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Summary
etworks such as road networks, utility networks, computer and communicaN
tion networks and even social networks are the backbone of human civilization.
Network analysis enables quantitative measurement of the important criteria such
as delays, ease of routing and fault tolerance, and is required to build efficient and
robust networks. Computer networks have evolved over the last five decades in parallel with technology which has grown exponentially tracking ‘Moore’s Law’, which
projected exponential performance growth in computing. Notably though, the supercomputers of today pushing exascale performance are doing so, not primarily
because of the improved performance of the microprocessors, but overwhelmingly
due to the ability to network tens of millions of these microprocessors in systems.
These systems depend very heavily on robust network topologies to achieve the
exponentially growing performance seen over the last few decades. The network
topologies in the world’s top performing supercomputers have evolved with the
focus towards boosting performance by binding together an increasing number
of processors in efficient networks over the years. Popular topologies have included torus, hypercubes, fat trees and some combinations thereof. The biggest
drawbacks of the rapidly increasing number of devices networked together are the
increased message delays, the declining ability to withstand various faults, and security issues. Building such supercomputers of today has very high down costs,
and it is imperative that their utilization is maximized. This requires these high performance systems to be highly dependable also. This forms the motivation for the
work in this thesis.
This research delves into building the most efficient topologies to enable high
performance by reducing message latencies, and at the same time showcasing
their highly robust nature. This work coins a new structure called the ’torculant’,
which is based on the merger of the torus and the circulant. The work proposes
a framework for a topology based on recursive line graphs of the torculant. It
shows that if the proposed topology based networks are used instead of those in
the supercomputers of the last ten years, the reduction in the message latencies,
the number of I/O ports required, and the added robustness could have made their
performance significantly better.
For example if the proposed network topology had been used by the IBM BlueGene/Cray machine which was the fastest machine a decade back, the peak delay
would have seen a reduction by 86%. The Fujitsu K supercomputer would have
seen a 50% improvement in the number of region failures it could tolerate. The
fastest supercomputer of last year, Sunway TaihuLight, would have seen a peak
delay reduction of possibly 50%. Looking at it in a slightly different way, if the
existing peak delay is acceptable, then the number of supernodes that could be
connected in the Sunway TaihuLight would be 400X the number in the existing
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configuration. None of the topologies in use in the supercomputers of the last
decade have optimal region based fault tolerance, while the proposed topology is
not only optimal, it is region based optimal and in fact shows a peak delay degradation of only one with the maximum number of region failures. A unique feature
of the proposed topology is that the routing table size is fixed irrespective of the
network size, thus enabling many desirable features like security, fast routing including in the presence of faults. For instance a network of degree five will require
tables of size of the order of 25, whether the number of nodes is in the hundreds
or the millions. In comparison other methods will require routing tables based on
the network size. A new metric called ’region based container’ is proposed as a
powerful tool to measure the degradation of networks with region based failures.
The contribution of this work has three separate types of results in the areas of
reliability, robustness and security.
Reliability is the assurance that the system will work per the design specifications. This research work enables network designs that achieve the best known
message delays despite not requiring an increased number of I/O ports as the
current designs do. The work extends the reliability constraints to allow optimal
connectivity despite faults in the network.
Robustness is the ability for the system to function, albeit with a degraded
performance when the conditions are out of the design specifications. This work
showcases that the proposed topology has outstanding properties in being able to
function with a large number of faults without degrading appreciably. In terms of
region failures, the proposed family of networks go well beyond the robustness
afforded by the topologies in use in today’s supercomputers. The work also goes
on to show how self-healing is possible when problems are identified, and bounds
the efforts to achieve it.
Security is as important to designs as power and performance in today’s age.
Its definition is very broad in that it deals with fault detection, malicious or otherwise, misdirected messages for stealing or denial of service attacks, message
deletion, etc. This work proposes a security protocol based on the properties of the
‘seed’ graph which can be orders of magnitude smaller than the final network. This
makes it easy and cost effective to track misdirected messages with and without
faults in the system.
In summary this work describes a robust network topology that when compared
with the existing topologies of supercomputers of the last decade shows much
better results on many of the important metrics for efficient computing by increasing
the performance and robustness.

Samenvatting
Samenvatting in het Nederlands
etwerken zoals wegennetwerken, nutsnetwerken, computer- en communicatienetwerken en zelfs sociale netwerken vormen de ruggengraat van de menselijke
beschaving. Netwerkanalyse maakt kwantitatieve metingen mogelijk van belangrijke criteria zoals vertragingen, gemakkelijkheid van het routeren en fouttolerantie,
en is vereist voor het bouwen van efficiënte en robuuste netwerken.
Computernetwerken zijn in de afgelopen vijf decennia samen geëvolueerd met
de technologie die de exponentiële groei voorspeld door ’Moore’s Law’ heeft gevolgd, die exponentiële prestatiegroei in computers voorspelde. De supercomputers van vandaag die nabij de exascale prestaties komen, doen dit echter niet in
de eerste plaats vanwege de verbeterde prestaties van de microprocessors, maar
vooral vanwege het vermogen om tientallen miljoenen van deze microprocessors in
systemen te netwerken. Deze systemen zijn erg afhankelijk van de robuuste netwerktopologieën om de exponentieel groeiende prestaties van de afgelopen drie
decennia te bereiken
De netwerktopologieën in ’s werelds best presterende supercomputers zijn geëvolueerd met de focus op het verbeteren van de prestaties door het koppelen
van een groeiend aantal processoren in efficiënte netwerken. Populaire topologieën omvatten torussen, hypercubes, fat trees en enkele combinaties daarvan. De
grootste nadelen van het snel toenemende aantal apparaten in het netwerk zijn
de verhoogde berichtvertragingen, verminderde vermogen om verschillende fouten
te weerstaan en beveiligingsproblemen. Het bouwen van dergelijke hedendaagse
supercomputers heeft zeer hoge kosten, en het is absoluut noodzakelijk dat hun
gebruik wordt gemaximaliseerd. Dit vereist dat ze zeer betrouwbaar zijn.
Dit onderzoek bestudeert de meest efficiënte topologieën om hoge prestaties
mogelijk te maken door de berichtlatenties te verminderen en tegelijkertijd hun zeer
robuuste aard te demonstreren. Dit werk stelt een nieuwe structuur voor gebaseerd
op de samensmelting van de torus en de circulant, en definieert nieuwe ’torculant’
structuur.Het toont aan dat als de voorgestelde topologie-gebaseerde netwerken
werden gebruikt in plaats van die in de supercomputers van de afgelopen tien
jaar, de vermindering van de berichtlatenties, het aantal benodigde I/O-poorten en
de toegevoegde robuustheid hun prestaties aanzienlijk hadden kunnen verbeteren
beter. Een nieuwe statistiek genaamd ’region based container’ wordt voorgesteld
als een krachtig hulpmiddel om de degradatie van netwerken met regionale fouten
te meten. Dit werk heeft drie verschillende soorten resultaten op het gebied van
betrouwbaarheid, robuustheid en veiligheid.
Reliability is de garantie dat het systeem volgens de ontwerpspecificaties werkt.
Dit onderzoekswerk maakt netwerkontwerpen mogelijk die de beste bekendste berichtvertragingen bereiken, ondanks dat er geen groter aantal I / O-poorten nodig
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is zoals in de huidige ontwerpen. Het werk breidt de betrouwbaarheidseisen uit om
optimale connectiviteit mogelijk te maken ondanks storingen in het netwerk.
Robustness is de mogelijkheid van het systeem om te werken, zij het met
een verminderde prestatie wanneer de omstandigheden buiten de ontwerpspecificaties vallen. Dit werk demonstreert dat de voorgestelde topologie uitstekende
eigenschappen heeft om te kunnen functioneren met een groot aantal fouten zonder aanzienlijk te verslechteren. In termen van regio-fouten gaat de voorgestelde
familie van netwerken veel verder dan de robuustheid van de topologieën die in
de hedendaagse supercomputers worden gebruikt toestaat. Het werk gaat ook
verder door te laten zien hoe zelfgenezing mogelijk is wanneer problemen worden
geïdentificeerd, enbegrenst de inspanningen om dit te bereiken.
Security is vandaag de dag net zo belangrijk voor ontwerpen als kracht en
prestaties. De definitie van veiligheid/security erg breed in die zin dat het raakt aan
foutdetectie, kwaadwillend of niet, verkeerd geadresseerde berichten voor diefstal
of denial of service-aanvallen, verwijderen van berichten, enz. Dit werk stelt een
beveiligingsprotocol voor gebaseerd op de eigenschappen van de ’seed’ graaf dat
ordes van grootte kleiner dan het uiteindelijke netwerk kan zijn. Dit maakt het
gemakkelijk en kosteneffectief om verkeerd geadresseerde berichten met en zonder
fouten in het systeem te volgen.
Samengevat beschrijft dit werk een robuuste netwerktopologie die in vergelijking met de bestaande topologieën van supercomputers van het afgelopen decennium veel betere resultaten oplevert op veel van de belangrijke meeteenheden voor
efficiënt computergebruik door het verbeteren van de prestaties en robuustheid.
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1
Introduction
Networks are a broad concept that can be applied to various aspects of life
such as communications, power distribution, transportation etc. The performance and dependability of those networks depend on how networks have
been designed. This work looks at the design of dependable high performance computer network topologies, where reliability, robustness and security are equally important.
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1

1. Introduction

1.1. Basic Overview of Networks and Topologies
s the demand for High Performance Computing has grown exponentially over
A
the decades, the performance of the individual microprocessor itself has not
kept pace with the needs. Instead the exponential performance growth has almost
entirely been fueled by networking together an increasing number of processing
elements using highly efficient and robust networks. Several types of network architectures and topologies have evolved over the years. Such networks are typically
housed over a short distance, in a building connecting tens of millions of processing
and storage elements, where the information is processed, and packets of data are
sent and received over the network by switching elements.
The aim of this research is to design a family of network topologies that result
in better performance across a range of metrics important to High Performance
Computing. In this subsection we will cover the following details:
• Basic Definitions and Network Classification
• Popular Topologies
• Network Architectures of Recent Supercomputers

1.1.1. Basic Definitions and Network Classification
Traditionally, the use of the phrase computer network implied connections between
processors; however, over the last few decades this term has evolved to include
other devices as well especially in Storage Area Networks (SAN) and High Performance Computing (HPC). All interconnection networks very broadly speaking consist of two main elements, the network nodes and the network links. A node can
be one that just helps route the data to the right receiver like a router, or could
produce or consume the data as in a processor. Nodes in a direct network produce,
consume, and route data, while in indirect networks the nodes can either route data
or produce/consume it. Links or edges, on the other hand, are the communication
medium used to connect the nodes. The links could be wired or wireless, directed
or bidirectional. Since an undirected (or bidirectional) edge can be represented by
two directed edges, the analysis using directed edges forms a superset of study
using undirected edges. Hence, this work deals with networks with directed edges.
In other applications where the networks are on the chip, directed ports are more
often the norm.
The work extensively uses the term ’region’ to mean a set of nodes of the
network, and the edges to and from those nodes. In literature the term region has
been used primarily to depict a ’geometric’ or a ’topological’ region. In a geometric
region the nodes and edges are those that lie inside a physical geographic region,
such as a circle of a given radius centered at the middle of the region. Such nodes
may not have any direct connection between them. On the other hand a topological
region centered at a node, refers to those edges and nodes that can be reached
from that node in a specified number of hops.
It is important to note that all references to the word ’region’ in this work deals
with topological regions and not geometric regions. In addition, all delays along
the edges are considered equal, and hence the overall delay is a measure of the
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Figure 1.1: Examples of some terms used in the study.
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1. Introduction

number of nodes hopped along the way. This means that there is no unequal
weightage/costs to the edges.
The usage of other terms such as ’container of a graph’ [61, 62] or graph ’circulants’ [69] refer to typical usage in literature on such topics and are described
briefly below.
Networks are typically modelled and analyzed using graph theory. So we will
briefly introduce some terminology that will be used throughout the thesis. Figure
1.1 is used to illustrate some key terms.
• Graph: A graph G= (V,E) is a graph of n nodes, where |V| = n, and the edges
(p,q) are elements of E when p and q are both elements of V. The graph is
directed if the edges have a direction from p to q.
• Degree: The degree of a node is the number of edges incident on that node.
The indegree (correspondingly outdegree) of the node is the number of edges
incident into (correspondingly out of ) that node.
• Regular graph: An undirected graph is regular if each node has the same
degree. A directed graph is regular if every node’s indegree and outdegree is
the same.
• Network topology: The network topology is the arrangement of the elements of the network.
• Path: A path from a node p to a node q is a sequence of adjacent nodes
and edges from the source node p to the destination node q.
• Length of a path: The length of a path from p to q is the number of
edges along the path.
• Distance: The distance between two nodes p to q is the length of the
shortest path between the two nodes.
• Diameter: The diameter of a graph is the largest distance between every
pair of nodes in the graph.
• Connected graph: A connected graph is where every node is reachable
by a path from every other node in the graph.
• Fault: A node fault occurs when a particular node cannot be used for message transfer. Correspondingly an edge fault is when that edge cannot be
used.
• Line graph: A transformation of a graph G, such that the edges become
the nodes of the line graph L(G), and there exists an edge between two line
graph nodes, only if the corresponding edges in the graph G are adjacent.
Figure 1.1c shows an example of a line graph L(G) of a directed graph G.
• Ring: A ring of a directed graph G, with nodes 0 to n-1, connects each node
i to (i + 1) mod n.
• Circulant: A circulant of a directed graph G, with nodes 0 to n-1, connects
each node i to (i + j) mod n, where j is equal to zero to d-1. Such a graph
is also referred to as a D digraph. A ring is a circulant of degree one. More
complex circulants can be defined with a fixed function to connect each node
to the next d nodes per some formula that is applied to all nodes. Figure 1.1e
shows an example of a circulant with degree two.
• Region:A region is a subset of nodes and attached edges.
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• Geographic region: The set of nodes and edges that lie within a geometrical physical distance r from a node constitute the geographic region
centered on that node of size r.
• Topological region: The set of nodes and edges that lie within a distance at least r based on the graph topology, from a node constitute the
topological region of radius r centered on that node.
• Node disjoint paths: Two paths are node disjoint (correspondingly
edge disjoint) if the two paths do not share any node (correspondingly edge).
Note that two node disjoint paths are necessarily edge disjoint, but not the
other way around.
• Region disjoint paths: Two paths are region disjoint if no node from
one path shares the regions through which any of the nodes of the other path
go through.
• Node connectivity: The minimum number of any arbitrary nodes that
need to be removed to disconnect a graph is node connectivity of the graph.
Note for a graph whose smallest node degree is d, the node connectivity
cannot be more than d.
• Edge connectivity: The minimum number of any arbitrary edges that
need to be removed to disconnect a graph is is edge connectivity of the graph.
• Region based connectivity: The minimum number of arbitrary regions
of a given size that need to be removed to disconnect a graph is the region
based connectivity or RBC of the graph. In other words, if the region based
connectivity of a graph is d then there are at most d number of region disjoint
paths between every pair of nodes in the graph.
• Star container: For some nodes x, y , y ,
y of a graph G without
self-loops or multiple edges where w is a positive integer and x is not equal
to y , for any i, a collection of internally node disjoint paths from x to y , y ,
..y one for each y , is defined as a star container from x to y , y , .. y .
In case any node y is repeated t times then the container needs to have t
internally node disjoint paths from x to y also.
• Wide container: In the special case where t = w and hence y = y =
y , equal to say y, the w-star container is called a w-wide container from x
to y. Figure 1.1d shows an example of a 4-wide container.
• Wide container length: The length of a w-wide container is the maximum length l of all paths in that container.
• Container distance: The w-distance container distance from x to y is
the minimum length of all possible container lengths between x and y.
• Container diameter: The w-wide diameter of a network is the maximum
distance of w-wide containers across all pairs of nodes. Note that the w-wide
diameter is different from the diameter in that it focuses on the worst delays
in the network in the presence of w-1 faults. And in the special case of w =
1, the w-wide diameter boils down to the same as the network diameter.
• Region based container: A region based container is a new concept
in network analysis that is being defined in this study. Similar to the node
disjoint paths that determine the network container, region disjoint paths are

1
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1
CPU

Memory
System Bus

IO

IO

a: System BUS

External
Controller

b: Ring

c: Mesh

d: Torus

e: Hypercube

f: Fat Tree

Figure 1.2: Common Topologies of recent networks.

used to define a region based container. A region based container is a set of
region disjoint paths from a node x to y.
• Region based container length, distance and diameter: Similar to the normal container length, distance and diameter of a graph, the
corresponding region based container length, distance and diameter are defined with region disjoint paths instead of node disjoint paths.

1.1.2. Popular Topologies
Topologies have evolved over the decades along with technology [4, 5, 6, 7, 8,
9, 10, 17, 20, 27, 29]. Many of the popular topologies are shown in Figure 1.2,
with a qualitative comparison of their properties in Table 1.2 in a later section. The
interesting topologies are as follows:
•
•
•
•
•
•

System Bus
Ring
Mesh
Torus
Hypercube
Fat Trees
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These topologies are explained below.
1. System Bus: The simplest way to connect multiple devices like cores, memories, controllers, ports, etc. through a system bus is shown in Figure 1.2a.
Although it has the advantage of a simple topology it has issues when multiple
devices need to use the bus at the same time causing collisions. This design
is feasible when the number of devices that need to connect are small and
typically in close proximity, for example inside a chip [29, 41, 44].
2. Ring: The avoidance of such collisions gave way to the ring topology, where
a higher number of devices could now be connected. Figure 1.2b shows an
example of a directed ring. The messages are placed on the ring by each
sender if a slot is available and the intended receiver would detect and consume the message ignoring those not intended for itself. This extended the
simplicity, however the delays were still linearly proportional to the number
of nodes. Such topologies were popular internal to the chip when multi core
chips started to be designed a few decades back. If the topology happens to
use a unidirectional ring, then this topology is not tolerant to even a single
fault [29].
3. Mesh: With the success of Moore’s Law, the number of cores within a single
chip started growing and at a certain point such ring structures gave way to
the mesh. Figure 1.2c shows an example of an undirected mesh (in the actual chips this might be in the form of two physical unidirectional links in the
opposite direction, or some more complex control using one link and tristated
logic) [10, 67]. Such a topology is very common in chip designs where an array of processors is required with applications typically dealing with arithmetic
and floating point computations, such as graphical processors. This allowed
the use of a large number of processors and the reduction of the delays from
linear to O(D* √𝑛) where the meshes were D dimensional with n number of
nodes. This also made the topology optimally fault tolerant.
4. Torus: A logical extension of the mesh topology is the torus where each row
along each dimension is actually a ring as shown in Figure 1.2d. This halves
the worst delay in terms of the number of hops for undirected tori. In actual
implementation these undirected links are often two unidirectional links in
opposite directions. The use of a torus as a topology has multiple advantages
in that the degree of each node does not need to increase very rapidly with
an increasing number of nodes to connect. In bidirectional networks, an
advantage over the ring is obviously the ability to withstand 2D-1 node failures
for a D dimensional torus. The delay of the messages is at most D* √ for a
network of n nodes and a D dimensional torus. This is an improvement over
the ring and the mesh. However, for large number of nodes this is still a very
high delay. Higher dimension torus topologies as high as 6-dimensions are
popular among the supercomputers of the world [10, 27, 67].
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5. Hypercube: The hypercube shown in Figure 1.2e is an esoteric topology
that has some of the best properties of delays and fault tolerance. The delays
were brought down to log n, where D is the dimension and n is the number
of nodes. However, a big drawback is that the degree of each node rises
as the number of nodes required increase resulting in impractical designs for
very large designs. Many researchers have come up with modifications of this
topology to get around the issue, but this type of topology still suffers from
the need of very high degree, and a very constrained number of nodes that
are possible to be implemented [4, 9, 39, 41].
6. Fat Tree: The fat tree topology, shown in Figure 1.2f, often does not have a
uniform degree in its underlying graph. This results in some nodes having extremely high degrees which in some cases could be in the hundreds. Although
this results in the delays coming down to O(log n), where d is the degree and
n is the number of nodes, the network is often not optimally fault tolerant.
More importantly, the number of ports on a node (degree) can become extremely large resulting in a much more complex design and control. This
topology, however, is in use in the most recent and fastest supercomputers
in the world due to the very small delays in message routing [12, 13].

The design of most network topologies consists of one of the above topologies at times with minor modifications. This study on the other hand uses a new
topology as a ’seed graph’, and then transforms it recursively multiple times to
come up with an entirely new topology. The seed graph is a torus with each of its
rows and columns replaced by circulants. This proposed topology is being named
a ’torculant’. This torculant then recursively goes through a newly defined transformation called ’Extended Line Graph’. The Extended Line Graph enables the
addition of a few nodes in a judicious way after the line graph transformation has
been performed. This concept of Extended Line Graph gives a lot of freedom to ensure that the total number of nodes that can exist in the network is not constrained
by some formula. This forms the crux of the step by step process to design the
network.

1.1.3. Network Architectures of Recent Supercomputers
A review of the topology and performance of a few of the fastest supercomputers in
recent years is discussed below. The number of cores in these systems has grown
from a few hundred thousand a decade back to tens of millions in the most recent
machines.
• IBM BlueGene/L ®: The fastest supercomputer around 2008
As the HPC systems started to lump even more processors, the multicore chips
were packaged onto cards and multiple cards on a node card. Multiple node cards
made up a rack and finally, multiple racks made up the full system. Figure 1.3
shows the structure of the IBM’s Blue Gene® (image taken from [65]). The nodes
are configured as a 32X32X64 3D torus, with each node connected to its six immediate neighbors along each dimension. The number of cores were 212K. The delay
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Figure 1.3: IBM BlueGene/ L ® system configuration and the 3D Torus topology.

between two nodes through the 3D torus would involve at most 16+16+32 = 64
hops. This delay would limit the performance and hence future generations of the
BlueGene were built with a higher dimension torus to reduce this delay.
• Fujitsu K ®: The fastest supercomputer around 2012
The Fujitsu K supercomputer network architecture was designed with a TOFU (TOrus
FUsion) interconnect. The original Fujitsu K supercomputer interconnect architecture is shown in Figure 1.4 (image taken from [67]). Each multi-core processor
chip was connected through eight bidirectional ports to an interconnect controller
which had an additional ten bidirectional ports. Of these ten ports, six were for the
XYZ 3D torus. This XYZ torus was the ‘global’ scalable torus. Each node of this XYZ
torus contained an abc torus with twelve nodes arranged as a 2X3X2 3D torus. The
Cartesian product of the XYZ and abc produced the hybrid 6D architecture. About
two thirds of the links were optical in nature for high bandwidth. Each node was a
multi-cpu chip connected as a 6D topology of (X, Y, Z, a, b, c) = (24, 18, 17, 2, 3,
2) for a total of 705024 cores. To go from any node to any other node, a maximum
of 12+9+8 = 29 hops along the XYZ torus followed by an additional three along
the abc torus for a total of 32 hops was sufficient. In comparison with the IBM
BlueGene/L, the number of nodes went up by a factor of three, and the peak delay
dropped by a factor of two. This gave a peak performance of 20X though the core
frequency only went up by 3X.
• Sunway TaihuLight: The fastest supercomputer in 2016/2017
The network architecture of the fastest supercomputer in the world today, the Sunway TaihuLight [12,13], is shown in Figure 1.5. It consists of 260 core nodes, and
256 such core nodes combine to form one supernode. Four supernodes form a
cabinet and 40 cabinets make up the full system for a total of 260X256X4X40 =
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Figure 1.4: TOFU (TOrus FUsion) topology of the Fujitsu K ®.

10,649,600 cores. The upper levels are connected by mesh and NOC structures.
Since not all details of the topology are public, an assumption can be made that the
256 nodes inside a supernode and the 40 cabinets are connected as torus, while
the four supernodes are completely connected. If so, it is possible that the number of stages for one part of the system to communicate with another part of the
system might have to go through a total of √256 + 1 + √40 which is 24. However,
the number of ports on each super node must be more than 256 which can get
expensive in the design.
As can be seen from the examples listed, the exponential gains in the performances over the decades are not primarily from the performance of the microprocessors, but largely from the topology that enables a larger number of processors
to be networked.

1.2. Importance of Network Dependability
ommunication, a cornerstone of society, has developed new dimensions over
C
the last half-century. The advent of computer networks has changed the landscape of our daily life. As a result, ensuring robust networks enables a seamless
continuity in everyday life. Applications in the areas of banking, defense, weather
prediction and space to name a few, have a great demand for high performance,
low power, and robust computers. For critical applications, systems with faults
must function reliably and correctly within the design specifications, possibly with
reduced performance. Robust designs reduce the mean time to catastrophic failures, especially in sectors where there is no second chance to redo calculations or
replace faulty parts. Ensuring reliable and robust communication between many
processing units has become part of the design process at the chip, server, and
much larger infrastructural levels.
The push from a few decades back for the fastest individual microprocessor
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Figure 1.5: Network Architecture of the Sunway TaihuLight.

gave way to distributed and highly parallel computing machines as a better system
for High Performance Computing (HPC) [1]. The remarkable success of Moore’s
Law has ensured that many of the tasks previously carried out external to the
chip are now designed on-chip. This has resulted in hundreds of microprocessors,
graphic cores, shared memories, memory and peripheral controllers being designed
on-chip. This has enabled millions of chips working together to obtain exascale
performance [2]. It is important to note that this performance gain has not been
only due to higher performing processors, but largely due to the reliable and robust
networks that connect these processors. The realization that this is the only way to
solve today’s scalability, power, and performance needs, leads to highly connected,
robust, and secure networking.
For systems designed for outer space applications where neither replacement
nor repair is possible, robust designs that can withstand failures are not just necessary but a requirement. Similarly, in applications of health or human conflicts,
cyber and national security, there are no second chances to redo the results reached
due to networking errors, and reliability is not just an added benefit but could be
a matter of life and death. In many cases the problems tend to occur in physical
proximity to each other. Dependable networks need to be cognizant of such factors in the analysis of the designs. However, in a viable and dependable product,
simply ensuring fault tolerance is insufficient to ensure a commercially successful
product. The metrics that gauge the integrity of a design must include the delay of the message passing, power requirements, memory requirements, ability to
spot erroneous or malicious behavior, and complexity of the control for normal and
abnormal situations.
A ’dependable’ network is one which displays three important characteristics.
It should be reliable, robust and have some good security features. The terms
’reliable’ and ’robust’ in the context of this work are defined as below.
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• Reliability: The network is deemed reliable when it is confirmed to function correctly to the specifications for which it was designed during its lifetime.
Just having reliable networks is not of much use if the specifications cannot
be tuned to obtain the highest performance. With versatile network topologies, the specifications can be made increasingly constrained to obtain better
performance.
This work showcases the ability to design networks with specifications that
enable high performance while at the same time enabling constraints for delays and the number of faults it can withstand (i.e. reliability).
• Robustness: A robust network is one which will work even outside of the
specifications but possibly at a degraded level of performance. An important
measure of the robustness of a network is how gracefully its performance
degrades despite different types of faults that take the system outside of its
design specifications.
The proposed robust networks have some of the most graceful degradation
in performance, can withstand many more faults than existing topologies,
enable self-healing and bound the efforts required for changes and repair.
• Security: Security in computer networks has taken on a life of its own
in recent years. Malicious attacks from denial of service, corruption, misdirection of data or stealing are aspects that need proper understanding and
identification.
This work analyzes the ability to identify misdirected messages, using a new
protocol based on the topology.

1.2.1. Dependability Metrics
Systems cannot be compared unless the metrics of dependability are quantifiable.
Many metrics have been proposed and are widely used to evaluate network performance [3, 6, 7, 8, 14, 16, 17, 18, 30]. Some common metrics and some being
proposed in this study that gauge the integrity of the networks are shown in Table
1.1.
These metrics are explained in details below.
1. Network Latency: The metric of worst case network latency is easily modelled by the diameter of the network when there are no faults in the system.
This allows the network designers and users to reliably plan for delays which
will always be bounded above by a certain quantity in the worst case. This is
one of the oldest and most commonly studied metric for network performance
2. Fault tolerance: The fault tolerance of a system is related to the node
connectivity of the network. If a node has d neighbors, then quite obviously
the network’s fault tolerance will have to be less than d. For a regular network
of degree d, the maximum fault tolerance hence will be bounded by d-1. If
the network achieves this limit the network is called optimally fault tolerant.
Comparing two network designs by this metric enables the designer to plan
for robustness of the network.

1.2. Importance of Network Dependability
Metric
Network
tency
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Characteristic Measure
La-

Reliability

Fault Tolerance

Reliability
&
Robustness

Degree,
Port
constraints

Reliability

Region Connectivity
Delay degradation
Delay degradation to region
faults
Routing
table
memory, control complexity

Reliability
&
Robustness

Misrouting

Security

Robustness
Robustness

Reliability

Delay in message passing bounded by
O(log n).
Is the network optimally fault tolerant and
withstand d-1 node faults?
Qualitatively, the number of ports per
node should be low. Design and control become difficult with high degree per
node.
Can the design withstand d-1 region
faults?
How gracefully do metrics like delay degrade with d-1 node faults?
How gracefully do metrics like delay degrade with d-1 region faults?
Are the routing tables bounded by
O(log n), to ensure that the memory usage and complexity is reduced?
Can misrouted messages be identified in
O(log n) steps?

Table 1.1: Measureable metrics.

3. Degree, Port constraint: If the topology of the network requires the nodes
to have a very high degree, then the number of ports to be designed will be
very high. This not only makes the design more restrictive, but also makes
the control more complex.
4. Region connectivity: Commonly used metrics for network analysis used to
look at node failures as individual point failures without consideration to the
locality. In real life however a problem on one part might affect a completely
unrelated functionality of an otherwise perfectly working part in the vicinity.
The robustness of the network could be analyzed using the topological or geographic region based connectivity. Examples of this would be hot spots on
a chip in which a problem caused by one error tends to affect other devices
in the physical neighborhood on the chip. These would be geographic region
based faults. Similarly, a faulty node in a communication network puts extra
burden on its immediately connected neighbors, but might not be in its physical neighborhood. This type of analysis is done by topological region based
fault tolerance.
5. Delay degradation: Two robust networks may both function outside of the
specifications in a degraded manner, but they need to be compared by quantifying how gracefully the two networks degrade in the presence of faults.
This aspect is tested by the containers of the network which look into the

1
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delay degradation in message passing in the presence of faults. Therefore,
container based network analysis is especially important for analysis of the
robustness of the networks where the system is expected to have very high
functionality and performance, such as in space applications or cyber security
and defense.
6. Delay degradation in the presence of region faults: This is a new metric
being proposed in this thesis. As was shown in recent studies [18, 30, 31, 32,
34] network robustness is dependent not just of node disjoint paths, but on
region disjoint paths since many real life networks are affected by the locality
of the problems. The ability to not only have graceful degradation in point
faults, but also in region faults is increasingly becoming more important as
technology advances.
7. Routing tables, memory and control complexity: Message routing requires a set of rules or tables to analyze the next node in a path of shortest
distance to the destination. These would be used for either load balancing,
loop avoidance or alternate path determination in the presence of faults. The
size of the routing tables and the ease of the analysis is a direct measure of
the complexity of routing of messages. Smaller routing tables which include
next node information for paths with and without the need for alternate paths
will not only reduce memory requirements in each node, but also affect the
energy required for such analysis.
The degree of the nodes is another important factor to consider as very large
degrees are not very practical. Theoretically the hypercube has some of the
best features in most metrics but for very large number of nodes, the degree
of each node becomes impractically high. The same is true of the fat tree
architecture. Hence low degree nodes are desirable while at the same time
maintaining high fault tolerance and low diameters.
8. Misrouting: The security of a network is of paramount importance in today’s
world where cybersecurity is on every nation’s mind. The ability to identify
misdirection of messages or denial of service attacks helps to keep a network
robust in such situations. This is a very important metric for network security
and robustness.
These metrics have been studied extensively in this research for the proposed
family of robust networks and it compares very favorably with existing networks.

1.2.2. State of the art of Dependable Networks
Clearly, the reliability of the whole system is a function of the inherent reliability
of the individual components, which can be affected by issues such as on-chip
variations, age effects, or simply faulty manufacture. To make chips more robust,
chip designs often include features such as redundancy, and the ability to detect and
correct errors. Such an approach is important for network topologies as well with
networks taking such a major role in the performance of today’s supercomputers.
Topologies that enable such features are dependable (reliable, robust) and are an
important part of today’s state of the art for high end systems.
Along with such reliable and robust features, the supercomputers of today have
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Degree/IO
Port constraint
Very
Good
Very
Good
Very
Good
Very
Good

Region
Connectivity

Delay Degradation with (d-1)
Region Faults

N/A

N/A

N/A

N/A

Optimal

Very Bad

Suboptimal ∞

Optimal

Very Bad

Suboptimal ∞

Topology

Network
Latency

Fault Tolerance

System
Bus

Bad

Bad

Ring

Bad

Optimal

Mesh

Bad

Optimal

Torus

Bad

Optimal

Hypercube
Fat Tree

Very
Good
Very
Good
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Suboptimal ∞
Suboptimal ∞

Table 1.2: Qualitative Comparison of Recent Network Topologies.

evolved along the lines of protection, detection and resolution of attacks on the
systems (security). Access to sensitive data is often controlled and multiple levels
of authentication are required before the secure data is made available. Often there
are multiple layers of protection to take care of different levels of attacks. Intrusion
and malicious rerouting detection is part of the increased security features that have
developed over time.
Table 1.2 shows a qualitative comparison of the features of the different network
topologies. While one can interpret regions for the bus or the ring, the concepts are
not of much consequence and hence listed as not applicable. Also as can be seen,
it is possible to disconnect the networks with region faults on the other topologies.
As seen in Figure 1.6 the performance of the fastest supercomputers in the
world has seen an exponential growth [11]. The green dots represent the sum of
the performance of the top 500 supercomputers in that year. The brown triangles
and the blue squares show the performance of the fastest and the slowest supercomputer in the top 500 supercomputers of the year. This rapid pace is expected to
continue in the foreseeable future as well. As it can be seen in Table 1.3, along with
the performance of individual microprocessors the ability to network almost 100X
more processors over the last ten years has maintained the performance trajectory
[12].

1.3. Challenges and Opportunities
esigning dependable networks for high performance computing still faces some
D
major challenges. In the rest of this section we will highlight them. As in
most cases, challenges perceived in achieving a goal end up being opportunities at
the same time. Challenges like message latencies with and without faults in the
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1

System
IBM BlueGene/L
IBM Roadrunner
Cray
Jaguar
NUDT
Tianhe-1A

Fujitsu K
Computer
IBM
Sequoia
BlueGene/Q
Cray Titan

Tianhe-2

Sunway
TaihuLight

Site
Lawrence
Livermore
National Lab
Los
Alamos
National Lab
Oak Ridge National Lab
National
Supercomputing
Center,
Tianjin
RIKEN
Advanced
Institute
for
Computational Science
Lawrence
Livermore
National Lab
Oak Ridge National Lab
National Supercomptuer
Center,
Guangzhou
National Supercomputer
Center, Wuxi

Topology

Year

Cores

Core
Freq.

Peak Perf
(PFlops)

3D Torus

2008

212K

700MHz

0.594

Fat-tree
crossbars

2009

129K

3.2GHz

1.456

3D Torus

2010

224K

2.6GHz

2.331

Fat-tree

2011

186K

2.9GHz

4.701

6D
2012
Mesh/Torus

705K

2GHz

11.28

5D Torus

2013

1.5M

1.6GHz

20.132

3D Torus

2014

560K

2.2GHz

27.112

Fat-tree

2015

3M

2.2GHz

54.902

Multiple
at
different
levels

201610M
2017

1.45GHz 125.435

Table 1.3: Recent Supercomputers Topologies, cores and frequencies.

1.3. Challenges and Opportunities

17

1

Figure 1.6: Exponential trend in performance over the last few decades.

network, physical restrictions of building fault tolerant networks and the need for
graceful degradation to enable a more robust network are some important challenges that face network designs.

1.3.1. Challenges
Some of the important challenges when designing networks for such high performance machines are considered below:
•
•
•
•
•
•
•
•

Reliability: Latency
Reliability: Degree/Number of ports
Reliability: Fault tolerance
Reliability: Memory, power and control flow complexity
Robustness: Graceful degradation with faults
Robustness: Region based connectivity
Robustness: Delay degradation with region faults
Security: Detect misdirected messages quickly

1. Latency: Along with technology the ability to enable topologies that will bring
down the delays in message passing has been evolving. Network topologies
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have further evolved from the days of a ring where the delays were linear, to
a mesh and torus where the delays were proportional to D* √ where D is
the degree of the network and n the number of nodes. The theoretically best
possible values are and can only be achieved by more esoteric topologies like
the hypercube or fat tree networks. However, these are at the expense of
sharply increasing the number of I/O ports per node.
The challenge is to keep the delays as O(log n) where d is the degree
and n is the number of nodes of the network at affordable cost.

2. Degree/Number of ports: The number of ports on any node (degree of
the graph) has a direct effect on the complexity of the design. The ring, mesh
and torus topologies lend themselves to keeping this parameter under check.
On the other hand, in the hypercube and fat tree networks, this aspect can
become very large. In today’s technology some of the fastest supercomputers
have degrees of the order of hundreds but the complexity of the design takes
a hit. Most topologies tend to keep the degrees low to avoid implementation
issues.
The challenge is to keep the number of ports low.
3. Fault tolerance: The need for fault tolerance (node connectivity) arises as
the down time of supercomputers can be costly and the ability to work around
problems is essential. Obviously the system’s fault tolerance is bounded above
by the smallest number of ports d on a node. If it does tolerate d-1 number
of faults, then it is an optimally fault tolerant system. Most topologies do try
to meet this constraint. One notable exception is certain implementations of
the fat tree topology.
The challenge is to keep the topology optimally fault tolerant at affordable cost.
4. Memory, power and control flow complexity: Large and unique routing
tables for each node will result in large memory and power requirements
and add to the complexity of detecting misdirected messages. Moreover, the
ability to find the shortest routes and enable load balancing in the presence of
known faults can make the routing table very complex. If routing tables were
required to identify the next node to which to send an outgoing message, the
routing table sizes could become O(n ) at each node.
The challenge is to keep the routing table size small for power and
memory reduction, yet enable rerouting for load balancing or fault
avoidance.
5. Graceful degradation with faults: When faults do occur and are detected,
the routing control mechanism reroutes the messages. If the re-routed messages have delays greater than the paths without network faults, then performance gets affected adversely. The amount of the extra delay is the delay
degradation. The degradation will depend on the number of faults, and it
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is interesting to see the differences between topologies. For a bidirectional
ring, this delay for one node fault will result in the delays going up linearly.
However, with other topologies like the mesh and torus, this increase can be
smaller. For the fat tree topology, depending on the actual details, it may
disconnect the network entirely. The hypercube topology is an example of a
topology that does not see any deterioration in the worst delay.
The challenge is to find a topology that is as close to a hypercube’s
behavior in terms of its delay degradation, while keeping the number of ports per node under check.
6. Region based connectivity: Just like the ability to tolerate point failures,
the network should be able to withstand region failures. Region failures are
important for various reasons such as hot spots on a chip that affect the
geographical locality and degrade the functionality, or the increased message
passing load on the topological neighbors of a failed network node. Region
failures could also be caused by external events that could affect multiple
nodes instead of one, in the vicinity of the fault. Such failures are now being
seen as one of the most important ones to study in networks, [16, 19, 30,
31]. With that in place, it is worrisome to note that neither the ring, mesh,
torus, hypercube nor the fat trees are robust enough to withstand d-1 region
failures where the region size includes just a failed node and all its immediate
topological neighbors.
The challenge is to find a topology that will be able to withstand
region failures, where the size of the regions is also deterministic.
7. Delay degradation with region faults: Like delay degradation with faults,
topologies have different behaviors in the presence of region faults. It is possible for the networks to get disconnected with the supercomputer topologies
in use today in the presence of region faults.
The challenge is to have a topology that ensures the network remains connected, but still bounds the incremental delays by small
amounts with region faults.
8. Detect misdirected messages: Faulty nodes could direct the messages
along incorrect paths, or malicious attacks could result in misdirected messages. It is important for the system to detect misdirected messages and the
node causing such misdirection. If this node is seen to perform such misdirection regularly, the node could be isolated and some self repair implemented.
The challenge is to detect misdirected messages in a very short time
to enable corrective action.

1.3.2. Opportunities
Each of the challenges listed in the previous subsection is an example of an opportunity to attain better results in the various metrics used for supercomputer network
topologies.

1
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A recent study [17] mentioned that finding a fault tolerant topology with low
degree, small diameter, and high bandwidth in a network is like a “Die eierlegende
Wollmilchsau” or a “egg-laying and milk-giving wooly-pig”. This statement highlights
the extreme difficulty and hence an opportunity. This research specifically shows a
new topology based on modifications of ‘torculants’ has many desirable properties
for supercomputer networks.
Table 1.2 shown earlier gives a qualitative comparison of some of the challenges
faced by the popular topologies prevalent today, and the desired topology. The
desired topology should be such that the number of nodes is not restricted by any
formula as in the case of mesh, torus or hypercubes. The maximum degree of a
node (number of ports from/to each node) is not very high to keep the complexity
of the design low. The topology should be such that it is optimally fault tolerant to
both node and region faults. The delay degradation should be bounded and a very
small number with the presence of node or regions faults. The ability to determine
the shortest routes with and without the presence of node and region faults should
be very efficient in terms of time, memory and power. The network topology should
lend itself to quick diagnosis of misdirected faults, and in the event of a faulty node,
enable very quick self-healing.

1.4. Contributions
section describes some of the goals of the work, the methodology used to
T his
provide the solutions, and the properties of the networks so devised.

1.4.1. Problem statement and methodology
This research work focuses on devising reliable, robust and secure network topologies. As can be seen from the qualitative analysis and the state of the art, the
existing network topologies have limitations when it comes to certain metrics.
The problem statement is to come up with a step by step mathematical procedure to determine the optimal topology of a directed regular network given the
number of nodes desired and their degree, to
• minimize the peak delays as measured by the number of hops required along
a path in the network during message passing
• maintain optimal fault tolerance as measured by the number of nodes that
could be faulty and yet keep the remaining network connected
• maintain optimal region based fault tolerance as measured by the number of
topological regions that can go faulty and yet keep the remaining network
connected
• bound the maximum size of such regions that can go faulty and still keep the
remaining network connected
• enable efficient fastest path determination from the source to the destination
node in the network using small memory impact
• enable efficient alternate path determination from the source to the destination in the presence of node or topological region faults
• enable the efficient detection of incorrect message passing

1.4. Contributions
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b: Torus of circulants (only a subset of the edges shown for clarity)

Figure 1.7: Modified torus with circulants instead of rings.

The proposed topology combines the circulant and a torus, by proposing a new
topology of a torus of circulants, called torus connected circulants (TCC), or briefly
’torculants’. The topology based on a circulant, as shown in Figure 1.7a, is also
optimally fault tolerant, however the delays are linear in terms of the number of
nodes. An extension to the torus by replacing each row with a circulant adds the
benefits of the torus to that of the circulant. Figure 1.7b shows an extension to the
torus by using circulants instead of rings along the x and y axes of the torus.
A torculant of in/out degree two is a normal torus in two dimensions. The
rows and columns of the torculant are circulants instead of rings. This torculant
is designed with a fixed diameter and optimal fault tolerance including with a very
good delay degradation. This structure then goes through recursive modified line
graph transformations based on the number of nodes, of not more than log n
steps. While each step increases the diameter by at most two, the number of nodes
increases by a factor of d. Thus, the diameter remains O(log n) without modifying
the optimal fault tolerance and degree, yielding the best of both the worlds.
The circulants along the row and column of a torculant are such that each node
has a degree d. It is designed to ensure a message goes from a node to any other
in the same row or same column in two hops each. Thus any node can be reached
on the torculant from any other in at most four hops. However, the number of
nodes to start off might not fit well in a torus of circulants in which case extra
nodes are added. Figure 1.8 shows an example where four extra nodes are added.
The sequence of nodes JBK along a longitude is broken up to insert the extra node
X by making the sequence JXBK. In the latitude this is inserted after B changing the
sequence ABC to ABXC. The final torus ensures that the degree of the extra nodes
is maintained and the diameter of this torus is also kept at four.
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Figure 1.8: 2D Torus of circulants (torculant) with extra nodes

The final number of nodes required is first expressed in base d as follows:
n = ((..( ( (a *d + a( ) )*d + a( ) )*d +a( ) )*d…)*d + a
The number of nodes a *d + a( ) from the innermost bracket is used to design
the initial torculant with diameter four. This torculant is also called the ‘seed’ or
the ‘base’ graph. Each subsequent bracket is a recursive ’line graph’ transformation
starting with this torculant as the seed by multiplying the number of nodes by d
and adding a( ) at the j bracket. At most ((log n) – 2) such transformations are
required. Each transformation increases the diameter by at most two and hence the
diameter of the network with n nodes is bounded above by 2((log n) - 2) + 4 which
is 2(log n). Thus this design achieves a diameter close to that of the hypercube
without the overhead of the high degree.
The features of this network obtained by the recursive modification of the seed
torculant are listed below.
• Degree: The degree of the final topology is the same as that of the torculant
seed graph. Since the initial graph was regular with degree d, the final graph
is also regular with degree d.
• Diameter: The diameter increases by at most two each time the line graph
transformation is applied. Since the seed torculant had a diameter of four and
the increase was at most two during each transformation, the final diameter
is bounded by 2(log n).
• Fault tolerance: The torculant seed graph is optimally node and region
based fault tolerant, and hence the final graph is also optimally node and
region based fault tolerant.
• Number of nodes: There is no constraint on the number of nodes that can
be in the network, unlike in the mesh, torus or hypercubes where the number
is restricted by the topology.
• Routing: The shortest path routing in the final topology is dependent only
on the original torculant seed graph, which is multiple orders of magnitude

1.4. Contributions
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Peak Delay Comparison with Proposed method
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Figure 1.9: Diameter comparison to predict peak delays in various supercomputers to that of the
proposed method.

smaller than the final network. This is also true for routing in the presence of
node and region faults. This also helps in self-healing of the network.
• Routing tables: Since the shortest path routing only depends on the
original graph, the routing tables are also orders of magnitude smaller than
would otherwise be needed. This allows ease of alternate paths for load
balancing, or for faulty node avoidance. This also reduces the memory and
power needs in the routing controls. It also enables security features that
can be implemented based on the smaller graph and hence more efficient to
monitor.
• Security: The small routing table which is dependent only on the seed
torculant enables some interesting security features to identify misdirected
packets.
• Delay degradation: By the analysis of the container and the new concept
proposed in this study called ’region based container’ the delay degradation
of the torculant seed graph is one. Thus the final graph also has a peak delay
degradation of one despite d-1 node or region failures. This is a very powerful
result as it very tightly bounds the delay degradation.
Thus if the original torculant seed graph’s specifications have excellent reliability,
robustness and security features, these are all automatically available in the final
graph without affecting the metrics adversely.
For instance, if the network is to be designed using 10,000,000 nodes, then the
comparison of the diameter of various topologies to that of the proposed method are
shown in Figure 1.9 with matching degrees. Delays are a function of the number of
stages required and would be D* √ for a network of n nodes and a D dimensional
torus.
In the network architecture of the fastest supercomputer in the world today,
the Sunway TaihuLight of ten million nodes, the delays are reduced by utilizing
very large number of ports (greater than 256) on the supernodes. This leads to a

1
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Figure 1.10: Comparison of the world’s fastest supercomputer delays with proposed method.

peak delay of 24. The same system can however be connected with the proposed
method with a degree only six, without the need for the added hierarchies in only
2*log (256*4*40) = 12 stages, as shown in Figure 1.10. This reduction in latency
has two main effects, the reduction in power and latency as the data has to traverse
lesser number of devices along the way.
Another way of looking at this is if a total of 24 stage delay were to be acceptable,
then the number of supernodes that could be connected in the Sunway TaihuLight
with the proposed topology would be 4 = 16,777,216 instead of 40,960. This
means the proposed method will enable 400X the number of nodes for
the same peak delay in the existing configuration. This shows the scale
of possibilities with the proposed topology, in terms of power, latency and growth
potential of future supercomputer networks.
This analysis uses the public architectural details of the Sunway TaihuLight as
all details are not yet public knowledge. However, it serves to show that the gains
are not just in the reduced delays, but in the power needed for the supernodes,
cabinets, and reduced resource contention. The contributions of this research can
be categorized into three broad areas of Reliability, Robustness, and Security and
will be discussed in the next few subsections.

1.4.2. Reliability
Figure 1.11 compares the degree-diameter tradeoff of the proposed network topology to the existing topologies in use in various supercomputers of the recent past.
The comparison is done for 500,000 nodes networked using the existing and proposed topologies. As shown, the proposed topology clearly has the best of both the
diameter and the degree, which none of the existing topologies even come close
to achieving.
Some of the contributions here can be listed follows.
• There always exist loop and deadlock free shortest paths of at most 2(log n).

1.4. Contributions
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Figure 1.11: Diameter-Degree in recent supercomputer topologies vs. proposed method.

• The number of node disjoint paths available are always equal to the degree
of the network, d [15].
• The difference in the longest paths with and without faulty nodes is at most
one, ensuring very graceful degradation [16].
• The new metric proposed in this study ’Region Based Container’ shows that
this family of networks can even withstand region failures and still ensure a
degradation of only one on its diameter [18].
To put the effectiveness of this method in perspective, some real examples are
considered in Figure 1.12. One implementation of IBM’s BlueGene/L has 65536
nodes (each node has multiple cores) connected in a 32X32X64 3D torus with
each node connected to its six immediate neighbors. This means that these nodes
can withstand up to five node failures, and the largest delay will be bounded by
16+16+32 = 64 stages. In comparison, the proposed method would have reduced
the number of stages from 64 to nine, an 86 reduction, while keeping the node
failures allowed the same. The Fujitsu K supercomputer [21] on the other hand
has a hybrid topology where a 3D mesh/torus is merged into a 3D torus to give a
6D topology. The proposed topology would have reduced its peak delay from 36 to
10, a 72 reduction.

1.4.3. Robustness
Region based connectivity [19] or RBC was a concept introduced in INFOCOM 2006
which alluded to the connectivity of networks when failures are clustered. Real life
errors are clustered instead of randomly placed. Examples of this would be hotspots
on a chip, or an entire card or a midplane going bad. In cases of networks over
much larger areas, manmade or natural disasters will affect entire regions. As such
the robustness of a system by looking at region failures instead of random point
failures is a very practical metric.
• The network topologies of this work are shown to have optimal RBC. This
means that this family of networks is robust to not only d-1 node failures, but
in fact d-1 region failures [20]. Each region can have at most 2(
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Figure 1.12: Comparison of Delays and Region Fault Connectivity with proposed method.

nodes, where r is the radius of the region still the diameter of the network
is O(log n). This underscores the robustness of this method. The interesting thing to note here is that hypercubes, unlike the proposed topology, are
not optimal in RBC, though they are the best in many other metrics such as
diameter, shortest path routing and routing table sizes.
To put this in perspective, consider a network of degree 10 and 100,000 nodes.
A fault tolerant network topology would be able to withstand 9 node faults. On the
other hand, the proposed network of degree 10 will be able to withstand 9 region
faults of depth two. This corresponds to at most 221 nodes per region and 9 such
regions for a total of 1989 faulty nodes.
Also, the proposed topology would have increased the number of region faults
the Fujitsu K supercomputer can tolerate from six to nine, a 50 improvement.
Self-healing is an important subject in networks in general. This term refers to
the ability of the network to locally reroute paths when intermittently faulty nodes
are known. Self-healing leads to increased robustness since this enables systems
to work outside of the specifications and still ensure good communication.
• The proposed family of networks, ensures that the self-healed paths will be
the shortest paths while ensuring there are no loops or deadlocks.
• The time required to compute the self-healed paths is also O(log n) [22].
• This work also shows how to design with spare nodes to enable the system
to run with the desired number of nodes despite a few permanent failures.
• The work enumerates the effort required to re-assemble the hardware to
bring the reliability back to specifications with a reduced network size in case
of permanent faults.

1.5. Thesis Outline
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1.4.4. Security
Routing of messages in the network could end up going along a path that is nonoptimal due to a faulty routing or due to malicious behavior of a node. Such misdirection can result in delays, or denial of service due to incorrect routing between
multiple malicious nodes. To determine if the previous node is faulty, one needs
to be able to determine if the incoming message is being forwarded correctly in a
very short time.
• The routing tables required for this family of networks are very small due
to the nature of the design and the node naming. The size is dependent
on the degree d, of each node of the seed torculant graph, and not on the
number of nodes in the final network. There will be at most (d + d - 1)
rows and columns in each routing table. The routes are determined not by
the full network, but by a very small set of nodes that have an ‘influence’ on
the rest of the nodes. This enables very quick determination of a misdirected
message.
• A new protocol ‘WISH’, proposed in this work [23] enables identification of misdirected messages by using the color of the nodes along the path in O(log n)
steps. This is achieved by first finding the shortest path from the sender
to the receiver and finding the sum of the colors mod k of all intermediate
nodes, where k is the number of colors in the system. The message includes
the value (Σc ) mod k, where c is the individual color of each node along the
path. In addition, each node keeps track of the running total mod k of the
incoming sum as well as that of the colors of the forward path. By analyzing
the color of the nodes visited up to the current node (i.e. What I Hear) and
the colors of the nodes remaining in the paths (i.e. What I See), and its own
color, the node can determine if the path has been misdirected. Information
about the previous node that misdirected the path can then be shared with
the system to take appropriate actions. The path can then be labeled with
the corrected colors and sent to the destination.

1.5. Thesis Outline
his thesis is organized in the following manner. Chapter 2 deals with information
T
on the construction and useful properties of this family of network topologies.
This is followed by the reliability of this family of networks and the graceful degradation in the presence of faults which ensures a very tightly bound worst case delay.
The work uses the concept of ‘containers’ of the underlying graph. This section
concludes with a new proposal that extends the concept to ‘containers of regions’.
This is a very powerful metric that can bound the degradation of the delays in the
networks in the presence of clustered failures instead of point faults.
Chapter 3 discusses the robustness of this family of networks and shows selfhealing can automatically reroute a message along the next shortest error-free
path. This rerouting is done without any looping or backtracking. This method
can also be used to enable load balancing. The work discusses the bounds on the
network modifications to accept a limited number of permanent faults. This section
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measures the proposed networks against the metric of region based connectivity. It
is shown that these networks are not only optimally fault tolerant, but also optimally
region based fault tolerant.
Chapter 4 discusses faulty and possibly malicious routing. The work describes
the WISH protocol where small routing tables enable each node along the path to
identify the correct path. Each node identifies the shortest path from itself to the
destination, and can catch misrouted paths by considering the colors assigned to
nodes along the path. This analysis can be done in logarithmic time by making
energy-efficient and fast decisions.
Chapter 5 concludes the work with a discussion on future topics that can be
added to this research work.

2
Reliability
Papers published in this category:
• IEEE DFTS 2014 : Shortest Path Reduction in a Class of
Uniform Fault Tolerant Networks
• ISPAN 2017 (Best Paper Award): Tight Bounds in Message
Delays Despite Faults in a Class of Line Digraph Networks
Network analysis requires various stringent metrics. The first part of the research dealt with devising the supercomputer network topologies that would
enable very low delays without having to increase the number of ports required on each node to connect the neighboring nodes. These networks must
be highly reliable in terms of the delays experienced in the presence of faults.
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2.1. Design for Optimal Fault Tolerance of Network
Topology

2

he results of the paper Shortest Path Reduction in a Class of Uniform
T
Fault Tolerant Networks introduced the initial methodology of constructing
networks based on the desired number of nodes and the degree of each node. The
flow describes a two-step process. The first step is an algorithm to devise the initial
graph that will be modified in the subsequent step. The second step describes the
recursive method to modify the existing network to produce the subsequent one,
until the final desired network is created.
The paper also goes on to show that the diameter of the regular directed network
designed is at most 2(log n), can have any number of nodes n any degree d, and
is the best known result in literature with these constraints. The shortest path
between any two nodes can be determined in O(log n) steps with and without the
presence of node failures. The shortest paths are guaranteed to be without loops
or backtracking.

2.2. Reliable Networks with Graceful Degradation
he specifications for network reliability should include network degradation in
T
the presence of faults. One way of analyzing this is by the use of ‘containers’
of the underlying graph of the network. Containers help set an upper limit on the
delays seen in the presence of faults and hence form a powerful metric. The paper
Tight Bounds in Message Delays Despite Faults in a Class of Line Digraph
Networks indicates how the traditional metric of the diameter of a network is
insufficient for fault tolerant networks. The d-wide diameters of the networks are
better suited for this purpose. The paper further shows that the family of networks
proposed by this study has a diameter degradation of at most one in the presence
of faults. Thus this family of networks not only has one of the best known diameters
but also the best degradation in diameter despite the presence of up to d-1 node
failures. This feature helps in load balancing without significant impact in delays
while rerouting by different paths.
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delays will enable proper network performance expectations
and planning under various degrees of failures.

Abstract— Communication networks must be designed to
withstand failures. The robustness of a network needs to account
for graceful performance degradation with multiple failures in
the network. The traditional delay metric of the diameter of the
network is insufficient in this regards to represent the message
passing delay in the presence of faults. This paper explores the dwide diameter of a class of regular extended line digraphs which
bound the delays despite faults. By studying the container of the
network’s underlying graph, a measure of the distance between
nodes through multiple node disjoint paths is obtained. This
study shows that the class of networks designed by extended line
digraphs has very tight upper bounds on the d-wide diameter
and is just one more than the normal diameter. Thus despite d-1
node failures the worst case delay is just one more than that of
the original network. This tight bound has very powerful uses in
areas of enabling load balancing and bounded delays despite
multiple network faults.

Networks based on line graphs have been studied for their
properties of shortest delays, optimal connectivity and loopless
routing. Fiol, Alegre, and Yebra [2] first studied the behavior
of the diameter and the average distance between vertices of
the line digraph of a given digraph. Fiol, Llado, and Villar [3]
presented a solution to the (d, N) digraph problem and showed
the ability to expand or condense the number of nodes in
digraphs. Design of regular digraphs of any size starting from a
seed digraph, using recurring extended line digraphs, with low
diameters and optimal connectivity has applications in reliable
networks [5, 6, 7]. The concept of d-wide diameter of a
network was introduced by Hsu [8] and there are many
examples of work based on this that linked connectivity and
diameter in the presence of faults [9, 10].

Keywords—Fault Tolerance, Routing delays, network diameter,
graph containers, d-wide network diameter, load balancing, line
digraphs

I.

To the authors’ knowledge no study has ever been done of
containers on extended line digraphs. This paper integrates the
work on such digraphs with that of containers to show the
graceful degradation seen by networks built on these digraphs.
The term digraph and network is used interchangeably in this
paper. The terms source and sink nodes will also be used
interchangeably to represent the starting node and the ending
node of a path respectively.

INTRODUCTION

Traditional network survivability deals with the
connectivity of the underlying graph with node or edge
failures. These could be any networks like transportation,
waterways, power distribution or computer and communication
networks. The metric of delay of message passing is measured
by the number of edges between the source and sink nodes.
The maximum delay along the network has been widely
studied by the diameter of the graphs that represent the
networks. A k-connected network can withstand k-1 faulty
nodes. This however does not give any measure of the new
delay that would be encountered by the remaining network in
message passing. Design of critical networks needs to account
for these situations and knowledge of upper bounds on the
2375-527X/17 $31.00 © 2017 IEEE
DOI 10.1109/ISPAN-FCST-ISCC.2017.59

The resulting regular networks are very versatile in that the
delays without faults are very small. In addition, these are
optimally fault tolerant in that they can withstand d-1 failures
where d is the regular degree of the digraph, and as this work
shows, the degradation in the diameter is bounded by one.
The paper is organized as follows. Section II deals with a
short description of some terms used. Section III discusses
some lemmas required for the design of the seed digraph. The
d-wide diameter calculation of the networks is discussed in
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Section IV along with the implications towards load balancing
with bounded penalty. Finally we conclude in Section V with
some suggestions on possible future extensions.
II.

Hence similar to the w-star definitions, the w-star-prime length
is the longest distance from any of the yi nodes to x. The wstar-prime distance is the minimum length of all possible wstar-prime containers from the yi nodes to x and is denoted by
denoted by d’(x; y1, y2, …yw). The w-star-prime diameter of the
digraph G is defined to be the maximum of d’(x;y1, y2, …yw)
for all possible combinations of x, and yi and is denoted by
D’w(G). Fig. 1a gives examples of 3-star and 3-star-prime
containers.

CONTAINERS AND EXTENDED LINE DIGRAPHS

In this section we will review the terms used throughout the
paper. Most of these can be found in West [1] and other works
on containers [9] and extended line digraphs [5], and some are
briefly described here also. A digraph G = (V, E) has n = |V|
nodes and (p, q) is an element of E if there is a directed edge
from the node p to node q. The node p is the predecessor of q,
and q is the successor of p. The indegree (correspondingly
outdegree) of a node is the number of edges incident into
(correspondingly out of) that node. In a regular digraph the
indegree and outdegree of all nodes are equal to the degree d.
A path from a node p to node q is a sequence of adjacent edges
that start from p and end in q. Two node disjoint paths from p
to q have no common node except for p and q. A digraph is
strongly connected if any node can be reached from any other
node in it. The connectivity of a digraph is k if the removal of
any k-1 nodes still keeps the remaining digraph strongly
connected, and the removal of some specific k nodes results in
the digraph becoming non-strongly connected. The
connectivity is obviously bounded by the minimum degree of
any node in the digraph. If a digraph achieves this connectivity,
it is called an optimally connected digraph. The distance
between two nodes is the number of edges in the shortest path
between them. The diameter k(G) of the digraph is the largest
value of the distance between any two nodes of the digraph.

A line graph of a digraph G = (V, E) is L(G) = (V1, E1)
such that V1 = E and E1 = {(a,b) | a = (u1, u2) is an element of
E and b = (u2, u3) is an element of E }. The diameter of the
line digraph D(L(G)) is at most one more than the diameter of
G. Also, from [11] the connectivity of L(G) is maintained as
the same as that of G.
An extended line digraph EL(G), of a regular digraph
G=(V,E) of degree d and connectivity d, is L(G) with t
additional nodes, t<d so that the number of nodes of EL(G) =
n*d + t, such that the EL(G) also has degree d, connectivity d,
diameter k(EL(G))  k(G) + 2. [5]
A Dd digraph is a regular circulant digraph (V, E) such that
V is a set of nodes {0, 1, (n-1)} and E = {(a, b) s. t. a and b are
elements of V; b = (a + k) mod n, 1  k  d}. This digraph is
known to be d-connected, and have a diameter bounded by (ڿn1)/dۀ. It can also be shown easily that the d-star, d-star-prime
for the case where the y nodes are all consecutive (mod n) is
ہሺȀd)ۂͳ. The d-wide diameter is also ہሺȀd)ۂͳ. Fig. 1b
shows an example of a D2 digraph with five nodes.

For some nodes x, y1, y2, … yw of a graph G without selfloops or multiple edges where w is a positive integer and x is
not equal to yi, for any i, a collection of internally node disjoint
paths from x to y1, y2, ..yw one for each yi, is defined as a star
container from x to y1, y2, … yw. In case any node yr is repeated
r times then the container needs to have r internally node
disjoint paths from x to yr also. In the special case where r = w
and hence y1 = y2 = … yw, the w-star container is called a wwide container from x to y. The maximum length of the paths
in the container is the length of the container and w is the
width of the container. The w-star distance from x to y1, y2, ..
yw is the minimum of all possible container lengths from x to
y1, y2, .. yw and is denoted by d(x; y1, y2, …yw). The w-star
diameter of the graph G is defined to be the maximum of
d(x;y1, y2, …yw) for all possible combinations of x, and yi and is
denoted by Dw(G).

v1
v2 v3
w-star-prime container
From v1, v2, v3 to x

x

y1 y2
y3
w-star container
From x to y1, y2, y3

Fig 1a
0

In the special case of y1=y2= … yw, the w-star distance
becomes the w-wide distance and is written as dw(x,y). When
we take the w-wide distance between all distinct pairs of nodes
in the graph x and y, we obtain the w-wide diameter of the
graph denoted by dw(G). It is interesting to note that the
traditional definition of the diameter of the graph is now just a
special case of the definition of the w-wide diameter, when
w=1.

1

2

3

4

Fig 1b
Fig. 1a: Examples of 3-star-prime and 3-star containers
Fig 1b: Example of a D2 digraph with five nodes

For undirected graphs the above definitions hold without
issue, but for digraphs the above would hold only for the paths
starting from x to the various yi nodes. We hence define a new
type of container called w-star-prime which differs from w-star
in that all the paths are now to x from the chosen yi nodes.

III.

SEED DIGRAPH CONSTRUCTION AND SOME PROOFS

In this section we will prove some lemmas which will be
used in the next few sections.
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The flow is recapped here for clarity. To design a network
of degree d and n nodes, write the number n to base d, as below
with each aj<d.

Since a Dd digraph can be assumed to be placed with all
nodes in a circle and each node having an edge to the next d
nodes clockwise in front of it, if we prove a case for node 0, it
will be applicable for all nodes.

Ă

n = ( (..((aid + a(i-1))d + a(i-2))d +a(i-3))d )d+a0

Lemma 1: In Dd digraphs, any set S of consecutive w nodes,
1  w  d can connect to another set T of w consecutive nodes
with w node disjoint paths such that each path’s start is in S and
end is in T. The length of the paths will be either ہሺȀw) ۂǦ ͳ 
ہሺȀw)ۂǤ

(1)

Note that in Equation (1) each set of brackets is essentially
performing an EL(G) operation on the next inner bracket.
Recursively this can continue until we get to the innermost
bracket which will require a separate construction. Thus the
problem reduces to finding a good digraph for the innermost
bracket which will be called the ‘seed digraph’.

ǣ          Æ ሺ ሻ
   ǡ  ǡ 
  ہሺȀw)ۂ
 ǡ
Ǥ  
ǡǤ

The EL(G) is obtained by taking the line digraph of the
current digraph and then adding aj < d nodes. The detailed steps
of this are given in Section IV. This is done by creating a
separate completely connected digraph on aj nodes. This
digraph has a degree aj-1 and since the regular degree is d, each
node needs d – (aj-1) edges in and out. For a nodes of G, take d
– (aj-1) predecessor and successor pairs which will form an
edge in L(G), and break the edges and insert one of the nodes
from the completely connected digraph on aj nodes. Repeat this
for a total of aj nodes from G. The resulting digraph now has an
indegree and outdegree d on all nodes. The L(G) increases the
diameter by one, and the insertion of the aj nodes adds one
more at most to the diameter, hence k(EL(G)) is at most two
more than k(G). Also, the connectivity of EL(G) is maintained
as that of G [5].

ǤǤ
 ʹǤ

Fig. 2 Example of Lemma 1 where number of hops is ہሺȀw)ۂǤ
Ǥ

To design the seed digraph such that the diameter is
bounded from above by four, consider the following two cases.
Let s represent the number of nodes required from the seed
digraph. If the innermost bracket has ai = 1 and ai-1 = 0, then let


ʹǣ(ڿn-1)/dۀ.

1

The proof of this simply follows from the fact that from the
source node, any node can be reached in (n-1)/d hops if (n-1) is
a multiple of d, else it will take one more hop.

2

d

1
2

ǤǤ
 ͵ǣ A Dd digraph has a w-star diameter ہሺȀd)ۂͳ
  Ǥ
 Ͷǣ     ǦǦ  
ہሺȀd)ۂͳ  Ǥ

Dy

    ͵   Ͷ  
ͳ  
   ʹǡ 
 ͵Ǥ
R

ǤǤ

Dx

The goal of this work is to be able to design a regular
directed network of all indegrees and outdegrees d, given any
number of nodes n, and prove that the resulting network has
some very desirable properties of maximum delays in message
passing, with and without the presence of faults by taking into
consideration the containers of these digraphs. The design of
the network follows a similar flow as previous studies on
extended line digraphs. However, the design of the seed
digraph is simplified.

Fig. 3 Dx digraphs (in solid blue) along the rows and Dy
digraphs (in red dashes) along the columns, including the extra
nodes on Row R

s include the next bracket also and hence design the seed
digraph with s = d2 + a(i-2) number of nodes. Note that in this
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(red paths) are split up into two parts on either side of column j
+ d/2 by an additional hop from (j + d/2) to (j + d/2 +1). This
frees up column (j + d/2) for the d/2 paths from the column j
(blue paths) to hop in this column en route to column l and then
by Lemmas 1-4 reach the sink node in at most five hops. The
horizontal d/2 red edges of row i advance to row k and then by
realigning into a block of d/2 consecutive nodes reach the sink
node also in at most five hops in total based on Lemmas 1-3.

case the number of times EL(G) is applied will be smaller by
one.
Case 1: s < 4d+2. In this case a simple Dd digraph suffices.
Note that when d equals two or three, this is the only case that
is applicable, since for these constraints the diameter is
bounded above by four in a Dd digraph.
Case 2: For s > 4d+1 design the seed digraph with d
columns. There will be at least four complete rows. Any extra
nodes on the last incomplete row are stacked to the right and
on top of the last completed row. Each row will be a Dx
digraph and each column will be a Dy digraph as shown in Fig.
3. The value of y is (R-1) if the number of rows R < (1 +
ہሺȀ2))ۂ, else y is ڿd/2ۀ, while x = (d – y).

This ensures that the seed digraph designed by either Case
1 or Case 2 has it’s diameter bounded by four and its d-wide
diameter bounded by five. The seed digraph is a regular
digraph of degree d, and node connectivity d as there are d
node disjoint paths between any two nodes. In the next section
the construction of the final digraph uses this seed digraph as
the starting point.

The number of rows R can be found based on when Case 2
is used. Since this is applied only when s > 4d+1 there are at
least four rows. In the case when ai = 1 and a(i-1) = 0, the seed
digraph uses the next brackets from Equation 1 also resulting
in the number of nodes equal to d2+d-1. This is the maximum
number of nodes that the seed digraph will have to be drawn
with. Since each row has d nodes, there will be at most d rows,
with the last row having at most d-1 extra nodes wrapped
around. The values of x and y are so chosen in Case 2, so as to
ensure that along the column there are no more than d+1 nodes
and along the row no more than d except for the last row.

The node disjoint paths from Fig. 4 can be listed as follows.
This example shows the case when the degree d is six and there
are three paths along the row and three along the column. The
red paths that first go along the row i would be as follows.
P1: (i,j) Æ (i,j+1) Æ (i-d,j+1) Æ (k,j+1) Æ (k,j+d+1) Æ (k,l)
P2: (i,j) Æ (i,j+2) Æ (i-d,j+2) Æ (k,j+2) Æ (k,l)
P3: (i,j) Æ (i,j+3) Æ (i,j+4) Æ (i-d,j+4) Æ (k,l)
The blue paths that go along the column j would be as
follows.

For Case 1, the diameter is equal to four, while the d-wide
diameter is five from Lemmas 1, 2, and 3. For Case 2 consider
the d paths from a node in row and column (i, j) to a node in
the row and column (k, l). A path along the row i, from (i, j)
can reach (i, l), in two hops by Lemma 4. Similarly, along
column l, from the node (i, l) to (k, l) it will take two more
hops, thus making the diameter of the seed digraph four. Note
despite the last row having more than d nodes, it is not
necessary to traverse more than d nodes to reach the correct
column, thus ensuring that the diameter is maintained at four.

P4: (i,j) Æ (i-1,j) Æ (i-1,j+3) Æ (i-1,l) Æ (k,l)
P5: (i,j) Æ (i-2,j) Æ (i-2,j+3) Æ (i-2,l) Æ (k,l)
P6: (i,j) Æ (i-3,j) Æ (i-3,j+3) Æ (i-3,l) Æ (k,l)
Note that P2, P4 and P5 might need one more hop along the
way depending on the value of i, j, k and l. However, this will
not alter the diameter of the seed digraph since there will be at
least one path with length four. Note also that this will hold
even if the nodes are in the last row with the extra nodes
wrapped around. Note also that this will still hold fine if i = k
or j = l using the results of Lemmas 1-3, or if i-k or j-l is less
than d/2. This is done by appropriate juggling of the paths to
ensure that along the row or column either two or three hops
are needed, but never three for the same path on both the row
and column.

1

k

Lemma 5: A regular digraph of at most d2 + d -1 nodes can
be drawn with a diameter at most four, d-wide diameter at most
five and node connectivity d.

d/2
i

The proof for this follows from the described construction
method.

R

ǤǤ
d/2
1

j

l

d

IV.

D-WIDE DIAMETER OF FINAL NETWORK

This section describes the construction method of the
digraph EL(G) given a regular digraph G = (V, E). Recall that
an EL(G) is essentially a line digraph of G, namely L(G) with
some additional edges and a < d extra nodes.

Fig. 4 Consider all paths from (i,j) to (k,l) to determine the dwide diameter

To determine the d-wide diameter of the seed digraph from
Case 2, consider Fig. 4 where all the node disjoint paths from
node (i, j) to (k, l) have been shown. The d/2 edges along row i
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A. Construction of EL(G)
The construction of the EL(G) is described below from a
digraph G, such that the number of nodes of EL(G) are d*n + a,
where d is the regular degree of G, n is the number of nodes in
G and a < d

The L(G) step increases the diameter by one. If the addition
of the X-nodes is on the path that determines the diameter, then
the diameter increases by one more. As such every application
of EL(G) will increase the diameter by at least one, but can
increase by two as shown in Fig. 5.

Step 1: First form the line digraph L(G) = (V1, E1) of the seed
digraph G = (V, E).

This increase in the length of paths is applicable to not only
the diameter but to all paths post L(G). This will hence affect
the d-wide and d-star diameters as well.

Step 2: Next form a separate fully connected digraph with a
nodes. These nodes are called the X-nodes. Note, these Xnodes have a degree (a-1), and need d-(a-1) additional edges to
get to the regular degree d.

Since the number of times the EL(G) transformation is
applied is at most logdn – 2, and the seed diameter is four, the
final digraph’s diameter is at most 4 + 2(logdn – 2) = 2logdn.
However, if all the additional a nodes that are added are not on
the diameter determining path at each stage of EL(G), then the
best case diameter would be at the very least 4+ (logdn – 2) =
logdn + 2.

Step 3: Consider a unique nodes from V, say v1, v2, …va. For
each vi 1  i  a, arbitrarily pick unique d-(a-1) predecessor
nodes P1, P2, …Pd-(a-1), as well as d-(a-1) successor nodes S1,
S2, …Sd-(a-1). Since the degree of each node is d, such unique
nodes always exist on each of the a unique nodes chosen.

Incremental
d-wide
diameter

Step 4: Now for each chosen vi of V, 1  i  a, from the
corresponding line digraph L(G) remove the edge (Pj, vi) to (vi,
Sj) 1  j  d-(a-1) and add the edges (Pj, vi) to xi and xi to (vi,
Sj). This maintains the degree of the nodes of L(G), and
increases the degree of the X-nodes from (a-1) to d - (a-1) +
(a-1) = d.
Step 5: The digraph EL(G) is now formed by the union of the
set of nodes of L(G) and the a X-nodes. The edges of the
digraph EL(G) is the set of edges of L(G) with the
modifications from Step 4. If a = 0, then EL(G) is the same as
L(G).
The resulting digraph at the end of Step 5 takes the digraph
G, constructs the line digraph L(G) and then adds a < d nodes
to L(G) to finally generate the extended line digraph EL(G).

Coeffs of n written in base d
a(t-1) a(t-2) a(t-3) ………..……. a1

4

Seed

2

EL(G)

2

EL(G)

2
…

EL(G)
…

2

EL(G)

2

EL(G)

5

Seed

2

EL(G)

2

EL(G)

2
…

EL(G)
…

2

EL(G)

2

EL(G)

Final Digraph

Fig. 6 Incremental d-wide diameter due to recursive EL(G)
transforms

B. Wide diameter of EL(G)
By construction, EL(G) is a regular digraph of degree d if G
was a regular digraph of degree d as well. Also if the node
connectivity of G was d then EL(G) maintains the node
connectivity. To generate the final digraph, the EL(G)
transformation is applied to the seed digraph multiple times.

Incremental
Diameter

d-wide diameter increments
a(t-1) a(t-2) a(t-3) ………..……. a1 a0

To find the d-wide diameter however, we have to find how
much worse the other paths can get. In the extreme case that
every X-node addition takes place on the path that determines
the d-wide diameter at each EL(G) stage then the d-wide
diameter will instead go up by 2(logdn – 2) from that of the
seed digraph. So the d-wide diameter would then be 5 +
2(logdn – 2) = 2logdn + 1. Fig. 6 shows the similarity of the
increase in this d-wide diameter with each EL(G) much like
that for the diameter. The only difference being that the starting
value in the seed digraph is off by one. This difference is
maintained through to the final digraph’s construction.

a0

Lemma 6: Given a seed regular digraph of diameter four, at
most d2 + d -1 nodes, d-wide diameter at most five and node
connectivity d, it is possible to generate a digraph larger than d2
+ d -1 nodes, such that the diameter is bounded by 2logdn, the
d-wide diameter bounded by 2logdn + 1, and connectivity equal
to d.

Final Digraph

The proof of this Lemma follows from the fact that the seed
digraph is as defined by Lemma 5 and the recursive application

Fig. 5 Incremental diameter due to recursive EL(G)
transforms
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diameter and the d-wide diameter of the networks differ by
one. This extremely tight bound on the two diameters shows
that the increase in the delay in message passing in networks
based on this family of digraphs is very graceful even with d-1
node failures.

of the EL(G) as defined in the construction ensures all the
conditions of connectivity, diameter and d-wide diameter.
ǤǤ
C. Extremely tight bounds for diameter and d-wide
diameters
Taking the two extreme cases for the diameter and the dwide diameter, we can see that the worst case diameter is
2logdn. In contrast the worst case d-wide diameter is 2logdn +
1. This implies that in the final digraph, even if d-1 nodes were
to fail, the path will not be longer than 2logdn + 1. Just as
importantly, the degraded diameter of the new digraph with the
faulty nodes removed will be increased only by one. This
extremely tight bound in the delays on d node disjoint paths
gives networks designed on this class of digraphs some very
powerful properties. Note that individual source sink pairs may
see a delay increase of more than one if their shortest paths
were not the diameter determining paths. The point to keep in
mind is that this applies to the diameter and w-wide diameters
of the digraphs.

Future studies will focus on the degradation of the
diameters when d-1 regions instead of individual nodes are
deemed to have failed. Additional work needs to be done
regarding the w-star diameters of this class of digraphs as this
would give some information on delays regarding broadcast
from a node to multiple nodes in parallel.
In conclusion, these regular directed networks can be
designed using any number of nodes, will have a degree and a
node fault tolerance of d, and the increase in diameter despite
d-1 node failures is just one.
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Very few other practical networks have such tight bounds
on the diameter and d-wide diameters.
D. Applications
With tight bounds in the worst case delays across multiple
node independent paths, with and without failures, it is much
easier to resource plan the routes for many practical
applications. Proper use of resources in computer networks
linking various memory units, routers etc. ensures proper load
balancing without much degradation in performance. This will
help in the reliability, availability and serviceability (RAS) of a
system by using the redundancy in it. Transportation networks
and power distribution networks which often have to plan for
problematic situations due to congestion, weather or repairs,
the availability of alternate routes without much degradation
will help the consumers. These methods are also very
applicable to design of network-on-chips especially with a very
large number of microprocessors.
V.

CONCLUSION

In this work we have defined a new concept ‘d-star-prime
container’ for directed paths “to” a node, as against the regular
definition of a star container which relates to paths “from” a
node. To our knowledge this is also the first time the concepts
of d-wide diameters was applied to the class of networks
designed by extended line digraphs. The work showed that the
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3
Robustness
Papers published in this category:
• IEEE HPSR 2014 : Line Graph Based Fast Rerouting and
Reconfiguration for Handling Transient and Permanent Node
Failures
• IEEE CSE (ISPAN) 2014 : Region Disjoint Paths in a Class
of Optimal Line Graph Networks
• IEEE DFTS 2017 : Region Based Containers – A new paradigm
for the analysis of Fault Tolerant Networks
While a lot of work goes into network design and specifications for high
throughput and low latency, attention is also paid to network behavior when
faults occur. Robustness deals with the ability of the network to realign its
resources to allow fault-free communication between surviving nodes in an
effective manner. This might even involve some surplus hardware designed
into the system to allow such self-repair in the event of some failures. If
the failures are widespread and permanent, the built-in redundancy may be
insufficient and require external inputs to get around the issue.
The research work shows the resiliency of the proposed networks to the presence of point and region failures. Topological region failures trigger immediate neighbors up to a certain depth to also fail. The work shows that the
proposed network can withstand point and region failures and shows how
self-healing takes place to enable rerouting when such errors are detected.
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3. Robustness

3.1. Self-Healing
he work in this subsection describes the main results of the paper Line Graph
Based Fast Rerouting and Reconfiguration for Handling Transient and
T
Permanent Node Failures. It describes how the construction of the network

3

using a recursive procedure leads to a method of node naming. It becomes easy
to identify the shortest paths by using a routing table with at most O(d ) rows
irrespective of the number of nodes where d is the degree of the network. Each
entry in the table can keep track of not only the next node in the shortest but also
alternate paths as well. This helps in load balancing and routing in the presence
of faults. The ‘stretch of a network’ has different definitions in literature. Some
researchers refer to the stretch as ’the difference between the best possible path
through the network and the actual path the traffic takes through the network’ [83].
Others define it as ’the maximum ratio between the length of the path actually
traversed by a message and the length of the shortest path possible between its
source and its destination’ [57]. For the purpose of this work, the later definition is
being used where the ratio of the path actually taken to the shortest path possible
is referred to as the stretch of the network.
When faulty nodes are known, the paths avoid specific regular expressions in
the node names, enabling automatic rerouting of packets. If the faulty nodes are
intermittent then this information is sufficient. In case of permanent faults, there
are two courses of action. The first is that the network can stay in the self-healing
mode and reroute by avoiding the known regular expression corresponding to the
faulty node name. Second, if spare nodes were incorporated into the system at
design time, a physical rewiring of the network can be done to return the system
to the optimally fault tolerant state as if no faulty nodes exist. The work describes
how both these options are done and shows that the upper limit on the number of
physical changes required for the second option is O(d).

3.2. Region disjoint routing in the network
he results in the paper Region Disjoint Paths in a Class of Optimal Line
T
Graph Networks focus on the property of these networks to deal with not just
point failures, but entire region failures. The metric of region disjoint connectivity
for networks is a recent one and it emphasizes the fact that faults tend to cluster
due to the nature of problems. As a result, considering connectivity without reference to locality does not show the real usability. On the other hand, if networks
were calibrated to the number and size of region breakdowns they can withstand,
they would better reflect reality. The results of the paper show that this family
of networks is optimally robust, meaning that it not only withstands d-1 node disjoint failures, but in fact d-1 region failures, where each region has a size up to
⌈

⌉

2(
)–1 where r = ⌊
− 1⌋. To put this in perspective, a network of 9999
nodes and degree 10 would normally have been deemed to accept up to nine node
failures to be optimal. It is shown that this topology can withstand not up to nine
node failures, but nine region failures where regions can have up to 21 nodes each,
or a total of up to 189 node failures across nine regions. This is a very powerful

3.3. Region Based Containers
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result and existing topologies do not have such robustness, including the hypercube
topology.

3.3. Region Based Containers
he paper Region Based Containers A new paradigm for the analysis
T
of Fault Tolerant Networks proposes new concept called Region Based Containers. This effort merges the concept of containers with that of region disjoint
routing as this is a more practical way of analyzing the degradation when regions
failures occur in the network instead of point failures.
Similar to the concept of node disjoint paths in ‘containers’, the paths of a region
based container are ‘region disjoint’. Because many practically occurring failures are
often clustered, studying the degradation of a network in the presence of region
failures is important. It is also shown that the proposed methodology of network
design results in networks that are not only optimally region fault tolerant, but
that the degradation in the delays in spite of d-1 region faults is also bounded by
one. This is a very powerful result showing the efficacy of the proposed family of
networks. The recommendation is that this metric be adopted in network analysis
of supercomputer networks.
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RI QRGHV ZKHQ UHPRYHG GLVFRQQHFWV WKH JUDSK 7KH IDXOW
WROHUDQFH LV RQH OHVV WKDQ WKH FRQQHFWLYLW\ $Q RSWLPDOO\
FRQQHFWHGJUDSKFDQWROHUDWHXSWRGQRGHIDXOWVZKHUHGLV
WKHPLQLPXPGHJUHHRIDQ\QRGH
$'GGLJUDSKLVDXQLIRUPGLJUDSK 9( VXFKWKDW9LVD
VHWRIQRGHV^« Y `DQG( ^ DE _DEHOHPHQWVRI9
E  DN PRGYNG`$QHGJHRIWKHW\SH[KRSLVDQ
HGJHRIWKH'GJUDSKIURPDQ\QRGH\WRWKHQRGH \[ PRGY
7KHGLDPHWHURID'GJUDSKLVERXQGHGE\ň _9_ G ŉ
$ OLQH JUDSK RI D GLJUDSK *  9 (  LV / *   9 ( 
VXFKWKDW9 (DQG( ^ DE _D  XX LVDQHOHPHQWRI
( DQG E  X X  LVDQ HOHPHQW RI ( `7KHSUHGHFHVVRU VHW
3 X DQGWKHVXFFHVVRU6 X RIDQRGHµX¶DQHOHPHQWRI9DUH
GHILQHG DV 3 X   ^Y _ Y X  LV DQ HOHPHQW RI (` DQG 6 X  
^Y_ XY LVDQHOHPHQWRI(`

$Q ([WHQGHG /LQH *UDSK (/ *  RI D XQLIRUP GLJUDSK
* 9(  RI GHJUHH G DQG FRQQHFWLYLW\ G LV / *  ZLWK W
DGGLWLRQDOQRGHVWGVRWKDWWKHQXPEHURIQRGHVRI(/ *  
Q GWVXFKWKDWWKH(/ * DOVRKDVGHJUHHGFRQQHFWLYLW\G
DQGGLDPHWHUN (/ * N * $0RGLILHG([WHQGHG/LQH
*UDSK 0(/ *  FDQ KDYH W DGGLWLRQDO QRGHV ZLWK WG 7KH
FRQVWUXFWLRQRIWKH(/ * DQG0(/ * LVGHVFULEHGODWHU
7KH µVWUHWFK¶ LV WKH ZRUVW UDWLR RI WKH VKRUWHVW SDWK
GHWHUPLQHG WR WKH DFWXDO VKRUWHVW SDWK LQ WKH JUDSK EHWZHHQ
WZRQRGHV
,,, 35,25:25.
&RPSXWHUQHWZRUNGHVLJQIRUUHOLDELOLW\DQGHIILFLHQF\KDV
EHHQVWXGLHGE\PDQ\UHVHDUFKHUV6WXG\RIYDULRXVJUDSKVDQG
WKHLUSURSHUWLHVKDYHOHGWRHIILFLHQWQHWZRUNGHVLJQV5HGXFLQJ
WKH GLDPHWHU ZLWK DQG ZLWKRXW QRGH IDXOWV LQFUHDVLQJ
FRQQHFWLYLW\HQDEOLQJIDVWURXWLQJDOJRULWKPVVHOIKHDOLQJDQG
UHFRQILJXUDELOLW\DUHVRPHRIWKHPHWULFVXVHG5HVHDUFKHUVLQ
>@>@ VWXGLHG JHQHUDOL]HG K\SHUFXEHV UHVWULFWLQJ QRGHV WR
SRZHUVRIZKLOHWKRVHLQ>@>@FRQFHQWUDWHGRQ'H%UXLMQ
JUDSKVDQGPRGLILFDWLRQV,QVRPHFDVHVWKHGHJUHHRIJUDSKV
ZDV FRPSURPLVHG DV LQ >@ ZKHQ WKH QXPEHU RI QRGHV LV D
SULPHQXPEHU0RVWVWXGLHVFRQFHQWUDWHGRQNHHSLQJWKHIDXOW
WROHUDQFH RSWLPDO DQG WKH GLDPHWHU SURSRUWLRQDO WR ORJGQ 7KH
ZRUNLQ>@DOVRKDVDVXERSWLPDOGLDPHWHUDQGUHVWULFWLRQVRQ
LWV GHJUHH ZKLOH >@ KDG ZRUVH GLDPHWHU WKDQ WKH PHWKRG
SURSRVHG3URSHUWLHVRIOLQHJUDSKVKDYHEHHQVWXGLHGLQRWKHU
SDSHUVOLNH>@>@DQG>@ZKHUHWKH%UXLMQ.DXW]JUDSKV
ZHUHDQDO\]HG
7KLVSDSHUH[WHQGVWKHZRUNLQ>@ZKHUHWKHGHWDLOVRIWKH
JUDSK FRQVWUXFWLRQ ZHUH FRYHUHG UHVXOWLQJ LQ WKH EHVW LQ FODVV
GLDPHWHUV IRU XQLIRUP GLUHFWHG DQG RSWLPDOO\ FRQQHFWHG
JUDSKVZLWKQRFRQVWUDLQWVRQWKHQXPEHURIQRGHVRUGHJUHH
1HWZRUNV LQ WKLV FODVV IURP SUHYLRXV VWXGLHV VXFK DV >@>@
>@>@>@KDYHDVXERSWLPDOFRQQHFWLYLW\ODUJHUGLDPHWHU
RUUHVWULFWLRQRQWKHQXPEHURIQRGHVRUGHJUHHV7KHZRUNLQ
>@ GLG QRW GHWHUPLQH IDFWRUV OLNH WKH VKRUWHVW SDWK VHOI
KHDOLQJVWUHWFKIDFWRUVRUUHFRQILJXUDELOLW\DQGWKHGLDPHWHU
ZDV PDUJLQDOO\ ZRUVH 7KHVH LVVXHV DUH EHLQJ FRYHUHG LQ WKLV
VWXG\$EULHIFRPSDULVRQRISDVWZRUNLVVKRZQLQ7DEOH
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6WXGLHV LQ >@ KDYH VKRZQ WKDW WKH PD[LPXP VWUHWFK RI
UDQGRP QHWZRUNV FDQQRW EH OHVV WKDQ  ZKLOH WKH DYHUDJH
FRPHVFORVHUWR7KLVZRUNVKRZVDVWUHWFKRIIRUWKLVFODVV
RIQHWZRUNVZKLFKLVWKHWKHRUHWLFDOO\OHDVWSRVVLEOHYDOXH
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,9 1(7:25.&216758&7,2112'(1$0,1*$1'6(/)
+($/,1*
$ *UDSKV*/ * (/ * DQG0(/ * FRQVWUXFWLRQ
7KH OLQH JUDSK RI D XQLIRUP DQG RSWLPDOO\ FRQQHFWHG
GLJUDSK PDLQWDLQV WKH GHJUHH DQG FRQQHFWLYLW\ ZKLOH WKH
GLDPHWHU LQFUHDVHV E\ RQH DQG WKH QXPEHU RI QRGHV EHFRPHV
Q G >@ 7KH FRQVWUXFWLRQ RI WKH H[WHQGHG OLQH JUDSK (/ * 
ZLOOQRZEHGHVFULEHG*LYHQWKHXQLIRUPGLJUDSK* 9( RI
GHJUHHDQGFRQQHFWLYLW\GDQGGLDPHWHUN * ZHQHHGWRDGGW
QRGHVWGZLWKRXWPRGLI\LQJWKHGHJUHHRUWKHFRQQHFWLYLW\
WKRXJK WKH GLDPHWHU FRXOG JR XS E\  7KHVH W QRGHV DUH
UHIHUUHGDV;QRGHVDQGWKHRWKHUQRGHVDUHWKHQRQ;QRGHV
)LUVWREWDLQWKHOLQHJUDSK/ * DQGWKHFRPSOHWHO\FRQQHFWHG
JUDSKRIWKHWQRGHV/ * KDVFRQQHFWLYLW\DQGGHJUHHGZKLOH
WKHJUDSKRIWKHWQRGHVRQO\KDVDGHJUHHWDQGQHHGVG W 
PRUHHGJHVWRDQGIURPHDFK;QRGH
)RUVRPHWXQLTXHQRGHVIURP*1LLWUDQGRPO\SLFN
XQLTXH G W  SUHGHFHVVRU QRGHV 3 3 «3G W  DQG G W 
VXFFHVVRUQRGHV66«6G W 6LQFHWKHGHJUHHRIHDFKQRGH
LV G VXFK XQLTXH QRGHV DOZD\V H[LVW RQ HDFK RI WKH W XQLTXH
QRGHVFKRVHQ
1RZ IRU HDFK FKRVHQ 1L RI * LW UHPRYHG LW¶V HGJHV
3M 6M  MG W  LGHQWLILHG DERYH IURP / *  DQG LQVWHDG
DGGWKHHGJHV 3M[L DQG [L6M 7KLVPDLQWDLQVWKHGHJUHHRI
WKH QRGHV RI / *  DQG LQFUHDVHV WKH GHJUHH RI WKH ;QRGHV
IURP W WRG W  W G,IW WKHQ(/ * LVWKHVDPHDV
/ * 
7KHVRFRQVWUXFWHGJUDSKLVWKHUHTXLUHG(/ * ,WLVHDV\
WR VHH WKDWWKH GHJUHH RI (/ *  LVGE\ FRQVWUXFWLRQDQG WKDW
WKHQXPEHURIQRGHVLVHTXDOWRG _9_W7KHGLVWDQFHEHWZHHQ
DQ\ WZR QRQ;QRGHV RI (/ *  ZLWK QR ;QRGHV LQ LWV SDWK
ZLOOQRWLQFUHDVHIURPWKHFRUUHVSRQGLQJ/ * ,IWKHUHLVRQH
;QRGHLQWKHSDWKWKHQWKHGLVWDQFHFDQJRXSE\RQH,IWKHUH
DUH WZR ;QRGHV LQ WKH SDWK WKH GLVWDQFH ZLOO QRW LQFUHDVH
IXUWKHUVLQFHDOOWKH;QRGHVDUHFRPSOHWHO\FRQQHFWHG+HQFH
WKHGLDPHWHURIWKH(/ * FDQEHPRUHWKDQWKDWRIWKH/ * 
,WIROORZVWKDWWKH(/ * KDVDGLDPHWHURIN * 
$0RGLILHG([WHQGHG/LQH*UDSKFDQKDYHGRUPRUH;
QRGHVKHQFHLQVWHDGRIDIXOO\FRQQHFWHGJUDSKRQWKHVHQRGHV
EXLOG D ' G  JUDSK RI WKHVH QRGHV 7KHQ DV EHIRUH WDNLQJ 
SUHGHFHVVRUDQGVXFFHVVRUIRUHDFK;QRGH DGGHGJHVWREULQJ
WKH GHJUHH RI WKLV ' G  JUDSK WR G DV ZHOO ,I WKH QXPEHU RI
WKHVHQRGHVLVUHVWULFWHGWRGLWLVUHDGLO\VHHQWKDWWKHQHZ
GLDPHWHUZLOOEHERXQGHGE\N * VLQFHDQ\WZRQRGHVDUHD
GLVWDQFH RI DW PRVW WZR QRZ )LJ  VKRZV H[DPSOHV RI D *
/ * (/ * DQGWKH0(/ * JUDSKV
7KH FRQQHFWLYLW\ EHLQJ PDLQWDLQHG LV SURYHG EHORZ ,I
WKHUH DUH QR ;QRGHV LQ DOO WKH SDWKV EHWZHHQ WZR QRQ;
QRGHVWKHQWKLVSDUWRIWKHSURRILVWULYLDOVLQFH/ * LVNQRZQ
WR PDLQWDLQ WKH FRQQHFWLYLW\ >@ ,I WKHUH DUH ;QRGHV WKH
VDPH ;QRGH FDQQRW EH RQ WZR SDWKV E\ FRQVWUXFWLRQ +HQFH
WZR QRQ;QRGHV DOZD\V KDYH G QRGH LQGHSHQGHQW SDWKV
EHWZHHQWKHP7ZR;QRGHVKDYHDGLUHFWHGJHVRDUHWULYLDOO\
FRQQHFWHGZLWKGUHPRYHGQRGHV,QWKHFDVHRIDSDWKIURPDQ
;QRGH WR D QRQ;QRGH HYHQ LI G ;QRGHV DUH UHPRYHG
WKHUHVWLOOH[LVWVDSDWKWRDQRQ;QRGHDQGWKHQWKHILUVWFDVH

HQVXUHV D SDWK 7KLV ORJLF LQ UHYHUVH DSSOLHV WR D SDWK IURP D
QRQ;QRGHWRDQ;QRGH
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/HWXVORRNDWDJRRGQRGHQDPLQJ$Q\QRGHIRUPHGDIWHU
WDNLQJWKHOLQHJUDSKRIDJUDSK*LVQDPHGE\FRQFDWHQDWLQJ
WKH QRGH QDPHV RI WKH VRXUFH DQG VLQN RI WKH HGJH LQ * )RU
H[DPSOH LI WKHUH LV DQ HGJH EHWZHHQ QRGHV QDPHG ; DQG <
ZKHUH ; DQG < FDQ EH DQ\ VHTXHQFH RI FKDUDFWHUV WKHQ WKH
UHVXOWLQJ QRGHRI WKLV HGJHLQ WKH OLQH JUDSK ZRXOGEH QDPHG
;<;LVWKHOHIWSUHGHFHVVRUDQG<LVWKHULJKWSUHGHFHVVRURI
WKLVQRGH;<7KLVKHOSVLQLGHQWLI\LQJWKHGHVFHQGDQWQRGHVRI
WKH EDVH JUDSK DPRQJ WKRVH RI WKH ILQDO JUDSK )RU H[DPSOH
OHW XV FRQVLGHU )LJ  ZKHUH D JUDSK RI Q  DQG G  LV
FRQVWUXFWHGDQGWU\WRWUDFHDVKRUWHVWSDWKEHWZHHQWKHQRGHV
WR
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)LJ D *UDSK* E *UDSK/ *  F *UDSK
(/ * ZLWK;QRGH G *UDSK0(/ * ZLWK
;QRGHV

Æ"Æ


% )LQDO*UDSKDQGQRGHQDPLQJ
)RU D XQLIRUP GLJUDSK RI GHJUHH G DQG Q QRGHV ZH FDQ
ZULWHWKHQXPEHUµQ¶WREDVHGDVEHORZIRUHDFKDMG
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 DLGD L GD L GD L G« GD



(TXDWLRQ   VKRZV WKH (/ *  WUDQVIRUPDWLRQ EHLQJ
DSSOLHG UHFXUVLYHO\ RQ WKH JUDSK RI WKH SUHYLRXV EUDFNHW WR
JHQHUDWHWKHFXUUHQWEUDFNHW7KXVLIZHFDQJHWDJRRGJUDSK
IRU WKH LQQHU PRVW EUDFNHW WKHQ HDFK VXEVHTXHQW EUDFNHW
VLPSO\LVWKH(/ * RIWKHSUHYLRXVJUDSKZKHUHWKHGLDPHWHU
RIWKHQH[WJUDSKLQFUHDVHVE\DWPRVW
7KHSUREOHPLVQRZUHGXFHGWRFRQVWUXFWLQJDJRRGµEDVH¶
JUDSKIRUWKHLQQHUPRVWEUDFNHWRIDLGD L QXPEHURIQRGHV
7KHDLPLVWRFRQVWUXFWWKHEDVHJUDSKZLWKDGLDPHWHUERXQGHG
E\  7KH GHWDLOV RI WKH EDVH JUDSK GHVLJQ DQG SURRI WKDW LWV
GLDPHWHULVERXQGHGE\ZLWKDFRQQHFWLYLW\RIGDUHSURYHG
LQ >@ :LWK WKH LQQHUPRVW JUDSK GHVLJQHG ZLWK GLDPHWHU DW
PRVW  HDFK EUDFNHW RQ WKH RXWVLGH LV HVVHQWLDOO\ D UHFXUVLYH
(/ * WUDQVIRUPDWLRQDVGHSLFWHGLQ)LJ
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)LJ)LQDO*UDSKFRQVWUXFWLRQ

7KH FRQVWUXFWLRQ RI WKH ILQDO JUDSK VWDUWV ZLWK WKH EDVH
JUDSK RI GLDPHWHU  DQG ZLWK HDFK (/ *  WUDQVIRUPDWLRQ WKH
GLDPHWHU LQFUHDVHV E\  PDLQWDLQLQJ WKH GHJUHH DQG
FRQQHFWLYLW\7KHILQDOGLDPHWHULVSOXVWZRWLPHVWKHQXPEHU
RI WLPHV WKH (/ *  WUDQVIRUPDWLRQ LV DSSOLHG ZKLFK LV
ňORJGQŉDQGKHQFHWKHILQDOGLDPHWHULVERXQGHGDERYHE\
 ňORJGQŉ   ňORJGQŉ7KLV UHVXOW LVWKHEHVW NQRZQ
GLDPHWHU IRU WKH FODVV RI RSWLPDOO\ IDXOW WROHUDQW GLUHFWHG
QHWZRUNVZKHUHWKHUHLVQRUHVWULFWLRQRQWKHQXPEHURIQRGHV
RUWKHGHJUHHWRWKHEHVWRIWKHDXWKRUV¶NQRZOHGJH



7KLVLPSOLHVWKDWLQWKHSHQXOWLPDWH(/ * JUDSKZHKDYH
WR ILQG D SDWK IURP  WR  DQG WKHQ VR RQ IURP  WR  DV
VKRZQEHORZ
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6LQFH Æ H[LVWV LQ EDVH JUDSK ZH KDYH EHHQ DEOH WR JR
GRZQUHFXUVLYHO\XQWLOWKHEDVHJUDSKWRILQGWKHUHTXLUHGSDWK
1RZZHZLOOWUDFHEDFNXSWRUHWUDFHWKHQRGHVDWHDFKVWHS
Æ ÆÆ 
ÆÆÆ


Æ Æ Æ 
 / *  QRGHV 

Æ
Æ
Æ

 Æ
Æ
Æ

 (/ *  QRGHV 

Æ[ [Æ

 Æ[ [Æ

Æ
 Æ

Æ
Æ


Æ

 Æ

/ *  QRGHV 
 [Æ[[
 [Æ
 [Æ
 [Æ[[
Æ
 Æ
 Æ[
 Æ
Æ[
 Æ[
 Æ
Æ[

Æ
 Æ

'LDPHWHU LV JXDUDQWHHG WR EH ERXQGHG DERYH E\

  ňORJŉDQGLQWKLVFDVHWKHGLDPHWHULV

 EDVH 
 %DVHJUDSK QRGHV 

)LJ([DPSOHRIDJUDSKRIQRGHVZLWKGHJUHH7KH
DUURZLQGLFDWHVWKDWWKHQRGHWRWKHOHIWRIWKHDUURZKDV
HGJHVWRQRGH V DIWHUWKHDUURZ
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,ILVNQRZQWREHIDXOW\WKHQDYRLGLQJHLWKHUWKHHGJH
RUZLOOQHYHUUHVXOWLQWKHQRGHLQXVHLQDQ\SDWK
+HQFHZHFRXOGWKHQWDNHÆÆDWWKHEDVHJUDSKOHYHODQG
WKXVJHWWKHSDWK  ÆÆ  
ÆÆÆÆ WKXV DYRLGV WKH IDXOW\
QRGH,WLVSRVVLEOHWKDWZHPLJKWQRWKDYHWRJRGRZQWRWKH
EDVHJUDSKVLQFHDQLQWHUPHGLDWHOHYHOPLJKWKDYHDGLUHFWHGJH
DQGLQZKLFKFDVHWKHSDWKLVEHWZHHQQRQGLDPHWULFQRGHV
& )LHOGRI,QIOXHQFH5RXWLQJ7DEOHIRU6HOI+HDOLQJDQGORJ
WLPH
7KLVOHDGVXVWRWKHFRQFHSWRIµILHOGRILQIOXHQFH¶RIDQRGH
RIWKHEDVHJUDSKXSRQWKHQRGHVLQWKHILQDOJUDSK,IDQRGHLQ
WKH ILQDO JUDSK KDV WKH UHJXODU H[SUHVVLRQ RI D QRGH RI DQ\
SUHYLRXVWUDQVIRUPDWLRQWKHQWKDWQRGHKDVDILHOGRILQIOXHQFH
RQWKHILQDOQRGH$VVXFKLQWKHGHWHUPLQDWLRQRIWKHVKRUWHVW
SDWKLIDOOILQDOQRGHVNQRZZKLFKQRGHVDUHIDXOW\WKHQWKH\
NQRZZKLFKHGJHV UHJXODUH[SUHVVLRQV WRDYRLGLQWKHVKRUWHVW
SDWKGHWHUPLQDWLRQ
+HUH ZH DUH QRW JRLQJ LQWR WKH GHWDLOV RI IDXOW\ QRGH
GHWHUPLQDWLRQ LQWKLVFODVVRI(/ * EDVHGQHWZRUNVSHULRGLF
EURDGFDVWV HQDEOH DOO QRGHV WR NQRZ ZKLFK DUH IDXOW\ QRGHV
DVVXPLQJ WKHP WR EH QRQ PDOLFLRXV LQ 2 ORJ Q  VWHSV 7KLV
SURRILVEH\RQGWKHVFRSHRIWKLVSDSHU>@ 
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,I LW LV NQRZQ WKDW HIIJIJJK LV IDXOW\ WKHQ WR DYRLG WKLV
QRGHWKHSDWKLQWKHEDVHJUDSKIURPGÆ«ÆKFDQDYRLGDW
OHDVWRQHRI WKH HGJHVHI IJ JKDQGE\ GRLQJ VR WKLV UHJXODU
H[SUHVVLRQZLOOQRWEHSUHVHQWLQDQ\RIWKHQRGHVRIWKHSDWKLQ
WKHILQDOJUDSKWKXVHQVXULQJDXWRPDWLFVHOIKHDOLQJ
1RWLFH WKDW DOWKRXJK WKH ILQDO JUDSK PLJKW FRQWDLQ DQ\
QXPEHURIQRGHVWKHURXWLQJWDEOHQHHGVWRKDYHRQO\ DLGD L

  URZV DQG FROXPQV DW PRVW G   (DFK URZ LQGLFDWHV WKH
VWDUWLQJQRGHDQGWKHFROXPQQXPEHUUHSUHVHQWVWKHILQDOQRGH
RIWKHEDVHJUDSK(YHU\HQWU\FRQWDLQVWKHQH[WQRGHWRWDNH
WR JHW WKH VKRUWHVW SDWK ,Q FDVH RI NQRZQ IDXOW\ QRGHV WKH
URXWLQJ WDEOH ZLOO DOORZ DYRLGLQJ VSHFLILF HGJHV RI WKH EDVH
JUDSK
1RWLFH WKDW WKLV VHOIKHDOLQJ SURFHVV HQVXUHV WKHUH DUH QR
ORRSVRUEDFNWUDFNLQJLQWKHVKRUWHVWSDWKGHWHUPLQDWLRQDQGWKH
VKRUWHVWSDWKLVDOZD\VREWDLQHG7KLVPHDQVWKDWWKHVWUHWFKRI
WKHVH JUDSKV LV DOZD\V  7KLV HTXDOV WKH WKHRUHWLFDOO\
PLQLPXPYDOXHSRVVLEOH7KHUDWLRRIWKHPD[LPXPDPRXQWRI
VWRUDJH UHTXLUHG WR WKH QXPEHURI QRGHV JURZV VPDOOHUDVWKH
QXPEHURIQRGHVJURZVVLQFHWKHPD[LPXPDPRXQWRIVWRUDJH
LVDIL[HGTXDQWLW\LUUHVSHFWLYHRIWKHQXPEHURIQRGHV
,IWKHIDXOW\QRGHVDUHKDYLQJWUDQVLHQWIDXOWVDQGWKHVWDWXV
DW D JLYHQ WLPH LV NQRZQ WR DOO WKH QRGHV WKH URXWLQJ FDQ EH
GRQH E\ DYRLGLQJ WKHVH QRGHV 2Q WKH RWKHU KDQG LI WKLV
WUDQVLHQW EHKDYLRU LV VHHQ WR EH PRUH SHUPDQHQW WKHQ D
GHFLVLRQ FDQ EH PDGH WR PDNH LW DV D SHUPDQHQW IDXOW WKXV
HQDEOLQJDFWLRQVWRUHFRQILJXUHWKHQHWZRUNLIUHTXLUHG
,Q>@LWKDVEHHQVKRZQWKDWWKHEDVHJUDSKRIGLDPHWHU
ZLOOVHHLWVGLDPHWHUFKDQJHE\DWPRVWLQWKHSUHVHQFHRI
QRGHIDXOW7KLVPHDQVWKDWWKHLQFUHDVHLQGLDPHWHURIWKHILQDO
JUDSK LV DOVR ERXQGHG E\  7KXV WKH GHWHUPLQDWLRQ RI WKH
VKRUWHVW SDWK LV EDVHG RII RI ILQGLQJ WKH SDWK EHWZHHQ WZR
QRGHVLQDURXWLQJWDEOHRIVL]HDWPRVWG+RZHYHUVLQFHWKH
GLDPHWHU LV DW PRVW  WKH QXPEHU RI VWHSV DUH OLPLWHG WR  
ORJGQ ±   7KXV WKH QXPEHU RI VWHSV LQ WKH SUHVHQFH RI RQH
IDXOWLVOLPLWHGWR ORJGQ± :LWKPRUHIDXOW\QRGHVWKH
QXPEHURIVWHSVWRGHWHUPLQHWKHVKRUWHVWSDWKJRHVXSLQVPDOO
DPRXQWVDQGWKHRYHUDOOQXPEHURIVWHSVLV2 ORJGQ ZKLFKLV
GXH WR WKH QXPEHU RI WKH (/ *  WUDQVIRUPDWLRQV IRU WKH ILQDO
JUDSK


)LJ)LHOGRI,QIOXHQFHDQGVKRUWHVWSDWK
GHWHUPLQDWLRQ

&RQVLGHUDSDWKEHWZHHQWZRQRGHVRIDJUDSKDEEFEFFGWR
KLLMLMMNLQ)LJ$QRGHµ\¶EHORZDQRWKHUµ[¶DORQJDFROXPQ
PHDQV WKH HGJH [Æ\ H[LWV DW WKDW (/ *  OHYHO DQG HDFK
FROXPQVKRZVWKHUHVXOWRIWKH(/ * RIWKHSUHYLRXVFROXPQ
2QO\ WKH VKRUWHVW SDWK EHWZHHQ WKH  ULJKWPRVW SUHGHFHVVRU RI
WKH VRXUFH QRGH µG¶ DQG WKH OHIWPRVW SUHGHFHVVRU RI WKH VLQN
QRGH µK¶ LVUHTXLUHGWREH NQRZQ LQURXWLQJ WDEOHV )URPWKH
URXWLQJ WDEOH RQFH WKH VKRUWHVW SDWK VKDGHG LQ \HOORZ  IURP
WKH ILUVW FROXPQ RI WKH EDVH JUDSK LV NQRZQ WR EH
GÆHÆIÆJÆKWKHQWKHIXOOSDWKLVDXWRPDWLFDOO\NQRZQGXH
WRWKHQRGHQDPLQJ
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$WWKLVVWDJHZHKDYHVKRZQWKDWWKLVPHWKRGXVLQJ(/ * 
DQG SURSHU QRGH QDPLQJ HQDEOHV XV WR ILQG WKH VKRUWHVW SDWK
ZLWK DQG ZLWKRXW QRGH IDXOWV LQ 2 ORJGQ  VWHSV 5HIHU WR WKH
H[DPSOHURXWLQJWDEOHLQ)LJ(DFKHQWU\RIWKHURXWLQJWDEOH
DW ORFDWLRQ DE  JLYHV WKH SULRULWL]HG OLVW RI WKH QH[W QRGHV WR
WDNH
,IWKHHQWU\LQ DE RIWKHURXWLQJWDEOHFRQWDLQV [\]« LW
PHDQVWKDWWRJRIURPDWREWKHQH[WEHVWQRGHLV[,IWKHHGJH
D[ LV WR EH DYRLGHG WKHQ WKH QH[W EHVW QRGH LV \ DQG VR RQ
7KHUH DUH G QRGHV LQ HDFK HQWU\ VLQFH ZH DOORZ XS WR G
IDLOXUHVLQWKHQHWZRUN,WLVLOOXVWUDWLYHWRQRWHWKDWWKHVWUHWFK
RI WKHVH QHWZRUNV LV IL[HG DW  LUUHVSHFWLYH RI WKH QXPEHU RI
QRGHV GHJUHHRU WKH QXPEHURI IDLOXUHV XS WRG VLQFHLWLV
SRVVLEOH WR FRPH XS ZLWK D IL[HG URXWLQJ WDEOH RQ D PXFK
VPDOOHUQXPEHURIQRGHVDSULRUL ,QFRQWUDVWZLWKWKHVWUHWFK
YDOXHVUDQJLQJIURPWRPRUHWKDQLQYDULRXVRWKHUQHWZRUNV
>@>@WKHVWUHWFKYDOXHRIWKHVHQHWZRUNVLVDOZD\V

7KHH[DPSOHURXWLQJWDEOHLQ)LJVKRZVWKHQH[WQRGHWR
WDNH ZKHQ JRLQJ IURP D QRGH URZ  WR WKH ILQDO GHVWLQDWLRQ
FRO 7KHFROQHYHUFKDQJHVDVLWLVWKHILQDOQRGHEXWWKH
URZVFKDQJHDVZHJRIURPRQHQRGHWRDQRWKHUEDVHGRQWKH
URXWLQJ WDEOH 7KH QRGHV HQWHUHG DUH LQ VRUWHG RUGHU LQ FDVH D
QRGHKDVWREHDYRLGHGIRUVHOIKHDOLQJSXUSRVHV
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1RZ ZH ZLOO H[SUHVV P  QG QRGHV WREDVHGDQGDSSO\
UHFXUVLYH(/ * VWHSVEXWDGGGLQWKHODVW0(/ * VWHSDVLQ
(T DQG )LJ  7KLV HQVXUHV WKDW ZH KDYH DW OHDVW G DQG DW
PRVW G QRGHV DYDLODEOH IRUUHFRQILJXUDWLRQDW DODWHU VWDJH
$Q H[DPSOH RI WKH QXPEHU RI HGJH PRGLILFDWLRQV KDV EHHQ
VKRZQLQ)LJIRUYDULRXVYDOXHVDQGW\SHVRIQRGHIDLOXUHV
1RWH WKDW WKHVH QXPEHUV DUH D IXQFWLRQ RI WKH W\SH RI QRGH
IDLOXUH ;QRGH QRQ;QRGH  DQG WKH GHJUHH QRW WKH QXPEHU
RIQRGHVLQWKHJUDSK7KHSHUFHQWDJHRIWKHHGJHVUHTXLUHGWR
EHFKDQJHGKRZHYHULVDIXQFWLRQRIWKHQXPEHURIQRGHV


«

«

Q

 DLGD L GD L GD L G« G DG 
DL

«



)LJ6DPSOHURXWLQJWDEOH7RSURZLVWKHILQDO
GHVWLQDWLRQOHIWFROXPQLVWKHFXUUHQWQRGHDQGWKHHQWULHV
DUHSULRULWL]HGQH[WQRGHV

9

UHFRQILJXUDWLRQLQYROYLQJDIDXOW\;QRGHDQGGIRUDIDXOW\
QRQ;QRGH



5(&21),*85$7,21'8(723(50$1(17)$8/76

,Q WKH SUHVHQFH RI SHUPDQHQW QRGH IDLOXUHV LW PLJKW EH
GHVLUHG WKDW WKH QHWZRUN EH UHFRQILJXUHG ZLWK WKH DYDLODEOH
JRRG QRGHV &RQVLGHU WKH ODVW VWDJH RI )LJ  ZKHUH D QRGHV
DUHEHLQJDGGHG,IWKHIDXOW\QRGHKDSSHQVWREHRQHRIWKRVH
D QRGHVWKHQ LWLV DV JRRGDV DGGLQJ D QRGHV LQ WKDW VWHS
)URPWKH(/ * FRQVWUXFWLRQWKHDQRGHVDUHWKH;QRGHVRI
WKHODVWVWHS+HQFHWRUHPRYHRQH;QRGHZHZLOOUHPRYHW
HGJHVWRIURPWKHUHPRYHG;QRGHLQVHUWWKHVHUHPDLQLQJW
QRGHV LQWR W HGJHV RI WKH QRQ;QRGHV SHU WKH (/ * 
FRQVWUXFWLRQ DQG UHFRQQHFW G W  QRQ;HGJHV ZKLFK KDG
WKLV ;QRGH LQVHUWHG LQ WKH (/ *  VWHS +HQFH ZH QHHG WR
GHOHWHDOWHUDWPRVW W G± W  GWHGJHVDQGVLQFHW
FDQEHDWPRVWGZHZLOOQHHGWRPRGLI\DWPRVWGHGJHV



7KXV ZLWK DW PRVW G HGJH FKDQJHV ZH KDYH D QHWZRUN
ZLWK WKH Q QRGHV LGHQWLFDO WR ZKDW ZH ZRXOG KDYH VWDUWHG
ZLWKLQWKHILUVWSODFHLIZHKDGWRGHVLJQDQHWZRUNZLWKQ
QRGHVLQVWHDG



171

 GDL
 G

DL

«

(/ *

 GD

0(/ *

 G DG
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7KHQXPEHURIFKDQJHVUHTXLUHGLQWKLVVLWXDWLRQLVVOLJKWO\
GLIIHUHQW IURP WKH FDVH ZKHUH ZH GLG QRW KDYH WKH 0(/ * 
VWDJH:HZLOOQHHG G HGJHVWREHUHFRQQHFWHGIRUWKH'G
SDUW  HGJHV IURP QRQ; VLGH IRU D WRWDO RI G HGJHV IRU WKH

(/ *
(/ * 

DG 



,IWKHIDXOW\QRGHKDSSHQVWREHDQRQ;QRGHWKHQZHZLOO
UHPRYHRQHRIWKH;QRGHVE\DERYHSURFHGXUHDQGLQVHUWLWLQ
SODFHRIWKHIDXOW\QRQ;QRGH7KLVZLOOPHDQWKDWLQDGGLWLRQ
WRWKHGFKDQJHVZHZLOOKDYHWRUHFRQQHFWGHGJHVWRWKLV
LQVHUWHGQRGHPHDQLQJWKHPD[LPXPHGJHFKDQJHVZHZRXOG
EHUHTXLUHGWRGRLVG

7KHVHWZRRSWLRQVPDNHDQDVVXPSWLRQWKDWDLVQRQ]HUR
7KLV ZRXOG QRW ZRUN LI WKH QXPEHU RI QRGH IDLOXUHV ZHUH
JUHDWHU WKDQ D $ GHFLVLRQ KDV WR EH PDGH DW WKH WLPH RI
QHWZRUNGHVLJQZKHWKHURUQRWWRWDNHDKLWRQWKHGLDPHWHUWR
HQDEOHWKHIOH[LELOLW\WRUHSDLUDFHUWDLQQXPEHURIIXWXUHQRGH
IDLOXUHV7KLVLVDFKLHYDEOHLQWKHODVW(/ * VWHSWRDOORZWKH
DGGLWLRQRIWGQRGHV$VGHILQHGLQ6HFWLRQ,9ZHZLOOWKHQ
KDYHD0(/ * DVWKHODVWVWHSRIRXUILQDOQHWZRUNGHVLJQVWHS
LQ)LJ

DL GDL

«



DL DL DL D

%DVH*UDSK





D












E




)LJ3HUFHQWRIQHWZRUNHGJHFKDQJHVWRUHFRQILJXUHIRU
;QRGHVRUQRQ;QRGHVIDLOZLWKDQGZLWKRXWWKH0(/ * 

1RWLFH WKDW UHFRQILJXUDELOLW\ UHVXOWV LQ WKH QHWZRUN EHLQJ
UHVWRUHG DV LI LW KDG EHHQ GHVLJQHG ZLWK WKH QHZ YDOXH RI WKH
QXPEHURIQRGHV1RWLFHWKDWWKHVHFKDQJHVDUH2 ORJGQ WKHUH
LVQRFKDQJHLQWKHGHJUHHRIWKHQRGHVRUWKHGLDPHWHUDQGWKH
FKDQJHG QHWZRUN KDVRSWLPDO FRQQHFWLYLW\7KLV LV LQ FRQWUDVW

ZLWKVRPHRWKHUPHWKRGVZKHUHWKHGHJUHHRUWKHGLDPHWHUFDQ
FKDQJH>@6OLJKWURXWLQJWDEOHFKDQJHVZLOOKDYHWREHPDGH
LQ WKLV FDVH WR FDWHU IRU WKH IDFW WKDW VRPH QRGHV KDYH EHHQ
UHPRYHG
9, &21&/86,21
,Q WKLV SDSHU ZH GHVFULEHG D FODVV RI XQLIRUP GLUHFWHG
QHWZRUNV FRQVWUXFWHG EDVHG RQ ([WHQGHG /LQH *UDSKV ZKLFK
UHVXOWHGLQWKHEHVWLQFODVVGLDPHWHUVDQGRSWLPDOFRQQHFWLYLW\
RI WKHVH QHWZRUNV )XUWKHU ZH VKRZHG D QRYHO QRGH QDPLQJ
PHWKRGVXFKWKDWWKHXSSHUERXQGRQWKHURXWLQJWDEOHVL]HLV
LQGHSHQGHQWRIWKHVL]HRIWKHQHWZRUNZKLFKHQDEOHV2 ORJGQ 
VWHSV WR GHWHUPLQH WKH VKRUWHVW SDWK LQ WKH QHWZRUN ZKHWKHU
VHOIKHDOLQJ LV EHLQJ SHUIRUPHG RU QRW 7KH VWUHWFK RI WKH
QHWZRUNLVWKHWKHRUHWLFDOO\EHVWSRVVLEOHYDOXHRILUUHVSHFWLYH
RIWKHQXPEHURIQRGHIDLOXUHVXSWR G DQGWKHVL]HRIWKH
URXWLQJ WDEOHV 7KH VKRUWHVW SDWK GHWHUPLQDWLRQ SUREOHP LV
UHGXFHG WR ILQGLQJ WKH VKRUWHVW SDWK LQ DW PRVW G QRGHV
LQGHSHQGHQW RI WKH QXPEHU RI QRGHV :H IXUWKHU DQDO\]H WKH
SHUFHQWDJH RI HGJH FKDQJHV UHTXLUHG WR UHFRQILJXUH WKH
QHWZRUNWRGLVFRQQHFWDSHUPDQHQWO\IDXOW\QRGH7KLVQXPEHU
LV D IL[HG IXQFWLRQ RI WKH GHJUHH RI WKH QHWZRUN EXW LV
GHSHQGHQWRQZKLFKW\SHRIQRGHLVDIIHFWHG)XWXUHZRUNZLOO
ORRN LQWR H[WHQGLQJ WKLV UHVHDUFK WR KHOS LVRODWH PDOLFLRXV
QRGHVDVZHOO

5()(5(1&(6
>@ &%HUJH *UDSKV DQG +\SHUJUDSKV $PVWHUGDP 7KH 1HWKHUODQGV
1RUWK+ROODQG
>@ $-+RIIPDQDQG556LQJOHWRQ2Q0RRUHJUDSKVZLWKGLDPHWHUDQG
,%0-5HV'HYHORS  ±
>@ :77XWWH$IDPLO\RIFXELFDOJUDSKV3URFHHGLQJVRIWKH&DPEULGJH
3KLORVRSKLFDO6RFLHW\  ±
>@ - 5 $UPVWURQJ DQG ) * *UD\ ³)DXOW GLDJQRVLV LQ %RROHDQ QFXEH
DUUD\ RI PLFURSURFHVVRUV´ ,((( 7UDQV &RPSXW YRO & SS 
$XJ
>@ - .XKO DQG 6 0 5HGG\ ³'LVWULEXWHG IDXOW WROHUDQFH IRU ODUJH
PXOWLSURFHVVRU V\VWHPV´ LQ 3URF WK $QQXDO 6\PSRVLXP &RPSXWHU
$UFKLWHFWXUH0D\
>@ / %KX\DQ DQG '3 $JUDZDO ³*HQHUDOL]HG K\SHUFXEH DQG K\SHUEXV
VWUXFWXUH IRU D FRPSXWHU QHWZRUN´ ,((( 7UDQV &RPSXWHUV YRO &
$SU
>@ 0 / 6FKOXPEHUJHU ³'H%UXLMQ FRPPXQLFDWLRQ QHWZRUNV´ 3K'
GLVVHUWDWLRQ6WDQIRUG8QLY6WDQIRUG
>@ '. 3UDGKDQ DQG 60 5HGG\ ³$ IDXOW WROHUDQW FRPPXQLFDWLRQ
DUFKLWHFWXUHIRUGLVWULEXWHGV\VWHPV´,(((7UDQVDFWLRQV&RPSXWHUVYRO
&6HSW
>@ ' . 3UDGKDQ = +DQTXDQ DQG 0 / 6FKOXPEHUJHU ³)DXOW WROHUDQW
PXOWLEXVDUFKLWHFWXUHIRUPXOWLSURFHVVRUV´LQ3URFWK,QW&RQIHUHQFH
RQ)DXOW7ROHUDQW&RPSXWHUVSS
>@ 0,PDVH76RQHRNDDQG.2NDGD³&RQQHFWLYLW\RIUHJXODUGLUHFWHG
JUDSKVZLWKVPDOOGLDPHWHUV´,(((7UDQVDFWLRQVRQ&RPSXWHUVYRO&
0DUFK
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>@ 8 6FKXPDFKHU ³$Q DOJRULWKP IRU NFRQQHFWHG JUDSK ZLWK PLQLPXP
QXPEHURIHGJHVDQGTXDVLPLQLPDOGLDPHWHU´1HWZRUNVYRO
>@ $6HQJXSWD3'-RVKLDQG6%DQG\RSDGK\D\´$6\QWKHVLV$SSURDFK
WR 'HVLJQ 2SWLPDOO\ )DXOW 7ROHUDQW 1HWZRUN $UFKLWHFWXUH´ ,(((
7UDQVDFWLRQVRQ&RPSXWHUVYRO-DQXDU\
>@ 'DQLHOD )HUUHUR DQG &DUOHV 3DGUR ³&RQQHFWLYLW\ DQG IDXOWWROHUDQFH RI
K\SHUGLJUDSKV´'LVFUHWH$SSOLHG0DWKHPDWLFV
>@ 0 $ )LRO , $OHJUH DQG - / $ <HEUD ³/LQH GLJUDSK LWHUDWLRQVDQG
WKH  G  N  SUREOHP IRU GLUHFWHG JUDSKV´ LQ 3URFHHGLQJV RI WKH WK
,QWHUQDWLRQDO 6\PSPRVLXP RQ &RPSXWHU $UFKLWHFWXUH 6WRFNKROP
6ZHGHQ
>@ 0$)LRO$6/ODGRDQG-/9LOODU³'LJUDSKVRQDOSKDEHWVDQGWKH
G1 GLJUDSKSUREOHP´$UV&RPELQDWRULDYRO&SS
>@ 0 $ )LRO - / $ <HEUD DQG , $OHJUH ³/LQH GLJUDSK LWHUDWLRQVDQG
WKH GN GLJUDSKSUREOHP´,(((7UDQVDFWLRQVRQ&RPSXWHUVYRO&
SS0D\
>@ 605HGG\-*.XKODQG6++RVVHLQL³2QGLJUDSKVZLWKPLQLPXP
GLDPHWHU DQG PD[LPXP FRQQHFWLYLW\´ LQ WKH 3URFHHGLQJV RI WKH WK
$QQXDO$OOHUWRQ&RQIHUQFH2FW
>@ '. 3UDGKDQ ³)DXOW WROHUDQW PXOWLSURFHVVRU OLQN DQG EXV QHWZRUN
DUFKLWHFWXUH´,(((7UDQVDFWLRQVRQ&RPSXWHUVYRO&-DQ
>@ /LX 6 7UDMDQRYVNL 3 9DQ 0LHJKHP ³5HYHUVH /LQH *UDSK
&RQVWUXFWLRQ7KH0DWUL[5HODEHOLQJ$OJRULWKP0$5,1/,1*$9HUVXV
5RXVVRSRXORV¶V $OJRULWKP´  'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\
VXEPLVVLRQWR[U;LYRUJ2FWREHU
>@ -1DRUDQG0%1RYLFN³$QHIILFLHQWUHFRQVWUXFWLRQRIDJUDSKIURP
LWVOLQHJUDSKLQSDUDOOHO´-RI$OJRULWKPV  
>@ -6XXUEDOOHDQG57DUMDQ³$TXLFNPHWKRGIRU¿QGLQJVKRUWHVWSDLUVRI
GLVMRLQWSDWKV´1HWZRUNVYROSS±
>@ 'DKDL;X<DQJ&KHQ<L]KL;LRQJ&KXQPLQJ4LDR;LQ+H³2QWKH
&RPSOH[LW\RIDQGDOJRULWKPVIRUILQGLQJWKHVKRUWHVWSDWKZLWKGLVMRLQW
FRXQWHUSDUW´ ,((($&0 7UDQVDFWLRQV RQ 1HWZRUNLQJ YRO  1R 
)HEUXDU\
>@ 3UDVKDQW'-RVKL6DLG+DPGLRXL³0RGLILHGXQLIRUPOLQHGLJUDSKVZLWK
RSWLPDO FRQQHFWLYLW\ DQG VPDOO GLDPHWHUHV´ )RUW\)LIWK 6RXWKHDVWHUQ
,QWHUQDWLRQDO &RQIHUHQFH RQ &RPELQDWRULFV *UDSK 7KHRU\ DQG
&RPSXWLQJ
>@ $PLWDEK 7UHKDQ ³$OJRULWKPV IRU 6HOI+HDOLQJ 1HWZRUNV´ 3K'
GLVVHUWDWLRQ8QLYHUVLW\RI1HZ0H[LFR1HZ0H[LFR
>@ $OSHU0L]UDN<X&KXQJ&KHQJ.HLWK0DU]XOOR6WHIDQ6DYDJH³)DWLK
GHWHFWLQJ DQG LVRODWLQJ PDOLFLRXV URXWHUV´ LQ WKH 3URF RI 7KH
,QWHUQDWLRQDO&RQIHUHQFHRQ'HSHQGDEOH6\VWHPVDQG1HWZRUNV
>@ 5REHUW 3RRU &KDUORWWH $XEXUQ DQG &OLII %RZPDQ´6HOI +HDOLQJ
1HWZRUNV´$&04XHXH0D\
>@ 0LKDHOD (QDFKHVFX 0HL :DQJ $VKLVK *RHO ³5HGXFLQJ 0D[LPXP
6WUHWFKLQ&RPSDFW5RXWLQJ´LQWKH3URFRI,(((,1)2&20
>@ 'PLWUL .ULRXNRY .HYLQ )DOO ;LDRZHL <DQJ ³&RPSDFW 5RXWLQJ RQ
,QWHUQHW/LNH*UDSKV´LQWKH3URFRI,(((,1)2&20
>@ $LIHL =KRQJ 6UHKDUL 1HODNXGLWL <LQ]KH <X 6DQJKZDQ /HH -XQOLQJ
:DQJ &KHQ1HH &KXDK ³)DXOXUH LQIHUHQFLQJ EDVHG IDVW UHURXWLQJ IRU
KDQGOLQJ WUDQVLHQW OLQN DQG QRGH IDLOXUHV´ LQ WKH 3URF RI ,(((
,1)2&20
>@ 6DLD - 7UHKDQ $ ³3LFNLQJ XS WKH SLHFHV VHOIKHDOLQJ LQ
UHFRQILJXUDEOHQHWZRUNV´,(((,QWHUQDWLRQDO6\PSRVLXPRQ3DUDOOHODQG
'LVWULEXWHG3URFHVVLQJ
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Abstract—Network Fault Tolerance has classically focused on
the connectivity of the underlying graph of the network. A kconnected graph will tolerate up to k-1 node or edge failures
allowing the remaining nodes to still communicate between them.
The introduction of ‘Containers’ of the underlying graph enabled
the measurement of the graceful degradation of the remaining
network with the removal of faulty nodes and edges. This metric
was required to bound the diameter degradation of the network.
Recently, another major metric ‘Region Based Connectivity’,
was introduced to study the locality of the faults in network
robustness, by studying the resilience of networks with the loss of
regions instead of individual nodes. Since real life networks often
have localized outages, it is important to study losses of regions at
a time. In this study, we introduce a new concept called ‘Region
Based Containers’ of graphs. This framework will enable the
analysis of fault tolerant networks where the two paradigms are
brought together to study the graceful degradation of networks
when multiple regions are affected.
In this paper we propose a framework for network QoS using
Region Based Containers and its application to fault tolerant
design of networks. We then describe an example of networks
built by regular Extended Line Graphs and present tight bounds
in network degradation with multiple region failures. In the
example the diameter of these networks degrade by at most one,
despite the failure of d-1 regions where d is the regular degree of
the network. The upper bounds on the size of these regions is
presented.
This metric is especially applicable to networks where faults
are either localized by nature, or faults tend to result in
cascading errors in their vicinity, such as power distribution
networks, server clusters, or in extreme environments where
redundancy of paths is necessary rather than a bonus.
Keywords—Fault Tolerant Networks, Graph Containers,
Region Based Connectivity, diameter degradation, Extended Line
Graphs

I. INTRODUCTION
Networks have been studied for decades due to their
societal applications in civilian and military areas like
communication, transportation, power distribution, etc.
Recently, applications in sensor networks and applications in
low power mobile devices have renewed interest in fault
tolerance of these networks. New ideas to measure the
degradation of the quality of the results in the presence of
faults help better analyze the network, over the traditional
metric of connectivity and diameter. A k connected network
can tolerate k-1 node or edge failures. The diameter of the
underlying graph of the network determines the worst case
delay between two communicating nodes. However, these
metrics do not indicate what the delay would be in the presence
of some faults.
The concept of d-wide diameter of a network was
introduced by Hsu [2] and a lot of work based on this linked
connectivity and diameter in the presence of faults [3, 4]. For
some nodes x, y1, y2, … yw of a graph G without self-loops or
multiple edges where w is a positive integer and x is not equal
to yi, for any i, a collection of internally node disjoint paths
from x to y1, y2, ..yw one for each yi, is defined as a star
container from x to y1, y2, … yw. In the special case y1 = y2 = …
yw, the w-star container is called a w-wide container from x to
y. The maximum length of the paths in the container is the
length of the container and w is the width of the container. The
w-wide distance from x to y is the minimum of all possible
container lengths from x to y and is denoted by denoted by
dw(x, y). The w-wide diameter of a connected graph G is
denoted by Dw(G) and defined as Dw(G) = max{dw(u, v): u, v א
V }. A container of a graph helps quantify the degradation of
the diameter of the network with faults.
In some practical networks, faults at times get localized.
The impact of locality of faults was captured by the new metric
Region Based Connectivity introduced in [5]. The metric of
region based connectivity helps analyze the connectivity by
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analyzing multiple region failures as against individual nodes
or edges.

p

Figure 1. Region of radius two centered at
node p

A region that fails, results in all nodes in that region
becoming incommunicable. A region can be defined in a
geometric or a topological sense. A geometric region that fails
refers to an actual three dimensional space that fails, while a
topological region refers to a set of nodes in the graph in the
vicinity of a failing node. Figure 1 shows an example of a
topological region.
The red nodes and edges around the node p a distance of
two behind and ahead of the node p (encased in between the
dotted edges) are considered to be in the topological region
centered at p. The maximum number of nodes in a region is
bounded above by 2[(d(r+1) -1)/(d-1)] – 1 in a regular graph of
degree d and radius r. This work will consider topological
regions only.
To the authors’ knowledge no work has been done that ties
these two metrics together. This paper proposes the use of a
framework to analyze networks using the concept of ‘Region
Based Containers’ which will quantify the degradation of the
message passing delays in the presence of multiple region
failures.
This paper is organized as follows. Section II deals with a
short description of some terms used. Section III proposes the
framework that should be used and Section IV gives an
example of Extended Line Graphs which can be proved to have
excellent bounds in Region Based Container diameters. Section
V concludes with ideas for extension of this work.

Two node disjoint paths from p to q have no common node
except for p and q. A digraph is strongly connected if any node
can be reached from any other node in it. The connectivity of a
digraph is x if the removal of any x-1 nodes still keeps the
remaining digraph strongly connected, and the removal of
some specific x nodes results in the digraph becoming nonstrongly connected. The connectivity is obviously bounded by
the minimum degree of any node in the digraph. If a digraph
achieves this connectivity, it is called an optimally connected
digraph. The distance between two nodes is the number of
edges in the shortest path between them. The diameter k(G) of
the digraph is the largest value of the distance between any two
nodes of the digraph.
A Line Graph of a digraph G = (V, E) is L(G) = (V1, E1)
such that V1 = E and E1 = {(a,b) | a = (u1, u2) is an element of
E and b = (u2, u3) is an element of E }. The diameter of the
line digraph k(L(G)) is at most one more than the diameter of
G. Also, the connectivity of L(G) is the same as that of G [7].
An Extended Line Graph EL(G), of a regular digraph
G=(V,E) of degree d and connectivity d, is L(G) with t
additional nodes, t<d so that the number of nodes of EL(G) =
n*d + t, such that the EL(G) also has degree d, connectivity d,
diameter k(EL(G))  k(G) + 2. [6, 7].
The w-wide diameter of a graph is denoted by Dw(G) and is
defined as the max(dw(x, y): x, y  אV).
A Dd digraph is a regular circulant digraph (V, E) such that
V is a set of nodes {0, 1, (n-1)} and E = {(a, b) s. t. a and b are
elements of V; b = (a + k) mod n, 1  k  d}. This digraph is
known to be d-connected, and have a diameter bounded by (ڿn1)/dۀ. The d-wide diameter is ہሺȀd)ۂͳ.
Like the concept of a vertex cut, the region cut is the set of
regions which when removed results in the remaining graph
becoming disconnected. The region based connectivity of a
graph or RBC = k, implies up to any k-1 regions can be
removed without making the remaining graph disconnected.
Since any graph of minimum degree d cannot have an RBC >
d, a graph that achieves the RBC of the minimum degree will
be called an optimally region based connected graph. For a
regular graph this would be d.

II. BASIC DEFINITIONS
Most of the terms used in this work are from standard
graph theory terminology and can be found in West [1] and
other works on containers [2-4] and extended line digraphs [68]. A digraph G = (V, E) has n = |V| nodes and (p, q) is an
element of E if there is a directed edge from the node p to node
q. The node p is the predecessor of q, and q is the successor of
p. The indegree (correspondingly outdegree) of a node is the
number of edges incident into (correspondingly out of) that
node. In a regular digraph the indegree and outdegree of all
nodes are equal to the degree d. A path from a node p to node q
is a sequence of adjacent edges that start from p and end in q.

x

y

Figure 2. Region Based Container between nodes x, y

We define the concept of d-wide Region Based Container
of a network as follows. For distinct nodes x, y of a graph G
without self-loops or multiple edges and w, r positive integers,
a collection of w internally node disjoint paths from x to y, such
that two nodes on different paths cannot lie in the same region
of radius r of any other node in the paths. The d-wide lengths
of such containers across all x, y  אV is the d-wide diameter of
the Region Based Container of this graph. Figure 2 shows an
example of a Region Based Container where there are three
region disjoint paths with each region based on each node
along the paths having no common node with any other region.
The term network and graph is used interchangeably and all
graphs considered here are digraphs.
III. PROPOSED FRAMEWORK.
The quality of service (QoS) of a network not only should
include information on the connectivity of the network and
hence the reliability of sending messages, but also the delay in
doing so. This delay is a not only a function of the network
topology itself but also of the failures at any given time in the
network. The number and location of the faults will affect the
QoS.
The w-wide distance of containers of the underlying graph
of the network will bound the degradation of the delay with
failures. In a network, dw(x, y) = l denotes the longest delay in
a set of w node independent paths between x and y and is the
container length.
By taking all possible containers between the source and
the destination, we are indicating that Dw(G) will bound the
worst delay in the network with w-1 failures no matter what set
of w node independent paths are used by the network for
communication. This is a powerful metric that bounds the QoS
with w-1 individual failures irrespective of their locality. Note
the difference of this metric from the diameter of a network
which indicates the largest of the shortest paths between all
pairs of nodes. It is illustrative to note that the two definitions
coincide when w = 1.
On a different note, the Region Based Connectivity is a
powerful metric which is especially useful for networks that
can have spatially correlated faults, or faults that cascade onto
the neighboring nodes, such as in a military environment or a
power distribution network. Since the faults in such scenarios
often are localized, the analysis might unfairly give pessimistic
QoS analysis of such networks by assuming a random location
of individual faults. Hence Region Based Connectivity helps
give a practical measure of goodness to such networks. The
faults localized in one region only are termed Single Region
Fault Models (SRFM) while analysis of multiple regions is
termed Multiple Region Fault Models (MRFM).
A framework that would consider a QoS of a network that
takes into consideration not just the connectivity in terms of
multiple faulty regions, but the message delays with region
faults also would help network designers bound the QoS
despite any type of failures. This captures the diameter
degradation in the presence of not just point, but region
failures.

This framework would have applications in most areas of
networking to help design and quantify up front best case and
worst case QoS.
IV. EXAMPLE NETWORK WITH TIGHT BOUNDS
Design of networks using recursive applications of the
Extended Line Digraphs has been studied previously [6-8]. The
network is designed by first designing a ‘seed’ digraph which
is modified recursively by applying the Extended Line Graph
transformation to obtain a regular directed network with a
required number of nodes. These networks have been shown to
have some very good network qualities of very low diameters,
2logdn, where n is the number of nodes with regular degree d,
and the Dw(G) is known to be 2logdn + 1.
The design method for this family is briefly mentioned here
for clarity. To design a network of degree d and n nodes, write
the number n to base d, as below with each aj<d.

Ă

n = ( (..((aid + a(i-1))d + a(i-2))d +a(i-3))d )d+a0

(1)

The innermost bracket (highlighted in green) is the seed
graph and each Extended Line Graph transformation is the next
bracket recursively, the first of that recursion being shown as
the highlighted yellow part in Equation 1. Since each Extended
Line Graph maintains the connectivity and degree, and
increases the diameter and container length by at most two
each time, the seed graph becomes the determining factor for
the diameter and the Dw(G).
The seed digraph construction consists of two cases
resulting in a diameter of four. Let s represent the number of
nodes required from the seed digraph. If the innermost bracket
has ai = 1 and ai-1 = 0, then let s include the next bracket also
and hence design the seed digraph with s = d2 + a(i-2) number of
nodes. Note in this case the number of times EL(G) is applied
will be less by one.
Case 1: s < 4d+2. In this case a simple Dd circulant digraph
suffices. Note that when d equals two or three, this is the only
case that is applicable, since for these constraints the diameter
is bounded above by four in a Dd graph.
Case 2: For s > 4d+1 design the seed digraph with d
columns. There will be at least four complete rows. Any extra
nodes on the last incomplete row are stacked to the right and
on top of the last completed row. Each row will be a Dx
digraph and each column will be a Dy digraph as shown in Fig.
3. The value of y is (R-1) if the number of rows R < (1 +
ہሺȀ2))ۂ, else y is ڿd/2ۀ, while x = (d – y).
Figure 3 shows an example of building the seed graphs,
while Figure 4 shows the process for construction of the final
graph.
Any node formed after taking the line graph of a graph G,
is named by concatenating the node names of the source and
sink of the edge in G. For example if there is an edge between
the nodes X and Y, where X and Y can be any sequence of
characters, the resulting node of this edge in the line graph
would be named XY. X is the left predecessor and Y is the
right predecessor of this node XY. This helps in identifying

1

maximum number of nodes equal to 2[(d(r+1) -1)/(d-1)] – 1
where r = logdn – 2. It can hence be seen that this network has
a Region Based Container of diameter 2logdn + 1 also.

k

V. CONCLUSION

d/2
i
R
d/2
1

j

l

d

Figure 3 Consider all paths from (i,j) to (k,l) to determine the
d-wide diameter of the seed graph

which nodes of the final graph are the descendants of which set
of nodes in the seed graph.
It can be seen that a node occurring in a path of a seed
graphs between two nodes will not occur in any other node
disjoint path between the same nodes. By the node naming
[6,8] with the Line and Extended Line Graphs, it follows that
the final graph will also not share the same node in its node
disjoint paths. It is beyond the scope of this paper to show the
detailed proof that if a node ‘p’ occurs in only one path
between two nodes x, y of a seed graph, then the final graph
will be able to avoid a region based on the node p, for the path
based on the node x to the node based on the node y. Also, the
size of the region will be at most equal to 2[(d(r+1) -1)/(d-1)] – 1,
where r = logdn – 2 is the number of times the Extended Line
Graph transformation was applied.
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Figure 4. Final Graph generation
This example shows a real network example that has the
following properties. The diameter of the network is bounded
by 2logdn, while the d-wide diameter is bounded above by
2logdn + 1. This shows a very tight bound in the degradation of
the message passing delay with not only d-1 node failures, but
d-1 ‘region failures’, where each region size can have a

This work proposes a framework using a new concept of
‘Region Based Container’ and is an effort to showcase the
usefulness of the merging of two distinct metrics in use today
in determining the QoS of networks, namely the Region Based
Connectivity and the diameter of the containers based on the
underlying graph of the network. Looking at each of them
separately does not give the more important metric of how the
network would degrade in the presence of region failures,
instead of node or link failures.
An example was shown of a family of networks having not
just extremely tight diameter and region based connectivity,
but also very tight diameters based on the Region Based
Containers, showing that this family of networks is very
reliable despite region failures without sacrificing QoS. This
framework will allow network designers to analyze good
estimates of delays under extreme conditions, especially in
cases where multiple regions of faults can occur.
As future work, analyses of existing network topologies
and comparison with the networks based on recursive extended
line graphs will be done.
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4
Security
Papers published in this category:
• IEEE DFTS 2014 : Security Methods in Fault Tolerant Modified Line Graph based Networks
Networks require the mitigation of threats to security due to faults and malicious attacks. These attacks can be of many types like Denial of Service, misdirection of data packets or even getting access to sensitive data. At the level
of the topology of a network, the types of issues to look into include intentionally or unintentionally misdirected paths. This might require the knowledge
of what is the ‘correct’ path and next node, given the original source and
destination of the data.
This class of networks lends itself with being able to identify misdirected
data packets due to the small size of the routing tables, and the ability to keep
alternate paths in the presence of faults. The method to identify a misdirected
packet and forward to the correct one can be done in O(log n) steps.
This study defines a new method called WISH (What I See and Hear) which
passively analyzes the paths at each step to ensure that the right path is
being traversed. Each node has a color associated with it based on the nodes
from the seed torculant graph which was used to generate the final network.
The routing table kept in each of the final network’s nodes, is based only on
the number of nodes in this seed torculant graph.
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4. Security

4.1. Control security with WISH protocol (‘What I
See and Hear’)
he work in this subsection describes the main results of the paper Security
T
Methods in Fault Tolerant Modified Line Graph based Networks. Networks are often designed to withstand failures, which in turn can make them vulner-

4

able to unintentional or malicious attacks. Extensive cryptographic key distribution
systems or trusted databases are often used to mitigate the threats. This paper
describes a unique way of identifying misdirected messages very quickly using a
method called WISH (What I See and Hear).
The procedure uses the fact that the networks designed using the method described in this work use only the routing table based on the seed graph and not
the final graph, and hence analyzing it is not a very time consuming task. Each of
the nodes of the seed graph are colored with a number based on their names. The
message passing along the shortest path hence is a function of the colors along the
path. An algorithm determines what the color of each intermediate node should be
based on the colors of the shortest forward path and those of the nodes already
travelled. Each node performs this check and if that color does not match it’s own
color then an error is identified. This is practical because of the very small routing
tables for these networks.

5
Conclusion
This chapter summarizes the overall achievements of this dissertation and
highlights some future research directions. Section 5.1 presents a summary
of the main conclusions presented in this dissertation. Thereafter, Section
5.2 recommends future research directions.
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5. Conclusion

5.1. Summary
his research work is focused on describing the mathematical procedure to deT
sign optimally fault tolerant regular directed networks with no restriction on the
number of nodes or the degree of each node. The procedure introduced a new

5

topology called a ’torculant’ which was the merger of a torus and a circulant,
to serve as a seed graph. This seed graph when tranformed recursively using a
new procedure called the ’Extended Line Graph’ resulted in the diameter being
2log n, where d is the degree and n is the number of nodes, which is the best
known in literature without such a restriction. The routing tables were shown to be
a function of d and not n which makes them orders of magnitude smaller enabling a
large number of beneficial properties. These properties include finding the shortest
paths very quickly and efficiently with and without the presence of node faults, thus
enabling self-healing in the presence of known faults. In addition, the degradation
of the diameter in the presence of up to (d - 1) node faults is only one, which is an
extremely tight bound which shows the efficacy of this method.
Subsequently, this research explored the concept of topological region based
connectivity on this family of networks. It was shown that these networks can
withstand up to (d - 1) topological region faults, and an upper bound on the size of
each region was shown to be at most 2(
)–1 nodes, where r is the radius of
the region. A new concept called ’region based containers’ was introduced to
study the degradation of the diameter in the presence of topological region failures.
The robustness of this method was underscored by showing that the diameter of
the network is degraded by one despite these region failures.
It is important to emphasize that this new topology shows a lot of promise in
comparison with the existing supercomputer network topologies. It has important
scientific and technical implications to society, in that the performance of supercomputers can be further improved without detriment to the complexity or power
consumption. This thesis has shown that it is possible to increase the number of
processing elements by orders of magnitudes for the same constraints as allowed
by some implementations of some of the fastest supercomputers of today. On the
other hand, for the same number of processing elements, the performance would
go up many fold.
Chapter 1, ”Introduction”, briefly introduced the topologies and issues around
the topologies of the supercomputers of the last decade. Thereafter, it showed that
the impressive exponential gain in the performance over the last few decades has
primariliy been due to the increase in the number of processing elements that have
been networked together using good topologies. This then formed the motivation
of the thesis and the focus was on reliability, robustness and security. The thesis
focused on a new topology that is obtained by a series of recursive steps performed
on a new topology called the ’torculant’.
Chapter 2, ”Reliability”, focused on the design of very high performance reliable
topologies with graceful degradation which can be designed into the specifications
of the system. It showed how networks can be designed with extremely low delays
without increasing the degree of the networks. In addition it was shown that these

5.2. Future Research Directions
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networks can be designed with specifications that let the degradation be very tightly
bound in the presense of a new metric dealing with region faults in addition to point
faults.
Chapter 3, ”Robustness”, focused on the ability of these networks to function in
spite of faults. The ability of ’self-healing’ when specific types of faults are detected,
enable the system to work outside of its specifications, thus making it robust. Such
rerouting on the fly, taking into possible faults that are region based gave rise to
a new paradigm for network analysis. It was shown that on this new metric, the
proposed robust networks outperform the existing supercomputing topologies.
Chapter 4, ”Security”, proposed a new security protocol (WISH), to identify
misdirected messages with or without the presense of faults. This was possible
because the controls for tracking the message paths were dependent on a very
small routing table, orders of magnitude smaller than what would be otherwise
required.

5.2. Future Research Directions
everal recommendations can be suggested to further improve the state-of-theS
art. They are organized by the different aspects of the research topics as listed
below.
• Reliability
It might be desireable in the specification of a network topology to define among
other constraints discussed, the average delays with and without faults instead of
the maximum delays. Such analysis and comparison with existing topologies will
help give a more realistic performance expectations instead of only bounding the
worst. It might also be instructive to look at some real network loads and do some
simulations with the various topologies.
Another interesting extension to the reliability specifications deals with the delays on broadcast of messages from a node to all others. This would require more
study of the w-star diameters of the existing networks as well as the proposed
network.
• Robustness
An extention to robustness would involve the physical placement of the nodes
in a real server environment. This will help extend the analysis of robustness to not
just topological but also geometric region connectivity of the system.
• Security
Security is by far one of the fastest growing concerns in networks as of late. One
of the important extensions to this work in the area of security would be to design
routing algorithms which will help identify faulty nodes, malicious or otherwise, to
isolate and remove them from the network automatically. The framework for such
methods is available with the WISH protocol proposed, and it would be illustrative
to implement real networks to test such new algorithms.
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