n rows and n columns, node / takes the position (i/n, 1%n), that

is a i/n row and 1%n column of the base topology.

Algorithm 3.1 describes the reconfiguration when node with id 7 is deleted.  According
to this algorithm, whenever a node in the base row gets deleted, the South neighbor, if
present, is replaced into the base row and perturbations are made at the South neighbor of
the deleted node. If the deleted node is not in the base row, perturbations are made by
connecting its East neighbor with West neighbor and North neighbor with South
neighbor.
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Algorithm 3.1. Reconfigure the topology when node i is deleted from the Perturbed
Torus derived from a base Torus structure with n rows and n columns.
if position of the deleted node i is (0,i) then
if South neighbor with id j at position (j n,j%n) where j%ni, is present
Move nodej to position (0,i) and establishes links with East, West, North
and South neighbors ar position (0,i).
Establish links between East and West neighbors and North and South
neighbors of position (j'n,j%n).
else

Establish links between East and West neighbors at position (0,i).
endif.

elseif the position of deleted nodei is (i »,i%n), i'n=0 then
Establish links between East and West neighbors and North and South neighbors
of position (i/n,i%n).
endif.
To explain the process of node deletion, consider a base Torus topology shown in Figure
3.6(a). Assume that node 5 has been deleted. By connecting neighbors of node 5, we get
the resultant topology as shown in Figure 3.6(b). Now, assuming node 1 is deleted, the
resultant topology after moving node 9 into the postion (0,1) becomes as shown in

Figure 3.6(c).

Continuing the perturbations with the loss of nodes 4, 6 and 7 in the perturbed topology
shown in Figure 3.6(b), we get the resultant structure equivalent to a regular Torus
reduced by arow. Smilarly, deletion of all nodes of a column will reduce the structure

by one column. The reduced structure behaves as a regular Torus of lower dimension.

Addition of a node in Perturbed Torus is explained in Algorithm 3.2. According to this
algorithm, when a node is added, it occupies its default position in the base Torus
structure, if there exists a node in the base row whose default position is ether in the base
row or closer to the base row than the node being added. Otherwise, the node takes the
position in the base row, by moving the node, if exists, in the base row to its default

position.

To explain the process of node addition, consder Perturbed Torus with 14 active nodes
and two deleted nodes (node 1 and 5) shown in Figure 3.6(c). If node 5 wishes to enter
the network, it informs the network and occupies postion in the base row by moving

node 9 to its default position. The resultant structure is shown in Figure 3.6(d). Now



assuming the addition of node 1, the resultant topology becomes as shown in Figure

3.6(a).
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Algorithm 3.2. Reconfigure the topology when node i is added to the Perturbed Torus
derived froma base Torus structure with n rows and n columns.
if i/n=-0 then
if there exists a node j at position (0,i) then
Move nodgj to position (j'n,j%n) where j%n-Bnd establish links
for nodej with East, West, North and South neighbors at
position (j n,j%n).
Establish links for node i with East, West, North and South
neighbors at position (0,i).
else
Establish links for node i with Exist, West, North and South
neighbors at position (0,i).
endif.
else if i’/n=0then
if there exists a nodgj at position (0,i%n) then
ifjn -0 then
Establish linksfor node i with East, West, North and South
neighbors at position (i/n,i%n).
else if (j/n=i/njthen
Move node;j to position (j/n,j%n) and establish links for
node; with East, West, North and South neighbors at
position (j n,j%n).
Establish linksfor node i with East, West, North and South
neighborsat position (1),i%n).
else then
Establish links for node i with East, West, North and South
neighbors at position (i/n,i%n).

endif.
else
Establish links for node i with East, West, North and South
neighbors at position (0,i%n).
endif.
endif.
Routing.

Perturbations are selected in order to preserve the routing properties of Torus topology.
Regular Torus uses a smple routing technique - vist the column of the destination node,
firg, and then vigt the destination node by moving in that column. This smple routing is
achieved by making use of the rings in rows and columns of a regular Torus. For
example, consider the regular Torus shown in Figure 3.6(a). Assume that node 5 wants

to send a packet to node 15. To reach the column of node 15, the packet will be routed
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through nodes 6 and 7, by moving in the row ring of node 5. Findly, the packet is moved
to node 15 through node 11 by moving in the column of node 15.

A smple variation of the above routing technique, explained in Algorithm 3.3, is
proposed for Perturbed Torus. According to this agorithm, whenever a source node
wants to send a packet to a destination node, the packet first moves in the row of source
node to reach the column of the destination node. If the column of the destination node
cannot be reached, the packet continues to move in the column nearest to the column of
the destination node towards the base row, each time trying to reach the column of the
destination node. Findly, the packet reaches the destination node by moving in the

column of the destination node.

Algorithm 3.3. Send a message from the current node C to the destination node D which
is originated at source node S in the Perturbed Torus derived from a base Torus
structure with n rows and n columns.
iftC=-D) then
Send message to local node C.
else if(C%n =D%n)
if the neighbor in North-South ring close to D knows that D is not present
then
Send negative acknowledgement to the Source indicating that
destination node D isfailed.
else
Move the packet » North-South ring to the neighbor close to D
than C.
else if neighbor at position (C/'n,("%n) in East-West ring which is close to I) is
present then
Move the packet in Fast-West ring to the neighbor close to D than C.
else if the neighbor in East-West ring close to D knows that D is not present then
Send negative acknowledgement to the Source indicating that destination
node D isfailed.
else
Move towards the base row.
endif.

For example, in the Perturbed Torus of 15 nodes with node 5 as a deleted node, shown in
Figure 3.6(b), let us assume node 7 wants to send a packet to node 13. The packet first
moves in the row of node 7 to node 6. At node 6, since node 5 is falled, the packet will
be routed to the base row to node 2. From node 2, the packet will be sent to node 1

which is in the column of the destination 13, from there the packet reaches the destination



node 13. As another example, consider a packet addressed to node 5 from node 15 will
be routed to node 13 through node 14. Then from node 13, the packet will reach node 9.
At node 9, the packet will be discarded as node 9 finds its north direction link connected
to node 1 instead of node 5. An acknowledgement packet will be sent by node 9 to node
15 about the status of node 5.

Thus whenever a source node wishes to communicate to a destination node, it just sends
the packet assuming that the destination node is present. If the destination node is not
present, the neighboring nodes send acknowledgement packet indicating the status of the
destination node. Hence, each node need not keep the status of all nodes in the network.

It is sufficient to keep the status of neighboring nodes.
Diameter.

The following theorem proves the maximum diameter of a Perturbed Torus derived from
abase Torus structure of size N is2*[ VN2 }+1.

Theorem 3.2. The maximum diameter of a Perturbed Torus derived from a Torus of N
nodesis 2*// W /24 1.

Proof: Consider any two arbitrary nodes X and Y in the Perturbed Torus. For smplicity,
we assume that base row is maintained. The same can be easly proved for maintaining

base column.

Casel. Let us assume both of the nodes X and Y belong to either the same row or the

same column. Then as the nodes in the same column or row of Perturbed Torus are

connected in the form of bi-directiona ring of maximum size [VN|, the distance between

X and Y isless than or equal tol[VYNV2]

Case 11. Let the nodes X and Y belong to different rows and columns. If there exists a
node Z such that either row(Z)=row(X) and column(Z)=column(Y) or row(Z)=row(Y)
and column(Z)=column(X). Then we have a path from node X to node Y through node
Z. The distance between the nodes X and Z is less than or equd to UINV2) Thisis
because they belong to the same row or column of sze (VN Smilarly, the distance
between the nodes Z and Y is less than or equd to L[ VN'V2J as both of them belong to the

same column or row of size [N |, Hence the distance between the nodes X and Y, which
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is the sum of the distance between the nodes X and Z and the distance between the nodes
Z and Y, isless than or equal to 2* [ VN2,

Case/ll. Let the nodes X and Y belong to different rows and columns. Also assume that
there exists no node Z such that ether it is in the column of node X and row of node Y, or

it isin the row of node X and column of node Y.

Let X' and Y' are the nodes in the base row corresponding to the columns of nodes X and
Y, respectively. Assume no other pair of nodes in columns of nodes X and Y belongs to
the same row. Then the total number of nodes in the columns of X and Y is less than or
equal to [N, Let m and n be the number of nodes in the columns of nodes X and Y,
respectively. Then m+n< VN H1. The distance between the nodes X and X* is less than
or equal to m/2 and the distance between the nodes Y and Y' is less than or equal to n/2.
Hence the sum of the distance between nodes X and X', and the distance between nodes
Y and Y' is less than or equal to (m+n)/2 which is less than or equal to [[ VN2 +1. The
distance between X' and Y' is less than or equa to L[ VN2) Hence the distance
between the nodes X and Y, which is the sum of the distance between nodes X and X',
the distance between nodes X' and Y', and the distance between nodes Y' and Y, is less
than or equal to 2*[ VN2 h1.

Suppose that X" and Y" are the nodes in the columns of nodes X and Y that belong to the
same row and are nearer than the nodes X' and Y' from nodes X and Y, respectively.
Also assume that no other pair of nodes are nearer than the nodes X" and Y’ from nodes
X and Y, respectively. Then the sum of the distances between nodes X and X", and the
distance between nodes Y and Y” is less than the sum of the distance between nodes X
and X', and the distance between nodes Y and Y', i.e, [ VWN12}+1. Also the distance
between the nodes X" and Y is less than or equa to N2,

Hence the distance between X and Y, which is the sum of the distance between nodes X
and X", the distance between nodes X” and Y™, and the distance between nodes Y~ and
Y, islessthan or equal to 2* [ VN 121,

Therefore the maximum diameter of Perturbed Torus is 2*L/ YN V2+1.
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It may be noted that Perturbed Torus retains simple routing properties of Torus structure

and also has the maximum diameter equivalent to that of base Torus topol ogy.

It may be observed that defining reconfiguration using local perturbations in traditional
topologies may lead to disconnected graph upon the application of reconfiguration for

successive node failures.

To understand further, consider Binary Hypercube topology as a base topology. As the
neighbor nodes in Binary Hypercube differ by one bit, packets are routed adong the
neighbors that reduce the hit distance to the dedtination. To preserve this routing
property, reconfiguration due to node falure should change the links of neighbors so that
the bit distance between neighbors is aways limited to one. This leaves with the choice
of reconfiguration where neighbor nodes develop self-loops along the direction of failed
node. Application of reconfiguration due to the falure of dl neighbors in a Binary

Hypercube would cause isolating the node from rest of the nodes in the network.

Defining special methods similar to the one used in Perturbed Torus (maintaining base
row), so that the reconfiguration always maintain connectivity and preserves structural
properties in traditional topologies, is found to be infeasible. This is because such
gpeciad methods complicate the reconfiguration process, which is against the spirit of
locd perturbations.

Hence, we investigated novel base topologies that dlow loca perturbations for
maintaining connectivity while preserving other structural properties. /7 the following
section, we discuss a subset of Circulant graphs that are constructed with edge-digoint
Hamiltonian circuits and design reconfigurable topologies using local perturbations

paradigm.



3.3 Local Perturbations in Circulant Graphs with Edge-disjoint
Hamiitonian Circuits

As studied in the previous section, reconfiguration aong a Hamiitonian circuit in a
logica topology guarantees network connectivity. This fact motivated us to consider
Circulant graph as a base topology since it is a sat of rings with at least one Hamiitonian
circuit. In this section, we study a subclass of Circulant graphs constructed with a set of
edge-digoint Hamiitonian circuits. These Circulant graphs are used as base topologies
for the dynamicaly reconfigurable topologies proposed in this thesis. We start our
discussion by first defining Circulant graph.

Circulant Graph. A p-node graph is Circulant with respect to a given set S of integers,
if each node has a unique labdl in the range O through p-\ and each node x is connected to
al nodes with labds (x + S)%p where seS. We cdl the sat S as connection set and the
members of the set as jumps or offsets. The p-node Circulant graph with connection set S

is denoted by C, ;.

An example of Circulant graph with 8 nodes and a connection set {+1,-1,-3,+3} is shown
below.

6

YA

0

X

Figure 3.7 Circulant graph with 8 nodes and connection set {-3,-/,t/,+ 3}
In the figure above, we can identify the paths associated with ajump as the path obtained
with edges representing that particular jump. For example, the path associated with jump
+1is0,1,2,3,4,5,6,7,0. Smilaly, the path associated with jump -3 is 0,5,2,7,4,1,6,3,0.

Interestingly, these paths represent Hamiitonian circuits in the graph. The following



theorem proves that such Hamiltonian circuits exist if thejump s is relatively prime with
respect to the number of nodes/?.

Theorem 3.3. Let V,,V,,..V

, be the sequence of numbers satisfying the following
conditions.

. V.=, +spep
2. Voop; s<p
3. sisrelatively prime with respect to p.

Then all the elements in the sequence are distinct excepr for 1=V,

Proof: By definition of V, =(V,A]+S)%pV,. =V, +s—k *pfor some k>0 By

i-1

applying this definition recursively, we get
V. =¥, +i*s—-K. *p (3.2

where K, = Zk . Let us assume V=V, for some i and j. Using Equation (3.1), we get

m=1

Vori®s=-K *p=¥; & j*s—-K ¥p
This implies

(i-j)*s=K,-K,)*p (3.2)
Since s is relatively prime with respect to p, the above Equation (3.2) is vdid, i.e, two
numbers of the sequence };, and V, are equd, only if (i-j)is a multiple of p. Since s and
can take values in the range 0 to p, (i-j) is a multiple of ponly for /=0 and j=p. Hence dl

the numbers of the sequence are distinct except for Vo=V). .

Theorem 3.4. In a Circulant graph C, ¢, if a jump, s€S, is relatively prime with respect
to p, then the path associated with jump s forms a Hamiltonian circuit.

Proof: Consider any node V, and the sequence of nodes V,.V),....V,, which satisfies the
condition: ¥ - (i, , + sPep where seSand s is relatively prime with respect to p. The
sequence is a Hamiltonian circuit for the following two reasons.

Firstly, the sequence is a path. This is because any two successive nodes of the sequence
are adjacent (By the definition of Circulant graph).



Secondly, because s is relatively prime with respect top, dl the nodes in the sequence are
distinct except for }o=}, (according to Theorem 3.3). .

In the Circulant graph of Figure 3.7, dl the four jumps of the connection st S are
relatively prime with respect to p. Hence, according to the Theorem 3.4, we have four
Hamiltonian circuits, each one being associated with a jump. Moreover, these
Hamiltonian circuits are edge digoint as the jumps of the connection set § are distinct.
This means that the Hamiltonian circuits associated with different jumps, in the
connection set S of the circulant graph (7, ; are edge digoint.

Hypothesis 3.2. The Hamiltonian circuits associated with different jumps in the
connection set S of the circulant graph (', ; are edge digoint.

In the following subsections, we study dynamicdly reconfigurable topologies that use
three different Circulant graphs with edge-digoint Hamiltonian circuits as the base
topologies. These base topologies are &in to 2-D Torus, n-D Torus and Binary

Hypercube respectively, in their performance.

3.3.1 Reconfigurable Circulant Graph - T
In this section, we design a dynamicaly reconfigurable topology derived from the base

Circulant graph (', with p=n*-1 and S= {-n,—1+l,+n} which reconfigures as per the

P
local perturbations paradigm [Mohan Reddy and Reddy, 1996b]. The base Circulant
graph C,s with p=r12—l and S= {-n,-1+1+n} is referred as Circulant Graph-I or
CG-l, in the rest of the thesis. Before designing this reconfigurable topology, we first
study the properties of the base Circulant graph in order to prove that the structural

properties of base topology are retained.

An example of the base CG-lI topology, C,s with p=8 and connection st

p.S
S= {-3,-1+,t3} is shown in Figure 3.7. A mesh-like representation of the same is

shown in Figure 3.8.
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Before studying some more properties of this base topology, first we will define an image
of anode.

Image of a Node. X and Y are sad to be images of each other, iff X%n= Y %n.

In the CG-1 topology shown in Figure 3.8, node 0,3 and 6 are said to be images of each
other. Similarly, nodes 2 and 5 are sad to images of each other. 1t is observed from
Figure 3.8 where the nodes are represented in 2-D Euclidean space that an image of node

can be reached in maximum of n hops aong the jumps +1 or 1.

Figure 3.8 Mesh-like representation of ('G;-/ topology ', ¢ with p 8 and §{-3,-

Hypothesis 3.3. In the CG-I topology, (', an image of a node can be reached in
maximum of nhops along the jumps +/ and -I.
]

It may be observed from the Figure 3.7 and Figure 3.8 that there exist four edge-digoint
Hamiltonian circuits, each being associated with a jump in the connection st S
Corollary 3.1 proves the existence of such Hamiltonian circuits in the base Circulant
graph.

Corollary 3.7 There gre four edge-disjoint Hamiltonian circuits in CG-I topology, €,
withp n'-1and S = {-n-1,+1,+n}

Proof: According to Hypothesis 3.2, snce dl the jumps in the connection set S are

distinct, it is sufficient to show that the paths associated with jumps are Hamiltonian
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circuits. Further, according to Theorem 3.4, it is sufficient to prove that al these jumps
are relatively prime with respect to p.

+1 and -1 are relatively prime with respect to p. Suppose n is not relatively prime with
respect top. Then p/n is an integer, say, k. Butp/n = (n*-1)/n isnot an integer. Hence,
there is a contradiction in our assumption. Therefore, n has to be reatively prime with
respect top. By damilar argument, we can show that -n is relatively prime with respect to
p= n-1,

Thus dl the jumps of connection s&t Sare reatively prime with respect to p. Hence, the

Hamiltonian circuits associated with four different jumps are edge digoint. .
Routing in base Circulant Graph-I.

A distributed shortest path routing method in the base Circulant Graph-1 topology is
described in the following Algorithm 3.4.

Algorithm 3.4. Send a message from the current node C to the destination node D which
Is originated ar source node Sin a CG-/ topology, € , withp »”-/ and connection set
S= {-n-1+1+n}.
if (C=~D) then
Send message to local node C
else
Compute the distance and jump to move on.
Distance — (D-C+p) %p
ifi (Distance % n n/2)
Move along jump -/.
else ifi(Distance % n - - 0)
if(Distance> p/2)
Move along jump -n.
else
Movealongjump-+ n.
endif.
else
Move along jump + 1.
endif.
endif

Algorithm 3.4 describes routing a packet by making use of the rings present in the mesh-
like representation of Circulant graph. It may be observed that Hamiltonian circuits

associated with +1 and -1 jumps form a bi-directional ring. Smilaly, Hamiltonian



circuits associated with +n and -n jumps form another bi-directional ring. To reach the
destination node, a packet first moves aong the bi-directional ring of jumps -1 and +1,
and then aong the bi-directiond ring of jumps +n and -//.

Diameter of base Circulant Graph-1.
The diameter of Circulant Graph-1 is found to be n. Theorem 3.5 proves this.

Theorem 3.5.  The diameter of Circulant graph (', ¢ with p~n~-@nd connection set

N
Proof: According to Corollary 3.1, there exist four Hamiltonian circuits, aong the jumps
-n, -1, +1 and n. The Hamiltonian circuits dong thejumps +1 and -1 together form a bi-
directional ring while Hamiltonian circuits dong the jumps + » and -n together form
another bi-directiona ring. The maximum hop-distance between any two arbitrary nodes
along the bi-directional ring of jumps +1 and -1 is (#»’-1)/2. This hop-distance is further
reduced by making use of +n and -A; jumps.

Let the hop-distance, d, between two arbitrary nodes X and Y on bi-directiona ring of
jumps +1 and -1 be expressed as d=i*n+j, where j<n. This means that the distance d can
be reached by making : hops aong the bi-directiona ring of jumps +n and -n and ; hops
along the bi-directional ring of jumps +1 and -1.

It may be observed from Figure 3.8 that there exists bi-directional rings of size (nt1)
formed with n links of jumps +1 (or -1) and one link of jump -n (or +#). Hence, the hop-

distance between X and Y can be expressed as

i+ ] Jf jsnl2
hOA
, 1(1" 1)+(j - ni2) ,otherwise

As the maximum value of d is (*-1)/2, the maximum value of i is L(7*-1)/(2*n)] < n/2.

(3.3

Hence, the maximum value of A¢X,Y)is (/2)+(nl2) = n. (Since, the number of hops with
jumps of magnitude 1 is///2.)

Thus the diameter of CG-1 topology,(,s with p=n*-1 and S={-n-L+1+n}, the

p.S

maximum of hop-distance between dl pair of nodes is n. .



/I may be observed that the Circulant Graph-I1, C, s with p-n’-@nd S= (_, 1 41 4
can be considered equivalent to 2-1) Torus. This is because the ¢ G- topology aso has a
fixed node degree four and a diameter of /p+1, where p is the number of nodes in the

network.

Having discussed the properties of base Circulant graph, we shdl now define the
Reconfigurable Circulant Graph-1 (RCG-I). This reconfigurable topology is designed to
preserve the properties of the base Circulant Graph-I, C,s with p=n-1 and

Reconfigurable cjrcylant Graph-l. Let the Circulant Graph-l, (', with p=n*1 ad
s= {-n-L+1+n} pe the base topology and g be any positive integer such that g <,
The g-node Reconfigurable Circulant Graph-I (RCG-]) with connection st
S = {=n-L+L+n}, denoted by R, consids of g nodes. Each node in R, , hes unique
label in the range O through p-\ [Mohan Reddy and Reddy, 1996b]. Each node , is
connected to {i+j*s)%p where s € Sand./ be a postive integer such that for any positive

integer k < /, nodes with labels (i+k*s)%p are faled.

Figure 3.9 shows an example of a 7-node RCG-I derived from a base CG-1 topology,
C, s with p=8 and $=(-3.-1.+1,+3} and with a failed node 4.

Figure 3.9 RCG-/ with base topology C , s, p=8and S~ {-3,-/, +1, + 3} and failed node 4.



Reconfiguration in RCG-1.

The reconfiguration of RCG-l is explained as follows. Whenever a node falls, the
neighboring nodes connect to the next node on the corresponding Hamiltonian circuit of
jump s through which the faled node is connected. Similarly, when a node recovers
from failure, it occupies its position in the base circulant graph. Algorithm 3.5, shown

below, explains the computation of new neighbor nodes.

Algorithm 3.5. Finding a new neighbor node for node i in the direction of jump se S. p
IS the size of the base circulant graph.
Jor(m=1; m< =p; m++)
if node with id (i\ m*s mod p)is active
Set node (i + m*smod p)as neighbor
break
endif.
endfor.
It may be observed that the above reconfiguration algorithm can be executed in a
distributed manner to simultaneously result the new logical topology. Also the number of

link changes is minimum that can be achievable by any reconfiguration algorithm.

To explain the process of reconfiguration in case of a node falure, consider a base
topology shown in Figure 3.7. Assume that node 4 is faled. By connecting the
neighbors of faled node to next nodes on the corresponding Hamiltonian circuits, we get
the resultant topology as shown in Figure 3.9. Continuing the reconfiguration with

failure of node 3 results in the structure shown in Figure 3.10.

¢
’ 1

7 0

Figure 3. 10 RC'G-/ with base topology (", s with p 8 and S={-3,-1, + 1,+3} and failed
nodes 3,4.



To explain the process of node addition, consider RCG-1 with six active nodes and two
faled nodes 3 and 4 as shown in Figure 3.10. If node 3 wishes to enter the network, it
informs the network and occupies its position in the base circulant graph by forming links
with its neighbors, i.e.,, with nodes 2,5, 6, and 0. This results in the structure shown in

Figure 3.9.
Routing in RCG-1.

A distributed routing method in RCG-1, R, , with q3p=nz-] and S= {-n-1+1+n} is

given in Algorithm 3.6. According to this algorithm, a packet is routed by making use of
the rings present in the mesh-like representation of Circulant graph. To reach the
destination node, a packet first tries to move aong the Hamiltonian circuit of jump +1
when the reminder of distance on Hamiltonian circuit of jump +1 divided by n is not

zero. Otherwise, the packet is routed aong the bi-directiona ring of jumps +n and -n.

To understand routing, consider the RCG-I, R ; with gx active nodes and two faled

nodes with ids 3 and 4, shown in Figure 3.10. For example, assume node 0 wants to send
a packet to node 4. The packet isfirst routed to node 1 from here it learned that node 4 is
not present. Node 1 then informs node O about the absence of node 4. As another
example, assume that node 1 has a packet destined to node 7. Since the distance to node
7 is 6, the packet is routed on jump +3. Incidentaly, the destination node 7 is the

neighbor on thisjump.

Let us see another example where node 0 has a packet destined to node 5. Though node
5 is a neighbor to node O, the packet takes the route O to 7 to 2 to 5. This shows that the
routing algorithm doesn't guarantee shortest path. By incorporating the knowledge about
the neighbors, a better algorithm can be designed.

However, it is not possible to design a shortest path routing algorithm for a
reconfigurable topology that reconfigure using local perturbations because nodes

doesn 't have the knowledge of the structure of the topology at a given point of time.

But, packets are guaranteed to reach the destination node, ifit isactive. This is because

any node can be reached on the Hamiltonian circuit of jump +1, provided it is active, and
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this routing algorithm aways tries, first, to move aong the Hamiltonian circuit of jump
+1.

Algorithm 3.6. Send a message from the current node C to the destination node D which
is originated at source node Sin a RCG R, with q_go-—n“’-and S = {-n-1+1+n}.
if (C+==D) then
Send message to local node C

else
/I Compute the distance and jump to move on.
Distance — (D-C'+p) %p
ifi(Distance % n = 0)
if(Distance> p/2)
if((p-Di stance) Magnitude of length of jump -n)
Send negative acknowledgement to the source S
indicating that the destination node D is failed
else
Move along jump -n.
endif
else
if{(Distance Magnitude of length of jump i n)
Send negative acknowledgement to the source S
indicating that the destination node D isfailed
else
Move along jump i n.
endif.
endif.
else
ifi (Distance Magnitude of length of jump +])
Send negative acknowledgement to the source Sindicating
that the destination node D is failed
else
Move along jump + 1.
endif.
endif.
endif

Diameter of RCG-I.

The maximum diameter of RCG-1 is found to be 3n/2. Theorem 3.6 proves this.

Theorem 3.6. The maximum diameter of RCG, R, ;with g<n -1 and S - {-n,—-1+1,+n},
is less than 3n/2.

Proof: According to theorem 3.5, the maximum hop-distance between any two arbitrary

nodes X and Y, A(X,Y}s n.



As the nodes between X and Y keep faling, some of the nodes along jumps of magnitude
n may not be accessible. This leads to movement in the bi-directional ring of jumps +1
and -1. Let us assume that Y is reached from X using Algorithm 3.6. Let k be the
number of hops required to reach Y from X. Then, Y can be expressed in terms of the

hops from X as

Y = fift Bt et o+ BY(n-1) (34)

where h, is an integer multiple of +1, +» or -n.

Without loss of generality, we assume X <Y and (Y-X) < (#°-1)/2. Then Y is reached

from X usingjumps +n and +1 and Y is expressed as sum of hops from X as,

Y=(X1h+hy+ ...\ hy (3.5)
Out of the k hops, let us assume that m hops are made along the bi-directiona ring of
jumps +n and -n. Then m < n/2. The remaining hops (k-m) are made aong the
Hamiltonian circuit of jump +1. Let us assume that (k-m) > n Then, out of (k-m) hops,

there exists a, b and ¢ such that

Zb:h, =c*n (3.6)
and (b-a)>c>l (3.7)

This is because, according to Hypothesis 3.3, there exists an image of a node in every n
hops along jump +1 or -1. Thus hops h, to h, can be reduced to at most ¢ hops along bi-
directiona ring of jumps +n and -n. By applying Hypothesis 3.3 repeatedly, the number
of hops aong the Hamiltonian circuit of jump +1, k-m, can be reduced to less than n
However, the hops m aong the bi-directiona ring of jumps +n and -// remain less than
n/2due to the fact that (Y-X) < (n*-1)/2.

Therefore, the number of hops, 4, required to reach an arbitrary node Y from an arbitrary

node X isless than 3n/2.

Thus the maximum diameter of RCG-1, R, ;with g< n2-] and S= {-n-L+1+n},i.e, the

maximum of hop-distance between dl pair of nodes is less than 3n/2. .
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Though we could prove the maximum diameter of RCG-1, R, ; with g< n*-} and
S ={-n-1+1,+n} is less than 372, it is observed empirically in Chapter 4 that the
maximum diameter is n. It is probably because (k-m) > n/2 jumps aong Hamiltonian
circuit of jump +1 can be replaced with one jump aong the bi-directiona ring +»# and -n
and n-k + m jumps aong the bi-directiona ring +1 and -1. This is evident from the
Figure 3.8 that n hops aong the bi-directiona ring of jumps -1 and +1 (or -n and +n) can
be replaced with one hop aong the bi-directiona ring of jumps -n and +n (or -1 and +1).

The values of n,p and Sin RCG-I are selected not only to keep p as relatively prime with
respect to the connection set S but also to achieve the performance similar to a 2-D
Torus structure.  7hefacts thar 2-D Torus structure gives maximum performance when
the total number of nodes are n? and the links of a node are identified by jumps of length
+1, -1, +n and -n, assuming (hat the nodes in a 2-D Torus are represented as integers

instead of their position in the grid (row and column), motivated the design of RC'G-1.

The successful design of this RCG-1 provided an insight into construction of a base
Circulant graph that is on par with n-D Torus. In the following section, we design a
dynamically reconfigurable topology derived from a base Circulant graph that is

equivaent to n-D Torus.

3.3.2 Reconfigurable Circulant Graph - 11
This section presents another dynamicaly reconfigurable topology derived from the base

Circulant graph C , ¢ with p=#"-1 and S={-k"",-k"*, -1, +1,.. +k"? +k"'} We refer this

p.S
base Circulant graph as Circulant Graph-I1 or CG-IT and study its properties in order to
prove the reconfigurable topology designed retains the structural properties. Circulant
Graph-11 is different from Circulant Graph-1 in terms of connection set, S and the number

of nodes,/?.

An example of the base Circulant graph C, with p=26 and connection set
8§={-9,-3,-1,+1,4+3,+9} isshown in Figure 3.11.
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Figure 3.1/ Circulant Graph-li, C, g  withp-26and S-{-9,-3,-1,+1,+3, 1 9}.

By visuaizing this graph in n-dimensiona Euclidean space where each node is identified
with an n-digit k-ary number, links of magnitude k are treated as moving in /-th

dimension. Firdt, let us define an image of node.

linage of a Node. X and Y are sad to be images of each other in /-th dimension, if and
only if X% k' =

In the CG-11 topology shown in Figure 3.11, node 0,3 and 6 are said to be images of each
other. Similarly, nodes 10 and 19 are sad to images of each other. It may be observed
from Figure 3.11 that an image of node dong the jumps + k or - k can be reached in a

maximum of & hops.

Hypothesis 3.4. In the Circulant Graph-1I, C ¢,an image of a node along the jumps t k'
and -k' can be reachedin a maximum of khops.

It may be observed from the Figure 3.11 that there exist dx edge-digoint Hamiltonian
circuits, each one being associated with ajump in the connection set S Corollary 3.2

proves the existence of such Hamiltonian circuits in the base Circulant graph.
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Corollary 3.2. There are 2*n edge-disjoint Hamiltonian circuits in CG-1I, C ¢ with
p=k'-1 and S={K"" k"% A4+1.. +k"2 +k""}.

Proof: According to Hypothesis 3.2, since dl the jumps in the connection set S are
distinct, it is sufficient to show that the paths associated with jumps are Hamiltonian
circuits. Further, according to Theorem 3.4, it is sufficient to prove that dl these jumps

are relatively prime with respect to p.

+1 and -1 are relaively prime with respect to/?. Suppose k', 0<i<n-1, is not relatively
prime with respect top. Then p/k’ is an integer. Butp/k'=(k"-1 )IK' isnot an integer. This
contradicts our earlier assumption. Therefore, k' has to be relatively prime with respect to

p. By smilar argument, we can show that -K' is relatively prime with respect to p= k"-\.

Thus dl the jumps of a connection set Sare relatively prime with respect to p. Hence, the

Hamiltonian circuits associated with 2*// different jumps are edge digoint. .
Routing in base Circulant Graph-IL

A digtributed shortest path routing method in the Circulant Graph-Il C, 5 with p=k"-1

and S={-k™' k"*, . 4+, . +k"* +k"'} isgiven in Algorithm 3.7.

Algorithm 3.7. Send a message from the current node C to the destination node D which
is originated at source node Sin a Circulant Graph-Il, C_ ¢ with p—k"-énd connection

set S={k"" k"%, -1+1..,+K"? +k"}.
if (C=-D)then
Send message to local node
else
/I Compute the distance and jump to move on.
Distance - (D-C+p) %p
jump= 1
while (Distance % (jump*k) - = 0)
jump -jump *k
endwhile.
if(Distance % (jump*K) > (jump*k/2))
jump - (-1) * jump
endif.
endif.

According to this agorithm, a packet is routed by making use of the bi-directiona rings

present in the Circulant Graph-1I. It may be observed that Hamiltonian circuits
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associated with +1 and -1 jumps form a bi-directional ring. Similarly, Hamiltonian
circuits associated with +k' and -k' jumps, 0<i<n-l, also form bi-directional rings. To
reach the destination node, a packet first moves aong the bi-directiona ring of jumps -1
and +1, then along the bi-directional ring of jumps +k and -k, then along the bi-

directional ring of jumps +k? and -k?, and so on.
Diameter of base Circulant Graph-II.
The diameter of Circulant Graph-I1 is found to be n*k/2. Theorem 3.7 proves this.

Theorem 3.7. The diameter of Circulant Graph-Il C, ¢ with p k"-/ and connection set
S={-k™ k", A+, +k"2 +k™'} isn*k/2.

Proof: The maximum hop-distance between any two arbitrary nodes aong the bi-
directional ring of jumps +1 and -1 is (k"-1)/2. The hop-distance is further reduced by
making use of jumps of higher magnitude, i.e., +k,-k,+&* -&*,.. ., +k™" and -k"".

Let h be the hop-distance between two arbitrary nodes X and Y, on bi-directiona ring of
jumps +1 and -1. Let h be expressed in k-ay number system as A=hy.1hs.2...hy, where
0<hi<k, V\<n. Each hit h;#0, i<n in h can be reduced to zero by moving along the bi-
directional ring of +k' and -X, in a maximum of £/2 hops. Thus, dl the bits of 4 can be
reduced to zero, i.e, the distance h can be reached in a maximum of n*k/2hops.

Hence, the diameter of CG-11, (7, 5, with p=k"-1 and S={-k™' -k™? _ 4+1,_+k"? +k™'},

the maximum of hop-distance between any pair of nodes is n*k/2. .

It may be observed that the Circulant Graph-Ill, C,5 with p=k"-1 and
S={-k"',-k"*,.., 1+, +k™* +k"'} can be considered a par with n-D Torus. This is
because the Circulant graph (', ; also has a node degree of 2*n and a diameter of n*k/2,

where p=k"-1 is the number of nodes in the network.

Having been discussed the properties of base Circulant Graph-I1, we shdl now define the
reconfigurable topology, Reconfigurable Circulant Graph-1l (RCG-11). This topology is

designed to preserve the properties of the base Circulant Graph-I1.
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Reconfigurable Circulant Graph-11. Let the Circulant Graph-Il, €, with p=k"-1 and
S={-k" ,-k"?,.. A+, ,+k™? +k"'} be the base topology and g be any positive integer
such that g < p. The g-node Reconfigurable Circulant Graph (RCG-II) with connection
set S={-k"',-k"? . 1+, +k™* +k"'}, denoted by R, s consists of g nodes. Each node
in R, has unique label in the range O through p-\. Each node ; is connected to
(i+j*9)%p where s € Sand ; be a positive integer such that for any positive integer k <j,

nodes with labels (i+k* s)%p are failed.

Figure 3.12 shows an example of a 25-node RCG-II derived from a base Circulant
Graph-1l, C, s with p=26 and §={-9,-3,-1,+1,+3,+9} and with a failed node 4.

Figure 3./2 RCG-Il with base topology C, s, p~:and S-{-9,-3,-1,41,+ 3, + 9} and
failed node 4.

Reconfiguration in RCG-II.

The reconfiguration of RCG-1l is similar to that of RCG-1, as described in Algorithm 3.5.
Whenever a node fals, the neighboring nodes connect to the next node on the

corresponding Hamiltonian circuit of jump s through which the faled node is connected.

74



Similarly, when a node recovers from failure, it occupies its position in the base circulant
graph.

To explain the process of reconfiguration in case of a node failure, consider a base
topology shown in Figure 3.11. Assume that node 4 is faled. By connecting the
neighbors of falled node to next nodes on the corresponding Hamiltonian circuits, we get
the resultant topology as shown in Figure 3.12. Continuing the reconfiguration with

fallure of node 3 results in the structure shown in Figure 3.13.

To explain the process of node addition, consider RCG-II with dx active nodes and two
faled nodes 3 and 4 as shown in Figure 3.13. If node 3 wishes to enter the network, it
informs the network and occupies its position in the base topology by forming links with
its neighbors, i.e., with nodes 2, 5, 6, 0, 12 and 23. This results in the structure shown in
Figure 3.12.

10

8
17
5
18
6
19
2 5
21
22
23 2
d B Y I :
Figure 3.13 RCG-1I with base topology C, s with p—2tand S={-9,-3,-k7, * 3,+ 9} and
failed nodes 3,4.

Routing in RCG-II.
A distributed routing method in RCG-Il R,y with gp=k-1  and

S={-k™' -k"?,. A+, +k"* +k™'} is given in Algorithm 3.8.  According to this

75



algorithm, a packet is routed along a bi-directiona ring of jumps +k and -k for which the
reminder of distance divided by k is not zero and there exists no other bi-directiona ring

of jumps +k and -, j<i,for which the reminder is not zero.

Algorithm 3.8. Send a message from the current node C to the destination node 1) which
is originated at source node S in a RCG-1, R, ¢ with g £-/ and
Sz{_kn-1’ _kn-z" -,_1_'_1 . ,+kn-2,+kn-1} )
if (C—=D) then
Send message to local node C

else
/I Compute the distance and jump to move on.
Distance = (D-C+p) %p
jump - 1
while (Distance % (jump*k) =~ Q)
jump = jump * Kk
endwhile.
ifi (Distance % (jump*k) (jump*k'2)) && ([Distance/(jump*k)/0) )
jump - (-1) * jump
if((p-Di stance) magnitude of length of jump)
Send negative acknowledgement to the source Sindicating
that the destination node D is failed
else
Move along jump.
endif.
else
if{ (Distance magnitude of length of jump)
Send negative acknowledgement to the source Sindicating
that the destination node D is failed
else
Move along jump.
endif
endif.
endif.

Routing is explained by considering the RCG-I1 with 25 active nodes and one faled node
with id 4, shown in Figure 3.12. For example, assume a packet is originated at node 3 to
node 7. Since the distance is 4, the packet is routed along the Hamiltonman circuit of
jump +1, to node 5. From there it continues on the Hamiltonian circuit of jump +1 to
node 6 and then findly to the destination node 7. It may be observed that there exists a
shorter route 3 to 6 to 7.
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The routing algorithm doesn’t guarantee to route a packer through shortest path.
However, packets are guaranteed to reach the destination node, provided it is active.
This is because the packet continues to move aong the Hamiltonian circuit of jump k' as
long as the reminder of the distance on the Hamiltonian circuit of jump +1 divided by

k"% s not zero.

Diameter of RCG-H.

The maximum diameter of RCG-l is less than —+ (n- 1)k-1). Theorem 3.8 gives the
proof.

Theorem 3.8. The maximum diameter of RCG-II, R, ¢ with ¢g<¢"-7 and connection set
S={k"" k"2, . 1+1.. +k™2 +k""} s less than —+ (n—l)(lr—l).
Proof: Letd= (V= X+K"- 1)%(k” -1) be the distance between two arbitrary nodes X
and Y on the Hamiltonian circuit of jump +1. This distance can be expressed in k-ary
number system as

d=d, d ,.d, (3.8)
where d, <k . We can, without loss of generality, presume d<k/2 because if d>k/2, the
distance dik’ can be reached using one hop alongjump """ and (k-d,) hops usingjump
-k

Idedlly this distance can be reached, according to theorem 3.7, in a maximum of n*k/2
hops. However, as the nodes between X and Y keep faling, some of the nodes along
jumps of magnitude k', i>0, may not be accessble. This leads to movement in the bi-

directional ring of jumps of magnitude k', j<i.

Let us assume that Y is reached from X, by making hops according to Algorithm 3.8, in

m hops. Then Y can be expressed as sum of hops from X as

Y= (X+h i hyt.. + h)% (K"-1) (3.9

where A, is an integer multiple of &7,0< j<(k-1).



Without loss of generality, we assume X < Y. Then,

Y- (Xth+hy+ ...t h,) (3.J0)
Let hj h;. 1 are the hops dong jumps &° and ® in the sequence of m hops. Then a<b. This
is because, according to Algorithm 3.8, a packet is routed aong jump &', where ; is the

lowest dimension in the binary representation of distance such that o,

Out of these m hops, let the hops dlong jump /', r, is greater than or equa to k. Then,
there exists ¢, d and e such that,

d
Zh‘f :‘?khwl}"«n (311)
J=t

According to Hypothesis 3.4, there exists an image of a node aong jumps of magnitude
k' in every k hops. Thus the hops along jump &, r, can be reduced to (r-k) hops. By
applying Hypothesis 3.4 repeatedly, to dl jumps ¥ for which the hops are greater than 4,

it reduces the number of hops to less than k.

However, the maximum hops aong the bi-directional ring of jumps +#' and k"' is less
than or equd to k/2, because Algorithm 3.8 makes use of the bi-directiona ring of jumps
+k"" and —k"".

Therefore, an arbitrary node Y can be reached from an arbitrary node X in a maximum of
1.

— +(n-1)k —1) hops, that is, the sum of maximum of hops along bi-directional ring of

jumps +£™' and —k"" and the maximum hops aong the Hamiltonian circuits of jumps +k,

V/, 0<i<n-1.

Thus the maximum diameter of RCG-11, R, with ¢<t"-1 and

g,

S={-k" k"7, 4+1,..+k™* +k™'} which is the maximum of hop-distance between al

pair of nodesis lessthan — + (A?- 1)k 1) m

Though it is proved that the maximum diameter of RCG-1l is less than - + ("—1)(—1),

it is observed empirically that the maximum diameter is kn/2 (refer Chapter 4). It is



probably because r>kl2 hops adong bi-directional ring +k and -k can be replaced with
one jump aong the bi-directiona ring +&''/ and —k"/ and (k-r) jumps aong the bi-
directional ring +k and -k.

The value k is selected such that it is #™-root of the number of nodes in the base Circulant
Graph-I1, p=£"-1.

This way of selecting &, n and p is motivated by the fact that the links of a node in a n-D
Torus are identified by jumps of length +1, -1, +k, -k, ... , +&"' and -4™", assuming that
the nodes are represented as integers instead of their position in the n#-dimensional

Euclidean space.

The successful design of RCG-II provided an insight to construct a base Circulant graph
whose performance is equivalent to that of Binary Hypercube. Following section

presents the design of a dynamicaly reconfigurable topology derived from this base
topology.

3.3.3 Reconfigurable Circulant Graph - 111
This section presents another reconfigurable topology derived from the base Circulant

graph C, ¢ with p=2"-1 and $={1,2,...,2"%2""}. We refer this base Circulant graph as
Circulant Graph-11l or CG-III. Let us first see the properties of the base CG-1 topology
in order to prove that the resultant reconfigurable topology retains the structurd

properties of the base topology. CG-I1 is different from the other two Circulant graphs,
CG-l and CG-II, in terms of connection set, Sand the number of nodes, p.

An example of the base Circulant Graph-111, C, ; with p=7 and connection set 5= {1,2,4}
is shown in Figure 3.14.

1t may be observed from the Figure 3.14 that there exists three edge-digoint Hamiltonian
circuits, each one being associated with ajump in the connection st S Corollary 3.3

proves the existence of such Hamiltonian circuits in the base Circulant graph.



Figure 3.14 Circulant Graph-ll C_ ¢ with p=landS {1,2,4}.
Corollary 3.3. There are n edge-disjoint Hamiltonian circuits in C_ ¢ withp 2"-l and
S {12..,2"20
Proof: According to Hypothesis 3.2, dnce dl the jumps in the connection s&t S are
distinct, it is sufficient to show that the paths associated with jumps are Hamiltonian
circuits. Further, according to Theorem 3.4, it is sufficient to prove that dl these jumps

are relatively prime with respect to p.

1 is relatively prime with respect top. Suppose 2, 0<i<n-1, is not relatively prime with
respect to p. Then p/2' should be an integer. But p/2'=(2"-])/2' is not an integer. This

contradicts our assumption. Therefore, 2' has to be relatively prime with respect to p.

Thus dl the jumps of connection st S are relatively prime with respect top. Hence, the

Hamiltonian circuits associated with n different jJumps are edge digoint. .
Routing in base Circulant graph-11.

A distributed shortest path routing method in the CG-lI1 topology is described in
Algorithm 3.9. According to this agorithm, packets are routed by making use of the
Hamiltonian circuits present in the Circulant graph. To reach the destination node, a
packet firs moves along the Hamiltonian circuit of jump 1, then along the Hamiltonian

circuit of jump 2, then along the Hamiltonian circuit of jump 22, and so on.



Algorithm 3.9. Send a message from (he current node C to the destination node D which
is originated at source node Sin a Circulant Graph-1l, C_ ¢ with p=2"-]and connection
set S={1,2,..,2"° 2"},
if (C=-D)then
Send message to local node C
else
/I Compute the distance and jump to move on.
Distance (D-C+ p) % p
jump 1
while (Distance % (jump* 2) 0)
jump =jump * 2
endwhile.
endif.

Diameter of base Circulant Graph-I11l.
The diameter of Circulant Graph-11I is found to be n. The following theorem proves this.

Theorem 3.9. The diameter of Circulant graph
S-¢1,2,..27 2" tisn

Proof: The maximum hop-distance between any two arbitrary nodes aong the

,.s With p-2"-7 and connection set

Hamiltonian circuit associated with jump 1 is (2"-1)/2. This hop-distance is further

n-1

reduced by making use of jumps of higher magnitude, i.e., 22% .2

Let h be the hop-distance between two arbitrary nodes X and Y aong the Hamiltonian
circuit associated withjump 1. Let h be expressed in binary number system as

h=hpihna. .. hy

where hi=0 or1, Vi<n. Each bit hi=0, 1< in h can be reduced to zero by moving aong the
jump 2'. Thus, dl the bits of h can be reduced to zero, i.e., the distance h can be reached

in a maximum of// hops.

Hence, the diameter of C, with p=2"-1 and §={1,2,. 222"} the maximum hop-
distance between any pair of nodes is n. .
It may be observed that the Circulant graph €, with p=2"-1 and §={1,2,...,2"%,2"&n

be considered equivalent to binary Hypercube. This is because the Circulant graph C, s
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aso has a node degree of n and a diameter of//, where p=2"-1 is the number of nodes in
the network.

Having seen the properties of base Circulant Graph-Ill, we will now define the
Reconfigurable Circulant Graph-11l (RCG-111). This reconfigurable topology is designed

to preserve the properties of the base Circulant Graph-Ill, C,, with p=2"-1 and

§S=42..2"% 2"}

Reconfigurable Circulant Graph-I1l. Let the Circulant Graph-1ll, ', with p=2"-1

p.S
and S={ 1.2,....,2" 2" } be the base topology and q be any positive integer such that q <
p. The g-node Reconfigurable Circulant Graph-lll (RCG-111) with connection st
S=1{.2,..2" *2"'j, denoted by Ry s. consists of q nodes. Each node in R ghas
unique labe in the range O through p-\. Each node : is connected to (i+j*s)%p where
s € Sand | be a positive integer such that for any positive integer k < j, nodes with labels
(i+k*s)%p are failed.

Figure 3.15 shows an example of a 6-node RCG-111 derived from a base CG-111 topology,
C,swith p=7 and $={ 1,24} and with afaled node 4.

Figure 3.75 RCG-IIMwith base topology C,s.p 7 and S- {1,2,4}and faled node 4.

Reconfiguration in RCG.
The reconfiguration of RCG-111 is similar to that of the RCGs described earlier using the
Algorithm 3.5. Whenever a node fails, the neighboring nodes connect to the next node on

the corresponding Hamiltonian circuit of jump s through which the faled node is



connected. Similarly, when a node recovers from failure, it occupies its position in the
base circulant graph.

To explan the process of reconfiguration in case of node falure, consider a base
topology shown in Figure 3.14. Assume that node 4 is faled. By connecting the
neighbors of falled node to next nodes on the corresponding Hamiltonian circuits, we get
the resultant topology as shown in Figure 3.15. Continuing the reconfiguration with

failure of node 3 results in the structure shown in Figure 3.16.

Figure 3./6 RCG-III derived from base topology C , swith p 7 and S- {/,2,4}and
Jfailed nodes 3,4.

To explain the process of node addition, consder RCG-I1I with sx active nodes and two
faled nodes 3 and 4 as shown in Figure 3.16. If node 3 wishes to enter the network, it
informs the network and occupies its position in the base circulant graph by forming links
with its neighbors, i.e., with nodes 5 and 7. This results in the structure shown in Figure

3.15.
Routing in RCG-I111.

A distributed routing method in RCG-Ill R, s with q<p=2"-1 and §={1.2,...,2"%2""} is
described in the Algorithm 3.10. According to this agorithm, a packet is routed by
making use of the Hamiltonian circuits present in the base Circulant Graph-Ill, each time
reducing the distance of the destination aong the Hamiltonian circuit of jump 1 To
reach the destination node, a packet moves, starting from jump 1, dong the jump 2*

where the /-bit in binary representation of distanceis 1



Algorithm 3.10. Send a message from the current node C to the destination node D
which is originated at source node S in a RCG-1ll, R, with g5 2'-1 and
Felld. 4" 5%

if (C==D) then

Send message to local node C
else

/I Compute the distance and jump to move on.
Distance = (D-C+p) %p
jump - 1
while(Distance % (jump*2) = - 0)
jump - jump * 2
endwhile.
if{ (Distance Length of jump)
Send negative acknowl edgement to the source Sindicating
that the destination node D is failed
else
Move along jump.

endif.
endif.
For better understanding of routing in RCG-1I1, consider the topology shown in Figure
3.15. The topology has 6 active nodes and one faled node with id 4. Assume that node
3 wants to send a packet to node 1. The distance 5 = (1-3+7)%7 is reached by making
hop along jumpl to node 5. From node 5, where the distance is calculated as 3, the
packet is moved alongjump 1 to node 6. At node 6, the distance is calculated as 2 and the
packet is routed along jump 2 to the destination node 1. Though the packet is reached the
destination, this is not the shortest path from node 3 to node 1. However, this routing
algorithm guarantees that the destination node can be reached, provided it is active. This
is because the agorithm reduces the distance dong the Hamiltonian circuit of jump 1,

with each hop.

Diameter of RCG-III.

The maximum diameter of RCG-I11 is found to be n. Theorem 3.10 gives the proof.

Theorem 3.10. The maximum diameter of RCG-III, R, swith @ <2"-/ and connection set
S~¢1,2,..,2%" 2" Visn,
Proof- According to theorem 3.9, the maximum hop-distance between any two arbitrary

nodes X and Y,h(X)Y) isn.



As the nodes between X and Y keep faling, some of the nodes aong the Hamiltonian
circuit of jump 2, />0, may not be accessble. This leads to movement along the
Hamiltonian circuit of jump 2"'. Let us assume that Y is reached from X in k hops, each
hop reducing the distance on the Hamiltonian circuit using Algorithm 3.10 Then Y can

be expressed as sum of hops from X as

Y- (X4 h hs .. +hy) %(2"-1) (3.12)

Without loss of generality, we assume X <Y. Then,

Y=X+th+hyt .. +h (3.13)
where A, is an integer multiple of 1,2,..., 2™% or 2™'. Let h, and A,,; are two adjacent
hops in the above sequence along the jumps 2° and 2”. Then, according to Algorithm
3.10, a<h.

If k is greater than n, then there exist two or more hops alongjump 2', for some 0</ <n.
Let A, and Ay are the starting and ending hop adong thejump 2, in the above sequence of
k hops. Then, hops between A. and A, can be represented as

ho=e? (3.14)

where ¢, is caled as the coefficient of hop h,.

The hops from . to h, can be replaced with/hops of jump 2"*""*" such that
f<la-c)

This is because the distance 2" can be reached in at most two hops of jump 2' and

there exists at least (d-c) hops whose sum of the coefficients is an even number.

Thus, by replacing the hops from A, to A, with f hops of, there may exist at most one hop
of jump 2'.
By repeating this procedure for dl jumps, starting with jump 1, we can find a path with a

maximum of// hops.



Hence, the number of hops required to reach an arbitrary node Y from an arbitrary node
X, k < n. In other words, the maximum diameter of RCG-11l, Rq‘s with q<2"-1, the

maximum of hop-distance between dl pair of nodes is n. .

So far we have studied the design of dynamicaly reconfigurable topologies whose base
topologies are constructed with edge-digoint Hamiltonian circuits. It is observed that
these topologies have comparable performance with 2-D Torus, n-D Torus and Binary
Hypercube.

Though the base Circulant Graphs are constructed using a set of edge-digoint
Hamiltonian circuits, it is enough if the base topology has one Hamiltonian circuit for

maintaining connectivity.

3.4 Discussion

The reconfigurable logica topologies proposed in this chapter ~ Perturbed Torus,
Reconfigurable Circulant Graphs that are equivaent to 2-D Torus, n-D Torus and Binary
Hypercube — consider reconfiguration as part of the topology design issue. These
topologies reconfigure using Local Perturbation paradigm proposed as part of this
thesis. For accommodating changes (falure and addition of nodes) in network, these
topologies assume an initid well defined regular structure caled base topology. Addition
or deletion of node is considered as assigning or un-assigning a position in the base
topology. Hence, a reconfigurable topology moves closer or away from the base

topology depending upon whether a node is added or deleted from the network.

Applicability of the reconfiguration method based on Local Perturbation to the
traditional topologies such as Torus and Hypercube is investigated in Section 3.2. From
the results obtained, it is shown that successive application of reconfiguration based on
Local Perturbationsfor node failures disconnects the topology. To retain connectivity,
additional steps must be devised into the reconfiguration process. Perturbed Torus is
designed by maintaining a base row (column) in the base topology. However, it is not

always possible to define such special methods to retain connectivity.



By adopting the concept of Hamiltonian circuit, wherein every node in the perwork is
visited exactly once, a set of reconfigurable topologies is proposed. The idea is to define
reconfiguration along Hamiltonian circuits so that the network is always connected. In
Section 3.3, we designed a set of topologies, cdled Reconfigurable Circulant Graphs,
derived from a subset of Circulant graphs. Incidentally, @l these topologies have edge
digoint Hamiltonian circuits. However, it is enough if the base topology has one

Hamiltonian circuit for maintaining connectivity.

As per the framework proposed earlier, for evaluation of topologies, here, we will
evaluate the reconfigurable topologies proposed in this thesis. Table 3.1 summarizes the
node degree and diameter properties of the dynamicdly reconfigurable topologies. It is
observed that Perturbed Torus and Reconfigurable Circulant Graph - 1 (RCG-1) have
same node degree and number of nodes as that of 2-D Torus and Circulant Graph - 1.
Similarly, RCG-T1 has the same node degree and number of nodes as that of Circulant
Graph - 11 and Multidimensiona Torus. RCG-III has the same node degree and number
of nodes as that of Circulant Graph - I11 and Binary Hypercube.

As the reconfigurable topologies change their structure with every reconfiguration,
diameter is measured as the maximum of diameter for all different structures that can be
derived from the base topology. Since the reconfiguration is done to retain routing
properties, usually the maximum diameter of a reconfigurable topology is limited to the
diameter of the base topology. We proved the maximum diameter of Perturbed Torus is
amost same as 2-D Torus. Though the maximum diameter obtained for RCG-1 and
RCG-II is more than that of corresponding base topologies, the empirica results obtained

in the next chapter supports our argument.

/I may not be possible to formulate the computation of average internode distance for
these topologies as the structure of reconfigurable topologies change with every
reconfiguration. In chapter 4, we evauate average internode distance empiricaly by
assuming different structures and compare them with corresponding base structures and

their counterparts in traditional topologies.



Topology No. of | Node Diameter
Nodes Degree

Binary Hypercube N=2" n n

Multidimensional N= k" 2*n k*n/2

Torus

Perturbed Torus =n? 4 24 [ VN2 1

2-D Torus N=n’ 4 n

RCG-1 N=n’-1 4 3n/2

Circulant Graph -1 | N=n’-1 4 n

RCG-1I N=k"1 2*n % (n 1 -1)

Circulant Graph — 11 | N=k"-1 2*n k*n/2

RCG-111 N= 2"-1 n n

Circulant Graph - 111 | N=2"-] n n

Table 3.7 Comparison of Reconfigurable topologies with their counterparts.

Designing shortest path routing algorithms is also not possible for reconfigurable
topologies because the nodes in these networks don 7 have the idea about the structure of
the topology at any given point of time. In other words, because the nodes wouldn't have
the knowledge of which positions in the base topological structure are vacant, it is not
possible to design a shortest path routing agorithm. It is also observed that a little
overhead will be introduced into the routing agorithms of reconfigurable topologies

when compared to the routing in corresponding base topol ogies.



The main advantage of the proposed reconfigurable topologies when compared with
traditional topologies such as deBruijn graph, MS Net and Binay Hypercube is the
dynamic reconfiguration. Dynamic reconfiguration is achieved with minimum

disturbance to the network.
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Chapter

4. Evaluation of Dynamically Reconfigurable Logical
Topologies

In this chapter, the peformance of newly proposed dynamicaly reconfigurable
topologies are evaluated for both linear and non-linear traffic conditions. Section 4.1
briefly discusses how the logica topologies are evaluated for linear and non-linear traffic
conditions. Section 4.2 presents heuristic agorithms for optimal node placement. These
algorithms are used in the evaluation of reconfigurable topologies under non-uniform
traffic conditions. Section 4.3 discusses the performance of each topology designed in
Chapter 3 for both linear and non-linear traffic conditions and compares them with

respective base topologies. Section 4.4 summarizes the results obtained.

4.1 Introduction

Regular topologies are usually designed to have fixed node degree, smaller diameter and
low average internode distance. In addition, regular topologies are designed to possess
smple routing agorithms and hence, they are wel suited for uniform traffic patterns.
The performance of regular topologies under uniform traffic conditions is measured in
terms of the topological properties such as diameter and average internode distance. In
section 4.3, the empirica results of diameter and average internode distance of the
proposed reconfigurable topologies are tabulated and compared with respective base

topologies.

Traffic in red life is non-uniform; hence performance study of regular topologies under
non-uniform traffic conditions is also discussed. Topologies are designed to meet non-
uniform traffic demands in [Bannister et. a., 1990; Labourdette and Acampora, 1991].
These solutions treat topology design as combinatoria optimization problem and provide

irregular topologies as heuristic solutions.



For regular topologies, optimization is studied as placement of nodes in a given regular
topology. [Banerjee and Mukherjee, 1993] studied optimal node placement for regular
topologies and provided heurigtic solutions. The following section presents the optimal
node placement problem as a combinatorial optimization problem and proposes heuristic

solutions.

4.2 Optimal Node Placements

The optimal node placement problem may be stated as follows: Given N nodes in a
network must be connected according to some regular logical topological structure and
the positions that these nodes occupy in the logical structure may be adjusted by properly
tuning their transmitters and receivers, what is the best way for placing them? In other
words, given the flexibility of interconnecting the nodes, one needs to construct a regular
topology that satisfies an optimality criterion such as minimization of the flow-weighted
average (hop) internode distance and minimizing the maximum load over any link. This
work presents the minimization of the flow-weighted average internode distance. The

minimization problem can be stated mathematically as follows;

Given:
TV = number of nodes in the network.
d(i,j) = hop distance between position  and position 7 in the logical topology.
D, = distance matrix measured for dl pairs of node positions in a given logica

topology.

f(m,n) = the average rate of traffic flow (in packets per second) between node m

and node n.

T, , = traffic matrix indicating traffic between al pairs of nodes in the network.

Variables:

Position of node m, P(m) - i<N, for dl m<N.
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Objective: Optimality Criterion

N-1N-1

Minimize: > > (m,n)*dl(i, j)

where /= P(m) and/= P(n).
Constraints:

P(m)# P(n),Ym # n
In general, there are as many as N! ways in which N nodes can be placed in N positions.
That is the problem domain space grows exponentially with the number of nodes in the
network. Hence, identifying the optimal structure among these N! possibilities is
computationally intensive. So, we investigate efficient heuristic agorithms for
constructing near-optimal structures. The following section describes such heuristic

algorithms.

4.2.1 Heuristic Solutions

Two heuristic agorithms proposed here uses (hop) distance, D, and traffic 7, ,
matrices as input and computes the places that the nodes should occupy in the logica
structure to minimize the weighted average number of hops. These algorithms are based
on greedy approach and assume that the logical structure derived from the base topology
gives minimum mean hop distance. Note that the number of nodes N represents only

active nodes in the network.

The first greedy agorithm given in Algorithm 4.1 maximizes one-hop traffic in the
network. The agorithm sorts the N* elements of traffic matrix in descending order as Ts
and the N? elements of distance matrix in ascending order as Ds. Then, the dement on
the top of lig Ts is taken out of the lig and the nodes corresponding to this eement are
placed on a link in the logica topology (an element of Ds with value 1). In successive
steps, the next highest dement of the sorted lig Ts is assgned to one of the available
links in the logical topology. During this process, if one of the nodes corresponding to
the highest edement of Ts is placed, the other node takes a neighboring position.

Otherwise, the nodes are placed on alink corresponding to unoccupied places. It may be



observed that the elements of 7"and D are sorted in O(N log N 2)ime. Then, in order to
assign dl the nodes, O(N 2)elements of 7s have to be considered. Assuming one of the
nodes corresponding to the highest element of 75 is aready placed, d neighbor locations
directly connected to the aready placed node are to be searched in ()(d) time for an
avallable location. Thus, the worst-case time complexity of this agorithm is the

maximum of (O(N? log N*)O(N?d)).

Algorithm 4.1 Find place i for node m :n the logical topology, given the traffic matrix T
and distance matrix D for an N node network.
Sort the Distance matrix D in ascending order as Ds and Traffic matrix T in
descending order as 7.
while (all nodes are not placed) do
Let the highest element in Ts corresponds to traffic from node m to node n.
if (both nodes m and n are not placed) then
if (link is available from position i toj such that both positions i
and j are unoccupied) then
Place nodes m and n at two unoccupied positions i and j.
endif.
elseif (node m is placed at position i) then
if (link is available from position i to position j such that position ;
is unoccupied)
Place node n al position ;.
endif.
elseif (node nis placed at position j) then
if (link is available from position i to position j such that position i
IS unoccupi ed)
Place node m at position i.
endif.
endif.
Delete the highest element in Ts.
endwhile.

The second greedy dgorithm is described in Algorithm 4.2,  This agorithm aso
maximizes one-hop traffic. The agorithm sorts the N* dements of traffic matrix in
descending order as 7. Then, the dement on the top of list 75 is taken out of the list and
the node in the corresponding element, from which traffic is originated, is assigned
location 0. In successive steps, the unassigned neighbors of an aready assigned location
are allotted to nodes corresponding to the highest traffic. It may be observed that the

dements of T are sorted in ()(N* log N 2) time. Then, in order to assign dl the nodes,



O(Nd) links of the logical topology have to be considered To place a node in an
unassigned location neighboring to an assigned location p, N-\ nodes are searched in
O(N) time to find the node par (p.q) such that the traffic from/? to g is maximum among
dl node pairs originated from p and the node q is not placed Thus, the worst-case time

complexity of this algorithm is the maximum of (O(Nzlog N 2),()(N :d)),

Algorithm 4.2 Find place i for node m in the logical topology, given the traffic matrix T
and distance matrix D foran N node network.
Sort the Traffic matrix 7 indescending order as Ts.
Assign position 0 to a node corresponding to first element in Ts.
Push position 0 onto a stack S.
while (all nodes are not placed) do
Pop position i from stack S
Let m be the node placed at position i.
for (each neighbor ; of position i in the logical topology)
Push position j onto stack S.
Find node pair (m,n) in Ts that corresponds to highest traffic

originated from node m such that node n is not placed.
Assign node n to position .
endfor.
endwhile.
It may be observed that both the algorithms wouldn 7 make use of the structure of the
logical topology. The worst-case time complexity for both the agorithms is same. It
may be possible to develop better heuristics by considering properties unique to a
particular topology and also traffic patterns. However, agorithms proposed here serve as
yardsticks for evaluating reconfigurable topologies because of their generic nature. In the
following section, these agorithms are used for evauating dynamicaly reconfigurable

logical topologies.

4.3 Performance of Perturbed Topologies
In this section, reconfigurable topologies are evaluated under uniform and non-linear

traffic conditions. Theoretica evauation of reconfigurable topologies based on the
framework proposed is discussed in Chapter 3. It was observed that the diameter and
average internode distance of reconfigurable topologies couldn't be computed as the
reconfigurable topologies change their structure with each reconfiguration. It is better to

compare the diameter and average internode distance of reconfigurable topologies
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empirically with respective base topologies of corresponding size. The following section
presents the empirica results of diameter and average internode distance obtained for
various structures of dynamicaly reconfigurable topologies of different Szes. 1n Section
4.3.2, the topologies are compared based on the optimality criterion - minimize the

weighted average internode distance.

4.3.1 Evaluation Under Uniform Traffic Conditions
The diameter and mean internode distance of reconfigurable topologies for various sizes

and for different structures are compared with the corresponding base topology and/or the
counterpart in traditional topologies. Table 4.1 shows the diameter and average internode
distance of Perturbed Torus in comparison with the base 2-D Torus topology. Table 4.2
compares the diameter and average internode distance of RCG-I topology with the base
corresponding Circulant graph. In Table 4.3 the diameter and average internode distance
of RCG-1I topology are compared with the corresponding base Circulant graph. Findly,
in Table 4.4, the diameter and average internode distance of RCG-1I1 topology are
compared with the corresponding base Circulant graph. It is observed from these
comparisons that, in most cases, the diameter and mean internode distance of
reconfigurable topology are less than the base topology with size equivalent to that of
reconfigurable topology. In very few cases, where the distribution of nodes is too sparse,
the diameter and mean internode distance of reconfigurable topology are more than that
of the base topology with size equivdent to that of reconfigurable topology. For
example, in Table 4.1, the diameter and average internode distance for a Perturbed Torus
with 9 active nodes are more when compared to that of a Torus structure of sze 9. But in
no case, the diameter of the reconfigurable topology is more than that of the base
topology from which the reconfigurable topology is derived. Continuing with the earlier
example, the diameter and average internode distance for a Perturbed Torus with 9 active
nodes are less when compared to that of base Torus structures of sizes 16 and 25. Thus in
a reconfigurable topology, the upper bound on the delay associated with a packet

transmission between any two arbitrary nodes is limited by the size of the base topology.



No. of

Diameter and Mean Internode Distance

active | Perturbed Torus derived from graph of Torus with
nodes | 25 nodes with faled nodes 16 nodes with faled connection st
as nodes as {+1,4 VNodes I}
25 4 and 25 4and 25
22 {7,10,23} 4 and 2.2684 4 and 2.3939
{10-12} 4 and 2.3%4
20 {6,10,18,19,22} 4 and 4 and 2.3158
2.2053
{20-24} 4 and 2.3158
16 {6,10,12,14-16,18,20,22} 4 | 4 and 2.1333 4 and 2.1333
and 2.0833
{16-24} 4 and 2.075
15 {5,8,10,12,14-16,18,20,22} | {5} 4 and 1.981 4 and 1981
3 and 2.0191
{5-11,15,20,21} 4 and {14} 4 and 1981
2.0095
14 {6,7,11,12,15,17-22} 4and | {5.8}3 and 1.8791 4 and 1.989
2.1429
{5-9,13,16,18,22-24} 3and | {14,15} 4 and 1.989
19341
9 {6-10,12-16,18-23} 4 and {6,7,10-14} 4 ad 2 and 15
2.2222 1.9444
{9-24} 3 and 1.8056 {5-8,10,12,14} 3 and
17778
8 {6-9,11-23} 3 and 1.9643 {5,6,8,9,10,12-14} 4 and | 2 and 15

1.9286

{8-24} 3 and 175

{915} 3 and 1.7143

Table 4 ; Diameter and mean internode distance of Perturbed Torus and 2-D Torus




No. of

Diameter and Mean Internode Distance

active | Reconfigurable Circulant Graph derived from graph of Circulant Graph
nodes |24 nodes with faled nodesas | 15 nodes with failed with connection set
nodes as {+1.4 VNodes |}
24 4 and 2.4348 4 and 2.4348
23 {6} 4 and 2.3083 3 and 2.2727
{19} 4 and 2.3083
20 {6,10,18,19} 4 and 2.1105 4 and 2.3157
{20-23} 4 and 2.1895
15 {10,12,14-16,18,20,22,23} 3 3and 1.8571 3and 1.8571
and 1.8857
{16-24} 3 and 2.0
14 {5,8,10,12,14-16,18,20,22} 3 | {5} 3 and 1.7912 3 and 1.7692
and 1.7912
{5-11,15,20,21} 3 and 1.8642 | {14} 3and 1.7912
13 {6,7,11,12,1517-23} 3and | {5,8} 3and 1.6923 3 and 18333
1.8077
{3,5-9,13,16,18,22,23} 3and | {2,14} 3 and 1.6923
1.7949
8 {6-10,12-16,18-23} 2 and {3,7,10-14} 2 and 2 and 1.4286
1.4642 1.4286
{8-23} 2 and 14643 {4-7,10,12,14} 2 and
14643
7 {6-9,11,12-23} 3 and 1.6191 {4,6,8-10,12-14} 3and | 2 and 1.3333
16191
{3,4.8,9,11-23} 2 and 1.33 {0,3,4,7,8,11,12,14} 2
and 1.3333
Table 4.2 Diameter and mean internode distance of of RCG-/and Circulant Graph with

connection set {- +/Nodes -J, 1 1, + +/ Nodes}.
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No. of

Diameter and Mean Internode Distance

active | Reconfigurable Circulant Graph derived from Circulant Graph with
nodes | graph of connection set
T8 S NS O TS s S
n=log,
63 nodes with failed 15 nodes with faled | K=4 k=3
nodes as nodes as
63 4 and 2.7097 4 and 4 and 2.5161
2.7097
40 {6-15,20-30,44,62} 4 4 and 2.359 | 4 and 2.1539
and 2.3756
{19-41} 4 and 2.3551
30 {6,10,18,19,32-60} 4 3 and 2.069 |4 and 2.2414
and 2.1816
{20-52} 3 and 2.1058
15 {10,12,14-16,18,20-62} |3 and 1.8571 3ad 2 and 15714
3 and 1.8095 18571
{15-62} 3 and 1.8571
14 {5,8,10,12,14,15,16,18, | {5} 3 and 1.7912 3ad 3 and 1.61%4
20,22,24-62} 3 and 1.7692
1.6593
{5-11,15,20,21,23-61} | {14} 3 and 1.7912
3and 1.7143
13 {6,7,11,12,15,17-61} 3 | {58} 3and16923 | 3ad 2 and 15
and 1.7949 1.8333
{3,5-9,13- {214} 3 and 1.6923
16,18,22,23,25-61} 3
and 1.6282
8 {1-4,6-9,11-14,16- {37,014} 2and | 2 and 2 and 1.4286
19,21-24,26-29,31- 1.4286 15714
34,36-39,41-62} 2 ad
1.3929
{8-62} 2 and 1.4643 {4-71012,14} 2
and 1.4643
7 {6-9,11-62} 2 and {4,6,8-10,12-14} 3 | 2ad 2 and 1.3333
1.3333 and 1.6191 1.3333
{3,4,8,9,11-62}2 ad {0,34,7,811,12,14}
1 4762 2 and 1.3333

Table 4.3 Diameter and mean internode distance of RCG-1I and Circulant Graph with

connection sel (k"' k"*
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No. of

Diameter and Mean Internode Distance

active | Reconfigurable Circulant Graph derived from grapn of | Circulant Graph
nodes 31 nodes with failed 15 nodes with failed nodes as | with connection set
nodes as (1,2 272"y,
31 4 and 2.5 4 and 25
28 {6,20,24} 4 and 2.4762 4 and 2.3704
{24-26} 4 and 2.4749
20 {10-13,20-23,26,28,30} 4 and 2.1053
4 and 2.3184
{0,2,4,6,8,10,11,13,15,1
7,19} 4 and 2.2526
15 {1,3)5,7,9,11,13,15,17,1 | 3 and 2.0 3 and 20
9-25}4 and 2.2286
{5-20} 3and 2.0
14 {5,8,10,12,14-16,18,20- | {5} 3 and 2.0 3and 1 9231
28} 4 and 2.1813
{5-11,15,20,21,24-30} | {14} 3 and 2.0
4 and 2.1374
13 {6,7,11,12,15,17-29}4 | {58} 3 and 2.0064 3 and 1.8333
and 2.1026
{3,5-9,13,16,18,22-30} | {2,14} 3 and 2.0064
4 and 2.0769
8 {6-10,12-16,18-30} 3 {3,7,10-14} 3 and 18214 3and 1.7143
and 175
{8-30} 3and 17321 {4-7,10,12,14} 3 and 1.8393
7 {6-9,11-30} 2 and 15 | {4,6,8-10,12-14} 3 and 2 and 15
17857
{3.489,11-30}3and | {034,7,811,12,14} 2 and
1.6905 15
Table 4.4 Diameter and mean inteniode distance of RCG-1ITand Circulant Graph with

connectionset{1,2,...,2"%,2" }.




4.3.2 Performance Under Non-Linear Traffic Conditions
The performance of a logical topology under non-linear traffic conditions is measured

using the optimal criterion - weighted average internode distance computed as the sum of
product of traffic and distance between dl pairs of active nodes. Assuming the nodes are
placed using one of the node placement algorithms, described in Section 4.2.1, in a
dynamicaly reconfigurable topology, in this section, we show that the performance of
dynamically reconfigurable logical topology after a reconfiguration is amost same as the
performance of newly computed optima structure with nodes being placed using the

node placement algorithms.

Let us assume a dynamicaly reconfigurable topology of size, N, equivalent to that of
base topology. That is, dl the nodes in the base topology are active. Now generate the
traffic matrix T such that each edement #(m.n), which indicates the fraction of traffic
generated from node m to node #, is a uniformly distributed random number between 0
and 1. (The random number generator uses a 48-bit seed, which is modified using a
linear congruential formula) Place the N nodes in the base topology using one of the
greedy agorithms discussed in Section 4.2.1. Assume some nodes are faled from this
structure and compute the objective function - weighted average internode distance,
using dl active nodes, in the resultant structure after reconfiguration, as ('r. Compute
optimal structure by removing the farthest places, equivdent to the number of faled
nodes, in the base topology. (Optima structures are relevant to the reconfigurable
topologies as the structure changes with each reconfiguration.) Perform the optima node
placement with the active nodes in this newly computed optimal structure, using the same
greedy agorithm.  Compute the objective function - weighted average internode
distance, in this resultant topology, as Co. Repeating the procedure for different events
such as node failures and node additions in the current reconfigurable topology, the
results of Cr and Co are tabulated for dynamicaly reconfigurable topologies namely
Perturbed Torus, RCG-1, RCG-11 and RCG-11I in Table 4.5, Table 4.6, Table 4.7, Table
4.8, Table 4.9, Table 4.10, Table4.11 and Table4.12.

Each table lists the results of weighted average internode distance in a reconfigurable

topology under different events. From the results in each table, it can be sad that the
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vaues of Cr are dmost same as Co, given the fact the values of Co computed for the two

optimal node placement agorithms differ to some extent.

Hence, the performance of

dynamically reconfigurable |ogical topology after a reconfiguration is on par with the

performance ©f an optimal structure with the active nodes being optimally placed in it.

Vaue of weighted average internode distance is computed with
Event uniformly distributed random traffic and by using
Algorithm 4.1 Algorithm 4.2

Re- Reconfiguring, Cr | Re-placing, Reconfiguring,

placing, Co Cr

Co
Initid configuration | 28.4658 33.3236
N=16
Node 4 is deleted 24.3127 | 23.4546 27.7331 28.4605
Node 6 is deleted 25.1987 | 21.4653 26.3804 24.4336
Node 4 is added 25.3813 | 25.3642 28.2737 27.6503
Nodes 5,7-10 are | 16.0905 | 14.9919 17.8546 19.2565
deleted
Node 8 is added 175971 | 15.832 17.9057 19.6328

Table 4.5 Effect of reconfiguration over optimal node placement in Perturbed Torus
derived from Base Torus topology of sizeis 16

Vaue of weighted average internode distance is computed with

Event uniformly distributed random traffic and by using
Algorithm 4.1 Algorithm 4.2
Re-placing, | Reconfiguring, Cr | Re-placing, | Reconfiguring, Cr
Co Co
Initial 98.9001 109.8605
configuration
N=36
Node 29 and 30 | 86.5085 88.922 95.3007 95.9788
are deleted
Nodes 20-24 are | 69.8376 66.3536 75.6439 76.1082
deleted
Nodes 22,23 and | 81.1332 77.6815 91.5607 85.9814
30 are added
Node 4 is deleted | 73.591 70.986 82.6919 77.0783
Node 6 is deleted | 69 2377 66.165 79.7713 72.427
Node4 isadded | 762844 72.6524 84.9657 80.8894
Nodes 5,7-10 are | 64.8752 54.8654 66.5775 61.2266
deleted
Node 8 isadded | 62 2224 59 3319 69.9359 64.294

Table 4.6 Effect of reconfiguration over optimal node placement /1 rerturoear orus
derived from Base Torus topology of sizeis 36
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Vaue of weighted average internode distance is computed with

Event uniformly distributed random traffic and by using
Algorithm 4.1 Algorithm 4.2
Re-placing, | Reconfiguring, Cr | Re-placing, | Reconfiguring, (V
Co Co
Initial 24.6058 26.5375
configuration
N=15
Node 4 is|20.9154 21.1336 23.8453 26.7073
del eted
Node 6 is| 18.8658 19.2347 19.9683 22.1514
deleted
Node 4 isadded | 21.6925 21.7034 25.5399 23.7094
Nodes 5,7-10 | 11.1411 11.1547 11.893 10.8957
are deleted
Node 8 isadded | 12.3627 12.60%4 14.4196 13.3461

Table 4.7 Effect of reconfiguration over optimal node placement in RCG-/ derived Base

CG-I Topology of sizeis 15

Veaue of weighted average internode distance is computed with

Event uniformly distributed random traffic and by using
Algorithm 4.1 Algorithm 4.2
Re-placing, | Reconfiguring, Cr | Re-placing, | Reconfiguring, Cr
Co Co
Initial 90.0137 104.3855
configuration
N=35
Node 29 and 30  83.7405 81.9446 91.9362 96.0792
are deleted
Nodes 20-24 are | 63.938 65.372 72.465 72.4695
deleted
Nodes 22,23 and | 75.3341 73.5967 86.3008 83.6302
30 are added
Node 4 is deleted | 67.4715 66.3219 80.3846 76.2243
Node 6 is deleted | 65.6802 62.281 73.6651 72.3947
Node 4 isadded | 74.4866 69.1322 83.627 79.8381
Nodes 5,7-10 are | 53.2446 51.0204 60.2332 60.2143
deleted
Node 8 isadded | 56 5462 54.2812 62.5398 63.5271

Table 4.8 Effect of reconfiguration over optimal node placement in
(C(;-1 Topology of sizeis 35
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Véelue of weighted average internode distance is computed with
Event uniformly distributed random traffic and by using
Algorithm 4.1 Algorithm 4.2

Re-placing, | Reconfiguring, Cr | Re-placing, | Reconfiguring, Cr
Co Co

Initial 46.0506 51 387

configuration

N=26

Node 4 is| 422395 42.1866 50 8498 47 2463

deleted

Node 6 is| 39.007 39.3143 44 7229 43 4728

deleted

Node 4 isadded | 42.0266 42.5406 51 2122 46 9985

Nodes  5,7-10 | 31.4707 29.2172 34 3846 30 6797

are deleted

Node 8 isadded | 31.6423 31.5686 37 1351 329335

Table 4.9 Effect of reconfiguration over optimal node placement in RCG-I1 derived Base
CG-ll Topology of sizeis 26

Vaue of weighted average internode distance is computed with
Event uniformly distributed random traffic and by using
Algorithm 4.1 Algorithm 4.2
Re-placing, | Reconfiguring, Cr | Re-placing, | Reconfiguring, Cr
Co Co
Initial 147.0277 167.2691
configuration
N=63
Node 29 and 30 | 138.6884 140.0186 161.1473 157.3261
are deleted
Nodes 20-24 are| 130.4936 122.891 146.8377 138.0057
deleted
Nodes 22,23 and | 138.8908 134.001 152.8549 150.8976
30 are added
Node 4 is deleted | 126.5256 127.0602 144.3783 141.3854
Node 6 is deleted | 125.204 122.7523 147.2828 138.6784
Node 4 isadded | 128 9582 128.7305 146.6653 147.7384
Nodes 5,7-10 are | 112.6306 108.4309 133.5824 127.6864
deleted
Node 8 isadded | 114.8848 112.1649 134.6788 131.4723

Table 4. /() -ffect Of Teconfiguration over optimal node placement in RCG-IT derived
) Base CG-1l Topology of sizeis 63
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Vdue of weighted average internode distance is computed with
Event uniformly distributed random traffic and hv usine
_ Algorithm 4.1 Algorithm 4.2

Re-placing, | Reconfiguring, Cr | Re-placing, | Reconfiguring, Cr
Co Co

Initial 26.7536 30.869

configuration

N=15

Node 4 is| 22.2559 23.085 26.5775 27.4465

deleted

Node 6 is| 20324 21.6256 23.7402 26.1049

deleted

Node 4 is added | 23.0019 24.8989 27.4409 29.1322

Nodes 5,7-10| 15258 12.1397 15.258 15.5397

are deleted

Node 8 isadded | 15.1535 15.2841 15.1535 18.8935

Table 4.1/ Effect of reconfiguration over optimal node placement in RCG-111 derived
Base CG-1I1 Topology of sizeis /5

Vaue of weighted average internode distance is computed with
Event uniformly distributed random traffic and by using
Algorithm4 1 Algorithm 4.2

Re-placing, | Reconfiguring, Cr | Re-placing, | Reconfiguring, Cr
Co Co

Initial 67.0525 74.7479

configuration

N=31

Node 29 and 30 | 60.0943 63.0874 72.8389 68.3697

are deleted

Nodes 20-24 are | 52.8429 49.5823 50.8835 56.6345

deleted

Nodes 22,23 and | 55.7489 58.4106 65.6059 63.4094

30 are added

Node 4 is deleted | 56.0142 55.3843 65.3866 61.0455

Node 6 is deleted | 48.993 52.317 59.4481 56.9291

Node 4 isadded | 55 5687 55.283 63.0624 59.2465

Nodes 5,7-10 are | 41.0782 39.8379 45.8872 46.368

deleted

Node 8 isadded | 40 3031 42.112 46.8701 48.5664

Table 4.12 Effect o
Base CG-111 Topology of sizeis 31




4.4 Discussion

The diameter and average internode distance of the dynamically reconfigurable
topologies - Perturbed Torus, RCG-1, RCG-11 and RCG-I11, are found to be on par with
that of base topological structures with Sze equas to that of reconfigurable topology.
Also, the effect of reconfiguration based on Loca Perturbations under non-linear traffic
conditions is found to be unnoticeable as the value of objective function - flow weighted
average internode distance, computed after reconfiguration is dmost same as the value
found using the optimal node placement agorithms described in Section 4.2.1. Thus the
reconfigurable topologies are better than traditional topologies such as Torus and
Binary Hypercube as reconfigurable topologies give added advantage of dynamic
reconfiguration with minimum disturbance to the network, which not only provides the

highest reliability, but also accommodate arbitrary number of nodes.

In the next chapter, we sudy the fiber optic LAN/MAN architectures using the

dynamically reconfigurable topologies and aso evauate the networks using smulation.



Chapter

5. Fiber Optic LAN/MAN Architectures based on
Dynamically Reconfigurable Logical Topologies

This chapter presents various implementation techniques for fiber optic LAN/MAN S
using the dynamicaly reconfigurable topologies designed in proposed in this thess.
Section 5.1 provides an introduction to various issues addressed by different fiber optic
architectures and aso provides an understanding of these architectures. Section 5.2
describes the architectures based on broadcast physica topologies that use dynamicaly
reconfigurable topologies as virtua topology. Section 5.3 discusses how network
architectures could be designed by shaing WDM channels to redlize dynamicaly
reconfigurable virtual topologies. Section 54 provides the smulation results of the

networks based on reconfigurable topologies. Findly, section O summarizes the results.

5.1 Introduction

Fiber optic network architectures can be dassfied into two broad categories: broadcast
and select, and wavelength routing architectures. In broadcast and select architectures,
different nodes broadcast messages on different WDM channels, typically, over passive
star, linear bus, or tree topologies. Access nodes in these networks route the messages.
In contrast, wavelength routing networks employ active switches to route messages based
on the wavelengths and thus messages carried in optical domain "as far as possible”.
Today, proadcast topologies are used for LAN/MAN solutions because they are simple to

construct and cost effective.

Figure 5.1 shows various aternatives for broadcast and select networks. These networks
can be built using the optical couplers. For example, the star coupler shown in Figure

5. I(a) can be made out of the 2x2 couplers as shown in Figure 5.2.
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Figure 5.1 Broadcast and Select physical topologies
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Figure 5.2 Internal structure of a Sar Coupler

Each node transmits at different wavelengths, which are combined using 2x2 couplers.
The node employs tunable optical filters to sdect the desired wavelengths for reception.
A node, in broadcast and select network, broadcasts messages on the wavelengths
assigned to them. Theoretically, any node can receive these messages by tuning their
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receivers to the transmitted wavelengths. However, only selected nodes dictated by the
logical topology receive these messages.

The number of nodes in the broadcast and select networks is limited. This is because the
wavelengths canhol be reused in the network. Also, the transmitted power from a node
must be sPlit among all the receivers in the network. The design of these networks
should also keep in mind the capabiliies and limitations of the available optica
components and technology such as

> the maximum number of channels attainable with current device technology,

subject to tuning time requirements and cost constraints,

> the number of transceivers, and
> tuning range and tuning times of the transmitters and/ or receivers

In order to accommodate more number of nodes and also to overcome the limitations of
optical components such as tuning range, WDM channels in a broadcast topology are
shared by different links in logical topology. These architectures referred as shared
channel multihop architectures. Generdly, channd sharing advocates the use of Time
Divison Multiplexing (TDM) as multiple access mechanism for sharing a common
channel. However, other channd arbitration strategies are studied by [Dowd 1991; Dowd
1992] in connection with a shared-channel Hypercube architecture.

The following sections discuss both broadcast and sdlect architectures, and shared
channel multihop architectures using dynamicaly reconfigurable topologies designed in

thisthesis.

5.2 Broadcast and Select Network Architectures

The broadcast and sdect architectures based on dynamicdly reconfigurable logical
topologies designed earlier - Perturbed Torus, RCG-1, RCG-II gnd RCG-1II can be
constructed using any of the physica topologies in Figure 5.1. The bandwidth of these
physical topologies is divided into a &t of logicad (WDM) channdls. In order to redize
the logica topology the transmitters and/or receivers a each node are tuned to different

wavelengths of the WDM channels. Let ¢ be the maximum number of channdls that can



be realized based on technological and topological limits. Let us assume that the size of
the base topology is N and the degree of a node in the base logica topology is . then ¢ N
and d are related using the formula

N=c/d

Dynamicaly reconfigurable logica topologies that use Loca Perturbations change their
structure with each reconfiguration and the sze of the network is limited to the sze of the
base structure. In order to facilitate reconfiguration due to a change in the network such
as addition of a node and deletion of a node, nodes must employ tunable components.
Depending on whether the tune-ability is incorporated into transmitters or receivers, the
broadcast and sefect architectures can be implemented ;» two different ways - using
fixed transmitters and tunable receivers (FT-TR), and using tunable transmitters and
fixed receivers (TT-FR). These implementations vary in terms of assigning transmitters
to receivers. For example, consder RCG-1 topology with a base Circulant graph
topology of size 8 is implemented using fixed transmitters and tunable receivers (FT-TR)
over linear bus topology as shown in Figure 5.3. Assuming node 4 is deleted from the
network, the wavelengths of the receivers of neighboring nodes of the deleted node 4 are

reconfigured resulting in the new wavelength assgnment shown in Figure 5.4.

Aoy Al Aahshohs  Aghol 10A11 ;’.] ahyshiahys Ayshy 1highin Aaohaiharhay J.;‘qjlgslzn}-,p Azghaehapha

Juulu g

0

1

AanhsAaahis Aohohashio Adhishiohzs AgAirAzhar AjphaiAehag Arshashiohy Agohaohiahs Aahihighy

Figure 5.3 Wavelength assignment in FT-TR implementation of RCG-Itopology with
base Circulant graph of 8 nodes over linear bus physical topology

In genera, for an FT-TR implementation, wavelengths of transmitters of node X are

calculated as
T(X,s) = X*d+p(s) (5.1)
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where d is node degree and p(s) takes the vaues 0,1,2,3,... .d-1, for various values of
jump s. For example, thejumps +1, -1, +n, -n in Perturbed Torus and RCG-1 topologies
take values 0,1,2 and 3, respectively.

Smilarly, the receivers of the node X are tuned to wavelengths

R(X,s) - N(X.s)*dp(s) (5.2)
where N(X,9) is the address of neighbor of node X in the direction of jump .
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Figure 5.4 Wavelength assignment in FT-TR implementation when node 4 isdele ted from
the topology shown in Figure 5.3
In TT-FR implementation, the transmitter and recelver wavelengths are calculated using
the following equations.
T(X.s) = N(X.s)*d" p(s) (5.3)
R(X.s) = X*d' p(s) (5.4)
where d is node degree and p(s) takes the values 0,1,2,3,....d-1, for various values of

jump s. N(X,s) is the address of neighbor of node X in the direction of jump s.

For example, in a TT-FR implementation of a RCG-I topology with a base topology of
size 8, nodes are connected as shown in Figure 5.5. When a node 4 is deleted from this
network, the transmitters of neighbors of node 4 are reconfigured resulting in the network

shown in Figure 5.6.
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Figure 5.5 Wavelength assignment in TT-FR implementation of RC'GG-1topology with
base Circulant graph of 8 nodes over linear bus physical topology.
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Figure 5.6 Wavelength assignment in TT-FR implementation when node 4 is deleted from
the topology showninFigure 5.5

Both TT-FR and FT-TR implementations must employ a control channel to which al
nodes are connected. The control channel is mainly used o facilitate reconfiguration due
to a change in the network, i.e., addition or failure of a node. Before the reconfiguration
is initiated, neighboring nodes in the network must be aware of the change. For example,
if a node wishes to enter the network, it should inform the neighbors so that they can tune
transmitters and/or receivers to the wavelengths of the node being added. Also, the node
being added should know which nodes in the network constitute as its neighbors.
Similarly, when a node is found to be not responding by its neighbors; they confirm the

falure of a node by exchanging the messages among themselves. Once a node is
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identified as faled, the neighboring nodes tune their wavelengths according to the links
established by reconfiguration.

Generdly, the arbitration mechanism for the control channd is random. The control
channel may also be used for transferring messages other than the one used for
reconfiguration.

It may be observed that the number of WDM channels used by a reconfigurable topology
in a broadcast topology implementation is limited by the limitations of WDM technology,
tuning ranges of transmitters and/or receivers and characteristics of reconfigurable
topology such as diameter and average internode distance. The following section
discusses shared channe architectures that overcome the channel limitation of broadcast

and select architectures.

5.3 Shared Channel Network Architectures

Channel sharing was introduced by [Acampora, 1987] with a goa of improving the
utilization of a multihop link (wavelength). This work uses "channel sharing" concept
for increasing the size of the base topology of a reconfigurable /ogical topology. In other
words, a wavelength is used by more than one link in the logica topology. Traditiondly,
random access protocols are used for shaing channd under light loads and Time
Divison Multiplexed Accessng (TDMA) is used for sharing channe higher loads
[Dowd, 1992]. Random access protocols are suitable for reconfigurable topology
networks to effectively utilize the channel, when the size of a network is much smaller
than the size of the base topology. This is because TDMA requires rearrangement of time
slots with each reconfiguration and it involves the coordination of dl nodes to reassign

time slots, which is against the spirit of Loca Perturbations paradigm.

Channel sharing is required when ¢<N*d, where c is the number of channels that can be
realized due to technological limitations, N is the sze of the base topology and d is node
degree. Works in [Acampora, 1987, Dowd 1991; Dowd, 1992; Ganz and Li, 1992
Kovacevic et. a., 1995] address channe sharing for two cases; First one is when =N and
the second case is for d<c<N. Based on the techniques used in [Acampora, 1987: Dowd



1991; Dowd, 1992; Ganz and Li, 1992; Kovacevic et. a., 1995] for specific regular
topologies, we proposed general methods for channel sharing.

Let us assume =N In this case, d*N logica links of reconfigurable topology are
assigned to =N channels with each node assigned to a different channel to transmit
packets to its neighbors. Since every node is assgned to one channd for transmitting
packets, one transmitter is enough for transmitting and the receivers of neighbor nodes
are tuned to the transmisson wavelength. However, the number of receivers can be one
or more. Using one receiver per node is not advisable because it requires switching of
channels after each packet reception based on the logica topology. By assgning d
tunable receivers to transmisson channels of neighbor nodes, each node constantly
listens for packets arriving on the channels of neighbor nodes and tunes the channds
whenever reconfiguration occurs. /t is worth noticing that since each channel has been
assigned to only one node, there is no contention among nodes, and hence no
coordination required for channel sharing. Also, with each reconfiguration due to node

failure one channel becomes unused.

When d<c¢<N, the problem of channd sharing becomes assignment of &*N links of base
structure of reconfigurable topology to ¢ channels. To provide smple solution, we
assume N/c is an integer. Assuming esch node transmits on one channel, N/¢ nodes
compete for transmitting packets on a sngle chanel. The receivers of the neighbor
nodes are tuned to the transmisson wavelengths to receive packets. Since each node
transmits on a single channel, one transmitter is enough. The use of one receiver per
node is not advisable because it requires switching of channels after each packet
reception based on the logicd topology. By usng d tunable receivers to transmission
channels of neighbor nodes, each node congtantly listens for packets arriving on the
channels of neighbor nodes and tunes the channels whenever reconfiguration occurs. //
may be worth noticing that the average hop distance can be reduced, by employing the
knowledge of neighbors ¢f all nodes assigned to a channel into routing algorithm. Also
when p,is large, node placement algorithms described in previous chapter will not

provide any benefit.



5.4 Simulation Results

This section presents the performance of the networks based on dynamicdly
reconfigurable topologies and compares the same with the networks based on
corresponding base topologies. Performance measures such as throughput, average
gueuing delay and utilization of bandwidth are studied through simulation by varying
average packet arrival rate for different szes of the network.

The simulators are based on stochastic discrete event models, written in the Java
programming language. Network simulators assume that traffic is homogeneous and
packets are generated based on Poisson distribution. Propagation delays are assumed to
be same for dl pairs of nodes. Packets are transmitted at fixed dots in time. Packet
ariva rate is measured as the number of packets generated a each node in one packet
dot time. We assume, each node has two queues -- atransmission queue and an insertion
gueue. Transmission queue is used for the packets generated a the node. Insertion
queue is used for the packets being routed through the node. Both the queues are finite in
size and have the same sze. Smulation results are dso studied to verify the effect of

buffer size on the network performance.

For a multihop network, efficient routing agorithm is important in determining the
performance of the network. For networks based on reconfigurable topologies, defining
shortest path routing is found to be difficult (refer Chapter 3). Hence, we used routing
algorithms proposed in Chapter 3. These routing agorithms reduce the absolute distance
of the destination node with each hop.

In the following sections, we andyze the throughput, average queuing delay, and channe
utilization against packet arival rate for Perturbed Torus, RCG-1, RCG-1I and RCG-111
based on broadcast and sdlect networks.

5.4.1 Throughput Analysis
Throughput of reconfigurable topologies is dudied aganst packet ariva rate.

Normalized throughput is messured as the average number of packets reached a
destination node in one packet time dot. Network throughput is measured as the
Normalized throughput times the sze of the network. In this study, we refer normdized
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throughput as throughput. Figure 5.7, Figure 5.8 and Figure 5.9 anayze the throughput
of the networks based on reconfigurable topologies for different packet arrival rates by
varying the size of the network, configurations of logica topology and the number of
packet buffers in transmission and insertion queues. From these figures, it can be
observed that as the arrival rate increases, the throughput will first increase as more
number of packets becomes available for transmission, and then eventually stabilizes

because each node has limited number of transmitters.

Figure 5.7 depicts normalized throughput for various sizes of reconfigurable topologies
under different packet ariva rates. It is observed that the normalized throughput
decreases for larger networks. This is because as the size of network increases, the
average number of hops a packet makes also increases. However, the network

throughput increases with the increase of the size of the network.

Figure 5.8 plots the throughput for two different structures of reconfigurable topologies
of same sze. It is observed that the configuration (connectivity of nodes) of a
reconfigurable topology sometimes affects the throughput. This is evident from the
topological characteristics studied, earlier, in Chapter 3 and Chapter 4 that diameter and
average internode distance vary from one configuration to another. However, the
throughput of a network based on reconfigurable topology is usudly limited by the
throughput of network with the base topology.

Figure 5.9 illustrates the effect of buffer sze on throughput. From the figure it is clear
that buffers play limited role on throughput. This is because, the packets in the insertion
buffer are given priority over the packets generated at the node and the minimum size of
insertion buffer is taken as the number of transmitters (degree of node). However, if one
uses a sngle buffer for the packets generated at the node as wel as the packets being

routed, the buffer size plays vita role in deciding the throughput.

Figure 5.10 provides comparison of throughput of the proposed reconfigurable topology
networks (Perturbed Torus, RCG-1, RCG-I1 and RCG-IIl) and their counterparts in
traditional logica topologies (Torus and Hypercube). The networks are compared with
amost same size. The buffer sizes of transmission queue and insertion queue is taken as
12. It is observed that the throughput of the network based on RCG-II topology is better
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than dl other topologies. The throughput of RCG-III1 and Perturbed Torus is comparable
to Hypercube and 2-D Torus topologies.
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5.4.2 Delay Analysis

This section presents average queuing delays in reconfigurable topologies against packet
ariva rate. Queuing delay is measured as the time spent by a packet at each
intermediate node in the insertion queue before reaching destination node. Figure 5.11,
Figure 5.12 and Figure 5.13 analyze the average queuing delay of the networks based on
reconfigurable topologies for different packet arrival rates by varying the size of the
network, configurations of logica topology and the number of packet buffers in
transmission and insertion queues. From these figures, it can be observed that as the
arriva rate increases, the queuing delay will increases exponentially because only limited
number of packets will be transmitted by each node in one time dot. However as
gqueuing delays are shown to be stabilized because packets generated by the node are
discarded, when the transmission queue is full. If the size of transmission queue is
unlimited, the queuing delays will always increase. However, in practice, buffers are
adways limited. This is clear from the study of buffer size on queuing delay shown in
Figure 5.13. Unlike throughput, average queuing delay will be same irrespective of
whether a single buffer is used or not, for the packets generated at the node and for the
packets being routed through the node.

Figure 5.11 depicts average queuing delay for various sizes of reconfigurable topologies
under different packet arrival rates. It is observed that the average queuing delay is more
for larger networks. This is because the average internode distance is more for larger

networks.

Figure 5.12 plots average queuing delays for two different structures of reconfigurable
topologies of same size. It is observed that the configuration (connectivity of nodes) of a

reconfigurable topology sometimes affects the queuing delays.

Figure 5.14 provides comparison of queuing delays in the proposed reconfigurable
topology networks (Perturbed Torus, RCG-1, RCG-Il and RCG-111) and their counterparts
in traditional logical topologies (Torus and Hypercube). The networks are compared
with almost same size. The buffer sizes of transmission queue and insertion queue is
taken as 12. It is observed that the queuing delays of the networks based on RCG-II,
RCG-1Il and Hypercube topologies are less than rest of topologies compared. The



gueuing delays of the network based on Perturbed Torus topology are same as that of
network based on 2-D Torus topology.
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5.4.3 Utilization Analysis
In this section, utilization of channels in reconfigurable topologies is studied against

packet arrival rate. Channe utilization is measured as the fraction of channels used for
transmission out of the channels avallable. Figure 5.15, Figure 5.16 and Figure 5.17
analyze the utilization of channels in the networks based on reconfigurable topologies for
different packet arrival rates by varying the size of the network, configurations of logical
topology and the number of packet buffers in transmission and insertion queues. From
these figures, it can be observed that as the arriva rate increases, the channel utilization
will first increase as more number of packets becomes available for transmission, and

then eventually stabilizes because each node has limited number of transmitters.

Figure 5.15 depicts channd utilization for various sizes of reconfigurable topologies
under different packet arrival rates. It is observed that the size of network doesn't affect
channel utilization. This is because packets are routed based on the routing algorithm

and hence channd utilization depends mostly on routing algorithm.

Figure 5.16 plots the channd utilization for two different structures of reconfigurable
topologies of same size. It is observed that the configuration (connectivity of nodes) of a
reconfigurable topology doesn't affect channel utilization substantiating our earlier
argument that channd utilization depends mostly on routing agorithm. This is further
substantiated with the study of the effect of buffer size on channd utilization shown in
Figure 5.17.

Figure 5.18 shows the comparison of utilization of channels in the proposed
reconfigurable topology networks (Perturbed Torus, RCG-1, RCG-II and RCG-11I) and
their counterparts in traditional logical topologies (Torus and Hypercube). The networks
are compared with amost same size. The buffer sizes of transmisson queue and
insertion queue is taken as 12. It is observed that the channel utilization in the networks
based on Torus and Perturbed Torus topologies is better than rest of topologies compared.
However, channd utilization in RCG-1, RCG-I1 and RCG-II1 topology networks is better

than Hypercube network.
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5.5 Discussion

Broadcast and select architectures and shared channd architectures discuss the
implementation details of fiber optic networks based on newly proposed dynamicaly
reconfigurable topologies. Broadcast and sdlect architectures are smple in nature and
hence are easy to implement. However, the size of the base topology for a reconfigurable
topology in the broadcast and select architectures is restricted by the limitations of
optical components characteristics such as tuning range of a transmitter/ receiver. Also,
with each reconfiguration due to node fallure, channels equivalent to the degree of node
become unusable. Shared channel architectures with the number of channels less than
the size of base topology of reconfigurable topology overcome these problems as more

nodes share a channel for transmission as well for reception.

Smulation results of reconfigurable topology networks show that the throughput,
gueuing delay and channel utilization will first increase along with the increase in packet
arrival rate, and then eventually stabilizes because each node has limited transmitters
and packet buffers. It is also observed that network throughput and queuing delay
increase as the size of the network increases. 7he number of packet buffers in
transmission and insertion queues play limited role in deciding throughput and channel

utilization.

The results aso show that the performance of reconfigurable topology networks vary for
different configurations of reconfigurable topologies. However, the performance of
reconfigurable topologies is limited to the performance of networks of respective base

topologies.

It is also observed that the performance of reconfigurable topology based networks
proposed (Perturbed Torus, RCG-I, RCG-1I, and RCG-IIl) is comparable to their

traditional topology counterparts (Torus and Hyper cube).



Chapter

6. Conclusions

This chapter summarizes the results of the research and discusses scope for future
directions. Section 6.1 summarizes the results and Section 6.2 discusses future direction

to this research.

6.1 Summary

This research has been concerned with new architectures for local and metropolitan area
networks that try to fully exploit the properties of lightwave technology. The mismatch
between operating speeds of access nodes and potential bandwidth of optical fiber led to
the research into the new generation of networks wherein parale transmission among
access nodes is done through multiple channels obtained by dividing the optical

bandwidth using Wavelength Divison Multiplexing.

Among multichannel networks, in multihop architectures nodes communicate using a
predefined connectivity pattern, caled as logicd topology, created by the assignment of
wavelengths to transmitter/ receiver pairs of nodes. The independence of logica
topology and broadcast physical topologies used by LAN/MANs, and technological
advances in dowly tunable lasers and optica filters adlow the logica topology to be
dynamically reconfigured according to changes in the network such as node failures and
recovery from failures (or addition of node). Since network changes occur randomly,
reconfiguration should be done in a transparent way so that the network traffic is
minimally disrupted. Also, the reconfiguration process should be fast enough to tolerate

even high frequency of changes to the network.

It is observed that reconfiguration affects the network performance parameters such as
reliability and expandability smilar to the way the other properties of logica topology
such as diameter and average internode distance affects network throughput and packet

delays. ]t is aso proved that reconfiguration and properties of topology such as node



degree are interdependent. The primary contribution of this research has thus been the

consideration of reconfiguration as a design issue of the logical topology.

A second contribution was made in the area of reconfiguration by proposing local
perturbations paradigm. According to this paradigm, each node in the network occupies
a unique position in a regular structure caled as base topology. Reconfiguration iS
defined by changing the links of the neighbors of failed/ added node so that the resultant
structure remains connected, and most importantly preserves dl the properties of base
topology. The resultant topology is called as dynamicaly reconfigurable topology,

because it is resilient to node changes.

The third one was the study of the applicability of Local Perturbations paradigm to
traditional topologies such as Torus and Hypercube. A reconfigurable topology called
Perturbed Torus has been designed based on 2-D Torus. The diameter and average
internode distance of Perturbed Torus was found to be on par with that of 2-D base
Torus structure. However, it was found that applying Local Perturbations to traditional

topologies is a difficult task.

The fourth one was the design of reconfiguration topologies that reconfigure using Local
Perturbations paradigm. The topologies RCG-I, RCG-1I and RCG-IllI were designed
with base structures constructed using a set of edge-disjoint Hamiltonian circuits. These
topologies reconfigure along the Hamiltonian circuits to retain the connectivity. By the
theoretical evaluation of these topologies, the upper limits of the diameter were found to
be dightly more than the diameter of respective base topologies. However, the empirical
results showed that the diameter is aways closer to that of base topology of
corresponding size. Most interestingly, to out surprise, RCG-lI, RCG-IlI and RCG-III are
found to have structural properties comparable to the traditional topologies 2-D Torus,

n-D Torus and Binary Hypercube, respectively.

In order to evaluate the logical topologies, this work proposed a framework for
evaluating logical topologies. Through this framework, dl the topologies discussed in
this thesis are evaluated. It was noticed that reconfigurable topologies have edge over
their traditional topologies such as Torus and Binary Hypercube because of their ability

to reconfigure dynamicaly.
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The other contribution was made in the area of optimal node placements in regular
logical topologies. Two heuristic algorithms based on greedy approach were devel oped.
These algorithms served as yardstick for comparing the values of flow-weighted averages

of internode distances, under non-linear traffic conditions.

The final contribution was the design of fiber optic architecture for LAN/MANSs based on
the reconfigurable topologies. It was proved that sSmple broadcast and select
architectures and shared channd architectures were feasible to construct. The simulation

results confirmed that their performance is comparable to their counterparts.

6.2 Future Directions
The successful design of reconfigurable logical topologies, i.e, by considering
reconfiguration as a design issue opens up more interesting and chalenging problems for

future research in this area.

The work presented in this thesis designed logical topologies that have properties smilar
to 2-D Torus, n-D Torus and Binary Hypercube. These topologies use the smple concept
of Hamiltonian circuit to maintain connectivity and reduce the distance to the destination
with each hop. This work could be extended by making use of Hamiltonian circuit
connecting all nodes sequentially and devising other links so that the properties such as
node degree, diameter and average internode distance would be on par with traditional

topologies such as deBruijn graph and Sar graph.

Another extension of this work could investigate the use of reconfigurable topologies for
parallel computer architectures asprocessor interconnection networks. One could easily
observe that reconfigurable topologies provide smple aternative for fault tolerance that
would facilitate the effective use of dl active processors for assigning task graphs.

Hence, no redundancy of time or processor is required.

Yet another extension of this work is to provide better lower boundsfor the diameter of
reconfigurable topologies designed in this work. It is observed from the empirical results

that the diameter of logical topology is always lower than that of base topology.
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It is known that the routing agorithms play critica role in the network performance.
Though, it may not possible to design shortest path routing without having the globa
knowledge of the network, probably one could investigate better algorithms than those
proposed in this thesis.

Another interesting extension of this is to develop andytical modd for the broadcast and

select architectures and shared channe architectures.
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