Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Structural Quality of Service in Large-Scale Networks

Pedersen, Jens Myrup

Publication date:
2005

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Pedersen, J. M. (2005). Structural Quality of Service in Large-Scale Networks. Department of Control
Engineering, Aalborg University.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 19, 2024


https://vbn.aau.dk/en/publications/3e98c5f0-f596-11da-9980-000ea68e967b

Structural Quality of Service
In Large-Scale Networks

Ph.D. Thesis
Submitted to the Faculty of Science,
Aalborg University,
April 2005

Jens Myrup Pedersen

Aalborg University
Center for Network Planning
Center for Telelnfrastruktur

Department of Control Engineering



Structural Quality of Service in Large-Scale Networks
Ph.D. Thesis

Copyright(©2005 Jens Myrup Pedersen

ISBN: 87-90664-25-6



Preface

This thesis is a result of my Ph.D. study at Department of Control Engirgénisti-

tute of Electronic Systems, Aalborg University, Denmark. The work hasa barried
out within the research project “The Structural Impact on Quality of iBerRaram-
eters”, under supervision of Professor Ole Brun Madsen.

The project is funded by Aalborg University, The Tele Danmark Reseeund and
KMD.

The thesis describes and analyses some network structures, whicdearkefor de-
signing large-scale networks with well-defined and well-describable bjobaer-
ties. It consists of three parts:

| Introduction and Background
Il Papers

I1l Conclusion and Future work

Part 1l is the most important since it presents most of the background, #i-me
ods, and all results. It consists of 8 conference papers, whichbeeme reviewed,
accepted, presented and published in conference proceedingsnamdanuscript
submitted for the journal Computer Communications.

Each chapter of Part Il contains one paper, ordered with regardit@timents rather
than chronologically. The papers are self-contained and presenpedhiéshed, with
only a few minor corrections of language, typos etc. This means that pettsits

appear in more than one paper. In order to increase readability, and édtineethesis
a uniform entity, the following applies to each paper:

e A section labelled “Preface” has been added in the beginning of eadh, pap
describing the context and contribution of the paper as well as creditirapthe
authors, and a section labelled “Additional comments” has been added to some
of the papers, containing additional comments and results. These additional
sections are marked in the section headings by an * to indicate that they were
not included in the original papers.

e The papers are presented with a uniform formatting. Information on tteeesu
is given in the preface of each paper, and the key-words left out.s&tion



division is not changed, except for the addition of Preface and Additiom-
ments. The numbering of sections, figures, and tables has been uniéied. S
tions are numbered globally for the whole thesis, whereas figures and table
are labelled according to the chapter in which they appear (i.e. the firsitable
Chapter 4 is labelled Table 4.1).

¢ All references are assembled in the Bibliography at the end of the théwyg. T
are listed in alphabetical order, but are the same as in the published.papers

e Where appropriate, figures have been replaced by colour figunéswas not
possible in the conference proceedings, but increases readability.

The papers in Chapters 4-5 are the most general papers, descaliafglity de-
mands in future access networks and evaluation parameters for sudarketmic-
tures. The papers in Chapters 6—8 deal with different aspects ofdppal Routing
and 4-regular grid (2D mesh) network structures. The papers in Ghepté2 de-
scribe different properties aV2R network structures. For a complete overview,
please see the thesis roadmap on page xi. A more detailed introduction qfsgsarh
is given in the preface added to each paper.

Aalborg, Denmark, April 2005 Jens Myrup Pedersen
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Summary

This thesis deals with applying well-ordered and symmetric graph structueeg &

scale networks, in order to design network infrastructures possessihgefined,
describable, and predictable properties. The main focus is on wired mkeitvias-

tructures covering larger geographical areas, but the results gisotamther types
of networks, e.g. networks within a single room or single building.

The increasing digitalisation has created the base for two important trends within
networking: co-existence and convergence. Before the digitalisatiost, mowvorks
were dedicated to specific services such as sound, video, and dataddy multi
service networks are becoming widely used for a large variety of seraod ap-
plications. This is clearly seen in the Fiber To The Home implementations, where
the same fiber is used for sound, video, data, and combinations herkey. can

also be used for new services, not necessarily known at the time of tastioic-

ture being designed or implemented. Examples of services under devetogamen

be found within areas such as tele-medicine and surveillance. Diffgpptitations

and services have different requirements to the networks; many appisagmand
best-effort service only, with few requirements to the network. Othemsade high
reliability, high bandwidth, short transmission delays, or combinations di sec
quirements.

Thus, the convergence creates new possibilities, but also leads tosingrdamands
on the networks, because they must satisfy the very different requiteemanded
by various applications and services. Even short outages can be brghdsl, and
this higher vulnerability to failures and attacks is worsened by an increagng
eral dependency on networks, both within and between differenpgrofiusers, i.e.
public institutions, enterprises, and private users. To what extenea getwork can
deliver a required service/quality depends on a large number of fadtoesphysical
infrastructures play a particularly important role here because theyxpemsive and
difficult to change once established, and because they are expeciebta kignifi-
cantly longer lifetime than the active equipment. This is also true for the Fibeh&o T
Home infrastructures currently being implemented. These are expectegtiomest
households in Denmark as well as many other countries within the next $8a2§;
the physical topologies/structures of these networks should be carefiolben, such
that they are implemented correctly at the first attempt. For this reason, this thes
primarily relates to these. In order to obtain the best possible supporefdethands

Vii



posed by different services, the network structures should be @ssaprording to
a set of parameters, which have been identified and described in this thiiiss
different from previous approaches, where networks have ble@ngd in an ad-hoc
manner, and lines simply added when increasing demands for capacityo&heQ
quired so. This makes it increasingly difficult to maintain an overview, andesiak
it virtually impossible to provide general global guarantees except fst-dfort.
Lack of focus on structural properties has resulted in networks,even a single
failure may have unpredictable consequences. Planning based on(St@aSural
QoS) does, in contrast, focus on structural properties, includingosufgy routing,
restoration, and protection schemes.

This thesis analyses different classes of network structures, angoodhese param-
eters. The analyses are based on abstractions, where networkresutiregarded
as graphs. The distances - mainly diameter and average distance -chte inskicate
transmission delays and resource usage, while support of algorithmoaiforg, pro-
tection, and restoration as well as connectivitgiameters, an@-average distances
are used to determine the levels of reliability supported. Focus is on streigtitte
low nodal degrees, because other structures are hard to physicallyriemgleMost
attention is paid to two types of structures, 4-regular grid &2dk. For the 4-regular
grid, table-free topologically based routing schemes are devised alydeghaas well

as methods and extensions facilitating physical implementations, such as'hieahr
extensions reducing distances significantly, and pruning, reducingithber of lines
while only slightly affecting the distances. T2 R structures are mainly analysed
with regard to diameter, average distancaliameters, ané-average distances. The
different choices of analysis parameters are partly due to differémtes structures:

to fully benefit from the 4-regular grid structures, a high level of olgrlanning is
required, whileN2R structures act as a more immediate alternative to the widely
used fiber rings. For this reasoN,2R structures are also compared to two other
3-regular structures, Double Rings and Degree Three Chordal Rings

The research conducted is mainly theoretical, but with a clear focus tewwpplica-
tions, and it forms an important and strong fundament for more practicaénted
research in using well-ordered graph structures in practical netwarijng. The
work described in the thesis is a first step of research in SQoS-basedrk@lan-
ning, and acts as a base for future research, where simulations, tesniempédions,
and development of methods for physical implementation are expected torheshe
important areas. The results also form the base for considerationsearch in how
SQoS-based planning can be used in the planning of wireless netwarksoBac-
tors such as high potential node degrees and high connectivity, théserdifably
from wired networks.

viii



Danish summary — Dansk
sammenfatning

Denne afhandling omhandler anvendelse af velordnede og symmetresfiotrghk-
turer i store netveerk, med henblik pa at konstruere netveerksinfrasteulder besid-
der veldefinerede, beskrivbare og forudsigelige egenskabefokeseres pa tradede
infrastrukturer, der deekker stgrre geografiske omrader, men tesnéialsekker ogsa
andre typer netveerk, f.eks. netvaerk indenfor ét rum eller én bygning.

Den ggede digitalisering har skabt basis for to vigtige tendenser indeeftegerk,
sameksistens og konvergens. Hvor det tidligere var udbredt med dedikeetvaerk

til enkelte tjenester som f.eks. lyd, billede og data, anvendes multiservieenetv
stadig hgjere grad til forskellige typer af tjienester og applikationer. Dadwniling
ses tydeligt i Fiber Til Hlemmet implementationer, hvor den samme fiber anvendes
til lyd, billede, data samt kombinationer heraf, og samtidig giver mulighed fer ny
tienester, der ikke behgver veere kendt pa det tidspunkt hvor infkasten designes
og implementeres. Eksempler pa tjenester under udvikling findes inden féademr
som telemedicin og overvagning. Forskellige applikationer og servicefotskel-
lige krav til de netveerk, de kommunikerer over. Mange applikationer krdave
best-effort services, der ikke stiller saerlige krav til netvaerkene. ékdiever hgj
palidelighed, mens andre igen kraever hgj bandbredde, korte transmtatgo eller
flere af delene samtidig.

Konvergensen skaber sdledes nye muligheder, men medfarer og$d lage til
netveerkene, der skal tilfredsstille de meget forskellige krav, forsketjaggester
og applikationer stiller. Selv korte afbrydelser kan blive meget kritiskedeq
ggede sarbarhed over for fejl og angreb forstaerkes af en demget afhaengighed
af netveerk, bade for og imellem offentlige institutioner, virksomheder ogapri
personer. | hvilken udstreekning et netveerk kan levere en ghsketed&walitet
afheenger af en lang raekke faktorer. De grundlaeggende fysiskstinikturer spiller
her en seerlig vigtig rolle, idet de er dyre og vanskelige at aendre, nstrderer
etableret. De forventes ogsa at have en betydeligt laengere levetid temitide ud-
styr. Dette geelder ogsa for Fiber Til Hemmet, der er under etablering,rog ledet
af de naeste 15-20 ar forventes at na de fleste husstande, i Danwelrkaa i store
dele af den gvrige verden; de fysiske topologier/strukturer bgr vaetgbgggeligt,
saledes at de etableres korrekt i farste forsgg. Denne afhandlimter sig derfor
primaert mod disse. For at opna en bedst mulig understattelse af de kiskelfo
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lige tjenster stiller, bar netveerksstrukturerne designes ud fra en raak&metre,
der er identificeret og beskrevet i denne afhandling. Dette er i moatsgdthhid-
tidige tilgange, hvor netveerk typisk har veeret planlagt ad-hoc. Foriseslaier
er blevet etableret eller udbygget efterhanden som behovene faciket og QoS
ggedes, hvilket har gjort det stadig mere vanskeligt at bevare eiliyarg i prak-
sis umuligt at at give generelle globale garantier ud over best-effortngMade
fokus pa globale strukturelle egenskaber har resulteret i netvaarksbiv en enkelt
fejl kan have uforudsigelige konsekvenser. Planleegning base8®p48 (Structural
QoS) fokuserer derimod pa strukturelle egenskaber, herunderstatielse af rout-
ing, restoration og protection.

Denne afhandling analyserer forskellige klasser af netveerksstewkiuforhold

til disse identificerede parametre. Analyserne er baseret pa absteaktioror
netveerksstrukturer opfattes som grafer. Afstandene - primeert diaogeggnnem-
snitsafstand - bruges til at indikere forsinkelsestider og ressoubrefpy mens un-
derstattelse af algoritmer til routing, protection og restoration samt sammeshaeng
graderk-diameter og:-gennemsnitsafstande bruges til at vurdere graderne af palide-
lighed der understgttes. Der fokuseres pa strukturer med lave gradsaldde struk-
turer vil veere vanskelige atimplementere rent fysisk. To typer af streiktdiregulaer

grid og N2R, behandles mest dybdegaende. For 4-reguleer grid foreslas og anal-
yseres tabel-frie topologiske routingprincipper, ligesom der foresidanalyseres
metoder og udvidelser, der er ngdvendige for at muliggare fysiske imptatioerer.
Dette gaelder bl.a. hierarkiske udvidelser, der markant reducerendésta i store
strukturer, og udtynding af disse, der reducerer antallet af linier, marmarginalt
forleenger afstanden&/2 R-strukturerne er primaert analyseret med hensyn til diame-
ter, gennemsnitsafstankkdiametre ogc-gennemsnitsafstande. Valget af forskellige
analyseparametre skyldes til dels de to strukturers forskellighedemtiEtadt ud-

bytte af de 4-reguleere grid-strukturer kreever en hgj grad af aveebplanlaagning,
mensN 2 R-strukturer mere umiddelbart kan anvendes som alternativ til de hyppigt
anvendte fiberringeN2R-strukturerne er derfor ogsa direkte sammenlignet med to
andre 3-reguleere strukturer, dobbeltringe og kordal-ringe af grad 3

De udfarte studier er af teoretisk tilsnit, men med et klart anvendelsesoetiuteus.

De danner et vaesentligt og solidt fundament for mere praktisk orierfitesining i
hvordan velordnede grafstrukturer kan anvendes i praktisk nkspdanlaening. Ar-
bejdet praesenteret i denne afhandling er et fgrste skridt i forgkriiQoS-baseret
netveerksplanlaegning, og baner vejen for kommende forskning, hvotesinger,
test-implementationer og udvikling af metoder til fysisk implementation forventes
at blive de vigtigste omrader. Resultaterne danner ogsa basis foregleer om
forskning i, hvordan SQoS-baseret planlaegning kan anvendes tiegdaimg af
tradlgse netveerk. Disse er, bl.a. pa grund af hgje potentielle gradtalj d@g
nektivitet, vaesentligt forskellig fra tradede netvaerk.
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1 | Introduction

Until recently, most households and businesses were connected bybenaf ded-
icated networks, such as telephony and cable-TV, reflecting their fe@edsmmu-
nication, and these dedicated networks were designed to meet the spapifie+
ments for their intended applications. The trend of convergence in nefviaikled
to a change in this view: now, different applications are being designathtover a
common platform. This also creates potentials for bringing new services waitgstr
Quality of Service (QoS) requirements into play.

QoS has become a major research area, and it is expected that manytiapslivéh

different QoS requirements will be developed within near and far futBoenewhat
surprisingly though, almost all research in QoS has focused on therhayfees in

the networks, and none or little attention been paid to the physical netwockists.
This is surprising because these physical structures define the limits biaydwssi-
ble: no algorithm can perform better than what is allowed by the underlyiggigal

infrastructure.

Until now, most Internet connections have been based on the existingaeleprans-
mission network structures, and attempts have been done to re-use exidfirogisne
of network planning from this field. Traditionally, these networks havenbde
signed to provide connectivity rather than to provide connections satisfRoS
requirements, leading to networks lacking global structural propertisslog as
connectivity exist, the networks have been upgradeable by increasigplacity of
existing lines, or by adding new lines where needed. Ring structureseaveused
to guarantee some level of physical redundancy, but they have aotapplied in a
systematic manner in the access networks.

The lack of global structural qualities causes a number of problems in’sodeiy
work planning. While restoration can usually be done in case of a single ood
line failure, it is not in general possible to do restoration in case of twasrdue

to complexity issues, this is so even if physical paths still exist, making it impossible
to fully utilize the physical network properties. Mutual dependencies lethayers
also lead to severe problems in case of network failures. Due to the lattkictusal
gualities, a set of independent logical paths may not be physically indepgrand

the existence of a set of physically independent paths does not implotihaspond-

ing logical paths are set up. One of the ideas of Structural Quality ofc@ef8Q0S)

is to establish a link between the underlying physical networks and the abilifieto o



Chapter 1

QoS in the higher layers. Thus, SQoS-based network planning - asegpo tra-
ditional planning methods - aims at planning physical network infrastrusturith
good, well-defined and well describable global structural properiesther impor-
tant benefit of considering SQoS-based planning, is that it brings riepl@nning
from an art into a science. In this thesis, this is addressed by proposingséhof
symmetric or near-symmetric physical network structures.

In addition to symmetry and connectivity, another main objective when degignin
network structures is to obtain improved capacity and shorter transmisdimysde
while keeping the costs down. These properties should to the largesgilpasdent

be maintained in case of network failures. The first work on SQoS, whichoarried
out prior to my work, revealed that choosing the network structuregutigreould
lead to significant improvements of capacity as well as hop count, the latteirgho

a potential for shorter transmission delays. These results have bdeameahby the
work described in this thesis.

The existing work is extended further by this thesis, which presents foanizl
results on SQoS. Two different approaches to designing networks withdefined
SQoS-properties are taken, one for the 4-regular grid structurésreosther for the
N2R structures. While the results of the two different families of structures are
by themselves interesting, the methods are also applicable to other strucidres a
topologies, which may be studied in the future.

The thesis forms a framework for further research in SQoS, openingotue for
more practically oriented research, including simulations, test implementatians etc
Based on the results presented in this thesis, research on real-world imtd&ores

of various well-ordered graph structures including the 4-regular gricttsires and

the N2R structures has been chosen as a main research area in Center forkNetwo
planning (CNP) at Aalborg University. As a part of these activities, artesvork is
currently being set up in order to test and demonstrate Topological Ragimgll

as other SQoS-related parameters described in this thesis. This workiésl cart in
collaboration with Center for Telelnfrastruktur (CTIF), Aalborg Uniisigy.



2 |Background

Since the specific background for each of the papers in Part Il of tsistlis con-
tained in the individual papers, the purpose of this chapter is to providgehe
eral background and references. Only little literature exists on Strliuiaity of
Service (SQo0S), and so the chapter is divided into two main sections. Eb#isp
background of SQoS is given first, followed by an overview of the mosbitamt
background knowledge obtained from related research areas.

2.1 Specific SQoS background

The concept of SQOS is quite new. It was introduced with the reseappdcpfThe
Structural Impact on Quality of Service Parameters”, which started in, 2@ the
first publication was presented in a conference in June 2002[MN§&&2Rfter | be-
gan working on my Ph.D. My supervisor also introduced me to some of theeptsic
described in [MKPO03], which was not published until October 2003. Qljective
of this research project was to devise a taxonomy supporting choicesiofuses
and design principles when planning network infrastructures frontcttrthis thesis
contributes with such a taxonomy, which is also used as a base for manyathére
results obtained.

[MNSO02] gives an introduction to the problem field of SQ0S, and motivasystm-
atic approach towards the design of network architectures and infrages. It puts
SQoS into context, provides real-world examples and introdd¢2R structures.
One of the major contributions is an analysis of convergence of communisation
Not only are applications and services converging towards a common cdoation
platform, different networks such as WANs (Wide Area Networks)easmetworks
and MANs (Metropolitan Area Networks), LANs (Local Area Networkahd PANs
(Personal Area Networks) are also converging. One of the conokisicthe paper is
that further research should focus on the MANS, since in a globapeetise, these
currently possess the lowest SQoS potentials. This is stressed by thieatage are
confronted with the need for a complete re-implementation of these with fibreabptic
technology, complemented with new wireless technologies. This forms a hadtoric
opportunity to create an improved global infrastructure with an overall BiQloS
potential. In order to take advantage of that opportunity, however, rmasie ap-
proaches for planning networks with high levels of SQo0S need to be gmakId his
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point of view is followed in the thesis, where the major focus is on the MANs and
access networks.

[MKPO3] introduces two basic approaches for providing SQoS. Oneeispianning
tree approach, giving an efficient method for planning networks withl gaauctural
properties as seen from one node in the network. This method has aadtasibce
the SQ0S parameters are only guaranteed from a single node, andmatifinodes

in the network. Therefore, the use of node symmetric graph structurexosie
aged, and focus put onto tHé2R structures (actuallyN2R structures are not in
general node symmetric, because two classes of nodes exist, with symntbtny w
each class). Compared to the definition in [MNSO02], the definitiaN 2R structures

is extended by the introduction of an additional paramed2R(p; ¢; r) structures
are considered instead 8f2R(p; q) structures. For formal definitions of these struc-
tures, see Chapter 9. The paper also presents the first calculatismesagedistance
and diameter inV2R structures. The spanning tree is used for reference, indicating
that with regard to average distan@é2 R structures are close to optimal among the
structures where all nodes have degree three. Because of thisneaedhat due to
our knowledge these structures have not previously been consigeteutial net-
work structures, they have been chosen a main focus area of the vesdnped in
the thesis.

In addition to [MNSO02] and [MKPO03], the book [Gro04] gives an exaelleverview

of the design of mesh-based survivable networks, an area closelgdétaSQoS.

It was published in 2004, and unfortunately | did not become aware daftit the
final phase of my study. Despite of that, it is probably the best single sonto-
duction to the problem field and methods available: in addition to basic introdsction
to transport networks and Internetworking, subjects such as failurects)purviv-
ability principles, graph theory, protection, and restoration are treatddpthh. The
book is highly recommended.

SQoS is only one area of research within the whole area of network ptaramial
should be seen in this context. Before the liberalisation of the telecommunication
market, research in network planning was mainly done within the public telecom-
munication companies, and has accordingly received only little attention frim u
versities and other open research institutions. Again, the best genoaluction

to the whole field is probably given in [Gro04], which also introduces immbrta
trends of research. The formation of parallel network operatorsibadesd to an-
other main challenge in the construction of infrastructures, namely the rvatisa

of global properties across networks owned and/or operated byatiffeperators.
Such global properties are needed in order to avoid unpredictableqossces in
case of network failures, e.g. caused by mutual dependencies.

On the physical level today, fiber optical rings are widely used due toghport of
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simple routing, restoration, and protection schemes. Tree structurelsangidely
used, in particular in the access networks, because they are cheaprgohe, but
they do not offer any means of protection. Both rings and trees are &gy to
implement in real-world networks, due to their low nodal degrees, evemgthsame
optimisation problems arise. These problems are often coupled with the pratfiems
wavelength assignment, as described in e.g. [Sti02]. Many of the phgsigatts of
designing, planning, and deploying fiber optical networks are treatedG0OR].

2.2 Related research areas

Even though the concept of SQo0S is quite new, some of the problems within the
field have previously been dealt with in other areas. Two areas seentlie beost
important, namely graph theory, which is a discipline of Mathematics, and dekign
computer architectures.

2.2.1 Graph theory

Graph theory is of obvious interest because graphs are often usddtasctions of
networks. They are particularly well suited for dealing with the structusalities

of networks. Basic notation and concepts can be found in most firssedagoks
on discrete mathematics and graph theory, such as [RW99] or [Tru2id. niost
important basics on e.g. routing are also provided in general books raputer

networks such as [Tan03].

Background literature more directly related to SQoS has also been foyratticular
within two areas, namelyW2R structures / Generalized Petersen Graphs and the
disjoint-path problems.

N2R structures were presented in [MNSO02]. They are a subset of the@ized Pe-
tersen Graphs, discussed in further detail in [FGW71], [Cox50] &RdJA85]. The
latter also discusses the Chordal Rings. The Generalized Petersdis @ramgain a
subset of the group of 3-regular graphs, i.e. graphs where albri@ie degree three,
also called cubic graphs. An extensive, theoretic study/survey of gudghs can be
found in [GP95]. [J@r93] presents some interesting results on boudrdiaroeters
in cubic graphs: no cubic graph with diameter 4 (or less) can contain manettha
nodes. For my work, a more practical approach of calculating the distaatger
than bounding them theoretically was applied, but the results of [Joré3|GP95]
will form a good base for further studies with a more theoretical approRelsults
of cubic graphs are interesting, both because they apply td/the structures, and
because the 3-regular structures are generally interesting from arkgil@oning
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perspective.

Independent - or disjoint - paths play an important role in protection schefftee
independent-paths problems are classical problems in graph theoeyhaigg num-
ber of publications address such problems and variants hereof 7] givé@s a good
overview of the most relevant fundamentals for my study. It deals with bethk-th
path and independettpath problems; in the first cask,different paths between
two nodes are determined, and in the laiténdependent paths are determined. The
latter problem is the most relevant when studying protection schemes, floutu4n
nately it is in general NP-hard to solve. However, an approximation algorish
proposed. Other papers deal with findihdgndependent paths in specific types of
graphs, such as the Trellis Graphs[NPT97] or Star Graphs[DMSAHome cases,
these methods can be used in a more general context by mapping arbitraing g
onto such specific graphs[LPS99].

The independent-path problems also give rise to parameters describjty ggruc-
tures ability to offer multiple independent paths, and the length of such p@ies.
such measure is the totaflistance[ DEMZ00], another is thediameter[HLWO03].
The latter paper is particularly interesting, because it shows that the DRirue
has the worst possible 3-diameter among all 3-regular, 3-connectpldsgrhhave
just recently become aware of [Bha99], which also provides many iniregese-
sults and algorithms for the independent-path problems and variants .h&reson
place to provide a last reference to [DCO04]. This paper applies graphnetical con-
cepts in order to discuss robustness of various network topologiessclis$es the
Moore Bound, providing lower bounds for diameter and average dissabat also a
number of other parameters, linking robustness to network topologiesirticydar,
short distances, hode symmetry, and maximum connectivity are considgped
tant properties for a robust topology to satisfy, a statement supportinghtiiee of
making analyses aV2R structures a major part of the thesis.

2.2.2 Computer architecture

Multiprocessor systems and parallel processing systems are related teldhef fi
networking by the fact that the processors or machines of such systernsually

connected by well-ordered physical topologies. This is for example e foa the

transputer systems, i.e. [inm88]. Many results can be transferred miessalirectly
to the field of SQo0S, but there are also major differences, of which sonhe ohost
important are described in Chapter 6. A good overview of differentlampes is

given in [Kot92], which describes different topologies and providaameters for
comparison and evaluation; more such parameters can be found in [DC04]

One of the most commonly used topologies is the 4-regular grid/ 2D mesh: it is

8
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simple, and routing is straightforward. Much research in the field focosdault-
tolerant wormhole-routing, e.g. [WS01] and [BC95], but multicast/braatimuting,
e.g. [JCX02] and [JWO03], is also an important field of research. Asudised in
Chapter 6, these results are not directly transferable to the field of Sipe&: are
two major reasons for this. First, the deadlock problems that can occurimtvate-
switched networks do not occur in packet-switched networks. Sedasdenerally
unacceptable in communication networks to have to disable nodes withoug failur
order to ensure correct routing in the rest of the network.

The 4-regular grid forms the base for much of the research presentiid ithesis.
It was originally chosen due to its planarity and routing schemes, but dtiiag
studies it turned out to be possible to devise extensions of it in order to befter
the requirements of large-scale networks. These extensions have lgigdificant
results, and accordingly it has become a more important part of the S&x&s-b
research than expected at first.

Many other topologies have also been studied. The honeycomb [Sto@F{icarly
interesting due to the fact that all nodes have degree 3, and becaugag scheme
similar to that of the 4-regular grid exists. Related to the honeycomb are al&@®the
hexagonal topologies described in [HF82] and [NSZ02], where aléadave degree
6. [CMO0O0] extends these definitions to a 3D hexagonal topology, wHermaes
have degree 12. The honeycomb where all nodes have degree 3 isstiateresting
in a SQoS-perspective, because topologies with nodes of high degrieepactical
and expensive to deploy over large geographical areas without oomging the
line and node independency. The honeycomb has been a part of mysitichainly
due to problems in constructing a hierarchical extension no significamtsdsve
been obtained, and thus no paper produced on it. However, the priatioduced
in Chapter 8, which is actually an extension of the 4-regular grid, tramsfdine 4-
regular grid into a topology with structural properties closer to that of tineymomb,
but it still uses the addressing and routing scheme of the 4-regular drédsdhemes
developed for handling failures in the 4-regular grid, as described aptéhs 6 and
8, can also be applied to the honeycomb.

A large number of other topologies exist, which in general also suffem fro
having large node degrees, and/or from being difficult to embed due te no
planarity. These include pyramid networks[CDHhT99], star graphSfiyland
hypbercubes[SS88][LKF03] as well as variants hereof such aseitended
hypercube[KP92]. These are not considered further.

Multiprocessor systems also use rings and variants hereof. A numbedteot-e
sions of the ring topologies have been proposed, such as the GerkRbnble
Rings[MNS02] and the chordal rings. A number of variants of the cllaidgs ex-
ist, with different node degrees. In addition to the basic properties stafgdtid?],
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an extensive study of chordal rings of degree 3 and 4 was carrted [Buj03]. This
work is only available in Polish, but many of the results have been published-in
glish in [BDZ04b] and [BDZ04a]. | became aware of this research dufime 2004
International Conference on Parallel and Distributed Processingitpes and Ap-
plications, June 2004. The degree 3 chordal rings were the most tingras my
research, because they share many properties wittvihe structures. They are
discussed and comparedM®2 R structures in Chapter 11.

2.3 Conclusion

In conclusion, the study of state-of-the-art and background in SQd$tated areas,
has lead to the following choices:

e Graph theoretic concepts and notation form the base for identifying pteesne
as well as for describing and evaluating structural properties of nkswor

e 4-regular grid structures are considered one main focus area.

e N2R structures are considered another main focus area.
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Until now, most networks have been planned in an ad-hoc manner, letdimeg-
works without global structural properties. The idea of network plapnibiaised on
Structural Quality of Service (SQoS) principles was introduced prior tevtiré pre-
sented in this thesis, but apart from that no research was done withirelthe The
aim of the work presented in this thesis has been to:

¢ Identify and document the needs for SQoS-based planning.
¢ |dentify SQoS-parameters on which the planning should be based.

e Describe and analyse how and to what extent different well-ordered
graphs/network structures conform to desired requirements, with gartfou
cus on 4-regular grid ant¥2 R structures.

One challenge in the work has been to identify existing, relevant work,hndoald
form a base for studies on SQo0S. While the research field itself contaiedew
references, particularly relevant literature was found in the areaphgheory. Later
in the study, | found that especially the area of parallel processing amguter
architecture contained many interesting references as well.

Ideally, SQoS-parameters would have been described and identifiedottie anal-
yses carried out on the different structures. In reality, the set ofSS@wameters,
which have been identified and presented in Chapter 5, have beenpmka/etmntin-

uously during the three years study, and is therefore not followed coehpia the

analyses carried out.

Despite of that, the thesis presents a completion of a first step of research in
SQoS. The demands for SQo0S have been identified, and so have im@Qast
parameters.N2R and 4-regular grid structures have been described and analysed
in-depth, clarifying the potentials of SQo0S-based planning, as well asilieg) ba-

sic algorithms needed for implementations. Thus, the work described forrhaske

for moving on to the next step. Simulations and in particular testimplementations are
needed in order to adjust the various schemes and make them readslfaorkl
implementations. At the same time, studies can now be made on embedding the
structures in such real-world networks.
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4 | Reliability Demandsin FTTH
Access NetworkS-wos

4.1 Preface*

This paper was written in collaboration with Thomas Phillip Knudsen and Ole Brun
Madsen, and is the latest and least technical paper included in the thess. pre-
sented at the 7th International Conference on Advanced Communicatbndlegy
(IEEE/ICACT 2005). The contribution to the thesis can be summarized asvillo
The paper:

e Documents some of the most often made implicit and explicit assumptions
within the field of network infrastructure planning, namely the needs for-relia
bility in access networks.

The remainder of the thesis focuses on applying the concept of SQo$én tor
become able to meet these demands.

4.2 Abstract

In this paper, reliability and bandwidth demands of existing, new, and &egbédure
classes of applications running over Fiber To The Home (FTTH) networgsvate
users and small enterprises are analyzed and discussed. Certaiatapisuch as
home security and telemedicine are likely to require high levels of reliability in the
sense that the demands for network availability are high; even short timesuivith
connectivity are unacceptable. To satisfy these demands, physicaldaacy in the
networks is needed. It seems to be the case that - at least in the shortriersh
reliability-critical applications do not require much bandwidth. This implies that
redundancy does not need to be by fiber, but can be ensured bgcayg, copper

or wireless solutions. However, implementing these solutions need calafming

to ensure the physical redundancy. In the long term, it is more likely thadiqddy
redundancy by fiber will be requested, either due to reliability-criticaldioadth-
critical applications or due to the general dependency on network ctong. The
paper is ended by a discussion and suggestions for further resdarglrticular,
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further research in combined wired/wireless networks and implementatidiizeof
redundancy is encouraged.

4.3 Introduction

The convergence of communication technologies[MNS02] has led to arlargber

of applications being capable of operating over a common communications-infra
tructure. This trend is supported by the implementation of fiber access hsiatso
known as Fiber To The Home (FTTH), which offer always-on functiim&ogether
with huge bandwidths. This can be seen in existing FTTH implementations, where
telephony, radio, television, Video on Demand, and broadband Intareedeliv-
ered through the same single fiber connection. Since broadband rigeimguded,

the same fiber is likely to be used for Internet based applications such\asl-su
lance, control of intelligent houses, health monitoring etc.[LynOO][NDQ®hile it

is practical and cost-efficient to have one general-purpose netwstdaith of a mix-
ture of dedicated networks, it also affects reliability and dependability: nwime
single fiber is used for virtually all medias, the increasing dependability orottas
connection must be considered. Furthermore, applications such as teliemechd
surveillance, where even a short time without connectivity may be veryalrititay

by themselves require a level of reliability, which can only be obtained bgiphaly
redundancy. Breach of a wired connection is expected to take froms tmdays to
restore.

Despite the development of reliability-critical applications and the increagingral
dependency, most FTTH implementations today do not offer any physdahr
dancy to the end user. Recent research has dealt with developingeaadbihg
robust network topologies[DC04], but since redundancy in the last mileTinH
networks is assumed to be expensive and often impractical, only little attenson ha
been paid to this. We recently showed that wireless back-up connectaits e
designed as an integrated part of a FTTH network[PRKMO04]. Howévepotential
bandwidth of a wireless network is much smaller than that of a fiber netwarkalu
the limited and shared bandwidth.

The main objective of this paper is to initiate a discussion of reliability and redun-
dancy demands in last-mile FTTH implementations. This is done in two steps.

First, reliability and to some extent bandwidth demands of existing applications as
well as applications expected to become widely used within 10-15 yearshare a
lyzed. Only applications for private households and small enterprigesken into
account since public institutions and larger enterprises are expectedtmbected

by individual solutions rather than by general-purpose access rnetwarparticular,
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ordinary access networks are not expected to carry applicationsasuteie oper-
ations, control traffic for nuclear power plants or traffic for a completergency
central.

Second, a discussion is given on the possibilities of offering physidah@ancy in
the last mile, and areas for further research are identified.

The work presented complements existing research in application demamdhk, w
has mainly focused on bandwidth and Quality of Service. The reliability edfés
highly dependent on the physical topologies, and in case of FTTH nietwtitese
are expected to have a long lifetime. Since they are expensive to chacgegie-
mented, they should be designed either to meet future reliability demanddeastat
in a manner such that they are easily extended to meet these. In ordeibie bedo
so, knowledge of reliability demands is crucial both for research in reliati@orks
and for practical network planning.

4.4 Methods

The analysis of reliability and bandwidth demands is carried out in three stipps
tification of existing applications is done by studying published literature onnete
applications as well as the services offered by major Danish FTTH pnavididen-
tifying applications which will become widely used during the next 10-15 yésr
harder, because new applications are being developed all the time, aptbctamcal
and non-technical factors influence their success and speed afgatign. However,
important trends are pointed out.

In the second part of the analysis, applications are classified accaodiogy critical
they are with regard to reliability and bandwidth, using rather narrow cleagdn
schemes. The applications are first divided into two groups, dependihgw crit-

ical they are to short-term outages (from a few minutes to a few hour®.gidup

of reliability-critical applications are those, which carry life/death resiimlity as
well as applications where even short-term outages are likely to lead to cagnifi
economic losses. In both cases, it is crucial that no single failure c#useon-
nectivity to break. All other applications are categorized as being nitinatr The
reliability-critical applications are also called high-reliability demanding (or simply
high-reliability), and the non-critical applications called low-reliability demagdin
(or simply low-reliability). Since focus is mainly on the last-mile reliability, the im-
portance of applications is seen from a single-user point of view: famgie, a small
set of private households may be able to live without applications such/dg@Mbr

a limited time, whereas disconnecting a whole city or a whole municipality may have
other implications. Reducing the risks for such large network failures dotsec-
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essarily require redundancy in the last mile, and these problems are cossbs
further. For certain groups of applications, it is crucial that at leastapplication
from each group has a high level of reliability, but less important which Boeex-
ample, it is crucial for a community that radio and television are not simultaheous
unavailable because broadcast communication is important in case of aatastr
emergencies, wars etc. Since the high-reliability high-bandwidth applicarerthe
most important to consider when designing redundancy, high-reliabilitycagipns
are treated most in-depth with regard to bandwidth. The applications adedliv
into two groups - high-bandwidth and low-bandwidth - depending on wheitiey
use high-quality video or notfKPPMO04]. This is due to the assumption thdicapp
tions not using high-quality video are able to run over other access tegie®than
FTTH, including wireless, copper, and coax. However, Many applinatizvhich can
run over slow Internet connections, run better over fast connectomkeach of the
access technologies offers different bandwidths depending on aanwhparame-
ters.

In the last part of the analysis, network reliability and needs for rechydare dis-
cussed in a broader perspective. The classifications given abeveasened up,
such that also less reliability-critical applications are discussed.

It is in place to motivate the method used; offering physical redundanayeisvay

to obtain a high availability, but choices of equipment, wiring, cables, antsdwe

also important. In the end, measures such as availability, mean time of failure and
mean time of repair may be more appropriate to use - and more interesting for the
end users - than redundancy or no redundancy. The reasonihgy the method
described is that the degree of the redundancy is highly dependené phyhical
topologies and structures of the network, whereas the other factarsoaeea matter

of equipment. FTTH Networks are expected to have a long lifetime, at leyste86,

and they are designed to be upgradeable by changing end equipmentagdyher

with the fact that the major costs of FTTH networks are the duct costs, thisamea
that the equipment is both cheaper and easier to upgrade than the ptositadjies.
Therefore, these topologies should to the largest possible extent fendioomeet the
demands of the future, including demands for redundancy. The apptisafiassified

as reliability-critical are applications, for which it is unacceptable that deicaple

cut can disconnect the network, independent of the reliability of the awgrnipused.

4.5 ldentifying applications

The digitalization of communication has created a base for media convergarte
more and more applications are being designed to communicate over IP. iplexa
is telephony, which has traditionally been sent over circuit switched nkswvdrhe

18



Reliability Demands in FTTH Access Networks

use of Voice over IP is increasing fast, and TV over IP is likely to be thé¢ step. In
order to identify the different groups of applications, this section is dividéeo Ap-
plications today, Current applications moving from LAN to WAN environmenmis a
New applications. The aim is not to give a complete list of applications, butverco
the most widely used applications today, as well as those expected to beddahe w
used within the next 10-15 years. The list may not cover all groups mfcapions,
but we believe it is representative for the most widely used applicationg.toda

4.5.1 Applications today
Classical Internet applications

Well known Internet applications today are WWW, Telnet, Email, FTP, androth
types of file transfers, e.g. Peer-to-Peer. WWW-traffic can be splitsimomber of
applications including entertainment, information retrieval, home banking, égsin
use and shopping. Many of the applications are client-server applicatwbese the
servers have traditionally been placed at places with dedicated conrsetiiowever,
private servers are becoming increasingly popular.

Person-to-person communication

The Internet is to an increasing extent being used for real-time persper$on com-
munication such as instant messaging, Voice over IP, chat, and vidtuidba-
conferencing. These can be one-to-one, one-to-many or many-ta-man

Entertainment and broadcast

Internet-based broadcast services like radio and television, and tideo mmon-
interactive services such as Video on Demand, are becoming increapmhar,

and are also implemented in most FTTH solutions. Slightly more interactive sgrvice
are for example digital television, where the viewers can vote or by otherleimp
means provide feedback while watching television. Today, radio progndreee the
listeners can participate in the program by phone are popular. This diseglsome
level of interactiveness, which may be transferred to the television assivelk the
bandwidth of FTTH networks allows the viewers to participate through vieése s
sions. Other kinds of interactive entertainment include gaming over neswork
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E-learning

E-learning is mainly based on technologies already listed, including WWW, file
transfers, and real-time person-to-person communication. Theréfsrapt further
discussed.

Home offices

More and more companies offer the employees the possibility to work fullyrtlypa
from home. This brings a number of technologies into play, including vapetson-
to-person communication means and remote access to desk tops and datzbek nu
of new technologies are expected to be used as well, as described imSebti

4.5.2 Current applications moving to WAN
Telemedicine and health care

Much research today is made in the area of tele health and medicine. This area
is not quite new, and many fields exist within it[Fro00]. We shall differ betwe

tele care/monitoring and other applications. Tele care/monitoring includesmesal-
monitoring of ill or elderly people, for example by sending information on treae,
cardiograms or lung functions directly to a hospital for real-time analysissiBly,
information can also be send the other way, and used e.g. for adjustingatiealic
Other applications such as information search, e-learning, and real-timaeltations

are covered by previously discussed technologies.

Remote home control

Various applications in the field of remote control of homes are being dexe)@md
the perspectives are many: it is possible to control such things as tempesatl
electric equipment from a remote location, for example by WWW[MAT]. This
also allows for home security solutions, where the high bandwidth is useétficing
audio and video. This can be used to record video/audio clips of alarnisg\mit
also to get real-time video from the home, to watch for example pets and kids.

4.5.3 New applications

Itis impossible to predict what applications will become the most widely usadglur
the next 10-15 years, but given the trends in communication and networtkia
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following factors are expected to be important in application development:

e Allways-on.
e High bandwidth.
e Qo0S.

The main difference between FTTH and today’s broadband solutions isatfe-
width, which allows for real-time video and similar. This will probably lead to fur-
ther developments in the area of entertainment and video conferencinide ¥éh
possible developments in the field of entertainment are virtually unimaginable, the
developments in video meetings and video conferencing also hold greatiplste

For example, it will become easier to teach people in their private homesyand e
the teacher can sit in his private home. Not only the teacher can be seafsdpre-
sentations, videos, and similar, and the communication can be both ways. Similarly
it will become easier to hold meetings over distance, and cooperation ovenabs

will be facilitated.

Machine-to-machine communications is another important field, expectedeatogev

as more intelligent machines are entering the private houses. Until nowsfdaran
of high-quality video has been considered the major bandwidth consumeahig
may change in the future. Today, most companies and institutions make padi-u
data more or less manually. This is often done in short intervals, e.g. eduhonig
each week. In near future, even non-critical private data suchas pltbums and
home videos are expected to be stored or backed up in storage areaksetivis

also expected that working from home will become still more common, all together
adding to increasing needs for remote back-ups.

Similarly, it is a common vision that in near future, it will become possible to access
private data, desk-top configurations, settings, and applications fingraanputer
connected to the Internet. Making this transparent to the user also reduige
bandwidths.

4.6 Analysis of bandwidth and reliability demands

4.6.1 Applications today
Classical Internet applications

For most of these applications, shorter outages are acceptable, amchabey are
not considered reliability-critical. Certain WWW applications such as homkibgn
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may however be critical, because it is important to be able to pay bills andrperfo
other important transactions on time. The increasing use of home bankinglsnay a
decrease the number of bank branches, thus limiting the alternatives to lamike b
ing. Such problems are worsened if telephony uses the same last-mile teghnolo
as WWW. Access to WWW may be important in case of wars, disasters or similar.
However, it is assumed that information in these cases can as well belcaarigV,

radio or some other broadcast media, and therefore it is not consiciétiedl.

The bandwidth demands varies between applications, but in general araieidth
gives better performance. This is in particular so for transfer of images/aeo,
which are common in file transfers, and also becoming increasingly integréted
WWW-surfing.

A special remark is given to server hosting; the bandwidth demands cagnreatly,
but ordinary Internet connections are not assumed to be used fdailigjiaritical

information, and they are therefore categorized as non-critical. Ifneahcy is of-
fered, they will more likely be used also for reliability-critical applications dath.

Thus, most applications are low-reliability low-bandwidth or low-reliability high-
bandwidth. Some high-reliability low-bandwidth applications also exist.

Person-to-person communication

As for WWW access, it is assumed that most important information to the pulnlic ca
be delivered through broadcast medias, and therefore most of thessego-person
applications are not considered reliability-critical.

In Section 4.3, it was defined that only reliability demands for ordinary ¢looisls
and small enterprises were considered, but it is not so trivial to defivs i8 an
ordinary household. For example, fire fighters, policemen, soldietds;igihdefence
people are usually normal people, moving to and from normal housegefohe

it is desirable if the normal communication networks offer a reliability satisfgctor
also for these purposes. Thus, voice communication is categorized dslitglia
demanding.

With regard to bandwidth, the video applications require much bandwidth wigle th
rest do not. Therefore, this group of applications contains both lowkik#jahigh-
bandwidth, low-reliability low-bandwidth, and high-reliability low-bandwidthpdip
cations.
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Entertainment and broadcast

Entertainment and broadcast contain many different applications. Daeldast ap-
plications are considered reliability-critical because they are importantse ot
catastrophes, disasters, wars, and in general for communication cdgesss case

of water pollutions, fires etc. It does not matter if radio or television is ueximost
important is that there is at least one media available. Other applications in lthis fie
are not considered reliability-critical.

With regard to bandwidth, simple radio communication does not require much ban
width, and even some low-quality television can be sent using only a limited band-
width. This is especially so if broadcast protocols can be used, eliminating the
shared-bandwidth problems of coax and wireless technologies. Some ofhér

not reliability-critical applications require high bandwidths.

In conclusion, this group of applications contains low-reliability high-baidty
low-reliability low-bandwidth, and high-reliability low-bandwidth applications.

Home offices

The more specific applications are described and analyzed in other seeatmohdue
to the definition of reliability-critical, they are not classified as such. Howehe
increasing focus on performance, quality, and reliability of computersatwlorks
in businesses[Gro04] is expected to be reflected in the requirements toofffisas,
such that the demands will approach those of the business networksddgsisat
least, increase the general reliability demands.

4.6.2 Current applications moving to WAN
Telemedicine and health care

The tele care and monitoring applications are high-reliability, whereas the othe
health applications are low-reliability.

The bandwidth demands are harder to determine, because the field ispileyalo

fast. Currently, most of the high-reliability applications transmit only small artsoun

of data, and as long as the applications are machine-to-machine, theypatesk

to require only low bandwidths. This assumption is supported for a partobdh
tients, since they are ensured mobility by making it possible to communicate over
the mobile phone network, thus not requiring a broadband connectienddiands
may increase in the future if the applications are integrated with video monitoring.
The bandwidth demands of the low-reliability applications are higher, bedhey
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involve high-quality video presentations and conferencing. Howewenesof the
applications require less bandwidth.

Therefore, this group of applications contains low-reliability high-banthyitbw-
reliability low-bandwidth, and high-reliability low-bandwidth applications. In the
future, high-bandwidth high-reliability applications may be developed, lasehwill
probably not become widely used unless the reliability demands can actuaiit-be
isfied.

Remote home control

The demands for reliability depend on a number of factors, including the ap-
plication design. For example, applications for controlling windows, doans|
electrical equipment should be designed to handle network failures incifisde
manner, and as such they are not reliability-critical. Home security and home
surveillance/monitoring are however considered high-reliability demandinguse

it should not be possible to interrupt their functions by cutting a wire.

The bandwidth demands depend on whether video transmissions are tedeigra
the applications or not. Today, home surveillance is usually done usingrseasd

if a sensor is activated, the alarm is started and a message passed to stnwle co
centre and/or a phone number. This does not require much bandwidkie dfarm

is integrated with one or more video cameras, the bandwidth demands are highe
Monitoring of children who are home alone will usually require a number wfaras,
which should preferably but not necessarily be able to send data simautsineFor

all the cases listed, human action eliminating the consequences in case ofknetwo
failures can be taken; monitoring children or pets only make sense if soncaone
take action if something goes wrong, and for alarm systems, actions cakdre ta
similar to that of the alarm going off. On the other hand, it is also in both cases
desirable to have a (possibly low-bandwidth) back-up in order to availection of
houses being disconnected and emptied by thieves. Therefore, sutlahawidth
applications are characterized as high-reliability demanding. In additiore Hre
other low-reliability low-bandwidth and low-reliability high-bandwidth applicaton

4.6.3 New applications

During the analysis, a number of low- and high-bandwidth demanding atiptisa
were identified, but none of these seem to be reliability-critical. Howevisr]ikely
that a wider deployment of FTTH networks will lead to more bandwidth-deingnd
applications being developed, including applications demanding reliability. i¥his
particularly so if the reliability is offered, such that a base for such apjitaexist.
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4.7 The broader perspective

Even for applications not categorized as reliability-critical, there is an &sing de-
pendency on broadband networks. When working from home, crificaiteons may
occur, if an email is to be sent by a certain deadline, or if a lecturer hasd@déec-

ture at a certain time. It may also be necessary to access informations atikié W
make a voice call or participate in an important video meeting at a given time. Many
more cases could be mentioned. It follows that in order to fully benefit filzen
technological opportunities, the connections must be reliable.

For the FTTH providers, redundancy also plays another importantit@tows for
more efficient planning of maintenance and repairs. If physical rezhuyds offered,
a single error becomes less critical and may not require instant repair.

As stated in Section 4.3 and shortly discussed in Section 4.6.1, only reliability-
criticalness for ordinary home end users and small enterprises wesieleced. How-
ever, it is likely to expect an increasing demand for redundancy, eithespiecific
purposes or because of general dependability on networks. SacHispurposes
also cover those not considered reliability-critical in this paper.

4.8 Conclusion

It turns out that the applications analyzed fall in three main categories:- high
bandwidth not reliability-critical applications, low-bandwidth reliability-criticad-
plications, and low-bandwidth not reliability-critical applications.

The main application categories which are reliability-critical are the following.

e Telemedicine including health monitoring.

e Surveillance, home security, home control applications, and other applisation
communicating machine-to-machine.

e Communication applications such as voice and radio.

Future developments may lead to more integration of high-quality video in these
applications, creating demands for both high bandwidth and high reliability.

In addition to these specific reliability-demands, the general dependabilinetn
work connections is also expected to increase: the trend of individusmdsses,

and communities relying to an increasing extent on communication networks is ex-
pected to continue.
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4.9 Discussion

The analysis showed that not all applications expected to become widelyvitbén
10-15 years should be vulnerable to single points of failure in the last-miladézh
gies serving private end users and small enterprises. On the otherthanuost
reliability-critical applications seem not to require much bandwidth, indicatiag th
some low-bandwidth alternatives can be used for back-up to the indiviivate
end users and small enterprises.

In an environment of converged communications, these alternativeseqamovided
using todays broadband solutions such as copper and coax, aslieyase avail-
able. However, physical redundancy is only ensured if these nesvemrttthe FTTH
networks do not share ducts and nodes. Unless specially plannéaefpmostly do
so. Even if physical redundancy is ensured, it is unsure if there é&sfbamaintaining
a complete cabled network only for back-up purposes.

Wireless back-up solutions provide sufficient bandwidth for the most akiéippli-

cations. This motivates further research to be conducted on design gfatee
wired/wireless solutions, where the physical connections are fully inckp#, and
where seamless protection and restoration schemes are supportederitoarbtain
a sufficient bandwidth for back-up purposes, the base stations néedaaced not
too far from each other, and will most likely be connected by the FTTH fitfeas-

tructure. It is therefore necessary to connect these base stations imameasuring
physical redundancy.

A final possiblity, and probably the most appropriate long-term stratedyy,imple-
ment the FTTH networks in a way ensuring complete physical redundduajl
now, this has been considered impractical and expensive, but afpdihés does not
always hold. For example, consider a FTTH implementation on a residengat str
with houses on both sides of the street. Figure 4.1 shows the usual wiitnid t e
wiring is done as shown in Figure 4.2 instead, wired redundancy is ehsWhile
the costs in terms of equipment and fiber may be a bit higher, the duct cdsth (w
are the most significant) are only slightly higher. In order to take advartbties
redundancy, it is however necessary to develop configurationsrafetgbly passive
equipment supporting restoration/protection schemes.

Itis certain that designing FTTH networks with redundancy is cheaperdbsigning
non-redundant networks and adding the redundancy later on. Wefdheibelieve

that the FTTH implementations where possible should be designed either tto offe
redundancy, or in a way such that redundancy can be added afiisrissachanging

as little a part of the infrastructure as possible. Doing so also makes it [go&sib
offer redundancy to those requesting it, even when people are movithguneeds

for additional investments.
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Despite the possibilities of offering wired redundancy, wireless solutiame Bome
major benefits due to the different failure characteristics. In particuliarnibre dif-
ficult to disconnect a household on purpose, because the wirestdanoat, making
it suitable for surveillance and monitoring. A wireless back-up is also - ongaia
scale - less vulnerable to failures caused by e.g. wars or nature cpheestybut due
to the shared-bandwidth problem it would require a larger number ofdtasens to
ensure sufficient capacity in such cases.

As a final remark, it should be mentioned that the most demanding applicat®ns a
likely to be developed only if they are supported by the infrastructurekeddsuffi-
cient redundancy - even in the last mile - is ensured, the networks will reumaéti-
able, and it will not be possible to fully benefit from the technological opputies.
Thus, the importance of a carefully planned infrastructure should nahberesti-
mated.
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Figure 4.1: Typical FTTH-wiring on a residential street with houses athbsides of the street. The solution may
be fiber rich (providing a single fiber for each house), or ther may be shared.

Central Office 1

House| House  [House|

I I

Central Office2 " Street

Figure 4.2: Proposed FTTH-wiring, ensuring physical redundancy. Caetpéo Figure 4.1, each house is now
provided with a double wiring and connected to two Centréites.
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5 An Evaluation Framework
for Large-Scale Network
Structures prvos

5.1 Preface*

This paper was written in collaboration with Thomas Phillip Knudsen and Ole Brun
Madsen, and presented at the Information Technology and TelecomrioinscAn-

nual Conference 2004 (IT&T 2004). The contribution to the thesis casubema-
rized as follows. The paper:

¢ |dentifies important SQoS-parameters and their impact on network perfor-
mance in a broad sense.

It is written after most of the papers on 4-regular grid structures (Craapte 8),
but to a wide extent the parameters have been used in these studies asiwétiea
studies onV2R structures described in Chapters 9-12.

5.2 Abstract

An evaluation framework for large-scale network structures is pregentach facil-

itates evaluations and comparisons of different physical network stasctéd num-

ber of quantitative and qualitative parameters are presented, and thertampoto

networks discussed. Choosing a network structure is a matter of trésdeetfveen
different desired properties, and given a specific case with spenigik or expected
demands and constraints, the parameters presented will be weighteentijiethe

decision of such a weighting is supported by a discussion of each pararéae

paper is closed by an example of how the framework can be used. Theviak

supports network planners in decision-making and researchers iratgaland de-
velopment of network structures.
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5.3 Introduction

Existing copper based access network infrastructures are aboutrgplaeed by
new mainly fibre based infrastructures in a large number of countriesghoot the
world. This is probably the largest investment in IT infrastructure evet,the duct
costs form a considerable part hereof. Once implemented, the phygiokigees and
structures deployed are expected to have a long lifetime, an assumptiantsddpy
the fact that fibre networks are upgradeable by changing end equifpmign The
huge investments and expected long lifetimes make it important to choose the phys
ical topologies carefully, and ensure that they fulfil future demands tdatigest
possible extends while still being cost efficient. While the copper baseastndic-
tures have mainly carried telephony and recently also best-effort dataese the
fibre networks introduce a huge increase in bandwidth and support b lager
set of applications. This includes control applications such as tele rolaotittele
operations|[HKKKO1][XT98][XmCjYXd04] as well as audio, video, andiltimedia
applications. Applications previously confined to LAN environments haweadiy
started to migrate to WAN environments, and this trend is expected to continugrin ne
and far future[MNSO02] as new applications are developed and stgapby the in-
frastructure. Many of these new applications are not only bandwidth ridingg, but
also critical with regard to other parameters including QoS parameters|aiility.
At the same time, the general dependency on networks is increasing. ideegls
such as MPLS and RSVP have been developed in order to satisfy nendigrbat
given the fact that no protocol can perform better than what is allovyetthér un-
derlying physical infrastructure, surprisingly little research has beee th the area
of the latter. The ability to offer independent paths for protection, effigieating
schemes, and resistance against attacks or failures are examplegesfipsoclosely
related to the physical infrastructure. This paper deals with describafgsstuctural
qualities of networks and abstracts from equipment specific considesatidinile re-
centresearch has introduced the concepts of Structural QoS[MABOSustainable
QoS[MK96] as well as a number of network structures[PKMOA4c][SHP8KP03],
no commonly agreed upon evaluation parameters have been establistegat, fex
very basic parameters such as diameter and average distance, makifiguilt dif
compare and evaluate proposed structures. This paper identifiesemedizra set of
such evaluation parameters, taking recent studies of attack resist@@zg[ibto ac-
count as well. The main contribution is the provisioning of an evaluation framew
for large-scale network structures that facilitates easy evaluation angasson of
different such structures. A similar framework for parallel processiygjems was
established in [Kot92], and even though it is not directly applicable heea@the
different natures of the systems, some parameters are either the samsety e
lated. It also contains a number of parameters which complement the wednpee
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in this paper. The scheme presented is useful both for research matkplanning
purposes. The number of parameters is kept relatively low, and peessach that
relevant parameters are easily identified given knowledge of expeaféd fratterns
and demands. This also implies that the parameters are of a generatehamad
that simplifications have been made.

5.4 Terminology and definitions

A structureS consists of a set of nodes(S) and a set of undirected linds(.S)
such that each line connects two different nodes. Where unambigumjustwvrite

N and L. The numbers of nodes and lines are writtdH(.S)| and|L(S)|. |N(S)]
defines the size of. A structure represents a network but is an abstraction from
specific physical conditions. All lines are considered identical, wheheasodes are
characterized by their degree: for a naddts degree is the number of lines joined
to it, written deg(u). A pathp between a node and another node, is a sequence
of nodes and linegu = wg), e1,u1,e2,...,un—1, €y, (uy, = v), such that each line

e; connects two nodes; 1 andu,. The length of a path corresponds to the number
of lines it contains, and sp has lengthn. The distance between two nodeandwv

is the length of a shortest path between them, and is wiltetfu, v).

Assume that there exists another paltth(u = ug), €}, u}, b, ..., ul, 1 e, (um =

v) betweeru andv. p andp’ are line independent i; # e;- for all i andj such that
1 <i<nandl <j <mand node independentif # u; for all i andj such that
1<i<n-—1andl <j<m— 1. Asetof paths are said to be line independent if
they are pair wise line independent, and node independent if they angipainode
independent. Node independence implies line independence for patles thag
one, while the converse does not hold in general. Since in communicationrketw
both nodes and lines can fail, we consider a set of paths independgiittbey are
all node and line independent. Throughout the paper it is assumed teauatures
without failures are connected: for every pair of nodesndwv, there exists a path
between them. If in case of failures the remaining structure contains no @@atbdn

u andv, we definedist(u,v) = oo in this remaining structure. Two nodesandv
are said to belong to the same component of a structure if and afil {fu, v) # oo.

5.5 Methods

The parameters are divided into quantitative and qualitative parametetbekman-
titative parameters, global and local parameters are used. Global paeraare asso-
ciated to the structure as a whole, for exampié and|L|, whereas local parameters
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are associated to nodes or pairs of nodes. In order to facilitate edsptiwmas and
comparisons, global parameters are derived from local parameters:

e Let M be a parameter associated to each pair of nodes. For angiiadal-
izations of M associated ta are determined by taking minimum, average or
maximum of M (u,v) overu and all nodes different fromu. The obtained
parameters are writteh,,,;, (u), Mayq(u), andM,q. (u) respectively.

e Let M be a parameter associated to each node. Global parameters are ob-
tained by taking the minimum, average or maximum\étw) over all nodes
u. The obtained parameters are writtenin (M), avg(M), andmax(M) re-
spectively. These globalization methods are used implicitly in the remainder
of the paper.

A parameter is said to be basic if it is not derived from any globalization scrithed
above. In order to keep the number of parameters down, only selecteal gla-
rameters are included, and the importance of each chosen parametetedaligla
its importance to performance or implementation. The same applies to the selected
gualitative parameters. A classification scheme would be useful for guagtithe
gualitative parameters, and has also been developed for some of theepensawith
regard to parallel and multiprocessor systems[Kot92]. However, weitfimard to
develop a reasonably simple classification scheme, which takes into aedlodift
ferent aspects of the parameters as well as the large variety in demarzsatraints
that apply to large-scale networks to be deployed under diverse phgsiaditions.
For a concrete network planning case, appropriate aspects and ghyaiclitions
can be taken into account and a classification scheme developed.

5.6 Identification of parameters

5.6.1 Quantitative parameters
Support for different traffic schemes

The choice of parameters obviously depends on what kinds of tra#fitoabe ac-
commodated, and consequently the parameters are divided into traffic tfpes
structural impact on a networks ability to satisfy application demands is mainly re-
lated to distances and connectivity: shorter paths generally imply shotégtscend

less overall traffic in the network, and a high connectivity ensures titigyab trans-

mit data even in case of failures. Support for best-effort traffic aafficr which
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is either QoS or reliability demanding, is generally described by the followinf we
known and widely recognized parameters:

e Diameter:max(distaz)-
o Average distancervg(distqyg).

e Connectivity number:min(I,,;,), where the basic parametéfu, v) is the
largest number of independent paths which can be established beiveeeh
V.

These parameters and the parameters introduced in the following are albbuld
assumption of all-to-all traffic. In access networks, a large part of tféctis to
and from main nodes, such as servers or nodes providing accesslideimet. It
is not difficult to adjust the parameters to take into account such a diffenadfic
distribution. In order to evaluate the support for applications that are @osh and
reliability demanding, a set of parameters are introduced as a supplementhocé
parameters stated above. Three different traffic schemes are aedside

Protected traffic, using + NV protection: Traffic between two nodesandwv is sent
alongk = N + 1 independent paths. In order to evaluate the structures ability to
support this scheme, the measukediameter andc-average distance are used as
a generalization of the classical diameter and average distance meaSinesk
independent paths between two nodes can generally be chosen iardiffetys, two
approaches are suggestddmaxzxdist(u,v) is the longest of independent paths
betweenu andv chosen such that the longest of these paths is shortest possible and
k-avgdist(u,v) is the average length éfindependent paths betweemndv chosen
such that the average length is smallest possible. It is possible that soroEpstss

fulfil the criteria of both measures, but in general the following constdera apply.

The choice of paths used férmazdist(u, v) is optimal in the sense that it reduces
the length of the longest path, and can be used for guaranteeing thahaction
betweenu andv can be set up witlk independent paths, of which none are longer
than k-maxdist(u,v). This is useful for applications that are very delay-sensitive
yet reliability demanding, and can be used to indicate the structures abilityportup
such applications. However, this way of choosing the paths is not in gjletesirable:
compared to the choice of paths used#ervgdist(u,v), the average distances can
be longer, increasing the likeliness of failures as well as the total amouraftié
generated. Two global parameters are obtained:

e k-diametermax(k-maxdist gy ).

e k-average distanceivg(k-avgdistayg).
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Assuming that protected paths are set up minimizing the average distancés, the
average distance gives a good indication of the traffic generated.g¥ Emounts

of traffic are expected to use multiple independent paths set up suchehangest
paths are shortest possible, an alternative measureyig-maxdist,,q). Another
approach, which should be mentioned, is to consider roads instead of pditre
roads are defined as paths with a specified maximum length[BDZ04b]. \‘dowe
deciding this maximum length is not trivial. Even given specific delay requinésne
the delay also depends on protocols, transmission delay etc.

Traffic using restoration: Traffic between two nodeandv is sent on one path. If a
failure occurs, a new path is set up. To describe what guaranteé®qaovided let

k- failure-maxdist(u,v) be the largest value afist(u,v) which can be obtained
in any structure constructed by removing from the original strudturedes or lines

different fromu andv. This leads to the following global parameter:

o k-failure-diametermax (k- failure-maxdist, gz ).

Given at mostk failures, the diameter in the remaining structure does not exceed
k-failure-diameter.k- failure-avgdist(u, v) being the average distance between
andv given k failures of nodes or lines different from and v, avg(k-failure-
avgdist..g) can be used to predict traffic load in casekdhilures, but it would be
more interesting to analyse the load distribution in case of failures. To caldulate
failure-avgdist(u,v) all possible ways of removinglines or nodes must generally

be considered, a huge task.

Protected traffic usingv : M protection: Traffic between two nodes is sent on only
one path, but backup paths are set up when the connection is estahdisdchffic

can be switched over whenever a failure is detected. KFdmmeter and:-average
distance are useful for describing the structures ability to support thisdfitraffic.
Alternatively, a weighted:-average distance, where the primary path is assigned the
largest weight, can be used. Schemes combifNing M protection and restoration
have been introduced even for QoS-demanding traffic[BB&). Such schemes are
able to reuse parts of the primary paths for the backup paths, and it fahawthe
ability to support such schemes is more similar to the ability to support traffic using
restoration. Consequently they can be evaluated by the same parameters.

General remarks: For any pair of nodeandv, k-maxdist(u,v), k-avgdist(u,v),

andk- failure-maxdist(u,v) are all NP-hard to determine for arbitrary structures.
Depending on the value @ and the size of the structure, the above suggested meth-
ods for finding the paths for determinikgmazdist(u, v) andk-avgdist(u,v) may

be replaced by simpler algorithms, which may be chosen specifically to swiea gi
structure. If these algorithms are to be applied in a possible implementation, the
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obtained results also reflect the expected performance better than thkaugek-
mazxdist andk-avgdist. This also relates the parameter to the qualitative parameter
algorithmic support.

Connectivity

It is crucial for both users and network operators that a network doesplit into

more components in case of failures. The connectivity number introduoced iec-
essarily a good measure, since even the disconnection of a single nodsigered

such a split. A more general measure describes the minimum number of nodes to
be removed in order to obtain a structure with no component containing mare tha
|N| — k nodes:

e k-connectivity number.

Cost

The cost of a structure mainly deals with the initial cost of establishing it, but the
parameters introduced also to a limited extend describe the cost of maintaining it.
As the number of nodes defines the size of a structure, the cost is nobhguttee
number of lines. However, in order to take into account the size of thetstajthe
average node degree can be used instead. This also directly refléciedba with

large degrees are in general more expensive than nodes with smaleeslegoting

the one-to-one correspondence for any given structure, the glabaineters are:

e Average node degreevg(deg).

e The number of lines{L|.

Since the dimensioning of nodes and lines depends on the expected arfrtoaififico
the average ankl-average measurements yet introduced are also useful. The qualita-
tive parameters embeddability and algorithmic support also influence the cost.

5.6.2 Qualitative parameters
Algorithmic support
Some structures such as rings, double rings, and mesh structuresioiipde algo-

rithms for routing and restoration, ensuring that optimal paths can be fanshdon-
nectivity fully utilized without using large resources on storing and updadtbtes,
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even in case of some limited numbers of failures. The existence of suclitlagsr

is important in order to benefit from structural properties. It is of paldicinterest
that protection schemes are supported, since establishing multiple indeppattes
with certain constraints or optimisation criteria is in general NP-hard. Algorithms
can be evaluated on issues such as complexity and equipment demaralsp tort
their ability to find good paths, e.g. by evaluating what average distanceetiig
k-average distance, ariddiameter can be obtained. Depending on the choice of
transmission technology, more algorithms can be taken into account. Forlexamp
wavelength routing plays an important role in fibre optical networks.

Embeddability

Depending on the physical conditions, some structures are easier to #rabhadther:
in general, structures with planar embeddings, i.e. embeddings withowirgyos
lines, are often preferred over structures without planar embeddingn,though a
limited number of crossing lines may not be a problem. The embeddability of a give
structure is also highly dependent on the specific physical conditionse aceas are
better suited for ducts than others (i.e. open land vs. water), and existitg) doads
or railway lines may be preferable to use or difficult to cross. Embeddabilsty
covers the ability to design the network with variable and inhomogeneousdiede
tributions. This is important when networks are deployed in areas with \saniode
densities, e.g. densely vs. sparsely populated areas. Embeddabilityfhieadas
the cost of the network.

Expandability

Expandability or extensibility describes the ability to insert nodes into a steictur
after it is implemented without changing its basic properties. It is crucial that it
possible to insert both smaller and larger sets of hodes when neededtwiiving

to restructure the network, since such restructurings may requireaielisement of
ducts and thus become extremely expensive. Some structures constaaimaviber

of nodes are allowed, such as the double ring ArxR(50; 9) described in Section
5.7. In general, it is preferable if nodes can be inserted one at a timie, &y case
the minimum number of nodes required to expand the structure should be $malles
possible. On the other hand, it is desirable that structures scale weltrgatobven
larger numbers of nodes can be inserted without affecting the quantiatiseneters
too much. Itis also important that nodes can be inserted anywhere in thisé;or
least in a way, which causes as few geographical and physical amtsts possible.
Expandability also describes the ability to deploy a structure gradually.
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Robustness

Robustness is related to the quantitative parameters concerning suppdiffer-
ent traffic schemes, and deals with the networks ability to resist attacksdue:$.
[DCO04] concluded that especially two properties, node symmetry and optional
nectivity, were important to ensure robustness in network structureg syonmetry
ensures that no nodes are more important than others, and thus norpgper-a
ticular vulnerable to attacks, and the optimal connectivity ensures the edstén
as many independent paths as possible, given the number of nodes em@rln
vided. Both properties can be satisfied to smaller or larger degreeV 2#&p; q)
structures[MNSO02] are examples of optimally connected but not nadgssade
symmetric structures, which share many of the properties of node symmaetige str
tures. Other quantitative parameters, in particular the connectivity nunmioet-a
connectivity number, are also useful for evaluating robustnessficTtaéd and dis-
tribution in case of failures is also important, but usually at least some assmsiptio
failure probability of nodes and lines must be taken into account in ordetéordine
properties in these regards.

5.7 Example

In order to demonstrate how the scheme is used, different structuieso0e4d00
nodes, are compared. The evaluated structures (see Figure 5.ihpadouble ring,

and N2R(50;9). The choice of evaluation parameters depends on the expected use
of the network. For this example, the network is assumed to be an accessketw
implemented by wired (fibre) solutions, and the two most important traffic ddese

be best-effort traffic and 1:1 protected traffic. As a result, the selgeteineters are
average distance, 2-average distance, diameter, connectivity numbenumber,

and all the qualitative parameters listed in this framework. Since all the stesctur
contain the same number of nodes, the line numbers indicate both cost aageave
node degree. The comparison is shown in Table 5.1.

The ring is the cheapest structure measured by the number of lines, anthals
structure that is most easily embedded and expanded. Furthermore, isimfilest
structure with regard to routing, protection, and restoration, and the syiemeir-

sure that no part is particularly vulnerable to attacks or failures. On tlee bénd, it

does not perform well with regard to distances, especially not in cgs®tEction or
restoration, where it is necessary to route packets all around the tiegeTong dis-
tances also imply that the network should be dimensioned to handle a largetamoun
of traffic, affecting the cost of lines and node equipment. Connectivitnssiieed

only in case of one single failure.
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Table 5.1: Comparison of selected network structures using selecteainggers.

Ring Double Ring N2R(50;9)

Avg. distance 25.3 131 4.6

2-avg. dist. 50 13.6 55

Diameter 50 26 7

Connect. no. 2 3 3

Line no. 100 150 150

Algorithmic Simple schemes Simple schemes fof Routing is more compli-

support for routing, | routing, protection,| cated than for the ring
protection, and| and restoration exist. | and double ring, but stil

restoration exist.

rather simple[PPKMO04a]
Restoration/protection
more complex, and nc
known simple scheme
fully benefit from the
shorter distances.

2

Embeddability

The ring is easily
embedded in mos
environments.
Planar.

More complicated than

t the ring, but still pla-
nar.  [L6p03] gives
an example of how 8
double ring with 38
nodes can be embeq
ded by considerate ne
work planning.

More complicated to em
bed, and to our best know!
edge no examples exist of
1 being embedded. It is ng
planar, and the ducts ma
I-be excessively long. Us
-ing the same ducts for mor
lines reduces duct length
and crossings but also dé
creases reliability.

n 00T =

A1
I

Expandability

of
be

Any number
nodes can
added to the
structure  wher-
ever needed, bu
distances increas

The number of nodes
must be even, bu
nodes can be inserte|
pair wise wherevel
t needed. Distance
eincrease rapidly.

5 Nodes must generally be in
I serted in blocks o2q = 18.
dDistances increase notab
slower than for the ring ang
s double ring.

rapidly.

Robustness Node symmetricc Node symmetric and Not generally node symt
and optimally | optimally connected| metric; two classes of
connected. 24 3-connected, short nodes exist, symmetry
connected, large distances in case dfwithin each.  Optimally
distances in caseg single failures. connected,  3-connected.
of failures. Short distances even in case

of multiple failures.
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Figure 5.1: Ring, double ring, and&N2R(50; 9).

The double ring contains more lines than the ring, and is more difficult to embed
and expand. Two independent paths can be established betweeniraof males
using an only slightly more complicated scheme than for the ring. However, fully
utilizing the higher connectivity and shorter distances for redundans patjuires a
different but still rather simple scheme to be set up. Connectivity is ecigwen in
case of any two independent failures. Distances are notably lowerdhaimef ring,
especially when protection schemes are used: two independent pathe sahup
between a pair of nodes without traversing the complete structure, ardadsia-
dependent path is never more than two hops longer than a shortest pistheduces

the expected traffic load for both protected and unprotected traffic.

The N2R(50;9) contains the same number of lines as the double ring, but is more
difficult to embed. It is not planar, and there are many lines crossing ethen.

It is also more difficult to expand, even though it can be done withoutuetsir

ing the whole structure as long as nodes are inserted in blocks of 18. thire
hand, distances increase significantly slower than in the ring and dougleHiimd-

ing a shortest path is not difficult, but setting up protection paths is more cample
than for the double ring. Distances are notably shorter than for ring amble ring
structures. The example illustrates the trade-offs that must be made whesirdn

a network structure, and that it is hard to decide on a generally prédestthcture,
partly because crucial parts of such a decision is highly dependemrmnete con-
straints, demands and expectations. Nevertheless the evaluations gge gicture

of strengths and weaknesses of the structures evaluated.

5.8 Discussion

This framework defines a number of quantitative and qualitative paranietergal-
uating and comparing network structures. It makes an important tool fetajsng
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alternatives to known network structures like the ring and double ring,saatso
useful in order to support decisions in practical network planningestcdbes how
choosing network structures either generally or in specific cases is a fditade-
offs between different demands and desired properties, and a# sichther a tool
for clarifying strengths and weaknesses than to point out a best sggiten speci-
fied demands and conditions. Due to the generality of the framework, theansimib
parameters is kept sufficiently low to maintain an overview of the most imporsant a
pects of evaluating and comparing network structures. On the otherdw@mdhould

be aware that for more specific purposes or demands, other paratheterfose
derived in this framework must be taken into account.
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6 | Topological Routing In
Large-Scale NetworkSewos

6.1 Preface*

This paper was written in collaboration with Thomas Phillip Knudsen and Ole Brun
Madsen, and presented at the 6th International Conference on éetv&ommuni-
cation Technology (IEEE/ICACT 2004). It is the first of three paperasing the
4-regular grid structures in network planning, and is to a wide extentltmasa poster
presentation on Topological Routing, which was presented at the InfiemiEech-
nology and Telecommunications Annual Conference 2003 (IT&T 200BM®B3].

The contribution to the thesis can be summarized as follows. The paper:

¢ Identifies the most important differences in using the 4-regular grid steictu
in multiprocessor systems and large scale networks.

e Devises a number of extensions to meet the demands of large-scale retwork
in particular Topological Routing, algorithms for failure handling, and iera
chical extensions. It is shown how Topological Routing can greatlyaethe
need for routing tables, which is a major problem in todays networks.

The performances of the hierarchical extensions are evaluated irte€Ciapvhich
also introduces a few more variants of it. Chapter 8 contains even moratgaais
well as a more in-depth description of some of the theory presented here.

6.2 Abstract

A new routing scheme, Topological Routing, for large-scale networksapgsed.
It allows for efficient routing without large routing tables as known froaditional

routing schemes. It presupposes a certain level of order in the netwomkbwn

from Structural QoS. The main issues in applying Topological Routing telacgle
networks are discussed. Hierarchical extensions are presentegveitbnschemes
for shortest-path routing, fault handling, and path restoration. Furtisearch in the
area is discussed and perspectives on the prerequisites for praejtayment of
Topological Routing in large-scale networks are given.
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6.3 Introduction

The growth of large-scale networks, particularly the global networkspeising the
Internet, has put pressure on traditional routing schemes for suclomstwthis
includes sizes of routing tables and ability to support the increasing denfiands
QoS. From the field of multiprocessor systems, table-free routing scheanedben
known for years. These schemes are not directly applicable to laae rsetworks;
they rely on the structures having highly regular properties and opemtiraglim-
ited scale, conditions which are not practical in large-scale networkseriRevork,
however, in the field of large-scale networks has proposed the deksiggtworks
with global structural properties for the improved support of QoS, ter8taattural
QoS or SQoS [MNS02][MKPO03]. Such network design offers the oymity for
applying concepts from multiprocessor systems to large-scale netwokksy &d-
vantage of the global properties to introduce table-free routing. This ofa®uting
schemes, taking advantage of defined structural properties, is labeltedogical
Routing. In this paper, characteristics of Topological Routing will be desd in
relation to large-scale networks.

6.4 Methods

The concept of Topological Routing is introduced and related to alreadyik
schemes from multiprocessor systems. Two structures known from muégsoc
systems are dealt with in details, and it is analysed how the structural demfnds
large-scale networks differ from these. This leads to a discussionwriHgostruc-
tures and schemes can be revised in order to satisfy the demands cddalgeet-
works. A number of problems are identified, and some solutions suggested.

The 4-regular grid structure and the honeycomb structure[Sto97] tloenbase of
the further studies. Both structures support Topological Routing. frbetsres can
be studied as meshes or tori. Throughout this paper, the meshes aigeoeths
However, the algorithms are provided without considering the problemstuatr

due to nodes on the edge of a structure having smaller degree than ttseafidkle

structure in general. The algorithms are easily extended to the tori.

6.5 Notation

Basic notation is given here. Throughout the paper, more notation is irteddas it
is used. A structuré = N U L consists of a set of node€$ and a set of undirected
lines L, such that each line is interconnecting two different nodes. Every hasla
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name/address associated to it. A path of lengtietween a node and another node
v, is a sequence of nodés = uy), u1, ug, . . ., un—1, (u, = v) such that all pairs of
nodes(u;, u;+1) for 0 <i < mn — 1 are connected by a ling;. Thus it can also be
written u, e1, u1,ea,...,e5_1,Un_1, €n,v. The hop distance between two nodes,
andwv, corresponds to the length of the shortest path between these two andés,
written dy, (u, v). N(u) denotes the set of neighbours of a nadand consists of alll
nodesw such thatl, (u, w) = 1.

In this paper, it is assumed that all structures without failures are finite@muected:
for every pair of nodes,v € N, there exists a path betweenandv. In case of
failures, a structuré’ can contain a number of components. A componertt ixf a
set of nodegV’ C N and a set of lineg’ C L so that every such line is incident only
with nodes inN’. Furthermore, from a node € N’ a path exists to another node
if and only ifv € N'.

6.6 Topological Routing

The basic idea of Topological Routing is to use the routing schemes kn@mm fr
multiprocessor systems as described in e.g. [Sto97][CSK90][Wu03]l dases an
addressing scheme is provided, and from any node any packet cauted only
from knowledge of the address of the current node as well as the akstimode.
Therefore, the name Topological Routing has been chosen.

The principle is illustrated for the 4-regular grid structure shown in Figufle 6
Clearly, this scheme will route packets from source to destination in a nuniber o
hops corresponding to the sum of the differences of the coordinates twdhdirec-
tions. This routing principle is generalised in the following.

To every node, an address is associated. These addresses@anidated by words,
coordinates or numbers, forming ordered sequences. Every nowes kis own ad-
dress as well as the addresses of its neighbours. Topological Routikg an a
hop-by-hop basis: given a packetand its destination node in every node receiv-
ing p, sayu, the address of is compared to the addresses of all neighbours, of
andp is sent to an address closesttoThe notationd, (u, v) is used for the address
distance between two nodes. How this distance is calculated depends drosea c
addressing scheme. In this papkf(z1,y1), (x2,y2)) = |z2 — 1| + |y2 — y1| IS
used as the addressing distance measure for the 4-regular grid.yFudev in the
4-regular grid structure, we write = (u,, u, ), whereu, andu, correspond to x and
y coordinates of the addressaf

Clearly, the performance of such a scheme depends on both netwastustrand
addressing scheme. In the following, sufficient conditions for an adirg scheme
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Figure 6.1: An example of a 4-regular grid structure. The nodes are asleldesccording to the coordinate system.
Routing a packet froma to v is done hop-by-hop: in every node, the addressisfcompared to the current address.
Based on the differences in x and y coordinates a next hopaseth which reduces the difference in one of the
directions. The scheme is not deterministic since in some nvaesiext hops can be chosen between. In this
example, the packet is always send in the x direction when awtioice is to be made.

to support Topological Routing are stated. Two levels of support arednted:
schemes supporting Topological Routing, and schemes strongly sugptopolog-
ical Routing. In schemes supporting Topological Routing, any packetfiwélly
reach its destination, while in schemes strongly supporting Topological Rgatim
additional condition is that a chosen path always has to be a shortest path.

Let S be a structure consisting of a set of nodésand a set of lineg.. Itis assumed
thatd,(u,v) = dq(v,u)Vu,v € N whereu # v, thatd,(u, v) is always finite and
thatd,(u,v) = 0 & uw = v. If for every pair of distinct nodesy,v € N, there

exists a nodev € N (u) such thatl, (v, w) < d,(u,v), thenS supports Topological
Routing: clearly, when routing, the addressing distance is reducedeaby bap, and
thus a packet routed will always reach its destination, assusinghout errors.

The following further conditions ensure strong support of Topolodgrmalting: as-
sumeu # v. Letw € N(u) such thatd,(v,w) minimum. Thenz € N(u)
must imply thatd,(z,v) > di(v,w). As a consequence, Topological Routing
in such a structure ensures that a shortest path is chosen. In theldrrggd
dp(u,v) = do(u,v) = |uy — vz| + |uy — vy|Vu,v € S. This is sufficient to en-
sure strong support of Topological Routing. The same is true for theyltomb
structure. The addressing is similar to the scheme above, but extendeaeo thr
coordinates[Sto97]. This is illustrated in Figure 6.2.

44



Topological Routing in Large-Scale Networks

Figure 6.2: The addressing scheme of the honeycomb structure.

6.7 Large-scale network demands

The routing scheme introduced has until now been widely used in multiparcess
systems. These systems differ from large-scale networks in several imeorder to
identify what changes should be made to the scheme in order to make it afgplicab
for large-scale networks, five major differences have been identified.

e Where multiprocessor systems can take advantage of cube and hypdeub
signs to increase connectivity, and can stack nodes close to eachlather,
scale networks must follow an essentially two-dimensional surface, dadhha
formations as well as human structures form the major constraints on place-
ment of the nodes. Node density varies greatly from deserted landstmpe
heavily populated areas.

e Large-scale networks today contain thousands of transport nodesiliions
of network termination points. Therefore, the structures must scale ety w

e Traffic in large-scale networks is to an increasing extent Internetdyalffis
traffic, opposed to many other traffic types, exhibits a non-localised patter
hence, most of the traffic passing nodes in networks is transit traffic.
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e Large-scale networks are dynamic entities, which are extended anddeogr
continuously, and in which failures occur and must be handled while the net-
work is still in operation. In addition, large-scale net-works have to be es-
tablished over time. By nature, only add-ons can be performed to chamge th
structure. Consequently, it needs to be extendable so that its coveeagasa
well as its node density in already covered areas can be expanded.

e Large-Scale networks support many services where continualtapers es-
sential, and therefore there is a need for independent paths in ordgrgors
protection and fast restoration.

6.8 Revised schemes

The problems are suggested solved by a number of extensions of timeeschieese
results all refer to the 4-regular grid structure, but most of them are@alde to the
honeycomb structure as well.

6.8.1 Hierarchical extension

Hierarchies are introduced in order to deal with scalability issues as wisleaseed

for larger node densities in some areas than in other, because the loveschieal
levels may exist in selected areas only, as shown in Figure 6.3. This als® make
the structure gradually extendable. However, the structure only sisgppological
routing if all lowest hierarchical layers exist globally, and even in thigdas not
supported strongly. In the following, a revised algorithm is presentethndiways
gives a shortest path, even if parts of the lower hierarchical layerg#fiout.

Hierarchies are established by adding lines to the basic structure. Fstrugzimg
just one hierarchical layer, an odd integer 1 is chosen for granularity. Now every
nodeu = (u,,u,) such that, andu, are both divisible by, is connected by new
lines to the four nodesu, — g, uy), (uy + g,uy), (uz, uy — g), and(uz, u, + g).
More hierarchical layers are constructed in a similar manner. Constructaygrs,
these are denoteHy, ..., H, 1, H,, whereH, is said to be the highest layer and
Hy the lowest.Hy = S corresponds t& without hierarchical extensions and is said
to be the basic structure. In the rest of the sectighn. In general, a node belongs
to Hy ifand only ifu € N, u, =0 (mod ¢*) andu, = 0 (mod g*). Hj also
contain a set of lines, so that every nadés connected to the nodé¢s,, — g*,u,),
(uz + g%, uy), (ug, uy — g*), and(uy, u, + ¢*), which are all nodes itf;. The hop
distance between two nodes, with the restriction that only linesif, . . . , Hy are
used, is writtend (u, v).
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An operator,round, is defined, which simply returns a closest integer value of a
fraction: for two integers: andb, the operatoround(;) determines an integelr
such thaf/ — #| is minimum. In all cases where the operator is applieis, odd.
Thus, never more than one valueloéxist.

Before stating the algorithm, three basic properties are listedS beta hierarchical
4-regular grid structure, whergis the granularity chosen, andis the number of
hierarchies. Assume for now that all hierarchical layers exist globally.

e Property 1: from a given node. € UH,,...,Hy, the nodev €
Hy41 such thatd,(u, ") minimum is unambiguously determined hy =

(9" round(ger). g+ round(Gitr)).

e Property 2: letu be a node inHy, and letu’ be the node inH;_; such that
do(u, u") minimum. Letv € N andv’ be the node i, such thatl, (v, v')
minimum. If a shortest path betweenandv is passing a node i#;, a
shortest path exists betweerandv passing.’ andv’.

e Property 3: ifdg(u,v) < dgi1(u,v) thendy(u,v) < d,(u,v). Note that this
property only holds foy > 5.

The revised routing algorithm works as follows, assumjng 3. When a packep
with destination node is received in a node, which is in Hy but not Hy, 1, it is

Figure 6.3: An example of how hierarchies can be used to create structuhésh are more scalable than the basic
structure. At the same time, it is gradually extendable amaalifor varying node density.
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Figure 6.4: Hierarchical routing of a packetfrom v = (2,9) tov = (6,4). Inu it is determined that routing
should be done through the upper hierarchical layer,afatwarded toward¢0, 10). From (0, 10) the packet is
forwarded to the neighbour closestdpwhich is (5,10). The neighbour of5, 10) closest tov is (5,5). From
(5,5), the node closest tois (6, 5), and from this nodey is forwarded tov.

decided ifp should be routed througH}. ;1 (or even higher layers). This is done by
deciding ifdy 11 (u, v) < di(u,v), illustrated in Figure 6.4. Due to property 3, higher
hierarchies need not be considerednight not be inAHy, but due to property 2, itis
sufficient to compare the distances betwaeandv”, v” being the node i, such
thatd, (v, v"”) minimum.

Sinceu andv” are both inHj, no shortest path uses lines Hf,_; or lower lay-
ers. Thusdy(u,v”) = w If a shortest path exists iH;; using only
lines in H; and lower layers, this path does also existiHy, . .. , H, implying that
di(u,v") = di11(u,v"). If this is not the case, a line i, is contained in a short-
est path. Due to property 2, this implies that such a path exists, passing laoith’,
whereu’ is the node i ; such thatl, (u, ) minimum, and’ is the node in 1
such thatd, (v, v") minimum: dg 1 (u,v”) = dg(u,v') + dp1(u', ") + di(v',0").
Clearly, also this distance is easily calculated given the addresses aswallias
of g andn: dyy1(u,v") = [ g |y —uy [ [vg v vy —vy | I \u;-—végl;i\fi,—v;,\. The
value ofk is easily derived from the add?essmf !

If di(u,v"”) < diy1(u,v"), routing is done following the normal routing scheme:
w € N(u) so thatd,(v,w) minimum is determined, ang forwarded tow. If
di(u,v") > dg+1(u,v"), routing along the shortest path happens by forwarging
to a nodew € N(u), such thatd, (v, w) minimum. If di(u,v"”) = dgi1(u,v”)
either scheme may be applied unlgss- 3, in which case the first scheme must be
followed.
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If lower layers are omitted in parts of the structure, the above may not hintd snly
paths in the highest hierarchical layer can be assumed to exist globallyevdn
such left out parts of the lower hierarchies are complete squares\as ghéigure
6.3. A problem may arise only if a path should be established between nodas in
different squares, passing one or more left out squares. Howe\his case another
path of same or shorter length can be established using higher layer nbéesfore,
the only revision of the scheme needed in case of left out parts, is thatgatould
be done througttfy, . | if dy(u,v"”) = dg1(u,v”).

The algorithm presented ensures that routing upwards and downWiardschies
are done, so that a shortest path is always chosen. The scheme ier@&silyed to
support different granularity in different layers.

6.8.2 Path restoration and Topological Routing

Algorithms for routing in incomplete structures are necessary in order tb dea
with network failures. Such algorithms have been evolved for the 4-reguia
structure[Wu03][TWO00]. However, these algorithms need to be reviset®al ef-
ficiently with failures of arbitrary shape in packet switched networks. dtfigreat
importance that the routing is efficient in the sense that short paths aserchend

the use of tables minimised. At the same time, routing should be possible between
any pair of nodes between which a path exists, even in case of failunesefore, a
new algorithm is proposed that works by constructing small tables in nodietein

to lines, which are unavailable. These tables require update informationtfre
given area of failure only. The scheme presented here deals with adsesyular

grid structure.

In a 4-regular grid structur8 = N U L, with a standardzx, y) addressing scheme,
suppose that a set of nodd%’ C N and a set of lined” C L are removed, and let
S” = N"” U L"”. Throughout this papes” is assumed connected, but this is easily
generalised.

If S — S”is connected thes’ = S — S”. Otherwise, choose a nodec S — S”
. The nodes of’ are thenu and all nodes such that a path betweenandv exists
in S — S”. The lines ofS’ are the entire set of lines incident with two nodesSin
S — S’ is said to be a lake of and denoted;.

If S — S” is not connected, the definition clearly depends on the choiee dhis
reflects the fact that if the network is split into more components, from a moakee
such component, all other components seem to be failing.

A node is said to be a border nodB ) of S, if it is incident with lines in bothS’
andsS;. The set of all nodes df; and all lines ofS; not incident with any node i5’,
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are said to be the interior of.

In this paper, only the handling of one such lake is considered. Theithlgois
easily extended to deal with any number of lakes. This corresponds taradl®#
not connected.

The presented algorithm, called the lake algorithm, works as follows: whé® &la

is detected, alBN's of S; maintain a table of the border &f. Whenever a packet

p with destinationv could be forwarded by the normal scheme only along lines in
S;, a lookup in the table is made. is then routed around;, towards a nodev on

the border so that,(w, v) minimum. From here, the standard Topological Routing
scheme is again applied. The principle is illustrated in Figure 6.5.

o N <
>

N W »,

>X
o 1 2 3 4 5 6 7

Figure 6.5: Routing a packep from  to v in a structure with a lake. I, 3) no line exists to a node closer tQ
and thus the lake algorithm is applie@, 3) is the node on the border of the lake, closest,tandp is forwarded
to this node, following a shortest path around the lake.

In the following, consider a structurg containing a lakes;. For every nodey, the
neighbours of it are ordered as a sequenag:+ 1, u,), (uy, uy — 1), (uy — 1,1uy),

(uz + 1, uy), (uz, uy + 1), .... An element is said to be to the right of the preceding
element. See Figure 6.6.

When a node: detects that it cannot establish contact to a neighbour node, it becomes
aware that a lake has appeared, arfths become #N. The next step is to detect
this lake, and collect the information necessary for running the lake algorittnis

is done by sending a left-control-packgt from w it is send to the first available
node on the left hand side of the detected unavailable node. When a medeives

qu, itis first checked ifu = v. If this is not the case; is added to a list carried hy,,
storing the addresses of all nodes passed, in that particular origghdt send to the

first available node on the left hand side of the node from which it is weesived.
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Figure 6.6: Fromu the neighbour nodes are ordered. + 1,uy), (uz,uy — 1), (ue — 1, uy), (v, uy + 1).
(uz,uy + 1) is said to be the first node on the left-hand sidéwf + 1, uy ), and(uz, uy — 1) the first node on
the right-hand side ofus + 1, uy).

If v = v, the information of nodes passed is stored in a tdhleandq, terminated.
The nodes stored i, are the nodes defining the border%f the BNs are only a
subset of these.

Both right-control-packets and left-control-packets can be used. prmyde the
same information, the only difference being the ordering of the nodes.eByirsy
such control packets in specified intervdlg,is kept up to date. In the followingr,
denotes the set of nodes listed7ip as well as the set of lines connecting all pairs
of nodes listed preceding each otherZin Clearly, St, is connected. The length

of a shortest path between two nodeandwv both in St using only lines ofSy, is
written dg,, (u,v). When it is experienced that the failure has been recovered from,
the table is deleted, and routing is done following the normal Topological Rputin
scheme.

The same scheme is followed in all otheéVs. In an implementation of the scheme,
some optimisation may be done in order to reduce the number of control pamkets
letting control packets carry information for use in BIN's, and not only their origin.
Now, assume that ever N maintains a table as described. When a papkeith
destinatiorw is received inu, the following happens:

e Itis determined if any node € S’ N N (u) satisfies thatl, (w, v) < da(u,v).
If this is the casep is forwarded to such a node.

e Ifnow € 5" N N(u) satisfiesd,(w,v) < dq(u,v), pwould in S be sent on
a line which does not exist if’. Now w € T, is found such thadl, (w, v)
minimum. If dg(w,v) = dg(u,v), thenwv is in the interior ofS;, so no ap-
propriate path can be established. In this cage,discarded. Otherwisgis
forwarded to a node € T, such that,(z,v) = d,(w,v). Among these pos-
sible nodes; is chosen as to minimisgy,. (u, z). A shortest path itbr, from
u to z is determined, ang is routed along this, keeping explicitly specified
route information, so that any node passed simply checks this and rodtes ac
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cordingly. Assuming that the lake does not change during the routin@gsoc

p is forwarded to a node such thatl,(z,v) < d,(u,v). Itis easy to see that

a path between andwv of lengthd,(z, v) exists inS’, and thug will reach its
destination. Some optimisation can be done in this scheme, in order to shorten
the path between andz. This can be done by using lines notS$t,. Nodes

not in St, can also be used, but care must be taken, especially if more lakes
exist.

If a packet with an explicitly specified route is received in a node, andekenode
listed on the route is unavailable, the explicitly defined route is discarded aad
route set up using the scheme above.

It might happen that a node detects a failure, but has to route a packetith
destinationv before a table has been set up. One suggestion for handling this case
is to forwardp as a right- or left packet, being routed as the corresponding control
packets. At some point, e.g. wherreaches a nodesuch thatd,(z,v) < dq(u,v),

p is in z routed according to the general schemeu lit is possible to copy, and

send it as both right- and left packets to provide faster transmission.

The scheme provided could be revised by expanding the set of noties) are
maintaining tables: larger tables, kept in a larger set of nodes, caneréuritength
of paths chosen. This trade-off between table sizes and path lengthsisesngn
interesting field for further research.

Handling of failures in hierarchical extensions of the structure is nopatied by
this algorithm. If a packet needs to be routed through higher hierarchissend
towards the nearest higher hierarchy node. If this node is unrelactibbas to be
determined in which direction the packet should be routed. Further oksisareeded
to clarify how this should be done.

6.8.3 Mappings

Large-scale networks must, as mentioned, conform to physical lareseayo can
not be built entirely regular; therefore, a mapping from the structuneesemted by
the addressing scheme onto the physical network is necessary. Sugimgsapvhile
not arbitrary, can give considerably freedom in placement of nodédies in the
landscape, as long as two conditions are fulfilled:

First, the two dimensiong andy in the addressing must be preserved as general
physical directions in the network; distances measured as a given naibeps,
though, need not be of similar length in kilometres. Therefore, what iesepted as

a grid of squares in the addressing scheme may be mapped such thatrthedes
comprising the corners of a square are placed as the corners ofiaargnapezoid;
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the lines may follow any path through the landscape, as long as they doertdmv

Second, no two distinct lines or nodes in the addressing scheme may bd place
such proximity in the physical network, that they become a singe point oféailu

It is possible to add nodes of degree one or two to the physical struetune though
they do not exist in the addressing scheme; in this case, such nodé@s piyeasso-
ciated with the closest node(s) in the structure.

6.8.4 Independent paths for protection

In general, the schemes proposed offer fast line restoration. Howaverder to

support applications not tolerating any restoration latency, it is negetsssend data
through two or more independent paths, an approach recognizedtastmm. In

the following, a scheme allowing for this is introduced. It is first introducattlie

4-regular grid and then extended to the hierarchical extension.

In general, the 4-regular grid offers four independent paths betasgpair of nodes.
Paths are considered independent only if they share no nodes nor lines

Assuming the structure to be complete, the routing scheme can be made determinis-
tic and predictable, depending on how lines are chosen when multiple shuatles

are available. If several different such predictable routing scheneesha@sen care-

fully, a corresponding number of independent paths between any fpaides can

be established. For a rather simple example, assume that a pde®briginu and
destinatiorw. Two copies ofp, namelyp andyp’, are sent from.

In u as well as all other nodes passed untils reached, the routing follows the
general scheme. Whenever a choice of next hop has to be made bétwewmdes:
andz’ so thatdist,(z,v) = dist,(z’,v), p andp’ are routed differently: in this case,
p is routed along the x direction whil€ is routed along the y direction.

If u, # v, andu, # v,, p andp’ are send on two independent paths, and,it= v,

or u, = vy, the same path is followed. This scheme always uses as many short paths
as are available in the structure. If more paths exist, they cannot be sthartéch
makes it necessary to revise the general scheme of always forwgraokgts to a

node closest to the destination. Two cases must be dealt with:

o If u, # v, andu, # vy, two paths can be established as stated above. Two
more paths are established by routing two additional copigsg@fandq’, via
three intermediate nodes,, vy, vy’ andv,, v, v,/ respectively. The routing
between these is done using the normal Topological Routing scheme. When
v, has been reached, routing is done towarfisfrom where routing is done

towardsv,’. From herey is routed towards. A similar scheme is used faf.
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— Ux—Uxg _ Uy—u H 1 A
Letr, = = andr, = \vZ—uZI' Thengq is routed viav, = (uz — 72, uy),

vy = (Uz — T2,vy + 1), @ndvy" = (v, vy + 1y), While ¢ is routed via
Vgr = (Ugy Uy — 1y), V) = (Vg + T uy — 1y), @NAVY = (v + 14, vy). The
lengths of the paths af andq’ are four hops longer than the length of the two
shortest paths. No four independent paths feotmv in this structure can have
lower maximum, average, or minimum lengths than the set of pathspfq,

andq’.

o If u, = v, oru, = v, (@assume the latter) only one shortest path, that can
be established. Three more packetsy’, andq” are routed in a way similar
to the former case. The paths@fndq’ are both 2 hops longer than the path

of p, and constructed by routing through intermediate nages; andv;,, v},

respectively, where; = (ug,uy + 1), vy = (vz, uy + 1), vy = (ug, uy — 1),

andvy, = (vz,uy — 1). The path ofg” is eight hops longer than the shortest

path, with four intermediate nodes, = (ugs—7z, uy), vgr = (Ue =7z, uy+2),
" "

— — _ Uz—u
Vg = (Vg + Tay Uy + 2), v = (Vg + 7g,0y). T = T

This approach will clearly yield four independent paths, such that ttes gae short-
est possible. However, this approach is not directly applicable in cdseraichical
structures. If a packet has to be routed in only one hierarchical ltheegpproach
will work, but consider that this is not the case. If a packet has to beddhrough
higher hierarchies, it is encapsulated and routed towards the neigtest hierarchy
node. Therefore, all copies of it are routed towards this node. Tiwaph provided
can be used for the routing towards this node, making the paths indepeexzapt
for the nodes where a change in hierarchy occurs. The same is trpadkets trav-
elling the opposite way in the hierarchies. This results in four line indepéipddms,
of which at least one is shortest possible. Only nodes, which involvaricigcal
shifts, are dependent. This might be dealt with by making such nodes nhiatdee
for example by doubling equipment and power supply.

6.9 Conclusion

The fundamentals of a new promising routing scheme for large-scale kstWaoipo-
logical Routing, have been presented. It has several advantageshevschemes
used today: tables are only needed in case of network failures, andreti®t case,

small tables are sufficient, and only litle communication is needed to keep the ta-

bles updated. Fast restoration is supported, and protection pathssdyeseaup.
The scheme relies on the network structures satisfying certain globairaiots
However, by establishing hierarchies and using appropriate mappiegesha high
degree of freedom is provided and gradual extension of netwogosied. Further
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research is needed before Topological Routing can be appliedja@specthe fields
of hierarchies, restoration, protection, QoS and load balancing. Heneetd for a
unified standard for construction and classification of network capabittiesicial.

6.10 Additional comments*

Parts of the theory presented in this paper are described in further ide@ibpter
8, but one particular statement deserves an additional comment. In Se@&itn 6
Property 3 states that fgr> 5, that a shortest path from a node in layeo another
node can be found using no higher layers, unless a path throughklayers shorter
than a shortest path through layeand lower layers.

First, it is easily seen that this does not hold §oe 3. Assume for an example that
g = 3andny = 2, and that a packet is routed froff, 1) to (8,8). In the basic
structure (layer 0), the distance is 8. Routed through layer 1 (but ntte)listance
is also 8, while through layer 2 the distance is only 6. This is illustrated in Figdre 6

Figure 6.7: In layers0 and1, the distance betwean= (7, 1) andv = (8, 8) is 8, butin layer2 it is 6.

It is now in place to show that the statement holdsdgor 5. Assume nodes and
v, both in layerk, and assume thak, (u,v) = dg+1(u,v). The aim is to show that
di(u,v) = dgs(u,v) forall &’ > k.

First, a shortest path betweerandv can be found passing eithet = (v,,u,) or
V' = (ug, vy), i.€. including path$u,, uy), . .., v or (ug, uy), ..., v, where both/
andv’ are in layerk.

Assume thatly,(u,u’) > 2g + 1, and letuy,; andu;,, be the nodes in layer + 1
closest tou andw’ respectively. Nowdy (u, ugy1) + di (v, uj ;) < 29 — 2. Since
Ug+1 andu§ngl have the sameg coordinate dj, 1 (ux+1, u§€+1) is determined by the

distance in the: direction, and does not exceé@“(?}il)] Thus,dj41(u,u') < 29—
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2+1+ %’“'). Itis now easy to see thd}, 1 (u,u') < 2g—1+ % < dp(u,u)
whendy, (u, u') > 2g+1andg > 3. Itfollows thatdj 1 (u,v) < di(u,v). This holds
similarly whendy (u, v’) > 2¢ + 1, so it can be assumed that the distance between

andw in layerk does not exceely + 1 in neither thex nor they direction.

Let ugy1 andwvg, 1 be the nodes in layer + 1 closest tou andv, and letu, - and
vk+2 be the nodes in laydr+ 2 closest taw andv. These nodes are also the nodes in
layerk + 2 closest touy 1 andwvy, 1 respectively. Since the distance betweesnd
v in layer k does not excee®lg + 1 in any direction, the distance betweep,; and
vg+1 In layerk + 1 cannot exceedﬂng“} = 3 in any direction. Consider 3 cases:

Case 1. Ifug,o and vgyo do not have a common: or y coordinate, then
di+2(uk12,vp+2) > 2. Furthermore, since > 5, and sinceu.; anduvg; have

no common coordinatedy 1 (ug+1, ug+2) + dgt1(Vg41, ve2) > 4. It follows that
diy2(u,v) = di11(u,v). Any shortest path using a line in a layer abdve 2 can

be found passing.o andwv,o, and since the distance between these two nodes
in any layer will be at least 2, it follows that whef)y1(u,v) = di(u,v), then
di(u,v) = dgr(u,v) forall &’ > k.

Case 2: Ifugio = vpio then no line in layerk + 2 is used, sl 1(u,v) =
dg12(u,v), and obviouslydy (u,v) = dii1(u,v) for anyk’ > k + 1. It follows
that if di 1 (u, v) = di(u, v) thendy(u,v) = dg/(u,v) for all &' > k.

Case 3wuy2 andvi o share exactly one coordinate, sayNow, assume a shortest
path p betweenug,; andvi, 1 using at least one line of laydr + 2. p can be
constructed likeigy1, ..., ugt2,. .., Vkt2,-..,Ux+1. This path uses no line of layer
k+2in thex direction. Now, let 1 (x) denote the number of lines in thedirection

in a shortest path betweemn,, andv,; in layerk + 1, and letdy, o(x) denote the
number of lines in the: direction inp as defined above. Cleart, 1 (z) < dgi2(z).

Similarly to case 1dy 1 (uk+1, uk+2) + dir1(Vk+1, Vkr2) = 2 + di41(z) because
g > 5. Also similarly dio(ugi2,vp12) > 1. This implies thatp is of length at
least3 + dy1(x), and thusiy o (uk+1, Vi+1) = dit1(ug41,v41). Asin Case 1, it
follows thatdy 1 (u,v) = dg(u,v) anddy(u,v) = dy (u,v), forall k' > k.
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7 1On Hierarchical Extensions
of Large-Scale 4-regular Grid
Network Structures eeaos

7.1 Preface*

This paper was written in collaboration with Ahmed Patel, Thomas Phillip Knudsen,
and Ole Brun Madsen, and presented at The International Conéoerfearallel and
Distributed Processing Techniques and Applications (PDPTA '04) in 2G04 the
second of three papers on 4-regular grid structures. The contriliatibe thesis can

be summarized as follows. The paper:

e Evaluates the performance of the hierarchical extensions of the {aregid
structures, as proposed in Chapter 6. It turns out that these ret@eoces in
the structures significantly.

e Variants of these extensions are also proposed and evaluated: ekemtie
skew meshes. The purpose of these extensions is better suppontwbrih
implementations.

The work is continued in Chapter 8, in particular by the introduction of pgnin

7.2 abstract

It is studied how the introduction of ordered hierarchies in 4-regular myiglvork
structures decreases distances remarkably, while at the same time allowsmygte
topological routing schemes. Both meshes and tori are considered; iodsath, non-
hierarchical structures have power-law dependencies between itiieenof nodes
and the distances in the structures. The perfect square mesh is intiddude-
erarchies, and it is shown that applying ordered hierarchies in this agyts in
logarithmic dependencies between the number of nodes and the distasceisng
in better scaling structures. For example, in a mesh of 391876 nodes,etagav
distance is reduced from 417.33 to 17.32 by adding hierarchical linés isTgained
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by increasing the number of lines by 4.20% compared to the non-hierarshige:
ture. A similar hierarchical extension of the torus structure also results amitbgic
dependencies, the relative difference between performance of mdgsbras struc-
tures being less significant than for non-hierarchical structuregcesly for large
structures. The skew and extended meshes are introduced as vafiduetperfect
square mesh and their performances studied, and it is shown that whilalkhey
for more flexibility in design and construction of structures supporting tapcé
routing, their performances are comparable to the performance of tfeepsguare
mesh. Finally, suggestions for further research within the field are given

7.3 Introduction

Routing schemes applied in large-scale networks such as the Intereetitigvre-
cently operated on a best-effort basis only. This has been suffidembdny ap-
plications such as email, news, webbrowsing, and file transfers, butettds rfor
reliable connections are increasing as the dependency on communicatiamrkse
grows. as a consequence of the convergence of communicationsalseiter-

ent medias are becoming able to communicate over the same physical lines such
as telephony, television, video, and data traffic. At the same time, an imgyeas
amount of control and distributed applications are being developed to commun
cate over the Internet, such as the many teleoperation and telerobotictqrejg.
[HKKKO1][XT98][XmCjYXd04]. This convergence of communications iggected

to continue in near as well as far future[MNSO02].

Routing schemes based on large tables are under severe pressugyliedrnet.

In 2001, experiments showed that it took on average three minutes teerdicom
interdomain path failovers. For some path failovers it took up to 15 minutesebefo
the routing tables were stabilished[LABJO1]. The dependency on exactipdated
tables is a major problem for the routing schemes, since the size of the intexkes

it impossible to maintain updated tables of the complete Internet topology; not only
would this require huge tables, it would also be extremely bandwidth anduress
demanding to keep them updated. Furthermore, the provisioning of two @& mor
physical independent end-to-end paths is necessary in order tol@m@nnections
that are reliable even in case of equipment failures, broken cables mtcevan

if routing tables are exact and updated, this is an extremely difficult task ays$od
complex Internet topology.

Reducing the needs for large tables while at the same time offering easy ways
to determine several independent paths, can be done by designingksetuith
global structural and topological properties such as the 4-regular mgidork
structure[PKMO04c] (which is actually not 4-regular since edge andararodes have
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degrees less than four). It is suggested a base for a future aatesskinfrastruc-
ture, making the study of it highly actual: many countries are expected todetfi-
works replace the existing copper-based infrastructures in neaefuwtnd for these
infrastructures to benefit from global structural and topological @riigs, it must be
well planned. Changing the physical structure after implementation is costlyodu
the high duct costs, and the physical structures are expected to havifédimes
as the networks are upgradeable by changing end equipment only. afigs ghows
how hierarchical extensions of the 4-regular grid network structunebeaused for
reducing distances, especially in large-scale structures.

7.4 Terminology

Abstractions of networks, called structures, are studied. A structursists of a
set of nodes and a set of lines, such that each line connects two niodes. are
considered undirected: if a pair of nod@s v) is connected by a line, so (&, u).

A path between a source nodeand a destination nodeis a set of nodes and lines
(u = up), ey, ur, €2,u2, €n—1,Un—1, €, (U, = v), where each line; connects the
nodesu;_; andu,. The path length is determined by the number of lines between the
source and destination node; in the case above, the path is of lkengtie distance
between two nodes andv is writtend(u, v) and is equal to the length of the shortest
path between, andv. Note thatd(u,v) = 0 if and only if w = v. The size of a
structure is equal to the number of nodes it contains. The degree ofeaisitige
number of lines joined to it.

7.5 Background

Structural QoS[MNSO02] and Sustainable QoS[MK96] were introdueedmtly and
deal with parameters related to architecture and structural propertiestvobnks.
This motivates an approach of designing physical network infrastegtimat are
able to support reliability and QoS demanding applications. [PKMO04c] invastsg
an approach of designing network structures, which by their high degfreegular-
ity support a simple and essentially table-free routing scheme known as gaqadlo
routing. It is shown how topological routing can solve a large number opthb-
lems faced in todays routing schemes, but the networks must be well séaiciod
organized for such a scheme to work. It suggests that the 4-regidastgrcture is
used for topological routing: the nodes are addressed from a cartesiedinate sys-
tem, such that every node has a coordinate address associated to it: lefim,
anddim, be positive integers. Then every integer coordinate(8gg), such that
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0 <z < dim, and0 < y < dim,, is the address of a node. Every node has associ-
ated to it such an address, and no two nodes have the same addresaridwts are
used, the mesh and torus. In the mesh, a line between two frodes) and(z2, y2)
exists if and only iflza — z1| + |y2 — y1| = 1, in the torus additional lines exist
connecting nodes where either — 1| = dim, andy; = ys Or [y2 — y1| = dim,,
andz; = xo.

A packet is routed from source to destination in such a structure on d@ybpp
basis: in every node, it is forwarded to a node with the smallest possiblecksta
to the destination, which is easily determined. The packet only needs toitarry
destination address, and every node only needs to know the adrEssegighbours.

In the torus, every node must also kndwn, anddim,,.

While such structures are used for multiprocessor systems, and mualciresethis

area has dealt with them (e.g. [Wu03][TWO0Q]), they suffer from sewealability

problems in order to be used for large-scale networks: there is a paweatepen-
dency between the number of nodes and distances in the structurezafmie, the
average distance in a square mesh structure of 10000 nodes is 66.63hadlid be
compared to the following: in 1998 average path lengths of the Internet mea-

sured, and it was shown that the Internet at that time had an averagkeipgtin of

around 11-24, depending on location[FPLZ98]. In 1999, apprO8&lfferent nodes
(routers) were found in the Internet[BC99].

Hierarchical extensions of the 4-regular grid structure were intratiucFPKMO0A4c]:

a set of hierarchical lines are added to a structure, such that a rduzadgical
routing scheme is supported, while at the same time the distances are shortemed
revision of the routing scheme is based on the fact that deciding whethtngo
should be done in higher hierarchies is done in each node, providedddge of a
few global parameters. If routing is to be done through a higher hidcaldayer, a
shortest path can always be found using the closest higher hienaod®y which is
easily determined. When the highest layer to be used is reached by thet, thek
basic routing scheme is used. As a result, a shortest path between anydesis
easily determined, taking the hierarchical lines into account.

In this paper such a way of constructing hierarchical lines is evaluatestulolying
how the addition of such lines decreases distances.

7.6 Methods

Structures are evaluated by calculating and comparing distances; Let, u, be
the nodes of a structure. Then for every nagethe average distance from) to all
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Zd(ui, Uj)
_ i
other nodes is calculated ds,,(u;) = “Z215=" ___ Three measures are used

for evaluation: average distance, worst-case average distancelisandter. The
Y davg(u;)

average distance is given By% and the worst-case average distance by

the maximum value ofl,,,(u;) over all j such thatl < j < n. The diameter is

the maximum value ofl(u;, u;) over all distinct values of andj, 1 < 7,5 < n.

All calculations were performed with computer aid. However, only a subistte

calculations were necessary to perform due to symmetries.

The hierarchical extension of a mesh structure is given as follows:ulgnaties g..
andg, are positive integers, chosen for each direction. The number of tiecat
layersny must also be chosen among the positive integers. OFar x < dim,
and0 < y < dim, every nodeu = (z,y) such thatt = 0 (mod ¢’) andy =

0 (mod g;), 1 < i < ng, is said to belong to thé" hierarchical layer. The lines of
this layer connect to the nodesz + g;,y), (* — g5, ), (z,y + gy), and(z,y — g,)
that exists in the structureg, andg, must be chosen odd in order to support the
revised topological routing scheme, and so this is also assumed. Note tbdéa n
belonging to the*” hierarchical layer also belongs to evei¥ hierarchical layer,

Jj <.

The main model used is the perfect square mesh. In addition to the conditions
above,g, = g, (simply written g) and dim, = dim, = ¢"#. This model is
highly regular and symmetric but has a drawback concerning flexibilityergia
specified granularity, only a few distinct values @fn, anddim, within a spec-
ified range are supported. As a result, only structures of certain saede
constructed. For example in case @f = 5, only structures of size 36, 676,
15876, 391876, 9771876, etc. exist. An example of the perfect squash is
shown in Figure 7.1. A similar model is used for the torus structures, exicapt
dim, = dim, = g"# — 1. The hierarchical lines are defined slightly different,
such that each node = (x,%) of the i*" layer is connected by hierarchical lines
to the nodes(z + ¢¢. (mod (dim, + 1)),y), (x — g. (mod (dim, + 1)),y),
(z,y + gj, (mod (dim, + 1))), and(z,y — g}, (mod (dim, + 1))) that are dif-
ferent fromu, wherea (mod b) = kb + a, k being the smallest integer such that
kb + a > 0. This definition implies that tha'}’} hierarchical layer contains no lines.

Perfect square mesh and hierarchical torus structuresgwith 3,5,7,9,11 were
evaluated, and for each valuegfa number of different values afy were used. Two
additional sets of calculations were performed, dealing with variants ofdHeqt
square mesh. The skew mesh is the first variant, and the restrictions dcérfieetp
square mesh relaxed such that # g¢,, and consequentlgim, # dim,. This
allows for more flexibility in the design, and might be used for designing strestu
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Figure 7.1: The perfect square mesh wigh= 5 andny = 2. Itis indicated how the distance between the two
marked nodes has been reduced from 34 to 12 by hierarchieal lin

of different sizes and shapes. The structures were evaluateg fer3 andg, = 11,
and the performance compared to the perfect square mesh. The daibhet ismthe
extended mesh, which can be obtained from a perfect square meshyirod the
interval for node coordinates te |47« | < 5 < [3dims | gnd —| ¥ | <y <

LM%J. This structure was evaluated fgr= 5, and compared to the perfect square
mesh.
7.7 Results

The results are illustrated in Figures 7.2—7.10. For every choice of lgiétgua lim-

ited number of calculations were performed: for the selected valugsbfstructures
of size appr. 100000 and smaller were considered, with a few calculdtiotesger
structures as well.

Despite the small number of calculations, we believe that the indications ofttogar
mic dependencies are reliable due to the well ordered structures. Thispsrsed

by two facts. First, the structures with= 3 andg = 5 allow for the largest num-
ber of calculations for each structure, and they all show virtually peldgarithmic
dependencies between structure sizes and the various distance med&erend,
the diameter does clearly increase linearly with, and therefore close to logarith-
mically with the number of nodes. This is true for both the hierarchical toras, th
perfect square mesh, and the variants for all valueg,aind g,. Some measure-
ments of very small structures seem to differ slightly from the rest, but alttstres
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Figure 7.2: Distances in non-hierarchical mesh and torus structures.
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soon approximate a logarithmic dependency.

Figure 7.2 shows how the non-hierarchical approach results in dawetependen-
cies between the number of nodes and distance measures. Even thaagbedisire
shorter in the torus than in the mesh, none of the structures scale well, amgdn la
structures distances are huge.

These results should be compared to the distances in the hierarchicahioms in
Figures 7.3-7.5 and perfect square mesh shown in Figures 7.6—7.&dHEnigchmic
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dependencies between the number of nodes and distances are intebesiing also

worth noting that the distances are kept reasonable low, even for vgeydauctures.
For example, the hierarchical torus with= 5 andny = 3 is a structure of size
15625 with average distance 11.76, worst-case average distanceddtlameter
20. The non-hierarchical torus of same size has average distanosaasidcase
average distance 62.50, and diameter 124. This gain is obtained by a80ries

to the original 31250, an increase of 4.16%.
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The perfect square mesh shows the same pattern as the hierarchisalAamong

the non-hierarchical structures, the torus performs considerably beitethe mesh,
but for the hierarchical extensions the relative differences are sinedigecially for
large structures.

The perfect square mesh wigh= 5 andny = 3 contains 15876 nodes with aver-
age distance 12.48, worst-case average distance 15.96, and diameteis@dare
mesh structure of this size, without the hierarchical extension, haspording dis-
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tances 84.00, 125.01, and 250. The number of lines is 32864, while it 303h5
the non-hierarchical structure, an increase of 4.33% or 0.086 linesopler g = 5
andny = 4 gives a perfect square mesh of size 391876. In this case, avasage d
tance, worst-case average distance, and diameter are 17.32, 2213%) esspec-
tively. They should be compared to the non-hierarchical structure cfahee size,
with corresponding distances 417.33, 625.00, and 1250 respeciiveynumber of
lines in the non-hierarchical structure is 782500, while it is 815364 in thraruieical
extension, an increase of 4.20%, or 0.084 lines per node.

As expected, the smalleris chosen, the shorter the distances are. On the other
hand, for small choices of more lines are added. = 3, the smallest possible, and
ny = 5, gives a structure of size 59356, with average distance, worst-vaszge
distance and diameter 12.20, 15.03 and 20 respectively. 15004 linedcme ta the
non-hierarchical structure of 118584 lines, an increase of 12.65%26 lines per
node. Without hierarchies, the corresponding distances are 162.8002 and 486.

Figures 7.9—7.10 show the performances of the variants of the pegigatesmesh,
compared to the perfect square mesh with performance closest to ththeevairi-
ants.

The skew mesh witly, = 3 andg, = 11 performs similarly to the perfect square
mesh withg = 9 in terms of both average distance, worst-case average distance,
and diameter. The skew mesh does, however, require a larger nuntberasthical
lines. Since no structures of comparable size exist, this can be seen bgraugnp
the number of hierarchical lines relative to the number of nodes. Theqgiexduare
meshes of sizes 6724 and 532900 have 0.027 respectively 0.02%&hieaélines per
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node, while the skew mesh of size 37296 has 0.064 hierarchical linesger n

The extended mesh with = 5 performs comparable to the perfect square mesh
with ¢ = 5, with only slightly larger diameters and worst-case average distances.
All distance measures are approximating those of the perfect squarefonéaiye
numbers of nodes. As with the skew mesh, itis not possible to compare twtusés!

of the same size, because only structures of different sizes arerseghp8ince the
granularity is the same for both variants, the number of hierarchical lireeslase
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to each other, being only a bit smaller for the extended mesh. The extendédine
size 62500 has 0.081 hierarchical lines per node.

7.8 Discussion and conclusion

It was shown that ordered hierarchies as introduced are usefiddacing distances

in 4-regular grid network structures significantly, especially for larggesstructures.
The main model used was the perfect square mesh and its torus countévpie
there are power-law dependencies between the number of nodeseaiadeaas well

as worst-case average distances in the non-hierarchical stru¢cheesrresponding
dependencies for the hierarchical structures are logarithmic and leadsi¢eable
smaller distances. For example, the perfect square meshywitlh andny = 4 is

a structure of size 391876 with average distance only 17.32, comparedtemge
distance of 417.33 for a similar sized mesh structure without hierarchiespdfor-
mance difference between mesh and torus, which is noticeable for naméhieal
structures, is considerably smaller for the hierarchical structuresciedly for large
structures. Even for small values gfthe number of hierarchical lines added to the
structure is quite small compared to the total number of lines. Even though these
hierarchical lines are longer than the non-hierarchical lines in the sbasd¢hey
connect nodes with larger distances in the basic structure, they can thkogame
ducts, minimizing the costs. The small number of hierarchical lines implies a similar
limited increase in the node degrees, which is another important cost factor.

Two variants were introduced as alternatives to the perfect square thesskew
mesh and the extended mesh. As both show logarithmic dependencies bsizecen
and distances, they can be used in concrete network planning wheitaiesperfect
square mesh exists.

However, the skew mesh has a drawback since more hierarchical lImesead for
this structure than for a perfect square mesh of the same size andnpenfoe. An
alternative to this structure, which may prove to be better, is obtained by glacin
number of perfect square mesh structures adjacent to each otheecte at the
edges. This allows for more different shapes than the skew mesh rtherftesearch
is required for evaluation of such an approach.

On the other hand, the extended mesh has performance almost as googeasdbt
square mesh, using even slightly fewer hierarchical lines per node.ylbmaseful
for constructing structures of sizes different from what is suppdstethe perfect
square mesh. It may also be possible to use it as a base for construetapmeciand
better performing hierarchical structures than the perfect square, mvbshe more
nodes are placed closer to higher hierarchical nodes, reducingi@gpdiameters

68



On Hierarchical Extensions of Large-Scale 4-regular Grid NetwonkcBires

and worst-case distances.

With this contribution, the 4-regular grid structures have been shown o dosuit-
able base for fiber-based access networks, offering high conitygetind reasonably
small distances. However, efficient protection and restoration schdithémge to
be developed for hierarchical extensions of the structures.

In order to create a cost-efficient alternative to the ring structures wigkelgl today,
it should also be considered if the number of lines, and consequentlyareganode
degree, could be reduced. As the number of hierarchical lines is snmafiared to
the total number of lines even for small valuesgofocus should be on the lines of
the basic structure. A scheme reducing this number, and thus the corpectiie
maintaining the support of topological routing and relatively short dissneeuld
be a major contribution here.
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7.10 Additional comments*

If the 4-regular grid structures are to be implemented in the lowest levels ef-a n
work, it is likely that most traffic will be directed to and from a single nodeatdeast

a limited set of the nodes, providing connectivity to the higher layers. H sutode

can be chosen with some degree of freedom, the most suitable candidatessa

with the lowest distances to other nodes. This gives rise to two other paramete
namely minimum average distance and minimum diameter, where the latter corre-
sponds to what is in graph theory known as the radius. The measurdsfered as
follows:

e Minimum average distance: The average distance from a nddeall other
nodes, where is chosen among all nodes such that this value is smallest pos-
sible.

e Minimum diameter: The maximum distance from a nad® any other node,
whereu is chosen among all nodes such that this value is smallest possible.

They were calculated for perfect square meshes with 3-11. Figures 7.11-7.14
show the results compared to the average distances and diameters. Asdosithge
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distance and diameter, the new measures still grow logarithmically with the number
of nodes, but the minimum diameter grows only half as fast as the diameter. The
minimum average distance also remain significantly lower than the averagecdistan
Similar results were obtained for the skew mesh with= 3 andg, = 11, and for

the extended mesh with = 5. These are shown in Figures 7.16-7.17. It should
be noted that in all of these structures, there exist nodes from whichnfiattmnum
average distance and minimum diameter can be obtained.
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8 |Applying 4-Reqgular Grid
Structures In Large-Scale
Access NetworkSs«

8.1 Preface*

This paper was written in collaboration with Ahmed Patel, Thomas Phillip Knudsen,
and Ole Brun Madsen. It is submitted to the journal Computer Communications, bu
has not yet been reviewed. Itis the last of three papers on the faregid structures.

It is mainly an extension of the two papers presented in Chapters 6—7, entbtt
important results from these papers have been included here as welbvbuésults

are also presented. The contribution to the thesis can be summarized as fdltav
paper:

e Contains more details on the most important theory introduced in Chapter 6.

¢ Introduces and evaluates pruning as an addition to the hierarchicakimxten
proposed in Chapter 6 and evaluated in Chapter 7. Pruning facilitates imple-
mentation and decreases the number of lines remarkably while only slightly
affecting the distances.

8.2 Abstract

4-regular grid structures have been used in multiprocessor systemscades due

to a number of nice properties with regard to routing, protection, and et&toy
together with a straight-forward planar layout. These qualities are to agaisiog
extent demanded also in large-scale access networks, but conceroiagtion and
restoration these demands have been met only to a limited extent by the commonly
used ring and tree structures. This paper discusses essential admgitying 4-
regular grid structures in such networks, and suggests extensions losit struc-

tures in order to deal with restoration, protection, scalability, embeddabidbfl-

ity, and cost.
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8.3 Introduction

The Internet is to an ever increasing extent becoming a part of evgrjifdaor
people all over the world. While it was traditionally used for best-effantises such
as email, news, FTP, and to some extent WWW, a large variety of applicators h
now been developed that demand a higher level of QoS and reliability.der ¢o
support this, new protocols such as Intserv and Diffserv have bmeasiaped together
with different protection and restoration schemes.

While most households today receive telephony, television, and radiedigated
technologies for each medium, this is expected to change as virtually all media
are becoming able to communicate via Internet protocols and consequeniy mak
use of the same physical connections[]MNSO02]. Together with an inogease of
telerobotics[HKKKO1][XmCjY Xd04], tele operations[XT98], and othaitical ap-
plications, the access networks are becoming a critical part of the wholemanica-

tion infrastructure. Even though protocols are being developed toensliability,

the physical network structures limit what level of reliability can be offenmu-
nication between two nodes is only possible if there is a physical connediomén
them. In a tree-based network structure there exists only one path bedvwe@air

of nodes, making it vulnerable to attacks and failures. Obvious and comrusety
alternatives to tree structures are ring structures, which offer ctimig@ case of

any single failure. However, given the expected demands of reliabilityisttilsely

to become insufficient in near future.

The study of structural and topological properties of networks is higilgvant be-
cause Fiber To The Home is about to replace the old copper-based ®japfras-
tructure in many countries worldwide. This is a unique opportunity to implement a
structure almost from scratch. At the same time, it is a huge task, especicdlyduse

it requires a huge amount of duct digging. This together with the fact tha fin-
frastructures are expected to have a long lifetime because they arelegble by
changing end equipment only, is a major argument for choosing netwoidtstes
with good and predictable properties.

It has been shown that node symmetry, maximal connectivity, and regdagiiyn-
portant properties to satisfy for robust network structures[DCO4kguilar structure

is a structure where all nodes are connected by the same number of,lened given

n, such a structure is said to beregular. 2-regular structures are equivalent to rings,
and inherently node symmetric and maximally connected. The next step,shddos
this paper, is to consider 3-regular or 4-regular structures whichraferpbly node
symmetric and maximally connected, but at least sufficiently regular and syimametr
to benefit from these properties.

Among the 3-regular structures, the groupM2R(p; ¢) structures has been intro-
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duced as a generalization of double rings. Another set of 3-regulatstes, the
honeycomb structures, have been introduced for multiprocessor sySte@¥%, but

most of these results are directly transferable to large-scale netwarksevdr, some
hierarchical extensions must be developed for these structures torpegasonably
well with regard to average distances and diameters, and this challengethgzest

been met[PKMOA4c].

4-regular grid structures have been used for multiprocessor systerasadats due
to their nice properties with respect to routing and restoration, and theyreeently
suggested used as a base for access network structures as welfERRRKMO04b].

The aim of this paper is to present basic properties of 4-regular gridtstas in a
large-scale network perspective, together with a number of extensiahsah be
made in order to deal with some major differences between multiprocessemsys
and large-scale networks. The work done in the field so far is purelystieal, but
this paper forms a base for starting practical tests and experiments.

The remainder of the paper is organized as follows: Section 8.4 introgueks-
inaries, background, and notation. Section 8.5 introduces the basgukrerid
structure, which forms a base for the extensions provided in Sections838 Sec-
tion 8.6 introduces restoration and protections schemes. The two other imtporta
extensions introduced are the hierarchical extension (Section 8.7) amuuhing
(Section 8.8). Section 8.9 provides some tools for embedding the structuesd-in
world networks, and Section 8.10 ends the paper with a conclusion agestians

for further work.

8.4 Preliminaries

Throughout this paper, network structures are studied. The definitiarswucture

is similar to the definition of a graph, and can be used for modelling a network,
abstracting away from specific physical conditions. Node equipmengnigsion
technologies, wiring, and bandwidth are not taken into consideration.

A structure consists of a set of nodes and a set of lines, such thaliraahtercon-
nects two nodes. Lines are bidirectional: if a pair of no@es) is connected by a
line, sois(v, ). A path from a source nodeto a destination nodeis a sequence of
nodes and linegu = ugp), e1,u1, €2,u2, ..., €n—_1,Un_1,€n, (up, = v), Where every
line e; connects the nodeg_; andw;. Itis assumed that; # u; whenever # j.
Only connected structures are dealt with, i.e. for each pair of nedes in the struc-
ture, there exists at least one path betweandv. The length of a path is determined
by the number of lines it contains; in the previous case, the path is of lengthe
distance between two nodesindv is writtend(u, v) and is determined by the length
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of the shortest path between them.

Two different paths between a pair of nodeswv) are said to be line independent if
they share no lines, and a set of paths betweandv are said to be line independent
if they are pairwise line independent. Similarly, two different paths betwegaira

of nodes(u, v) are said to be node independent if they share no nodes except for
andv, and a set of paths betweerandv are said to be node independent if they are
pairwise node independent. It is easy to see that two node indeperadlesipust be
line independent, but that the converse is not in general true.

For a nodeu, the set of nodes such thatd(u,v) = 1 are said to be the neighbours
of u, and two nodes are said to be connected if and only if they are neighbithes
degree of a node corresponds to the number of neighbours it ha néfdes of a
structure have the same degreehe structure is said to beregular. The size of a
structure is given by the number of nodes it contains.

A number of parameters for evaluation of structures|PKMO04a] arerrezfeto
throughout the paper, and defined in the following. ISebe a network structure
consisting of a set of nod€¥ and a set of lined.:

e Average average distance: the average average distance is obtaitaédhl
the average of(u, v) over all pairs of nodes # v, whereu,v € N.

e Worst-case average distance: The worst-case average distandaiiedlby
taking the maximum over all nodesof the average of (u, v) for all nodesv,
u # v, whereu,v € N.

e Diameter: The diameter is obtained by taking the maximu(of v) over all
pairs of nodes: # v, whereu,v € N.

e Cost: Since the representations of structures abstract from spegicah
conditions such as node equipment, transmission technologies, bandwitith, a
line ducts and lengths, it is hard to estimate the cost of a structure as such. We
use either the number of lines or the average node degree to indicatetthe cos

8.5 The basic structure

Letdim, anddim, be positive integers. They define a 4-regular grid structungth
node setV and line sef. as follows. Every node itV is associated to a pair of integer
coordinate§z,y) such thatd < = < dim, and0 < y < dim,, and every such
coordinate pair is associated to a node. Furthermore, no two hodesaoiasesd to
the same pair of coordinates. Consequently, there are exaetly, + 1)(dim,, + 1)
nodes inS. If a nodeu is associated to a coordinate péif,, v,,), we writeu =
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(x4, yy) t0 ease notation. The definition of lines depends on whether the mesh or
torus is dealt with.

The lines of the 4-regular mesh is given as follows: two nqdegsy,,) and(x,, y»)

are connected by a line if and only|if,, — z,| + |y, — y»| = 1. Despite not being
regular, we still refer to it as the 4-regular mesh. A torus is obtained bingdd

a set of lines, such that two nodes,, v,,) and(x,, y,) are connected also if either
|y —2y| = dim, andy,, = y, Of |y, —y,| = dim,, andz,, = x,,. The torus s regular,
node symmetric, and maximally connected, which is not the case for the mesh. Th
mesh nevertheless possesses most of the qualities related to these @,opatpt

for the unevenly distributed traffic and the less robust nodes on thesedgjace

the mesh is planar and thus easily embedded on a surface, this papearsfocus
the mesh, and when refering to the 4-regular grid structure, the mesh is implicitly
assumed. However, most of the results are easily extended to the terngheugh
certain parts, such as routing, become more complicated.

A node (z,y) such that either = 0, x = dim,, y = 0 ory = dim,, is said to
be an edge node, and the four nod@d), (dim,,0), (0, dim, ), and(dim, dim,,)
are said to be corner nodes. While in general there exist four nodedndent paths
between any pair of nodes, there exist no more than three or two nodeeimdknt
paths between a pair of nodes if one of the nodes is an edge or codrrespec-
tively. It is also easy to see that the distances to and from edge and ocodes are
generally larger than those to and from nodes in the middke of

8.5.1 Routing

The purpose of the routing scheme presented is to make it possible to sg#ad pa
ets from one node to another using a shortest path. This is done usivgyHup
routing, such that when a node receives a packet of which it is not tidveded desti-
nation, it is forwarded to a neighbour. Doing this without tables, relying onlgode
addresses, is known as Topological Routing[PKMO04c]. TopologiocaltiRg is espe-
cially beneficial in large-scale networks, because maintaining tables obthplete
network topology is a resource-consuming task.

Letp be a packet with destinatidm,, y,,). Whenevep is received by a noder,,, y.,)
it is determined if it has reached its destination. If this is not the case, it isafded
using the following algorithm, which also applies(if,,, y,,) is the source node:

o LetAx =1z, — z, andAy = vy, — Y.
e If Ay <0, p can be forwarded t@r,, y, — 1), and if Ay > 010 (zy, yy + 1).

e If Az <0, pcan be forwarded tér,, — 1,y,), and if Az > 0to (z, + 1, yy).
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If Ay = 0 or Az = 0, the path is uniquely determined. Otherwise two possiblities
exist and a choice must be made. A random choice can be made, one dicectibe
given highest priority such that it is followed whenever possible, or duket can be
send in the direction with the highest valueff The advantage of the latter approach
is that the number of potential paths is the highest possible in every intermedie
i.e. in case of an arbitrary failure the risk of having to route along a longtr is
minimized. This choice can also be used by protection schemes.

8.6 Restoration and protection

The routing scheme introduced always results in a shortest path, gaethéstruc-

ture is as defined, without failing nodes or lines. However, both lines addsido

fail from time to time, and therefore it must be possible to route even in caseairo
more failures: in any case where a path exists between two nodes, thg etieme
should be able to find it. Some applications tolerate a certain delay or jitter, which
allows time for establishing a new path, while others are more critical with respec
delays and must be able to communicate smoothly, even in case of failuress This
handled by restoration and protection schemes.

The restoration scheme allows for restoration and for choosing pathsiyianks with
failures. This is handled by lake algorithms of which a more in-depth disaussith
a slightly different definition of lakes, is found in[PKMO4c]. L&tbe a 4-regular grid
structure and assume that a set of naléand a set of line, are missing or out of
order. Furthermore, any line connected to a nod¥'itis considered to belong to'.
Let S’ denote the structure without failing nodes and lines (th&tis S — L' — N').

A set of nodesN” C N’ and linesL” C L' are said to form a lakel if in a
standard(z, y) planar representation ¢f as shown in Figure 8.1, it is possible to
draw a (not necessarily straight) line from any element (node or ling) io any
other element il without crossing any nodes or lines notdn Furthermore, in this
planar representation, it must not be possible to draw a line from an elémerib
an element inV’ or L/, which is not inA, without crossing an element #1.

A node inS’ is said to be a border node df, if it is in S connected to a line in
A. In the following it is assumed that only one lakeexists inS’, but this is easily
generalized, keeping in mind the fact that no nod#&'iis a border node to more than
two lakes.

When a node: detects that a line or node connected to it experiences a failure, it
becomes aware that a lake has appeared, and that consequentheittimela border
node. The next step is to collect the information necessary to be able tqamkets
around the lake. This is done by using either left control packets, ragtital packets
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or both. ConsidelS mapped onto a standafd, y) coordinate system as shown in
Figure 8.1. Fromu a left control packetys; is sent along the first available line
on the left hand side of the detected unavailable line/node. Initially it contailys o
information stating that it is a left control packet with origin When a nodes
receivesyer, it first checks ifv is the origin ofq.. If this is not the case; is added

to a list carried byys, keeping record of all nodes passed, as well as their order.
qiett 1S then forwarded along the first available line on the left hand side of the line
from which is was received. Whepy; is received by its origin, the list of nodes
passed is stored in a tabilg, called a lake table, ang.¢ is killed. The nodes stored

in this table define the border of seen fromu (there may exist several borders of
A such that no path exists between any pair of nodes from differenetx)rdNote
that not all nodes on the border are actually border nodes. Rightotpairkets are
defined in a similar manner, replacing the occurences of “left” in the abefieition

by “right”. For every border node of A, such a tabld’, is kept updated by sending
right and/or left control packets within specified intervals. When it is deitezd that

the failing link has recovered from the failurg, is deleted and routing again done
as usual. It is a border node of two lakes, a table is maintained for each lake.

Figure 8.1: The routing of a left packet (green line) fromensures it traverses around the lake (shaded). For any
lake A, a line can be drawn between any two elements of it, withowgsing any element not iA.

When a packep with destinationw is received inu, the following happens: if irb’
there exists a neighbou of u such thatd(v',w) < d(u,w), p is forwarded from

u to v’ as usual. If, however, there is no such node, a lookup is madg,iand a
nodew in T, is chosen such thal(v, w) < d(u,w), and such thai(v, w) is smallest
possible. A shortest path fromto v using the nodes df;, is now determined, and

v is sent to the first node on this path along with the path specification. In atey no
of this explicitly defined path, it is forwarded simply to the next node of the.dath
case a line of this path is failing, the path is discarded atreated like any other
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packet. Given that the lake is or becomes stable during the routing praogssat a
path to the destination, it is ensured that the packet reaches its destinatifiniia a
number of hops. I, contains no node such thati(v, w) < d(u,w), the packet is
either treated as if no table exists (described below), or it is discardétk table is
updated and contains no such nadev is either in A, or it is unreachable from,
possibly because the removal 4fhas disconnecteSfl.

Different schemes can be used to optimize the setup of paths given dlablde
simplest solution is to define the path as the list of nodes traversed by a rilgfit o
control packet, but in some cases gains can be obtained by discardosg tweven

by using nodes not listed iii,. Maintaining tables of a larger part of the structure
than just the border od may be useful in order to determine shorter paths, and it may
be possible to improve performance by storing tables in a larger set of aodend

a lake, such that alternative routing can be done before a packéesete border.
However, there is a trade-off between different factors including |esitpths, setup
times in case of failures, restoration time, and resource usage in terms ajestor
capacity and control traffic.

In case only one line or node fails, and even in case a few lines/nodéailarg,

lake tables can be generated fast since the left and right controltpaakg need

to traverse a few nodes. However, it can happen thedgceives a packei with
destinationw, which could inS only be sent along a line iA, before a tabld’, has
been created. In this case, a chance is taken to send the packet tgfh{ar both)
around the lake (using a scheme similar to that of left and right controlgps)ctor
example until it reaches a nodesuch that/(v, w) < d(u,w), from where itis routed
either normally or by using lake algorithms. It is also possible to simply discard the
packet.

The protection scheme allows for choosing paths with protection. In dameta
four node independent paths can be set up between any pair of bat#®ne of the
nodes is an edge or corner node, fewer paths exist. Assumethat,) and(z,, y,)

are nodes irS, that none of them are edge nodes, and that a pacieeto be sent
from (x4, yu) 1O (24, Yo )-

Clearly, eitherz, # z, ory, # y, (or both). Without loss of generality, it is
necessary only to consider two cases: in the first egs¢ =, andy, # y,, and in
the second case, # z, andy, = y,. In both cases it can be assumed without loss
of generality that,, < z,, andy,, < y,.

In the first case, four node independent paths are established ligeditg the packet
and routing each copy as follows:

1 (2w, Yu)s (TusYu +1)s ooy (@u, Yo)y (@0 + 1,90), -, (20, 90). This path has
lengthy, — v, + x, — x,, and is a shortest path.

82



Applying 4-Regular Grid Structures in Large-Scale Access Networks

10000

1000 ¢

100 ¢

Distances

He X )
e Diameter —+—
K WC average
' Average average ¥
1 | | | |
10 100 1000 10000 100000 1e+006

Number of nodes
Figure 8.2: Distances in 4-regular grid mesh with no hierarchical extens

2. (Tu,yu)s (@y + L,90), ooy (To,Yu), (T, Y0 + 1), - .., (20, ¥p). This path has
lengthy, — y, + x, — x,, and is a shortest path.

3. (Tu, Yu)s (Tus Yu — 1), (T +Liyu = 1), o (2o + gy — 1), (@0 + 1, 9u), - - -
(v + 1,90), (x4, y»). This path has lengthy, — y,, + x, — z,, + 4.

4, (2, Yu)s (Ty— Lyw), (o — Lyu+1), .., (o — Liyy + 1), (Ty, g+ 1), .. .,
(Tv,Yv + 1), (x4, y»). This path has lengthy, — v, + z, — z,, + 4.

In the second case, the first three node independent paths are bBsthblyssending
copies of the packet as follows:

1. (zu,yu), (xu + L, 90), - -+, (o, yu = y»). This path has length, — z,, and is
a shortest path.

2. (TuyYu)y (@usYu + 1), (T + Lyu + 1), .oy (2o, yu + 1), (Ty, Yo = yp). This
path has length, — x,, + 2.

3. (T, Yu)s (T Yu — 1), (T + Ly — 1), oy (To, Yu — 1),y (To, Yu = Y). This
path has length, — x,, + 2.

The fourth node independent path can be established in two ways. Incases
where eithez,, v..), (zv, y») Or both are neighbours to an edge node, it is possible
that only one of them exists:
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Tus Yu)y (Tuw — Lyu)s (T — Lyu + 1), (20 — 1,00 + 2), (Tus Yu +2), -+,
Ty + 1,4y +2) (l‘v +1Lyu+ 1)’ ("Ev + 1ayu)l (xvayu = yv)'

(

(

o (l'uv u), ( —1 yu)’ (xu —Lyu— 1)1 (l'u — Ly — 2); ($Uayu - 2)1 ceey
(o + Liyu —2), (70 + Lyu — 1), (20 + 1, 9u)s (Tv, Yu = Yo)-

In both cases the path lengthuis — x,, + 8.

8.7 Hierarchical extension

A hierarchical extension is introduced in order to deal with the fact th&digs in 4-
regular grid structures increase as shown in Figure 8.2, which resubssiderably
larger distances than in todays Internet. For example, the average dista@mquare
mesh structure of 10000 nodes is 66.67, while in 1998 average path lexigties
Internet were measured, and it was shown that the Internet at that tthamtzverage
path length of around 11-24, depending on location[FPLZ98]. In E%9. 88000
different nodes (routers) were found in the Internet[BC99].

The extension is introduced in two steps: first an additional set of linesrbiecal
lines, are defined, and next a revised routing scheme is presenteceintonthake
use of these new lines. At the end of the section, the performance of tlaedhieal
extension is evaluated.

8.7.1 Physical extension

Let S be a 4-regular grid structure, and lgtandg, be positive integers defining the
granularity inz respectivelyy directions. Furthermore;;; must be a non-negative
integer defining the number of hierarchiesnlf = 0, there are no hierarchical lines
added to the structure. While the definitions in the following are valid fog.alt 0
andg, > 0, we assume that both. andg, are chosen odd such that > 3 and
gy > 3 in order to support the revised routing schemes.

Let (z,y) be anode of. As given by the definition of the 4-regular grid structure, it

is connected by basic lines to the nodest 1,v), (r — 1,y), (z,y + 1), (z,y — 1)

that exist inS. For anyi, 0 < i < ngy such thatr = 0 (mod ¢.) andy = 0
(mod g;), a node(z, y) is said to belong to layer For: > 0 this means that it is
connected by hierarchical lines to the nodes- g;,y), (z — ;. ), (z,y + g,), and

(z,y — g,) that exist in the structure. These lines are also said to be lines of layer
7. As such, the introduction of hierarchies is the introduction of an additieetabf
lines. The main model used in this paper is the Perfect Square Mesh. itinadd

the conditions above§ must satisfy thatlim, = gz, dim, = g,#, andg, = gy.
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For short, we writgy = g, = g,. An example of such a structure, illustrating how
performance gains are obtained, is shown in Figure 8.3.

Figure 8.3: A Perfect Square Mesh withh = 5 andny = 2. The distance between the marked nodes is reduced
from 34 to 12 by the addition of hierarchical lines.

8.7.2 Revised routing scheme

Before introducing the revised routing scheme, some notation is necebsargny
pair of nodesu = (xy,y,) andv = (z,,y,), both belonging to layet (0 < i <

ny) of a structure with hierarchical extension, &{(u,v) = 'I”g_”“" + 'y“g bl

Furthermore, let; = (v, y.;) andv; = (z,,,y,,) be the nodes of layer (O <
j < mng)such thado(u,uj) anddy (v, v;) are smallest possible.

The revised routing scheme makes use of a number of easily establisipedtigsn
Assume thab is a 4-regular grid structure witfy,, g,, andny chosen as above. The
scheme is designed for the Perfect Square Mesh yvith 3, but even ifg, # g,
and/org = 3, it can be easily modified to always result in a shortest path. In these
cases it may be necessary to perform more calculations because pé#tk larfggher
layers must be calculated.

1. Letu = (z,y) be a node ofS. Then the node; is easily determined by
(gt round( ) gy round( )), whereround(a) determines the integdrsuch
y

that|a — I[ |s smallest possible. Singg andg, are odd, such rounding is
always unique.
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2. Letw andv be nodes of9, and assume for some value 0k ny that no
pathp; ., betweenu andwv using at least one line of layer+ 1 exists, which
is shorter than the shortest path using only lines of layarlower, p;. Then
there exists no path using lines of laye+ 2 or higher, which is shorter than
pi-

3. Letu andv be nodes of, and assume for somiehat a shortest path between
u andv uses some line of layer This implies that there exists a shortest path
betweenu: andwv that contains all nodes; andv;, for all j < i.

The routing scheme works as follows, assuming that a packeto be sent from

u to v, u belonging to layer but not layeri + 1. p can be sent either through a
node of layer + 1 or through nodes of layerand below only. If it is sent through
layeri + 1, it is forwarded to a node’ among(x,, + g, yu), (Tu — g, Yu)s (Tus Yu +

9), and(zy, yu — g,,) that minimizesly (u;1,v). If itis not sent through layeir+ 1,

two schemes can be used. In cgse# g,, only the first scheme guarantees that a
shortest path is always chosen:

1. Letu’ be a neighbour of that belongs to the highest possible layer while still
satisfyingdy(u', v) < do(u,v). Thenp is sent tou’'.

2. pis forwarded to any neighbout of « that minimizesd, (v, v).

If p is sent through layet, a shortest path from to v that passes at least one node
of layeri can be constructed passing bathandv; due to property (3), and the same
holds for any shortest path fromto v that passes at least one node of layer1:
such a shortest path exists passing hgthi; 11, v;+1, andwv;.

Therefore, when deciding if routing should be done through lay, it is sufficient

to compare the distance from= u; (u belongs to layer) to v; using layer; and
layeri + 1. Note that routing through layerdoes not necessarily imply that any
line of this layer is actually used. The distance betwegrmand v; using layeri

is given byd;(u, v;) while the distance using layeér+ 1 is given byd;(u, u;1+1) +
dit1(uit1, vit1)+di(vi, vip1). Allthese nodes are easily determined due to property
(1)

Cases can occur where the distances using lagad layer; + 1 are identical, and
similarly if routing is done using layer it may happen that more than one neighbour
of u can be selected for forwarding. In this case, routing can be done asinguch
layer and line. Usually the lowest hierarchical layer will be chosen.

Routing can of course also be done using layer or higher. This decision is taken
whenever a packet reaches a node of layerl. This is sufficient due to properties
(2) and (3).
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The presented scheme always determines a shortest path, and selepfwtpeiate
hierarchical layer, ensuring maximum benefit from the hierarchicaheida.

The restoration and protection schemes introduced in Section 8.6 havetrmen
extended to deal with the problems, which occur in hierarchical structiitespro-
tection scheme is easily extended to provide four node independent [editesen
any pair of nodes within each layer, making it possible to establish line indepén
paths from source to destination even in a hierarchical structure. Howbe same
nodes may be used when shifting from one layer to another. This may bgethina
improving the reliability of nodes belonging to first or higher layers, butdasmg
distances are still a problem: the additional hops as specified in the scheaddad
at each layer. The restoration scheme must also be extended, espeaiatigriio
handle situations where a packet is to be routed from a lapdayer: + 1, but where
the nearest layer+ 1 node is out of order or not reachable.

8.7.3 Performance

The performance of the hierarchical extension in terms of averagagevdistances,
worst-case average distances, and diameters were measured byticglthitse val-

ues for a number of hierarchical structures. The results are showhmefbasic struc-
tures (Figure 8.2) and for the Perfect Square Mesh (Figures 8.4¥8l6le the basic

structures have power-law dependencies between the number of arudiéise dis-

tances, the dependencies are logarithmic for the Perfect Square Metter details
of this study can be found in[PPKMO04b].
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Figure 8.4: Average average distances in Perfect Square Mesh.
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8.8 Cost reduction

Since ring structures have average degree 2, and double ring stsuatuvell as Gen-
eralized Petersen Graphs[MKPO03] have average degree 3, tigeikurgrid structure

is more expensive: the torus is 4-regular and consequently the awdegoee is 4,
while the mesh has a slightly lower average degree due to edge and codes. n
For a structure of for exampl - 26 nodes, the average degree is 3.85, approaching
4 for larger structures. The hierarchical extensions generally addtoumber of
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Table 8.1: Average degree and the contribution to this from basic liné2erfect Square Mesh with= 5.

. 5 .
Size Avg. degree /"Sgéf{ées
ng = 1, 36 nodes 3.56 93.8
ng = 2, 676 nodes 4.04 95.3
nyg = 3,15 876 nodes 4.14 95.8
nyg = 4, 391 876 nodes 4.16 96.0

lines and node degrees, but their contribution to the total number of linesvanalge
degree is limited, as can be seen from Table 8.1.

The high costs of the 4-regular grid structures make it difficult to apply timereal-
world networks since rings offer a level of protection which has beésfaetory

so far. However, cheaper variants of the 4-regular grid structure foray better
solutions than the rings even in the short term, while at the same time allowing for
gradual extensions. In the following, two ways of pruning are disclsse

The first approach is to remove every second line in one of the directsakavn
in Figure 8.7, leading to a honeycomb structure. This approach doesfeasile:

it is cheaper than the 4-regular grid, it can be extended/upgraded tegui&r grid
structure, and addressing and routing have been described, witbriiespsimilar
to those of the 4-regular grid structure[Sto97]. However, no hiereatiextension
has been developed or proposed so far. The rest of the sectionwddanother
approach, making use of the fact that the number of hierarchical linesyssmall
compared to the number of basic lines. This motivates an approach ofrrgaunty
the number of lines in the basic structure, see Figure 8.8. This is done byirgmo
all basic lines in they direction except for those co-located with lines of a higher
hierarchy. In other words, two nodés,,, v,,) and(z,, y,) are connected by a basic
line if and only if one of the following is true:

o y, =y, and|z, — x,| = 1.

® 1, =y, Yy — yu| = 1landz, =0 (mod g,).

The performances of such a pruned Perfect Square Meshywitl3 andg = 9 are
shown in Figures 8.9-8.10. It can be seen that while the number of linéghas
the average degree as well as the cost, is significantly reduced, tlagaarerage
and worst-case average distances are only slightly larger. For theusésiwith 6724
nodes, the number of lines is reduced by 29.2% for the Perfect Squesie Mthg =

3, and by 43.3% for the Perfect Square Mesh with: 9. The average distances are
increased by 0.024% respectively 0.35%. The corresponding valugefstructures
with 532 900 nodes are reductions in the number of lines of 29.6% resp43.8
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Figure 8.7: Pruning a basic structure to obtain a honeycomb.

> 6 o ¢

Figure 8.8: Pruning of a Perfect Square Mesh wigh= 5 andny = 2 by removing all basic lines in thg
direction, except those co-located with lines of higherdriehies.

and an increase in average distance<®.001% resp. 0.003%. The calculations
were done with a precision of 3 decimals, but fo= 3 with 532 900 nodes, the
calculations returned identical values. Due to the fact that only distaretesén
pairs of nodes for which all shortest paths use no hierarchical lireeaffacted, the
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Figure 8.10: Comparison of Perfect Square Mesh to pruned Perfect Squask fdey = 9.

differences are smallest for large structures and structures with srmalllgrity. The
diameters are the same for pruned and non-pruned structures. Whilestdnecds
are only slightly affected by this pruning, the reliability is better in the non-pdun
structures due to the higher connectivity.

This approach to pruning requires a revised routing scheme. Assuma plagket
is send from a node = (z,,y,) to another node = (z,,y,). A revised routing
scheme must be used in case all of the following conditions are true:
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Ty #0  (mod gz).
Ty #0  (mod ggz).
Yo # Yu-

Loe] = [32]-

In this casedy(u,v) is different from the corresponding value in the non-pruned
structure. Two alternative path lengths are calculated, correspondusiny either
(921 5=] yu) oOF (gm[ﬁ—zLyu) as intermediate node. The corresponding values of
do(u,v) are|y, — yu| + (x4 mod g, ) + (z, mod g,) and|y, — yu| + 29, — (2, mod

9z) — (z, mod g,) respectively. Depending on which one results in the shortest
path, the packet is sent towards one of these intermediate nodes in oteg i®
done using only the basic layer.

In all other cases, a shortest path is ensured by forwarding padkeatsthex direc-
tion in the basic layer only if routing along thedirection of the basic layer does not
reduce the distance to the destination. It is necessary though to adjusbtietipn
scheme in all cases.

8.9 Embedding of structures

The studies conducted so far have mainly concentrated on topologigarpes of
network structures, and abstractions from real networks have beda todarge
extents. However, in order for the structures to be applied in real-wethdarks,
there must exist ways of mapping them onto the physical level.

In order to decide if it is possible to map some structure into a real-world nietwor
it is necessary to consider a number of physical conditions: existingtstescand
ducts may be preferable to use, location and density of nodes may depehd o
density of homes and offices, some places are more suitable for ductgtieanetc.
Due to the dependability on such specific conditions, it is not possible temqireae
single method for embedding the structures. Instead we provide a numbsefaf
tools, which can be combined in order to develop structures that are |gossilise

in specific cases.

8.9.1 Varying hierarchical depth
From a Perfect Square Mesh, it is possible to omit either one or more ofutestio

hierarchical layers in parts of the structure, without affecting the rowtcigeme.
This allows for making a structure more dense in some areas than in othalso It
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Figure 8.11: Flexibility obtained by removing areas of lowest hierarehiayers.

makes it possible to extend a structure after it is initially deployed, because @mitte
layers are easily added later on, and it allows for constructing struaifickgerent
sizes. An example of a structure with such omitted areas is shown in Figure 8.11

The areas to be left out must be selected carefully. Removing a singleonade
arbitrary set of nodes may result in the routing scheme no longer gueirgtbat a
shortest path is always chosen. In the following, areas of the lowesttlgt can be
left out are described, and a generalization to more layers presented.

Assume a Perfect Square Mesh, witn,., dim,,, andg = g, = gy, and leta and

b be positive integers such thay < dim, andbg < dim,. a andb then define an
areaA. A node(z,y) belongs to the inner ofl if and only if (a — 1)g < = < ag
and(b — 1)g < y < bg. A also has a border. It consists of the four corner nodes
((a —1)g, (b — 1)g), ((a — 1)g,bg), (ag,(b — 1)g), and(ag,bg) as well as four
sections, each defined by the nodes with coordinates fulfilling the condiizng,
respectively:

e z=(a—1)gand(b—1)g <y < bg.
)

x=agand(b—1)g <y < bg.

y=(b—1)gand(a —1)g < z < ag.

y=bgand(a—1)g < x < ag.

When A is left out, this is done by removing all nodes in the innerads well as all
lines connected to at least one node in the innet.oflodes belonging to the border
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of A can be removed as well, but the conditions are slightly more complicated: no
node belonging to the inner of belongs to the inner or border of any other area, but
a node belonging to the border df may belong to the border of up to three other
areas.

The four corner nodes of cannot be removed at this step because they also belong
to layer 1, but other border nodes can be removed section-wise. Witttirseation
either none or all are removed, and if a section is removed so are all bassc lin
connected to at least one node in the section. A section can only be reifhoeed
node in it is connected to a node outside it, except for the corner nodés of

Itis interesting but also rather trivial to realize that for two nodesdv in a structure
where an area of the lowest layer is left out, the distance is the same as irlthe f
structure. LetS be a Perfect Square Mesh, and $tbe identical taS, except that
one aread (say, the inner of it) is left out. This implies that there exist integers
andb such that the nodes with coordinatesa — 1)g < = < ag andy coordinates
(b—1)g <y < bg are left out.

Assume for contradiction that there are two nodesndwv, in S’ between which a
shortest path is longer than a path betweemdwv in S. This implies that any shortest
path between, andv in S uses at least one node from the innerdgfwhich again
implies that there exist two nodesandv’ on the border ofd such that any shortest
path between them passes only nodes of the inngrafd thus is shorter i§ than
in S’. Assume that/ has coordinateéry, 31 ), and that’ has coordinate&rs, y2),
and note that neither’ nor v’ are corner nodes of. Without loss of generality it is
assumed that; < xo andy; < ys.

Three cases are considered:

e 1o —x1 < gandys —y; < g. If x1 = x5 Ory; = yo, assume without loss
of generality thatro = 1. y2 — y1 < g and thuse; = (a — 1)g or z1 = ag,
and in both cases a path existsi, y1), (z1,y1 + 1), ..., (x1 = x2,y2). This
path has lengtlys — 41, equal todg(u’, v"). So, assume; # x9 andy; # yo.
Thenz; = (a — 1)g andy, = bg or zo = bg andy; = (b — 1)g. In the
first case there exists a pathy, y1), (1,51 + 1), ..., (z1,%2), (z1 + 1,y2),
..., (xz2,92), and in the second case a péih, y1), (z1 + 1,v1), ..., (z2,91),
(2,41 +1), ..., (x2,y2). Both paths are of length, — 1 + y2 — y1, and thus
equal tod,(u’,v"), and a contradiction is obtained.

e 9 —x1 = gandys —y; < g. Thisimpliesz; = (a — 1)g andzs = ag.
Two pathsp; andp, are constructed, whefg, | and|p2| denote their respective
lengths.p; contains the layer 1 line connectifg;, (b—1)g) and(z2, (b—1)g)
while p, contains the layer 1 line connectifg;, bg) and(x2, bg). Thus,p; =

(1, 91), (T1,91 = 1), -, (21, (b= 1)g), (22, (0—1)g), (22, (b—1)g+1), ...,
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(w2,y2) andpz = (z1,v1), (v1,y1 + 1), ..., (x1,bg), (22,b9), (x2,bg — 1),
co (T2, 2). Ip1l = y1+y2—2(b—1)g+1and|ps| = 2bg —y1 —y2+ 1. This
implies that|p;| + |p2| = 2 + 2g. Sincexy — x1 = g, do(uv/,v") > g. It must
then be true thaps| > g. If [p2| > g + 2 then|p,| < g, and thugps| = g + 1.
Since|p2| = 2bg—y1 —y2+1 thisimplies thaRbg—y1 —y2 = g. Sinceg is odd,
y1 —yo IS 0dd, but theny; # ys, implying thatdy(v',v") = g+ya—y1 > g+1,
but then the distance is not shorterdrthan in.S’, a contradiction.

e 1o — 11 < gandy, — y1 = ¢. This case is similar to the case above, and a
final contradiction obtained.

The property also holds if one or more sections of border nodes are removed:
these nodes are only connected to each other and to nodes of the &rsalay their
removal does therefore not increase any distances.

Since the distance between no pair of nodes is increasgt éompared taS, the
existing routing scheme only needs to be changed in nodes of borderi-ofitle
areas. While initially algorithms similar to the lake algorithms seem necessary, it can
actually be solved by simpler means.

According to the proof stated, two approaches will both result in a shqadis being
chosen in all cases:

e Routing always using the highest hierarchical. layer in which a shorédkt p
exists.

e Whenever a packet is forwarded from a node of the border of a lgftuea,
and it should normally be forwarded to a node of the inner of this area, it is
instead forwarded towards the nearest higher-hierarchy node.

The principle described can be used for other layers than the basic lgeever,
no node of laye¥ can be removed if it is connected by any lines of a layer

For a layeri, and positive integers andb such thatug’ < dim, andbg’ < dim,, an
areaA of layeri is defined by the nodes such thiat-1)g* < x < ag’ and(b—1)g* <

y < bg'. A node(z, y) belongs to the inner ofl if and only if (a — 1)¢* < = < ag’

and (b — 1)g* < y < bg’. The inner ofA can be removed only if all nodes not
belonging to layer within the inner of A have been removed. Sections of border
nodes ofA are defined as in the basic layer, and can be removed under the same
conditions with the addition that a node cannot be removed if it is connectiadsy

of a layer< i. Nodes on the corner of cannot be removed at this step because they
are also nodes of layér+ 1. The nodes of layeny are all corner nodes &, and

it makes no sense to remove them, since this would imply a removal of the whole
structure.
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The distances of a structure with various left-out layers, may differ fituose of a

Perfect Square Mesh, depending on which layers a left out, andefuatialysis is

needed in each case to clarify this. However, for each such struceirdistance

between any pair of nodes equals the distance between the same paiesfimad

full Perfect Square Mesh. Since the second approach to prunioghiEdin Section

8.8 only applies to the lowest hierarchical layer, the gains of pruning mdgdse

significant if combined with leaving out layers, depending on the extent iohwh
layers are left out.

It was previously[PKMO04c] proposed to merge Perfect Square bgeside by side in
order to obtain structures with different sizes and shapes than thePyfeare Mesh
while still maintainingg, = g,. Actually, this corresponds to leaving out a number
of lowest layers as well as removing the highest layer. Leaving out the&idayer
does affect performance, and it should also be noted that it is possitieso only

if the structure remains connected. Furthermore, if the highest hieral¢ayer is
removed, care must be taken as to which areas are left out, unlesstihg smheme

is revised.

8.9.2 Varying granularity

It was previously shown[PPKMO04b] that hierarchical structuresedsfit from the
Perfect Square Mesh (i.g, # g,) also result in logarithmic dependencies between
the number of nodes and distances in the structure. An example of sudwa sk
structure withg, = 11 andg, = 3 is shown in Figure 8.12. Applying this in com-
bination with leaving out layers makes it necessary to refine the routingnechre
order to ensure that a shortest path is always chosen. As shown ire BdLB, the
structures withy,, = 11 andg, = 3 have performances close to those of the Perfect
Square Mesh witly = 9. However, as can be seen in Tables 8.2 — 8.3, the skew
mesh requires relatively more hierarchical lines and contains more edgs tttan

the Perfect Square Mesh, resulting in more expensive and less sttugtires.

Figure 8.12: A structure withg, = 11, g, = 3 andny = 2.

It is also possible to vary the granularity from layer to layer: instead obsimg one
value ofg, and one value oy, g, andg,, are chosen for every0 < i < ng. Now
dimy = gz, 9wy - - - Gz, ANAdimy = gy, gy, - . . gy, - The definition of hierarchical
nodes and lines as well as the routing scheme must be adjusted accordingly.
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Figure 8.13: Performances of skew structures with = 11 andg, = 3 compared to performances of Perfect
Square Mesh witly = 9.

Table 8.2: Contribution from hierarchical lines to the average nodgrele and the relative number of edge nodes
for structures withy, = 11 andg, = 3.

Size Avg. degree| % of nodes
from h-lines| on edge
ny = 1, 48 nodes 0.17 58.3
ng = 2, 1220 nodes 0.14 21.3
ng = 3, 37 296 nodes 0.13 7.28

Table 8.3: Contribution from hierarchical lines to the average nodgrele and the relative number of edge nodes
for Perfect Square Mesh with= 9.

Size Avg. degree| % of nodes
from h-lines| on edge

ng = 1, 100 nodes 0.080 36.0

ng = 2, 6724 nodes 0.055 4.82

ng = 3,532900 nodes  0.051 0.55
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Another promising extension of the Perfect Square Mesh, the extendsdd main-
tains the square shape, but the size is redefined, such tHgt | < z,y < |32 |,

as seen on Figure 8.14. It was evaluatedjfer 5, and performance was close to the
Perfect Square Mesh with the same granularity[PKMO4c], as can lneirséeégure
8.15. Using this approach to various extents makes it possible to congtuattises

of different sizes than the Perfect Square Mesh definitions allow for.

Figure 8.14: Extended structure with = 5 andn g = 2.
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Figure 8.15: Performances of extended structures wite= 5 compared to performances of Perfect Square Mesh
with g = 5.
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8.10 Conclusion and further work

This paper has discussed a number of aspects on how to apply theldrrgad
structures in large-scale communication access networks. Due to the ojmertprs
of these structures, including simple routing and restoration schemes abnepbéen
deployed in multiprocessor systems for decades. However, they adirecty ap-
plicable for use in large-scale networks. Four major barriers have desdhwith in
this paper, namely restoration/protection, scalability, cost, and embeddability.

With regard to restoration, a simple scheme was introduced, facilitating fe\stzeay
restoration by the concept of lake algorithms: if only a small part of the né&tigo
failing, only small tables are needed, and consequently only little communication is
necessary in order to create and maintain these tables. It is, howevessagy to
revise the lake algorithms if they are to be applied to hierarchically extendsed str
tures as described below. How this is done is not yet fully clarified, andldibe
subject to further investigation. We suggest that simulations are usedentortty

out different approaches.

A simple way of establishing up to four independent paths was introducgatde
tection. In the basic structure (and generally within each hierarchical) lfgepaths
are node independent, but in the hierarchical extension, nodesaapziskherever a
packet moves from one hierarchical layer to another. In some cabesvaror three
independent paths can be set up. This is the case if the source or ti@sthwles
are edge/corner nodes, or if the routing is done in a pruned structdiester source
or destination node belongs only to the basic layer.

A hierarchical extension was proposed in order to deal with the scalahitityigm.
This approach results in logarithmic dependencies between the numbetesf and
the distances in the structure. Depending on the chosen granularity, niteenof
hierarchical lines was small compared to the number of lines in the basic s&uctu

To deal with the cost problem, an approach was suggested where inaechieal
structure some lines of the basic layer are left out. As with any other wagdoting
the number of lines, it reduces the connectivity, but the distances in tlodusuvere
hardly affected.

Due to the many physical and demographic conditions and constraints, ttpeso
sible to provide a general method for embedding these structures in redlved-
works. This paper presented a tool-case with different approadhiel wan be used
and combined to different extents.

So far, the structures have only been dealt with theoretically, and wesutat fu-
ture research should have a more practical focus. Restoration aedtn schemes
should be tested by simulations and small-scale tests, particularly for hiegdrch
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structures, where such results are necessary to clarify how certaatiegiisi should
be handled.

Further studies should also be conducted on how the structures can eddadb
in real-world networks. We suggest that case studies are perforntkst different
geographical and demographic conditions in order to clarify how and & @ttent
the structures can be embedded, and in order to indicate what other toolsemay
needed in order to facilitate embeddings.
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8.12 Additional comments*

In Section 7.10, minimum average distance and minimum diameter were introduced
and determined for the Perfect Square Mesh, skew mesh and extendbd the
should be noted that pruning a hierarchical structure as describedtiors8.8 does

not change neither minimum average distance nor minimum diameter.
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9 |Generalized Double Ring
Network Structures eexwos

9.1 Preface*

This paper was written in collaboration with Ahmed Patel, Thomas Phillip Knudsen,
and Ole Brun Madsen, and presented at The 8th World Multi-Confer@&nc8ys-
temics, Cybernetics and Informatics (SCI 2004). It is the first of foyrepson the
N2R structures, and the contribution to the thesis can be summarized as follogvs. Th
paper:

e Gives the basic properties with regard to symmetry and isomorphisms.
e Devises a basic routing algorithm.

e Determines average distance and diameter, and compare these to the fzalues o
the Double Ring N2R is shown to be superior with regard to these parameters.

The work is continued in Chapters 10-11, with the evaluatiotraferage distances
and k-diameters. Chapter 12 also complements the work, by evaluating traffic load
and exploring potentials of implementing the structures by combining wired and
wireless technologies.

9.2 Abstract

This paper describes and studies generalizations of the well knowrledaab
network structures. Two classes of structures are studied MRB(p;q) and
N2R(p;q;r) structures, of which the former is a special case of the well known
Generalized Petersen Graphs. Basic properties of these structeirgsoam, indi-
cating that they form a suitable base for future access network infcastes. The
first result is that everyW2R(p; ¢; ) structure is isomorphic to &2R(p; q) struc-

ture N2R(p;q’), and it is shown how;’ is determined. Consequently, the rest of
the paper focuses on thé2R(p; q) structures. Results on the Generalized Petersen
Graphs provide necessary and sufficient conditions fo2d(p; ¢) structure to be
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node or line symmetric, and a table-free routing scheme always determirtiogta s
est path between any pair of nodes is presented. Next, the perforinaiecms of
average distances and diameters is evaluated and compared to the peséooha
double rings. This comparison shows that fie R(p; q) structures are superior to
the double rings with regard to distances. For exampl¥2&(p; q) structure with
1000 nodes has average distance 12.0 and diameter 18, while a similarcitel d
ring has average distance 125.6 and diameter 251. Finally suggesticiostiier
research are given.

9.3 Introduction

One of the largest network planning tasks ever is the migration from cdygsed

to fibre based access networks, which is expected to take place in latg@pthe

world within near future. These new access networks form a major invastime
IT infrastructure, and due to the high duct costs of deploying such mkswthe

basic physical structures of the networks are assumed to have a long lif&thise
assumption is further supported by the fact that fibre networks areadegble by
changing only end equipment. As a consequence, the physical nettmockuses

should be chosen carefully from the beginning. So far, fibre rings baen widely
used due to a number of good properties: two node independent pahketween
any pair of nodes, ensuring operation even in case of failures, atistois fast and
simple, and routing is easy. It is also easy to add nodes to the structure.

However, the ring structures also have drawbacks: distances iadesasnd linearly

with the number of nodes, and the protection and restoration schemes are limited
since only one spare path is available. Furthermore, using this spare pattaose

delay or jitter in transmissions since its hop length can be as large as the number
of nodes in the ring. This has been sufficient for the best-effort d¢raffithe In-
ternet accommodated so far, but applications moving from LANs into WANE (e
[HKKKO1][XT98][XmCjYXd04]), the convergence of communicationsM$02],

and the general dependency on networks are likely to increase detoandee than

what is supported by rings. A future-proof infrastructure needs te this into ac-
count, and thus alternatives to the rings must be developed.

3-regular structures are interesting because they have the potentfidraigthree
independent paths between any pair of nodes, while at the same time bslmdfico
cient. However, such structures are generally more complicated withdregeout-
ing, restoration, protection, and setup: at least they must be organiseplamned
and well organised manner in order to benefit from the higher coniitgctiAn
obvious 3-regular generalization of the ring structure is the double rings fa-
per discusses two generalizations of the double ring structureVthie(p; ¢) and
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N2R(p; q;r) structures.

The rest of the paper is organized as follows: Section 9.4 describestthtéon used
in the paper, Section 9.5 provides an overview of preliminaries, backdraand
previous research, Section 9.6 explains the methods used, Section tih€dhe
results obtained, and Section 9.8 concludes the paper with a discussi@restiits
and suggestions for further research.

9.4 Notation

Throughout this paper, network structures are studied. A structurgists of a set
of nodes and a set of lines, such that each line interconnects two nbies. are
considered undirected: if a pair of nod@s v) is connected by a line, so (&, u).

A path from a source node to a destination node is a set of nodes and lines
(u = wp), e1,u1, €2, ua, €n—1, Un_1, €n, (U, = v), Where every line; connects the
nodesu;_ 1 andu;. The path length is determined by the number of lines between the
source and destination node; in the previous case, the path is of tengitle distance
between two nodes andwv is writtend(u, v) and is determined by the length of the
shortest path between them. For a nagéhe set of nodes such thatd(u,v) = 1

are said to be the neighbourswaf Two nodes are said to be connected if and only if
they are neighbours. The degree of a node corresponds to the nofmegghbours

it has. If all nodes of a structure have the same degretbe structure is said to
be n-regular. The size of a structure is given by the number of nodes thetsieu
contains. All indexes are calculated modglowhere the value op will be clear
from the context. For any integerthe value ofn (modp) is determined as + kp,
wherek is the smallest integer such that- kp > 0. This definition implies that e.g.
—1 (mod5) = 4.

9.5 Background

The N2R(p; q) structures were proposed used for networks in 2002[MNS02], and th
N2R(p; q;r) structures were introduced as an extension in 2003[MKPO03]. To define
the structures lep and ¢ be positive integers such that< £ andgcd(p,q) = 1.

A N2R(p; q) structure then consists of two interconnected rings, both witbdes.

The outer ring consists of the nodgs o1, . . ., 0,1, such that every nods, is con-
nected too,,—; ando,1, while the inner ring consists of the nodgsi1, ..., i,—1

such that every nodg, is connected té,,_, andi,_,. The rings are interconnected
such that every nodeg, is connected t@,. For aN2R(p; ¢; r) structure it is addition-

ally assumed that is a positive integer, that < £ and thatgcd(p, r) = gcd(q,r) =
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1. A N2R(p; q; r) structure is defined similar to2 R (p; ¢) structure, except for the
outer ring: any node,, is connected to,,_, ando,,, instead ob,,_1 ando, 1. Ex-
amples are shown in Figures 9.1-9.2. It is easily seenNl2d(p; ¢; 1) is equivalent
to N2R(p; q) for all values ofp andg.

Figure 9.2: N2R(11;3;2), isormorphic taN2R(11;2;3) and to theN2R(11; 3) structure shown in Figure 9.1.

The class ofN2R(p; q) structures is a special case of the Generalized Petersen
Graphs, which have long been known in the area of graph theory. EdGémer-
alized Petersen Graphs it is not generally assumedjtligp, ¢) = 1, but according

to [FGWT71] this special case, which is exactly the clas®@f?(p; ¢) structures, was
described for the first time in 1950[Cox50]. Only few results have betabéshed
regarding its properties as a network structure. This paper aims at dstappkome
basic results in this regard.
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9.6 Methods

Graph theoretic methods are used to show that ed&¥®(p; g; ) structure is iso-
morphic to aN2R(p; q) structure. As a consequence of this, the remainder of the
paper considers onlyW2R(p; q) structures. This also implies that existing results
of the Generalized Petersen Graphs are directly transferable to the tecipks of
N2R(p;q;r) structures. Two such result are used in this paper, providing negessa
and sufficient conditions for node and line symmetry.

Next, a simple table-free routing scheme always determining shortests paiins-is
duced. This routing scheme takes into account only node addresséseagidbal
parameterg andq. The scheme may not be optimal with regard to algorithmic com-
plexity, but due to its generality and correctness it forms a base for futsearch
and optimization.

To evaluate the performance of the structures, average distancesaametets for
N2R(p; q) structures are calculated for all structures with up to 2000 nodes, as well
as for a few larger structures. The average distance is the averagtheudistances
between all pairs of distinct nodes, and the diameter the largest distam@eheny

pair of distinct nodes. The results were compared to those of the douglécon
responding taV2R(p;1)). For every value op, a number ofN2R(p; q) structures
exist, which in this paper is handled as follows: giygry is chosen as to minimize
the average distance. If more valuesgagatisfies thisg is chosen among these to
minimize the diameter. In far most cases, this choice afso minimizes the diame-

ter.

9.7 Results

9.7.1 Isomorphisms

It is first shown that everyNV2R(p; ¢;r) structure is isomorphic to &2R(p;q)
structure N2R(p; ¢'), and howq' is determined fronp, ¢, andr. Consider a
N2R(p; q;r) structure such that the outer ring connects the nodes in the following
order: og, 0y, 09y, 03¢, ..., 0_92,0_,, 09. The nodes of this ring are renamed such
that every node,, is assigned the new namg, ., , wherek is the smallest inte-

T

ger such thaf“prﬂ iS a nonnegative integer. Sinee< p it is easily seen that for
eacho,,0 < n < p — 1, distinct new names are chosen. The nodes of the outer
ring are connected in the following ordex, o', 05, . . ., 0}, 5,0, 1, 0p, SO that every
nodeo], is connected t@],_, ando,, ;. The nodes of the inner ring are renamed
in the same manner: every nofleis renamed’,,,,.. Clearly, the lines connecting

r
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the outer and inner rings are maintained: a line exists between two wf)d@sd

i, if and only if n = m. It should also be noted that for every nodgor i/, n
satisfiesd < n < p — 1, and that no two nodes have been assigned the same new
name. Thus, it remains to show that every nddées connected to exactly two other
nodes of the inner ring,, , andi; , .. Consider the original name &f, i,,,. This

node is connected to two nodes of the inner ring, with the original nam¢§ and

irn—q- These nodes are renamégh,wq =7 bt andzk,p+m Y | Wpig

respectively, wheré is the smallest mteger such th’%ﬁﬂ |s a nonnegative in-
teger, andi’ the smallest integer such thﬁw iS a nonnegative integer. Since
krta — —K'pta the obvious candidate faf is ’“p+q If 2244 > 2 ¢/ s instead cho-
sen ay — kqu. It only remains to realize th@rcd(p, N=1: thls follows from the

fact thatged(p, q) = ged(p,r) = ged(q,r) = 1. The fact that everyW2R(p; ¢; )
structure is isomorphic to A2 R(p; q) structure has now been established.

== Z

9.7.2 Symmetric structures

A structure is said to be node symmetric (or node similar) if the structure “looks
the same” from every node and line symmetric if it “looks the same” from every
line. [FGW71] shows that &2R(p; q) structure is node symmetric if and only if
¢®> =1 (modp) or¢*> = p — 1 (modp), and that the only line symmetri¥2R(p; q)
structures areV2R(4;1), N2R(5;2), N2R(8;3), N2R(10;3), N2R(12;5), and
N2R(24;5). N2R(10;2) would be line symmetric as well, but singed(10,2) # 1

it is not considered & 2R(p; q) structure.

Even though not allV2R(p; q) structures are node symmetric, only two classes of
nodes exist, one for each ring, and there is symmetry within each suchlatzer-
more, all nodes are equally important with concern to connectivity, whidk tmthe
robustness. However, only node symmetry can ensure that the impackdadih

in case of failures is the same no matter which node is removed. It shouldds: no
that there exist three node independent paths between any pair & @o8@egular
structure satisfying this is said to be optimally connected. According to [DG60dé
symmetry and optimal connectivity are important properties to satisfy foistatmi-
work structures.

9.7.3 Routing schemes
The outset for the proposed routing scheme is hop-by-hop routing: cim made,

it is determined to which neighbour a given packet should be forwardexider
to obtain a shortest path. Since a number of calculations must be perforreadhn
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node, further research could deal with optimizing this approach by lettrigmscket
carry additional routing information, or even complete path information. Newe
the scope for now is to set up a scheme which makes it possible to decideafhich
the three neighbours a given packet should be forwarded to. Tleengchroposed is
inspired by the routing scheme known as Topological Routing[PKMO04c].

While such a scheme is obvious for ring and double ring structures, it iste$sus

for the N2R(p; q) structures. This paper presents a general approach, which works
for all choices ofp andq. It might be possible to find simpler schemes for specific
choices or subsets of choicespandg. Assume that the nodes are addressed such
that the indexes increase while following the outer ring in clockwise directierin
Figures 9.1-9.2).

First, some basic functions are introducet}: (os,04) denotes the distance from

a nodeo; on the outer ring to another nodg on the outer ring, with the restric-
tion that only the outer ring is used, and that it is forwarded in clockwisetiine.
dot(0s,04) = d — s (mod p). Similarly, d,—(o0s, 04) denotes the similar distance,
but sending the packet counter-clockwise instead of clockwisel,s¢vs,04) =

p — doy(0s,04). Furthermored,(os,04) = min{dyy(0s,04),do—(0s,04)}. In

a similar mannerd, (is,i4) denotes the distance from to iy, both on the in-

ner ring, with the restriction that only the inner ring is used, and it is forerd
clockwise. d;, (is,i4) = k, wherek is the smallest nonnegative integer such that
s+ kq (modp) = d. As was the case for the outer ring,- (is, iq) = p — di+ (is, iq)
andd; (is,iq) = min{d;+(is,14),d;—(is,4)}. Four different cases are considered;
in each case or i indicates if a node is on the outer or inner ring, while the in-
dex s or d indicates if the node is source or destination. The source node is the
actual node, where the routing decision is taken. The indéx also being used

for an intermediate node. In addition & andd,, alsod,,; andd,,;, are used. The
former is the distance between two nodes of the inner ring, using a path 4includ
ing at least one line of the outer ring, and the latter is the distance between two
nodes of the outer ring, using a path including at least one line of the immgr r
Finally, for integersa andb such thata < b, int(a,b) defines the set of integers
{a (mod p),a + 1 (modp),...,b (modp)}, wherep is an integer given from the
context.

Routing fromo; to o4: Using only the outer ring results in path length(os, 04).

The alternative is to use the inner ring. A shortest path using a line of the inne
ring can always be found that uses the line fropto i;. Fromi, the packet is
forwarded along the inner ring to a node Fromi, the packet is then forwarded

to o,, and along the outer ring t@;. Note thato,, may equab,. n is chosen within
int(d — |4],d + |1]). For each value of, the distance frona, to o, is given as
follows: dyio(0s,04) = 2 + d;(is,in) + do(0n,04). n is chosen to minimize this
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distance. Ifd,(0s,04) > doio(0s,04), the packet is forwarded ta. Otherwise the
packet is routed as follows: if,_ (05, 04) > do+(0s, 04) it is forwarded toos 1, and
otherwise taw,_1.

Routing fromi, to i4: Using only the inner ring results in path length(is, ig). A
shortest path using a line of the outer ring can always be found thaggaasgrom
which it is forwarded ta;. A nodei,, must be determined from which the packet
should be forwarded to,. n must be chosen withiint(d — |4, d+ |[4]), and such
thatd;pi(is,iq) = 2+ d;(is, in) + do(0n, 04) is minimized. Ifd;(is,iq) > dioi(is,iq)
ands # n, the packet is forwarded @ if diy (is,7n) < di—(is, i), and tois_,
otherwise. Ifd;(is,iq) > d;0i(is, iq) @ands = n, the packet is forwarded @ = o,,.

If di(is,iq) < dioi(is,1q) the packet is forwarded @Q_ if d;—(is,iq) < dit(is,q)
and toi, otherwise.

Routing fromi, to o4: A shortest path from a node of the inner ring to a node of the
outer ring will always use exactly one of the lines interconnecting the rifigsrefore

the path from, to o4 can be constructed as . . ., i,, 0, . . . , 04, Wheren may equal

d. The main task is to find the appropriate valuenpfand once again it must be
chosen withinint(d — |4],d + [4]). n is chosen to minimizel(is,04) = 1 +
di(is,in) + do(on,04). If n = s, the packet is forwarded t@, = os;. Otherwise

it is routed as follows: ;. (is,4,) < d;i—(is,1,), the packet is forwarded @,
otherwise it is forwarded t,_,.

Routing fromo; to iy is done similarly: A shortest path from to iy can be writ-
tenos, ..., 0n,in, - .., iq. n Mmust be chosen withits — [2],s + [2]), minimizing
d(0s,iq) = 1+ do(0s,0n) + di(in,iq). If n = s, the packet is forwarded i, = is.
Otherwise it is routed as follows: i, (os,0,) < do—(0s,0,), the packet is for-
warded too,,, and otherwise it is forwarded tQ_,,.

9.7.4 Performance

The performance ofV2R(p; q) structuresg selected as described in Section 9.6,
has been evaluated and compared to the performance of the double Timgse-
sults for structures of up to 2000 nodes are shown in Figures 9.3—%lierEaudies
showed that in terms of average distance, MR (p; q) structures are close to opti-
mal among the 3-regular structures at least up to a few hundred nodE§[8]. Our
calculations show that even for large structures, average distareckeriow. For
example, theV2R(p; q) structure of 1000 nodes has average distance 12.0, while the
N2R(p; q) structure of 2000 nodes has average distance 16.4. For the doulse ring
the corresponding values are 125.6 and 250.6. Additionally, we foundotha000
nodes the average distance of tNeé R(p; ¢) structure is 25.1, and for 10000 nodes
itis 34.8. The pattern is the same for the diameters. For example, the diameter of th
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Figure 9.3: Avg.distances ofV2R(p; ¢) and double ring structures.
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Figure 9.4: Diameters ofN2R(p; q) and double ring structures.

N2R(p; q) structure of 1000 nodes is 18, and the diameter oNBé&(p; ¢) structure

of 2000 nodes is 25. The corresponding values for the double riegdsdrand 501.

In addition to the results shown, the diameter of i@ R(p; q) structure of 5000
nodes is 38, and it is 52 for the structure of 10000 nodes. The plotsfirpance

of N2R(p; q) structures shown in Figures 9.3-9.4 are not smooth: even though both
average distance and diameter generally increase with the number of sodes
numbers of nodes allow for better performance than others. This is mistatae

for the diameter. For example, tié2R(p; ¢) structure of 1000 nodes has diameter
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18, while the structure of 936 nodes has diameter 20.

N2R(p; q) structures are superior to double rings, both in terms of average distance
and diameters, making it possible to build larger structures while keeping the dis
tances low. If, for example, the diameter is to be kept under 15, the ladgabte

ring can accommodate no more than 58 nodes, while the lafg2&tp; ¢) struc-

ture can accommodate as much as 730 nodes. Even though diametersragée ave
distances ofV2R(p; ¢q) structures increase much slower with the number of nodes
than those of the double rings, it is limited how lary& R(p; q) structures can be
constructed while keeping average distances and diameters at a tHaseval.

9.8 Discussion and conclusion

Generalizations of double ring network structuréé2R(p;q) and N2R(p;q;r)
structures, have been presented in a network-structure perspethieefirst major
result was that everyW2R(p; ¢; ) structure is isomorphic to &2R(p; ¢) structure
N2R(p;¢'), whereq = *2%4 or ¢/ = p — 21 As a consequence of this, results
from graph theory where a generalization of the clasgVa@fR(p; q) structures is
known as the Generalized Petersen Graphs, can be applied\@&llp; ¢; r) struc-
tures. Two such results are thalN@ R(p; ¢) structure is node symmetric if and only

if ¢> =1 (modp) or¢*> = p — 1 (modp) and line symmetric if and only if it is one
of the following: N2R(4;1), N2R(5;2), N2R(8;3), N2R(10;3), N2R(12;5) or
N2R(24;5). A table-free routing scheme was introduced that uses hop-by-hop rou
ing and always determines a shortest path. Finally, the performande Bfp; q)
structures in terms of average distance and diameter was evaluated aratewdhaop
double rings. These distances are remarkably smaller than for douldeaimdjeven
for a structure of 1000 nodes, the average distance is only 12.0, aditheter 18.
For comparison, the corresponding values for a double ring of the daenars 125.6
and 251. Together with the fact that the structures are optimally connetdetbale
symmetric, or close to node symmetric, this indicates that they are superioraltern
tives to rings and double rings in access networks, given that apar@pmbeddings
can be found.

Even thoughV2R(p; ¢q) structures form a suitable base for future access networks,
we believe that some extension is necessary for very large networkgentorkeep
average distances and diameters low. It is not clear if such an extemsidredased

on 3-regularity: [RNO2] showed that nodes with very large degrezgportant in
order to ensure connectivity and reduce distances in random streichuteit may

be possible to avoid such very large nodes by considerate designefFtetiearch
could deal with clarifying this question, with and developing such extensitimsse
extensions should ensure that easy routing, restoration, and protectiemes are
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supported together with global 3-connectivity, i.e. the existence of ttode imde-
pendent paths between any pair of nodes.

Further research itN2R(p; q) structures should deal with a number of other prob-
lems as well: a more efficient routing scheme for finding shortest paths dedgee
and routing schemes should be developed which can determine two or tthepeim

dent paths in an optimal or near-optimal manner; this is crucial in order f@osup
protection schemes, and thus to take full advantage of the 3-connectifétych
Determining these paths should take into account that the choices of tirseaond
paths affect the possibilities of choosing more paths. Actually, finding opsoiat

tions to these disjoint-path problems is known to be NP-hard for arbitrarytstas.

If the problems are easier fo¥2 R(p; ¢) structures is not known. Restoration is also
crucial: even for applications which do not require path protection,réstboration

in case of line or node failures should be supported by the routing sch8omzh
schemes foiV2R(p; q) structures have yet to be developed. Another open and inter-
esting question deals with the choicegaivenp: in the evaluation scheme presented

in this paperg was in every case chosen as to minimize the average distance. For
further research, as well as for practical network planning puspdisis hecessary to
clarify to what extenty can be chosen such that more parameters are optimized upon
simultaneously, and to develop methods for finding appropriate valuggioen a

set of optimization parameters.
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9.10 Additional comments*

The minimum average distance and minimum diameter as introduced in Section 7.10
are also relevant for th&2 R structures, but due to the higher degree of symmetry,
they only differ slightly from the average distances and diameters. Therelifte
between diameter and minimum diameter cannot exceed one, and the défeeenc
tween average distance and minimum average distance will always be lesmtha

Two factors must be taken into account.

First, there is a chance thatould be chosen differently givenf minimum diameter
and average distance were to be minimized rather than diameter and avstagesd
Calculations forp < 2000 show that it is in all cases possible to find at least one
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structure (i.e. one value @ fulfilling both of these two optimisation criteria:

e Givenp, q is first chosen to minimize diameter. If this results in more candi-
datesyg is chosen to minimize average distance.

e Givenyp, ¢ is first chosen to minimize minimum diameter. If this results in
more candidateg, is chosen to minimize minimum average distance.

It should be noted that the order of optimization criteria (diameter, aveliatgnde)
used here is different from that used in the paper. This is due to thésregu
[PKMO4b], presented in Chapter 10, but as stated in this paper, it is in casss
possible to find structures minimizing both average distance and diameter.

Over all these 1998 values pf 2594 structures fulfil the first criteria, and only 7
of these do not fulfil the second: fer= 165 two structures fulfil the first criteria,
but only one fulfills the second, and fpr= 1100 7 structures fulfil the first criteria,
while only one fulfills the second.

It is not ensured though, that in a given structure a node exists froichwidoth
minimum average distance and diameter can be obtained. However, this wasé¢he
for all 2587 structures fulfilling both criteria stated above.

Among the 1998 values gf, it was only possible to find two values pf 9 and 35,
for which a minimum diameter was smaller than the smallest possible diameter.

It was only possible to obtain minimum average distances sligthly smaller than the
average distances. When for each valug,af was chosen according to the criteria
above, the average distances were on average over the 1998 fale820% higher

than the minimum average distances. The largest difference was 2.98%, D8
cases there were no differences at all.
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10 [Comparing and Selecting
Generalized Double Ring
Network Structures e

10.1 Preface*

This paper was written in collaboration with Thomas Phillip Knudsen and Ole Brun
Madsen, and presented at The Second IASTED International Gorkeron Com-
munication and Computer Networks (CCN 2004). It is the second of fquenseon
N2R structures and presents a continuation of the work presented in Chaptes 9
contribution to the thesis can be summarized as follows. The paper:

e Devises and evaluates a policy for selecting the BEXR structures given the
number of nodes.

e Determinesk-average distance ariddiameter forN2R structures with up to
164 nodes.N2R is shown to be superior to the Double Ring with regard to
these parameters.

The work is continued in Chapter 11, whér@average distance ariddiameter are
evaluated for even larger structures and compared to the Degree(hoegal Rings.

10.2 Abstract

N2R(p; q) network structures were introduced recently as a generalization of dou-
ble rings, and they were shown to be superior compared to double ringsns té
average distance and diameter. For a given number of nodes, thetg aherdou-

ble ring, but often more differenW2R(p; q) structures. These different structures
have different properties, and choosing a best structure dependbat properties

are considered important. For both research and planning purposésiitaficial to
have a simple scheme for optimally choosingivenp. We show that for structures

of up to 4000 nodes, itis in 1919 of 1998 cases possible to choose tustrotni-
mizing both average distance and diameter. For structures of up to 164, moicé
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mizing average distance and diameter results in structures where 2-@destamce,
3-average distance, 2-diameter, and 3-diameter are minimized or nearly mihimize

10.3 Introduction

The convergence of communications[MNS02] together with an increasiogat of
bandwidth-demanding applications has led to the beginning deployment afTeéibe
The Home (FTTH) infrastructures. In many countries worldwide, FTTH been
recognized as the only way of offering sufficient bandwidth, and giandeploying
these infrastructures are being made.

Not only the need for bandwidth, but also the needs for reliability and giiote
are expected to increase. First, existing reliability-demanding applicati@vs- pr
ously confined to LAN environments are moving to WAN environments, andapew
plications are being developed, including telerobotics]HKKKO1][XmCjY 4tiand
teleoperations[XT98]. Second, various medias such as TV, radidesemhony are
to an increasing extent being transmitted via the Internet, a trend expected-to ¢
tinue as FTTH solutions are deployed and efficient broadcast protdewtdoped.
This adds to the dependency on stable Internet connections and motihettsey
should not be too vulnerable to attacks and failures.

Since fiber networks are upgradeable by changing end equipmerdassehders and
transmitters without changing the fibers, and since careful planning niglassible
to increase the number of fibers without digging new ducts, the basic phgsiac-
tures chosen for FTTH infrastructures are expected to have a long lifeisehang-
ing the physical structures in access networks is likely to imply digging of nestsd
it is often very expensive, and therefore the physical structureslcghie chosen
carefully from the beginning: they should be cost-efficient while still pdimg small
distances and support appropriate levels of protection, such thateseare not dis-
connected in case of failures. The demands for reliability and protectidndexthe
otherwise attractive trees, and to ensure connectivity even in case ofdejpendent
failures, ring structures are also insufficient. 3-regular, maximally octedestruc-
tures are interesting because they for any number of nodes have thessmaider
of lines, while still ensuring connectivity between any pair of nodes eveaage of
any two independent failures. Together with node symmetry, maximal ctvibec
is an important property to satisfy for robust networks[DC04]. Doubigs are 3-
regular and maximally connected, and they are simple extensions of ring&vieio
recent research has shown that generalized double rings knoiNa a&; q) struc-
tures, which are again special cases of the Generalized Petersdms[G@@/71],
perform considerably better with respect to average distance as wdlhaeter
while still being 3-regular and maximally connected[MKP03]. While doubleging
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are node symmetric, this is not necessarily the caseVfdR(p; ¢) structures, but
they are nearly node symmetric as only two classes of nodes exist, with symmetry
within each class.

For a given number of nodes, only one ring and one double ring exidtaaerage
distance and diameter increase proportional to the number of nodes, ifThueet-
work of a given size is needed, it is not difficult to determine what ringoaradie ring
would be the appropriate choice. This is more difficult for 2R (p; ¢) structures.
Given an (even) number of nodes, it is in many cases possible to candiifec-
ent structures with different properties. The ability to select an ap@tepstructure
given the number of nodes is crucial, both for practical network planamabfor fur-
ther research in network structures NR R(p; ¢) structures are to be compared with
other network structures, it complicates these comparisons that diffareriiers of
N2R(p; q) structures exist for different numbers of nodes, especially if multiple pa-
rameters are used for comparison, and diffel®R2tR(p; q) structures are optimal
with respect to different parameters.

10.4 Preliminaries

The idea of studying the physical structures impact on large-scale rietability to
support QoS and reliability demanding applications was presented recattilthe
introduction of the concepts Sustainable QoS[MK96] and Structural KpNSD2].
[MNSO02] also introduced théV2R(p; q) structures for use in a network-planning
context. A more thorough description of these structures can be fouR&KN104a],
which also raises the questions discussed in this paper.

A network structureS is a set of nodes and a set of lines, where each line inter-
connects two nodes. Lines are bidirectional, so if a pair of nddes) is con-
nected, so igv,u). A structure can be considered a model of a network, ab-
stracting from specific physical conditions such as node equipment, medhids
wiring. The definition of a structure is similar to that of a simple graph in graph
theory. A path between two distinct nodesndv is a sequence of nodes and lines:

(u = wg),e1,u1,€2,u2,...,Un—1, €, (U, = v), such that every line; connects the
nodesu;_; andu;. The length of a path corresponds to the number of lines it con-
tains, so in the case above, the path is of lengtiThe distance between a pair of
distinct nodegu, v) corresponds to the length of the shortest path between them and
is writtend(u, v). This paper considers only connected structures, i.e. between every
pair of distinct nodes there exists a path. Two paths between a pair of fiodg are

said to be independent if they share no lines and nodes exceptfaiv. Similarly,

a set of paths are said to be independent if the paths are pairwise iddepeihe

size of a structure equals the number of nodes it contains.

115



Chapter 10

Let p andg be positive integers, such that> 3, ¢ < £, andgced(p, q) = 1. p andq
then define av2R(p; q) structureS as follows:S consists of two rings, an outer ring
and an inner ring, each containipghodes. The nodes of the outer ring are labeled
00,01, -..,0p—1, and the nodes of the inner ring labelgdi, ...,i,—1. Thus,S
contains2p nodes. For eachsuch thatd < i < p — 1 there exists a line between
each of the following pairs of nodes:

® (0i,0i41(mod p)) (lines of the outer ring).
® (ii,%i1+q(mod p)) (lines of the inner ring).

e (04,1;) (lines connecting the two rings).

The classical double ring witBp nodes obviously corresponds 2R (p;1). An
example of anotheN2R(p; q) structure is shown in Figure 10.1.

This paper compares differed{2R(p; q) structures such that structures with the
same number of nodes are compared to each other. This is done by cargdarin
different N2 R(p; q) structures for each value pf these are obtained by considering
in principle all values of; allowed by the definition oN2R(p; ¢). However a number

of values ofg are discarded due to the following easily verified fact: for a fixed value
of p, letq: < g2 fulfil for i = 1,2 thatg; < & andged(q;, p) = 1. ThenN2R(p; q1)

is isomorphic taV2R(p; q2) if g1g2 = 1(mod p) or q1q2 = p — 1(mod p). For such
two isomorphic structureg; is discarded and only; considered.

e iy
/e

Py

»

i~ e
o
S

S50 s
Figure 10.1: N2R(50;9).
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10.5 Parameters for comparison

The most commonly used parameters for evaluation and comparison of ketwor
structures are diameter and average distance, defined as follows.

e Average distance: The averageddfi, v) taken over all pairs of distinct nodes.

e Diameter: The maximum af(u, v) taken over all pairs of distinct nodes.

These parameters are primarily useful for standard Internet applisatg&ing short-

est paths. With the increasing amount of reliability-demanding applications, it is
expected that a number of future applications will use various protectivenses,

and as a consequence hereof, several independent paths befweerpairs of
nodes must exist simultaneously. This motivates the introduction of the following
parameters[PKMO04a]:

e k-average distance: For every pair of distinct nodes ), k& independent paths
between: andv are constructed such that the sum of the lengths of these paths
is smallest possible. Thk-average distance is then obtained by taking the
average of these sums over all pairs of distinct nodes.

e k-diameter: For every pair of distinct nodés, v), k independent paths be-
tweenu andwv are constructed such that the longest of these paths is shortest
possible. Thek-diameter is the maximum over the lengths of these longest
paths.

Due to the 3-connectivity of alN2R(p; q) structures, these parameters are consid-
ered fork = 2,3. 1-diameter and -average distance equal diameter and average
distance. Certain other parameters also used for evaluation of netwocdkuséis

or graphs, such as the connectivity number and the cost in terms of namder
nodes/lines, are not relevant for this study as they attain the same vatuab fo
N2R(p; q) structures of the same size.

10.6 Choosingg givenyp

Both average distance and diameter are easily determined using well-kfgovn a
rithms such as Dijkstras algorithm or similar. Thus, for every valug ibfs easy to
determine the optimal structure in the sense of either of these parametefficidate
method is known for determining-diameter and:-average distance fér > 1, and

117



Chapter 10

the calculation time using brute-force methods increases exponentially withitine n
ber of nodes. However, due to the high level of symmetry together with thvee
small number of lines, we were able to calculate those parameters for atlisésic
of up to 164 nodes.

Obviously the choice off givenp can be made in many ways, considering one or
more parameters defined above, either by selecting primary and segpadame-
ters or by defining some weighted average of the parameters. In eaghieashoice
and/or weight of parameters must be subject to expected network ne@umig, pro-
viding no general method for selecting a “best” structure. It further dmaues the
selection if the structures are large becakisererage distance ariddiameter may
be impossible to determine.

Probably the simplest method is to minimize average distance, diameter or both. This
approach is evaluated in two steps. First, the correlation between minimiziragave
distance and minimizing diameter is evaluated. Second, it is studied to what extent
minimizing average distance and diameter minimizes the other parameters.

Since both average distances and diameters are easily calculated deegefatruc-
tures, this was done for all structures of up to 4000 nodes. First, éoy ealue ofp

the structures with minimum diameter were selected, and among these the s$ructure
with smallest average distance were selected. Second, for every Valtleeostruc-

tures with minimum average distance were selected, and among these theesructu
with smallest diameter were selected. In the following, values obtained thgse wa
are compared to minimum values. For each valug, @&nd for each parameter, the
minimum value is that of the given parameter in tié R(p; q) structure where this
parameter is smallest possible. Thus, a minimum value is assigned to evenefera

for every value op.

1998 cases were considered< p < 2000), and it turned out that in 1919 (96.0%)
of these, the two approaches led to the same set of structures. In 1f&&ef1919
cases, only one value gfminimized both average distance and diameter.

If a network is to be chosen with specific requirements, it is possible that eithe
ameter or average distance is considered much more important than theTdtiser.
makes it easy to choose between the two approaches in the remaining §,9\dare
only one of the parameters can attain its minimum value. However, it is useftdlto e
uate each of these approaches in order to obtain a general rule of thuhdwao
choose the structures.

Figures 10.2—-10.3 show how average distances and diameters vampé&ommimum
values using each of the two approaches. Only valuggafwhich no structure min-
imizes both average distance and diameter are shown. If the diameter is minimized
first, the average distances over the 79 cases are on average 0.d2%laworst
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Figure 10.3: In 79 cases, average distance and diameter cannot both be p&dinfior each value @f, a structure
with the smallest diameter is chosen among those with minimunageedistance.

case 0.67% higher than the minimum values. Minimizing the average distance first
gives diameters, which over the 79 cases are on average 4.6% and iorgiecase
10.5% higher than the minimum values. It is not surprising that these valaes ar
relatively higher than those of the average distances since the diametgays @n
integer. In 71 cases, the diameter is one higher than the minimum, and in 8 cases
it is two higher, as shown in Figure 10.3. Taking all 1998 cases into atcoum-

mizing the diameter first leads to average distances on average 0.00488b6thiyh
minimum, and minimizing the average distance first, on average leads to a diameters
0.18% higher than minimum.

The second step was to evaluate not only average distance and diaraesob
the other parameters introduced previously. It was evaluated to whait eese
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Figure 10.5: 3-avg. distance compared to minimum values.

parameters are minimized when minimizing average distance and diameter. In all
cases considered (< p < 82) average distance and diameter can be minimized
simultaneously, but in 6 cases € 40, 45, 50, 55, 60, 70) two choices ofy minimize

both. In each of these cases, there exists a single valyendiich is superior because

it performs better than or equal to the other with respect to all parametetsede
cases both superior (best-case) and worst-case values are usechf@rison. Since

in every of these cases 2-diameter and 3-diameter are independentaifdiis of

q, the worst-case results only differ from the best-case results foetage and 3-
average distances.

The relative differences between minimum values and values obtained byethe
ods presented, are shown for each of the parameters in Figures 07.4+1 each
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Figure 10.7: 3-diameter compared to minimum values.

figure, only the cases for which the methods sketched do not necessariiyize

the respective parameter are shown. In 56 of the 80 cases (70.0%ratheters
attain the minimum values, and in additional 4 cases (5.0%), there exist twvalue
of ¢ minimizing both average distance and diameter, where in each case exactly one
of these minimizes all parameters.

Figure 10.4 shows how in 7 of 80 cases (8.8%), the 2-average is not miniamahm

2 cases (2.5%) the 2-average can be minimum, depending on the choiceréiwe
values ofg. Over the 7 cases, the 2-average distance is on average 1.6%, and ove
the 2 cases either 0 or 0.13% higher than the minimum values. Over all 80 ttases
2-average is on average 0.14% (best-case and worst-case) highéhehminimum
values. In Figure 10.5 it is shown how in 2 of 80 cases (2.5%) the 3-gesrare
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not minimum, and in 6 cases (7.5%) the 3-average can be minimum, depending on
the choice between two values @f Over the 2 cases, the 3-average distances are
on average 0.22%, and over the 6 cases either 0 or 0.28% higher than theimin
values. Over all 80 cases, the 3-averages are on average 0.008584c4se) or
0.027% (worst-case) higher than the minimum values. Figure 10.6 showsnhow
14 of 80 cases (17.5%) the 2-diameters are not minimum. Over these casgs, th
diameters are on average 15.1%, and over all 80 cases on averagkigh@¥sthan

the minimum values. In Figure 10.7 it is shown how in 10 of 80 cases (12.598) the
diameters are not minimum. Over these cases, the 3-diameters are on ddepdge
and over all 80 cases on average 1.4% higher than the minimum values.cés@o
the 2-diameter or 3-diameter exceeds the minimum value by more than one.

10.7 Comparison to Double Rings

As a by-product of the calculations made, it was possible to compare tloerpance

of N2R(p; q) structures to the performance of double rings with respelctaeerage
distance an@-diameter fork = 2, 3, as an addition to existing comparisons of diam-
eter and average distance. The comparisons are shown in Figure$.0,8nd for
each value op, ¢ has been selected to minimize average distance and diameter.

For the six values op where this gave more possible valuesgpthe superior was
selected. According to the previous results shown in Figures 10.4-1& Shibice
only influenced the values of 2-average in 2 cases, and the valuevefr&ge in 6
cases. In none of these cases, the difference exceeded 0.6%igaifiogant differ-
ence compared to the differences between the paramete’&ff(p; ¢) and double
ring structures.

It is seen thatV2R(p; q) structures are superior to the double rings with respect
to all parameters: for the largest structures considered, 82, N2R(82;11) was
selected as the best structure, and no ofkief(82; q) structure performs better

in terms of any of the parameters. This structure has 2-average distarg;e31
average distance 22.4, 2-diameter 10, and 3-diameter 11. The coméspoalues

for the double ring are 43.3, 104.7, 42, and 82. Thus, the values fov 2##&82; 11)
structure are only 29.7%, 21.4%, 23.8%, and 13.4% of those of the dongleThe
differences clearly increase with the size of the structuresNRR(p; q) structures,

the differences between 2-diameter and 3-diameter are considerablyrsheailéor

the double rings, and the same applies to 2-average distance and §eadistance.

k-average distance ariddiameter generally increase with the structure size. How-
ever, there are values pffor which a larger structure exists, performing better in
terms of one or more parameters. For the 73 values &f 75 it is in 33 cases

122



Comparing and Selecting Generalized Double Ring Network Structures

120 T T T T T T T T
Doublering - k=3 e
L Double ring - k=2 + J
100 N2R(p:q) -k=3
N2R(p;q) - k=2

80 r

40 |

k-average distance
(2]
o
,

20 r

Figure 10.8: k-avg. distance folN2R(p; ¢) and double rings.

90 T T T
Double ring -
80 r Double ring -

| N2R(p;q) -
70 N2R(p:q) -

XXX A
IR L
*

NWN W
+

60 |
50 f
40 t
30 f
20 f
10 | B A——— S
o< . . . . . ..

k-diameter

Figure 10.9: k-diameter forN2R(p; ¢) and double rings.

(45.2%) possible to find a larger value o 82 that performs better in terms of at
least one of the four parameters introduced in this paper, and in 20 (@3s4%o) it

is possible to find a larger value piwith all four parameters being smaller or equal.

In each of these cases, at least one parameter is improved. Takinyelageadis-
tance and diameter into account, the corresponding numbers of caS8s(8&1%)

and 20 (27.4%). In general the gains of choosing a larger structarsnaall, but

in some cases they are significant. For instance, chodSiig(21;8) instead of
N2R(20;3) reduces average distance by 0.25 (6.9%), 2-average distance by 0.33
(3.8%), 3-average distance by 1.04 (6.8%), diameter by 1 (16.7%) n2etka by 1
(12.5%), and 3-diameter by 2 (22.2%).
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10.8 Conclusion and discussion

This paper has discussed important aspects of choosing an optimahligrtedou-

ble ring structure, known a¥2R(p; ¢), given the number of nodes. Whilgs given,

there are different ways of choosiggwe showed that minimizing average distance
and diameter in most cases also minimizes other parameters. The basic parameter
considered were diameter and average distance, and these paranesteczalou-

lated for all structures with up to 4.000 nodes. In 96.0% of these casei$$ibte

to select a structure minimizing both average distance and diameter. In the yemain
ing cases two approaches were considered, givarhe first approach was to select

all values ofg minimizing the average distance, and among these candidates select
¢ to minimize the diameter. The second approach was to select all valyemiof
imizing the diameter, and among these candidates sglecminimize the average
distance. Over all values @f minimizing the average distance first leads to diame-
ters on average 0.18% higher than the minimum values, and minimizing the diameter
first leads to average distances on average 0.0048% higher than the miviuas

The corresponding worst-case values are 10.5 % and 0.67%. Espé¢oaligtter
approach leads to virtually optimal results in all cases, and we believe thifithiew

hard to find a better approach for choosing optimal structures with respérese

two parameters.

These two approaches were evaluated also with respect to four ottaengiars,
namely 2-average distance, 3-average distance, 2-diameter, anth&@etiaDue to
calculation complexity, these parameters were evaluated only for strucititgs

to 164 nodes, and in all cases it was possible to find valuesmainimizing both
average distance and diameter. In gengmbuniquely determined, butin 6 cases two
candidates fog exist, resulting in different values of either one or both of 2-average
and 3-average distance. In all of the 6 cases ktldéameter is independent of this
choice. Choosing the best valuegih these cases leads to the four parameters being
on average 0.14%, 0.0055%, 2.6%, and 1.4% higher than the minimum valees. W
conclude that this approach gives surprisingly good results, anddhegovides a
good method for selecting overall optimal structures. However, it is ndt taaes
possible to minimize all parameters, and if one or more parameters are cedsider
particularly importantg may be chosen better using some other method.

As a by-product of the calculations made, it was also shown thaiVib&(p; q)
structures perform and scale notably better than the double rings withctdspthe
parameters introduced. For instance, M2 R(82;11), the values of the four param-
eters were only 13-30% of those of the double ring. It is especially irtegethat
the differences between 2-diameter and 3-diameter and between Zeadistance
and 3-average distance are considerably smaller than for the doublédiaating
that carefully selectedv2R(p; q) structures do not suffer from the ring/double ring
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phenomenon, where backup-paths must take the “long” way arounthtj®€04].

While it is useful to be able to choose an optimal structure in terms of the varius
rameters discussed in this paper, the embeddability must also be taken intatacco
and doing so is probably the largest and most important challenge foefuetbearch
on this problem: an otherwise optimal structure may prove impossible or vpgnex
sive to deploy in the real world N2R(50;9) shown in Figure 10.1 is an example
of a structure which may be hard to deploy by wired networks if distinct lineg ma
not share ducts. If distinct lines share ducts, the robustness is dffsctét might

be a more promising strategy to combine wired and wireless networks. Rlesear
practical experience is needed in order to obtain more knowledge on this.

Itis also still needed to develop efficient routing and protection schencédisat two
or three independent paths can be easily established. Likewise, dffiestaration
schemes should be developed. No optimal solutions are known for esiiadplbsv-
eral independent paths between a given pair of nodes and doing.be &®o require
some definition of optimality. The definitions éfaverage ané-diameter illustrate
different approaches to this. The results of this paper provide serefermodel for
such routing schemes because the length of two or three independenbptimed
by proposed routing schemes can be comparédaeerage distance addiameter.

Since a brute-force approach was used to deterrhiagerage distance ank-
diameter, we were not able to obtain results for structures larger thanddib.n

It may be possible to develop faster optimal or near-optimal algorithms, which c
be used to test whether the minization criteria used in this paper are suitableralso
larger structures. The brute-force calculations of this paper candukfosreference
when evaluating the performance of such an algorithm, at leagt082.
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11 Distances Iin Generalized
Double Rings and Degree
Three Chordal RINgS erwosq

11.1 Preface*

This paper was written in collaboration with Tahir M. Riaz and Ole Brun Madsen
and presented at The IASTED International Conference on ParatleDastributed
Computing and Networks, IASTED PDCN 2005. It is the third of four papmn
N2R structures, and presents a continuation of the work presented in Chfpter
The contribution to the thesis can be summarized as follows. The paper:

e Uses the selection policy devised in Chapter 10 to evaktatecrage distance
andk-diameter for structures with up to 400-900 nodes.

e Shows that this selection policy can also be applied to Degree Three Chorda
Rings.

e ComparesN2R to Degree Three Chordal Rings with respect to average dis-
tance, diameteri-average distance, arddiameter, and shows thaf2R is
superior with respect to all these parameters.

The paper is the last paper on distanced’ihR structures.

11.2 Abstract

Generalized Double RingsM2R) are compared to Degree Three Chordal Rings
(CR) interms of average distance, diametegverage distance, addiameter. For

each number of nodes, structures of each class are chosen to minimizéediante
average distance, an approach which is shown to result in all othenpsnas being
either minimized or nearly minimized. Average distance and diameter are compared
for all structures with up to 1000 nodes, an@verage distances akediameters for

all structures with up to 400-900 node¥ 2R are shown to be superior with regard

to these parameters, especially for large structures.
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11.3 Introduction

When designing a network or parallel computing system, interconnectiofotopo
gies are important. Much research has been conducted in order to ediif@rent
topologies, in particular for multiprocessor systems[Kot92], but compapsmam-
eters have been determined also for large-scale communication netwdvka{_].
Most of the compared topologies contain nodes of degree four or more.

In general, it is important to keep the costs and thus the node degrees as pms-
sible, and for communication infrastructures this in particular so; nodesftee
placed in different physical locations, spread over large geogralpdnieas. Not only
node equipment but also digging is costly and should be kept to a minimum, and a
limited set of potential ducts such as roads often limit the number of possibé-phy
cal paths. Therefore it is not surprising that most communication infictstes have
until now been based on trees and rings. Trees offer no redundahity rings of-

fer connectivity in case of any one arbitrary failure. Unfortunately, taitures will
split the network, and even a single failure leads to notably larger distancethus
higher transmission delays and traffic loads. Currently, the convezggfreommu-
nications is leading to an increasing dependency on the InternetfMN&Ggénd
supported by the fact that a large number of applications are being gedelequir-
ing both Quality of Service and reliability. These include home automation[NDOO]
tele operations[XT98], and tele robotics]HKKKO1]. These needsdbalility can

to some extent be satisfied by using wireless back-up as a supplement tdé-ibe
The Home solutions for the last-mile access networks|[PRKMO04], but theae is
urgent need for developing more robust topologies for the higherdayepartic-
ular local and regional backbones. In order to increase reliability wiedping the
costs down, 3-regular 3-connected topologies are interesting. Theytha small-
est possible node degree, while still providing connectivity in case oftanyin-
dependent failures. Double rings[MKPO3] are simple 3-regular 3rwected topolo-
gies, which offer easy routing, restoration, and protection schemesufiar from
large distances. Two alternative classes of 3-regular 3-connectelbdogs are the
Generalized Double Rings also known &2 R[MKPO03], which is a subset of the
Generalized Petersen Graphs[FGW?71], and the Degree Threealliings, e.g.
[Kot92][BDZ04b] (for simplicity we write N2 R andC R throughout the paper{’R
andN 2R share many properties: in addition to being 3-regular and 3-connectgd, th
are not in general planar, they can be expanded in similar ways anddkeydirly
short diameters[YFMA85]. However, there are also a few importargmdificesC R

are node symmetric, whil&/2R contain either one or two classes of nodes with
symmetry within each class. Another difference is thdt are based on one main
ring while N2R are based on two main rings. Since they perform comparable with
regard to those quantitative and qualitative parameters, the distances aréaimp
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when selecting which topology should be used for some network or pasaitgbut-
ing system. In this paper, we compare the two classes of structures witid tega
a number of different distance parameters. The results apply to phgsicetll as
logical level networks, making them interesting in a broad context.

11.4 Preliminaries

A structure is a set of nodes and a set of lines, where each line intecisnivo
nodes. Lines are bidirectional, so if a pair of nogesv) is connected, so i@, u). A
structure can be considered a model of a network, abstracting froeifisgnysical
conditions such as node equipment, media, and wiring, and the definition is similar
to that of a simple graph: a path between two distinct nadaadv is a sequence

of nodes and linestu = ug), e1, u1, €2, ug, . .., Un—1, €n, (u, = v), such that every

line e; connects the nodas_; andw;. The length of a path equals the number of
lines it contains, so in the case above, the path is of lengifhe distance between a
pair of distinct nodesu, v) equals the length of the shortest path between them, and
is writtend(u, v). This paper considers only connected structures, i.e. between every
pair of distinct nodes there exists a path. Two paths between a pair o fde

are said to be independent if they share no lines or nodes excepafatv, and a set

of paths are said to be independent if the paths are pair wise indepehtersize of

a structure equals the number of nodes it contains.

N2R structures are defined as follows. Letndq be positive integers, such that
p > 3,q < &, andgcd(p, q) = 1. p andq then define a structur®2R(p; ¢), which
consists of two rings, an outer ring and an inner ring, each contajnimagges. The
nodes of the outer ring are labelegl o1, . .., 0,—1, and the nodes of the inner ring
labeledig, i1, . . ., i,—1. Thus, it contain€p nodes. For eachsuch thad < i < p—1
there exists a line between each of the following pairs of nodes:

® (0i,0i41(mod p)) (lines of the outer ring).
® (ii,%i49(mod p)) (lines of the inner ring).

e (04,1;) (lines connecting the two rings).

The classical double ring witBp nodes obviously corresponds 2R (p;1). An
example of aV2R is shown in Figure 11.1. One more restrictiongtgiven p ap-
plies throughout the paper: givenletq; < go fulfil for i = 1,2 thatg; < £ and
gcd(qi,p) = 1. ThenN2R(p; q1) is isomorphic toN2R(p; g2) if gi1g2 = 1(mod p)
or q1q2 = p — 1(mod p). For such two isomorphic structureg, is discarded and
only ¢; considered a permitted value.
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Figure 11.1: N2R(11;3) andCR(12;3).

CR structures are defined as follows. kebe an even integer such that> 6, and
let s be an odd integer, such that< s < 7. w ands then defineC'R(w, s) with w
nodes labeledy, ..., u,_1. For0 < ¢ < w — 1 there exists a line between each of
the following pairs of nodes:

i (ui, WUit1(mod w))

® (Wi, Uits(mod w)), fOr i €ven.

An example of 8C'R is shown in Figure 11.1.

11.4.1 Evaluation parameters

Widely used distance measures for network topologies are averagecdistad di-
ameter, indicating transmission delays as well as traffic load.[PKMO04a].

e Average distance: The averageddf:, v) taken over all pairs of distinct nodes.

e Diameter: The maximum af(u, v) taken over all pairs of distinct nodes.

For real-time applications where even short transmission outages areceptable,
protection schemes are used. For thigaths are established when the connection
is set up. Traffic can be sent simultaneously along all tlikepaths, or along only
one path, keeping the lakt— 1 path(s) ready for immediate use whenever a failure
is detected. In both cases, long restoration times are avoided k-hineasures-
average distance ariddiameter reflect the considerations of average distance and
diameter:

¢ k-average distance: For every pair of distinct node®), k independent paths
between: andv are constructed such that the sum of the lengths of these paths
is smallest possible. The-average distance is the average of these sums over
all pairs of distinct nodes.
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e k-diameter: For every pair of distinct nodes v) k independent paths between
u andv are constructed such that the longest of these paths is shortest possible.
The k-diameter is the maximum over the lengths of these longest paths, over
all pairs of distinct nodes.

Since bothV2R andC' R are 3-regular, these parameters are considerdd#foep, 3.
1l-average distance and 1-diameter equal average distance and diaiietee not
confusing, we will simply writek-average instead df-average distance.

11.5 Methods

The first step is to determine which structures to compare. In order to facitate
comparison, it is desirable to have only oN@ R and oneC' R of a given size, or a
limited number with parameters close to each other. This is especially so for gen-
eral purpose networks where more parameters are used for selessume that a
network structure is to be chosen, which should have short averageaisand di-
ameter. It is little interesting if one structure performs well with regard to @eera
distance and another structure belonging to the same class performs wetgetd

to diameter, if no structure of that class perform satisfactory with regavdtta For
bothCR and N2R, there can exist several structures of the same size N2dt a
policy was introduced for selectinggiven p[PKMO04b]:

e Select the values af such that the diameter is minimum.

e Among those values af, select those such that the average distance is smallest
possible.

It was shown forp < 2000 that this leads to structures, which are close to optimal
with regard to average distance, and oK 82 they were also shown to be optimal

or close to optimal fok-averages ank-diametersk-averages ank-diameters were

not evaluated for larger structures. In this paper, we evaluate the stentan policy

for CR and compare it to the related policy where average distance is minimized
first, ands then chosen among these possible values to minimize the diameter. For
average distance and diameter, this comparison is performed for all stésigtith

w < 1000. Average distances and diameters are determined by simply calculating
these values for all structures, using standard shortest-path algorittthmaaking

use of the symmetries. Since no efficient algorithms are known for determining
average and-diameter, they are calculated using brute-force algorithms. Therefore,
the policies were only evaluated for < 100 with regard to those parameters. Since
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the two policies result in the same structures dor< 100, no policy comparison
were made here.

Based on the results obtained, the policy of selecting first diameter andwbemga
distance is used in the rest of the paper, providing a base for compafisdinpa-
rameters. First, diameter and average distance are compared. Due tethierse
policy, for each number of nodes all selected structures within each lidassthe
same average distance and diameter. The results are derived froniciiatns
carried out in order to compare the selection policies.

For thek-measures, the parameters can be determined for significantly larger struc
tures if they are calculated only for good valueg ahds rather than for all permitted
values. This also reduces the number of structures for which-theasures are eval-
uated. Therefore, they are for each valug of w determined only for the values ¢f

or s determined by the selection policy. While it is not guaranteed forkameasure
that the minimum value is obtained, any other choice would imply a trade-off be-
tween average distance/diameter and one or rhareasures. For general purpose
networks, average distance and diameter would in many cases be cedsidest im-
portant, and the presented selection policy therefore used anywagn Gig selec-
tion, 2-average, 3-average, 2-diameter, and 3-diameter were evhfaastructures
with up to 900, 500, 800, and 400 nodes respectively. In some caseslenMih
andCR exist for each number of nodes, but as thmeasures for these structures
turn out to be close to each other, no further selection is done.

11.6 Results

11.6.1 Selection policies fo€' R
Average distance and diameter

Two approaches were evaluated for choosirmgjven w. In the first approach, for
every value ofw, all values ofs minimizing the diameter are selected, and among
theses is chosen to minimize average distance. In the second approach all values o
s minimizing the average distance are selected, and among these, the valliegyres

in the smallest diameter are selected.

In 434 of the 498 cases, there exist structures minimizing both averageagistad
diameter. Figures 11.2-11.3 illustrate the resulting average distances aretaim
compared to the optimal values in the remaining 64 cases. With minimized diameters,
the average distances are on average over these 64 cases 0.2 #thhighanimum,

and with minimized average distances, the diameters are on average 4.9@% high
Over all 498 cases, the differences are on average 0.035% and.O0/é8¥hoose to
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Figure 11.3: The difference between minimum diameters and minimum diametees \@herage distances are
minimized. In these 64 cases, the diameter is either 1 or 2 htgharminimum.

use the first approach for our studies, but both nearly minimize the paramete

k-average andk-diameter
We evaluate to what extent the optiniabverage and-diameter is obtained when

for each value ofw, the values ofs are selected using the chosen selection policy.
This is done fol6 < w < 100, a total of 48 values. For 31 of these, all chosen values
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of s minimized all parameters, and for additionally 5 valueswpft least one of the
chosen values of minimizes all parameters. In the remaining cases, the choices of
result in structures, which are close to minimal as can be seen in Figures 154
They show how much larger tkemeasures are for the selected values@mpared

to minimum values. Only values af ands not minimizing the respective parameters
are shown; if forw some but not all selected valuesominimize a parameter, the
values not minimizing are marked wc (for worst-case).
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Over all 48 values ofv, the 2-averages are on average 0.19% higher than the min-
imum valuess in the best-cases and 0.25% higher in the worst-cases. Fr the
averages, the corresponding values are 0.027% and 0.091%. kam@aters, the
values are 0.52% and 1.48%, and for 3-diameters 0.84% and 1.10%. @0, the
3-diameter is 2 higher than the minimum value, but in all other cases the difeeren

in k-diameter does not exceed one. We conclude that the proposed sefextioyn
nearly minimizes thé-measures, and so this approach can be used. Through the rest
of the paper, when referring t6 R and N2 R structures, they are implicitly assumed

to be selected in this manner.

11.6.2 Comparison ofN2R and CR
Average distance and diameter

In general N2 R have lower average distances and diameters@haras can be seen
in Figures 11.6-11.7. For small structures the differences are limited, éhddses
(12 and 20 nodesy,' R are better thatV2 R with regard to both average distance and
diameter. In all other cased]2R are better than or equal t6R with regard to both
parameters. The differences generally increase with the size of theustsidout are
significant even for some rather small structures. For example, avdistgaces and
diameters ofN2R(25;7) and CR(50;9), both minimizing both parameters within
each class of structures, are 3.49 respectively 5 for the former afddekpectively

7 for the latter. FotN2R(400;91) andC R(800; 109) the average distances are 10.9
respectively 15.5, and the diameters 17 respectively 25. Thus, d&ftjinstead of
CR inthese cases reduces the average distance by 29.4% and the diametéfhy 3

k-average andk-diameter

Figures 11.8-11.11 show tlieaverages ané-diameters of all selected’ R com-
pared to all selecte/2R. The chosen selection policy can result in several different
structures of the same size, in which case they are all shown in the plots. £&00
there are on average 1.91R and 1.23N2R for each number of nodes, but the
measures only differ slightly. Over all considered valuesandp, the maximum
k-measures are on average 0.0078% - 0.17% larger than the minimuriikfand
0.0024%-0.078% larger than the minimum WR2R. The largest differences are
found for thek-diameters.

N2R structures are in general superior with respect to all four paramefersall
structures with 44 or more node$ 2R are better thaw' R in terms of at least one pa-
rameter, and equal to or better tha® with respect to all parameters. For structures
with fewer than 44 nodes, the picture is more mixed, and the differencesaiign

135



Chapter 11

18
16
14
3]
c 12
8
2 10
;-fa 8
% 6
4
2
O 1 1 1 1
0 200 400 600 800 1000
Number of nodes
Figure 11.6: Average distances d¥2R andCR.
30 CR \. T T T .:.
N2R +
25 + ...—ooo..«
X 1 XJ
00 GEEEDS ¢ ¢
. 1X]
20 + coames " .
o cammmee ¢ S
F_'.’ 0_.00 N o
g 15 r o cummmeo + MWWHW 4
g _..- * +++HHHHMHWHM
[ CEEBS -
10 + - <
S HiHii i i
Qi
QR it
5 Lam |
-
®
2
0 1 1 1 1
0 200 400 600 800 1000

Number of nodes

Figure 11.7: Diameters ofN2R andC R.

small: in 8 case®V2R are better with regard to at least one parameter and better than
or equal with regard to all other parameters. In 2 caée® andCR are equal in
terms of all parameters, and in 7 ca$é2R are best with regard to some parameters
andC'R best with regard to others. 2 cases remain. In each of these thererexist o
N2R but multipleCR. Forw = 32, s = 13 implies that all parameters are equal,
while for s = 7 ands = 9 C'R have slightly lower 2-average tha2R. This choice
does not affect the other parameters. &or 40, C'R(40;9) has the same 2-average

as N2R, but is better in terms of all other parameteSR(40;11) has 2-average
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Figure 11.9: 3-averages oN2R andCR.

slightly higher, but is also superior to té2R in terms of all other parameters.

As for the average distance and diameter, the differences increase evitiz¢tof the
structures. For 400 node§,R(400;47) and N2R(200; 19) minimize both average
distance and diameter within each class of structu€eB. has 2-average 23.72, 3-
average 39.5, 2-diameter 18, and 3-diameter 20. The correspondiieg far N2 R
are 17.56, 30.2, 14, and 15. Thus, choosN®@R instead ofC R in this case reduces
the parameters by 26.0%, 23.6%, 22.2%, and 25.0% respectively.
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11.7 Conclusion and discussion

Two important results were obtained. First, a policy for selecting the begte®e
Three Chordal Ring{R) given the number of nodes was devised and evaluated. It
was shown that selectingto minimize diameter and to the largest possible extent
also average distance leads to structures, which are close to optimal vatid teg
average distancéraverage distance ariddiameterk = 1,2. This selection policy
facilitates the comparison @f' R to other structures, and this was applied to obtain
the most interesting result, namely the comparisor'@f to Generalized Double
Rings (V2R), which share many properties withiR. As the selection policy was
previously shown to be good also fdr2 R, they are selected in the same way.

Average distance and diameter were compared for structures with up@mbades.
For 2 small structures; R performed better tha®v2 R with regard to both of these
parameters, but for large structurB2R performed considerably better thanr.
For structures with 800 nodes, the average distandé2at is 29.4% and the diam-
eter 32.0% lower than fof' R. 2-average distance, 3-average distance, 2-diameter,
and 3-diameter were calculated for all structures with up to 900, 500, 9@ @0
nodes respectively. For structures with less than 44 nodes, the difterdetween
N2R andCR were small, even thouglV2R generally performed better thanR.
For structures with 44 or more nodeS2R performed better in all cases, with the
differences between each of the four parameters generally increagm¢he size
of the structures. For instance, for structures with 400 nodes the &mameters are
22.2-26.0% lower fotV2 R than forCR.

Using N2R instead ofCR in logical or physical networks may require more care-
ful planning because simple rings are so easily extende&dRo but if this careful
planning is done, the perspectives are promising and facilitate the desighnairks
with shorter distances and thus shorter transmission delays as well astiaffier
loads. While our results indicate th&t2 R are superior t@’' R, it must also be taken
into consideration that’ R are more extensively studied with regard to routing and
transmission abilities. Therefore, we would like to encourage furthearels¢o deal
with these aspects d¥2R.
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12 | Traffic Load on Intercon-

nection Lines of Generalized
Double Ring Network Struc-
tures prvoss

12.1 Preface*

This last paper was written in collaboration with Tahir M. Riaz and Ole Brun-Mad
sen, and presented at The 7th International Conference on Adi/&uremunication
Technologiy (IEEE/ICACT 2005). It is the last of four papers@aR structures, but
the results are not directly related to those presented in Chapters 10d toiitri-
bution to the thesis can be summarized as follows. The paper:

e Shows that the subset of the lines connecting the two ringé2R structures
carry significantly lower loads than the other lines given shortest-patingou
and all-to-all traffic, in particular for large structures. This can facilitate imple
mentation in real-world networks by combining wired and wireless networks.

e Devises two routing schemes, reducing the load on these Interconneictésn L
further, at the price of higher efficient average distances and diasneter

12.2 Abstract

Generalized Double Ring\(2 R) network structures possess a number of good prop-
erties, but being not planar they are hard to physically embed in communioation
works. However, if some of the lines, the interconnection lines, are implechégte
wireless technologies, the remaining structure consists of two planarwhgs) are
easily embedded by fiber or other wired solutions. It is shown that foe IA/QR
structures, the interconnection lines carry notably lower loads than thelotbe if
shortest-path routing is used, and the effects of two other routing screnmex-
plored, leading to lower loads on interconnection lines at the price of leftjeient
average distance and diameter.
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12.3 Introduction

Many applications such as tele roboticsfHKKKO1][XmCjYXd04] and tele
operations[XT98] are currently migrating from LAN to WAN environmentshisT
trend is expected to continue and will put a huge pressure on Internastinfctures

at all levels, in terms of not only bandwidth but also reliability[MNS02]. Whikefi
networks offer almost unlimited bandwidths, it is still necessary to develgpiqéd
network topologies, which offer sufficient levels of reliability. Most netisare
today based on ring topologies, which offer two independent paths batargy pair

of nodes. While being easy to implement and embed, they suffer from laqge h
counts, and even though easy protection and restoration schemeppoesd, they

do not handle failures well: any single failure results in notably larger loomts,
implying a huge increase in traffic load as well as transmission delay, andén ca
of two failures, the network is disconnected. The Generalized DoublesRMZR)
structures introduced recently[MKPO3] offer 3 independent pathsdsn any pair

of nodes and high levels of symmetry. However, like other 3-regulartsies with
fairly short distances such as chordal rings[BDZ04b], they arepteotar and thus
hard to physically implement by fiber without compromising the line independency

While no other wired or wireless technology offer a bandwidth comparaltheatamf
fiber networks, wireless technologies are developing fast, and the fideandining
wired and wireless networks to obtain network structures with good stalgitop-
erties seems interesting. Despite expected technological developments, éfyis lik
to be suitable only for structures where the wireless parts carry sigrilfidawer
traffic than the wired parts. It was indicated that using shortest-path goutiN 2 R
structures, some lines would carry a limited amount of trafficlPPKMO04ajs &h
investigated further in this paper, forming a base for designing netwatiish are
fairly easy to implement and possess good structural properties. Tomowlddge,
load distribution has not been studied in this perspective before.

12.4 Preliminaries

A network structureS is a set of nodes and a set of bidirectional lines, where each
line connects two nodes. A structure can be considered a model of arkebie
stracting from specific physical conditions such as node equipment, meulids
wiring. The definition of a structure is similar to that of a simple graph in graph
theory. A path between two distinct nodesndv is a sequence of nodes and lines:
(u = ugp),e1,ui,€2,u2,...,Ur—1,€n, (up, = v), such that every line; connects
the nodes:; 1 andw;. The length of a path corresponds to the number of lines it
contains, so in the case above the path is of lemgtfihe distance between a pair
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of distinct nodegu, v) corresponds to the length of the shortest path between them,
and is writtend(u, v). This paper considers only 3-connected structures, i.e. between
every pair of distinct nodes there exist three different paths, whiakesto nodes or
lines. The size of a structure equals the number of nodes it contains. diusginas

a planar representation if it can be drawn with no lines or nodes crossimgdap-

ping each other. A structure with a planar representation is said to be.plaeaage
distance and diameter of a structure are defined as follows. The awdrdge, v)

over all pairs of distinct nodesg andv is said to be the average distance, and the
maximum ofd(u, v) over all pairs of distinct nodes is said to be the diameter.

N2R structures are defined as follows. Leandq be positive integers, such that
p > 3,q < 5, andgcd(p, q) = 1. p andq then define aV2R(p; ) structureS, which
consists of two rings, an outer ring and an inner ring, each contajniragles. The
nodes of the outer ring are labeleg o4, ..., 0,—1, and the nodes of the inner ring
labeledi, 71, . . ., i,—1. Thus,S contain®2p nodes. For eachsuchthad <i < p—1
there exists a line between each of the following pairs of nodes:

® (0i,0i11(mod p)) (lines of the outer ring: outer lines).
® (ii,%i49(mod p)) (lines of the inner ring: inner lines).

e (04,1;) (interconnection lines).

N2R(p;1) is called the Double Ring/}R), and the diameter given bys| + 1.
Since the diameter increases linearly with the structure size, it is usefdféaence
purposes.

The set of lines of the inner ring is denotég, the set of lines of the outer ring is
denotedL,, and the set of interconnection lines is the dendigd Even thoughV2R
structures are not in general planar, g R structure from which one of the sets of
lines L;, L, or L;, is removed has a planar representation. FurthermoreNaxy
structure can be physically implemented in a way where only the lines of dither
L, or L;, are crossing each other. Figure 12.1 shawR(11;3) drawn according
to the definition and as two (planar) rings, where only interconnection liaed to
cross each other, making them candidates for the wireless part of therketw

For a givenN2R structure, the average-path load is defined for each of the set of lines
L;, L,, andL;, as follows. Assume that paths are set up between any pair of distinct
nodes, giving a total gf(2p — 1) pathspy, - - -, py(2p—1)- ANy such patlp; of length
Ipj| consists ofip;|r, lines of L;, |p;|r, lines of L,, and|p;|z,, lines of L;,. Note

p(2p=1)
that these values depend on how the shortest paths are c@ﬁ# is the

p(2p—1)
. . o IpslLo .
average-path load on inner Im% the average-path load on outer lines,
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Figure 12.1: N2R(11;3) drawn in two different ways.

p(2p—1)
and '77}(21)_'5]‘% the average-path load on interconnection lines. Adding these
three values, the total average-path load is obtained, equaling the enchstance

if all paths are chosen to be shortest paths. Any shortest path betwdes of the
same ring will use 0 or 2 interconnection lines, and any shortest path betwees

of different rings will use exactly one interconnection line[PPKMO04djisTimplies

that the average-path load on interconnection lines is between 0.5 and lyshgnp

a limited traffic load on these. Where it does not lead to confusion, we may simply

write load instead of average-path load.

Routing policies are introduced, which constrain the use of interconndites In
this way, one path is chosen between each pair of distinct nodes, besindd need
to be a shortest path. Taking the average over these path lengths,dtlenefiierage
distance is obtained, given that routing policy. Similarly, the efficient dianister
obtained by taking the maximum over these path lengths.

12.5 Methods

The study is carried out in three steps. In each step, different poligiestricture
selection and routing apply. Structure selection policies are used fosiciggayiven

p, reflecting that for each value pfseveral different structures can exist with different
characteristics.

In the first step, the load on interconnection lines is compared to the load en oth
lines. ¢ is for each value op initially chosen to minimize diameter and to the largest
possible extent also average distance. It was shown[PKMO04b] tha¢#uis to struc-
tures with average distance minimized or nearly minimized. This selection policy
may result in several values gbeing chosen. Routing, or path selection, is done us-
ing shortest paths in three variants; first, the shortest paths are dbasanmize the

load on interconnection lines, second they are chosen to minimize the loadesn inn
lines, and finally they are chosen to minimize the load on outer lines. Wheraesever
values ofg exist, further selection is done for each of the three routing schemes by
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choosingg to minimize the load on the lines of which the load is minimized. Thus,
for each value op, the lowest possible load for each set of lines is obtained.

In the second step, two approaches to further reduce the load on mtewtimn lines,

at the price of higher efficient average distances and diameters, diedstpis cho-

sen as before, but where this results in several valuesafly those resulting in the
lowest possible load on interconnection lines are chosen. During thiswstepout-

ing schemes are evaluated. Both use shortest paths between nodesréntiifhgs,

but for pairs of nodes in the same ring, restrictions on the use of inteection lines
apply. This is done for each of the schemes as follows, whgrg, andx,,,, must be
chosen in each case. In Routing Schem&4$1), a path containing interconnection
lines is chosen if and only if the lengths of all paths not containing interazimme
lines exceed either the diameter of the structuregy,,, % of the diameter of th® R

with the same number of nodes, whichever value is largest. In Routing Scheme
(RS2), a path containing interconnection lines is chosen if and only if the lengths of
all paths not containing interconnection lines exceed the length of a shpatashy

at leastrq,3%.

The two schemes are evaluated separately. Rigst,, is varied in steps of 10, and
evaluated forrg;q, = 0,10,20,...,100. Next, z,,, is also varied in steps of 10,

I.e. Zgug = 10,20, ...,100. 24, = 0is not used. At the end of this steBS1 and

RS2 are compared. For each considered set of valugs @fandz ;,,, a value of

Zavg 1S determined, which results in a structure with the same load on interconnection
lines. If no value ofz,,, satisfies thisz,,, is first determined by the lowest value

of 24,4 resulting in the load on interconnection lines being lower than thdt.$f.

An adjustment is then made by allowing an additional number of paths to use the
interconnection lines, such that the load on interconnection lines equatsf tRAtl .
These paths are chosen to minimize efficient average distance and to tst g

sible extent also efficient diameter. Now, for each considered valye ibfe two
ways of obtaining a certain load on interconnection lines are comparedibig rf
average distance and efficient diameter.

g was in the previous steps chosen to minimize diameter, average distancea@nd lo
on interconnection lines given shortest-path routing. If the revised ipsthemes
are used, this may not be optimal. In the last step, it is studied if other valygseof
form better whenRS1 is used, varyingg;q,» from 0 to 100 in steps of 10. Given
andzg;.m, it is determined which value gfresults in the best performance. Using ef-
ficient average distance, efficient diameter, and average-path ldateoconnection
lines as performance parameters, this is done as follows. For the causiddues

of p andx4;..m, all permitted values of with diameter and average distance less than
or equal to the efficient diameter and efficient average distance tegbgare eval-
uated. The resulting efficient average distance, efficient diameteg\andge-path
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load on interconnection lines are then compared to the values obtained irctimel se
step.

All calculations are perfomed for gl < 1000 on a standard PC, using C programs.
All paths constructed are either shortest paths or paths running alongnieor
outer ring, and together with the symmetries, this makes it possible to calculate all
the desired values within acceptable calculation times.

12.6 Results

Figure 12.2 shows that for large valuespointerconnection lines carry significantly
lower loads than other lines, using shortest-path routing and avoidingontegction
lines if possible. Fop small, the interconnection lines carry appr. 33% of the total
load, a number decreasing asncreases. The distribution of the remaining load
depends on the chosen routing strategy. Figures 12.3-12.4 show thégistehen
reducing the load on the different sets of lines. For 45 the interconnection lines
allow for the lowest loads, but fgr < 45 the picture is more mixed.

By revising the routing scheme, it is possible to reduce the load on intercoome
lines significantly, but it has its costs in terms of average distance and diafiéter
leads to distances and loads as shown in Figures 12.5-12.10. In Fi@ubed4 4.7,
12.9,z44m is varied in steps of 10, but only a selection of these results are shown in
Figures 12.6, 12.8, 12.10 to increase readability. Among the 998 condichdtes of

p, there are 73 cases where more than one valyerist, and in some of these cases,

18 T T T T T T T T T 50
Average distance
16 L Share of total load on interconn. lines
Average-path load on interconn. lines------

Average distance/Average-path load
Share of total load on interconn. lines in %

L
0 ! ! ! ! ! ! ! ! !

0
0 100 200 300 400 500 600 700 800 900 1000
p

Figure 12.2: Contribution from interconnection lines to average distgnassuming shortest-path routing and
avoiding interconnection lines where possible.
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Min. outer/innes lines %
7L Interconnection lines
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Figure 12.3: Average-path loads with shortest-path routing, minimizimgload on interconnection, outer or inner
lines. Of the two latter, only the minimum value is shown forteaalue ofp.

16 T T T T

Min. outer/innes lines  x « X
Interconnection lines «

Average-path load

04 f x :
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Figure 12.4: Average-path loads with shortest-path routing, minimizing foad on either interconnection, outer
or inner lines. Of the two latter, only the minimum value is shdar each value op.

the efficient average distances depend on further selectign@v¥er these 73 cases
and the 11 values af 4., from 0 — 100, the average difference between maximum
and minimum efficient average distance is 0.42% of the minimum. In no case the
difference exceeds 2.35%; is chosen to minimize the efficient average distance.
This choice affects no other parameters.

RS2 leads to distances and loads as shown in Figures 12.11-12.13. The $etde
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Figure 12.5: Interconnection line loads usin@S1, varyingz 4;qm -
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Figure 12.6: Interconnection line loads usim@S1, varyingx 4;qm -

tion of ¢ is slightly more difficult here, because the choice affects the line load on
interconnection lines as well as efficient average distance and diamstarth@ 73
cases with multiple values gfand the 10 values af,,, (10 — 100), the differences
between maximum and minimum values are on average 1.48% (load on intereonne
tion lines), 2.30% (efficient average distance), and 4.35% (efficiemetir) of the
minimum. First,q is chosen to minimize the load on interconnection lines, which re-
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Figure 12.8: Efficient average distances usif&H'1, varyingz q;qm-

duces the number of values pfvith multiple values of; to on average (over the 10
values ofz,,4) 33.9. From this pointy is chosen to minimize efficient diameter, and
where this leads to multiple candidates finally to minimize efficient average distance
Over the on average 33.9 valuespolvith multiple values of;, this leads to efficient
average distances 0.043% over the minimum obtained when minimizing the load on
interconnection lines. In no case the chosen efficient average distaneeds the
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Figure 12.10: Efficient diameters using.S1, varyingz 4;qm-

minimum value by more than 1.15%.

A direct comparison of the two approaches shows that in order to obtaisathe
load on interconnection linesk?.S2 resulted in larger or equal efficient diameters
and smaller or equal efficient average distances fhéih. For each value op, the
differences in some cases depend on the valug iofwhich casey is chosen first to
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Figure 12.11: Interconnection line loads usingS2, varyingz,g.

140 T T T T T T T T T

120

100

80

60

Efficient average distance

40

20

Figure 12.12: Efficient average distances usifith2, varyingzaug.

maximize the relative difference in efficient average distance, and décominimize
the relative difference in efficient diameter, giving an impression of tluetaifs. In
general, the relative differences become smaller whdxecomes large, which is
illustrated forz 4., = 60 in Figure 12.14. Table 12.1 shows for each value §f,,
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Figure 12.14: Reduction in efficient average distance/increase in efficiameter withR.S2 instead ofRS1,
Zdiam = 60 and same interconnection load.

the relative differences in efficient average distance and diameter.

For all considered values of and x4, it was determined if another value of
would result in a better performance than the valueg d@étermined during the sec-
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Table 12.1: Efficient average distances and diameter®6R2 compared td?S1 for values ofp where they are not

equal. Differences in % aRS1-values.

Taiam | NO. | Avg. diff, | Max. diff, | Avg. diff, | Max. diff,

p's | eff. avg. | eff. avg. | eff. diam.| eff. diam.
0 334 | 0.0531% | 0.784% 6.84% 25.0%
10 | 578| 0.0631% | 0.784% 7.10% 25.0%
20 | 658 | 0.0791% | 0.784% 5.24% 25.0%
30 | 635| 0.0755% | 0.784% 3.61% 25.0%
40 | 600 | 0.0614% | 0.637% 2.79% 20.0%
50 |554| 0.0446% | 1.02% 2.12% 16.7%
60 | 692 | 0.0436% | 0.643% 1.79% 12.5%
70 | 639 0.0377% | 1.35% 1.48% 14.3%
80 | 635| 0.0323% | 0.877% 1.40% 14.3%
90 | 643 | 0.0236% | 0.340% 1.15% 7.69%

100 0 0% 0% 0% 0%

Table 12.2: Reductions in eff. avg. distance, choosipdifferently.

ZTgiam | Number ofp’s | Avg. red. | Max red.

0 43 0.317% | 2.52%
10 349 0.270% | 2.52%
20 511 0.629% | 2.52%
30 554 0.654% | 2.52%
40 587 0.547% | 2.52%
50 635 0.474% 2.45%
60 604 0.364% | 2.35%
70 676 0.295% | 2.92%
80 719 0.240% | 3.47%
90 643 0.134% | 1.79%
100 49 0.0864%| 1.79%

ond step. It turned out that in every case, the load on interconnectiandime effi-
cient diameter remained the same, but for some valugstafas possible to reduce
the efficient average distance. The results are listed in Table 12.2;dorvedue of
Taiam, the number of values af for which at least one bettervalue exist is shown
together with the potential maximum and average reductions, taken overtiess
of p.
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12.7 Conclusion and discussion

It was shown that using shortest-path routing, the load on interconnéictsris lim-

ited for any N2 R structure, and fop > 45 the average-path load on interconnection
lines is smaller than the loads on inner and outer rings. The differenceagewith

the size of the structures. On average, the shortest paths use 0.5-tcéringxtion
lines, and even though this number grows fast towards 1.5 with the size stirtive
tures, the average path length increases significantly faster. It shou@&Vvar be kept

in mind that the absolute traffic load on interconnection lines grow faster with the
size of the structures, because more nodes create more traffic. Thisefl@cted by

the measures used in the paper.

It was also shown that the load on interconnection lines can be furtheceddy
changing the routing scheme, but this also implies significantly larger effiaient
erage distance and efficient diameter; to reduce the load on intercommigagis to
approximately 0.5, the efficient diameter approaches that ofxRe Two revised
routing schemes were proposed. Given the decreased interconrewtitoad, one
minimized the efficient diameter, and the other the efficient average distauncie,
turned out that the differences between them were in general insignifitanet-
works are implemented combining fiber/wireless solutions, it may be approfiate
use such a revised routing scheme to prefer the use of fiber lines, fdsting the
fact that fiber transmissions are faster and with fewer errors than ssrél@nsmis-
sions; a longer path using only fiber and allowing for optical switching mayetier
than a shorter combined fiber/wireless path.

Structures were chosen to minimize diameter, average distance, and loagren in
connection lines, and even with the revised routing schemes, this seemsfairhe a
good choice. The results indicate that networks WNthR topologies can be imple-
mented physically by using wireless solutions for some or all of the interctione
lines. However, this requires more research in combining wired and wsrekts
works into one common network.

In access networks, a large part of the traffic is usually one-to-afldrafoing to
and from a gateway to the Internet. In this case, the traffic will most likelyoeot
distributed evenly on the interconnection lines, and it might be advantageaus
plement some of these lines by fiber, and some by wireless technologies.
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13 | Conclusion

The results of the work have been described in the papers in Partdigvelach paper
is self-contained with its own conclusions. This chapter therefore gives@rview
of the results.

One part of the study was to identify directions for further researclis fidss been
done in the individual papers, but for the directions to take also thelbwerelusion
presented in this chapter into account, suggestions for further ress@ presented
in Chapter 14.

Prior to my study, SQoS was presented, but only little knowledge establigbegdte
for motivations and ideas. During my study, motivations for SQoS have foetrer
documented, and methods given for describing and determining strustaperties

of networks. Properties of 4-regular grid structures have beenndieied, and exten-
sions developed in order to obtain better SQoS-properties. One of the inhétéed of
SQoS was to us®’2 R-structures to obtain networks with better structural properties.
By now, these have also been extensively analysed.

In Chapter 4, the demands for reliability in the access networks were degztmin
Together with the work presented in [MNS02] and [MKPO03], this documéms
demands for SQoS at all levels in the networks. The increasing demanuaside
bility even in FTTH access networks are expected to make single points afefailu
unacceptable, especially if the networks are to be used for critical apiplisssuch

as surveillance and tele medicine. To avoid such single points of failurejqathy
redundancy is needed, either provided by fiber or by some other tegyno

Chapter 5 identifies the most important SQoS parameters. These arefaseficd

alyzing and comparing network structures, but the parameters presamedso be
taken into account when actually planning network infrastructures. Baihtgative
and gualitative parameters are identified, and it is devised how the paramedtect
different network usages. There is a particular focus on globaltstalgroperties,
which is in line with the concept of SQoS.

Chapters 6-8 deal with the 4-regular grid structures. These structeanainly
interesting due to their planarity, simplicity, symmetry, and support for Topcdbg
Routing. They have been used in multiprocessor systems for many yeé#nsysare
well known both theoretically and practically, but the significant diffeesnigetween
large-scale networks and multiprocessor systems pose some interestieggesa
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The structures are difficult to implement or embed because of the reguladieka-
tively high nodal degrees, and large structures suffer from largardiss. Extensions
have been developed in order to cope with these problems, resulting iblscateal
more flexible structures. The most important extensions are the following:

e Lake algorithms, making communication possible even in networks with fail-
ures.

e Hierarchical extensions, where hierarchical lines are added. Thdsee the
distances significantly, and simple routing and protection schemes are still sup
ported.

e Schemes for varying the hierarchical depths, allowing for more flexible de
ployment and gradual implementation.

e Pruning, reducing the number of lines while only slightly affecting distances
and routing algorithms.

Chapters 9—-12 analyse t2 R structures and compare them to two other 3-regular
structures, Double Rings and Degree Three Chordal Rings. Bagienies are
shown, and a shortest-path routing scheme devised. The structuraesiatg anal-
ysed with regard to a number of distance parameters: average disténoeteat,
k-average distance, ariddiameter. A main problem of evaluating2 R structures,
and comparing them to other, is the choice of selection policy. Given the muwhbe
nodes, differentV2R structures exist with different properties, and when compar-
ing on multiple parameters, it is necessary to select one structure for eadben

of nodes. A selection policy is devised, which minimizes or nearly minimizes all of
the distance parameters. TAER structures are shown to be superior with regard
to the distance parameters used. An extension ofMB& structures was proposed

in [MKPO3]: originally, N2R structures were constructed with two parametgrs,
andq (and writtenN2R(p; q)), but [MKPO3] introduced a third parameter(writ-

ten N2R(p; q;r)). It is shown that every sucN2R(p; ¢;r) structure is isomorphic

to a N2R(p; q) structure. TheN2R structures are not in general planar, and the
crossing lines make them difficult to physically implement. It was shown that un-
der assumption of all-to-all traffic distribution, some of the lines carry sigifiy
lower loads than the rest, and if these could be implemented by wireless tegiesolo
the remaining structure would be planar. Ongoing research deals withvadlgsrof
implementing them, see Chapter 14.

The papers presented in this thesis form a theoretical base for SQ@e8-hatwork
planning and for further research within the field. Directions for furtesearch are
given in Chapter 14.
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This section is based partly on the conclusions presented in Part Il.aperppre-
sented in Part Il themselves explore different approaches to the figlcdgach paper
also devises suggestions for further research. Throughout tleespapany different
directions for further research have been suggested, and it is fiotldifo suggest
even more. In the following, | have chosen to sketch what | believe arentist
important. These are chosen in order to obtain the following:

e A stronger theoretical base for SQoS.
e An extended framework for evaluating and comparing network structures
e A scheme for handling SQoS across network layers.

e Testing, optimization, and demonstration of algorithms for routing, restoration,
and protection.

e Schemes for SQoS-based planning of physical network infrastrscture

e Knowledge on SQoS in wireless and combined wired/wireless networks.

14.1 A stronger theoretical base for SQoS

In this thesis, two potential classes of structures have been descridethalysed:

the 4-regular grid structures and th@ R structures. Similar analyses should be con-
ducted on more classes of structures, in particular if 3-regular ordlanegtructures

with properties better than those of the R respectively 4-regular grid structures are
found. With regard to methods, most of the qualitative results obtainedreguylar

grid and N2 R structures have been obtained by calculations rather than mathemati-
cal analysis. For future studies, it would be interesting to obtain such margtal
results, possibly by establishing more precise bounds for the specitituses. Ana-
Iytical results could also be obtained on how to chapgeenp for N2 R structures,

or on how to choose givenw for Degree Three Chordal Rings.

Development of reference models and bounds for regular structuaestiser inter-
esting field: the Maximum Spanning Tree approach[MKPO03] providesriavehiev-
able bounds for diameter and average distance, measured from an&raitother

159



Chapter 14

nodes. The Moore Bound[DCO04] gives a lower bound for the diameatenghe
number of nodes, from which also a bound for the average distancbecdeter-
mined. However, there is still a need for better bounds for average déstand for
bounds fork-average distances amddiameters. These are particularly interesting
for 3-regular and 4-regular structures.

For the 4-regular grid structure, a hierarchical scheme was propessdring the
scalability. While N2R structures (and Degree Three Chordal Rings) scale much
better than rings and double rings, they cannot grow infinitely large, @me $ierar-
chical extension is therefore needed. This does not appear to be sidgallly, such

a hierarchical extension should connect a numbéy®R structures, and preferably
preserve the 3-connectivity. This implies that (at least) three nodesdfasim“basic”
N2R structure should be chosen, but no obvious way of choosing thess. ékisen

this selection has been performed, all such selected nodes could againnested

by a N2R structure, facilitating multiple hierarchies.

14.2 Anextended framework for evaluating and comparing
network structures

The framework presented in Chapter 5 assumes to some extent eitherladrtore-

to-all traffic. With the structures abilities to offer three independent patihsden

any pair of nodes, other traffic generation schemes are likely to ocuiparameters
reflecting these schemes better should be determined. In order to obtigticrea
results, it may be appropriate to use simulations rather than calculations for this
because so many parameters come into play, including the distribution of tke nod
generating the most traffic. For example, three nodes\é2 R structure may provide

the connectivity to higher layers, and thus create the most traffic. Theisethction

of these nodes has an impact on the traffic distribution and vice versa.

If coupled with the research on SQoS-based planning of physical reimfoastruc-
tures (see Section 14.5), the framework could be extended to includenesedated
to possible implementations such as fiber and duct lengths. In this way, itloeuld
used for designing automatic tools for SQoS-based network planning.

14.3 A scheme for handling SQoS across network layers

So far, SQoS has mainly been established on the physical level, by depésiaug-
eters and principles, which should be taken into account when desighysicpl
network structures. Defining and devising such structures, with godgradictable
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properties, is indeed an important part of the SQo0S research field,dautribt stand
alone, and questions of how the properties of the physical layer casiatarninto
good properties in higher layers are still to be answered. These gueatisa in par-
ticular when routing and physical structures become related, suchtagféregular
grid structure.

One possibility is to let the mappings from physical to logical layers preshee
good properties, and another to assign properties related to SQoS to linesigher
layers of the network. The schemes developed should on one hané emsximum
benefit from the SQoS-properties, and on the other hand facilitate a smoegha-
tion with the unstructured networks widely used today.

14.4 Testing, optimization, and demonstration of algo-
rithms for routing, restoration, and protection

For the 4-regular grid structures, a number of algorithms for Topolodrcaiting,
restoration, and protection were proposed in Chapters 6-8. Foy2liestructures,

a routing scheme was proposed in chapter 9. In order to test, optimizeecarahe
strate these algorithms, it is necessary to perform either simulations or make tes
implementations.

Initiatives have already been taken concerning the latter, as a part@8ti&project
run by Center for Network Planning and Center for Telelnfrastrul&atborg Uni-
versity. A test network is currently being set up with 36 PCs as well as taten
monitoring and configuration unit. It is expected that this project will resubieitier
optimized algorithms as well as specifications of hardware requirementstamd s
dards, bringing SQoS and Topological Routing from theory to practice.

The algorithms presented in this thesis are based on the structures fulfilliveg ra
strict requirements, making it hard to implement networks gradually and tHlesifu
vantage of the structural qualities in the intermediate steps, where theytdrgiyo
completed. The lake algorithms of Topological Routing allow routing even immco
plete structures, but do not ensure that shortest paths are alw@senctAlgorithms
taking full or almost full advantage of the structural properties even ucktres
fulfilling less strict requirements would be a major contribution. A slightly differ-
ent approach could be to develop algorithms supporting stepwise implemesi@ition
network structures, benefiting from the structural qualities at certainatkfinterme-
diate steps. The latter approach appears to be simpler, but also wegkatjdalar

in case of network failures.
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14.5 Schemes for SQoS-based planning of physical network
infrastructures

One of the main problems in using well-ordered structures in the design sigathy
large-scale networks is the embedding: how to implement the structures irathe re
world in a cost-efficient manner without compromising independency or tingla
structural qualities?

Research has already been initiated within this field at Center for NetwankiRts
Aalborg University, and until now one publication has been producealjry with

the 4-regular grid structure[RPMO05]. The aim of this research is totersami-
automatic and in the long term full-automatic tools for embedding these structures
onto potential physical ducts such as the road network. It is the plan ttheestm-
bedding strategies and tools by using case studies, and to test the residticated

test networks such at that described in Section 14.4.

The ongoing research at Center for Network Planning also dealsMitR struc-
tures, and development of tools for embedding these. In Chapter 12 firopssed

to implement theN2R structures by combining wired and wireless technologies.
Another approach is also being studied, namely that of implementing the inger rin
in one duct; it is cheaper and more practical, but also reduces the rebsigiRP05].
The main focus of this research so far, is to study how the embeddings tifée
reliability. This also brings other questions into play: in particujamay be chosen
differently in order to increase the robustness even if this increasessthaacks, or
the N2R(p; ¢; r) structures may be used for the implementations.

When | began working on this field in 2002, the assumption was that due to the
implementation of Fiber To The Home, there is a unique opportunity to design new
communication infrastructures from scratch, without having to take existias o
into account. Since the implementation of Fiber To The Home has now taken off,
and since many of these networks are designed without global strugtiadities in
mind, it will sooner or later be beneficial to have methods for transformiisgieg
networks into well-ordered structures.

A different aspect of the latter deals with gradual or stepwise implementatims
mentioned in Section 14.4, a complete network structure cannot be implemented in
a single step. It is therefore important to be able to make a stepwise implementation,
with good, predictable, and describable SQoS-properties even in thenedte
steps. In order to support this, schemes for gradual implementationséniions

of intermediate steps should be devised for each class of structuréstaBhg this
should be done with sufficient degrees of freedom, such that the impleinesta

can adapt to the specific physical conditions and constraints that appbnanete
network planning tasks.
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14.6 SQoS in wireless and combined wired/wireless net-
works

At this stage, SQ0S has been discussed with a major focus on wired MANEaess
networks, in particular Fiber To The Home. With the increasing use of multicger
networks, and with the increasing focus on ubiquitous computing and mobiky, th
demands for reliability, predictability, and classical QoS properties are likeiy-
crease significantly also in the wireless area. For these reasons, 8Qd& also be
considered in wireless networks, and in combined wired and wireless ratwo

In order to do so, a number of differences between wired and wirega®rks must

be taken into account. One of the main constraints in wired networks is the limited
connectivity, with nodes of relatively low degree. In wireless networkssituation

is the opposite, with potentially very high levels of connectivity. Problems arisin
from mobility, such as hand-over problems, form another group oflenad, which
occur only in wireless networks.

Wired and wireless networks can be combined in many ways. Designing cainbine
wired and wireless network infrastructures and topologies, as prdposkdiscussed

in Chapter 12, is one example. Another well-known combination is found in the
cell phone systems, where the cell phone connects wirelessly to basesstatinch

are then connected by some wired networks. The future is expected ¢prbany
new combinations of wired and wireless networks, where, in addition to-beed
problems, there is a need for ensuring SQoS through both wired andsgipets of

the network.

A first important step in bringing SQoS into wired and combined networks, is to
extend the definitions and abstractions in order to handle the differerstatbastics

of wired and wireless lines. Itis also crucial to develop methods to suppproved
schemes for hand-over and other mobility related problems.
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