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Abstract

In this thesis theviability of a wireless interconnect network for a highly parallel
computer ignvestigated. The main theme of this thesis is to project the performance of
a wireless network used to connect the processors in a parallel machine of such design.
This thesis is going to investigate new design opportunities a wireless interconnect
netwok can offer for parallel computing.

A simulation environment is designed and implemented to carry out the tests. The
results have shown that if the available radio spectrum is shared effectively between
building blocks of the parallel machine, there arbssantial chances to achieve high
processor utilisation. The results show that some factors play a major role in the
performance of such a machine. The size of the machine, the size of the problem and the
communication and computation capabilities of ealelment of the machine are among
those factors. The results show these factors set a limit aruthker of nodes engaged

in some classes of taskbhey have shown promising potential for further expansion
and evolution of our idea to new architectural @ppnities, which is discussed by the

end of this thesis.

To build a real machine of this type the architects would need to solve a number of
challenging problems including heat dissipation, delivering electric power and
Chip/board design; however, thessues are not part of this thesis and will be tackled

in future.
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Chapter 1: Introduction

In this thesisthe viability of a wireless interconnect network for a highly parallel
computers testedwith the focuson connectivity.lt starts withan introductionchapter

in which a generabvewiew of the idea is presentecery briefly. More detailed
discussios are available n next chapters (chapter 3 in particulaBollowing the
overview is a discussion on the motivations behthd idea It will discuss the
importanceof workong on this topi¢ the gaps in the literatur fill s, the advantages of
proposed model ovaurrent parallel computeend why it is the right time to work on
it,. Furthermorgthe main scientific contributions of thkesisare listedwhich will be
discussed in more details throughout the rest of the thEstschapter finishes with

presenting an outline for the rest of the thesis.

1.1) Overview

In this thesis we want tehow whethexvirelessinterconnecinetworks are suitable for
massvely parallel computersA wireless interconnect network has the chance to reduce
a s uper cprodyucioh eost® due to eradication of extensive wiring between
processing nodesAlso, wireless networks are more flexible thaireline networks
becausenodes can join a wireless network just by tuning to proper channel; while in a
wireline network the nodes are located on process boards with fixed capacity and the
capacity of each shelf amdckis also fixed Therefore,it is anticipated thaa wireless
interconnect networwill be moreflexible and less complethan wireline networks

The idea of building a wireless platform for parallel processages questionsuch as

Is there any wireless technologlythe momenthat suis this purpose?

How highthe performance of such a computer will be?

What arethe benefits of having such a platform?

How Hidden Node Problens going to be tackled

How such a computer may look like?

How theelectricalpower is delivered to processing nodes?

N o ok wDbdhdE

How theheat generateby nodes iglissipated?
The ultimate goal is to build a parallel computer with wireless interconoentainng
at least thousands of nod@sat is able to compete with modern commercial parallel
computers however, this thesis does not deal with al uestions listed abové&éhe
main questions this thesis answers are:

1. Is there any wireless technologiythe moment that ssitor this purpose?

2. What are the benefits of having such a platform?
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Chapter 1: Introduction

3. How a wireless parallelomputemay look like?

4. How Hidden Nale Problem is going to be tackled?

5. How high the performance of such a computer will be?
To have apicture about the available wireless choices, a broad survey on different
wireless technologies has been caroet The results of that surveyeincludedin the
thesis.
A number of implementation challenges have been reseasgpatately byRichard
Hind [1]. Among other things hbas investigatedolutions for wirefree technologies
for power transmission and cooling techniqtesa large 3D grid. Those issuae not
covered in this thesisut this chapter will have a brief looksime ofthose solutions.
Another major targesf this thesis is measuring the performance pfaposedwvireless
network connedang the processors a parallel machine with a 3D physical topology.
To do such measuremengs simulation and data visualisation tool kit is designed and
developed.The thesisalso tackles a number of challenges like packetlis@n and
network partitioning
The proposeaoncept3D wireless parallel architecture is called Ball Computer (BC).
Each element of a B(a ball)is a standalone processing and communicating entity in
form of an electronic board with a processor ofeasonable computational ability
equipped with a&eries of wireless transceivers. Based on the current level of electronic
technology the whole package is sought to occupy not more than a couple of square
centimetres. When massed prodycée balls can be available with reasonably low
prices. The wholgackage will be put in a plastic (or any other suitable substance) to
avoid electrical contact between balls. The whole collection of the balls will be
submerged in water (or any other suitable liquid). The liquid will be in charge of heat
dissipation angberhaps power delivery as wello minimise the space occupied by the
nodes and also to maximise the number of neighbours per node, a 3D hexagonal
topology is selected for the network. In this scheme each node is in physical contact
with 12 direct neighbas. Should a 2D hexagonal topology used for the network; the
number of neighbours would be 6.
Regarding the novelty of the ide&ete are a number of chetiges in making such a
computer. This thesis focuses oannectivity issues includingolving HiddenNode
Problem and packet collision by introducing a maltannel transmission scheme
enhanced with a twetage network partitioning algorithm to assign proper channels to

wireless devices.
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Another big question is how to deliver electrical power to no8exe the idea of BC is
implemented in a simulation environment, the answer to the power delivery question
does not directly affect the plan at its current state. At the time of implementation an
effective power delivery mechanismrexquired To be faith@ll to the original idea of an
entirely wireless computemhe priority is to have a wirree power deliverymechanism
but other mechanisms m#&g considered should it is provémat wired solutions have
significant benefit over the wireless options.
Hind [1] has listed a number ofire-free power deliverymechanism#cluding

71 Inductive Coupling;

Capacitive Coupling;

Radio Frequency;

)l

)l

1 Optical,
1 Piezoelectric;

1 Dynamo;

1 Chemical

It is shown in the aforementioned sourcthat all th@e approaches have some
shortcomingsAlso, there are chances thatgbrid solution (acombiration of two or

more mechanismsinay have better performance in termspaoiwer delivery to the
circuitry envisaged in this thesis (a processor and a set of iiedéess devices)ind

[1] particularly suggests the combination of RF and inductive (or optic) methods may be
effective (each operating over different distances).

Among the methods listed abgviductive and capacitiveoupling methods are
efficient in distances shorter than what is envisaged in this thesis; byté¢hfermance

drop significantlyover longer distances. Theossibility of usingthe cooling liquid to
deliver the electrical power is another optiolh properly chosen conductivéquid
solution may be able to deliver electrical power to nodes and at the same time help
dissipating the heat out of the nod&bere are; however, concerns about how to deal
with the potentially toxic nature of the substancesdusethis method. The idea of
storing power for transmission to other nodes is another idea that can improve any
power delivery mechanisnApart from wire-free power delivery mechanismdirect
(wired) power delivery solutionsan also be considered. In th schemenodesare
placed ontrays that not only fixheir positions but also accommodate power lines to
support nodes.

Another issue that is not part of this thesis is heat dissipdti&e. standardHigh

Performance ComputingdPC) systems, gas and/aqliid substances are candidates for
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cooling the proposed platform. It is anticipated that the circuitry envisaged in the
proposed architecture will generate high level of heat per volumeTimg.may rule

out heat dissipation strategies based on air.flibws already mentioned in this thesis
that a liquidbased heat dissipatianechanism can also be usedaaweans forpower
delivery as well. More information about different aspects of BC architecture is
available in chapters 3 to 6.

A simulation test bd helpsinvestigaing the behaviour of the proposed netwuarikhout
dealing with any hardware implementation challendgesreal world modern parallel
computers usually use hundreds of thousands of processors. A quick survey on the
network simulators a#rady available showed that it is a challenge for all of them to
accommodate networks wittsuch a volume For this reason designing and
implementing a simulatioanddata visualisation todet is parof thethesis. However,
there ardimitations on the number of simulated nodes in the simulation tool due to the
size of memory needed for running the softwamother reason for building a new tool

kit is the level of abstractiorequiredfor this research which does not match existing
network simulation tools.

There has been very little research on this topic. For this reason, we have to be careful
in how we compare our work with other resdga Also it istricky to evaluate the cost of
such a computeiThis makes it hard tbave an aturate cosbenefit analysis. Since no
wireless parallel machine is made yet, all the performance measurgresdatedn

this thesisare based on simulated modedeme aspects of the simulator are based on
ideal models rather than realistic ones fongdicity; thereforethe measurementre
approximations of real figures. More accurate simulated models are envisaged for
next stages of thisesearchTo have a justifiable quantitative comparison in terms of
performance between this research andla@va massively parallel computers we need
to haveboth an implementation of thproposed concept computerreal worldanda

very precise cost valuatioaf that platform At this stag, what thisthesisis going to
investigatearethe new design opportities a wireless interconnect network can offer to
parallel computer architects.

To tackle the problem with packet collisioa Multi-RadioMulti-Channel (MRMC)
scheme is devised for nodes. The radio devatesild be tuned to proper frequency
channelsto make sure no packet collisiatcurs As part of thisthesisa novel twe
stage networpartitioning algorithm is designed and implemented. This is a collision
avoidance scheme to guarantee thgt using different channels for communication

between diffeent (yet overlapping) groups of neighbouring nodes (zoties)e would
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be no interference between any two packets all over the network. In the thesis it is
shown that the network size plays no major role in determining the number of channels
needed. In fet the network topology and the radio range (and the interference range) of
nodes dictate the number of channels.

MRMC technologies have been used in different applications including mobile phone
networks and wirelesinternet access devices. Also, in af these applications a
network partitioning algorithm isessentiato assign frequency channels to partitions of
the wireless network. The differerecbetween those algorittenare mainly in the
criteria theysatisfy and the topology of the network theye applied tolt is provenin

the thesis that the proposed network partitioning is capable of solving the Hidden Node
Problem and eradicating packet collistooth in theory and practice

To evaluate the performance of the network in the simulated anvéot tasksare
reduced to a degree of abstraction so that just their pattern of communication and
computation are retained. By doing thise communication to computation ratio, the
rate of occurrence, the duration, the order and the pattern of theurocation and
computation intervals arpreservedFurthermore, anyossible dependencies between
communication and compatton intervals aréeft untouchedThereforea level of task
abstraction called a taskmodel| is achieved whichs a virtual traffc generator that
mimics a class of real world tasks in terms of pramessd channel usages patterns.
When task X is turned to a taskodel the computational nature of X is not preserved.
As a result, the tasknodel is no longer dependemt the softwaramplementation of its
original task.

To have an overall understanding of the behaviour of the proposed parallel machine, its
performance is studied over a range of network sizes, transfer rates and congdutation
ability of the nodes. The results are shoand analysed in the thesk.visualisation

tool is also developed to improve our understanding of the behaviour of the proposed
system through graphical description of its performance at different points.

To have a codbenefit analysis for the propos®C architecturewe need to have
information about the cost of processors as well as the cost of dataAlibkand new
processor is not going to be designedtfi@ nodes in a BC platform. €modewill use
off-the-shelf processorswith known prices But to have a codbenefit analysis an
estimation of the cost of thairelesslinks sought in thighesisis required The links
surveyed in this thesere all in research stages and thesiisno commercial price tag

on them. Also some data rates used in simulated experiments are not available at the

moment. They were chosen only to cover a range of possible data rates from the past,
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the present and the future. It does not mean that they agdetey unrealistic; instead,

the range of data rates chosen for experiments matches the expected technologie
overseen for the near future.

It is possible; however, to check the costs daisting parallel processingTable 1

shows how the cost faHPC has decreased over timelhis table just concerns the
processors rather than networkifvghich is of particular interest in this thesispoling

and other issuethat contribute in total finished cost. A more accurate estimation on a
whole parallel computer or its interconnect network is needed to have a precise figure of
how much should a BC cost to be as commercially efficient as modern commercially

available paralleplatforms.

Date Approximate cost per Technology
GFLOPS
1961 US$1.1 trillion, or US$1,10( About 17 million IBM 1620 units costing $64,000 each
per FLOPS
1984 US$15,000,000 Cray X-MP
1997 US$30,000 Two 16-processor Beowulf clusters with Pentium Pro CH
2000, Apr. $1,000 Bunyip Beowulf cluster
2000, May $640 KLAT2
2003, Aug. $82 KASYO0
2007, Mar. $0.42 Ambric AM2045
2009, Sep. $0.13 ATI Radeon R800
2009, Nov.| $0.59 (double precision); | AMD Radeon HD 597®Hemlock
$0.14 (single precision)

Table 1: Comparing the cost for IGFLOPS worth of computation during last decades.
In lack of such numbers what we can do is to base our comparison on prices announced

for (possibly isolated cases of) parallel platforms. Such a price also includes an
unknown - and possibly considerably higlprofit margin. To have a very rough
estimationa BC can bealuatedbased on the cost announceddarumber of the most
powerful sugrcomputers in the worldable?2 lists a few ofsuchsypercomputers as in

June 20141t should be noticed that supercomputers are not usually mass produced and
therefore in many cases their construction cost arputaically known

The table shows that at the moment 1GFLOPS of computationagmtsximately$10.

Based on available processors in the market it is realistic if we assachenoden a

BC have 1GEOPS of computational ability. In this casand based offable 2- a

single node (processor plus all the wireless modules) has a price tag éfc$aading

to Tablel, the processors have just a very narrow share in that overall cost (something

! Shortened from a table presentedhitip:/en.wikipedia.org/wiki/FLOPS
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in range of $0.5 as announced in 2009). The remainder can be allocated to the wireless
modules and other costs like cooling. This is just a case for comparison and should not
be regarded as a scientific conclusion. The comparison above lacks high precision as
there are many unknown issues on both sides of the comparison (i.e. the reél cost o
many supercomputers as well as the costs for components of a node in BC interconnect
network). Therefore, it is not a scientific analysis. However, this can be a good starting

point for further investigation to achieve more accurate-loestfits analys.

Construction Rank Computer | Speed Cost Approximate cost
Date (asin Jun. 2013 Name (PFlops) | (USD million) per GFLOPS ($)

Jun. 2003 1 Tianhe2 33.86 390 11.52

Oct. 2012 2 Titan 17.59 92 5.23

2012 5 Mira 8.586 | 507 5.82

Table 2: The cost of a number of most powerful parallel computers in the worldlerived from Wikipedia®.

This thesis shows at least some of the existinglop wireless technologies can be
usedin a wireless interconnect for an HPC system; although, they arerigatally
designed for this purpose. The resul&snonstrated in this thestow that for a given
set of network attributes (in particular when the ratiad h e fransfekratedto the
processor so6 c¢ o mmpaoettran 10@nthael perfarimae Is between 769

and85% in terms of processor utility.

1.2) Motivation

The platform presented irhis thesis is based on a number of technologies and
algorithms some of which are separately researched and developed in other fields. Some
othess are inspied by existing algorithms and techniques. In thissis we will seef

these algorithms and techniquas® mature enough toonstruct a new wireleddPC
platform.

Wireless devices are available in different shapes, sizes and prices. They are used in a
wide range of applications includingersor networks, mobile networksid-hoc
networksand wearable device8ut at the same time there are applications in which
wireless modules are not traditionally considered as good ehoi€ime critical
applications, applications requiring high data rateapplications in which energy
consumption should be kept very lamd applications with high load of data transfer

are among such applications. On tpesitive side wireless devices increase the
flexibility and scaldility of a transmission scheme. They alseduce cost and

complexity by removal of wirings.

%\t is an estimated cost.
% http://en.wikipedia.org/wiki/TOP5Q0
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It should be noticed thawirelessdevices have improved in terms of data rates and
energy consumptionin recent years Until very recently, traditional wireless
technologies have not been a good choice for-tinteal applicationslike parallel
processing.

The main motivatiorbehindthe idea of using wireless devices in parallel platfoisns
the new emerging wireless technologi€ke recent developments in lenange high
speed wireless communication have already opened their wagdnte timecritical
applications includingnter- and intrachip applicationsSome dvantages of a wireless
interconnect scheme from a systems composition viewpoegcalability,simplicity of
assembly potential for reduced poweconsumption the obvious elimination of
complex wiring problems and the ability to achieve economical tireensional
physical packing of components.

The main disadvantages of radio devices are tbeirbandwidth compared to wireline
networks, packet collisiowhich ends up in Hransmission othe dataand the eneng
consumption whictmeeds even more reductgio competeavith wireline solutions

There are a number of bottleneckdieid of HPC eachof which are subject of intense
research. fie interconnect networkas always been one tifese bottleneck. Among
othes are power consumptign software tools (operating systems, compilers and
communication APIsyand management of high volume of dageneratedby these
systemsThus the quest for novel network architectures is as lively as ever.
Traditionally wired network technologlias beerthe only candidate for connecting
processors in a parallel machindlireless devices have sm®usly sufferedfrom a
number of shortfalls, which do not let it be a favourite option for a parallel computer.
On the other hand typical wireline network is usually made of compute boards with
fixed capacity for processors, shelves with fixed capacity for computeso@ard/or 10
boards) and racks with fixed capacity for shelves. Adding new processing elements to
such a system is not always easy and straightforlwamduse this may need some
changes in the design and instalment of the netwBut wirelessly communiciy
processing elements can be tuned to proper channels and join a 3D wireless network.
This means thawireless networks can scale easier than their wired counterparts. The
reduction of the wiring complexity and expense are also among the attractivis agpec

a wireless architecture; however, the deficiencieswafeless technologies have
outweighed their benefits and have discouraged the architects to ussotifeam

In light of new developments iwirelesstechnologies it is now a good time to see if

high speedwirelesstransceivers can be used to make a wireless networkiRa
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applications.It is shown in different surveys that the gap between the bandwidth
supported by wired and wireless technologies is narrowing deetentyears.Kurner

[2] has shown that although wireline technologies were always faster than their wireless
counterpartsthe difference between their data ragesonstantly narrowing. There is a
healthy chance to have commercially available -Beale wireles¢RF, inductive and
capacitive coupling devices infuture which meansthe gap between wireline and
wireless communication links is expected to becevennarower. Figurel compares

the wireline and wireless technologies local area networkduring the last forty years

to illustrate this point.

, IFFE§02.3ha  [OE
1 Thit/s | | ' O u
5 : : - IEEE 802, 3ae Ly oot
3 : ] 3 . e
IEEE 802 2 IEEE 802, 1ad
: . : % & IEER802.15.3¢ )
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Figure 1: Evolution of data rates inwirelessas projected in[2]

Improvements in signalling techniques and coding/decoding miethce among the
reasons why wirelindata rates are increasédlany of these immvements cabe used
to improvewireless technologies as well. Parallelthese improvementsesearchers
have tackled otherestrictionsexclusively concernvireless communications including
power consumption. This means tkiare were more improvementsviireless devices
than wirelinetechnologiesThis can explain why the gap between these two categories
of technologies is narrower than past.

In inter- and intrachip communication the same reduction in difference betwesseth
two types of technologies can bbeservedMoore et al[3] has shown that there is a cap
in transmission speed on wires in those applications. This gives a dbanegrowng
thegapbetween wireline and wireleglevicesn terms of data rates.

Latency and bandwidthretwo issues in any communication netwofle bandwidth

in both wired and wireless networksnow higher than ever. But tisggnal latencyis
not changed as much because to a great extent it dependscomthenication media.

This means thanhow signal latencyplays a bigger role in network performance
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compared to bandwiditsources of ignal latency (AKApacket delivery timetan be
hardwarebased and/or softwateased. Hardware latencgn be expressexs

A+ <@t ot VO ¥ ¥ mh > =] Frm Eqg.1
These two factors should not be confused with each dtbera piece of dataf sizen,

the transmission time is defined as

i1 »$- voo

T e Eq.2
The propagation delag related to the medium of communication and is the time from

sending a bit of data in the transmitter side utgiteception in the receiver sidgeqg. 3).

R B Eq. 3

Whered is the distance between the transmitter and receiver of signak enthe
propagationspeed. The propagation delay is not expected to be very significant
regarding the high propagation speed of electromagnetic wave80@l00m/s) and

very short communication distances sought in the platform proposed in this thesis. For a
1 cm wireless lik the propagation time is around 33.3 (&33 * 10). The
transmission time in both wired and wireless networks are higher than such a number.
As an example, transmission time of a packet of data of size 1 kb over a 10 Gb/s link is
10" s. As a resultthe hardware latency can be estimated by transmission tintiee In
absence of parallel transmission of data in wireless transceivers the transmission time
relates to the inverse bandwidth of the data link.

Software latency is believed to be around tegrees of magnitude higher than the
hardware latencgAn example is given if4]). The coding/decoding procedure, queuing
time, resource competition are among major contributors of software latency. Many of
the contributors tsoftware latency are common between wired and wireless networks
and therefore do not play a major raledheircomparing.

In addition tolatency, the bisection bandwidth and overall throughput are other issues
that are envisaged to be improved by théfpten proposed in this thesis. Details about
these factors can be found in coming chapt&lishese haveencouraged us to think if

high speedow latencyshort rangewireless modules can perform teeameas wireline
connections in parallel processingtfdams.

MRMC devices havealready been used iapplications like wireless internet access
networks. The same idea can be adopted over much shorter distanceschap on
wireless modules to accommodate in the platform proposed in this thesis. The number
of channels and the mechanism used to manage tre different from previous

applications.
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A wirelessHPC platform should have a solution for packet collision caused by the
Hidden Node ProblenA variety of networkpartitioning methods have been developed
for different applicationsThese algorithms fall into two main categories: centralized
(e.g.[5] [6] [7]) and distributed algorithms (e [&] [9] [10]). These methods are used as
part of a solution for packet collision in different wireless networks. This gives a chance
to the author of this thests adopta network partitioning algotim thatmatches the
characteristics of th@roposednetwork. This is necessary to avoid excessive packet
collision while all nodes in a localised group communicate on a same frequency. This is
a crucial factor to build a muithannel wireless grid for palfel computing.

Some crucial elements of a wirelddBC systemhave been researched and developed
separately andome of themhave been used in different (yet relevant) applications.
This implies that there are substantial chances to borrow and adopoltegbs and
algorithms to make a wireless parallel computer. The cost and complexity of such a
computer will be reduced due to removal of the wiring systeswever, the extra cost
imposed by adding the wireless modules to nodes are yet to be meadaceduch a
system scales easier as there is no restriction imposed by wiring system.

The idea of a wireless HPC platform has never been researched before. In addition to
the novelty of the idea, its potential benefits over the traditional wireline intaecon
networks andhe fact thasome cruciabspects of the plan are already researched and
developed separatefye the main motivatiortsehind this thesisSince the field is new,

it can open new fields of research to researchers from different dissif@iexploreits
different aspects and even expand the idea to yet unknown territories. This thesis can be

a start point for all those efforts.

1.3) Main Contributions

This thesis will investigate positive and negative aspects of using wireless int@tconne
networks for massively parallel computers. This thesis will show that theo$tateon

chip radio devices are the best choice for such a platform. However, we will see that
those devices still need to improve in transfate and more importantly irenergy
consumption

A novel network partitioning algorithm will be proposed to solve Hidden Node Problem
and eliminate packet collisioiihis thesis uses series of simulation experiments to show
that the platform it has proposed yields excellent re¢ulterms of processor utility as

well as link utility) for a certain range of networks. We will see that the best results are
achieved when the ratio betweesec)andte | i nk
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processor 0s ¢ o0 mpngtiuadidnged is mdre tlzab 1000. Alsp we willn

see that theerformance of the proposed is higher when it deals with larger data sizes.

The weaknesses of the proposed network are also investigated. The thesis shows that
the main problem is in the type ajuting and buffer management strategy adopted for

this platform.Suggestion$or improvement are made for future work.

The mainscientificcontributions of the thesis are listed below:

1. Introducing the concept of Ball Computer as a wireless infrastrufauidPC.
Designing a simulated wirelesmabled processing module in order to be used
as a member of a Ball Computer in a simulation environment.

a. Introducing the concept of Ball Computer as a wireldsBC
infrastructure.

b. Designing a layered structure fondes.

c. Designing a twdayer message passing protodor communications
between layers of a nodes well aglifferent nodes in the network.

d. Evaluating the network performance in the simulated environment.

i. Studying how size of packets and other networlapeters can
be chosen to yield best performancetioo major taskmodels.

ii. Optimising the number of branches for a divateconquer
taskmodel in the proposed topology.

e. Studying the behaviour of the Ball Computer under different
circumstances.

i. Running tw sets of experiments with both FFT and Simple
parallel taskmodek on a Ball Computer of sizes 1000 and 2000
nodes when other network attributes change.

ii. Analysing the results of those sets of experiments to demonstrate
the benefits and limitations of BaLomputer under different
circumstances.

iii. Investigating the role of each chosen network attributes on the
behaviour of the network.

iv. Demonstrating the significance of the role of communication to
computation ratio in determining the behaviour of the network.

v. Finding if there is a limit on the size @oforkloadin a wireless
parallel machine.

2. Solving thehidden node problenfor the particular network proposed in this

thesisandeliminatingpacket collision problem by using multiple radio devices
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Designing a ralti-radio-multi-channe(MRMC) scheme.

Designing a twestage networpartitioning algorithm to partition the
network into zones in first stage.

Introducing a systematic methogecond stage of the partitioning
algorithm)to assign channels teones to sele the hidden node problem

and minimise the number of channels at the same time

3. Designing a set ofaskmodek to study the behaviour of different tasks in

simulated environment.

a.

Introducing the concept daskmodek as communicatidoomputation
patterngenerators.

Demonstrating how a class of tasks can be converted to a cotaskon
model

Generating two tasknodels with very different communication patterns
inspired by realvorld tasks.

. Design and implementatioaf a communication protocdbr each of

thosetaskmodeb.

4. Studying tailormade load balancing methods whichtfie characteristics of the

network.

a.

Showing how the unique topology of Ball Computer gives space for
balancing workload to increase the performance of a Ball Computer.
Introducing two load balancing metrics for a diviaedconquer task.
Discussion about potential benefits and limitations of each of those two

load balancing metrics.

. Measuring the increase of performance using rtattking and multiple

workloads using onef introduced load balancing methods.
Introducing new tasknodels with load balancing for a better

performance.

In addition to the scientific contributions of this thesis, a set of software tools are

designed and implemented which can be used and/or eadyi other researchers who

work on the same level of abstraction. They are listed below:

1. Discussing the potential benefits and restrictions of using wireless technologies

in parallel processing.

a.

Discussion on the advantages and limitations of wirelesstdagies for

a 3D wireless parallel computer. Showing from what aspects and how
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wireless technologies can be better than their wired equivalents in this
application.
Listing a number of available research technologies which can be

candidates for wirelegmks in the proposed grid.

2. Implementation of a novel large wireless network simulation and visualisation
tool kit.

a.

Developinga simulationtool to measure the performance of a very large
wireless network.

Designing and implementing ideal wireless links émch a simulated
network.

Giving an independent identity to channels as software moduldse
simulation toolwhich leads to easier and more perfect control over their
activities and guarantees their robust performance.

Making two different versions dhe simulator (with and without clusters
of nodes). Testing the benefits of both approaches.

Studying the geometric and tasiated attributes of a wireless parallel
machine.

Design and implementation of a set of visualisation tools to find the
net whottlericks.

Using the visualisation results to analyse the performance of simulated
network.

3. Design and implementation of a distributed simulation tool.

a.

Design and implementation of independent software agents capable of
communicating with each other ton a simulated large wireless grid.
Design and implementation of a communication protocol for the
distributed simulation tool.

Running simulation experiments to test the performance of the

distributed simulator.

4. Design and implementation of a communicatpgrotocol for a multpart packet

transfer mechanism.

a.

b.

Design and implementation of extra software layers to handle-pautti
messages.
Design and implementation of a communication protocol for a fpatt

packet transfer mechanism.

30



Chapter 1: Introduction

c. Running simulation eeriments to test the performance of the it

packet transfer mechanism.

1.4) Organisation

This thesis consists denchaptersChapter 1 is the introduction chaptehich gives a
general idea about the subject of the thasid the motivations bail it. It contains
answers to the questions like why this topic has attracted our attention, how important
this topic is and how the results from thiresishelp filling some gaps in the research
literature Also the main contributions of thithDthesisare listed.

Chapter 2akes us through a brief background review of the relevant fields of research
to be prepared for thmain part of the thesis in which some of those related researches
arebeingused

Chapters 3 to 7 are dedicateddesign andmplementatiorof the proposed platfornin
chapter 3the main research question and the main hypothesis backing the research is
presented and explained. It shows what the scope ofh#ssis and defines the
objectives of tk thesis It also shows whagxperiments argoing tobe run and how

they are going to be measured to check the level of satisfaction.

In chapter 4we will see what kind of communication media is going to tepéed for

the proposed networknd why it looks fit for this specific purpe. Thisdoesnot
contain manyelectronic details as thighesisis entirely based on a simulation of
wireless network# which not all the electricatharateristics of the elementge (and
areneeded) to be implemented. In this chapter it is shotatattributes of the network
areimportant fromthe simulatod s poi nt of vi ew

Inspired by what was reviewed in previous chapters, a nogeborkpartitioning
algorithm is presented irhapter 5which is tailormade for thisesearch The criteria
against wvhich this algorithm is designed are listed. It will be explained why those
criteria are chosen and how they are different frone tbther networkpartitioning
algorithms.

In chapter 6it is explained whats meant byftaskmodeb in this thesisand why itis
important to uséaskmodesk instead of real tasks. It will be shown how real world tasks
can be transformed taskmodek to befit for simulations It will be shown howtask
modek can be used to decrease the test and analyse time for a potimgallyumber

of tasks in real world.

Chapter7 goes through implementation detaisthe simulation and data visualisation
tool kit implemented in thisesearch. Key data structures and communication protocols

are presented in this chapter. It will be whohow the ideas originated from previous
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chapters are translated to data structures and pieces of code. In addition to the main
simulator, an ofline data visualisation tool is implemented and introduced in this
chapterto present the results in an ilteetive form to help analysing the results and
verifying the initial hypothesis of thibesis

The next two chapters adedicated to results derived from the simulation (€& of

the main targets of thehesisis solving the Hidden Node Probleand elimination of
packet collision. In lsapter8 results will be presented to back the claim thatpieket
collision is completely eliminatedAlso other preliminary results are presented in this
chapter. The results shdwow the performance of the proposgdtem changes when
network nodesare multitasking. Also it is shown how using multiple independent
workloads improves the overall performance of the systecuded in this chapter are
results that showmow successful the idea of load balancing is and the taskmodek

used need to be changed to let the load balancing mechanism work effeétingher

part of ths chapteris dedicated to a comparison between two main-nas#els
introducedin this thesis As it will be discussed in details later inghhesis, the main
difference between these two taskdels is the degree of dependency between tasks in
different nodes of the networKhis chapter finishes with a set of experiments on the
optimal number of child nodes per parent node in a diaittbconquer taskmodel in a

2D and 3D grid.

Chapter 9covers one of the major parts of thiesisin which the behaviour of the
system is studied when its four most important parameters change. The parameters are
the network size, the transfer rate of links, the computathlity of nodes and the
workload (data) sizeTwo different taskmodels andwo different network sizes are
used in this set of experiments.

Chapter10 is dedicated to theonclusionand future workThis chapter containnal
analysis of tk results presented in last two chapt&ssults from previous chapters are
used to assedsow beneficial the idea of ball computers can Ibeshows for what
values for network parameters the proposed platform yields good results and for what
values for those parameters the performance is not satisfathasychapter concludes
with a look athow thisthesiscan be expanded. A numbef new fields of research
derived from this research are listed.
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A wireless platform for a parallel computer needs to borrow ideas, algorithms and
technologies from a variety of fields of researthroughout this chapter some of these
fields are reviewed to choose or tunedé that best fihe wireless grid proposed in this
thesis.Some background on the parallel processing and interconnect neawer&lso
includedin this chapter.

2.1) Parallel Processing

From the early days @omputing history researclsehavebeen challenged by problems
that need excessive computation labour. Phisa constant pressure on the architects to
come up with new machines that can handle larger nimabealculations in a given
time. Some of the grand challenges are plottedFigure 2 to present their storage and

computationatequirementss in 1999

________ e e
| Grand Challenge problems |
| Global change
{ Human genome
1 Fluid turbulence

178 | Vehicle dynamics
1 Ocean circulation
| Viscous fluid dynamics
1 Superconductor modeling
100 GB |- | Quantum chromo dynamics |

- 1 Vision

s A Ry e e e S

v

E

2 10GB[- Sguctural

£ ) iol

qg; Vehicle e

= signature Pharmaceutical design

o -

d e 72-hour

2 weather

&a

100 MB 48-hour 3D plasma
weather modeling Chemical dynamics
2D Qil reservoir
ROME airfoil modeling
1 1 1 1 ]
100 MFLOPS 1 GFLOPS 10 GFLOPS 100 GFLOPS 1 TFLOPS
Computational performance requirement

Figure 2: Grand challenges as projected in 1999 ifi1]
The termfigrand challengesis first usedi n 1 $h&8 §osernmental documeriis

refer tothe main challenges for the futuretire field of HPC. At presenthe challenges
arealmostthe same with the exception that the computational perfornmartstorage
requirements are increasadw. A 2011r ep or t published by USA

Foundatior[12] lists the grand chinges as:

1 Advanced new materials; 1 Semiconductor design and
1 Prediction of climate change; manufacturing;

1 Energy through fusion; 1 Assembling the tree dife;

1 Water sustainability; 9 Drug design and development;

1 Condensedmatter theory andQuantum9 Understanding biological systems;

chromodynamics; 1 New combustion systems;
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1 Astronomy and cosmology; 1 Virtual product design;
1 Hazard analysis and management; 1 Cancer detection and therapy;
1 Human sciences and policy; 1 CO, sequestration.

Some of the 2dnHdedosnd aHigareé 2 (dated) 99Rnd othess are

new. The challenges in present time have mooenputational and storage demands
compared tahelast years of 20 century.This is mainly because those challendeal

with larger data sizesow.

Weather forecast, for example, is projectedrigure 2 as a 4&our forecast which

needs around 100 MFLOPS of computational capability and-laod@ forecast with

|l ess than 10 GFLOPS; but t o gdsingdas longdra |l | enge
periods and demanding higher computational capability. As theoriz&eBgnedictis

[13] in 2005, the climate modelling needs zettaFL&e&le computational capacities

for a time span of a couple of weeks.

A single simulation of gamma ray bursts needs around 18 million PFILORSThis

means with a PFLCEscale parallel computer it is practically impossible to run a single
simulation of that type in less than 100 days.

To simulatea high pressure turbine blade needs a total of 1000 PFLPS and 1PB of
memory[14]. Thesearejust a few examples gbresentchallengs for currentPFLOPS

scale computefsvhich push HPC community to head fox&scale computing

To fulfil suchhigh demand there are two basic solutions: firgsing a single processor
computer with very powerful processing yrahd second, using a number of processors

and try to use their collective power to solve a problem that is too bigu® feo each

of them individually. The first approach has led to using transistors instead of vacuum
bulbs; integrating transistors into ICs, increasing the density of transistors in chips and
so on. The problem with this method is that even the bestgsmsebuilt cannot even

get near whaaforementionegrand challengeneedin terms of computation ability.

For examplethe 4 most powerful supercomputers as in June a5 uselntel Xeon

E5 seriesAMD Opteron 62741BM Power BQC 16C, SPARC64 processors which are
capable of executin§j7.6, 48.36, 12.8, 16.0 GFLOR®r core respectivel{The rest of

the top 10 supercomputers use the same processors or a processor of the same family as
the top 4) while, based on the aforemmmted figures thousands or even millions of
PFLOPS worth of computati onal ability S

challenges

* At the moment the highest peak performance is reported by FnheChina which is33,862.7
TFlop/s[15].
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The latter solution is the basis of what is now known as parallel proceasimasi and
Gottlieb[16] def i ne a highly parall el machine
el ements that <can communicate and cooper
very generic definition and many questions are left unanswierddding

1. How many processoere needed?

2. How these processors are going to ficol

3. How fast the problems can be solved?
Thisisthear chi t ect s @swers to yuedtiams of this tgpe maximise the
performanceThese questions construct the key elemehésp parallel machine.
The key point ima successful parallel execution of tasks is that the processing elements
can execw instruction at the same timA. Speedp factor is introduced to have a
guantitative measure of how good a parallel machine woltkds simply the
performance of a task on a parallel machine divided by the performance of the same

task on a sequential machine.

=

my, _turB >0t
1 —ma™ = i Eq.4

Arguably in almost all casesw performance can be reduced to the ekea time.
Therefae Eq.4 can be rewritten a&q.5:

e Eq.5
However, no matter how good it is written, almost every piece of code has some parts
that cannot be parallelised; i.e. farprogramme it is impossible to run it fully in
parallel As a result, any program has its own serial and parallelizable pantahl
[17] provedthat if there are infinite processors available piece of codevhich taked
time units to executeand its paralleisable part p time units the best parallel
performance would bike Eq.6:

| ™ o= Eq.6

Eq.7 states thaffithere are just N processanyolved, the maximunspeedpis:

o [p— __:f Eq. 7
Whether this theoretical peak performance is achievable or not depends on how efficient
the connection between the processors is. The interconnection betwgendbgsors
can provide facilities for the processors to communicate with each other without which
the whole idea of parallel processing will simply fdil. practice thespeedp is even
more limited by other factordrigure 3 shows howan increase irthe number of
processors does naecessarilymprove the performanceln this figure the horizontal
axis represent t he numiweri no ft hp thereti@ sgsuorres .

computation to communication times.
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According to Figure 3, from a certain point increasing the number of nodes may
decrease the performance becaustn® excessive packets sent over the network. This
makes it harder for processors to find a free communication channel and as a result the

performance drops.

Speedup

Degree of parallelism (divisibility) limit = 1000 "~ _
1000 +--------- e e

-

Limit for non parallelizable_(Amdahl) fractjorf < 0.005

>

g e S R O S R SR M. ==
~ 2 ~

100 .

10

0.1 T T T
1 10 100 1000 10000

Figure 3: Different factors limiting the speedip factor presented in[16] (x axis represent the number of

processors)

The above figure is based on data from 1994 but the relationship between the speedup
and the number of processors has remained almost unchanged despite the claims that
Amdahl 6 s mohdlé any moaeyhis daeg not mean that there is no tation

on speedup anymore; instead as, for instamti#,and Marty [18] explain, because of

new developments includingtroduction of multicore processors the form of threshold
suggested by Amdah]lLkeFigura3nin new paralelveompuieassn g e d
an increase in number of processors means more communication which is potentially
taking placeover longer distances and more congested lontes. This increases the
chance fomoredelays dumg communication. Also, the comm/comgtio still plays a

role in the speedup factor. The finer grain the parallelism (correspondingower
comp/comm ratio) thecommunicationand synchronization oveead between tasks

takes longer than the computatio@n the other hand for coarse grain parallelism
(corresponding with higher comp/comm ratio) there is a chance to reach higher
speedups by saving timéue to less number dhsk synchronisatian Also, Data

derived from realvorld measurements confirms that the assumptsuggested by
Figure3 still hold ( [19] [20]).

GustafsorandBarsishad a rather different analysis on parallel computing whidédis

to what is knownin literaturea s Gu s t a fTlsedaw & sntrotuaed ireir article

[21] published in 1988vhichis differentft or m Amdahl 6s | aw as t he

the data size is not fixed; while the latter deals with fixed data Szass t af sond s
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states that in a process with a given-parallelizable fraction any speed ratio can be
achieved by choosing therigtitat a si ze. Amdahl 6s | aw, on
fixed data size that means with a known 4pamallelizablefraction of a process the

speedp cannot exceed a certain lintig. 8 formulatesGu st af sondés | aw:

1 F ol Eq. 8

Where P is the number of process@sis the spedip anda is thenon-parallelizable

fraction of the process.

While Amdahl 6s | aw explains why adding t
both parallelizable and neparallelizable fractions) in parallel may not lead to a
substanti al performance | mprovement ; Gus
data processedith a parallel systerm a given timecan be increased by increasing the
number of processorsGust af sonods | aw does not app
fundamentally deal with large data. Such tasks are not good parallel tasks as far as it is
conce ned with GuUudsteafteamdei SRawal | el i smo i s

which Gustafsonds | aw hol ds.

2.2) Network Topologies

Network interconnection has always been a hot topic in parallel procegsingle

range of topologies and technologieseaused tolet processors communicates
effectivdy as possible

Figure4 illustrates three classes of interconnect networks. In(paet crossbar switch

is used to connect processors and other eleménésadvantage of this technology is

that the bandwidth available for each node does not decrease when new elements are
added as it uses a different set of connection lines. One negatntaspthe extra cost
needed for the switch itself. Anotheroblem is its expansion cost. To add a new
element the switch may need to be replaced with a bigger one if no spare ports are
available on the old switclAn increase in the size of a switch nlagve some switch

ports unused which means they have paid for a hardware which is partially of no use

] o] L] ][] ] ] e

A A A
Y Y | S

o [ [o]fe

(a) Crossbar switch (b) Multistage interconnection network (c) Bus interconnect

$
P

Figure 4: Network interconnect topologies presented bj11]
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In contrast to crossbar switches, sbtechnology Kigure 4.c), has the apparent
advantages of simplicity, scalability and low cost (since there is no need for any extra
network control device). Howevethe bandwidth available for each element drops as
the network scales up. This is because all elements use the same physical
communication mediunmThe length of the bus is also another restricting factor. Any
type of cable has a length limit over which ggnal send over it is not guaranteed to be
decoded correctly.

In part(b) a multistage switch network is used to solve the problem crossbar switches
had with expansion and at the same time do not decrease the bandwidth when adding
elements. Butterfly andDragonfly networks are examples of modern multistage
interconnect networkd he number of switches needed in these topologies still depends
on the number of processing elements; but the number of switches relate to logarithm of
the number of nodebatis significantly better than crossbar switches that have a linear
relation between switch size and the number of nodes.

In a crossbar network no message from nadéo b can never block another
simultaneous message from na&di® t as these two messages use completely separate
paths. From this sense a crossbar networtoisblocking An issue with this type of
network is thatif the same situation occurs some multistage switcheshe correct
delivery of those messagesannotbe guaranted. This means that some multistage
switch networks arélocking networks Whethera multistagenetwork isnon-blocking
depends on the type of the netwdhe numbepof switchesand thé capacity (adix) of

among other factors

Rank | Computer Site Made by Network
1 [Tianhe-2 National Super Computer Center in GuangzhouChina NUDT TH Express-2
(Fat Tree)
2 |Titan DOE/SC/Oak Ridge National Laboratory, USA Cray Cray Gemini
Sequoia DOE/NNSA/LLNL , USA IBM Blue Gene/Q
4 |K computer |RIKEN Advanced Institute for Computational Science Fujitsu Tufo
(AICS) T Japan (6D Torus)
5 |Mira DOE/SC/Argonne National Laboratory, USA IBM Blue Gene/Q
6 |Piz Daint Swiss National Supercomputing Centre (CSC$| Cray Cray Aries
Switzerland
7 |Stampede Texas Advanced Computing Center/Univ. of TexgdJSA Dell Infiniband
FDR
8 [|JUQUEEN |Forschungszentrum Juelich (FZJ) Germany IBM Blue Gene/Q
9 |Vulcan DOE/NNSA/LLNL , USA IBM Blue Gene/Q
10 |- Government, USA Cray Cray Aries

Table 3: 10 most powerful supercomputers in the world derived fronj15]
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Apart from these three categories there are some other topologies with no switches in
which processing nodes are connected directly to each other. That is why they are given
the general name @irect Networks In fact bus topology is also an example akdi
networks but there are many more topologies which fall into this category. Trees, fat
trees, Meshes and tori are among other direct network topologies.

The most powerful supercomputers at the present time are also divided when it comes
to using switcks. Table 3 lists the 10 most powerful supercomputers as in June 2014
according to TOP500 website. Here we review some of widely used network
architectures some of wdh use switches and some others are direct networks. But

before that we will review a number of metrics for network performance measurements.

2.2.1) Network Properties and Performance Metrics
There are a number of metrics to measure the performance mieaconnect network.
We have already had some short discussions about latency and bandwidth. Other

network properties angerformance metrics are introduced in testion

2.2.1.1) Diameter

In a network the diameter is the maximum number of hops inibreest path from any
given two nodes. In a bus topology, for instance, the network diameter is 1. Also, in a
fully connected network (a network in which every node is connected to any other
nodes via a dedicated direct link) tiameter is 1 as welllhe shortest path between

two nodes sometimes is referred tonaisimal path In some occasions naninimal

paths may be chosen for a data transaction, for instance, because of minimal paths being
blocked by other transactions.

In light of developments ipacket routing methods the importance of number of hops in
an interconnect network is reduced. In older methods &ayeandforward) the
number of hops is one of main factors in determining the overall latency (hardware
latency plus software latencyBut newer methods likeutthrough switching and
wormholerouting are capable of hiding most of the hop cost; therefore, the number of
hops is less important when these methods are[d$etihe aforementioned categories

of routing algorithms will be briefly reviewed later section2.3.

2.2.2.2) Bisection Bandwidth

Bisection bandwidth (sometimes known as Bisection width) isbdredwidth across
smallest cut that divides network into two equal halvElsis metric is important
particularlyfor algorithms in which all processors need to communicate with all others

If the network is not symmetric along its different axes, the bisection bandwidth is
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measured across the narrowest part of the netvidrd.bisection bandwidth of a u
network is the same as the bandwidth of a single link; while the same metric for a ring

topology is twice the bandwidth of a single link.

2.2.2.3) Throughput

The aggregateate of successful message delivery aletinks in a network is known

as the oerall throughput of that networKhe throughput is usually measured in bits per
second. Packet per second and packet per time slot are also used. The throughput of a
network is different from the aggregate bandwidth as throughput is only about real data
transmitted over data links rather than packet overheads added by communication
protocols.In theory, the maximum throughput is equal to available bandwidth; but in
real world bandwidth is jusan upper marginfor throughput, and throughput cannot

reach thalimit for reasons including transaction overheads.

2.2.2) Fat Tree and Hypertree

First introduced by Leisersd2], fat trees have the standard tree topology with one
exception which is the links are not all of the samigdth. Here the wordvidth is used

to refer to the transfer capacity of a link. The links closer to the root of the trizdtare

than those further from the root. In other words, the root of a fat tree is connected to its
direct children with high banddth links and the bandwidth decreases as we traverse
down towards the leaves.

Based on the assumption that the root of the tree and nodes close to it face higher
amount of traffic, faster links are dedicated to those nodes while leaves of tijertree
nodes close to them) do not experience heavy traffic over their kst link can be

either a single high bandwidth link or more than one low bandwidthFigkire5).

Tianhe2 , the worlddés fastest supercoifhut er
Express2 which is a fat tree with3 switches, each with 576 ports at the top 1E2/&].

Figure 5: Two implementations of fat trees. Thewidths of the edges represerthe link bandwidth.

The idea of fat treehas also been expanded to something called Hypertrees. A

hypertree is a combination of two topologies: binary trees and fat trees both of which
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can be visualised as 2D structures; however, in contrast with both of those topologies, a
hypertree is a 3D topology. Bypertree can be visualised as a tree (binary-arykof

depth x while at the same time it can be regarded as a number of upsidé&idaryn

trees of the same depfRigure 6). Because of this dual nature of hypertrees, they are
not trees as we know in graph theory. This is because in this topmloggle can have

more than one parent nodes.

Figure 6: (a) A k-ary tree; (b) An upside down binary tree and (c) a hypertree as a combination of (a) and fb)

Some applications well suit fat tree and hypertree networks.diMide-andconquer
nature of FFT, for instance, matches the hierarchical structure of fat trees. This makes
these networks different from networks like mesh or torus in which the network has a

more uniform structure.

2.2.3) Butterfly

Butterfly topology isone of the most weknownmultistage interconnect netwaln a
multistage network nodes are connected via one or more layers of switches. The number
of switches and the numbef inputs of each switch (AKA the switch radix) depend on
design criteriaKim et al.[24] has shown that the radix of the switches for a massively
parallel computer with multistage interconnect network is beyond any technology
available in present or foreseen for near future if data is about to bEhegvito its
destination in only one hofrigure?).

Therefore it is believed that a single stage switch network is impractical for modern day
large supercomputers. A layered switch network saves the network installation cost
since a high rasl switch is more expensive than a number of smaller radix switches

with the same number of aggregate inputs. On the other hand, the wiring costs increase

® This figure is a reconstruction from an Internet pamga://blog.yam.com/snese1007/article/5659839

41



Chapter 2: Literature Review

hen the number of switches increases. The bandwidth of each input/output line and its
effect on the nmber of lines is also an architecture issue. Using lower radix switches
means that each line can have a higher bandwidth (given a fixed bandwidth for the
whole switch); while higher radix switches need to be implemented using lower
bandwidth cables. Theend in stateof-art HPC systems is to use higher radix switches
with lower bandwidth lines (larger number of thinner inputs to switd2&g)

1600
1400 2
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1000 /
800 /
600 /

400
200 /

100 1,000 10,000 100,000 1,000,000
Network Size (N)

Radix (k)

Figure7: A Radix (k) of the enetwarker s required to scale t

(N) if only one global H2dlp is required for each p
The simplest building block of a Butterfly network is a 2*2 switEig(re 8.a) which

operatsin two modes: pasthrough and crosever. An Omega networke{gure8.b) is
a three layer network made of those switches. In this netinerkDs assigned to nodes
help switches decided how to operate. At each stage if the corresponding bits of sender
and receiver nodes IDs are the same the data passes through otherwise it crosses over
the switch. Switches of higher radix can be implemebtedombiningproper number
of 2*2 switches.As Figure 8 shows, the number of stages needed relates tNpg
wheren is the switch radix antll is the number of nodes. Figure8, n=2 and N=8. An
increase in the number of nodes affects the total number of switches in two ways: first:
more switches are neatl?n any stage; second: more number of stages may be needed.
Knowing that the network cost directly relates with the number of switches, the
relationship between the network installation cost and the number of nodes can be
expressed biq.9:

Fe Wa fFo veO FuV«#ZID_! }:len_ll Eq.9
WhereN is the number of nodes)is the number of switches ands their radix.
The Butterfly topology is derived from such a networkk-Ary n-fly Butterfly network
consists on layers of switches each of which havikgwitches of radix. The overall
capacity of this network ik’. The idea of Butterfly topology has then been extended to
Flattened Butterfly topologj26]. Figure9 shows two Butterfly networks (a, &jrned
to Flattened Butterfly (b, d) by replacing all layers of switch with a single switch.
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Figure 8: (@) Two modes of a 2*2 switch; and (b) an omega network made of 2*2 switches

All unidirectional connections between diffatdayers of switches is now replaced by
bidirectional (or two unidirectional) connections (red linegigure9). This simplifies
the network and also decreases thenber of switches needed for the network and
therefore decreases the cost.
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Figure 9: Butterfly topologies (a, ¢) and Flattened Butterfly topologies (b, d) as projected if26]

2.2.4) Dragonfly

Dragonfly is the second multistage interconnect network discussed in this thesis. This is
a topology mainly designed and developed by Cray and Stanford Unij@dityl his
topology is inspired by both Butterfly topology anoledt networks. It has a layered
structure. In the low layer processing nodes are connected via switches to make
figroup® o f Hgordl®.s). (

This can be a Flatted Butterfly network, a fully connected network or any other
topology the architects find suitable for the specific purpose of a network. In the top
layer Dragonfly is a direct network which connects groups as a fully connectéat (all

all) network via optal or electrical connection§igure10.b). A Dragonfly topology is

® The images are taken frof@90].
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described by the group size, the number of groups and the number of links connecting

each groupd all of the other groupdrigure 11 shows a sample implementation of

Dragonfly topology.
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Figure 10: (a) Diagram of a group and (b) block dagram of a Dragonfly topology made of many groupg24].
Cray XC30 (Aries) technology is an implementation of Dragonfly topology. A Cray

XC30 group consists of two cabinets (6 chassis). The number of XC30 groups depends

on themaximum allowed length of optical or electrical cables used for-gr@up

connectionsKigurel2).
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Figure 11: A sample implementation ofDragonfly topology as presented i§25]

The maximum group size depends on the maximum length of electrical links which in

turn Iis determined

chassis is 3m dess[27].
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6 chassis connected
by cables to form a
two-cabinet group

1 1 \ \ \ \ \ \
4 nodes ‘\\ /7
connected to 16 Aries routers
each Aries 4; connected by
router chassis backplane

Figure 12: Structure of a Cray XC systend s e | e ¢ t asipmjected ig[27jo u p

2.2.5) Mesh, Torus and Hypercube
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Figure 13: Mesh and torus topologies in 1D, 2D and 3D
In contrast with Butterfly and Dragonfly topologies, mesh, torus and hypercube are all

instances of direct network topologies. All three of topologies can be implemented in
dimensionsf O1). A 1D Mesh topology is &sically a string of nodes connecting to
each other in a linear way. A 1D torus is the same as 1D mesh with the exception that
the first and last nodes are connected to each other via a direct link. A 1D torus is in fact
a ring topology. A 2D mesh and a 2aDrus are 2D expansions of the 1D mesh and
torus. Higher order mesh and torus can also been made in the santegues/13).

A hypercube is an expansion of the iaddaubic topology in which all neighbours of a

node are orthogonal with it. Having orthogonal neighbours is an advantage for this
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topology because a network of this type has a low diameter while it accommodates a
considerably large number of nodes (i.ed@s can be reached by any other nodes in
relatively low number of hops}igure 14 shows cubes and hypercubes of up to 5D.

Higher dimension hypercubes are implementgith the same fashiolCr ay 6 s Gemi ni
[28]i s an example of wusing 3D mesh networKks.
of using a 5D hypercube as interconnect network.

oD 1D 2D 3D

Figure 14: Cube andhypercube topologies of dimension 0 to 5

2.2.5) Infiniband

IBA Architecture (IBA) is a standard designed and promoted by kkyeps in
electronics industry emergellom merging of tw previously proposed standards.
Supported by Intel, Microsoft and SiNext Generation 1/Qvas merged with-uture

I/O (ngio) which was developed by Compaq, IBM and HP, in 1999 to make the first
drafts ofIBA.

The association behind this standard is called the Infinifhfidade Association
(IBTA) co-chaired by IBM and IntelOther major contributors are Dell, Compaq, HP,
Microsoft and Sun. Sponsor companies include 3Com, Cisco Systems,-Sigitsens,
Hitachi, Adaptec, Lucent Technologies, NEC anartll Networks According to[29]

IBA is introduced in order to standardise reliability, availability, performance and
scalability on different levels to solve some issuesdriented approaches hauBA
standardi ses server sservelrtfai®acmonsd el s as wel |l as
IBA is not a fixed achitecture for one or more purpasénstead, it giveshe architects

a range of optionsn switches, linksendnodes and subnet manager$ind the best
design for their networkdBA suggests a network of switches as a backbone for the
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interconnect netork. Subnet managers are in charge of establishing and managing
subsets of the whole network. Switches facilitate finding proper path for messages from
sender and receiver endnodes.
In addition to its original usage (in server systems) it is now a ferecanthitecture for
HPC platformsand data centred/ajor data base software developers like Or&els
invested a lot in usingBAO s potentials and It has b
architecture for enterprise data centres.
IBA uses serial data links thean be used in one of the following data rates:

1 Single data rate (SDR),

1 Double data rate (DDR),

1 Quad data rate (QR),

i1 Fourteen data rate (FDR)

1 Enhanced data rate (EDR).
Infiniband 2010 roadmaf80] has announced that two morata rates are going to be
added: Igh data rate (HDR) which is due in 2014 and next data rate (NDR) which is
not yet due for a specific time. The data rate of these two is unknown at the moment.
IBA gives the option to vendors to aggregate 2, 4, 8 andnk& to make them more
powerful. Figure 15 illustrates the present and future data rates IBA supports in

different modes.
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Figure15:IBA6s curr ent an daddpted from2010dcadmap[30]at e s
There are three types of devices involved in an IBA network: endnodes, switches and

subnet manager. The first two are passive entities while subnet managers are active. A
network needs at least one subnet manager but it can accoranmodeg than one
subnet manager. In this case the subnet manager that has initialised the network is called
the master subnet manager. To coakrtypes of communication needed in different
applicationsIBA supportsa number of communicaticservice typetisted below:

1 Reliable Connectio(RC)
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1 (Unreliable) Datagram (UD)

1 Unreliable Connection (UC)

1 Reliable Datagram (RD)

1 Raw IPv6 Datagram and Raw Ethertype Datagram (optional)
Among the services listed above reliable datagram is of importance because ghere ar
some analogy between that type of service and the communication mechanism adopted
for this thesis In a network of multicore processors up to thousands of connections
between different processes on different cores on different processors may be needed.
To handle such a complex situation what many commercial databases do is to dedicate a
process on each processor for communication purposes. Such a process gathers all the
messages from local cores and sends them to target tioales receives and process
all incoming messages to decide what process on local node should receive the
message. Even such a solution can increase the complexity of the system especially
when the number of nodes increases. What IBA suggests is to use RD services. In this
type of communication each node has a set of software entities calletbfamd (EE)
context Al | messages to and from a remote node
dedicated EE. It reduces the complexity of the system and scales well with the number
of processes and the number of nodes.
IBA-based networks facilitate memory access through threeaseftentities: memory
region, memory windows and protection domainsmost cases each system process
has its own protection domain. It is also possible for a group of processes that are
related through a shared memory to have a single protection damaihthe members
of the group. Inside a protection domain it is possible to have one or more memory
regions. Memory regions are in charge of mapping between physical eodl vi
addresses. A registration process is needed to create a newwbagibrwill generatea
key called the L_Key which is necessary for memory accaes® same regiorrhe
key is used to find the actual map as well as checking the accessAiglifferent key
called the R_Key is needed for accesses to remote locations (@ffertent endnodes).
Memory windows are the smallest the three with byte granularignd are used to
restrict an individual operation to a specific set of data.
To regulate the relations between hosts and their clients in a network of multiple hosts a
partitioning mechanism is introduced in IBA. It uses a separate set of keys and key
tables © ensure thatemote hosts cannot access local devicdsss such a transaction

is done through local host.
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2.2.6) Blue Gene/Q

Blue Gene is a platform made by IBM for massively parallel computing. Three
generations of this systeaneintroduced. Blue Gene/Q is the latest versibme system
architecture oBlue Gene/Qwhich is the latest version of Blue Gene at the monisnt)
shown in Figure 16. What is particularly of interest is the internal structure of the
processor network of Blue Gene. Some other parts of the system including the
functional LAN can be implemented by Infiniband standards. Site LAN and functional
LAN can be merged or they can be separated. Since Blue Gene is a diskless system, it
needs a separate file system that is connected to the main racks through the functional
LAN.
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Figure 16: IBM Blue Gene/Q system architecture as illustrated irf31]
Figure17 shows how multcore processorsome together to form a rack of processors

and finally build the whole Blue Gene system. The processors usually used are 16 cores
IBM PowerP@ processors. The nodes in a node board form a 5D (of size 2*2*2*2*2)
torus to have the fastest access time betweeles. The signalling rate between these
nodes is 4Gbps. Midplanes are also 5D tori (of size 4*4*4*4*2). This means that each
midplane accommodates 512 nodes. A rack can have one or two midplanes and the
whole Blue Gene/Q system can scale up to 512 rddies.network size of a full scale

Blue Gene/Q system can be 32*32*16*16*2. Knowing that a torus has a round
formation (i.e. the nodes on two ends on each dimension are directly connected) the
maximum number of hops between nodes in that scale is 16+16+848+1

The connection between nodes on a node board is through optical fibres. Electrical,
Ethernet and Infiniband links are also used on different parts of the system. The data
rates of the links are in Gigabit per Second range (1Gbps, 10Gbps and 40Gbps as
dictated by design criteria). I/O drawers are made of the same processors but each
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drawer has 8 processors and is just used for /O purposes. They can be placed on racks
(one, two or four drawers per rack); alternatively a separate 1/0 rack can be used.

The cooling system of I1/O compute cards is based on air cooling; while, water is used
for cooling the compute cards. According to an IBM docunjdhj 91% of cooling

system is based on water and the rest is by air. The powamgptisn for each rack is

80kW (typical) and 100kwW (maximum). The theoretical performance of a rack is 209.7
TFlops. A sustained 170 TFlops performance is rep¢8&Hd It can be concluded form

the above numbers that the typigmwer efficiency of a Blue Gene/Q rack is 0.47
kW/TFlops.
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Figure 17: Blue Gene/Q hardware overview as illustrated irf31]

2.2.7) Network Topology Comparison

After reviewing a number ohterconnecinetwork topologies we are able to compare
them based on a number of network properties and performance meatts4 is a
comparison between some of the most peptopologies based on the Degree of nodes
(the number of connectiorssnodehas to other nodgsthe network diametgminimal
path)and the dissectiobandwidth of the networHKt is also assumed that all links have

the same bandwidth af In fat treetopology the nodes are connected through switches;
therefore instead of degree of nodes the radix of switches is includiedlsv.

Another point is that Dragonfliopology is not included ifable4 because its metrics
depends on the design decisions and varies from one supercomputer to another.
However, the minimum number of p® between two nodes (including intgoup
connections) via a minimal path is 5. Not all the transactions are guaranteed to take
place via minimal paths. According #lverson et al.[27] althoughin most cases
(except for the largest systems) aoimimal transactions have six or seven hops, the

absolute maximum number of hops in mamimal paths is 10. The bisection
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bandwidth is defined by the intgroup connections which are typically highe& and

expensive optical links (compared to cheaper electricatgrtyap connections).

Network Topology | Nodes Degree Diameter Bisection Bandwidth (*x)
Bus K K-1 1 1
Ring K K-1 1 2
Crossbar K?+2K 4 2(K+1) K
1D mesh K 2 K-1 1
2D mesh K* 4 2(K-1) K
3D mesh K* 6 3(K-1) K?
nD mesh K" 2n n(K-1) K™
1D torus K K/2 2
2D torus K? 4 K 2K
3D torus K® 3K/2 2K?
nD torus K" 2n nK/2 2K™
kD hypercube 2 K K 2t
Fat tree (n-ary) n< n 2logx K/2
Butterfly (K+1)2¥ 4 2K X
Table 4: Comparing some of the most popular HPC interconnect network topologies (mainly based on data
from [32])

There are other performance metrics like latency and energy consumption that depend
not only on the network topology batso on the design and implementation of the
supercomputerDifferent implementations of a single topology may differ in latency
and energy consumption. For example, the length of the electric/optic cables plays a big
role in determining those performanoetrics.

Some other metrics are also affected by software (e.g. message passing APl and routing
algorithm) and operating system installed on a supercomputer. Network throughput is
usually measured using the volume m&al data transferred through a networ
therefore, the amount of overhead attached to real data is important in determining the
network throughput. Such overhead depends on 1I/O protocol, routing algorithm and
underlying operating system among other factors.

For these reasons, the aforemergmbnnetwork performance metrics should be
compared on a systehy-system basis rather than a topokdyytopology basisHere

are a number of comparisons and measurements on different topologies.

The hardware latency in different supercomputers of diffeseats and topologies are
mostly in microseconds rangAccording toChen et al[33] a 16*16*16*12*2 Blue

GendQ computer operates witl hardware latency of 6.fs. The latency for a
dragonfly network in a situation in which there is low traffic (quiet network) is

estimated 21s or les§27]. On an older HPC platform like IBM SP system the hardware

51



Chapter 2: Literature Review

latency is reported to vary from Q.5 o 1.5us; while the uselevel software latency is
around 36us [4]. Kim et al.[26] have studied the effect of routing algorithm on latency
in a Flattened Butterfly topology. They have also meakin@v choice of topology
affects the latencyAlso included in their papeare studieson howchanges in number

and radix of switches can affect the hardware latency in Flattened Butterfly topology.
I

As reported by Cray28], theendp oi n't
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The optical and electrical cables used in Dragonfly technology are tested to measure

their energy consumpin. Results are reported Il§im et al. [24]. Those results are
shortened and shown ifable5. The table compares two types of opticablea used
for long intergroup connections and one shorter electrical cable used forgnatna

connectionsln the same document the effect of routing algorithm on network latency is

studied
Cables Distance | Data Rate | Power | E/bit
Intel Connects Cable <100m 20Ghb/s 1.2W 60pJ
Luxtera Blazar <300m 42Gb/s 2.2W 55pJ
conventional electrical cable <10m 10Gb/s 20mwW | 2pJ

Table 5: The data rate and power consumption of a number of cables used in Dragonfly topology

Dally [25] estimates a 10pJ energy consumption for a floating point operationtor yet
build Exascale computers. To compare this with the data communication energy cost
he says a singlevord transaction between two nodes igabinet is equivalent to 32

FLOPS in terms of energy consumption. For the same transaction between cabinets his

estimation is as energy consuming as 256 FLOPS.

2.3) Routing Algorithms

In previoussectionit is briefly stated that the packet routing algomit (AKA packet
switching algorithm plays a role in the performance of an HPC system. Here we will
briefly review threeimportant categories of routing algorithms used for interconnect

networks of supercomputers. The difference between these methodbkasway they

handle mulihop communications.

2.3.1) Store-And-Forward

Storeandforward algorithms are based on the idea of relaying a message only after

receiving all of it in an intermediate node (i.e. a node that is not neither the sender nor

the recerer of the packet)lt is important for intermediate nodes using this category of
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algorithms to check the integrity of the packets before transferring them to the
destination (or another intermediate) node and for this reason they cannot start the relay
process before having the entire packet. The advantage of such algorithms is the
simplicity of implementation compared to other two categories.

Storeand forward is a good idea especially for networks with intermittent connectivity.
Examples of such networlese highly mobile networks and networks of nodes scattered
over open rural areas in which there is a lower control over the connectivity of nodes.
This category of routing algorithms offers maximum error checking by sacrificing

forwarding speed.

2.3.2) Cut-Through

The main objective of a cihrough routing algorithm is to start relaying a packet in an
intermediate node before receiving all of its contémisrder to increase the forwarding
speed Such an idea saves some transmission time as there wsdbrne overlap
between the reception of the packet from the transmitter and sending it to the receiver.
This means that intermediate nodes may keep transmitting corrupt packets because they
can only decide if a packet is corrupt after receiving the engickgt(although it can
eventually detect the error by checking the packet CRC)eal world the relay of
packet starts after reading the first 14 bytes of incoming p§&#&EtFor links with data

rates of 10Mbps and 100Mbjismakes a 2fs and 75us of latency respectivelyA
restrictionthis idea has is that in some circumstantesinnot be used becausf the
nature of the networkTo implement this idea it is importatd have a guaranteed
continuation of stream of datan both receiver and transmitter links. Also the
transmission speed on both sides should be almost the same.

A partial solution to this problem is introduced by a modification of this method called
fragment free In this method, the intermediate node stadlaying the packet after
receiving the first 64 bytes of the packéhis is historically based on the fact that the
minimum length of packets in IEEE 802.3 protocols is 64 bytes. Fragment free methods
do not sent packets with less than 64 byfd€A runts) assuming that they are typically
produced as a result of packet collis[84]. This method is expected to be a bit slower
than pure cuthrough algorithms when there is no collisi@ound 60us of latency
according to[34]). Compared to cthrough, fragment free algorithms are capable of
detecting more errors. The problem both puretietdugh and fragment free algorithms
have is that it is assumed that the packet corruption occurs (@etested) in the

transmitter side. This is not always the case with wireless connections. This issue should
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be taken into consideration if such algorithms are chosen for a platform like the one
proposed in this thesis.

Another approach would be having amqwromise between pure stemadforward and

pure cutthrough in a way that the node operates intbtdugh mode when it is
possible; otherwise it retreats to stamedforward. In practice, nodes change their
switching mode if the number of runts and CBKors cross a threshold. Thable 6

summarises how the change in switching strategy happens:

o Then adaptive mode
Switching mode Detects o
changes switching mode to

High number of CRC errors Storeandforward
Cutthrough :

High number of runts Fragmentfree

High number of CRC errors Storeandforward
Fragmentfree

Low number of runts Cutthrough

Low number of CRC errors Fragmentfree
Storeandforward

Low numberof CRC errors and Runts| Cutthrough

Table 6: Adaptive switching strategy based on Intel documentf34]

2.3.3) Wormhol e
This category of routing algorithms extenthe idea of cuthrough routing by
introducing the concept ofirtual channelslt is based on the idea of splitting a packet

into smaller pieces called flitfl w control digis). The first flit of a packet is called the

header flit contains the data needed for routing (e.g. thedestihon nodeds | D)

without part of real data. The header flit can be followed by none, one or more than one
data flits.

The difference between a flit and a packet is that two packets with the same source and

destination may go through different patrsl do not receive in the same order as they

have been sent. But two flits of a packet always pass through the same path and in the
exact order as they have been sent. Also, a packet has everything needed for routing; but

flits do not have such additiondata (except for the header flit). In fact it is the virtual
channel mechanism that handles the routing tasks for hkesdeflits.If every flit had

to carry the packet header it would have imposed a significant traffic overhead and
consequently it wodl be very hard to compensate for such a loss in transmission time.

It can be said thabne ofthe main difference between cuthrough and wormhole
routing is that in cuthrough routing thebuffers allocated in packétvel while in
wormhole routing the uiffers are allocated in flievel. This saves considerable buffer

size over the network.
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A header flit needs to be allocated proper network resources in the intermediate node
before being sent to it. The channel used for data transaction and a spatcéuffefl

are among those resources. These resources are adopted for other flits as well. That is
why nonheader flits do not need to carry the routing information with th€he

process of resource allocation repeats as the header flit moves from one aodtner.
However, there is a common problem with bothtbubugh and wormholing methods

and that is they do not let another packets cannot cut in until the whole packet is sent.
But the good news is, in wormhole methods the physical and virtual dhasree
separated and a physical channel can be associated with several virtual channels. This
means that different packets can use different virtual channels on the same physical
channel at the same time.

Wormhole routing (switching) is the algorithm of atbe for many modern
supercomputers ncl udi ng Crayds 3DbavnedsCiGaynd i A
Flattened Butterfly technologiedt helps reducing the overall software latency and

increasing the throughput.

2.4) Parallel programming Models

Regardless of the network topology choice, the model of parallel programming can be
classified into a number of classes. Two of the most popular among these models are
shared memorgnd message passinghe main difference between these two is in their
global image of the system (and memory in particUzs).

Shared memory modeld-igure 18) look at the whole set of processors, memory
modues and other elements as a single machine. The key pdiatt ithéere is only one
memory addressspace[11]. All memory modules are subsets of this global space.
Shared memory mulprocessor machines can be compared withtirthrleading in
singleprocessor systems. The only difference is now we are dealing with real
parallelism while in multthreading a single processor uses time sharing techniques to
give the users the impression of parallel mtasking.

Like multi-threadsystems, in the shared memory, each processor has its fair share of
private and public memory space but all public and private memories are parts of a
global memory space. Since there is a global and single memory space, all the memory
accesses are hangléy simple read/write instructions. There are two major shared
memory schemes regarding the memory access[86jeThe memory access time can

be uniform or noruniform based on the system design. Uniform memory access times

can be seen in Symmetric Memory Multiprocessors (S|86])(Figure19).
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Virtual address spaces for a Machine physical address space
collection of processes communicating
via shared addresses
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Figure 18: Shared Memory model and its similarity to multi-threading in single-processor systemsfrom [11]

This is in fact a natural generalisation of keshnology in parallel machines. All

processors and memory modules are connected to a single bus; therefore, there is a

unique memory access time for all the processors.

/O
F F devices

Mem Mem Mem Mem I/0 ctrl I/O ctrl
1= | | | | I
( Interconnect )
| |
Processor Processor

Figure 19: An SMP architecture asshown in[11]
In many applications processors prefer to keep some of their most frequently used data

as close to them as possible while other processors may not necessarily so eager to have
fast access to those pieces of data. Such an imbdletween memory access times

leads us to another major group of shared memory methods called)riiform

Memory Access (NUMA) methodg6] (Figure 20). Both these methods are popular
between computer architects.

Scalable network

Mem $ Mem $ Mem $

Figure 20: A NUMA architecture as shown in[11]
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In contrasto shared memory approaches, in message passing n{€igade21) there

is no global memorpddresspace; instead, each processor is in charge of its own local

memory space. The processors can communicate with each other to access other

processorsbo

replaced by send/receive instrucsomhen it comes to remote memory location access.

private

me mor y |l ocati ons.

Figure 21: A message passing communication methaterived from [11]

2.5) Wireless Communication

There is a range of commercially available radio devielready used idifferent

applications At the current stage, this thesis is only based on a simulated form;of BC

therefore, the following review of available radio technologies is just for having a

picture of the current level of technology rathertlthoosing between them fehis

thesis Apart from oftthe-shelf radios researchers are constantly increasing the baud

rate of wirelesgransceivers. Reviewing the staikart radio technologies still in their

early stages is another part of the backgtbreading in thighesis

2.5.1) IEEE Wireless Protocols

IEEE 802[37] is a family of protocols dealing withdcal area and metropolitan area

networks. Among its 23 sdtrotocols it is the IEEE 802.15 family that dealith

wireless personal area networks (WPANS). IEEE 8038bconsists of 7 task groups

covering different aspects of wireless communications. Among these 7, two task groups

are of particular intereshamely IEEE 802.15.1 (Betooth) and IEEE 802.15.4

(ZigBee). Thesareprotocols for short and medium range radio communicatidoth

protocols are widely used in domestic and industrial applications; however the baud

rates they are designed fare not high enough to be camesied inthe field of HPC.

Figure22 compares the ranges and data rates of IEEE 802 family me[@Bgrs

None of the protocols are speac#lly designed for very high data rate communications;

however, they are good for legnergy communications in noisy environments. ZigBee

[40] is a lowcost, lowpower, wireless mesh network standémdlt based on IEEE
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802.154 and is widely used in a range of applications including home entertainment
and control, wireless sensor networks, industrial control, medical data collection and

building automation.

WWAN

o WMAN
20
E
&
WLAN
ZigBee
802.15.4 Bluetooth
WPAN 802.15.1
0.01 0.1 1 10 100 1000

Data Rate (Mbps)

Figure 22: Comparing IEEE 802 protocolsas projected by[39]
What all these applications have in common is that they do not need high data rates.

Also in a normal situation for a large majority of its life time a ZigBee device is inactive
(sometimes referred to aleep mode) and they just send/receive data when they receive
a signal (mostly from a local sensor). This way, they can keep the power consumption
to a very low level for most of their time. As far as it is concerned with our research,
Zi gBeeb6s Dbaclggite data raid tha i no more than 250 Kbits/Sec. Bluetooth
[41] is another protocol built based on IEEE 802.15.1 protocol for low power short
range communication and has become the dominant communication protocol for
peronal area network applications especially in home and entertainment, mobile phone
interfaces and wireless connections between PCs and other devices. Its maximum data
rate differs between its different versions and varies from 1Mbit/s to 24Mbit/s. Later on
this report it will be shown why bandwidths supported by both ZigBee and Bluetooth
are too low to be used in this research.

The highest data rates within IEEE 802 family belong to IEEE 802.15.3 and 802.11
(commonly known as Wi i ) . | EEE 8 0t@ vafieS beBv@en itsdddferent r a
versions. Its 2003 version supports up to 55Mbit/s while its more recent versions
including that of 2009 supports up to 3Gbit/s. IEEE 802.11 is designed for wireless
local area networks. The communication range it is dedifmedoes not match with

what this thesis is dealing with.

The data rates supported by -Wii differ between its numerous versions. Different

characteristics of different versions of IEEE 802.11 protocol is summaridedia?.
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The interesting point in this table is that the latest versions of 802.11 protocol supports
Multiple-Input Multiple-Output technologies, whichas shown later in the thesifhias

some similaities with the network presented in this thesis.

. Data rate per | Allowable Approximate Approximate
) Freq. |Bandwidth ) .
Version | Release stream MIMO Modulation | indoor range | outdoor range
(GHz) (MHz) .
(Mbit/s) streams (m) | (Ft) (m) (Ft.)
o Jun 1997 24 20 1,2 1 DSSS, FHSS| 20 66 100 330
5 6,9, 12, 18, 24, 35 115 120 390
a Sep 1999 20 1 OFDM
3.7 36, 48, 54 d 3 5,000 | 16,000
b Sep 1999 2.4 20 1,2,55,11 1 DSSS 35 115 140 460
6,9, 12, 18, 24,
g Jun 2003 2.4 20 1 OFDM, DSSS| 38 125 140 460
36, 48, 54
7.2,14.4,21.7,
20 28.9, 43.3,57.8, 70 230 250 820
n Oct 2009 | 2.4/5 65, 72.2 4
15, 30, 45, 60, 90,
40 120, 135, 150 70 230 250 820
L OFDM
20 up to 87.6
Nov. 40 up to 200
ac (Draft) 5 8
2011 80 up to 433.3
160 up to 866.7

Table 7: 802.11 Network Standards derived fron{42]
Regarding the size of a parallel computer, ine expected that long distances of

communication is needed; therefore, protocols like IEEE 802.16, 802.20 and 802.22 are
not going to be considered.

The maximum number of nodes @nprotocolis another concern. This is particularly
important since the proposed system is supposed to accept large number of nodes
(something in the range d¢fundredsof thousand or even a million node3his is a
common deficiency of all IEEE 802 protocols.

As aconclusion all IEEE 802 family members support the communication range needed
butthey have a number of limitations. The first limitation is on the data rates which are
mostly belowl Gb's andare not high enougfor HPC systemsAnother problenmwith

most of the wireless modules of this familis their physical sizeAlthough some
ZigBee devices are made in very small sizes but the majority of IEEE 802 wireless
modules occupy in large spaces particularly because they need large .aAlemithae
network szes supported by this family of protocols do not look very promising. For
these reasonis is necessary to look fasther wirelescommunication technologiger

the application sought in this thesis

2.5.2) Inter -chip 3D Network of processors
In additionto parallel processing applications, the idea of arranging processors in a 3D

grid has been investigated for intdip applicationsAkasaké s ar t i c[43e i n

59


http://en.wikipedia.org/wiki/IEEE_802.11_(legacy_mode)

Chapter 2: Literature Review

emphasises on the restrictions of a 2D grid of modules inpaatid encourages the
researchers to look for 3D solutions for future ICs. The use of wireless connection

makes it even easier to think about stacking chips on top of each other.

Wired Wireless

2 Chips
{Face-to-Face Only)

More than 2 Chips

Inductive€

Figure 23: Different solutions for 3D stack ofprocessor interfaces as projected ifd4]

Basically there are four strategies for 3D assembly of chip stacks (shdvigune23).

The frst two, which are not wireless in fact, are microbumps and Thrsiligbn-via

(TSV). The former introduces very tiny microscopic metal bumps on the surface of two
chips that facilitate the transfer of data between them. In the latter solution a metallic
rod that goes through the two (or more) adjacent chips are used to connect the data lines
of the chips.

The other two solutions are capacitive and inductive coupling techniques. In these
methodsthe energy(in electric or magnetic formgaved by capacite or inductorss

used to transfethe electronic signal between two (or more) chibat otherwise have

no other data connectiomhese two techniques are discussed in more detagsaion

2.5.3 when reviewing On-chip ShortRange HighSpeed wireless conmunication
technologies.

The restriction of both microbump and capacitive coupling is that both of them can
connect no more than two chips. Moreover, the capacitive coupling can support only
very short distances of 1 to rfm. On the other hand, althoughductive copling
supports longer distances, was not originally suitable for parallel communications
because of its large power consumption. There are, however, some successful attempts
(including Sasaki et al[45]) to redice the power consumptioifherefore inductive
coupling is the most favourable technique in this fieldiate As statedoy Miura et al.

[46]i n J a n u aThey sta@o®tbe-art indfictivecoupling transeiver achieves the
second highest bandwidth with the second lowest power and the smallest layout area
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Figure24 compares some wireline and wireless idieip communication technolagg
in terms of performance and coWYireless approaches have a number of advantages

over using wirelines or even over microbumps and TSV.

Low-End Applications High-End

Cellular Phone PC, Storage  Super Computel
Mobile Terminal Multimedia, Gaming Server
Automotive  Digital Consumer Graphics

>20¢/chip
Cost Down

Cost

g g p Tan
Wire
Bonding vy

Performance

Figure 24: Cost/Performance Comparison between Wire Bonding, TCl and TSV as depicted 7]
Miura et al. [46] list five advantages of wireless approaches over using wirelines,

microbumps and TSV:
1) Since the coupling elements can be created at the same time as the other
parts of thechip (as opposed to wireline methods that needs an additional
mechanical process) the cost and time of the process is saved.
2) A micrometre distance between faodace chips can be achieved because
of the elimination of an extra mechanical process inptog techniques,
which makes it easier teducethe size of the finished product.
3) The nomrcontact wireless connection does not need an electrostatic
discharge (ESD) protection module. This leads to even more cost and area
reduction as well as higheommunication speed.
4) Due to chips being detached from each other the reliability of the whole
package is increased. It is also easier to test chips. Accord®agzman and
Knight[48] this can solve the knowgooddie (KGD) problen.
5) Particularly for inductive coupling it is possible to save even more layout
area by placing the transceiver circuits under the metal inductor.
When facing high demand for higierformance and high scaling one may consider use
TSV for powerdelivery for chip stacksThere are, however, some concerns over the

heat dissipation of such a scheme. Thelper of elements in such a plan is restricted.

" As defined in[287]: ®heissue of not being able to test bare silicon is referred to as KGD (known good
die) probleno .
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2.5.3) On-chip Short-Range High-Speedwireless communication
Shortrange highspeed and lovpowerwirelesscommunication has been a hot topic in
VLSI design.This is mainly becausén¢ gap between theandwidthinside chips and
the bandwidthbetween chips increasing.One of the solutions to fill this gap is the
idea of replacing wirelinewith wireless connectionbetweenmodules in a chip (or to
connect two chips)Matsuzawainvestigates possible solutions fan RF Systeron-
Chip (RFS0oC)IC based on main design criteria. In his w4®] he concludes that
CMOS and SiGe can be used to embed RF technology but the keys to massive use of
RF in interchip applications ardicontinuouscost reduction, ease of function and
specification changeand also it is important to resolve process poriabilssues
Basically there aréhreecategories of shortange wireless communication

1 Capacitive coupling;

1 Inductive coupling

1 Radio waves.
On 2008Moore et al.[3] did a survey on chio-chip communication technologies.
They concluded that compared to othechnologiesinductive coupling is a better
choice for that purpose. According to them the radio devices will struggle crossing
1Gbpsline unless they resort to MIM@lthough recent developmertisive proverihat
conclusonwas not 100% correcit seems that their predictiaverthe restriction over
power consumption of radio devices is legitimaléeir analysis ovethe crossover
pointis of importance.
The crossover point as they define it is a critical distance between sender and receiver in
which the nature of communication switches fromactiveto radiation. A reactive
communication is based on data transfer using electrical fields (e.g. induntive a
capacitive coupling); while radiation communication is based on transfer of data over
electromagnetic (radio) waves. They statbdt the crossover point increases with
transmissia frequency of a radio device.
For a 1GHz frequency the crossover pagn2imm and it decreases to 0.5mm for 10GHz
signals.This explains why it is hard to find a good inductive or capacitive coupling
technology for cnrrange transactions when the data rate is tens of Giga bits per second
or more. We will see more evidence ornstissue later in thisection Appendix A
contains a list of different research projects on all the aforementioned technologies
during the last decade or so. Some of those are as follow:
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2.5.3.1) Capacitive Coupling

Capacitive couplindgalso called ACcowling) is based on the electrical field created by
capacitors to transfer power. It is particularly useful whenigx@ation is an important
design issue; but has also been used for data transfer purposes recently.

Capacitive coupling has lower power nsmmption compared to other wireless
techniques.On 2007 Fazzi et al [50] reported a capacitive channilat consumes
0.08J/bitand 0.1pJ/bitof energy in Moneand bidirectional modes respectiveljhe

main problem with capacitive coupling is that it cannot support long distance
communicationsAlmost all the recent researdn this fieldis dealing with distances
not longer than 16m.

Due to smallfacing padsof capacitorsit is very crucial to align the gus correctly.
Capacitive coupling is very sensitive to misalignment of pads. Compared tahiyra
applications, it is easier to meet the alignment critenanter-chip applicationsThis is
another shortfall of this methddr millimetre- or centimete-range communications

It is possible to useultiple parallelcapacitors to send parallel dataorder toincrease

the data rate. The small area each channel occupies on chip has made it possible to
accommodate multiple parallel channels on a relatiseiallchip area. It may in some
cases be possible to utilise overlying-toptal layers to reduce area utilisation.

As an exampl®rost et al.[51] used 16 parallel channels each with 1.35Gbps data rate.
They managed to achie 21.6Gbps data ratdung et al.[52] with two channel
capacitors with 6Gbps and 0.qiBbit Canegallo et al.[53] with 128 parallel
capacitors with 32Gbps and 1.12mW poweu et al.[54] who reported a capacitive
link with 11Gbps and 0.39pJ/bit aidm et al.[55] with a 15Gbps link (0.47pJ/bigre
other examples of parallel high data rates with very low power consumptien. Ev
higher data rates are reported includihgpkins et al[56] who reported 230Gbps and
260Gbps parallel links (144 links) with 3pJ/bit energy measured for the latter case.

Some capacitive coupling model analysis can be fatihde et al[57].

Energy/bit/Distance
OLWKOAGK>YD
10

(60]

51
k1 [187]

[189] [53]
[52]

0.01 T T T T T T T T v Year
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

0.1

Figure 25: An approximation of the energy for sending a bit over onenmm using capacitive coupling
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It is not easy to compare the energy consumption of different research projects. This is
becausethe research differs with taking different design choices (e.g. the distances
supported by them are not always the same). Therefore, such a comparison in energy
consumption is hard to be very accur&tigure25is not very accurate; but it shows the
overall trend of reduction of energy consumption per distance unit over the last decade.
It means data can be sent over short distances with less gerargfter year.

2.5.3.2) Inductive Coupling

The magnetic fields made by micro coils embedded on chips are the basis for data
transfer using inductive coupling. Inductive coupling is popular in -ctgy
applications especially for making 3D stacks dpsh

Compared ta@apacitorsinductors can transmit data over longer distances. Distances up
to a few hundred micrometres can be easily achieved. Over such a distance it is possible
to achieve data rates in range of Gigabits per second. There are son® oBpgsing
inductive coupling in cnrange (less than 10cm) mostly in wearable Body Area
Networks (BAN) applicationgLee et al.[58]). Such adistanceis achieved withthe
expense of sharp drop in data rate to tens of Meguedi second. Other applications
include highspeed wireless proximity communication (Mgatsubara et al[59]).

A series of projects led guroda(including[60] [61] [62] [63] [46] [64] [65] [66]) has
demonstrated the possibility of such a comioation schemefor a range of
bandwidths, distances and povtargets The team has reported upl®.4Gb/s/channel
bandwidth[67] (and 30Gbps in a simulation environm@t]) andenergyconsumpibn

as low as 0.02)/bit [69]. The idea of using parallel links is also tested anolight
successful results including 1024 parallel 1Gbps lines (1Tbps in aggreite) 2006

and 1024 paralleBGbps lines (8Tbps in aggregaf@p] in 2010 Researchers likelan

and Wentzloffhave presentedhe numerical analysis of the advantageregonant
inductive couplingover standardinductive couplingin wirelesspower transfef71].
Analytical modeld72] and kb experimentf/3] reinforce thatdea as well

There were also some reseashbn transmiting clock signal using inductive coupling.
Kumar et al.[74] presentan inductive coupling scheme to transfer a 1GHz clock signal
over a 18m with a power dissipation of 1.55mW and 0.75mMiura et al. [75]
introduce atwofold strategy to reduce the crosstalk effect in wiep inductive
coupling communication that involves finding a critical distance between adjacent

parallel inductors and use otime interleaving TDMA) technique Miura et al. [69]

8 Their measurements show that the critical distance varies when the number of parallel channels changes.
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projected an improved version of their wireless clock and data transfer in which no time
interleaving was used and still managed to transfer a 3.3GHz clock. sWhah it
comes to the communication distance it is the ingtaatethod that can transmit data to
longer distancesompared to capacitive couplini is shown in[76] and[67] that data

can be transmitted on high rat&4Gbps/channgel2Gbps and 2.5Gbpsespectively)
overmuch longer distancg€8.6mm 0.5mm and 1mmespectively.

Like capacitive coupling, it is possible to send parallel data using a number of parallel
inductors and increase the aggregate data rate. The alignment problem still exists in
inductive coupling but it is not as crucial as capacitive coupling. Single links of&p to
GB/s are reported byliura et al.[70] in 2010. They use 1024 parallel links to form an
8Tb/s communication scheme. This is way beyond turrent links used by
commercially available best supercomputers in the world which is in range of tens of
gigabit per second (node-node) but the distance over which this type of
communication is possible is less than a hundred of micrometres.

Here, he energy consumption is reasonably low foichip applications. Although the
transmission distance is typically longer than capacitive coupling, though still not long
enough for the application envisaged in this thesis. On the other hardngm
inducive coupling devices have two major problems; first: they do not support high
data rates; and second: they consume too much energy.

Figure 26 shows how the energy consumption per bit per micrometre has been
improved over the last decade. The discussion about the lack of accuracy in
normalisation of results in capacitive couplingalso valid for inductive coupling.
However,Figure26is good for an approximation of normalised energy consumption of

inductive coupling and shows its shard dropravme.
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Figure 26: An approximation of the energy for sending a bit over onemm using inductive coupling

The area occupied by inductive coupling devices is particularly small because they do
not need an electrostatic discharge (ESD) protection lmodibis means a potential for

these devices to save some space (and cost).
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2.5.3.3) Radio Waves

Radio waveshave also been tested for longer distanceqless than a meterjor
communication between devices and chipige big problenwith radio technologys its

high power consumption compared with other methods. The low data rate is also
another issue.

On 2006Reynolds et al.77] demonstrated a 2Gbps-chip radio. On 200Daly et al.

[78] presented their 1.5Gbps -chip radio.As both these projects were designed to
work for long distances (2.5m and 10m respectively) there is no surprise that they
consume large volume of energy (1.3W and 0.87W respectively). OnL2G888 et al.

[79] successfullyfransmit4 Gb of data per second over a 1.1fink with the cost of
1.5W. This shows an improvement but the power is still a big issue. OnCZt#®9 et

al. [80] madea 6Gbps radio with 117mW poweonsumptiorfor a link of up to 4cm.

On the same yedromkins et al[81] presented an echip radio with 6Gbps bandwidth
over 2m that consumes 232mW to 374mW of power. The constant push for lowe
power consumption and higher data rates in recent years brought much better results.
On 2010Deb et al. [82] managed to transfer 16Gbps signal over a-Roknthat only
needed 90mW of electrical power.

Data rates of around0 Ghb/s have been reported several times in recent years by
different researchers. Some attempt to increase theatat using different methodss

an example, ® 2011 a team from Sony in collaboration with CalTeleak(ida et al.

[83]) demonstrated how using plastic stripes as waveguides can improve the
performance of an oeohip radio. Their 25Gbps echip radio over a 12c#ink
consumesl40mW of power Recentlyon 2012the same teanilT@naka et al[84]) hit

the record of 26Gbpsver the same distantigat consumes only 137m@Ver the same
distance

Figure 27 summarises the consumption of energy for transmission of a bit over a
millimetre over the last decade. Likggure 25 and Figure 26, this figure cannot be
100% accurate but the general trend of sharp reduction in energy can be detected.
Among other factors, the bitrer rate target is different in different projects.

Ishigaki et al.[85] have announced a 1TeraHz transceiver using resonant tunnelling
diodes (RTD). Using &42 GHzsignal with a cutoff frequency of 1.1 GHzhey
reported agccessful transmission of an ASK signal of up to 3.25Gbps with reasonable
bit error rate over a 1cm distance. They anticipated higher data rates by using higher
cut-off frequencies. Projects like this can create opportunities for developing bégu

wireless communication for a wide range of distanéesvide range of chigarea is
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reported for different projects to accommodate the radio devices embedded dn chip.
some cases likBoulon et al[86] an area of 0.05 mfis enough for their radio module

while in other cases likiliyashita et al[87] 56 mnY is needed for that purpose.
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Figure 27: An approximation of the energy for sending a bit over one mm using radio waves

In addition to pure radio communication solutions some hybrid methods are Bsited.
et al.[82] showed how a mixture of wired ahmv power nm-wavewireless interchip
links cansignificantlyimprove the performance of a NoC systeéfnother example is
whatChang et al[88] have donen which a number of wireless shortcuts are usedl in

multi-processor integratezircuit to reduce the total power consumption

Figure 28: Comparing the distance of data links in (a) wirelesand (b) wired networks.

In comparison between wireless and wireline links it should be noticed that a wireless
link is a straight line between the sender and receiver of data while this is not
necessarily always the case a wired network. Wired networks are made of CPU
boards, shelves and racks. The processors in a CPU board can be connected via a fairly
short set of wies. But to connect boards, shelves and racks a considerably long data link
is neededFigure 28 shows how a wireline link can be much longer than its wireless

equivdent. This means that the power consumption in a wireline link should not be
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compared with that of a wireless link of the same length. To identify the exact
equivalent length of a wireline link one should have detailed design information of both

the wiredand wireless networks.

2.5.4) Multi -Channel Communication

It was back inl941whena famous actress of that time calldddy Lamarrinspired by
pieces made by her composer neighb@#&grge Anthejlaccidentally came up with the
idea of switching betweenommunication channels during a transmission time of a
signaf. Their invention[89] was the first singleadio multichannel(SRMC) radio
device Theidea is also known aBequency hoppingnd is widely used in spread
spectrum communication

The main difference between their works amd MRMC device isthat in MRMC
multiple radio modules are used while in SRMf&vices there was only one radio
module switching between channehtound 30 years later Kaye and Georgd90]
introduced something that later was recognised as thévfisiple-input and multiple
output MIMO) module.(MIMO); however, is not restricted to the radio wave medium
and include other communication mediike fibre optics.In 1974 Brundenburg and
Wyner[91] derived aformula to describe the performance of a mciftannel system in
presence of Gaussian noidégan Etterd $éinear multichannel transmitteeceiver[92]
andVan EttenanddeJong® s o pt i[93]iae alsoiamamng the early worls this
field. Goldenet al.introduce the first lab prototype of MIMO systef8g] in Bell Labs

in 1998.

Wirelessinternetaccess is one of the main applications of MRMC todlégreover,a
slightly different form of multichannel communication isised in mobile phone
technologies. Mobile handsets switch between channels when they join a new base
station. From this point of giv they can be categorisedasingleradio multichannel
device. However, mo st of todayods mobil e p hc
computers can all be regardedMBMC devices as most of them can use Bluetooth,

Wi-Fi and other radio technologies hetsame time.

2.6) Packet Collision in Wireline and Wireless Networks
In all types of network (wireline or wireless) packet collision is a major problem which

causes long transmission time due to baokf times overhead and possibly

° At that time they anticipated their idea beingedisin radieguided torpedoes to switch between
frequencies to make it harder to detect, decode or jam. However, their idea did not attract proper attention
until 1962 by USA military when their original patent was expired.
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retransmission of paeks after ackmwl ed gment packaAnyiode ttai me r
wants to send data on a shared communication media first listens to the link in order to
detect a silent link and then starts the transmission prodéss is calledCarrier
sensing which is the basis for many communication strategies on shared transmission
media Carrier Sense Multiple Access (CSMA) method of multiplexing is introduced by
Kleinrock and Tobag]95] in 1975 In this method, ades do not start thteansmission

when the shared link is already busy with another transmission; therefore, the collision
just happens when two or more nodes detect a silent link and initiate their transmission
process all exactly at the same ti(mepractice this may happém a certain time period
around the start of transmission rather than the exact start time of transmisstarg

case an arbitration mechanism is needed to decide which of those nodes have the
permission or the priority to use the link. Like otherdgpof resource contention
problems there are two major strategies to tackle packet collision: collision detection
and collision avoidance.

Tobagi and Hunt[96] added collision detectionfeature to the original CSMA
(CSMA/CD) in which transmitters stop transmission over a link as soon as they detect a
collision. Then they wait for a period of time of a randomly selected length and then
start again. This cannot guarantee that collision will not happen for a secondntime
theory,the transmission time is not deterministic and it can be even infinitely Burtg.

in practice, the chance for more consecutive collisions is very low.

In case ofsimultaneous attempt of twor more nodes to gain cordl over the
communication mediayhat usually happens is that one of the nodes is permitted to
continue with sending data and other nodes wait for some time and try Again.
mentioned before, by using this technigug torrect transmission of all packess
guaranteed but there is no det@istic value for the transmission tim&he key point is

that these algorithmsaanot avoid the situation. kime critical applicatioa (including
parallel processingg high number of collision incidents increases the overall task time
and decreasese efficiency of the networkAnother key point is thain CSMA/CD
collision is detectable on the transmitter side while in a wireless network not all
collisions can be detected on transmission @itiéden node problerf97]).

On the other hand, CSMA with collision avoidance (CSMA/CA) technicaetdo
preventcollision in first place (compare with CSMA/CD that tries to solve the packet
collision problem).I[EEE 802.11]98] is a family of protocolshat defines CSMA/CA
among some other Media Access Control (MAC) and Physical (PHY) layer protocols
for Wireless Local Area Networks (WLAN)Sometimes CSMA/CA focuses on
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separating potential transmitters over time or transmission m@dm&.of the collision
avoidance techniques is based on dedicated timésl@sch node to send their data.

This means no other node initiates a transaction during that timeslot. This makes it
impossible to have interference between two competing nodes to access the ghared lin
In practice there should be a guard band after eaclslomi® solve the problem with
off-sync nodes. During these periods no node initiates a transaction. Solving the
problem with offsync nodes comes with a drop in effective bandwidth of the link.

Another technique ito usea pair of signalling packets called ReadySend (RTS) and
Cleart-Send (CTS). When a node wants to send a packet to another node it sends an
RTS packet before the main data packet. If the receiver is ready to receive thdatpacke
sends back a CTS packet which in the transmitter side is interpreted as a signal to start
the main data transaction. This type of communication is particularly useful in wireless
networks in which existence of hidden nodes is a problem. Hidden nedesdes that
cannot be detected by one node or a group of nodes. When dengdeode A in
Figure29) detects a silent channehe channetan be used for a datahsaction. But,

the problemist he si |l ence of t hat channel i's guarant
collision domain (i.e. interference rangaj;the same timehere can be other nodes out

of this domain(like node D inFigure 29) thatare still capable of interfering with the
signal in the receiver sidfe This is one of the maidifferencesbetween wireless and
wireline networks. In wireline networks packetceli on can be detected in
side; whereas, in wireless networks it is the receiverdaa detect the collision. The
difference is because ashared wireline link all node members have the same collision
domain; but in wireless networks the collision dorsani different nodes are not
necessarily the same.

TheRTS/CTS technique gives both the transmitter and receiver the chance to inform all
nodes in their collision range about the data transaction. This is the basis for Multiple
Access with Collision Avoidance (MACA) methods for wireline networks. In view to
solve the hidden node problem in wireless networks a variation of MACA algorithm is
introduced called MACAW (MACA for Wireless)99] in which each data packet
should be followed with an acknowledgment packet from the receiver to transmitter.
Another collision avoidance solution is call€hrrier Sense Multiple Aess with

Collision Avoidance and Resolution using Priorities (CSMA/CARR)ich is also

1 There is a similar, yet slightly different, problem called Exposed Node Prgbth in which it is the
transmitter of a message that is receiving a signal from other node while the receiver of its own message
is out of theinterference range of the second signal.
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defined in IEEE 802.11. In this method a modified version of RTS/CTS mechanism is
used. After sending the RTS packet the transmitter does not start transmittingrthe mai
data right after receiving the CTS signal. Instead, it waits for a period of time called
inter-frame space (IFS). The value of IFS varies with the type of packet. This is
basically a prioritising mechanism. High priority packets have smaller IFS while lo
priority packets have bigger IFS.

Figure 29: Hidden node problem in wireless networksBlack circles represent Radio range of nodes A and D.

Grey circles represent interference ranges of A and D

In wireless networks RTS/CTS wefeanism can be used to avoid packet collision but it
is the timeslot scheme thiat provento be a nearly perfect solution for packet collision

in an environment in which packet collision can just be detected on the receiver side.

2.7) Network -partitioning

I n t his t metworkpartitiohirep tiesr mnusied to refer to
used to divide a wireless network into subsets to let them operate on a given radio
frequency.lt can be compared with graph colouring problem (or a variation 9f tha

part ofthis thesisve are dealing with this concepihd sait is necessary to know about
what is already done on this field by other researciNatwork partitioningis a matter

of interest in two separate fieldBrst: mobile phone networks argecond:wireless
Internetaccess networkand wireless mesh networkisi a majority of applications in

both of these fields aetworkpartitioningalgorithm has two stages. On the first stage a
given network is split into overlapping or nonerlapping shnets and on the second
stage a radio channel is assigned to each of these subnets. The latter stage is usually
known as channel assignment.

In a mobile phone network the objective ofnatwork partitioningand channel
assignmentalgorithm is to optimallyuse the available radio spectrum while
guaranteeing the network connectivity and safety of calls for mobile users when they
cross the partition borders. A wide range of algorithms are designed and implemented

for this purpose[100] is a good survey on channel assignment and resource allocation
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algorithms for mobile phone networks. What mobile handsets need to do in a properly
partitioned network is to detect different signals received from different land antennas
and decide with one is best to choose communicateon. No two adjacent partitions
should have the same chanrighe size of the partitions and the baiditv allocated to

each of them argeither statically or dynamically) determined by thetwork
partitioningalgorithm.

Network-partitioning and channel assignmehave also been investigatéu Internet
access networkand wireless mesh networks. Most of the algorithms presented for these
applications are dynamic algorithmsths characteristics of the network ane thaffic
measures are subject to change during the. tifoe these reasons bandwidth allocated

to each branch of the network needs to be reviewed to minimise the latency and
maximise the spectrum usagdéetwork-partitioning algorithms can be centralised o
distributed. Weisheng et al[101] have had a good review on differemtetwork
partitioningmethods in wireless mesh networks. Although the network proposed in this
thesis is very different form wireless mesh networks forrmaeaccessthere are still

some key design issues in common between mesh net{asrksted byWeisheng et al.
[101]) and the network proposed in this thesis including:

1 Interference To reduce the interference thariety of the channels used should
be increased. The problem is due to some restrictions made by either
governmental regulations or technical issugsaningthe number of available
channels is usually not sufficient for eliminating the interference. Ammoth
problem is the distance between access nodes and user nodes that is referred to
in [101] as node deployment. In a mesh network node deployment can be
considerably high; while in our proposed network that numberery low.
Because ofhese two factsve think it is possibleto eliminate the packet
collision altogether.

1 Connectivity This is a concept borrowed from graph theory and is dealing with
the availability of paths from any given node in a network to any other given
node in that networkln our proposed networkonnectivityalso has a close
relation with path redundancy which is the availability of several paths from any
given node to any other given nodeh#is been one of the objectives of our
networkpartitioning method to increase these two factors by having as much
overlapping partitions as possible.

9 Stability.: The stability of a mesh network may normally be in danger from two

sources: ripple effecand channel oscillation. As reported Weisheng et al.
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[101] the ripple effecis first described byrainwala and Chiuef8] and refers

to consecutive channel switchirtqused by channel dependency among nodes
leading to failure ofpacket delivery A ripple effect typically occurs when a
node switches to a new channel over one of its radio devices (say to avoid heavy
load on the previous channel) and this makes the node(s) on the other end of the
link(s) to switch to that new channel. This change can propababughout a

large part of the network and cause proble@isannel oscillatioris caused by
repeating channel switchindque to algorithm not converging. According to
Weisheng et al[101] this may happen when there is a dymammetric for
channel assignment. A decision to make a switch to a new channel based on
such a metric can affect that metric which in turns may push the nodes to return
to the old channel very quickly. In some cases this svinsaik is so fast that do

not let the nodes handle their communication duties properly. As an example,
two nodes may detect an undgilized channel; then they may simultaneously
switch to that channel. As a result, the new channel may now face too much load
and consequently both nadecide to switch back to their older channels. This
may keep repeating if the nodes toe vigilantin responding tdraffic metrics

None of these two can happentire network proposed in this thesis because
both are related with dynamic channel assignt.

Throughput/latency: Like all wireless netwsrkhroughput and latencgre

major issue for both mesh networks and our network. The differende idPC
interconnect networks there is a more urgergdfor the least possible latency.

In dynamic clannel allocation techniques the bandwidth available to links can
be increased to respond to temporal increase in traffic load. Such measures are
not part of the presetttesis

Fault tolerance: The main fault tolerance tool in our algorithm is collision
awidance but in many mesh networkscollision detection and recovery
approach is adopted.

Algorithm time: Since in mesh networks the channel assignment algorithm
should be run on regular intervals it is important for the algorithm to be executed
on a reasoable time otherwise the performance of the network is sacrificed to
achieve precision. The wireless network presented in this thesis is static and
therefore the channel assignment algorithm does not need to be run more than
once. This can be done in adeanand for this reason the algorithm execution

time is not a major concern.
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Some graph partitioning methods are inspired by biological systems like the research
HernandezandBlumhave done otthe calling behaviour of Japanese tree frif3?] to
make a distributed graph colouring algorithm.
To the best knowledge of the author of this thesis no 3D wireless grid for parallel
processing is yet implemented. As a result nedworkpartitioning method for this
purpose is designed yet. Such an algorithmamiMRMC network should satisfy the
following criteria:

1 No signal interference occurs between any two data communication intervals;

1 Have the most path redundancy and partition overlapping;

1 Havethe most channel reusability.

2.8) Deadlock Detection/Avoidance/Recovery

The simulated network developed and tested for this thesis can be regarded as a set of
resources and consumers. From this point of view the wirelessdarketreated as
resourcesvhile the processors are the consumers who may compete for taking control
over thosaesources to transmit their packets. Like any resecmosumessystem there

are chances for ending up in a situation which is known as deadlock. The deadlock
situation isinvestigated for decades and different definitions for it can be seen in
different sources and may vary based on the context of the sources.

One of these is the definition of deadlock in operation systems introduced by
Silberschatz et al[103] and describes deadlock as a situation which occurs &hen
process or thread enters a waiting state because a resource requested is being held by
another waiting process, which in turn is waiting for another resource. If a process is
unable to change its state indefinitely because the resources requested by it are being
used by another waiting process, then the system is said to be in a deadbmtibck is

very common in systems which are multithreaded, multiprocessor, parallel or
distributed.Deadlock can alsoccurin databasés.

In the BC platform introduced in this thesieadlock caroccurwhen two (or more)
processing nodes have packets to send to the other node and at the same time the input
and output queues of both nodes are @il therefore no transmission is possible. In

this situation a free spaceimput queue ohode number one is a resource that the node
number two needs while node number one also needs a free spapatiqueue of

node number twan certain situationfoth input and output queues in both nodes can

' For further material on deadlock in databases referhttps:/docs.oracle.com/cdt17277_02/
html/TransactionGettingStarted/blocking_deadlocks.html
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be full and therefore no progress is possible. This situation, how it may happen and how
it has been tackled in this thesis will be discussed later in this manuscript; but in this
section some background olassic ways to avoid and recover from a deadlock will be

reviewed.

2.8.1) Deadlock Conditions

According toSilberschatz et a[103] simultaneou®ccurrencenf all thefollowing four
conditions are necessary for deadlock These conditions were first describbg
EdwardG. Coffman, Jrin 1971[104] and therefore are known as Coffman conditions

1. Mutual Exclusion: At least one resource musteld in a norshareable mode.

2. Resource Holding(Hole and Wait): The process that gained the control over a
resource and wants to gain control over other resource(s) which are being hold
by other processes.

3. No Preemption: The possession of the resoumr@nnotbe ended by anyone
other than the process itsadf g. after finishing its task).

4. Circular Wait: Given a set ofwaiting processes P= {PP,, € NP1 IR
waiting for a resourcleld by B, P, is waiting for a resource held by Bnd so
on until R, is waiting for a resource held by, P105].

Preventiorof any of the above conditionsésough for stoppinthe deadlock.

2.8.2) Deadlock Detection

Some systems simply igre the possibility of a deadlock situation. This approach is
only suitable for systems iwhich deadlocloccursvery rarely so that its damage can be
tolerated. In this approach deadlocks oanur, it will be detected and then the system
tries to correct it.This may include tracing the processes involved in the incident,
rolling those process back and restarting them. The resource scheduler is the reference
for detecting the deadlock and the processes involved in it.

There are two options when it comes to correct a deadlock: first: terminating/restarting
one or moreprocessesnvolved in it; second: forcibly freeing one or moresources

held by processes involved in the incident.

2.8.3) Deadlock Prevention

As mentioned before to prevent a deadlock situation, the system should make sure that
at | east one of t he Chappdnnildia & ghe basisifdrial i o n
deallock prevention techniques.

It is not always possible to prevent mutual exclusion because some resameetbe

spooled and shared by their nature. For other resources that can be shared between
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processes it is thduty of the resource allocator to make sure that the resources are
properly allocated and no resource can exclusively take control over any resources.

If it is not possible to avoid mutual exclusion, another option is to prevent resource
holding situation.This can be done byrging processes to ask for taking control of all

their resources at the same tie so that in cagslofe in holding any of those resources

is equal to failing in holding all of them. Despite its simplicity, this approach is both
inefficient and(sometimeghard to implement. It can be inefficient because it holds all

the resources from the start of the process some of which may be needed only in a short
period of time. This is also hard to implement because in some occasiontireegs
needed for a process may be determined by the dynamism of the process and can bot be
predict beforehand.

To prevent the third conditiorthe operating system should have the authority to take
back a resource from a process but in many cases it ealfflcult or impossible.
Preemption in many cases ends up in rolling the process back otherwise the results of
the process could be inaccurate or inconsistent. Also, rolling back adds extra time and
resource costs. As a result there are situations tresnpion do not resolve the
deadlock situation in an efficient way.

Disabling interrupts during critical sections is one of sle&utionsto prevent circular

wait. If the nature of the process and resources permits, creating a hierarchy for

resources is ab a solution for preventing this condition.

2.8.4) Deadlock Avoidance

If the nature of the processes is known to the resource allocator (e.g. operating system),
then there can be chances to avoid a deadlock situation beforehand. This means that the
resouce allocatoishould haveaninformation about: resources currently availabiey

many resources a process needs; what type of resources it whatisesources it has
already heldwhenresourcesire needed and for how long they are going to be held.

Given that at the start time the system is in a s&te(i.e. free of deadlock)using the
aforementioned informatiotine resource allocator can decide if allocating a resource to

a process can put it in an unsafate(i.e. on its way to aleadlock) A deadlockwill not

occurif the resource allocator makes sure that no request for aggés® resource is
granted unless the system remains in a st#eas a result of that actioithis should

be noticed that the an unsafe state does not mean thigatieck has already occurred

but it means that deadlock can happen; therefore, the system can be in an unsafe state
but does not end up in deadlock (e.g. by releasing some resources to prevent circular

wait).
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2.9) Network Simulation tools

This thesis neexla network simiator to runexperimentgo studythe behaviourof the
concept of BC platform. This needs a survey on a number of most popular network
simulators.In this section we will review some of these network simulatdrknger

list of network sinulation tools can be found [&06].

2.9.1) NS Family
Ns (stands for Network Simulator) is a family of discrete event network simulators
including three well known simulators:-As ns2 and ns3. They are open source tools
which are made mainly for teaching and research[18é]. Regarding the scale of
work needed to develop such a simulation tool which covers different networks,
implementation of the tools is spread over a large number of gerslo
The first version which was originally called the LBNL Network Simulator and later
was known as n$ was based on an older simulator called REAL developed by S.
Keshav. Ithad a C++ core and wadeveloped in Lawrence Berkeley National
Laboratory (NLB.) between 1995 and 1997 by Steve McCanne, Sally Fhrydi Kevin
Fall among othersSun microsystems, UC Berkeley and Carnegie Mellon University are
among longrunning contributor$108]. Ns-2 was released in 199 followedby ns3
in June 2008.
In its current version, A8 has several so called modules each of which contains models
for one or more devices and protocols in+walld. It is reported that a large majority
of ns3 users are using it to simulate wireless netwddlO7]; therefore, weless
networkssuch as WiFi and WiIMAX are supported by #& A simulator written in C++
can use n8 as a library which can bstatically or dynamically linked to if109].
Almost all ns2 APIs are now exported to Python as well.
There are somsteps forcreating a simulation using34107]:

1. Topology definition: Creation of basic facilities and their interrelationships;

2. Model development: Otheomponent®f a model is added (e.qg. IPv4, Peiat

point devices and links, applications);

3. Node and link configuration: Setting default values of the model;

4. Execution: Generating events and logging data requested by the user;

5. Performanceanalysis: Draw caclusions by analysing thime-stamped event

traces of data;
6. Graphical visualisation: tools are provided to graphically represent the

simulation results.
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High-level wrappers
for everything else

ABC stands for "abstract base class"
Aimed at scripting

Node class test /I
NetDevice ABC
Address types helper -
(IPv4, MAC, etc.) protocols applications | devices | propagation | =** Mobility models
Queues internet |  mobility —— S;?'E'Ce'trca)ndom
Socket ABC > network ’
IPv4/IPv6 ABCs \
Packet sockets / ﬁ K
Smart pointers Callbacks, Tracing Packets Events
Dynamic type system Logging Packet Tags Schedulers
Attributes Random Variables Packet Headers Time arithmetic

Pcap/Ascii file writing

Figure 30: Software organization of ns3 as plotted in[109].
Figure 30 shows the internal software organisation of3n#\s described if109], the

core of the simlator contains the components common across all protocol, hardware
and environmental models. Packets are implemented in network section. These two
sections are independent of any specific network and device models. The higher
sections of n8 are applicabn specific and may vary depending on the simulated
network. The propagation section can be of interest in this thesis as it defines how the

signal propagates and what the loss pattern is.

2.9.2) OPNET

OPNET wasa software provider specialist jperformaice managemerior computer
network founded in 1986 and was acquired by Riverbed in October 201dhjdist
orienteddiscrete event network simulation toolkit is known by either its old name,
OPNET, or its new name, RiverbeModeller More than 400 protocols and
technologies are covered by this tool kit includmglP, TCP, OSPFv3, MPLSnd
IPv6 [110]. It has an pen interface for integrating external object files, libraries, and
other simulatord111]. Simulating 3D networks is also possible with OPNET. The
OPNET modelling coverdetaik about different aspects of a network includiegwork
protocols, resources, algorithms, apations, and queuing policies. Data visualati

tools are also part of this tool Kit.

2.9.3) NetSim
NetSim* is developed by TETCG%and is a populastochastic discrete evenetwork

simulation tool that covers many technologies includiligeless Sensor Netwks,

12 http:/iwww.riverbed.com/products/performanemnagemenrtontol/opnet.html?redirect=opnet
13 http://www.tetcos.com/netsim_gen.html
4 http://www.tetcos.com/index.html
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Wireless LAN, Wi Max, TCP andP [112]. It is mainly written in C and Java and its
first release was in June 2Q08s libraries code are open for user modification
Different levels of abstraction are available when it comes to provide performance
metrics. The aligction level can be network, smetwork, node and a detailed packet
trace[112]. To have ani nt er f ace Dbet ween t hendkesm@&r so
NetSim providesan inbuilt development environmenilso facilities for acebugging

and tracing the code on different levels are provided.

2.10) Some Related Works

To thebest knowledge of the authof this manuscript the idea of using wireless links

for parallel computers is something new; therefore, there is almost no prexddusn

this particular topic. On the other hangetidea of incorporating large number of
processors for different applications wadely researched previsly. There is not
enough room in this thesis to introduce all those projects; instead, it iedeégidhoose

just a few of them whiclhavesome similarities with the proposed pl&ome of the
projects presented here are not directly related to parallel processing; they are chosen
just for the sake of diversity.

2.10.1) SpiNNaker

SpiNNaker[113] [114] is a computearchitecture to simulate the human brain. It uses
ARM processoin a massively parallel computing platform. A-$ayer thalamocortical

model developed biugene Izhikevicfill5]i s t he basi s of Spi NN
Instead of modelling convewpial artificial neural networksSpiNNaker models real

spiking neurons. The architecture is sought to achieve modelling of a billion neurons
using a million SpNNaker chips.

Spi NNaker 6s ¢ o flh6g ltas a wireline 22 mesto togology with six
neighbours per node. Nodes have exterrpbis in the SpiNNaker chiwhich allow

for a threedimensional (3D) torus arrangemenBased on the SpiNNaker
documentations their network is not as good as a 3D torus in terms of bisection
bandwidth and distance; but their network has advantage over 3D torus in terms of
simplicity of manufacture and deploy, extra link redundancy due tgodda links
(Southwest and northeast in addition to usual 2D east, west, north and south) and ease
of implementation of their own routing algorithm on that topology.

Thar communication medium, theumber of neighbours and the topology of the
network is diferentfrom the proposed platform in this thesis Al s o, Spi NNak e

usage is in simulating the operation of part of a human brain which is not the same as
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the target of thighesis But what is common between SpiNNaker architecture and the
network poposed in thighesisis the idea of using large number of processors in a
massively parallel platform with large number of connections between nodes.

Part of the SpiNNaker project concerns designing new processors and boards for their
parallel platformDesigning processors is out of thege of the currerthesis butthe

idea of incorporating large number of processors to shape a 3D grid for parallel

processing is common between the tdeas

2.10.2) Amorphous computing

In 1996a project was started MIT to use largeaumber ofprocessing elements that are
identical, capable of local communication, limited in terms of computational capability
and prone to faulty functioning used as a massively parallel sy3ieennumber of
processors depends on thpplcation and they may also be equipped with actuators so
that, at least in theory, they can be in physical contact with each other and even form
geometric shapeld17]. Inspired by biological systems, the basic idea was ¢oifsa

large number of nevery-reliable and nevery-powerful processing elements can
collectively show very strong computational power and higher level of intelligence.
They called their effort the study amorphous computinid.18].

The nodes i n MI TOos digribubed casdendy andedensalyron a ar e
surface(a 2D planein some simulations); therefore, there is no information about a
nodeds nei gh bTheirseltorganisemg nefvarlc is implemented in two
ways[119]: a groupbased hierarchical network and a setploring emergent network.

In the first method nodes come together and make groups of nodes with a leader for
each node which is in charge of ingmoup communicatia®@ The groups can have
overlaps. In second method each node explores its environment with sersdiagia
messagéo find a given destination. All neighbours respond to this message by either
relaying it or sending back @ath setup message case theyra the final destination.
Nodes react to the first search message of the same origin to help the original node have
the shortest pathin other words, a search message works inreathfirst search
manner.On reception of the path setup message, thenatigiode adds an entry to its
routing table which is limited in the number of entri&be positive point about this
method is that it can react to presence of barriers and blockage ofTlm&snethod is

more applicable to the platform presented in thisis, but since the BC network is
static and all information about the neighboisravailable to all nodes then there is no

need to none of these methods in a BC.
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Their idea was to have a selfganising, sethealing network that performs tasks
through collaboration between large number of elements, each of which has limited
resources and little global knowledge0]. They have made both simulated amaall
realworld pilot networks[121]. Pat of their work isto makethe nodeghe abilityto

learn how to communicatbetweenand learn from each other. The concept of
Bootstrapping Communicationsas introduced by Bedl22]i n o r Ooststraptao i
simple communicatiosystem from observations of a shared environment Thi s i s
of their plan to have a robust network in which each element may fail to operate
occasionally.

The idea of using large number of processors with limited communication abilities is
shared beteen the platform proposed in this thesis amdorphous computing
Amorphous computing; however, investigates the cases in which faulty elements can be
tolerated by the group. The performance of the groyggasennot hugely infected by

the isolated failux of nodes. This is one of the main themes in their research. The Ball
Computer(BC) concept (at least at its current stage) is not aiming for adding fault
tolerance capabilitiesAmorphous computindias a heterogeneous network in which
some nodes (faultyodes) are not performing as well as the majority of nodes (healthy
nodes). On the other hand the current versiothefBC platform is a homogeneous
network in which all nodes are equally good at performing their tasks. The idea of
emerging higher level fointelligence out of a large collection of rather modest
processors is not also an objectivetia BCproject The BC is sought as a pure parallel
computer while the MITO6s project is soug
behaviour of agent$n amorphous computintpe platform is going to look a bit likena

alive entity that uses its numerous simple elements to achieve high level of capabilities.
Redundancy of processors is a key factoainorphous computingvhile in the BC
platform all the nodes artestedto carry out their own tasks. It should be noticed that
the redundacy in communication chanrsgblays a big role in thBC platform.

Another differencds thatt he nodes iamsolht Todbe veny kimple and
limited in memory size while im BC although it is tried to keep the cost as low as
possible the simplicity of nodes is not a vital factédso, in M| T 0 Ise pnedessing t
nodes do not have any information about the topology of the network and their own
coordination before the start of the network. Parts of these data may be explored by the
nodes during the run time if needed. But in B@ the network is a static wireless
network in which nodes know everything about their coordination and the topology of

the network beforehand.

81



Chapter 2: Literature Review

2.10.3) Multicore Processors

The early computers have been made with just one processing unit. The idea of having
more than one processor once only belonged to high performance computers. In light of
reduction in manufacture cost, more and more commercially available computers are
now equipped with at least two processors. Having more than one processing core is
somehing usual even in mobile phones, tablets, laptops and desktop computers today.
Many companies have produced different multicore processors for general or specific
purposes. Most multicore processors for domestic usages have two prdoessors.

Eight and sixteen cores (in smaller quantities) are also available even for personal
computers. Processors with larger number of cores are rarely used for home or office
uses.

The most famous multicor e pCorepoeessofamily of t he d
including Core i3, Core i5 and Core i7 processor series with 2 to 4(tésed in many
desktop and laptop computers) | nXeoadrogessor family with up to 15 cor@dsed

in many HPC platforms including CRAY XC36 and | BoWeéRC processor
series wih up to 18 core¢Used in Blue Gene/Q HPC platfofth Higher number of

cores are embedded in a processor by other manufacfitera. CorporatiofY is just

one ofthose manufacturerthat has produced a series of scalable multicore processor
chips includng TILE64, TILEPro64, TILEPro36, TILEGx72, TILEGx36, TILEGx16

and TILEGx9. It is chosen just as an example (not necessarily the best or the first one
in this field) to see the similarities and differencesmilticore processagulatforms with

the platbrm proposed in the presahesis Tilera is chosen onlyo reflect the diversity

of products and producers.

Figure31 shows the block diagram of a TILEPro64 processor. A 2D array of 64 cores
(tiles) are embedded i n eadVeshif-thipBeBwort 64 pr oces
[123]. Each tile has a complete, fidlatured processors with L1 and L2 caches and a
switch to connect the tile to the rest of the netwdtigyre 31-right). The intereing

point about these tiles is thatare is able to run a full operating system on its own or
multiple cores can be used to run a symmetrical rpudicessing operating systdike

SMP Linux

In this manuscript we just focus on the mesh interconneatonletconnecting the tiles

inside the Tilera processors and do not go through any details of other building blocks

15 http://www.cray.com/Products/Computing/XC/
18 http://www-03.ibm.com/ibm/history/ibm100/us/en/icons/bluegene/
7 http://www.tilera.com
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of those processors. According Tde processor architecture overview for the TilePro
series [124] there are 6 eparate and independent networks connecting tiles in a

TilePro64 processor (this number is 5 in Tile64).

DDR2 Controller 0 DDR2 Controller 1

DDR2 Controller 3 DDR2 Controller 2

Figure 31: Block diagram of the TILEPro64 Processoras projected in[123]
One of the networkssia static network and the other five are dynamic networks. Of

these six networks only one of them are visible to users and the others are used for the

processorodos internal operation. The net wi
| ! |
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Figure 32 Tile-Gx8072processor block diagram as projected iff125]
I STN: The Static Network switches scalar data (not in form of packets) between

tiles with very low latency.
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1 UDN: The User Dynamic Network that is the only network accessible by the
user (usually through C library routines).

1 IDN: The I/0O Dynamic Network that is used for transfers between tiles and I/O
devices and between I/O devices and memory.

1 MDN: The Memory Dynamic Network is used for memory data transfer
between tiles themselveand between tiles and external memory. Only the
Cache Engine has a direct hardware connection to the MDN.

1 CDN: Coherence Dynamic Netwoi& used to carrgachecoherence invalidate
messageslhis network is not implemented in Tile64 processors.

9 TDN:TileDynami c Networkoés usage similar to the
data transfer between tiles. Only the Cache Engine has a direct hardware
connection to the TDN.

Newer processors like THEx8072 are made with larger number of tiles and with
similar (yet slghtly different) network Eigure32).

What any scalable multicore processor has in common witlB@hes the parallelism
achieved by using large number of process(@g.64 cores for a TILE64TilePro64
located very close to eaciher.Thedifferences between these two platforans:

1 A BC is a collection of independent nodes each having their own processor,
memory and /0. The memory address space of each eituer exclusively
belongs to the nodén a multicore processor there can be a variety of memory
modules with different access mechanism from different cores. Parts of the
memory are dedicated to nod€thers parts of memory can be shared between
coresand areconnected through an arip interconnect network

1 The connection network in a multicore processor is usually a wired network;
however, there have been some experiments with wirelesschipenetvorks
for multicore ICs.

1 Some multicore processoireplement several parallel networks some of which
designated to processorodés internal signal
(e.g. Tilerads 6 independent networks). Se
part of the current stage of the BC platform

1 The data link distances in a multicore & much smaller than those envisaged
in aBC. Thismeans thathe same technologyay not be usefibr aBC.

1 In most of the cases the multicore networks are 2D nesatbek reducethe
number of neighbours for ela core compared to nodes in a 3D hexagonal
network likeBC.
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2.10.4) Net-X

Being developed by th®istributed Algorithms and Wireless Networking (DAWN)
Group atUniversity oflllinois at UrbanaChampaignUIUC) NetX [126] is atest bed

for experiments with mukchannel wireless mesh networksarlier in this chapter it is
discussed that for a wireless mesh network, routing is a major issue. Routing for the
Net-X platform also seems to be a topic for research. Some of thdicadidns concern
methods of routing designed for their network (€1¢.7], [128], [129]). They also did

some work on reducing adjacent channel interference thrchayimel assignmefit30]

[131]. Their channel assignment algorithm is based on gathering information fram one
and twehop neighbours of each node and the number of such neighbours that use a
givenchannel. The mini mum, maxi mum and mean vVva
passed to their local balancing and channel assignment algorithm to decide about the
channel of the links of a node. The same procedure repeats periodically (in some of their
experiments the algorithm repeats every 5 seconds).

Since it uses mukthannel wireless devices ftas some similarities with the BC
platform but it should be noticed that the number of channels inXNist lower than

those in BC The application and the tweork being set up for that applicatiare
different from what sought in the curretiesis The distances it supportis is sought

for application inside a house or working plaeey the physical size of the nodes are
also different from a BCThe datarates NetX deals witharein range of tens of Mb/s

[130]; while the data rates sought in this thesis are in range of up to tens offGd/s.
applications sought for this platform are not as torigcal as those of a parall
computer; therefore, the latency and packet collision are not issues of such an
importance compared to the BC platform.

2.11) Summary

The literatuie reviewed in this chapter covers components that can be building blocks of
the wireless B grid proposedh this thesis.

Different network topologies for HPC systems have been reviewed. Direct and indirect
interconnect networks have been used for this purpose. Multistage switch networks
offer lowest number of hops but our survey showed the cables, particutatl by
Dragonfly and Flattened Butterfly networks, are rather I@igect networks including
multi-dimensionat o r i used in Crayds Gemini and | E
switches but they suffer from larger maximum number of hops which insreasthe

network expands.
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The short review on routing algorithms has been presented in this chapter which shows
that there are chances for direct networks to compensate one of their deficiencies over
switch-based networks that is their larger maximum nunobéops. This is particularly
possible by incorporatingut-through and wormhole routing with virtual channels.

When it comes to choosing the wireless technology for physical links our survey
showed that there are three possibilities: inductive coupling, inductive coupling-and on
chip radio.All thesetechnologies have their own deficiencié&hile inductive and
capacitive coupling technologies can offer data rates of hundreds of Gigabits per second
(or even Terabits per saud) with low energy consumptiothey cannot extend their
communication over cmange. On the other hand,-ohip radio modules can deliver
dataover cmrange but at the moment the data rates such devices support are up to tens
of Gigabits per second which in a medtiannel platform like the one proposed in this
thesis is not quite highenougbnc hi p r adi o6s bigger dorssue i s wi
that at the momens unable to match thequivalentwireline platforms. Radio modules
reviewed in this chapteszonsume around five Pico Joulesr bit in the best case while
energy consumption of one Pico Joules or less is common between wirelirgkisetw
over cmrange distances. This should be taken into consideration that electrical/optical
links in supercomputers are not in-cange. It has been shown in this chapter ithat
dragonfly network, | ike Crayo0sofdataioesa, t he ene
minimal path can be in range 60 to 700f Pico Joules. This is roughly equal to ten to
twelve on-chip radio hopgbased on oifthip radio technologies surveyed in this thesis)
Those technologies amot designed and developed for applioas sought in this
thesis. This implies that it is yet to be determined how far the current technologies can
be stretched to fulfil the criteria imposed by the Ball Computer wireless platform.

The review presented in this chapter on network partitionimh dnannel assignment
algorithms showed that the Hidden Node Problem and packet collision can be solved
using a multradio-multi-channel platform. However, the criteria current algorithms try

to satisfy are different from what we need in this thesis. Timns that a new
algorithm should be designed to match the particular needs of the platform proposed in
this thesis.

Now we are ready to discuss our plan for a wireless 3D wireless massively parallel
computer. To test the idea pilot concept machine esented later in thikesis called

the Ball Computer (BC); but before that, in the next chapter (hypothesis and Rationale)
the main research question of this thesis is presented and we will see what this thesis is

particularly wants to achieve.
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Based on the literature reviewed in previous chaptés the time to ask the main

research questioand define the boundaries of thisesis Later in this chapter the

platform briefly poposed in introduction chapter is discussed in more details. Next

three chapters, also, contain detailed information abatiptftform

3.1) Research Question

This thesis is part of a bigger plan to test the viability of a massively parallel computer

with wireless interconnect networkhe question of viabilityraisesa number of other

questionssuch as

T
T

T
T

Is a wireless network capable of serving a parplietessing system?

Is there any advantage for a wireless network over a wired one in a parallel
system?

What are the minimum technical requirements of a wireless network to work
properly in a parallel system?

Can available wireless technologies producesfatory results?

If available wireless devices cannot deliver satisfactory results, what are the
major problems with them?

How an improvement in wireless technology can facilitate use of wireless
devices in such a system?

How restricting a wireless netwloin a parallel system is?

What characteristics such a system may have?

What range of applications may execute with acceptable performance on such a
system?

How large a parallel system of this type can be?

How costly such a system is?

From the technologat point of view there are a number of challenges in building a
wireless HPC system. Each of the following issues should be tackled with proper
attention:

T

T
T
T

Connectivity issues includingatency incurred by hidden node problem and
packet collision;

Buffer flow control strategy

The power delivery strategy (wired/wireless);

Heat dissipation.

Answering all these questions is beyond the scope of this tAésssthesisrestricts

itself to only someof aforementionedhallenges Network connectivity is the focal

point in this thesistherefore, te main research question of this thesis is:
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Is there an effectivesolution for connectivity in a massively parallel computemwith
wirelessinterconnect network?

We want to know if (and how) replacing a wireline interaaectmetwork with a wireless
network in an HPC system affects the performance of that systeparticular this
thesis investigates solutions for reducing communication latency via eradicatiket p
collision problem and implementing a suitable buffemfloontrol strategyRegarding

the other challenges that this thesis does not cover, this thesis cannot be regarded as
blue print for a wireless parallel computdihere are still serious issues that need
tackling before having @rototype of awireless @rallel computer of any typ&Vhat

this thesis is going tanswelis:

1 What hardware and software technologies are needed to build a wireless parallel

machin&

How such a computenay looklike?

Can packet collision be eliminated by proposingnalti-channel multiradio
platform enhanced with effective network partitioning and channel assignment
algorithms?

1 What routing strategy is suitable for it?

1 Howthe performance of such a computer may be

By the end of this thesis we wiihd answers to th questionfithe current statef-art

wireless technologies suit the proposed platfarrterms of the area they occupy, their
transfer rates and energy they consume. These should particularly be tested against a
dense and mukthannel platform like thene proposed in this thesi&lso it will be

shown that:

1 The proposed network partitioning and channel assignment algorithm is capable
of solving hidden node problem and eradicating packet collision.

1 The saveandforward algorithm implemented in thishesis yields good
performances for a given network attribgjtelthough its performance is not
good enough for other values of network attributes.

1 A wormhole switching (routing) mechanism with virtual channels is netaled
have a communication schem#ich offers low latency over a wide variety of

network attributes

3.2) Ball Computer
Sectionl.1 has briefly introduced our wireless architecture ithathe best knowledge
of the author of this thesis has not been used for HPC purposes Vae nameBall

Computer(BC) is chose for this concept machiné BC is basically a collection of
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independent processing elements in al&Ragonalwireless gridwhich operates aa
massively parallel computeEach node in the proposed interconnect network consists
of a processor and a series of wireless transceivers to give it the ability to share data
with other nodes. The type of the wireless module will be determined later in this
chapter. Based on the cent level of electronic technology is anticipated that such a
collection of circuitry (a processor and a series of wireless transceivers) can be
implanted on electronic boards of size foon 2cnf; however, the actual process of
making such a circuisibeyond the scope of this thesiss anticipated that when mass
produced, the price per node is reasonahfle.exactcost analysis for the proposed
network is not available at this stage because the network is only implemented in
simulation tools rathethan real world.

The whole electronic board is envisaged to be placed inside a plastic (or any suitable
dielectric materialsphereto prevent it from direct and uncontrolled electrical charges
from outside These so calleBalls are then packed to foran 3D wireless interconnect
network which in this thesis is referred to @&all Computer (BC) Each ball is
envisaged to have a size of 1cm to 2cm in diam&eciding about power delivery
mechanism is beyond the scope of this thesis, but to have algdearabout this issue,

there can be wireless, wireline or hybrid solutions for the issue of power delivery. Some
of the available options and their benefits and limitations have been already discussed in
chapter 1. Another very important issue is heasigation which, again, is out of the
scope of this thesis. This issue is also briefly discussed in chapter 1. The fact that these
two issues are not discussed in this thesis does not undermine the important role of these
two issues in shaping a 3D wirelésterconnect network of any type in real world.

The number of wireless modules per node depends mainly on the topology chosen for
the network and the relative position of the nodes. In the next chapter more discussions
on selecting the network topologyeaincluded. It will show that BaceCentred Cubic
(FCC)*® topology is chosen for this gritb let a maximum number of node® be
packed into a given spadeach node in this topology has d€ighbours

This thesis is solely concentrated on simulaaoalyses; however, even in next stages

in which a prototype of the proposed platform is to be bun#, design of processing
elements is noa priority. Insteada processor should be chosen freaommercially
available processdhat satisfiesome criteia mainlyconcerninghe processingbility,

the energy consumpticaind heat generatiodt the current stage, this thesis camly

help having a overallidea about \wat these criteria are.

8 FCC topology wil be explained in chapter four.
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A candidate wireless technologfhould be comparablto wirelinenetworks used in
parallel computers. This comparison is on a number of characteristics. To have a chance
to replace conventional connection networks, a wireless technology should prove that it
is better than (or at least comparable to) wireline technalagdlye following items

i Data communication rate;

1 Communicatiordistance

1 Power consumption;

1 Occupied area;

1 Locality of communication.
An on-chip wireless communication mechanism can be based on capacitive coupling,
inductive coupling oradio waves. Each of thegestrong on some of the items listed
above.The target of this manuscript is to show that therether an existing wireless
technology which is better than wireline on the items listed above, or the wireless
technology is badng to the directiorof makingsuch a technology in near future. For
this reason the author of this thesis believes that it is the right time to start thinking

about considering wireless technology in parallel platforms

3.3) Data Communication Rate

Oneof the strengths of reactive methods (i.e. capacitive and inductive coupling) is the
high data ratethey supportAs far as it is concerned with data rates, there are some
promising results reported by several researchers and it is anticipatedtkigeghiort or

middle term wireless devices can be compared to their wireline counterparts in terms of
data rate Figure 33 shows some reported results on all the maieethzategories of
wireless mechanisms. It showsatradio waves are more capable of supporting longer
distances but it comes with the cost@ier data rates.

Coupling techniques have the chance to use parallel data lines to increase the data rate.
In fad there is no theoretical limitation on the number of parallel links except for the
device size as there is a threshold on how close two consecutive parallel links can be.
The idea of parallel links is very popular in coupling methods and gives an uppkr ha

to them especially to inductive coupling techniques. This is the main reason why there
are inductive coupling mechanisms with data rates of up to 8Tb/s. Parallel transfer of
hundreds (e.g63] and[132]) or even one thousand parallel links (¢4%] and[70])

have already being reported.

For radio waves there is no such chance to have parallel independent links, as parallel
links inteffere with each other. For this reason, radio devices should stick to serial

communication of data that stops the radio data rates reaching the Terabits or even
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hundreds of Gigabits range. The best performance in terms of bit rate the author of this
thesiscame up with is around 26 Gi§&t] in 2012.
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Figure 33: Comparing wireless technologies in terms alata communication rate

Another point is the frequency of radio waves used for presenhipnrados. At the
moment 60 GHz waves are used by most of researchers in this field. There are some
attempts to test higher frequencies like 120GHz (Including earlier workesifgi et

al. [133] in 2004,DefermandReynaer{134]in 2010 and~ojimoto et al.[135] in 2010

which is followed byKatayama et al[136] in 2012). Some other impressive results like
Fukuda et al[83] in 2011 which is developed further Banaka et al[84] in 2012 use

a full-duplex multicarrier scheme which uses 57GHz and 80GHz frequencies. In light
of new developments in the terahertzamp radios (e.glshigaki et al.[85] andHu et

al. [137]) it is highly anticipated that much higher data rates can be achieved by using

suitable modulation/demodulation methods.
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Figure 34: Improvement of data rates in radio devices during last decade

The increase in data rates in-cmp radio devices during last decade can be observed in
Figure34. The data rates plotted in this figure is high enough for a stiglenel on

chip radio device but if the bandwidth is going to be shared by more than one channel.
Terahertz radio modules rahelp increasing the data rate of digital signals (atg.
hundreds of gigabits per second miore) in future when Terahertz -@hip radio

devices are mature enough
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3.4) Communication Distance

The major problem with coupling methodsoth capacitive anthductive) is the very

short communication distance they can suppdre only exceptions are inductors used

in wireless BANs which operate in erangedistances; however, tinedata rates are
considerablyower thanl Ghb's and therefore cannbé considexd in thisthesis

The other deficiencyof coupling methodss their high sensitivity to alignment of
coupled elements (capacitors odurctors). The fact that both of these schemes are
mainly developed for intechip communication applicatiorexplains wly none of them

push for neither supportinigngerdistances nomorerobustness against salignment

of coupled elements. LoAgnge reactive methods consume high ansohtenergy

and therefore aneotfavourite optioms for the platform proposed in this thesis

Wireless communication is mostly based on transferring data in a straight line from
transmitter antenna to the receiver antenna; whilmast ofwireline schemga straight

line from transmitter to receiver iohavailable and wires run through longer distances
andmay pass different circuits to deliver data to the receiver. This should be considered
when finding a wireline equivalent for the wirelegfisme proposed in thikesis It is

not possible fothe adhor of this thesis to find an exact lengthvofe thatis equivalent

to a 1cm wireless linkbecause of differences in architecture of both categories of
technologyln a multiprocessor boarthe number of processors are fixed; therefore, for

a processoon a board a transaction with processors on other boards should go through
board connectors and then data buskemany parallel platformseparate I/O boards
(possibly on separate racks) are used to send a packet from a processor board to another.
This makes the actual average length of wires between a transmitter and a receiver
muchlonger than 1cm (as envisaged in the proposed platform).

According toFigure 33 no capacitive coupling technology is suitable for the distance
envisaged in thishesis(i.e. 1-2cm). A few inductive coupling transceivers satisfy the
criteria. A much larger number of embedded radio devices are suitable for such a link in
terms of communidéon distance. This means that there are many suitable options when
it comes to the length of link; hawver, as it will be seen later this chapter many of

those candidates do not meet otthesignrequirements.

3.5) Power Consumption
One of he strengths ofeactivemethods(i.e. capacitive and inductive coupling)ttse
low electrical power they consumiEhe consumed power for radio devices inm@nge

is higher compared to reactive technologies. This is because of first: the nature of
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electomagnetic waves; and second: radio devices are usually used over longer distances
compared to the other two methods.

Different design choices have been made in diffeqgagers reviewedby this thesis

The main differences are in:

1 Communication distancé heoretically the power consumption is related to the
square of the length of the link. It should be noticed that not all the power in the
transmitter gle is consumed in the amplifie@nd antenna; therefore, the
transmitter 6s t o teanotsqalewith the lengtmas thentigkt i o n

1 Target Bit Error Rate (BER)A wide range of BER is reported in different
projects(See Appendix ATable46, Table47, Table49). The BER of inductive
coupling technologies surveyed in this thesis vaegwieen 16° and 10"
(excluding wearable devices that have BERs in range @Y. 18urveyed
capacitive coupling devices have almost the same nature as inductive coupling
in terms of BER as their BER range betweet®dhd 10". But BERSs reported
for on-chip radio devices surveyed in this thesis vary betwe€ratfl 10"

Among the factors that may affeBER aredata ratet r a n s npowertaed 0 s
even thechosentype of modulation and coding methadery weak signals are
hard to be detected and certly decoded in the receiver side while too strong
signals may contribute in cresslk interference. Both these situations may lead
to high BERs.Since the reviewed technologies vary in BERwill be very
inaccurate andmisleading if the power consumedly those projectsare
compared with each other.
The currenthesishas set a fixed communication distance between the transmitter and
the receive(1-2 cm) To compare the results reported by other researtihess results
should be normalised to the ésaged distanceln the absence of an accurate
normalisation mechanism (as discussed in previous paragraphs) approximation of
normalised valuesre used. This approximation is based on the theoretical square
distance rule.
Comparing wireline and wireless even harder because thetuallength of wirein a
wireline equivalent of the proposed wireless scheme is-2atrh Figure28 shows that
the data in a wireline network dsnot always choose a straight line between the
transmitter and receiver; but in a wireless link the signal chooses the shortest distance
which is astraight line The average link distance in a wireline netevarith the same

design targets of the proposed wireless network is higher #aoni; but an accurate
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estimation of such a wire length needs detailed technical information of the equivalent
wireline network which is not available at the moment

In 2004 Cho et al.[138] compared wireline and fibre optics connections for short
distances. Their comparison on power consumption is showabte 8. As this table
shows when the distance is short, wirelines are better in terms of exwgrgyymption

and for longer distances fibre optics outperform wirelines on this matter. Regarding the
date of the paper, the results cannot necessarily reflectittentstate for wireline and

fibre optic connections but it helps having a taste of the range of energycalemtd

optical links in subL00cm links consume.

Technology | Data Rate (Gb/s) | Distance (mm) | Energy per bit (pJ/bit)
4 100 0.75
4 1000 25
4 1000 8.75
Wireline
6 100 0.75
6 800 25
6 800 7.5
4 100 25
. ) 4 1000 6.25
Fibre Optics
6 100 2.67
6 1000 5.83

Table 8: Comparing wirelines and fibre optics in term of energy per bit as projected by138]

In 2007 Koo et al.[139] compaed fibre optic and copper communication lines over
short ranges. They tested these two media of communication using different transistor
technologies ananeasured the energy consumption, latency and bandwidth density.
The resultsTable9) demonstrate a reduction in reported energy consumptions

Another comparison is nda byStucchi et al[140] in 2013.Table10 summarises their

comparison between two types of wireline and two types of fibre optic devices.

Media | Technology(nm) | Data Rate (Gb/s) | Distance (mm) | Energy (pJ/bit)
22 10 10 ail
32 10 10 al. 25
Copper
45 10 10 al. 7
65 10 10 az2. 35
22 10 10 ao. 4
Fibre 32 10 10 an. 49
Optic 45 10 10 aon. 51
65 10 10 an. 75

Table 9: Comparison of energy consumption in copper and optic technologies oo et al.[139]

9 Their paper also includes carbon nanotubes as well which is out of the scope of this thesis.
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Technology Data Rate (Gb/s) | Distance (mm) | Energy (pJ/bit)

Wireline (RC) 1.55Em 10 0.58

Wireline (TL) 50 (8&m) 10 0.052
Fibre Optic,off-chip laser, 45nm 50 (25£m) 10 0.075
Fibre Optic, orchip laser, 45nm 50 (25Em) 10 0.018
Wireline (TL) 50 (8£m) 20 a0.14
Fibre Optic, offchip laser, 22 nm 50 (25Em) 20 a0.075
Fibre Optic, orchip laser, 22 nm 50 (25Em) 20 a0.02

Table 10: An energy consumption comparison between copper and fibre optic communication media ove21
cm, reported by Stucchi et al[140].

Someotherresults can be seenTable11 which concerrdistances less than one metre.
Table8, Table9, Tablel0andTablel1 belory to different technologies and they might
significantlydiffer in design criteria but those tables show a constant decrease in energy
consumption for optical and electrical communication devices overaoge among
different platforms.These tables shovinat asub-pJ/bit energy consumptidior a cn

range wireless link is not far from reality particularly when using fibre optic cables

Ref. Date Technology | Data Rate (Gb/s) | Distance (mm) | Energy (pJ/bit)
[141] 2010 Wireline 470 5.08 1.4

[142] 2011 Wireline 40 200 11.43
[143] 2011 Wireline 6.4 200 4.1

[144] | 2011 | Wireline®™® 22 100 40.35
[144] | 2011 | Wireline™ 433 100 0.5

Table 11: A number of short-range wireline links operating under 100 cm

We have already seen $ection2.2.7(Table5) that how muclkenergy a typical modern
commercially avail able HPC system (Crayo
a minimal/noaminimal path We know that a minimal path in this technology includes

one long range (optical) and up to four short (electricaksli Also we know that, in
practice, not all the paths in an Aries platform are minimal.-iorimal paths have 10

hops (as an absolute maximum) and 7 hops (as an average number of hops). In all these
cases there is one long optical link involved in tlaasaction proces3his means that

a packet exchange over Crayo6s Aepandingonc an
the number of hops.

This thesis has surveyed more thadD2papers published during last decade on short
range wireless communicationssgarch for potential candidates for replacing wireline
networks in HPC systems. A thorough list of those technologies is included in
Appendix A. Here those technologies are compared based on three major factors:

20 This minimises energy per bit.
1 This maximises dateate to energyerbit ratio.
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energy consumption, communication distanod data rate. The results belong to three

major categories of wireless technologies: Inductive coupling, capacitive coupling and

on-chip radio devices. Three thresholds are introduced as technology selection criteria:

1 21cmis the minimum distance neededddink sought in the BC platform.

1 A datarate of 1 Gb/s is the minimum requirement for a successful candidate; as

modernday supercomputers extensively use cables with data rates of Giga bits

or tens of Giga bits per second.

1 Later in this thesis it wilbe shown that BC platform proposed in this thesis

needs up to 24 hops to send a piece of data from one node to another (given its

number of nodes is the same as an operational Cray Arig)s means that

each hop in the proposed topology should consumend 3 pJ/bit to have the

same energy demand as a modern commercially available supercomputer. An

energy threshold of 10 pJ/bit is chosen to choose any wireless technology with

an energy consumption of the same degree of magnitude (3 pJ/bit).
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Figure 35: Comparing data rate vs. energy per bit for (a) capacitive coupling, (b) inductive coupling and (c)

radio wavetechnologies

The results are shown kigure35, Figure36, Figure37 andFigure38. Figure35 plots

data rate against energy consumption per bit for three major categories of wireless

%2 The Cray Aries platform used for this coamison is Switzerland $iz Daint with 14498 nodes
(115,984cores). A 3D BC grid of size 25*25*24 has almost the same number of nodes (14500).
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technologies. To make the differences between these three even more visible, in next
three figures surveyed technologies are plotted in three diffevays. InFigure 36

current wireless technologieseacompared based t¢ime data rate and energy criteria for

the proposed networlEnergy consumption is plotted against communication distance

in Figure37, andFigure38 plots data rate versus communication distance.
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Figure 36: Comparing wireless technologies in terms of power consumpticand data rate

These comparisons show that the power consumption of solutions based on radio wave
are considerably higher than both two coupling methods. The best reported radio
solution over 10s of millimeter is in range of 2 pJ/bit (which is a great achievement on
its own); while both coupling schemes deal with power consumptions of 1pJ/bit or
lower (not forgetting that they deal with distances much shorter than those of radio
applications). Some technologies based on both coupling techniques have yield energy
consumption in range of 0.01s pJ/bit that is even better than most wireline solutions.
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Figure 37: Comparing wireless technologies in terms of power consumpticand communication distance

The distinct difference in the energy consumption between the three methods is visible
particularly in Figure 36. While most of reactive methods easily satisfy the energy
consumption criteria, most of radio devices struggle satisfying this criteria. The
deficiency of coupling methods are showrFigure37 andFigure38in which none (or

very few) of them can mutually ssty the energy consumption and data rate criteria or
energy consumption and distance criteriaeilgy consumption is known to be of the
most importance. Reducing the energy consumed by both processing and

communicating modules is the main objectivaimyparallel processing platforid45].
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Figure 38: Comparing wireless technologies in terms adata rate and communication distance

Figure 36, Figure 37 and Figure 38 also show that the tightest constraint is in energy
consumption versus communication distance (showfigare 37). According to this

figure neither capacitive coupling technologies nor inductive coupling modules can
satisfy both these criteria at the same time. Even amowhiprradio modules there are

very few technologies that can deliver data toeheisaged distance (i.e-2tm) with

less than the energy threshold set in this thesis (i.e. 10 pJ/bit).

But asFigure 39 -derived from surveyed papers (Appendix-Ashows this problem is

not as severe as it was one decade ago. It is mentioned before that it is hard to normalise
the network parameters of different projects because of their difference in design details
but Figure39 still can be used as an estimated measure of the energy consumed to send
one bit over a Imm link. This leaves us with the hope that following this trend we will
see orchip radios in future with much lev power consumption rate which makes

them easier to be incorporated in the network proposed in this thesis.

Energy per
bit/Distance
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Figure 39: Mutual improvement in range and energy per bit for radio devices during last decade

In comparison, reactiveethnologies havehe bestrecord in energy consumption
(around 10 fJ/bit) but such a low energies do not let them send data over more than tens
of micrometresThe energy consumption of radio devicesignificantly higher but it is
decreasing year by yegseeFigure 27). During the same period the communication
distancesupported bycapacitive and inductive coupling have not been improved
enough to match the design necessities of this thesis.
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Ref. Data Rate(Gb/s)| Distance(mm) |Power (mw) | Energy per bit (pJ/bit)
Deb.et al[82] 16 20 90 5.63
Kawasaki et al[146] 11 14 70 6.4
Yu et al[147] 16 15 26.7 1.67
Fukuda etal. [83] 25 120 140 5.6
Foulon et al[86] 10 10 21 2.1
Tanaka et al[84] 26 120 137 5.27
Tanaka et al[84] 20 5 137 5.85

Table 12: Candidate wireless technologies suitable for a 3D wireless grid

If the historic trend of reduction in energy consumption etbip radio continuethere

is a solid chance to have an-cmp radio option for the envisaged wirelesstwork

with reasonably low energy consumption in near future whoestrong push for
extending the range of communication ftast inductive o capacitive coupling
technologiesover cmrange distance can be detectedror this reason, to deliver the

dat over distances envisaged in this thesis, the best available option is radio waves, and
this is despite the fact that thstjll need to improve theglectrical power consumption.

We are cautiously optimistic to semillimetre-wave onchip radio communi@tion
technology is approaching the sBixo-Joulesper-bit scale

According to above figures and based on the papers surveyed in this thesis, there are a
number of candidates that satisfy all three aforementioned criteie(l2).

3.6) Occupied Area

It is not possible to define an exact area each wireless module should occupy. Such an
exact measure is derived during the design process. Designing a real nad®Cfos

out of scope of this thesis. A review of literature on all three major wireless
technologies show that both capacitive coupling and inductive coupling do not usually
occupy more than a square millimetre of chip area. Even hundreds or thousands of
pardlel capacitors or inductors can be easily fit into less than a square centimetre.
Therefore, both of these two categories of wireless technologies satisfy the area criteria.
On-chip radio modules usually need more aceepared to the first twavireless
categories This is particularly because of the embedded antenna needed in this type of
technology. However, mfirange modules are quite common in this figliyure 40-

derived from surveyed papers (Appendix-Ahows how the density of communication

rate over an area unit improves over the last decade or so. There is a substantial chance
for future research projects to follow this treoidmakingsmaller modules witlfaster
communication rateavailable. For all these reasons the author of this thesis sees no real

constraint over area occupied by wireless modules.
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Figure 40; Improvement in data rate and occupied area in radio devices duringast decade

3.7) Locality of Communication

Many of the current commercially available parallel computers are based on or inspired
by Blue Gene/Q platform. The 5D structure of Blue Gene gives it a huge flexibility and
a low number of hops between its nodéshould be also noticed that the topology of
Blue Gene is a round torus. This means that the nodes on the two ends of the network
are directly connected. This halves thaximumnumber of hops. ThBC architecture;
instead, has a simple 3D structureisTis good in terms of system simplicity but the
number of hops between nodes increases faster than BlueaGiieenumber of nodes
increasesTable13 compares thenaximum number of hops iBlue Gene platform and

BC. The structure o BC - as shown irdetail in next chapteii gives the nodes the
chane to communicate diagonally. For this reason in a 3D network of type N*N*N the

maximum number of hops is N.

Blue GeneQ Number of Ba:)”ir:::]spi)cl::ler Bﬂiiz:‘;’z;‘” Blue Wire:\::sXIrC\l/Jirn;I(:cs)EsCC Flat Torus
Dimension Nodes | range=d) | Range=2rq) Jcenerdrec=a)| =210y |Biue Gend
212121 217 32 3.17 1.59 5 |4 2 10
41 al2]| 29512 8 4 9 |8 4 18
161614 | 2|2 8102 20.16 10.08 21 |21 11 42
16| 16 |16 | 16| 2 131072 | 50.80 25.40 33 |51 26 66
32| 32|16 | 16| 2| 524288 | 80.63 40.32 49 |81 41 98
32 | 32 |32 | 32| 2| 2097152 | 128 64 65 | 128 64 130
64 | 64 |32 | 32| 2| 8388608 | 203.19 101.59 97 | 204 102 194
64 | 64 |64 | 64| 2| 33554432 | 322.54 161.27 129 | 323 162 258

Table 13: Comparing the maximum number of hops in Blue Gene platform and Ball Computer

Here two wireless schemes are tested and are
structure. In the first hypothetical scheme each node is just in contact with its direct

neighbours; while in second scheme the radio range of eachcovdesall direct

nei ghbours as well as alAb shawvninéabléel3andi ghbour so

Figure4l, thefirst architecture proposed in this thesis is better than Blue Gene in terms
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of the number of hops for networkizes of 8K nodes or les$he second scheme is
better than Blue Gene/Q in terms of number of hops even for very large networks. It
should be noticed that the maximum number of nodes in a Blue Gene in real world
never exceeds2332*16*16*2 nodes; therefore, the last three rowsTable 13 are

extrapolations of existing Blue Gene/Q platform and just show hypothetical situations.

% Maximum Hops
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Figure 41: Number of hops in Blue Gene/Q and Ball Computer
The number of hops is not the only factor to determine the communication time

between nodes. The latency in a @ communication is another important factor.
The communication i platform like Blue Gene goes through 1/O boards which locate
on different shelves that can locate in a separate rack. According to Blue Gene
documentations a direct neighbour emay latency is 0.2s[31]. The corresponding
delay time for a BC is not measured yet as it is yet to be built.

Based on the literature reviewed in this thesis the awathibis manuscripbelieves that
despite some concerns over the power consumption and number oft @pise right

time to statrthinking about using wireless devices in parallel platforms.

3.8) Buffer Management , Routing, Deadlock Avoidance

Among the buffer management methods reviewed in section 2.3 the store and forward
method is chosen for BC platform. The writer of this manpsds aware of the
potential delays this method may impose the mainreasonfor this decisionis that
compared to other meds a stor@andforward mechanismsisimpler to implementn

the literaturereview chapter it has been noted that-ttwbughand wormhole routing
methods are not suitable for links with intermitteannectivity At this stage it is
believed that the links sought for the BC platform are fairly robust and reliable so there
is no needd worry from this point of view; having saithat the reliability of the
physical radio links can be verified only when a prototype of the BC platform is built in

real world
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By making this decision we expect having considerable delay times in data transactions
incurred by long times packets spendli® buffers in intermediate node&nother
drawback of this decision is that the total transfer time for a packet will be directly
related to the number of hops. Regarding the fact that the BC network is a direct
network the number of hops in a packensaction can be considerably high which
means that the total transaction time can be hugely affected byMbed. efficient

buffer management methods will be considered for next stages of this research after
making sure about persistence of link connégtiv

In lack of switches or routers ihé BC platform packets will be routed usigigbal and

local informationstoredinsidenodes. A simple routing algorithm is adopted for the BC
platform which sets a fixed route between any two nodibs route is detrmined by

the coordination of the sender and receiver of the packet. The coordination of nodes in
BC network is fixed; therefore, thelscted route is fixed as well. The algorithm runs on

all nodes on a path from the source and destination of a transaction including
intermediate nodes and starts with calculating the distance between the current node and
the final destination of the padken all three dimensions. Then the packet is sent to a
neighbour alongside thexis which had the largest distes calculatedThis method is
chosermainly for the sake of simplicity of implementation and is not guaranteed to be
flexible enough if therera some nodes or links in the path that are missingubof

order.

This can be risky to have one and only one route because in cafsglafean even one

of the intermediate nodes no alternative route is considered and no packet can be
delivered. Thignay belessimportance in the current stage of the research in which only

a simulated BC platform is tested in which it is assumed that all nodes are up and
running throughout the whole simulation time. Thisiting algorithm is used just to
explore the outing method possibilities and will behanged or modified for next
stages.

A deadlock avoidance technique ssught forthe BC platform to avoid deadlock
situation when two or moneeighbouringnodes are dealing with high rateipput and

output packets In this thesis this situation is referred to as a communication hot spot.
There will be a communication hot spshen both input and output queuesaaiode

(I et 6 s @&atelfull with packetsdt@froranother nodenode B while the input

and ouput queues of node B is also full with packets to/from nodin Ahis situation

node Acannotfind a free space in input queue of node B to send a packet and free one
slot in its own output queudhe samdhing happens in B as well and no progress is
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possible. This particularly can happen when more than one workload are loaded to the
BC network.

A deadlock prevention technique is used for this thesis which is based on shifting some
of the traffic load off the nodes that face a temporal high traffic IdReferringto
situation discussed in previous paragraph, this means that when nodes A and B detect
that there are many packets in their 1/0O buffers to/feanh otherthey signal other
nodes to either stop sending them other packets or send packets io tnéower rate.

By doing this those two nodes have the chance to focus on sending/receiving packets
left in their /O buffers. Thenormaltransmission of packets from other nodes can be
resumed when the heavy load period is spEmt may not guarantdbat no deadlock
occurs but it can be shown that it can effectively delay a deadlock situbtare.

details about this deadlock prevention method can be found in chapter 7 of this thesis.

3.9) Summary

This chapter starts with introducing the main redegrgestion of this thesis which is:

Is there an effective solution for connectivity in a massively parallel computemvith
wirelessinterconnect network?

It is also discussed why we need to narrow down the scope of the thesis to connectivity
issues in avireless parallel platform. Other major issues are also briefly discussed but
left for future works. A number of more detailed questions around the connectivity issue
are also presented in this thesis.

A simulated network is needed to test the idea of nfgpa 3D wireless parallel
computer. This platform is calld8lall Computer(BC) in this thesisFollowing a brief
description of the concept ad BC in first chapter of this thesis, more detailed
discussions isncludedin the current chapter. By the end thiis chapterone will have a

clear picture of what a BC is and how it is supposed to operate.

This chapter showsvhat is our expectations from a BC platform in terms of data
communication rate, communication distance, power consumption, physical occupied
area and maximum number of hops.

The evaluations presented in this chapter shoes that the maximum number of hops in
BC platform is comparable to most popular parallel platforms in networks of small and
medium sizes. In large networks (e.g. a majority estrpowerful supercomputers in

the world today) the maximum number of hops of the 3D BC platform is higher than
modern direct net works | ike CRAY¥olvedini es 0 s
future expansions to the idea of BC by incorporating moreieftibuffer management

methods (e.g. worm hole switching/routing).
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This chapter also shows thtiere are two otheimportant factos hamely energy
consumptiorand data rateis which wireless devices are yet to baproved to be able

to match currentvireline technologies. It is shown that the wireleseeline gap is

wider in terms of power consumption.

Through chapters 4, 5 and 6 more detailed discussions are presented over some
important aspects of BC architecture. These are network topology, kegtesditioning

and task modelling respectively.
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4.1) Communication Media

The analysisn the previous chapter indicates that radio devices are the best choice for a
3D wireless gd. The radiorange andhe area radio modules occupy matich criteria

of this thesisThere are still some concerns ottedr data rate angower consumption.

As it is shown in chapter 3, there are already a fewgtop radio technologies that can
meet the energyeguirements envisaged in thilsesis More suitable ofrchip radio
technologieqin terms of energy demands) for the proposed platiwiinbe available

in near futurefithe historic trend of reduction in power consumption continues

As mentioned before, heat dissipation and power delivery are two other big challenges
which are out of the scope of thigesis In real world these two factors can play a role

in choosing communication technology. As an example, heat dissipation requseme
may set a minimum distance between nodes. This can have a direct effect on the type of
wireless technologyNone of theséwo challenges; however, hasydirect effect ora
simulated environment like th@neusedin this thesis

The other option for@ammunication mediavould be inductive coupling. The positive
point about such a technology is its low energy consumption and high dataTtses

big problems withinductive coupling aréts short data linkst suppors andits high
sensitivity to alignmenof coupled elements. The short data link problem is already
solved (e.g. in wireless BAN applications) but it comes with huge cost of sharp
reduction in data rate. In case of a breakthrough in improving the length of the link
while preserving the high tharate; inductive coupling can be a very favourite candidate
for a 3D wireless grid for parallel applications.

Regarding all the benefits and deficiencies of the two wireless categories mentioned
above, it is decided to use radio moduleshiBC platform. Each node of the grid in

this network has a number of radio modules which can operate independently. The
number of modules depends on the dimension of the grid and the ratio of radio

interferenceangetot he nodeds di ameter.

4.2) Radio Modules per Node
A 3D network is preferretb a 2Dnetworkin orderto have the maximum connectivity
between nodes. In a 2D network the maximum number of neighbours for a node is 6;

while the same number for a 3D network is 12. Also to accommodate a large number of
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nodesn a 2D network a relatively large area is needed; while the same number of nodes
can be packed in a relatively snealtube.

Anotherimportant factoris theradio range of modules. The larger the radio range the
larger the number of neighbours for a nodlich consequently leads to higher
connectivity and lower average number of hops. But this comes with the cost of lower
bandwidth available for each link givarfixedoverall bandwidth available to a node.

The communication range of a radio module is rdr@ge in which the radio signal is
strong enough to be received and decoded in the receiver side. The interference range of
a radio device is the range in which the radio signal can interfere with other signals but
it is not necessarily strong enough to téecoded in the receiver. In many radio
simulations as well as analytical papers the interference range of a radio device is
approximated as twice the radio communication range. Inthieisisthe interference

range is approximated as twice the commurocatiange. The communication range
plays a major role in determining the number of neighbours of a node as shbabian

14; while the interference range will affettte channel assignment process (discussed in
next chapter). The channel assignment algorithm determines the total number of
frequency channels needed for the whole network. The larger the interference range the
larger the number of channels and consequéimd narrower each channeill be.

This shows that an increase in the radio range has a positive effect on the performance
of the network as well as a negative impact. The positive effect is the larger number of
neighbours and higher degree of connettivihe negative impact is the higher number

of channels needed for the whole netwavkich means more restriction othe
bandwidth on each channel.

Table14 shows howthe number of neighbours increases with the radio range. It will be
shown in next chapter that when there are just 12 neighbours the number of channels
needed for each node is eight. When the number of neighbours is higher than 12, the

number of channelseeded is eql to the number of neighbours.

Radio Communication Maximum number of

Range neighbours for a nodé
1*d 12
2*d 54
3*d 168
4*d 356

Tablel4 The increase in the number of nesthgdiametarofthe wi th increase
node)
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When it comes to decide about the nodes
decided to keep the radio rangdabeB).Ishort
this case the number of neighbours for each node will be 12 and the number of radio
modules for each node is 8. Larger communication ranges are practically impossible

because of the sharp increase in the number of radiolesneeded for each node.

4.3) Hexagonal topology
A 3D hexagonal topology is adopted for the wireless grid to maximise the number of
nodes in a volume unit. We know from literature that there are two 3D topologies with
maximum density:
1. Hexagonal Clos®aked (HCP)
2. FaceCentred Cubic (FCQGiylso known af€ubic ClosePacked)

The space occupied by spheres in both these lattices is the highest among different
lattices. Both these topologies are based upon surfaces of balls in a triangular tiling.
FCC topologyis chosen for thishe BC platform It is known from GausfL48] thatthe
packing density of the spherésalls ornodesin this thesig in such an aengement is
given byEg. 10 which shows how much of a given space can be occupied bysgeal
spheres in aforementioned topologfes

Tm" V. 6= 8 Eg. 10
There is little difference between theahatticesthatis discussed ifil49]. In Figure42
letters A, B and C resemble different layerkere areonly two distinct layers in HCP
matrix; while, the number of distinct layers in FCC is thiBeese two topologies can
be convertedte ach ot her with a shift i RigueB2Cods |
where a shift in white circle with letter @ the dashed circle converts ¢éayC to layer A
and consequently converts FCC to HOPh e s h i f 1t whichsis the ydianfetdroof
the node$ andshouldbe appliecalongY -axis

Figure 42 HCP (left) and FCC (right) lattices as projected in[149]
The reason why FCC is preferred to HCP originates from the zoning mechanism which

is discussed in next chapter. The number of zones in both HCP and FCC topologies are

% Density is also called Atomic Packingdtor(APF). The term is borrowed froorystallography.
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the same; but the zones are symmetric and balanced in FCC while in HCP the zones are
nat evenly distributed over all neighbours. In FCC each neighbour is a member of two
zones.

Figure43 compares the grid in 2D and 3DIt has been stated earlier in thi@sis that

the radio communication range of nodes just covers their adjacent neighbours. It means

that each node is in direct contact with 6 nodes in 2D and 12 nodes in 3D.

@ (b)
Figure 43: The topology of aball computer in (a) 2D and (b) 3D

The number of links between nodes is decided tatl&s maximum. It is possible for a
realworld prototype to reduce the number of links to reduce the implementation cost as
well as the overall nuber of channels needed. This; however, comes with the expense
of a reduction in network connectivity apdssiblyan increase in average number of
hops between nodes. The actual number of links in a real prototype is a matter-of trade
off between these fémrs and cannot be determined at this stage.

What is important at the moment is to make sure that connectivity of network is
maximised by choosing a hexagonal topology (rather than cubic) for a 3D grid (rather
than a 2D grid). If the actual area occupigdal radio modules is small enough, there
would be another option which is increasing the number of radio modules from 8 to 12
for each node. In this case each radio is dedicated to onengnane neighbour. This

may increase the connectivity of the twerk and may lead to faster data
communication and lower wait time for data packets.

As a quantitative measure for the degree of connectivity in interconnect netiverks
connectivity matrixs used by a number of scholars includikauntain[150]. The basic
connectivitymatrix is a square matrix of sizg'n wheren is the number of processing
elements. Each elemefif) of this matrix is equal to 1 if there is a direct path between
processing elementsandj. That element is zero otherwis€onnectivity matrices of
higher degrees can also be made based on the basic matrix. For example in a second
degree connectivity matrix the matrix elemérj is equal to 1 if processing elements

andj are connected in leghan two hopstherwisethat element is zero. These matrices

#In real world the size of nodes are bigger than what is showigimre43. Nodes in real world will be
in physical contact with their neighbours as showhigure42 andFigure46.
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helps studying how effective a topology is when it comes to sending a message in least
possible hops. Connectivity matrices can be illustrated as a checked board in which each
small squardi,j) is painted white if the corresponding element in the matrix is zero;
otherwise that square is painted black.

Figure44 shows illustrations of connectivity matriceé degrees 1 to 5 for a 5D torus
which is the basis for connectivity network of a modern Blue Gene/Q parallel computer.
The figure shows that the maximum number of hops between two nodes in such a

network is five.

(c) (d) (e)
Figure 44: Connectivity matrices of a 5D grid (2*2*2*2*2). Path degree variesfrom 1 to 5 in (a) to (d)

respectively

The sameset of matrices iseproduced for a 3D hexagonal grid. The results are shown

in Figure45. It shows that the theoretical maximum number of hops for such a network
is four. There argust two exceptions to this rule which is due to the connectivity
limitation for the nods in the corners and edges.

Figure44 andFigure45 show thatfor small and medium size networks a 3D hexagonal
network can send messages with less number of hops thanks to larger degree of
connectivity compared to a 5D network. Since each node has 12 neighbours, it has
many options to choose from and thessage will be delivered in small number of
hops. But for large scale network tbehogonallyconnected nodes in a 5D network
showtheir strength and helgelivering messages in smaller number of hops compared

to a 3D hexagonal network. It should be noticed that although in a hexagonal network
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each node has many nelgiurs but they are not orthonal to each other and this
hinders the performance of suchogpology in large networksThese results reinforce

the results presented Trable13 andFigure41.

(c) (d) (e)
Figure 45: Connectivity matrices of a 3D hexagonal grid (3*3*4).Path degree variesfrom 1 to 5 in (a) to (d)

respectively

4.4) Performance Metrics

The main performance metrics in this themiethe execution time of taskprocessor
utility, the networlutility, the aggregate transaction time of all noded #re aggregate

link wait time which shows how much time nodes were waiting to access thelcoht

a channel for packet transactionhe state and performance of a network can be
evaluated using other metrics as well. Some of the most important of such metrics are
degree, diameter, bisection bandwidth and throughput of the proposed platform.

As discussed in chapter 2, the degree of a node in a network is the number of nodes in
direct connection with that node. Regarding the B&xagonal structuref a BC
platform the degree of a node (other than nodes on edges and corners) isTi2b(&ee

14 andFigure43). The diameter of a network is the maximum number of hops batwe
any two given nodes given the path is a minimal path. In a 3D BC oNsiz&n*n the
diameters will ben. This is becausef existence of vertical links in nodes from different

layers of the network.
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In a 3D BC of size N=n*n*n each node in the netwotkas up to 12 links with its
neighbours among hich 6 links are shared witheighbourson its right hand side and

the other 6 witieighbourson its left. When such a network is sectioned into two equal
pieces there are*n nodes on theborder on each sideTherefore thebisection
bandwidth of a 3D BC a§izeN=n*n*n would be6r?.

These values can be comparedTable 4 which lists metrics of some of the most
popular topologies already used in HPC systdms. can be seen that
metricscan match (or be better thahpse topologigs me.t r i c s
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5.1) Packet Collision Problem

The main motivation for incorporatingreetwork partitioningalgorithmin the platform
proposed in this thesis to solve the packet collision problem which is known to be the
main source of delay in data transmission in wireless networks.

Some of the most popular strategies to tackle packet colliseodiscussed isection

2.6. The RTS/CTS mechanism effectivébwers the packet collision incidents but it
comes with a drop in effective bandwidth because of the extra packets needed for each
data packet. RTS, CTS and data acknowledgment are the extra packets needed to
securely send a packet frorhet transmitterd the receiver. It should be taken into
consideration that the packet collision is not guaranteed to be totally eliminated in this
scheme; although the number of collision incidents is expectetbetoeducel
dramatically.

Another option is e timeslot mebanism which can guarantee total elimination of
packet collision. Buthe bandwidth for each node is reduced becausigedfct that the
overall bandwidth available to all nodes is divided betwbem

The strategy adopted ftine platform proposed ithis thesishas a minor analogy with
timeslots but it operates on the frequency domain rather than time domain. In other
words, in timeslot scheme different time slots are dedicated to different nodes; whereas
in this thesisdifferent channels are dediedtto different nodes to communicatéh

certain nodesRTS/CTS mechanism is not used becanfsés overhead (extra packets

per data packet) and the fact thatainnotreduce the collision incidents to zero. The
current mechanism for avoiding packetlisodn is based on dividing available spectrum
between nodes but it can be easily converted to timeslot scheme. From this point of
view all the material in next thresectiors can be applied to thiene domainas wellto

make an effective timeslot mechamisA multi-channel approach is adopted for the
wireless network used ithe BC platform and by choosing right number of radio
devices and right channels for each radio in each node the packet collision is guaranteed
to becompletely eliminated.

5.2) Networ k-partitioning Criteria
In previoussectiona multtchannel network was introduced as the backbone for the 3D
wireless grid proposed in thithesis Like all other multichannel wireless netwosk

(e.g. wireless internet access points and mobile phone mafwthis network needs a
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networkpartitioning algorithm to divide the network into (overlapping or none
overlapping) regionfside which a unique channelused for communication between
nodes.Network-partitioning algorithms differ mainly in the critea they are going to
satisfy. This has a direct effect on how the algorithm Ididlesand how it works. Twe
stage algorithms are very popular iretworkpartitioning A two-stage network
partitioningalgorithm is designed and implementaghinst the fobwing criteria

1 Eliminating packet collision;

1 Maximising the network connectivity;

1 Minimising the number of channels.
Referencing bck to the desigimssues listed irsection2.7 it can be seen that some of
those issues are included in the criteria while some others areanoissues in this
thesis Interference, Connectivity and fault tolerance are among the important issues in
this algorithm. Stability is not an important issin designing this algorithnynamic
measures to increase the throughput of the network are not includétl. be shown
that the algorithm has a polynomial execution time but this should be noted that because
of the static nature of the network thé&eao need to run the algorithm more than once.
This can be done before running the main simulator. The results chorédand used
in next experiments dar as the network size and dimension are not changed. For this
reason the algdhm time is not amain desigrtime concern for thenetwork
partitioning algorithm. 1 n addi ti on to the algorithmo
network is also very different from other applicatidile wireless Internet access
devices and cell phone networks. The numidenamles, their 3D formation and their
closed packed arrangement are some of t
features make thaetworkpartitioning algorithm designed for this network different
form other algorithms in this fieldChe next twosectiors discuss the two stages of the
networkpartitioning algorithm in more details. The first sabgorithm partitions the

network and the second one assigns proper channels to the partitions.

5.3) Zoning; Proposed Algorithm
The zoning algorithm dividethe network into overlapping sections (whiate called
zonedn thisthesig in a way that:
1 Each node in a zone can hear from all other nodes in that zone,;
1 The zone is in its maximal size; i@l nodes that satisfy the first criteria have
joinedthe zae.
This means that a zone is a sub section of the communication range of its m@eders

Figure 46). This figure shows thaa zone is in fact the intersection of communication
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range of three neighboums a 2D hexagonal gridn this figurer is the radius of the

radio range and is the mdius of the zoneThe same idea can lgeneralisedo 3D
networks as wellA zone in a 2D environment is a rounded triangle whereas in 3D it
looks like a pyramid. The zone members are the corners of these triangles and pyramids.
The idea ighatall zonemembers can use a unique channel dedicated to that zone. The
nodes near but outside the zone are banned from using that channel for any of their data
transactionsThe green and red areas in the bottom right imadrégure 46 show these

two groups of nodes. In this figure it is assumed that the radio range just covers the
nodedés direct neighbours. The radio range pl a
the geen area ifrigure 46 which isthe zone itself) while it is the interference range of

the node which determines how big the exclusion @reathe red area iRigure46) is.

Like many other simulations, in this simulation it is assumed that the interference range

of a radio device is approximately twias long asts radio rang.
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Figure 46: The process of forming a zone. The channel inclusion and exclusion areas are defined.

The zoning algorithm is designed so that each zone accepts asmaarbemodes as
possibleprovided a new member can hear from all old members of the Zdne
means that the zoning process stops onlgnwito other nodes can join thene. A node

in the network carfbe a member omore than one zone. These zones are overlapping
with each otherAs a result, a node can communicate with some of its neighbours over
more than one channéh a 2D network there can be up to 6 zones per (eidgire

47.b). This figurealso shows thahe centrahode can use twchannels to communicate
with either of its neighbours. This provides redundant paths for all nodes and increases
the connectivity and robustness of the network. In case of a failure in a link between
two nades there are alternative routes and dbenectionis not necessariljost This

also helps in cse of heavy traffic over a linkn this case alternative paths can redirect
the traffic and help balancing the traffic load. This degree of flexibility comgsthe
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price ofanincrease in the number of zones and consequently an increase in the overall

number of channels needed to set the network up.
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Figure 47: (a) and (b) A central node and its zones. (dfompared the wireless connections with their wireline

equivalent.

Figure47.c compares the pposed wireless network with its wireline equivalent. The
equivalent wireline network can also be seelfrigure48. Each zone is replaced by a
small star wireline netork which has just three members. Redundant independent star

networks are the equivalent ofarlapping zones wireless version

Figure 48: A wireline equivalent of the proposed wireless network in 2D

A greedy algorithms desgned and developed for zoning process.pseudo code is
shown inAlgorithm 1. The algorithm needs to know about the topology of the network.
One standard way to regsent a graph is via its adjacencysligtn adjacency li$f is a

set of unordered lists in whigth member of the seitk list) contains all neighbours of
nodei. The radio range of the nodes determines their neighbdhesadjacency list in
proposed zoning algorithm is callétkighboursand is passed to the algorithm as an
input. The output of the algorithms sought to be a collection of zones called
ZonesFoundhere (each zone is represented by a list of member nddespnly thing

the main function of the algorithm (callembning here) does is calling a recursive
function. This recursive function (calledecursiveFindNodgsis the function that
actually handles the zoning proces$ais subalgorithm is called once fogach of the
members of the network in the main function (line @ligorithm 1).

Like any greedy algorithm two sets are involved ractursiveFindNodegunction:
Canddatesand Answer The Answerset contains a list of nodes that are chosen for a

zone. In line 6, when theecursiveFindNodesubalgorithm is called for the first time

% As defined inhttp://en.wikipedia.org/wiki/Adjacency _list
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for any node-which is referenced to asentral noden this algorithm the Answerset
includes thecentral nodeonly. If a zone is found by the recursive function, then it is
added to the list of zones found so far (line 18). At any stage of the algorithm, the
Candidateslist contains all the nodes that have a chance for being addleeAoswer

list. At the top stage (line 6) this list contains all the neighbours ot¢hé&ral node
When thecandidatesset is empty it means that an answer (a zone) is found and no other
node can be added to it (line 17); otherwise the same recuusiggoh is called with

the currenAnswerandCandidatedists (line 21) until theCandidatedist is empty or all

its members are checked.

:// Global variables
- array-of-sets Neighbours ] /I Neighbour(i] is the adjacency list fahen e t w ath fodes
: setof-setsZonesound /I An initially empty set of sets. At the endh#sall the zones.

W N -

4: void Zoning () {

5; For i=0 tosizeOf(Neighbour¥ do// Neighbourshas a list for any node in thee network.
6: recursiveFindNodes({i} , Neighboursi)

7:}

8: void recursiveFindNodes(Answer Candidate¥{

o /I Inputs:

10: I Answer an integer sekpresenting one answer list (a zone)

11 I Candidatesa setrepresenting the candidates list (initially all neighbours of rpdg
12: int-setTempAnswer /I A tempinteger setepresenting an incomplete answer (zone)
13: int-setTempCandidates // A tempinteger setepresenting current state of candidates
14; for i=0 tosizeOf{Candidate¥do {

15: TempAnswerY Answef Candidatef]

16: TempCandidatesY Candidates Neighbours[Candidatés ]

17. if (TempgCandidates==1) then {

18; Zone§oundY Zone&ound‘ TempAnswer

18.a: for j=0 to sizeOf{TempAnswe} do {

18.b: int nodeMember Tem@Answefj]

18c: int zoneNe sizeOfNodeshodeMembédrz)

18.d NodeshodeMembdrZ[zoneN$.M= Tem@Answer

18.e }

19: }

20: else

21: recursiveFindNodes(Tempnswer TemCandidate}

22 }

23}

Algorithm 1: Zoning sub-algorithm
Lines 18.a to 18.e are not part of the algorithm itself but they are added to facilitate the

execution of the second part of network partitioning process (channel assignment sub
algorithm). What these lines do is updating Wexlesdata structure which ® be used

in channel assignment algorithilgorithm 3). Those lines add a new entry to #hist

in Nodesand store the newly found zone inNsfield. More information onNodesdata
structure and its fields can be found later in this chapter.
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The algorithm works correctly as long as it can guarantee that in any stage of the
algorithm theCandidatedist only contains all nodes that can be added toAihewver

list. This means that each node@andidatedist is a neighbour tall the members of
Answerlist. Line 16 gives the afementioned guarantee as in any run of the recursive
function the candidates ligt refined by performing a union operation with neighbours

of the newly selected node fdknswer list. Therefore, by performing the union
operation in line 16, the new member of Aeswerlist is removed from th€andidates

list (like any other greedy abgithms) followed by all members of th€andidatedist

which are not a neighbour of the new member ofthswerlist.

Compared to a standard greedy algorithm, the only twist in the algorithm is that all the
members of the candidates list that are not neighbours of the new menoswefset

also leave the candidates list. To have overlapping zones it is important atb let
different combinations of nodes be testexfdr tothe loop in lines 14 and 15). Th&o
statement in line 17 prevents premature termination in process of finding a zone. This
way, it is guaranteed that zones will be in their maximal size and eo tide can be
added to any zone.

The time complexity of the algorithm can be studiesingbig-O asymptotic notation.

The notatiorO(.) is defined as follows:

f(x) = O(g(x)) if and only if there are real numbéfsandx, such that f(x)OM*g(x) for

all x O x*°. This notation is usually used to describe the behaviour of a function when
its variable is very large (or infinite). We use this notation to study how the execution
time of the proposed zoning algorithm increases as the number of nodes (its input)
increases towards very large numbers.

Execution ofAlgorithm 1 has three phases. The first phase which is not explicitly
mentioned is the preparation of the inputeighboursdata structure). The second part

is the Zoning function. This function just calls a recursive function once for each node
which brings the algorithm to its third phasedursiveFindNodedunction). The
execution times of these phases in termsi@O are:

1 To construct théNeighboursdata structure, the geometric coordination of each
node should be adjusted which taka@) time units wheren is the number of
nodes in the networkConsequently,a define neighbours of each node, the
location of anode should be checked with those of all other nadeswo
nested loops each t#ngthn (complexityof orderO(?)). Therefore the whole

preparation phase is of ord®n}O(n’). When the number of inputs increases

% The definition is based ohttp://en.wikipedia.org/wiki/Big_O_notation
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towards infinity, theO(n?) part dominatestherefore this phadeas an execution
time of orderO(r?).

1 TheZoningfunction is called once per each node and therefore it has an order of
O(n) multiplied by whatever the execution order of the function
recursiveFindNodeghird phase)s.

1 The functionrecursiveFindNodesias a main loop (line 14) which repeats
times wherex is the size ofCandidateslist. x has a finite value and does not
scale with the number of nodes. There is also a second (inner) loop in this
function (lines 18.a t48.e) which is added to assist the execution of the channel
assignment algorithm. This loop also executes for a limited number of times and
is not related to the number of nodBsrts of the algorithm that have a constant
execution time do not take pantthe bigO analysis of the algorithnThe only
part of the main loop which its execution time depends on the number of nodes
is the union operain (line 18). The union operation is needed because the
algorithm as it is, may generate multiple copieshef$ame zones when treating
different members of them as central nodes (on different executions of line 6).
Depending on the implementation of set operations, the execution time of this
operation varies. When a set is implemented with a heap, the exeouiofor
a union operation can be of ord@logx(n)).

As a result the aggregate operation time of both functiceulsiveFindNodesnd
Zoning is of orderO(n*log,(n)). Therefore, the overall time complexity Afgorithm 1

is O(n?)+O(n*logx(n))= O(rY).

The execution of the aforementioned functions can be improved by making two changes
in Algorithm 1. In the enhanced versiaf the algorithm Algorithm 2) themain loop in
recursiveFindNodesfunction is altered so that it does not process members of
Candidatesdlist with indexes lower than the currergntral nodeThis is based on the
fact that any zone with such membersCandidatedist is definitely found before when
that member o€andidaeslist was thecentral node

This means that there will be no duplicate zoneZanesFoundlata structureAs a
result,a newly found zone casimply join the ZonesFoundvithout a need for union
operation. This gives constant operation tim@gD(1)) to the recursivefunction and
consequently th&oningfunctionis of O(n) order.But the overall execution time of the
algorithm is still dominated by the preparation process whiohasderO(r?).

Figure49 shows a 3D neighbourhood in which 8 pyrassithpe zones exist around the

central node. Each neighbour shares two zones with the central node. It can be seen that
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the top most layer and thetbmm most layer are not exactly the same. This mean$ that

like all FCC latticesthere are three distinct layers in this topology.

1:// Global variables

2: arrayof-sets Neighbours [] /I Neighbour[i] is the adjacency list fahen e t w ath nodie.s
3: setof-setsZone$ound /I An initially empty set of sets. At the endhdsall the zones.

4: void Zoning () {

5: For i=0 tosizeOf(Neighbour¥ do// Neighbourshas a list for any node in thee network.
6: recursiveFindNodes(i, {i} , NeighboursJi)

7:}

8: void recursiveFindNodes(CentralNode Answer Candidate${

o /Il Inputs:

10: i Answer an integer setepresenting one answer list (a zone)

1L 1 Candidatesa setrepresenting the candidates list (initially all neighbours of mpdg
12 int-setTempAnswer /I A tempinteger setepresenting an incomplete answer (zone)
13 int-setTempCandidates // A tempinteger setepresenting current state of candidates
14 for i=0 tosizeOfCandidate¥do {

15: if (CentralNode< Candidatef] ) {

16: TempAnswerY Answef Candidatef]

17: TempCandidatesy Candidate Neighbours[Candidatg§ ]

18: if (TempgCandidates==n) then {

19: ZonesoundY Zone&ound + TempAnswer

19.a: for j=0 to sizeOf{Tem@Answe) do {

19.b: int nodeMember Tem@Answefj]

19.c: int zoneNeg sizeO{NodeshodeMembgrz)

19.d NodeshodeMembdrZ[zoneN$.M= Tempnswer

19.e }

20: }

21: else

22: recursiveFindNodes(CentralNode TempAnswer TemCandidate}
23 }

24 }

25}

Algorithm 2: An enhanced version of Zoning sukalgorithm

For many nodes in the network (except those locating on edges or corners of the
network) there are eight zones per notlge algorithm imposes no limit on the number

of zones and tries to find as many zones as it can. This may not be always desirable. If
due to technical consideratienshe number of zones needs to be reduced, a
modification inAlgorithm 1 is needed to find just a limited number of zones (i.e. less
than eight zones in 3D) for each nodée number of zones is the same for a node
regardless of its position in the network. This lets the network have a monotonic
connectivity. The algorithm can be modifieby letting the position of a node in the
network play a role in generatinglifferent number of zone$or it. This may be
particularly useful if some points in the networle grovento be communication hot
spots and need higher degree of connectivity whereas other parts of the network can
cope with lowerconnectivity.In this case, more zones are needed for a hot spot; and

therefore the algorithm can respond to this demand by lowering the number of zone
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members and increasing the number of zoAeghe current version of the algorithm
there were no neefbr such modifications and it is simply assumed that all the nodes

have the same communication demands.

Figure 49: A 3D grid of wireless devices and the pyramid partitions around a central node

5.4) Channel Assignment-Proposed Algorithm

The channel assignment algorithm used in thésiscan be regarded as a vaoat of

map colouring algorithmMathematiciansn 19" and 28" century tried to find an

answer to the question of how many colours are neededdor@Imap(consisting of

contiguous regions) so that any two adjacent regions have different ¢aldurs890

P.J. Heawoo(i151] showed that any map can be painted with ding colours. Also it

can be shown that three colours are eabugh for maps in which a region is

surrounded by an odd number of other regions that touch each other in drc§€é6

K. Appel and W. Haken proved that four colours are enough for colouring any sort of

maps (their work was publish@d 1977 and 198 [152], [153], [154] and[155]).

The algorithm proposed in this thesis differs from the original map colouring problem in

the sense thain the current algorithm two zonesannot have the same channel

(compare with colours in map colouring) there are less than two zones located

between them.

In this subalgorithm the zones found in previous stage (zoning) are used as an input to

assigippr oper frequency chapropae |l isn ttohit s eano n tTexet wmoe a
the channels should be chosen in a way that in none of close neighbourhoods the same

channel is used. The key parameter in determiwitiga t z oadloses tao eedich ot her

is the interference range of nod@svo zones can use the same frequency channel if and

27 A more formal definition of the problem is presented in 2008 by Georges Goj88which states:

fA planar map is a set of pairwise disjoint subsef the plane, called regions. A simple map is one
whose regions are connected open sets. Two regions of a map are adjacent if their respective closures
have a common point that is not a corner of the map. A point is a corner of a map if and omlpifdsb

to the closures of at least three regions. Theorem: The regions of any simple planar map can be coloured
with only four colours, in such a way that any two adjacent regions have different ablours.
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only if none of the members of one of the zones falls inside the interference range of
none of the members of the otlzene.

It should be mentioned that the platform proposed in this thesié nodes are assumed

to have both the sanbemmunication range and teameinterference range. This is not
always the case in rewlorld applications. The radio range differs from a radio module

to another. Amongtber reasons this cdrappenbecause of the difference in the level

of electrical power applied to the devsa@nd physical obstacles between the transmitter
and receiver which cause different patterns of reflectatrsorptionand diffraction.
However, ina controlled area and a dense network the platform proposed ithis
thesisthere is a legitimate chance approximate all the radio ranges to one common
distance Algorithm 3 shows the pseudo code of the channel assignment algorithm used
in this thesis In the original version of the map colouring problem no neighbouring
regions can have the same colowhat makes the channel assignment different from
the origiral map colouring problem is that in chahassignment problem the shortest
distance between two regions with the same colour should be greater than or equal to
the interference range of nodes.

The input to the proposed channel assignment algorithm itaastiacture representing

the nodes of the network. Each member in Muelesstructure contains a list of its
zones ), a list of nodes locating in its interference ligtdnd a list of channels that
cannot be assigned to any zone of that ndfle Each member of th& structure
consists of a channel assigned to that zé)@Kd a list of nodes belonging to this zone

(M). The list of forbidden channels for a zone (calg@lso known agxclusion list) is

initially empty and new channels are addto it as the algorithm assigns channels to
other zones. The interference liBti6 needed because the coordination of nodes are not
included inNodesstructure. The information stored in list E and Ms{in Z) could have

been extracted from other mbers of theNodesarray; but it comes with the expense of
increase in the algorithmbés execution ti
data stored in thBlodesdata structure. Although this increase the size of space needed
by that array; but,im i ght of signi ficant reduction i
to include those redundant data.

The goal of the proposed algorithm is to assign values to the frequency channel of each
zone (represented bModes[].Z[j].F) so that the assigned frezncy satisfies the
criteria proposed in section 5.2.

When a channel is going to be assigned to a zone, the smallest channel number which is
not a member of the exclusion lig)(is selected (lines 13 to 19 Mgorithm 3). As

soon as a channel is assigned to a zone (line 26), that channel is also added to exclusion
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list of all zones in the interference range of all the zone members (lines 27 to 29). This
gualntees that there would be no interference between none of the zones over the
network. When a channel is assigned to a zone all the zones and zone members affected
by that assignment are updated as well (lines 24 to 29). This saves execution time when

cheking other members of that zone (refeiftstatement in line 25).

N gD

8:
9:
10:
11
12:
13
14
15:
16:
17
18
19
20
21:
22
23
24
25
26:
27
28
29
30:
3L
32
33}

1: void ChannelAssignment(Nodes {

/I Inputs: Nodes A set of nodes, where each member N consists of:

int FrequencyY

Z: A set of zonesEachzone consists of:

F: An assigned frequency channel initially setnall’

M: A set of nodes beloigg to the same zone membership
I: Aninterference lisincluding nodes in the signal interference range
E: An initially-empty set of frequencidsrbidden forthis zone

1

BooleanmatchY FALSE
for i=0 to sizeO{Nodes)do

for j=0 to sizeO{Nodes]i].Z)do {

if (Nodes[i].Z[j].F!= null) then continue
Frequencyy 1
matchY FAL SE;

repeat
if (Frequency NodesJi].Z[j].E) then
Frequency+
else
matchY tr ue
until (match

for k=0 tosizeOf{Nodes]i].Z[j].M) do{

int zoneMenY Nodes]i].Z[j].M[K]

NodesgoneMerhE Y NodesgoneMermhE* Frequency

for m=0 tosizeOf{NodesgoneMerhZ) do
if (Nodesl[i]Z[j] .M == NodesgoneMerhZ[m].M) then

NodesgoneMermZ[m].FY Frequency

for m=0 tosizeO{NodegzoneMerhl) do {
int interfer= Nodeg$zoneMerhlI[m]
Nodes|nterfel].E Y Nodes|nterfe].E* Frequency

In many channel assignment algorithmsother applications it is tried to include a
fairness criterionThis is mainly for balance in traffic of channels to minimise things
like inter-channel crosstalkAlgorithm 3; however,does not include a fairness criterion
mainly becauset is designed for a simulated netwaakd the algorithm should be as

simple as possibléVhen the algorithm is going to be applied to a-weatld network,

Algorithm 3: Channel assignment sukalgorithm

the fairness criteria should be included.

Figure50 shows the results of thidgorithm 3 (with addedfairness criterionppplied to
a 2D grid. Each distinct colour represents a distinct frequency charekepetitive

pattern of colours in these figures indicates thattbtalnumber of channels both 2D

andin 3D gridsarefixed numbers andreirrelevant of the grid size.
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The execution time of the algorithm is shorter than other channel assignment algorithms
because in many applications #gorithm should be executed ipegific intervals but

in the platform proposed ithis thesisthe topology of the network is fixed and there is
no need to run the algorithm more than oMdany channel assignment algorithms use
heuristic measures to approximate ptimised answer othvse theirexecution time
would increase exponentially with tmetwork size. Although the proposedalgorithm

can be executednly once beforeunning the simulatoior several timesit is still good

to know how the execution time Afgorithm 3 increases with the network size.

The preparation of thHodesalgorithm can take no time if the modified version of the
zoning algorithm Algorithm 2) is used in which thé&lodesis loaded with information
generated by that algorithrithe main body of the proposed algorithm consists of two
nestedor loops. The outer loop repeatsimes; wheren is the size of the network. The
inner loop runs foe times; wherez is the number of zones a node has. This is a fixed
number and it is shown iRigure49 that in a 3D gridz is lessthanor equalto 8. This
means that the complexity of the main baofythe proposed algorithm is afrder
O(n)*O(1)*Complexity of the contents of the inner loop

Therepeatuntil loop (lines 15 to 20) has a limited uppenili on its repetition because
of the repetitive nature of the channels (Begure 50). Therefore this loop has a time
complexity of orderO(1). There are also thregher for loops in lines 21, 24 and 27.
The latter two locate inside tlHermer. All these loops have a constant execution time
regarding their fixed repeat times. This means that the whole last three loops (lines 21 to
29) have an execution time of ord®(1l). As a conclusion, the channel assignment
algorithmhas a linear execution time afderO(n)*O(1) *O(1)=0(n).
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Figure 50: Representing channel assignment as a variation of map coloring problem
Thereis some room for improving the algorithm particularly in two ways. First is
assigning orthogonal channels neighbouring zones to decrease the interference.
Second is choosing the channels so that all channels are assigned to an almost equal
number of zonefto satisfy fairness criterion)n the present version of the algorithm a
free channel (which is not a member of #wclusionlist) with the smallest channel
identifier is selected for a zotier the sake of simplicity of implementatiohhis means

thatthere are chances that smaller channel IDs are assigned to larger number of zones.
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This may cause problems in certain situations. It is not studied how this may affect the
performance of the network and what the extent of this effect would be. This @an be

subject of research in futuveork.

5.5) Simulated Signal Interference Mechanism

The signal interference mechanism adopted in the current version of simulator is using
the geometric location of the nod@fie mechanisnis as follows:

Each node has two radio attributes: Radio range and interference rangadidbh@ange

of a sender node is the distance in which the signal can be successfully decoded. The
interference range is a larger ameavhich the signal can be detected but itois weak

to be decoded. This means that although the signabthe accepted as valid data but

it is still strong enough to interfere with another signdlich otherwise may had a
chance to be decoded correctlyhe second signal, in this casgnnotbe decoded
because of high noise added to the channel because of the first (weak) Bmgnal.
interference range is twice the radio range in most of widely used radio simulators. It is
the case with the current simulator as well.

Apart from signal interferere there are other sources of noise for radio signals in real
world. As this is the first version of the simulation tool and for the sake of simplicity in
implementation those sources of noise are not modelled in the current version of the
simulator. Theywill be added to the signal propagation model in future versions of the
tool kit. An independent channel object is implemented in the simulator programme to

handle the whole signal propagation and check for any packet collisions.

5.6) Summary

Network-partitioning and channel assignment algorithms have been already used in
applications like mobile phone networks and wireless internet access. From this point of
view the twin algorithms (networpartitioning and channel assignmeitjroduced in

this thesis are not 100% new concepts. What makes these algorithm novel and different
from other similar algorithms isiainly thecriteria against which these two algorithms

are designed. In particular the elimination of packet collision is the main oljedyti

the twin algorithms which is not sought in other algorithms of this type. Eradication of
packet collision isachievedby solving the Hidden Node Problem which is a common
problem in many wireless networks.

The price paid for solving that problem st the communication range of a naner

a given frequency channisl reduced t@omethingwhich is called &onein this thesis.
Figure 47 showsthata zone is onha fraction of the communication range of a node.
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This meansthat not all the neighbours of a node are included in a zone and
consequently that node needs more than a zone to communicate with all of its
neighbours.

In this chapter systematic method istinduced to partitiora networkinto zones so

that the elimination of hidden node problem can be guaranteed. The algorithm has an
execution time of ordelO(N?) whereN is the number of nodes in the netwafso a
channelassignmentlgorithm is introducg which guarantees no signal intervention
between any two zones happens and at the same time keeps the number of frequency
channels as low as possible. This algorithm also has an execution time oD@der

In fact, the networpartitioning algorihm m&kes sure there is no signaltervention

inside a zone while the channel assignment algorithm removes any chance for
intervention between zone®roofs for correctnessf twin algorithms have been
included in this chapter. Results in chapters 8 and 9 demab® their correct execution

in practice.
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6.1) Tasks vs. Task-model s

Like other parallel platforms the proposed grid should run a set of workloagaltate

its performance. LINPACK i®ne ofthe widely accepted toolldtfor measuring the
performance of @omputer. Its parallel version is also available to measure the actual
maximum performance of supercomputers (as opposed to their peak maximum
performance which in most of the times cannot actually be achieved). Other
benchmar ks are also introduced including NASA{
Benchmarks NPB) which is a set of benchmark tasks applicable to highly parallel
machines to determine how efficient these machines are.

The parallel platform proposed in thithesis is implemented in a simulated
environment; also this thesis is ratout studying different implementations of different
tasks in the realvorld. What this thesis needs is a task abstracted fnguiementation
details. Furthermore, the natures oé ttasks are also not of great importance in this
thesis. What this thesis is eager to find out is how the proposed BC architecture
responds when it comes to handling network traffic in situations that looks like real
situations. This similarity is in ternf the pattern of computation and communication
periods realvorld tasks have. In other words, we want to see how nodes react when
they mimic the computation and communication behaviour of real tasks.

To do this, it is decided to introdu@e concept callé taskmodelwhich as its name
suggests models a task in a way that its pattern of communication and computation
intervals are preserved whiteitherits internal operatiomor the way it is implemented
areof interest andtherefore those features amitted from the model.

A taskmodelis essentiallyan artificial traffic generator which mimics the pattern of
packet generation of one or a set of +walld tasks. Ataskmodeldoes not run a real

task and therefore does not do any real computation. ddleets daskmodelgenerates

do not contain real and meaningful data. The only things that are reahsikmodel

are the computation and communication intervals. This is the only thing a designer
needs to extradbr a taskmodelfrom a realworld task All of these mean thattask
modelis a higher level of abstraction for modelling a real task in a way that only its
communication behaviour igreservedThis level of abstraction igital for this thesis

particularly because the platform is going ®hkuwilt only in a simulation environment.
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Merge Sort algorithnf® is usedas an example® demonstrate the taskodel generation
process

What Merge Sort algorithm does is basically dividing an input array of numbers into
two subarrays, sorting eaclubarray separately and then merging sorted-audys

into one sorted output array. Since each-auhy would be an input to another run of a
sort algorithm of any type; the 8fgeSort can be used recursively to split the two-sub
groups into even smallsubarrays.

Merge Srt has the ability of being implemented as a parallel algorithm in the sense that
each sukarray can be sorted in parallel on different processors. It is the balance
between communication speed and the computational ability of poosesisat
determines when processors should stop splitting the data for further parallel execution
and sort the input data locally.

Like any other task imealworld, the only aspect of btge Sort algorithm which is of
interest in this thesis is the pattesh communication and computation periods each
processor has. This means that while the contents of the input and output data is not
important; it is just the size of data whighof concern in this thesis. Also the time it
takes to send and receive thatadand also the time needed to sort the input array is
important.

Thismeansthatfromhi s t hesi s 0 erggsmtitasktstarts with & pegoddofa M
time in which the task splits the input data to two pieces. This typically does not depend
on thesize of data and therefore has an execution time of @{Ex Then the task
starts looking for candidates among its neighbour processors that accept sorting each
subarray remotely. This is also of ord€r(1). Then the data will be sent to those
processos. The time needed for this stépof orderO(N) anddepends on the dasize

(N) and thespeed of the communication link. On the receiver sideatheal of a data
packet starts a new sort algorithim caseMerge Sort is the algorithm of choice in¢h

new nodethe aforementioned process is repeated until the size of data is small enough
to make it possible for a local processor to the sort algorithm locally. In case of a
local execution of MrgeSort on a processor the execution time is of ofd@i*log,N).
Returning the results (of si2d) to the parent node is also of ord2fN). On arrival of

all result packet a node mergetheresults which takes a time of ord@(N).

To construct a taskodelfor MergeSort, an internal flag is used to mddbe status of

the processor. This flag can have one of the following states:

8 According to Donald E. Knutf292] Merge Sort is invented by John Von Neumann in 1945.
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1 Communication: Indicates the node isesdingreceiving a packet to/from
another node.

Computation Indicates that he processor is busy. There is no real computation
Waiting: Indicates thathte node has sent salbrays to other nodes and waits for
results.

1 Idle: Indicates thathe node is not involverh any tasks.

There is no need to develop a code for sort algorithm. Also no real data is n&eded.
taskmodeldoes not produce real results but what it does is

1 It finds right number of nodes that among other things means it occupies the
links for a right amount of time cycles for transactions needed for this search.
This step takes an unknown number of time eycWhich depends on the
availability of channels and number of idle nodes in the neighbourhood.

1 It sends data packets to selected nodes with dummy contents but with right
packet length, to the right receiver, over the right link and over the right time
interval (N time cycledor MergeSort).

1 It switches toComputationmode (but not really executes a task) for a right
amount of time cycle@N*log,N time cycledor MergeSort).

1 It sends the data back to the original node over the right link and over the righ
time interval(N time cyclesfor Merge Sort) but again the content of the result
packet is not real.

1 All other computation (e.g. initialisation andmerging results) and
communication intervals mimic the real ta6k Merge Sort it takesN time
cycles tomerge the results)

An accurateaskmodelshould accurately follow the computation and communication
activities of a task without using real data and real code. What follows are a number of
taskmodek designed and implementddr the simulated platformFrequency of
communicationglays a major roléen ataskmodel The frequency of communication
hasalsoa secondary effect on tasks and that is when the number of transaction between
nodes increases the dependency between tasks on different nodes sncrbase
dependency in some tasks is very high and this means thairfgneshask in a node
depends on finishing the task on many other nodéss explains why the main
difference between the first twtaskmodek below is the degree of dependencies
between tasks on different nodeBack to grand challenges plotted Bigure 2 some

challenges can be spotted with low communicationeddpncy including weather
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forecasting.Some other tasks likeomputational fluid dynamics (CFD)sually need

many communicatiambetweernprocessors.

6.2) A Simple Parallel Task-model (SPTM)

AlIRequest

9p0D/saysod

Timer Expire/ Code-ACK/Data

A: Start Timer Expire/
Code

B: Ready to find candidates

C: Wait for request response
D: Wait for CodeACK

E: Wait for Data ACK

F: Check if that is enough

G: Wait for results

H: Check if all results are received

Figure 51: State diagram of SPTM in parent node
The first taskmodel introduced in this thesis is a task with loose and caenakctions

with other tasks. Each task is in contact with some of its neighbours through sending
and receiving data packets and from this point of view the execution of a task depends
on the execution of tasks on some of its neighbours. But the scopskaldpendency
never exceeds a nodeods direct nei ghbour
workloads in real world. Weather forecasting and finite element method (FEM) analysis
are among those tagksin all these tasks an object is divided into smattifians and

each node in the parallel platform is in charge of applying the task to one of these
partitions. The result of the computations on each partition can be exchanged with its
neighbouring partitions for further computations. The point is, theasge of results is
restricted to the immediate neighbouring partitions. This restricts the degree of
dependency between processing nodes. The number of synchronisation points

(communications) is not too high in this category of tasks.

% This is a very general categorisation; and this thesis does not go through detailed parallel programming
techniques used for applications like weather forecasting or FEM.
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The taskmodel intraluced in this section randomly selects some of its neighbours.

Then it sends a data packet to them and waits for results. By receiving all results it

executes a merging process and its operation is finished. On the receiver side, the

process time of the pket is proportionate to its length. In other words, when a packet

of sizeM is received the processor neddsnstructions to process the input packet and

prepare the results. As mentioned before, the actual transaction time and process time

depends alson the data rate of the link and the instruction per second of the processor

respectively. The actual transfer time and the actual compute time in this example are

M/x and M/t respectively wherex i s

instructon per time cycle.

Result-ACK/A

Timer Expire
/Result

No/NegRes

Code/CodeACK

e Data/DataACK Q

Yes/PosRes

t he

n k 6 stis the aumbef @& r rat e

G A: ldle

B: Check if can accept workload

C: Wait for code
D: Wait for data

E: Process data
F: Wait for ResACK

Figure 52: State diagram of SPTM in child node
Nodes can accept

their

nei ghboursodo packets

other nodes and even when they are already finished with theitaska. Our test

results show that the linear execution time has no particular effect on the behaviour of

the network. Other execution times like logarithmic or square execution time can also

be adapted. For the sake of simplicity, a linear execution tiitle {fegards to data size)

is chosen for implementation.

Packet Type Description Parameters passed
nodeStatusRequest | The source node asks for accessing over the target r| Taskmodelidentifier, Task identifier
nodeStatusResponsg The target node accefitsh e s our c e n o d| Indexif free task, Number of busy task
transferData The source node sends data to the target node Data transfer time
transferDataACK The target node acknowledges the data oo
transferDataNACK The target node do not acknowledge the data Aioo
transferResults The target node sends the results back to the sq Results transfer time

node
transferResultsACK | The source node acknowledges the results Aoo
transferResultsNACK The source node do natknowledge the results oo

Table 15: List of packets in SPTM protocol.
Figure51 andFigure 52 are two state diagrams that show how the internal state of the

taskmodel reacts to external events (mostly as packets) and internal events (like
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start/end of data processing). Nodes can play both parent and waies
simultaneously; i.e. the reception and processing of a data packet can be handled
separately from sending a nodeb6és own pac|
A communication protocol is introduced for SPTM based on the state diagrams in
Figure51 andFigure52. Tablel15lists the packet types used to implem8R{TM

6.3) A Highly Dependent Task-model
At the other extreme of node dependency are tasks that are highly dependent on a vast
number of other tasks. Many workloads of this type can be found among mathematical
transformations adopted for parallel execution. Different parallel sort algorithms are
also included in this category. Fast Fourier Transf@iRT), Merge sortand Bucket
sort are justsome of these workloads. Many scientific and industrial parallel
applicationshavethis type of workloads. A dividendconquer strategy is the basis of
most ofthese tasks. Here the main idea is to split the workload into (equal -@qoal
pieces and recruit other processors to execute theviiskhese smaller chunks of data.
The receiver processors can keep doing the same thing to split the data mtiotasken
smaller bits depending on the granularity of data and cdties means that the
execution of a task on a node not only can depend on the execution of the task on its
direct neighbours but also it may depend on the execution of the task on many oth
processors; therefore, the scope of task dependency can easily exceed the small
neighbourhoods and even can be over the whole parallel platform.
FFT is an example of such tasks and is chosen to implememaskmodel for the
simulated platform propoden this thesis Theoretically an FFT workload can be split
into any number of partén aradix-n FFT the original workload is split into pieces.
Different radixn (and even variableadix) FFTs with different values fon are
implemented and adoptedrfparallel executionRadix-2 is the most popular one and
radix-4 is also used especiglior 2D data like matries.
The version of FFT used to construct taskmodelin this thesisis a variableradix
FFT with a limit of 4 for the number of pieces ddtd on each stage. TRé&T task
model(FFTTM) operation is as follows:
A task starts with making a decision on whether to run the FFT entirely locally
or try to do it in parallel. If the size of data is bigger than a given threshold the
node starts finding up to 4 neighbours to do the FFT in parallel by sending
polling packes to its neighbours. This stops when 4 idle neighbours are found or
all the neighbours are contacted. The task will be executed locally if no idle

neighbours are found. Another approach would be waiting for a bit and try again
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but the first strategy is agted in thisthesis It is assumed that the code does not
exist on the receiver side; therefore, the code should be first sent to them. Then

eachpieceof data would be sent to the receiver neighbours. On receiving the

code and data the receivers talkesame steps.

A: Start
B: Find a candidate Timer Expire/

Data

C: Wait for request response
D: Enough candidates found?
E: Send code / Wait for CodACK Result/
F: Send data / Wait for DateACK ResACK
G: Wait for results

H: Merge results

I: Send results / Wait for Re&\CK
J: Finish

K: Check if can accept a workload
L: Wait for code

M: Wait for data

N: Check if data size is small

SOYPPOU JSLIEIS-UON

O: Do local FFT Result
Figure 53. State diagram of FFTTM

If the data size is small enough (lower than the given threshold) the FFT code is
executed locally. To remain faithful to the FFT tradition, the local execution
time isn*log(n) wheren is the size of data. The results then can be sent back to
the parent ade.
On receiving all the results, a parent node need to merge them to construct its
own results to send it back to its own parent node. The merge time depends on
the implementation of the algorithm. The merge time is zero in thismaslel

implying thatit is an onplace FFT.
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An amendment to this taskodel would be letting waiting nodes accept other
workloads to save time and increase the utilisation of the network. This means that
nodes that have already split their workload between their neighbouE@ndhiting

for results can accept other workloads during their wait time. Different variations of this
taskmodel are tested to accommodate mualsiking and multiple workloads.

Figure53 shows the internal operations of an FFTTM in form of a state diagram. The
architect of the tasknodel can decide on the maximum number of neighbours a node
recruits for parallel FFT. In this thesis different numbers (e.g. 4 ande6esared. A
discussion is included in chap&on an optimum value for this parameter.

A communication protocol is introduced to translate the state diagr&ngune53 into
command and response packeliable 16 lists the packet types used to implement
FFTTM. The results show that there is always a limit on the performantésdask

model which is because of the imbalance between the pieces of workload sent to
selected neighbours. For this reason its structure needs to be changed thoroughly. The

following sectiondiscusses this new taskodel.

Packet Type Description Parameteas passed
nodeStatusResquest The parent node asks for accessing the child n¢ Taskmodelidentifier, Task identifier
nodeStatusResponse The chil d r es psaccessrequest| Index if the free task, Number of busy task
transferTask The parent sends task code to the child Task transfer time
transferTaskACK The child acknowledges the task code fioo

transferTaskNACK The child do not acknowledge the task coq i 0 0

transferData The parent sends data to the child Data transfer time
transferDataACK The child acknowledges the data oo

transferDataNACK The child do not acknowledge the data oo

transferResults The child sends the results back to the parent | Results transfer time
transferResultsACK The parent acknowledges the results oo

transferResultsNACK The parent do not acknowledge the results oo

Table 16: List of packets inFFTTM protocol.

6.4) Modified FFTTM

The problem with the previodsFTTM is that it sends equal amount of data to all its
neighboursThis is because it assumes that its selected neighbours have equas chance
in finding idle neighbours. This is not always a valid assumption. The results show that
in almost all experiments there is a big difference between the neighbours found by
differert nodes. This is mainly because of the topology of the network. This means that
the dependency tree in many cases is highly imbalanced. The number of nodes and the
depth of the sulreesvary from one sulree to another. In such a situation sending an
equal size of data to these highly unequal-tn@es end up in huge execution time on

smaller subtrees and consequently reduces the performance of the system.
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This showsthat although assigning equal workload for all neighbours is a very simple
and easy tomplement strategy but d¢an makea significant imbalance in workload in
many cases. There are a number of solutions to tackle this problenver imbalance
in workload can be achieved when the workload is assigned tosabttees based on
the number bnodes in each sufpee. It means that the larger the number of members of
a subtree the larger the size of the data assigned to thateeibThis solution is not as
accurate as theecond (following)solution but it is much easier to measure and the
balancing factor (number of nodes in siées) is easier to work with. This solution is
chosen fothe simulated platform proposedthis thesisto keep the system as simple as
possible. Thesecondsolution can be tested in the future.
The secondolutionis to take the number of link traverses in eachtse® into account
to assign workload to each striee The total number of links to traverse a-grde can
be a clue to estimate the total transfer time of (ktd resultpackets. There are always
anondeterministic wait time for packets in I/O queues due tobiogkages that cannot
be presented in a closed form formddat it is definitely related to the number of
traversed links. Therefore, it can be said that the traversed links affettsatliensfer
time but there is notdirect linear relation between these tWbe simulatod s appr oach
is to assign an index to each gude of the dependency tree so that this index can
represent how ready the strbe isfor accepting workload€£q. 11 shows just two of
the possible sulree indexe$®ut other type of indexes can be used
- do Wy

4 tomr vy
5 ot vadlae -

8 It 4 lav

Eqg. 11: Two load balancingsub-tree indexesn is the number of nodes in a sultree starting with node a.

It should be noticed that the number of link traverses is not the same as the number of
links in the suktree(seeFigure54). The total number of hops packets need to take from
the root of a tree (a stibee) to all the other nodes can be used aseasureof how

costly the communication can bieor simplicity it is assumed that the costatif the

hops (which correspondith the hop time) are the same. This is not always true
because in some tasks (including FFT) there are some communication hotsploich

there are higher number of communications which makes it very probable to make the
I/O queues of some of the nodes becoming full. This increase the number of transaction

delays and consequently increases the average hop time. For tasks likineFFT
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communication hot spots may create near the starting nodes of the task because all the
data should be transmitted from and returned to those nodes.
Ve I M\
‘ A/ A N >O
1 2 3 4

Number of hops Total number of hops 1+2+3+4=10

Figure 54: Total number of hops needed to contact all nodes in a tree from the ro¢ilack) node can be used as

a tree index.

Figure 55 shows how the threeaforementionedapproaches work. In part (ahe
workload is not balanced and instead it is divided into equal pieces between two sub
trees. In part (b) the workload is shared between twetreals based on the number of
nodes belonging to each stree. In part (c) thevorkload is sent to two suipees based

onthe index assigned t&ach suklree.

Data Size: M Data Size M Data Size M

M*N 2/(N1+N;, M*N o/ (N1+N2)  M* 13/(11+ ) M* 1/(1 1+ 5)

N, Nodes N, Nodes

L, Links

N; Nodes
L, Links

L, Links

@) (b) (c)
Figure 55: Three approaches forassigning workload to subtrees (a) Equal workload; (b) Workload balancing

based on the number of nodes; (c) Workload balancing based arsub-tree index

Figure 56 shows that the number of nodes in two trees can be the same while the
number of links passed by packets are diffef€he depth and the width of a tree affect

the number of link traversalsoim the root node to all other nodes. In part (a) allnon

root (white) nodes are directly connected to the root (black) node; therefore, to send a
packet from the root to each of the nodes we need just 4 transactions. But in part (b) the
number of nodes aneven the number of links are the same as case (a) but since the tree
is deeper than case (b) then there needs to be 10 transactions to communicate between

the root node and other nodes.

@ (b)
Figure 56: Comparing the number of link traversalswhenthe number of nodes and the number of links are
equalin two cases: (awhen thewidth of the tree is large and its depth is smaland (b) when thewidth of the

tree is small and its depth is large
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Final-ResA4

A/Request

B: Find a candidate

C: Wait for request response

d at

All info receive

starter node/d

D: Wait for sub-tree info

E: End of network exploration

Figure 57: State diagram of thenetwork exploration of modified version of FFTTM

This difference can particularly be interesting because most of the transactions in part
(a) can be handled in parallel in the proposed architecture while in the same platform all
the transactions in part (b) should be serial. There is a considérgldifference in the
overall transaction time between cases (a) and (b). An effectivebldadcing strategy

can use both the number of link traverses and the number of nodes dafeesub

Starter Nodé4

A request to a norstarter

node & can accept/Peres

A: Start
B: Network exploration

C: Split the data

D: Send code / Wait for CodACK
E: Send data / Wait for DatsACK
F: Wait for results A , Daw_ACK/@
G: Merge results

H: Wait for ResACK ResACK
I: Finish

Timer Expire/
Data
All Results receivetf

Result

Figure 58: State diagram of the modified version ofFFTTM
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represent Bad Hogyreb58 The subtredgiinformation generated during this

processs vital in assigning workload to each noéiégure58 shows how the FFTTM
with load balancing support works. This figure can represent both of the workload

balancingstrategies.

Regardless of the stitee index chosen for implementing the load balancing

mechanism, the same state diagram applies to FFTTM with load balancing. The only
bhes

di

fference is i n

t ICe

wmptkemenhateran

subtree indexes. There is another difference in twotsed indexes introduced in this

thesis which is the number and size of the packets sent from the starter node to its

selected neighbours. If the number of nodes in atmbis used as the stieeindex

then the original data will be divided into larger number of smaller packets each sent to

a node. The number of packets is equal to the overall number of nodes in the

dependency tree. If the average number of branches or the ratio of the noedsajsth

is used as the sttbee index then the original data is divided into smaller number of

larger packets. The number of packets in these two cases are equal to the number of

selected neighbours of the starter node.

Table 17 summarises the communication protocol designedFi6FTM with load

balancing. It is in fact anodification of the originaFFTTM6 s

presented ifablel16.

communi

Packet Type Description Parameters passed

nodeStatusResquest The parent node asks for accessing over the child j Taskmodelidentifier, Task identifier

nodeStatusResponse Thechild responds to the parent s access request | Index if the free task, Number ¢
busy tasks

nodeSelection The parent announces that the child is selected ifl10 for selectio

nodeStatusFinalRespon

The child sends its sttibee data baclotthe parent

A string representing the sidtee

data
transferTask The parent sends task code to the child Task transfer time
transferTaskACK The child acknowledges the task code oo
transferTaskNACK The child do not acknowledge the task code oo
transferData The parent sends data to the child Data transfer time
transferDataACK The child acknowledges the data fioo
transferDataNACK The child do not acknowledge the data oo

transferResults

The child sends the results back to the parent

Results tansfer time

accessDenied The child responses to a late or unauthorised contal fi 0 0
transferResultsACK The parent acknowledges the results fioo
transferResultsNACK The parent do not acknowledge the results oo

Table 17: List of packet types inFFTTM with load balancing protocol.
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6.5) Summary

The level ofanalysisused in this thesis dictates that there is no need to be involved in
the details of tasks running on a simulated BC pilatfdNVhat do have real impaoh

the execution time of the whole taskse the pattern of communications and
computations, the timing of the communications and the length of packets (rather than
their contents). For these reasons, it is decided to abstract tasks from their teckinical an
implementation details to construct something which is calledrtaxiel in this thesis.

A taskmodel is an artificial traffic generator which mimics the highel behaviour of

a group of tasks in real world. It is shown in this chapter that one inmpdaiztor in a
taskmodel is the degree afependenciest createsbetween nodes in a network. Two
taskmodels are designed and used in this thesis. They are called BianplelTask

Model (SPTM) and FFT Tasklodel (FFTTM). This chapter has shown hoveyhare
extracted out of realorld tasks. Also, it is shown that SPTdveatesa very local net of
dependency between dirawighbours only; while FFTTM tends to create an expansive
tree of dependency between many nodes (and possibly all the nodeshétvibek. A
modified version of FFTTM is also introduced in this chapter to support load balancing.
Results presented in chapters 8 and 9 are all basth@smthre¢éaskmodels.
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In this chapter the simulation and data visualisation tools designed and implemented
specifically for thisthesisare discussed in detaiDther publically available network
simulation tools do not have thsuitableabstraction level; thereforehdsetools are
designed and implemented from scratch.

The tool kit can be usefdr the next stages of thieesearctas well asother researchers

who work on the same level of abstraction frahysical environment. The code will

be open and accessilitg future changes and extensions.

The main aim of the simulation tool is to measure the performance of the network
expressed in terms of speedup factor pratessoutility factor as defined by¥qg. 12
andEq. 13. The physical and electrical details of the network are not implemented in
this simulation. This does not mean that these ldeda@ not important; however, on the
specific level of analysis in which the execution time and the high level /0O behaviour
of the nodes are measured for tthgsisthose details do not play a major role and
thereforeit is decided to not include theim the simulation.

The visualisation tools are designed and implemented to give a graphical explanation of
the behaviour of the network during the simulation time. The state of nodes, the
dependencies between them and the state of their I/O queues arg fatiors that
these tools deal with.

The time unit in these tools equal toone iteration of the simulator which models a
clock cycle ofthe processing nodes. All other timings including the transmission
mechanism are measured based on this quantutimef In next chapters when the
experiment results are presented all the time axes are expressed in simulation iterations

(which is equal to simulated clock cycle)

7.1) Simulation Environment

Making a real 3D wireless platforim left for the next stagesf this research; therefore,
the idea of ball computing is evaluated lre tcurrent stagesing a simulation tool. The
simulator is running on a level of abstraction so that it can avoid unnecessaryreardwa
design details. Thishesisanalyses the efficiency of the proposed system from the
execution time point of viewThis does not mean th#te hardware design details are
trivial; but they need a separaealysis thais out of the scope dhis thesis

The simulator should be abte simulatethe 110 operation ando mimic the signal
propagation for all radio devices on all nodes. The signal propagattbe real world
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is affected by a number of factors includifrge space loss, refraction, diffractjon
reflection, aperturenediun coupling loss, and absorptiofthe way these factors
contribute in path loss too low-level to be modelledin detail for this thesis With a

certain level of approximation signal propagation can be related to the isgeime of

the communication diancé’. It should be mentioned that in a very precise analysis of
signal propagation even the geometry of environment, the propagation medium even the
minute change in position of the receiver and transmitter antenna can occasionally play

a role insignalpropagation pattern

7.1.1) Choice of Simulation tool

There are a number of welktcepted network simulators already available to
researchers includiniyetwork Simulatorns1, ns2 and ns3), OPNET and NetSim

The degree of details involved in such popular simulators is too much for the analysis
presented in our research. To run our models on such simulators many details should be
specified which are out of the concept of this theBne level of abstractiothis thesis

is dealing with plays a key role in choosing the simulafilanthe besknowledge othe

author of this thesis none of the wkflown network simulation softwares opemate
exactly at thedesiredlevel of abstraction. Many network simulatiorol® model the
physics of signal propagation while it is not the main issue intligisis As a result,

such a level of precision does not add a great deal of value tgpthefanalysismade

in this thesisand at the same time the computational overlmadsed bysuch aevel

of modelling consumes lots of computational pawer

Because of the abstraction of our ideal simulator from electrical details of signal
propagation mechanism and many other physical layer isguiesdecided to design

and develom new network simulator for thtkesis

Another reason for that decision was the size of the networkhbsswas going to

deal with. Our goais to use asnanywireless nodes in the simulator as possible. The
number of nodes could be easily reach temsn hudreds ofthousandsThis casta
serious doubt over usir@urrentsimulation tools in terms of their scalability. There are
some data structures and pieces of code attached to each node as a software object. This
makes it vital to rip off any unnessary bits of data from the node objectsniake

room for more simulated nodes especially when the simulation is running on PCs with

limited memory resources. In order to be as general purpose as possiblatss

% As stated in many engineering sources including H.P. Westf@84]: in free space, all
electromagnetic waves obey the invess@are law which states that the power density of an
electromagnetic wave is proportional to theerse of the square of the distance from a point source
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developed by otherdeal with many detls, many of which are trivial and unnecessary
in thisthesis This means that they occupy potentially large amount of memory with no

particular contribution in the analysisade inthis thesis

7.1.2) Discrete Time Simulator vs. Discrete Event Simulator 31

For the first version of this simulatidnol adiscrete time structur@TS) is chosen. In

this structure a quantum of time is introduced for the whole simulated system. The
objects in the simulated environment can exist, operate and communicate on this
discrete time scalehe state of the system is updated on each step of time. To resolve
the problem with simultaneous changes in a state of an object by momnthantity at

the same time stegpme of the attributes of simulated objects should be fedff® let

the simulator resolve any ambiguity about the new values for those attributes at the end
of each time cycle. The attributes that deal with the internal operatiom a@bjact are

not prone to be changed by other objects. On the other handatlkeseme attributes

that can be manipulated by other objects. These are the attributes that need to be
buffered in order to avoid any inaccurate operation of the simulator.

Theshortest meaningful period of tinfguantum of time)n this simulator is the time in
which a floatingpoint operation is executed. The real clock cycle of the processors are
not directly involved in the design of simulator. Different CPUs in real world can
perform a floatingpoint operation in different maber of clock cycles. In many new
CPUs more than one floatifpint operation can be executed in a single clock cycle.
This simulator is not going tdealwith the internal structure of processors used in each
node of the network and for this reason frameaternal point of view what is important

in a CPU in a parallel scenario is its number of floapogt operations it can execute

per second rather than its real clock cycle which is something related to its internal
operation. Since this simulator sinbates the network in a rather high level of
abstraction, the simulator can avoid dealing with the real clock cycles.

The fact that the quantum of time in this simulator is the flogtimigt operation time

does not mean that nothing can happen in a timegshorter than that. Depending on

the data rate of the links it is possibler@ansmitmore than one bit of data in a quantum

of time. This can cause a little bit of error in measuring transfer times as some /O
operations may finish in the middle ofgaantum of time. Although this may add a bit

to the system error but this error is neither scalable nor accumulative. Even if a bit

%1 More detailed information about these two types of simulations can be foU@éi5h [296], [297],
[298] and[299]. Shorter introductions can be found2®0] and[301].
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transfer time was taken as the quantum of time the problem was not guaranteed to be
solved.

A more familiar structure for aimulator is the discrete event struct(id&S)in which

it is the events thadre the source of progress in time rather than a global time cycle. In
other words the simulator can progress in time with time steps of variable size. If the
simulator has ndiing to do for a period of time there is no point to pass this time in
several time cycles; instead it can jump right to the next important point in time scale
(which is the next event in the simulated network). In the second versiohe of
simulation toolthe simulator is modified to look a bit likeQES structureHowever, it
cannotbe categorised as a rédES because in ®ES in each step only the events fired

at that time are handledhe reasonwhy more familiar DES structureis not fully
adopted inthis thesisis that for a major part of the simulation time there are many
eventsfired on each timee y c | e . This means that for a
run time the simulator jumps only one cycle on time scale and the idea of having a list
of events sorted by their firing time is redundant. It is true that for some parts of the
simulation time (particularly for its final stages) there are fewer simulated network
nodes still active and this means that the time hops can now be longer to savemxecuti
time but the problem with shortage of memory space has dictated to save the precious
system memory by not implementing a rather large data structure for handling events.
This comes with the cost of wasting time on looking for events on inactive oljjaets.

time lost in this way can be considerable but in a balance besireefation time and

the system memory usage it is decided to modify the simulator in a way that it borrows
some features from DES architecture while it keeps some othefdali8es

7.1.2.1) A Discrete Time Simulator
Figure 59 showshow the first versiorof the simulator works. During each iteratioh
the simulator (which represents a quantum of simulated time) all nodes have their
chance to do:
1 Respond to input packets
1 Handle internal events e.g. timer expiration of packets waiting for
acknowledgment.
1 Execute a bit of theaskmodelallocated to te node.
All the above activities can be handled in parallel since it is assumed that the nodes in

the network have separate processors for /O activities and therefore the main

maj or

processoros activities wild.l not be interrupte
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simulated dbjects

Updateall

Buffer
shared data

Increment Handle ambiguity

objects

simulated time in shared data
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Figure 59: A discrete time architecture for the first version of thesimulator

Like all discrete time/event simulations there can be some data structures accessed by
more than an object (nodes, in this application) at the same quantum of time. In this
case different objects may want to update the value of those accesseliffdegntly.

This means that data shared between objects need an arbitration process at the end of
each iteration of the simulation to verify what the final value of the sharedsd&iar

this reason those pieces of data should be buffered on tempacatpns to let the
arbitration process decide on the final value.

Most of the data structures used in thigwulator are totally internal to the network
nodes and therefore no other nodes can access and manipulate them directly. The only
shard data staiures are the packets that are in the middle of transmission process (on
air packets) which are shared between the transmitter, the receiver and all the other
nodes that are in the transmitterds inte
until the transmission is finished or terminated. In case of an attempt by a second entity
(node) to update the data structure representing -air @acket the result would be:

1. If the second node has accessed the communication channel in the middle of the
frstnodeds transmission process, this m
and as a result none of the packets can be received and decoded at the
corresponding receivers correctiy. this case all the nodes in the interference
range of both transmitter nodes should be informed about the packet collision,
the transmission channel should return to idle mbdeh transmitters should
stop transmitting and both should baafk for a raadom time and try later.
Resolving this situation deenot need to be postponed to the end of simulations
iteration and therefore no buffering mechanism is needed.

2. If the second node has started its transmission at the same time as the first node,

this meas that there is a race between two nodes to access a shared
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communication channeDne wayto resolve this situation is to rate all nodes

with a priority index. This index shows that which node wins the competition to

access a channel in case of a sirmdtaus attempt.
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Figure 60: The block diagram of the internal structure of a simulated node

Base on the above material there is no need to have a buffer for shared data in this

simulation because in case ofralltiple access to a shared data the priority of nodes

decide what node can succeed and the other node backs off and tries later. The winner

node does not even detect the simultaneous attempt of the other node and no additional

time is imposed to its traastion process.

buffer is needed.

In none of the above cases no temporary

The internal block diagram of the simulated nodes can be seé&igume 60. The

physical lagr consists okight wireless tranceivers wiiccan operate independently.

Also, the main processor is just dealing with thgkmodelin the application layer and
wi t WCKI packds are tasdspeeific s 0
packetsand stopping the ACK timers should be authorised from the application layer.

does not i

ntervene

If the input queue is full witlpackets waitig for being processed e taskmodel

therewill be a iisk of loosing new icomming packets. At this version of the simulator

nodes never stop other nodes transmitting their packets and if the geid s

nput

is full the rew packet would be rejected without the transmitter node being informed.

This shows the importance of having a mechanism of having the ability to stop othe
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nodes sending packts when a nodeds iIis no
nodes about the situation of a nodeds |/

7.1.2.2) Ideas from Discrete EventArchitecture

The incemental nature of time in a DTStructure can make the sifator run slow
especially at the start and end of the simulation tififee simulation time can be
shortened if the simulator can jump to a point in time in which the next evgoing to

take place. There %0 use in incrimentally incregg the currehtime when no activity

is anticipated.

Figure 61 shows how a DES architecture works. Compared to DTS, a data structure
should be added to the simulator to store the data about the events scheduled for future.
This structure should keep thmack of the object the eventiislated to and the firing

time of the event among other information about the event. The idea of buffering shared
data should also be implemented in a DES architecture as the concept of time has a

descrete nature in thischitecture.

Interaction between
/ simulated djects Events scheduled

Update objectsaffected for future
by fired events *
/ 4
Go to next Event handling
simulated time structures and routines

Fire event(s) with
lowest time stamp

Figure 61: An equivalent of the simulator with discrete eventarchitecture

The idea of jumping to next important point in time rather than simply take equal

guantum steps looks very promising and can improve the execution time of the
simulaion tool. On the other hand, the necessity of storing events for future firings
urges software designer and developers to dedicate an unknown and potentially large

size of memory space for a new evstdring data structure.

7.1.2.3) The Second architecture for a Discrete Simulator

The second architecture proposed for the simulation tool has in fact borrowed the idea
of taking variable time steps from DES architecture while like a DTS architectase do
not saveany data about the events that are goingetdired in the future. To take time
steps of variable sizes it is needed to save the lowest firing time of all events at any time

point of the simulation.
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Unlike a pure DES architectyrhe simulatoisavesneither the events nail the firing

times. Thisis because it can occupy a potentially large memory space. Also for a large
part of the simulation time the simulator is under heavy work load (especially when the
size of the simulated network is large) and this means that it has something to do at each
guantum of time and the time step rarely is bigger than one. For this reason, the large
data structure for storing future events has practically no use.

It should be mentioned that at the early and final stages of the simulation the number of
active nodesre low and therefore the number of events scheduled for future can drop
dramatically. This means that the nodes that need théeked for updates caused by

this low number of events is also low in number. In this case, running methods from all
the nodesto seek for any possible new activity wastes some time. This is the real

sacrificewe make to keep thmemory usage of the simulator as low as possible.

I nteraction between
[ , simulated djects

Check alifffjects Events scheduled

y for future
for any fired events

- ¥

Go to next Just keep the lowest value

simulated time for Next-Time-Hop
Update the
current time

Figure 62: The second version of the simulator which is a combination of discrete event and discrete time

architectures

Figure 62 shows this new architecture which is in some ways half way between DTS
and DES. As this figure shows the only thing that is saved from an svastfiring

time. Even the name or the object bound to it is not saved. The author of this thesis
believes that this is a gooeget not necessarily the besalance between the execution

time and memory usage of the simulator.

7.1.2.4) Multi -Tasking Network Nodes

As early experiments showhe performance of the proposed parallel platform is
affected by a drop in the number of active processing elements caused by an increase in
the number of nodes waiting for some results from other nodes. It can be see
particularly in tasks like FFT in which a bigger workload is split into pieces and sent to
other processors to be processed in parallel. In this case the original processor does

nothing but waiting for results and is not an active node consequentlyidéaeof
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multi-tasking comes into reality to use such a processing potential left unused in waiting
processors.

In a processing node enhanced by mialsking a new middleware should be introduced

to facilitate the activity of the processor, I/0O devices sederal tasks running on the
node. This software entity is called taskmanagerin thisthesis A task manager also
decides which task has access to nodeods
execution time and the order of the tasks are amongdtimat this new object is in
charge of. All these extra activities are added to the traditional computational duties of a
processor. Therefore, the luxury of mulisking comes with the cost of time and
processing overhead imposed by mtdsking duties The task(context) switching
process is also time consuminghe switching time can be reduced when
multithreading; but théasksin this simulated network are sought to be single threaded

for the sake of simplicity St oring the old taskos dat a
and reactivating the task taka bit of time which may translate into a decrease in the
performance. In a balance of costs and benefits of a-tagking system it is decided to
include thisfeature to the proposed systente results presented in the next part of this
thesis prove that this was a right decision and an apparent improvement in the
performance can be seen.

In a multitasking model the tasks are no longer in direct contact ttwehMAC layer
objects, e.g. /0 queues. The newly introduced task manager object is the mediator
between the gpication layer objects and thosé lower layers. Each task, however,

may have their own 1/0O queues to react to ripples in response speedket pac
processing. The task manager controls the main I/O queues and decides which packet
should be redirected to what task.

A block diagram of a muHliasking node can be found KFigure 63. The new task
manager object and the array of tasks are among new objects in this architecture. Each
task has its own I/O queues which are separate from the main I/O queues implemented
in MAC layer. What the task scheduler does isjost giving equal processor time to

each task. It can also prioritise tasks and assign processor time to them based on that
priority. Those tasks that are just waiting for an external event (e.g. receive of code,
data, results, ACK etc.) can yield the aonhtto other active tasks to improve the
performance. This is also part of the ta
is modelled in this simulator by a pspecified period of waiting in which no tasks are
active (remember that the tasks awstjmodels of tasks and therefore there is no real

task switching). In a real task switchin
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on memory for future and theew tasbk s st at us and d@ameaorys houl d

and the control should be transtd to that task. None of these are really done in task

switching in this simulation tool.
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Figure 63: The block diagram of the internal structure of a simulated nodewvith multi -tasking

The question about the maximum number of tasks per node is experimentally answered
and the results are presented in the tegartof this thesis. As it is shown in the results
part, the main effect of multasking is to decrease the number of waiting nodes by
recruiting them for other taskshich consequently increases the performance of the
network.

Algorithm 3 shows more etails about how the task switching mechanism works. In
addition to pass control to tasks that are already finished, it tries to maximise time
efficiency as much as it can by not passing control to waiting tasks, tasks with no input
and output packets tagress and tasks with application layer input/output queues full
of packets. The algorithm particularly does not pass control to a task that has some

packet in its input queue but cannot process it because its output packet is full.
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1: Inputs:

2: tasks An array representing the type of tasks for each node.

3: activeTask An integer showing the current active task.

4: numberOfActiv&€asks An integer showing the number of active tasks.

5: lastTimédHop: An integer representing the last time hop

6: forceScheduleA Boolean showing if the task scheduling is called unexpectedly

7: Global Variables:

8: taskRemainingime An integer showing the remaining time of a task in a time slot
9: duringTaslswitchingverhead A Boolean showing that two tasks awitching

10: takTimeSlot An integer defining the time dedicated to each task

11: taskSwitciTime An integer defining the time needed for switching between tasks
12: maxTasksAn integer showing the number of tasks per each node

13: Output: newTaskAn integer representing the new task activated

14: taskRemainingTime= lastTimeHop

15 newTask activeTask

16: BooleannextWaitingTaskFoundfalse

17. if (forceScheduld taskRemainingTime= 0))

18: if (!f orceSchedul&& (numberOfActivéasks< 2) && (activeTask> 0))

19: return(newTask

20: int candidat& ask= activeTask

21 BooleannextTaskFourrd false

22 if (duringTaslkswitchingverheadl

23 taskRemainingime= takTimeSIot

24 duringTaslSwitchingdverhead= false

25: else

26: for alli in available tasks

27 if (nextWaitingTaskFoun&& taskg candidatdrasi != null)

28 W-C-T= candidatd ask

29: nextWaiting TaskFoundtrue

30: if (OUtACKReadyW-C-T) || iInACKReadyW-C-T) || (inRead{W-C-T)
&& (NumberOfOutReadf{W-C-T) >= NumberOfOutNeeddt-C-T))))

3L nextTaskFound true

32 break

33 if (isReady(W-C-T) && (NumberOfOutRead@W-C-T) >=
NumberOfOutNeedgdV-C-T))))

34 nextTaskFound true

35: break

36: candidatd ask= (candidatd ask+1) % maxTasks

37 if (InextTaskFound

38 if (nextWaitingTaskFound

39: activeTask W-C-T+1

40; taskRemaining TimetakSwitciTime

41 duringTaslSwitchingdverhead= true

42 else

43; activeTask candidateTaskl

44 taskRemainingTimetakSwitciTime

45 duringTaslSwitchingdverhead= true

46 return fewTask

Algorithm 4: Task scheduling algorithmfor a multi -tasking node.

The same task switching algorithm can be used for any type oimadg&ls. The
algorithm does not camout the task type and does not use-sp&cific details during
its decision time. For this reason the proposed task switching algorithm is task

independent.
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7.1.2.5) Priority Output Queues

Some experiments have shown that one of the problasksnodek like FFT have is

the existene of communication hot spots. like an application like weather
forecasting in which a node is in touch with just a restricted number of neighbouring
nodes, in a task like FFT there is a rather big chunk of data on a nodeig/going to

be distributed over a subset of the network for parallel execution of the task. This means
that the closer a node is to the source of the data, the higher the chanceabdsue

load of incoming and outgoing packets. This is what is rdest in this thesis as a
communication hot spot. Part of the traffic load belongs to the acknowledgements sent
to signal the safeeceiptof a data packet to the original transmitter. These packets are
partiaularly important not only because they occupgadtions inthe input queue but

also becase unprocessed ACK packets mehat there are some data packets in the
output queue that are sent but still are in the queue waiting faothesponding ACK
packets. This may lead to a deadlock situation in kwhbioth input and output queues

are fullon both sides of a communication liakd there is no actual progrgsstentially

for ever Deadlock is already reviewed in sections @t&his thesis. Also section3.8

briefly introduces a deadlock avoidance aiton designed for this thesikater in this
chapter (section 7.1.7) it is shown how the deadlock avoidance algorithm introduced in
section 3.8 is implemented in this thesis.

This shows that it is better to give the ACK packets a higher priority ovepdekats.

The experiments shova significant improvementni the performance of the system
when the output queues are replaced by priority queues. One way to implement a two
level priority queue is to have two separate and parallel queues one for data padket

the other for ACK queues.

7.1.3) Network Partitioning and Channel Assignment

The algorithms introduced in chapter 5 for network partitioning are implemented in the
simulation environment. Since the network is static (i.e. the position of the nodes do
change) there is no need to have a dynamic network partitioning algorithm. It is not
even necessary to include the algorithm in the main simulation software. When the size
of the network, its topology, the size of the nodes, their radio ranges, arsigtial
interference schemare unchanged there is no need to run the network partitioning
algorithm every time the simulation runs since it definitely produkbe same results all

the time Thereforethe network partitioning algorithm can beth statt and offline.

A separate Java software is implemented based on the algorithms proposed in chapter 5.

The results are saved in a number of text files. These files are read at the beginning of
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the main simulation and the whole network is built based on their contents. The files
can be reused ifollowing runs to save time. A newxecution of the algorithm is
needed only if at least one of the aforementioned paranietdranged.

The structureof the data saved by the network partititg for the main simulation can

be found in appendix B at the end of this the&jspendix B also contains a detailed
description of the structure of different packets used in different parts of the simulation.

7.1.4) Independent Channel Objects

To handle the signal propagation and radio interference in a more efficient way an
independent channel object is implemented. In addition to simulating the behaviour of
the radio channel, the radio devices of all nodes (whiere previously implemented as

part of the node data structure) are now moved to this new channel object. This makes it
much easier to handle signal propagation and interferaratedifferent circumstances.

It is the geometrical coordination of nodes well as the strength of the signal which
determine if two or more signals on a channel interfere with each other. For this reason,
the channel object has a record of the coordination of all the nodes working on that
particular frequency.

In the currentversion of the simulation a packet is labelled as corrupt (as a result of a
packet collision) if and only if it is in the receiver list of a packet and at the same time in
the interference list of another packet. In this case the receiver node cannctiycorre
decode the first packet. If that node is the intended receiver of the packet the packet
transfer is failed. For the sender of the packet to be able to detect the packet failure, the
sender should be in the interference list of the second packet lasgntbis case the

first sender tries again after a randomly selected wait time; otherwise, the sender of the
first packet assumes that the packet is sent correctly. This is in fact the hidden node
problem discussed earlier in this thesis.

The channel olejct will detect any instances of such problem. As it is shown in the
results chapters, the netwephrtitioning algorithm introduced in this thesis has
successfully solved the hidden node problem by eliminating the packet collision. As a
result of includig the channel object the structure of the node object is also changed.
The node object shown Iiygure63is changed and now looks likeégure64

The components of the physical layer (previously implemented in node object) are now
migrated to the newly created channel object. An array of channel objects are created
each of whichis assigned to one of the frequencies. Each input/output pair in the

physical layer is a member of its own channel object; therefore, the physical layer does
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not exist anymore. The channel object is showRigure65 which exchanges data with

node objects.
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Figure 64: The structure of the node object after introduction of channel object

The dotted lines show a possible lead for extending the current version of the signal
propagation mechanism in which other channels may interfere with the signals on the
current channel because of the crosannel interference effect. This effect is not
implemented in the current version of the simulator g internal block diagram of a
member node of a channel object can be seBigimre66.

From/To Node Objects From/To Other Channels
y A

Channel Object

A A
v v v v
Channel Member; ééé. . é Channel Member,

Figure 65: The structure of the channel object which includes part of physical layer of all its member nodes

Like Figure65, the dotted line represents the croBannel interference effect that is not
implemented in the current version of the simulator yet. Most parts of the channel

member objects arm fact the physical layer of the member nodes which have been
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migrated to this object for the purpose of simplicity of implementation and more
centralised and better control over the signal propagation scheme.

From Node Objects From Other Channels
A A
Channel Member/Physical Layer |
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Packet Status |«

Figure 66: The internal block diagram of a channel member node

7.1.5) Decentralised Simulation platform

The current version of the simulator consists of a single large Java program that handles
all the simulation duties. Nodes, tasks, and the network are all modelled and simulated
in this program. There are chances that separating fhease from each other and
arranging thenin independent programs reduttee compéxity of the simulator and
makeit easier to test different nodes and/or tasks while leaving the rest of the simulation
unaffected.

Another potential benefit of a decentratiseimulation is the possibilitgf running the
components of the simulator in parallel and reduce the demand for resources for each of
the components. Therefore, the simulator can be run easier on a grid platform. In such a
distributed architecture the c@onents of the simulator use messpgssing
techniquedo interact between each other.

A decentralised architecture for the simulator is designed and developed to test if it can
yield better performances compared to the older centralised architeldoe. and
channel objects are separated fribr@ main network simulator. In the new architecture
these two objectbave evolved to two Java program&. communication protocol is
implemented to facilitate the messaggessing mechanism between the three major
programs. This protocol i;idependent fronthe communication protocols each task
uses. The first protocol is implemented in MAC layer while tigedas implemented in
application | ayer. Each of these two are
Figure67 shows how the proposed distributed and decesé@lsimulatotooks like. It

is hard to manage large number of small independent node objects. Therefore, for
simplicity of implementation a number of nodes are aggregated to an object called

cluster.
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Detailed information about the distributed version led simulator including the state
diagrams of the three main objects in this architecture and the communication protocol

and packet types can be founddgpendix B of this manuscript

Clusteg Clustep Clustey

Id
Node[] ClusterMembers Network Simulator

Time Handling
+
Check if all tasks are finished
+
Megamessage buffering

Channel Channe} Channe},

Figure 67: Block diagram of proposed distributed simulator

The distributed platform introduced in this section of the thesis is implemented but it
did not yield expected performance. The delay imposed by the mgsssgirg
mechanism is the main reason for the poor performance. Also, a distributed platform
needs dditional software data structurdsatincreases the complexity of the code and
therefore makeg harder to maintainFor these reasons we decided to switch back to
the original centralised architecture in which all the objects are implemented inea sing|

large Java program.

7.1.6) Multi -part packet delivery

As part of the network optimisation we needed to answer this question: Does
transmitting large data packets cause long waits for other nodes using the same channel?
If the amount of wait imposed todlother nodes is significant then one may put a limit

on the packet size. In case of sending larger bulk of data, the data should be sent in a
number of pakets. The receiver should mertjgse packets to reconstruct the original

bulk of data on the recesv side.This needs a newplit‘merge mechanisrim MAC

layer. The whole split/merge mechanism should be transparent to application layer.

Also the physical layer is too lelevel to deal with such an issue.
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The multipart packet delivery mechanism is implemented in the simulator but the
experimerdl results show there is no significant improvement in the performairoe
network after introducing this mechanism. Regarding the time and software overhead
imposed by this mechanism and also because of very little (if any) improvement in
performance, it is decided not to include this mechanism in the final version of the
simulator. The results shown in next chapters are derived from a simulator without

multi-part packet support.

7.1.7) Buffer Management Strategy and Deadlock Avoidance

To choosea buffer management and routing method for the BC platform the top priority
was simplicity of implementation. As the first stage of research in using wireless links
in HPC, we were only exploring some options for routing algorithm rather than looking
for the most efficient and robust methddother reason for choosing this methaetio
others is that SPTM which is one of the tas&dels introduced in this thesis has no
multi-hop transactions at a(except an exception which will be discussed shaqrtly)
therefore, it does not any routing mechanism altogether. The othentakd (FFTTM)

treats multihop transactions as several sinlgtgp transactions and again does not need

a complex routing algorithm. This means that the staring node in an FFT Tvhtakk

just knows what its direct children in the dependency dree The startingade only

knows aboutthe number of packets sent to each of its children but it does not specify
which packet should be received by which leaf in the dependencyttre¢he duty of

its children to decide to what node the packets should be sent.

The onlytime the routing method will be used is when all direct channels between two
nodes are busy and as a result the source node decides to send the packet walaectly
mutual neighbour of both the source and the destination of the packet. The routing
agr i thm is tuned so that this will happen onl
As discussed in sections 2.3 and 3.8, the algorithm which is the simplest to implement
but not necessarily the most efficient one is stordforward. In this method an
intermedia¢ node (a node that is neither the original source ndimdledestinatiorof a

packe} no packet will beelayed to its next destinatiamtil it is fully received and then

Pt owi I be added to the nodeobsltipaexpeptadt queue f
that using this method of routirsgibstantiallyincreags the amount of queuing timé

time a packet spends in different I/O queues). This is enforced by the simulation

experiments presented in chapter 9.
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For next stages dhis researcta wormhole routing algorithm with virtual channels are
sought to be incorporated. By doing this it is expected to decrease the overhead imposed
by long queuing times the BC platfofiacesat its present form.

In an interconnect network like BC platform deadd®ituation camccurin areas that is

called communication hot spots in this thesis. In this manuscript a communication hot
spot is a subset of the network with a (persistent or temporary) high rate of packets both
inwards and outwards. As an examplee gimulation experiments show that in cases
that there are multiple workloads running at the same time it is possible to end up in a
situation in which a number of nodes are sending many packets to a node (let us call it
node A) all of which are going toebrelayed to another node (node B). This can be
particularly the case with FFTTM with a rigid tréle structure of dependencies
between nodes. In existence of multiple workloads sometimes there are also a large flux
of packets from some nodes to node lali need to be relayed to node A. In this case,
these two independent streams of packets (one from node A to node B and the other one
on the opposite direction) can occupy the whole input and output queues of both nodes
A and B.

In this communication hagpot node A wants to read a packet from its input queue to
free a slot for new inward packets but it fails because it should be forwarded to node
A6s output queue (whi c nodaBsThisib alsoexattlythel ) t o
case in node B. In thisituation the processes on both nodes are looking for resources
(places ine a ¢ h  mpuhoeeud) which cannotbe freed by the othgarocess

To tackle the deadlock situations a deadlock avoidance algorithm is used in this
simulation tool. The coralea of this algorithm is to avoidput and output queues of
nodes(especially in communication hot spobscome full at theame timé.

To start with each nodelynamicallyindexes its neighbours based on the number of
packets in the input queue and output queue from/to its neighboursndémxs(known

as hot spot index inn this thes&$signsa number to each of the neighbours which
resembles how much a node is in commaton with any of its neighbours (both in
receiving and sending mode). The higttex hot spotndex for a neighbour, the higher

the communication dependency between the nodecarmgspondingneighbour and

32 When one of the input or output queues is full it implies nothing moreatsavy load of packets in
corresponding direction. This may put a bit of pressure on communications but it needs only a bit of time
to return that queue to normal situations by sending packets stored in output queue or processing/relaying
the packets ifnnput queue. This situation is not a deadlock. To have a deadlock both queues on at least
two nodes should be full.
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consequently a highezhance for having a commigation hot spotwith substantial

risks toend up in a deadlock situation between the node and that partieigabour

In case a node detects an increase inn e i g h b o undef, st signalstother podes

to send less packets to it to let the nedd out the packets to/from thawt spot To let

the situatiorrelax other nodes shousnd either no packet or few packetghose two

nodes in the hot spot.

This is implemented by introducing some network manageowntnandpackets sent

over ACK inpu/output queuesBy receivingsuch apacket the receiveefuses to send

some packets to the hot spot members. This can be either a complete ban on sending
thosepacketsor send only a fraction of packets to the hot spot. In casbamsingthe

second apach, one option is to use a random function to decide whether to send or
not to send the packet to the hot spot.

The actual deadlock avoidance method implet@e for the simulation tool uses the
aforementioned network management commands with a ranductioin to decide if

the packet should be sent. As the hot spot index increases that random function tunes
itself to increase the restrictions over sending new packets to the hot spot.

This can help decreasing the chance for having a deadlock situatibrdouinot 100%
guarantee that deadlock will never happen. An extra feature is added to the deadlock
avoidance method as the last solution based on whiahhot spot exists and nade
inside it are in deadlock situation, they discard all packets in bwir queues and
signal other nodes about end of communication hot spot. This will add an overhead
caused by retransmission of timer expired packets which islestable In practice

this incident has not happened in the simulation experiments.

Figure 69 helps explaining how two separd€TTM workloads(in node A and node

B) can contribute in a deadlock situation. Like any FFTTM workload nodes A and B
first create thie own dependency tree which is showrFigure69.(a) and (b)n green
andblue respectivelyNodes C and D on those dependency trees play important roles.
The green and blue boundaries shown in parts (a) and (b) defines relatively large sub
trees headed by nodes D and C respectively. When those two workloads are running at
the same time the linketween nodes C and D will be very busy and therefore those two
nodedés input/output queues are at risk of get
The risk is high regarding the size of both 4$tdes which implies that many packets
need to pass thenk between nodes C and Dhis means thaa hot spot is very
probable to create containing nodes C and D as shown with red bor&eyane69.(c).

This situation $ far less probable in links between nodeB &nd FG. Although like
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link C-D, links EF and FG are used by both workloads but deadlock isexptected
becaus®f the small sulirees attached toodes E, F and G.

QO0OO0OQOO0OO0OO0O0
Qo000 @O0O0O00O0
OO0 O0O0QOO0O0O0
Q00000000
o-O0O00®OO0O0O0
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@) (b) ©

Figure 69: How two separateFFTTM workloads can contribute in forming a deadlock
When nodes C and D detect a growth of number of packets to#ac otheimn their

input/output queues, they will signal their other neighbours (C signals C1, C2 and C3; D
signals D1 and D2) to ask them either to slow down the rate of packets to C and D or to
stop sendingacketsto C and D. This lets nodes C and D empty thé€r queues by
transmittingpackets left in their queues and avoid deadlock situation consequently.

7.2) Visualisation tools
The visualisation tools are implemented to project the behaviour of the network during
the simulation time. Wo separate tools areekelopedgach of which projestdifferent

attribute of the network and its performance.

7.2.1) Process Visualisation

The first tool of the visualisation tool set is called process visualizer. The software
animateshow nodes in the network are involved in a workload. This gives a measure of
the utilisation of the network during the simulation time. The performance of the
network @s expressed bkqg. 12 and Eq. 13 introduced later in this the3iss also
projectedn this tool. The state of nodes and the dependency relations between them are
graphically presented. This was initially used to debug the simulator but now after
having stable simulation software the tool can be used for its envisaged purpose which
is graphical representation of the behaviour of the network.

The data needed for thesualizer is stored by the simulator tamnamber oflog files.

The data contains information about the location of the nodes, the state of the nodes, the
task dependencies between them and the packets transmitted betweeritnem.

details about the contenof the log files can be found in appendix D.
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Figure 70: Two snapshos of the process visualizer toofor an SPTM on a 3D network of size 10*10*10 nodes.
B ———— I

Figure 71: Three snapshot of the process visualizer tool forraFFTTM on a 3D network of size 10*10*10

nodes.

Those pieces of data are used to show how exactly a givemtaddd behaves in a
given network. Bottlenecks in the network can be detected through such lod fiees
process visualizer also uses this logged data to plot the utilisation of the network during
the simulation time. The process visualizer is an animation resembling the performance
of the simulator. Therefore, its performance cannot be shown fullyisrthesis but a
number of snapshots of the process visualizer can be sEgume70andFigure71.

Two shapshots of the visualizer can be seeRigure 70 which shows two points of
running anSPTMon a 3D network of 1000 nodes. The figbedow shows that on this
occasion the tasks on different nodes were executing with an almost constant rate until
the very final stage of the simulatidn.contrast t6SPTMan FFTTM has very dramatic
changes during its execution time.

It is mainly becausef the high degree of task dependency between nodes and its effect
on creating traffic hot spot&igure 71 shows how the number of nodes involved rises
and falls duing a typical experiment with FFTTM. This number is affected by the

number of tasks per node as well as the number of workloads imposed to the network

among other factors.
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7.2.2) Results Visualisation

A second data visualizer tool is developed to graphically show the overall value of a set
of network parameters. These are particularly of interest when the bottlenecks of the
network are under scrutiny. At the current version of the visualizer therx aretwork
measures that are plotted by the visualizer. They are: The time when channels are busy
and waiting, the time when tasks are busy and waiting, the overall execution time of
nodes and the task finish time of nodégure72is a snapshot of the results visualizer

tool showing how nodes are busy with their internal tasks as well as I/O transactions.
Eight FFTTMs are used as initial workloads each starting fberelint times. The size of

the network is 10*10*10. Mulitasking nodes support up to eight tasks at the same

time.

I

f. A Q;..,:,.-.oc‘\

LinkWat Time

Figure 72: A snapshot of the results visualizer for a 3D 10*10*10 network
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8.1) Performance Metrics
This chapter mainly focuses on tuning some network parameters to maximise the
performance of two main taskodels introduced in this thesiBhe results presented in
this chapter arproducedby the discrete event simulator develogedticularly forthis
thesis In section8.1 a simulated 2D netwonkas usedAll results reported in other
sectiors (as well as chapter ®elong to differen8D wireless networks.
The performanceof the simulated BC platform isnainly measured based on two
factors the processormtility and the link utility. It was shown in chapter 7 thatet
iterationsof the simulator resemblie clock cycle of processor§hetotal number of
iterations a node is busyith computationcommunication or waiting for some internal
or external events estimattee computationcommunication and wait time of tm®de
in reakworld. The overall compute time is calculated as the sum of compute times of all
nodes in the network he overall communication time, the overall wait time and other
important times are calculated the same way.
The speedup factdEq. 12) in a parallel tasks the rdéio of the overall compute timi
the execution time othat task. In a simulated environment the speedup factor is
estimated by the overall compute timieided by the simulation timkeoth expressed in
simulation iterationsSpeedup factor can lregarded as the average number of nodes
that are busy with computation throughout the entire simulation.
The processomtility factor depends orthe speedup factaand the number of nodes
involved in the taskEq. 13 formulates the processoutility factor which is expressed in
percentages in this thesi®ther definitions for these two factors may be introduced in
other sources.

| g S Eq. 12

[ dmpre miiamn™= Equs

Wheren is the number of nodesvolved in thesimulated tasknot necessarily the total

number of nodes)
These two metrics show how fast a task is finished and how efficiently a task is using
the processors. Besides these metrics other medresneededo measurehow
efficiently the links are used throughout a sintiola. Threemetrics of this typeare
introduced in this thesis:

1 Overalllink busy time(OLBT);

1 Average linkutility (ALU);
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1 Overalllink wait time (OLWT).
OLBT is defined in this thesis as the aggregate ingytimesof all links involved in a
task Eqg. 14). Thebusytime of a link is the total number of iterations of the simulation

in which the link is busy with dataansmission
F e 40 Eq. 14

WhereN is thetotal number of links involved ithe task and.BT, is the linkbusy time

of link n. This metric is related butobt equal to network throughputhiioughput is

about the rate of successful message deliusuallyexpressed in bit/sec, packet/sec or
packetfimeslot while theOLBT only estimates the time spent on communication over

all links involved in a task.

The other metric used in this thesis is called Average Link Utility (often expressed in
percentageand i s used to show how muchsspeft a |
on transmitting dataather tha bei ng i1 dl e waiting for a

event Eq.15is the formal definition oALU:

NP
= T e =61

WhereN is the number of links involved in a task aichulation Timeis measured as

the number of simulation iterations (not in secon@y dividing OLBT by N we will

havean averagéink busy time;andby dividing this value byamulation Time we will

havean idea abouvhat portonof a | i nkbés time is dedicat
The last metrids OLWT which is definedsame a©OLBT. Overall link wait time Eq.

16) is the aggregate link wait time of all links involved in a ta3ke wait time of a link
(assumed to be in working condition) is tte#al number of simulation iterations in

which a node is trying to take control of that link beniedregardless of its reason.
F el B 44 Eq. 16

WhereN is the total number of links involved ahdlVT, is the link wait time of linkn.
Speedup and processor utility are used to analyse simulation experiments in both
chapters 8 and Also in chapter 9OLBT, ALU and OLWT metrics will be used to

measure the performance of thiks as well

8.2) Hidden Nod e Problem and Packet Collision

The twostagenetworkpartitioning algorithm introduced in thighesisis envisaged to
solve the kddenNode Problem and eliminate the packet collision in the network. To
test this a 2D network is simulated. To test the effincy of thenetworkpartitioning
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algorithm an ideal propagation method is implemented in which radio signals can be
detected and decoded only in their communication range; however, they can interfere
with other sgnals beyond their radio range. Thisgarsc al | ed A1 nterference
this thesisandis twice the size of the radio range. If a receiver receives some noise from
a node while receiving a signal from the transmitter, the signal is assumed corrupt and
the packet would be rejected as corrpptket. Thenumber of packet collisions is
counted in three cases.2D version of 8BC with 10*10 nodes witlBPTMwas used in

an experiment to see ffetworkpartitioning algorithm can eliminate packet collision.

The results are shown ihable 18. When all the nodes use one channel thetagh
number of collisions. When just two channels are used the number of collision incidents
decreases but it isnly when the full channel assignment algorithm is applied that no
traces of packet collision is detected.

Number of frequencies | Number of packet collisions
1 1731342
2 665271
6 0

Table 18 Packet collision in a 2D hexagonadrray with different frequencies pernode.

The network partitioning algorithm introduced in chapter 5 shows perfect results for 3D
networks as well. During all the experiments reported in this thesisueota single
instance of packet collision occurrachich shows that the proposed algorithm works

correctly for both 2D and 3D networks.

8.3) Cubic Networks vs. Spherical Networks

A 3D hexagonal topology is chosen for BB€ network. In thissectionof the thesis it is
investigated if the same topology laees differetly if it fill s a cubic ora spherical
space. It should be noticed that both cases the topology of the network remains
unchanged (3D hexagonal FCC).

In fact the only difference between thaseo cases is the state of the network in its
edges and corners. In an infinite 3D hexagonal grid all nodes have exactly 12
neighbours. Bulit is not the case with 3D hexagonal topologies with finite sizes. In such
a network the number of neighbousdess when a node is located on the edges or in the
corners. This translates to lower connectivity for those nodes. Consequentlyistaere
chancethat a network with lower average connectivity is more susceptibleve
poorer performancescompared to networks with larger average connectilityhas
already been observed iRigure45 that although in theory a hexagonal network of size
3*3*4 needs no more than 4 hops to link a node to any other nodes, since the nodes on
the corners are suffering from low connectivity the actual maximum number of hops for

such a network is S-or this reason, the same topology is used toid different
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containerdo study the effect of low connectivity on the edges. A spherical shaye
increase the number of neighbours for nodes on edges and corners as the edges and
corners in a (serji spherical container are smoother compared to a cubic container.

A series of experiments has bemmductedo test the effect of container on the eage

number of neighbours per node and consequently on the performance of the network. In
these experiments FFTTM is applied to two shapes for a 3D hexagonal networks of
almost same number of nodes: a cubic container for 800 nodes and 4 épérmiical
container for 783 nodes. The number of nodes areexattlyequal to keep the cubic

and spherical shapes as accurate and symmetric as possible. In both cases the nodes car
execute 32 million instructions per second. The dattaoflinks is 10 Gb/s whichs the

same in both cases. The size of dad@ketsvaries from10 Bytes (real data) to 20
KBytes(real data). Such values magt beusualin realworld applications but they are
included tohavea wider understanding of the behaviour of the BC platform.

A range of intervals between packets are tested to understand how important the interval
between packets is. In all tests the processor utility of the network (in form of
percentage as defined IBg. 13) is measured. The results for the cubic container are
listed inTable19 and graphically shown iRigure73.

Packet Size
ime Interval 10 50 100 | 500 | 1000 | 2000 | 5000 | 10000 | 20000
1 27.42| 76.29| 86.37 | 90.39| 90.08| 89.07 | 86.98 | 88.26 | 91.45
5 16.78 | 66.96| 81.97| 90.49 | 90.60 | 89.09| 88.50 | 91.68 | 88.35
10 15.36| 62.72| 83.21| 89.95| 87.74| 89.44| 90.98| 90.43 | 91.32
20 12.80| 54.34| 76.44| 89.50| 91.52 | 89.92| 89.65| 89.57 | 90.62
50 8.40 | 36.28 | 62.31| 88.05| 87.57| 89.29| 91.68| 91.09 | 89.88
100 5.28 | 24.17| 41.22| 80.49| 84.70| 89.99| 89.07| 91.65 | 91.16
200 3.01 | 14.37| 29.00| 70.63 | 82.04| 87.61| 90.65| 91.36 | 88.73
500 1.32 | 6.70 | 12.82| 49.67 | 64.84 | 81.63| 88.39| 90.76 | 88.39
1000 0.73 | 3.66 | 6.97 | 29.42| 53.63| 66.24 | 84.79| 88.44 | 91.16
2000 0.37 | 1.83 | 3.60 | 16.12| 30.15| 53.25| 73.43| 82.83 | 89.31

Table 19: ProcessorUtility (%) of a cubic ball computer consisting of 800 nodes.
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Figure 73: The ProcessorUtility of a cubic ball computer with different packet sizes and intervals between

packets.
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The results for the spherical comter is also listed iTable20 and graphically plotted

in Figure 74. Based orthe results in these tables and figures a cubic container yields
just a little bit better performances compared to a spherical container. It should be
mentioned that because the containers are not very large and also because of the
hexagonal topology usefbr both cases, the actual shape of the network is neither

perfect cubic nor perfect spherical.

Packet Size

Time Interval 10 50 100 | 500 | 1000 | 2000 | 5000 | 10000 | 20000
1 27.64| 78.75| 86.32| 90.34 | 92.20| 87.19| 91.84 | 91.63 | 92.46
5 16.48| 63.47| 79.12| 87.63| 89.12| 86.50| 89.39| 89.05 | 92.13
10 14.42) 55.91| 78.82| 82.34| 88.70| 89.57| 86.92| 91.60 | 92.12
20 12.72| 52.12| 73.26| 87.12| 81.51| 82.60| 92.06| 91.38 | 89.84
50 8.07 | 36.68| 59.58 | 86.21| 89.46| 82.36| 89.14| 89.53 | 91.96
100 5.38 | 24.60| 42.92| 82.61| 85.67| 90.07 | 90.97| 92.28 | 91.75
200 3.11 | 14.86| 28.42| 73.94| 83.36| 84.96| 87.02| 91.39 | 89.61
500 144 | 6.63 | 13.35| 50.48| 69.28 | 80.12| 88.45| 90.53 | 91.49
1000 0.72 | 345 | 6.99 | 30.14| 47.08| 70.11| 83.26| 88.67 | 90.60
2000 0.37 | 1.87 | 3.56 | 15.82| 30.51| 53.41| 73.94| 85.38 | 89.57

Table 20: ProcessorUtility (%) of a spherical ball computer consisting of 783 nodes.
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Figure 74: The ProcessorUtility of a spherical ball computer with different packet sizes andpacketintervals.

Theaverage number of neighbours per node in a cubic container of 800 nodes is 10.02.
The same number for a sphericahtainer of 783 nodes is 10.25.

This explains why the differences between result3able 19 and Table 20 are not
significant. The size of two networks in these experiments die differen therefore,

it can be assumed that tkéghtly different size of thanetworks cannot make laig
difference in these experimeng&nce the spherical containers do not have a meaningful

advantage over cubic containezabic containerare usedor their simplicity.

8.4) Multi -Tasking and Multiple Workloads
The performance of a diviendconquertaskmodellike FFTTM maybe enhanced by
usingits idle timesfor other tasksTo find the extent othis improvement a set of tests

are ruming on FFTTM. Two different data sizes are assigned to the starter nd8Ks
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and 240K BytesBy choosing these data sizes we will not have a wide piofunew
multiple instances of FFTTM react to different data sizes; theyjusteexamples to

show how that tasknodel dealsvith small and medium sizes of data

Up to 8 independent workloadse used in this set of experimerfRegarding the cubic
shape of the network it is a reasonable choice to have 8 workloads. Workloads are
located near the eight corners of the cubic aioetr of the network which gives balance

and symmetry to the workloads 3D networkof size 10*10*8 nodes is used.

For the first set oftestsa single FFTTM workload are applied singletask nodes.

Then the saméests are repeated with muiisk nodesThe data rates of dihks in all

tests in this series of experimsrdre 10Ghk/s. Also all nodes execute 32 million

instructions per secondhe single task results are showrkigure75*,

Nodes Nodes involved in a 48K single task FFTTM Nodes Nodes involved in a 240K single task FFTTM
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Figure 75: Nodes involved in a singldask FFTTM with a) 48K bytes, Max Nodes Involved= 547, b) 240K
Bytes Max Nodes Involved= 799.

The important issue the number of waiting nodes which in both cases are significantly
high. The figure shows that during a large part of the simulation time a large number of
nodes are just waiting foesults fromot her nodesd withouhte acti
taskgiven. Thisis interpreted as inefficiency of the singlesk FFTTM.

When the multitasking feature is added to nodbesy produced results which can be
found in Figure 76**. What is apparerin these graphis the sharp drop in the number

of waiting nodes. This means that the idea of recruiting waiting nodes for other tasks
has workedThe figures show the simulation time does not change very much while the
number of ndes involved and the waiting nodes in particular are dropped significantly.
The tasks on different nodes do not finish at the same time. This means that at some
parts of simulation time the number of nodes that are involved in the task can be very
low. This can be seen iRigure 75 and Figure 76. In both singletask and multtask

nodes the number of nodes involved in a task rises quickly and then falls. This is the
right time for a new task to reuse the nodes that have just finished their oldViask.

% Each test is repeated three times. The variance of resuR828e22(48K) and29400.89240K ).
% Each test is repeated three times #avariance of results a@81889.56and383308.67or 48K and
240K respectively.
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have already seen the effect of mudtsking with single workloads; but it ist&cipated

to show its real strength when combined with multiple workloads.

Nodes Nodes involved in a 48K multi task FFTTM Nodes Nodes involved in a 240K multi task FFTTM
800 800
700 700
600 600
Busy-Nodes Busy-Nodes

500 500
400 Waiting-Nodes 400 Waiting-Nodes
300 Total-Nodes 300 r\,\ Total-Nodes
200 200 \/\A
100 100

0 4= — Iterations 0 — Iterations

0 1000 2000 3000 4000 5000 6000 7000 8000 0 5000 10000 15000 20000 25000 30000
@ (b)

Figure 76: Nodes involved in a multitask FFTTM with a) 48K bytes, Max Nodes Involved= 247, b) 240K Bytes
Max Nodes Involved= 386.

To test the effect of using multipleorkloadsa set of experiments are run using
FFTTM with data sizes ofi8K Bytes and 240K ByteJ.hese two data sizes are chosen
toseeifthetasknodel 6 s behavi our c¢ han dgleesnumbérbfh a
workloads varies betweehand8. For the first test there is only one workload located
near one of the corners of the network. Then for the second test another workload is
placed near another corner of the network. Tapeatsuntil in the eighth experiment
there are 8 workloakach located near one of the corners of the network.

The number of nodes involved in an FFTTM is measured with two data sizes and
different number of tasks per nodgiqure77). Figure77.a> - in particular- shows that

the number of nodes involved stays reasonabiywiiien new workloads are added.

Both graphs(especially part ¥) show the task execution time does not increase
dramatically when new workloads are introduced. When the data size increases the
number of nodes involved gets close to its maximum number but with low data sizes

even with multiple worldads the number of nodes involved is not very significant.

800 » 800
0 1Task || 3 1 Task
& 70 é’ 700
S 2 Tasks //w"\/\v\ 2 Tasks
600
3 Tasks 3 Tasks
500
r\ 4 Tasks 4 Tasks
o \/\ /\ﬂ\ 5 Tasks 5 Tasks
o0 v_ 6 Tasks 6 Tasks
2017 ) 7 Tasks 7 Tasks
100 ~ 8 Tasks 1 8 Tasks
0 v Iterations o . )
0 2000 4000 6000 8000 10000 12000 14000 0 10000 20000 30000 40000 50000 60000 70000 soooo  lterations
@ (b)

Figure 77: Nodes involvedin a set of multitask FFTTM with a) 48K bytes, b) 240K Bytes.

% Each test is repeated three times and the variance of resul8y48e57 361243.56 244322.89
106568.22660404.22319970.67769690.89407490.8%0r 1 to 8 workload respectively.

% Each test is repeated three times and the variance of resul8%8&0.67 22190.89 33950.00
20393.56409482.671763764.67100002.89144697.560r 1 to 8 workloads respectively.
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The effect of multtasking on the performance of the FFTTMalso studied in a
separate set of experiments in which the network consists of 800 (8*10*10) nodes; each
node does 32 million instructions per second and thendata fate is 10 Gb/s. The

task used is the original FFTTM (with no load balancing). Thelteg$lable21) show

for the majority of cases a node yields better results when it accommodates more tasks.

I n these experi ments tEQe&3isneaswedr Kds pr oce:

Data Size | Tasks/ Nodes Packet Processor Data Size | Tasks/ Nodes Packet | Processor
(KB) Node | Involved Size Utility (%) (KB) Node | Involved Size Utility (%)
1 8.76 1 39.26
2 11.13 2 45.60
48000 170 282 2400000 800 3000
4 10.60 4 39.38
8 10.64 8 67.44
1 6.82 1 43.2
2 6.85 2 39.35
240000 800 300 4800000 800 6000
4 13.24 4 56.76
8 12.09 8 67.50
1 13.87 1 39.70
2 12.17 2 44.97
480000 800 600 9600000 800 12000
4 13.76 4 57.74
8 22.10 8 70.57

Table 21: The effect of multi-tasking in an FFTTM with different data sizes.
It should be noticed that for a majority of the tabtswhole netork is saturated by the

task andall the nodes are involved in the testceptfor the smallest data size (48KB).
That is because the taskodel is designetb havea lower limit on the data size for a
local FFT.When theoriginal data sizas smallit splits into smaller number of pieces
Figure 78 is the graphical representation of data presentelhbie 21. In addition to

testing the idea of multasking the graph also reinforces thesults derived from other

tests in whicthigher performances are usualghievedwith larger data sizes

80
o —e— 48000
o0 —e— 240000

8 50 480000

LE 20 < —e— 2400000

= 30 4800000
20 9600000
10 g———— S —8

o

Tasks per Node
1 2 3 4 5 6 7 8

Figure 78: The improvement of performance as the number of tasks per node increases

Studying the number of nodes involved in a mtasking FFT is the subject of another
set of ests. Two different data sizes (48KB and 240kBjused inthis series of tests.
There are four different experiments for each data size in wichumber of tasks per

node is chosen from the values 1, 2, 4 an@il& number of workloadss also1, 2, 4
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and 8.In all experiments the number bfisynodes and theaiting nodes are measured

during the ercution time of the simulation.

Nodes Busy NodegData Size= 48K, 1 Task/Node) Nodes Waliting Nodes (Data Size= 48KTaskNode)
800 800
700 700
600 600
1 Workload
500 500 1 Workload
2 Workloads
400 \A 400 2 Workloads
4 Workloads
300 A 300 PLA 4 Workloads
200 LM\ 8 Workloads |55 | [ A, 8 Workload
v 7 orkloads
HiS SN HESSAN
0 s s > - T Iterations 0 T y T T T Iterations
0 3000 6000 9000 12000 15000 0 3000 6000 9000 12000 15000
@ (b)
Figure 79: (a) Busy and (b) Waiting nodes in a 48K-FTTM when each node has 1 task.
Nodes Busy Nodes Data Size= 48K, TasksNode) Nodes Waiting Nodes (Data Size= 48K,2 Tasks/Node)
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Figure 80: (a) Busy and (b) Waiting nodes in a 48K-FTTM when each node has 2 tasks.
Nodes Busy Nodes Data Size= 48K, TasksNode) Nodes YVaiting Nodes (DataSize= 48KTasksNode)
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Figure 81: (a) Busy and (b) Waiting nodes in a 48K-FTTM when each node has 4 tasks.
Nodes BUSY Nodes (Data Size= 4&KTasksNode) 8,\6%deSWaiting Nodes (DataSize=48& TasksNode)
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Figure 82: (a) Busy and (b) Waiting nodes in a 48K-FTTM when each node has 8 tasks.
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Figure 79, Figure80, Figure81 andFigure82 show the busy and waiting nodes for an
FFTTM of size 48K. The network is a 3D hexagonal grid of size 800 (8*10*10), the
data rate of links is @ Gb/s and each node can perform 32 million operations per
second.

Figure 83, Figure 84, Figure 85 and Figure 86 plot the busy and waiting nodes for
FFTTMs of size 240K. Part (b) of all these figures show that the number of waiting
nodes sharply reduces when migisking is involved. This is because there are many
waiting nodes in a singlask node that will have the chance to get busy with another
task n a multitaskng node. This changes their status from a waiting node to a busy one
and therefore the number of waiting nodes reduces with a rise in the number of tasks per
node. This reduction intensifies when the number of tasks per node inciégses.

82.b andFigure86.b show that the number of waiting nodes is almesb zZvhen each
node handles 8 tasks at the same time regardless of the number of workloads.

Nodes Busy Nodes (Data Size= 240K, 1 Task/Node) Nodes Waiting Nodes (DataSize=240K, 1 Task/Node)
800 800
700 700
600 600
1 Workload 1 Workload
500 500
2 Workload:
400 \-\IL 400 J/""/vv\'\'\‘ 2 Workload:
4 Workload
200 \ 300 \ VV\A'\\ 4 Workload:
200 V\'\J\M ™ 8 Workload 200 \ "\ 8 Workload
v
100 '-M W\VAV'A\ 100 “"\"\\\N ""\k
0 - i T ! Iterations 0 ! ! ! ! Iterations
0 20000 40000 60000 80000 0 20000 40000 60000 80000
@ (b)
Figure 83: (a) Busy and (b) Waiting nodes in a 240kkFTTM when each node has 1 task.
Nodes BUSY Nodes (Data Size= 240K, 2 Tasks/Node) Nodes Waiting Nodes(DataSize=240K,2 Tasks/Node)
800 800
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2 Workload:
400 !\\_\\\N\M 2 Workloadg 200
4 Workload:
4 Workloads AN
300 - 300
v
‘\" \I\n [N 8 Workloads / \‘h\ 8 Workload
200 vvvv\/\ 200 \
100 - \I\ 100 ﬁ
0 — T T | iterations 0 - T ;_ iterations
0 20000 40000 60000 80000 0 20000 40000 60000 80000
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Figure 84: (a) Busy and (b) Waiting nodes in a 240kcFTTM when each node has 2 tasks.
On the other hand the number of busy nodes plotted on part (a) of above figures are

almost unaffected by the number of tasks per node while it is affected by the number of
workloads. When the number of workloads is fixed the number of busy nodes is solely
determined by the internal mechanism of the dhaddconquer task (FFT in this
example). The speedup factor (as definedhyl2) increases when either the number

of tasks per node or the number of workloads increase.
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Nodes Busy Nodes Data Size= 240W, TasksNode) Nodes Waiting Nodes (DataSize=24@K asksNode)
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Figure 85: (a) Busy and (b) Waiting nodes in a 240kkFTTM when each node has 4 tasks.
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800 800
700 700
600 600
1 Workload 1 Workload
500 500
d 2 Workload
400 [\/\\-\/l 2 Workload 400
300 V\,\A A 4 Workloads | 4 Workload
v
200 8 Workloadg 200 8 Workload!
100 - \/’\ 100
0 Y T V\I\ | terations 0 T T | Iterations
0 20000 40000 60000 80000 0 20000 40000 60000 80000
(a) (b)

Figure 86: (a) Busy and (b) Waiting nodes in a 240&cFTTM when each node has 8 tasks.
There are seemingly some anomalies in some parts of graphs especially when

comparing 1 workload against 2 workloads. Sometimes during their execution times it
happens that th@umber of busy nodes with one workload increased di two
workloads. This happens just for a fraction of the execution time of the tasks. However,
this cannot be regarded as a real anomaly since there is no strong relation between the
statuse®f the néwork in a given iteration of the simulation in those two cases. As an
example in Figure 79.an approximately around iteration 4000 there are more busy
nodes with 1 wrkload (blue graph) than that of 2 worklsa@ed graph). This is not a
permanentind/or dominant situation and can be regarded as a temporal fluctuation in
the number of busy nodes caused by the randomnesmeéattions in both simulations.

Not all wokloads start their execution right from the start of the simulation. This is to
have a lag between workloads to let them start after the peak of operations of the
previous one is passed. The workload execuiimimg is based on an estimation and

this thess has not tried to optimise the timing of the workloads execution. Therefore, a
nonoptimalworkload execution timing may contribute in minor temporal anomalies in
results.

In general these experiments show that a rtadtking node in BC platformunning
FFTTM can helpreducing the number of waiting nodes althougbaihnotmake a big

change in the execution time since multiple tasks engaging with different workloads
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occupy their share of CPU time. Because the CPU computational ability is unchanged
in thesetwo cases (singlask and multiask), the overall time needed for running all

workloads is expected to have no meaningful change.

8.5) Task-model Modifications and Load Balancing

In this part of the thesis it will be test#duhtto what extent the sipte load balancing
technique adopted by thikesishas improved the efficiency of the network. In theory
the performance should improve when the workload is shared between different sub
trees of a dependency tree proportionatiaeir sizes. In practice two different versions

of FFTTM (with and without load balancing) are run on the same network with the
same parameters and with the same data size. The results endorse the theoretical
conclusion that the load balancing techniguprioves the performance. Testing other
versions of load balancing algorithm is left for future work.

In this set of experiments tw&D network of 1000 nodes (10*10*1@nd 2028nodes
(12*13*13) areused. The transfer rate of all links is set to@lfs. All nodes can
process 32 million instructions per second. Only one workload is applied to the network
in each experiment. The performance of the network is measured with different data
sizes(i.e. 100K Bytes and 10NBytes) These two values are chosen ordyrépresent

low and high data sizes. Therefotkis particular experiment caat be regarded as a
comprehensive study on the effect of data size on load balafdiegresults of the
experiments are listeoh Table 22. The processorutility factors (in percentagesare

measuredbased oreq. 13.

Network Size Data Size Load Balancing Included | ProcessorUtility (%)
No 4.73
100K Bytes
Yes 10.13
1000 Nodes
No 20.12
10MBytes
Yes 96.27
No 2.74
100K Bytes
Yes 2.23
2028Nodes
No 10.19
10MBytes
Yes 87.31

Table 22: Comparing the performance of two versions oFFTTM ; with and without load balancing.

As the table shows in almost all values for network size and data size the FFTTM with
load balancing yields much better performancempared to the taskodel without

load balancing. The only exception is when the FFTTM with 100K Bytes of data is

applied to a network of around 2K nodes. Regarding the larger size of the network
(compared to 1K nodes), the smaller data size (comparE@MV Bytes) and the nature

of the taskmodel (which engages all nodes) the performance is so poor that even load
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balancingcannothelp improving it. The reason for slight decrease in performance with
load balancing in this test is unknown at the moment.

The reason why the performance of the network under 2K nodes drops compared to the
1K node networks discussed later in chapter 9

8.6) Tuning the Number of Branches per Node

A divide-andconquertaskmodel like FFTTM follows a repetitive pattern of finding
new candidates and sharing the task with them. The number of nodes each node finds
determines the shape of the dependency tree of a task, which turnitplays an
important role onhow fast the task finishes. This parameséould be tuned and
optimisedto maximise the performance of thaskmodel by decreasing the total
number of hops.

A set of experiments isonductedo find the best number of branches per node. In this
set of experiments an enhanddelT TM is used. 2D and 3D grids are tested seplgrate
The number of branches varies from 4 to 8 iniBa network of 1000 (10*10*10)
nodes. Each 3D case is repeated 8 tifiks.number of branches varies frono36 in

2D in a network of 102432*32) nodesEach 2D case is repeated 4 times. Each 2D or
3D case is run on a hexagonal topology as well as a cube topdiogyl tests the
FFTTMs are applied to a data of size 100K byfdse results are projectedkigure87.

8500 Total Number of Hops in a 3D Grid Total Number of Hops in a 2D Grid
22000
8000 .
~—— 21000 ‘\_’*
7500 20000
2000 —— 3D-Hex - 2D-Hex
19000
~—o— 3D-Cube ~—o— 2D-Cube|
6500 18000
6000 \1 17000 -
5500 T T T T \ 16000 . . .
0 2 4 6 8 10 0 2 4 6 8
Number of Branches Number of Branches

(a) (b)

Figure 87: Total number of hops in Hexagonal and cubic topologies in (a) 2D and (b) 3D.

The besnetworkperformance is achieved when the total number of pse lowest
The results show that the optimummber of branches for a dividadconquer task
like FFT is 5 in 2Dgrids and 6 in 3D grids usingekagonal topology. The same
numbers for a cubic topology are 3 and 6 respectiWith those values for branches
thelowest total number of hops ahievel.
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So far, the performance of the netwdgirk terms ofprocessoutility) has been measured

in a fixed set of network attributes. The mospaortant network attributes are network
size, data sizdransferrate of links and the number of instructions each redzutes

in a second. Running experiments with such afigezl set of attributes do not give a
general understanding of the behaviolithe network. To have a broader view of how
the network performs in different situations is important to test the network with
different network attributes.

In the final set of experiments this thesisthe behaviour of the network is studied
when tke main four network attributes listed above are chandiiafple 23 lists the
range of values chosen for the aforementioned network attributes. In all these
experi ments what i s procesaositility factbr(as defintechigg. net w
13), link utility (Eq. 13) I i nk 6 €q. b3uang linkt waimtame Eqg. 13). The

rangeof valuesfor these attributes start from rather low values whiah be easily
achievedwith the current level of technologi®gth a rather low pricde.g. 10MIPS of
processing ability, 100 Mb/links and 100 KB of data)The higher values for the
network attribties are not necessarily available with the stafethe-art technoloyg at

the momen{e.g. processing ability of 100 GIPS and links with 100s@®ahsferrate)

Such currentiunrealistic values armcludedto give an idea about the effect of future

technological improvements on the performance optbposed Betwork.

Network Attributes Values

Number of Nodes 1000 2000

Number of Instructions per Secon| 10 MIPS | 100 MIPS | 1 GIPS 10 GIPS | 100 GIPS
DataRate(bits per second) 100 Mb/s | 1 Gb/s 10 Gb/s 100 Gb/s

Data SizgBytes) 100 KB 1 MB 10 MB 100 MB

Table 23: Range of values for four major network attributes in the last set of experiments.

The simulations were running om &PC grid partially owned by the University of
York called the White Rose Grid (WR&) On each set of experiments 80 tasks were

submitted to the gridlhe results are presented and discussed in following sections.

9.1) FFTTMon 1000 Nodes

In the first partof these experiments the network size is 1000 nodlksre are 8
FFTTM workload in each tesA total number of 80 simulatiotestsproduce results
shown inTable24 (a to d) and plotted iRigure88 (a to d).

37 http://www.wrgrid.org.uk/
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aaRae| 190 | 1 10 | 100 | 100 1 10 | 100
Instr. /Sec Mb/s | Gbls Gb/s Gbl/s Mbl/s Gb/s Gbl/s Gb/s
10MIPS 1.08 7.81 141 14.90 1.21 21.48 67.29 71.06
100MIPS 0.1 0.% 6.57 1493 | 0.097 | 1.80 | 17.8 | 68.0
1GIPS 0.01 0.12 0.64 8.41 0.11 1.5% 1860
10GIPS 0.01 | 0.08 1.47 0.20 1.3
100GIPS 0.01 0.13 0.2

(a) Data size= 100 KB (b) Data size= 1 MB
aaRate | 100 |1 10 | 100 | 1 10 | 100

Instr./Sec Mb/s | Gbhl/s Ghl/s Gbl/s Gbl/s Ghl/s Ghl/s

10MIPS 3.31 29.% 8390 | 85.04 || 41.8 68.40 | 86.72

100MIPS 3.23 | 32.54 | 83.54 49.75 | 77.98

1GIPS 3.0 | 30.74 62.46

10GIPS 2.96

(c) Data size= 10 MB (d) Data size= 100 MB

Table 24: ProcessorUtility in a set ofFFTTMs on a network of 1000 nodes with different network attributes.
Data sizes varies: (a) 100 KB, (b) 1MB, (c) 10MB and (d) 100MB.
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Figure 88: ProcessorUtility for FFTTM on 1000 nodes with different network attributes

The results show that the performance of the network improves as the data size
increases. Also, in general, higheansferrates means beit performances. Another
pointin theabovetables is that the performance of the network relates with the ratio of
the transferrate to the number of instructions per sec@ralled comm/comp ratio in

this thesis)A higher value for such a ratio usuaiyeanshigh network performanc&s

#30me values iTable24 andFigure88 are missed. These numbers can be regarded as zetbdrathe
l og files keeping a record of the simulatords operati
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OLBT and OLWT are also measured in this set of experiméats¢25 andTable26).
The network parameters are chosen frbafle 23 with only two exceptions: Data of
size 100MB and computational ability of 100GIPS (except for two tests) are excluded

from this part of the experiments.

Table 25: OLBT (in mSec)measured in a set of FFTTMs on a network of 1000 nodes with different network
attributes. Data sizes varies: (a) 10&B, (b) 1MB and (c) 10MB.

ata Rate
vbe | 195 | Gois | Gis | wmbls | 1°% | Gbis | Gbls
Instr./Sec
10MIPS 2490.51 | 263.73 | 57.95 | 43.30 || 49016.35| 1745.95| 154.76 | 42.52
100MIPS 2557.00 | 245.81| 33.16 | 5.51 || 22270.63| 2802.69 | 174.27 | 15.78
1GIPS 246.48 | 24.77 | 2.66 755.04 | 204.93| 16.95
10GIPS 244.02| 67.24| 2.48 696.15 | 209.05| 20.42
100GIPS 26.21 | 2.80
(a) Data size= 100 KB (b) Data size= 1 MB
ata Rate 100
100 Mb/s 1Gb/s | 10Gb/s Gbls
Instr./Sec
10MIPS 391004.23| 16415.70| 1294.13| 163.35
100MIPS 63114.27 | 12568.77| 1520.68 | 134.57
1GIPS 21604.61| 5903.79 | 154.02
10GIPS 2172.28 | 401.24 | 41.68

(c) Data size= 10 MB

aaRate | 159 Lcbis | 10 | 100 100 | yope | 10 | 100
Instr /Sec Mb/s Gb/s | Gb/s Mb/s Gb/s Gb/s
10MIPS 1976.85| 210.04| 39.07 | 8.99 | 63962.47| 1593.80| 19.66 1.51
100MIPS 2566.20 | 194.51 | 41.36 | 1.22 | 32928.22| 4095.57 | 124.66| 2.04
1GIPS 229.69 | 20.61 | 2.23 878.18 | 325.17| 16.05
10GIPS 231.32| 60.09 | 2.14 785.83 | 254.11| 25.18
100GIPS 27.39 | 2.97

(a) Data size= 100 KB (b) Data size= 1 MB
ata Rate 100
100 Mb/s 1Gb/s | 10Gb/s Gbls
Instr./Sec
10MIPS 624374.68| 10744.92| 159.32 10.72
100MIPS 103566.50| 27463.57| 701.92 18.34
1GIPS 49977.70| 9871.67| 87.54
10GIPS 2340.13 | 787.21 | 114.01

(c) Data size= 10 MB
Table 26: LWT (in mSec) measured in a set of FFTMs on a network of 1000 nodesData sizes varies: (a) 100
KB, (b) 1IMB and (c) 10MB.

These two metrics are measured in mSec rather than simulation iterations because a
simulation iteration represents different time periods in different tests. The thbles s

1 With a fixed computational ability, both metrics reduce as data rate increases;

1 With a fixed data rate, both metrics reduce as computational ability increases;

9 Itis not surprising that both metrics increase when data size increases.

cases. In a high majority of those cases the simulation time exceeded a predefined threshold set by WRG
(the platform used for simulations).
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Figure 89: OLBT (in mSec) for FFTTM on 1000 nodes with different network attributes.
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Figure 90: Li nk Wait Time (in mSec) for FFTTM on 1000 nodes with different network attributes.

The results are also graphically presentedrigure 89 and Figure 90. The slope of
reduction in both metrics varies with different values of network parameters but the
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general trend is that both two lurklated metrics decrease as the data rate and

computatimal ability increase.

9.2) FFTTM on 2000 Nodes

To study the effect of network size on its performance a separate set of experiments are
run in which the network size is increased to around 2000 nodes (2002=11*13*14 nodes
to be more precise). The other thneetwork attributes are changing the same as the
experiments with 1000 nodes (section 9There are 8 FFTTM workloads in each test.

Themeasured processor utilitiage listed inTable27 and plotted irfFigure91.

aaRate | 199 | 1 10 | 100 | 100 | 1 10 | 100
Instr /Sec Mb/s | Gbls Gbl/s Gbl/s Mb/s | Gb/s Gbl/s Ghl/s
10MIPS 2.26 4.97 4.73 0.40 6.08 48.01
100MIPS 0.03 2.27 4.75 7.85 43.31
1GIPS 0.16 2.23 0.09 0.60 7.14
10GIPS 0.21 0.47
100GIPS 0.02 0.12

(a) Data size= 100 KB (b) Data size= 1 MB
aaRae | 199 | 1 10 | 100 | 1 10 | 100
Instr./Sed Mb/s | Gbl/s Gb/s Gb/s || Gb/s | Gbl/s Gb/s
10MIPS 1.49 12.05 | 75.52 78.8 || 17.56| 76.05 | 82.35
100MIPS 1.14 14.44 | 76.21 16.53 | 78.48
1GIPS 1.15 15 19.64

10GIPS 1.22

(c) Data size= 10 MB (d) Data size= 100 MB

Table 27: ProcessorUtility (percentage)for FFTTM on a network of 2000 nodes with different network
attributes. Data sizes varies: (a) 100 KB, (b) 1MB, (c) 10MB and (d) 100MB.

In section 9.1 it was observed that the performance of the network improves when the
comm/comp ratio increases. The same trend can be detected in this set of experiments
as well.

The results in the above table and graphs show that the performance of FFTTM is
falling for the most of cases compared to the same network attribute valueD@@h 1
nodes (in section 9.1). This may suggest that for an FFTTM and a given set of network
attributes there is an optimum network size with which the performance of the network
is in its peak. For networks smaller and bigger than this threshold the perterrof

the network is anticipated to be lower. This does not suggest that the size of a BC
cannot increase beyond that size. Instead, it means that the tasks should not be given the
grant to expand beyond that limit everthie size of a BC exceeds thatebhold. The
threshold is not a solid limit and depends on many network attributes (e.g. transfer rate
and number of instructions per second). The results show that the performances of

almost all the tests have fallen. This suggests that the threshiddlysnot to depend
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on the problem size (or at least is very loosely related to the problem size). More tests

with different network sizes are needed on this matter.
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Figure 91: ProcessorUtility (percentage)of FFTTM on a 2000node network with different sizes: (a) 100KB,
(b) 1MB, (c) 10MB,and (d) 100MB.

ata Rate
won | 1Gbis | 106bis | 220 | 100Mbis | 1cbis | 10Gbis | 200
Instr./Sec
10MIPS 71811.93| 5630.74 | 1121.81| 356.23 || 284373.04| 26589.06| 2415.93
100MIPS 49075.04| 6690.20| 521.41 | 114.61 || 403995.26| 15712.56| 2555.30 | 245.68
1GIPS 6338.44 | 463.88 121.97 81721.32| 2133.83| 192.15
10GIPS 4289.51| 443.61 54.57 8543.12 | 3668.26 | 532.69
(a) Data size= 100 KB (b) Datasize= 1 MB
ata Rate 100
100 Mb/s 1 Gb/s 10Gb/s Gbls
Instr./Sec
10MIPS 5249580.19| 200647.05| 14788.25| 2467.09
100MIPS 564259.93 | 608751.91| 38538.20| 1549.97
1GIPS 43383.73 | 21272.16| 1973.62
10GIPS 2211.93

(c) Data size= 10 MB
Table 28 OLBT (in mSec) measured in a set of FFTTMs on a network of 2000 nodes with different network
attributes. Data sizes varies: (a) 100 KB, (b) 1MB and (c) 10MB.

Measurements of OLBT and OLWT metrics are also included insgusion Table
27andTable28). The network parameters are the same as FFéXpériments on 1K

node networks.

Like the previous section, the metrics are measured in mSec rather than simulation

iterations. The results show that like -hikde networks, both linkelated metrics
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decrease when either transfer rate or computationatyaibitirease. The results are also
plotted inFigure92 andFigure93.

ataRate | g9 10 | 100 100
nstr o5 MbJs 1Gb/s Gbls Gbls 100Mb/s 1Gb/s 10Gb/s Gbls
10MIPS 67235.48| 5330.02 | 362.83| 156.80| 391947.87| 32019.35 | 390.41 | 286.66
100MIPS 41437.43| 6426.74| 497.08| 28.67 || 615012.11| 15020.16 | 3040.84| 50.38
1GIPS 6282.90 | 323.74 | 115.05 156112.66| 2962.68 | 108.05
10GIPS 3448.18 | 412.88 | 82.99 22306.67 | 5600.73 | 587.89
100GIPS

(a) Data size= 100 KB (b) Data size= 1 MB

Data Rate 100

100 Mb/s 1Gb/s 10Ghb/s Gbls

Instr./Sec
10MIPS 10928436.25| 136347.72| 1349.66 | 187.93
100MIPS 4565301.95 | 1280091.17| 34766.51| 146.27
1GIPS 344539.15 | 17038.94| 2425.33
10GIPS 1821.37

(c) Data size= 10 MB
Table 29: Link Wait Time (mSec) measured in a set of FFTTMs on a network of 2000 nodes with different
network attributes. Data sizes varies: (a) 100 KB, (b) 1MB and (c) 10MB.
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Figure 92: OLBT (in mSec) for FFTTM on 2000 nodes with different network attributes.

181



Chapter 9: Overall Study of the Behaviour of the Network

Link Wait Time; Data Size= 100 KB Link Wait Time; Data Size= 1 MB
% 1.00E+05 7 1.00E+06
° o
= c
S 2
$ 1.00E+04 g LOOE+05 \
£ E 1.00E+04
2 1.00E+03 g
= F 1.00E+03
g N~ E
= 1.00E+02 =
> < 1.00E+02
£ =
£ =
Data Rate (MB/S | —
1.00E+01 1.00E+01 Data Rate (MB/S
100 1000 10000 100000 100 1000 10000 100000
10MIPS 100MIPS 1GIPS 10GIPS 10MIPS 100MIPS 1GIPS 10GIPS
(a) Data size= 100 KB (b) Data size= 1 MB
Link Wait Time; Data Size= 10 MB
& 1.00E+08
e
c
8 1.00E+07
(]
2
E 1.00E+06
g 1.00E+05
[
= 1.00E+04
=
¥ 1.00E+03
- Data Rate (MB/S
1.00E+02
100 1000 10000 100000
10MIPS 100MIPS 1GIPS 10GIPS

(c) Data size= 10 MB
Figure 93: Link Wait Time (in mSec) for FFTTM on 2000 nodes with different network attributes.

9.3) SPTMon 1000 Nodes

Earlier in thisthesis it wasdiscussedhat the main difference between the ttask
modesk is thér degree of dependency between nodes. In a daudieconquer task like
FFTTM, tasks on nodes depend on those of many other nodes whileSiaTaM a task
running on a nodenly depends on tasks running same of its direct neighbour§he
discussion abouhe degree of dependency leads to a conclusion that the network size
does not affect the perimance of a network when runni&PTM This assumption is
tested against experimental results in #astionand the nexsection Table 30 shows
theprocessor utilitie®n a network of size 1000 nodadl running SPTM

The total data size has four different values: 800 KB, 8 MB, 80 MB and 800 MB. These
values are chosen toatch with the total size of data in the first two series of
experiments (i.e. 8 FFTTM workloads of sizes 100 KB, 1 MB, 10 MB and 100 MB).

ata Rate

100 1 10 100 100 1Gb/s 10 100
Instr /Sec Mb/s | Gb/s | Gb/s | Gb/s | Mb/s Gb/s | Gbls
10MIPS 6.65 | 35.83 | 55.53 | 54.38 || 2.02 | 62.84 | 74.62 | 80.90
100MIPS 0.79 | 3.20 | 38.50 | 56.11 2.2 13.92 | 62.68 | 74.43
1GIPS 0.07 | 1.09 150 | 37.81 | 0.21 2.22 3.77 | 62.73
10GIPS 0.01 | 0.07 0.76 3.12 0.02 0.19 2.62 9.51
100GIPS 0.01 0.08 0.06 0.02 0.20 2.24
(a) Data size= 80 KB (b) Data size= 8B
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aaRate | 159 | 4 10 | 100 | 100 |, | 10 | 100
Instr /Sec Mb/s | Gbls Gb/s Gb/s Mbl/s Ghl/s Ghl/s
1OMIPS 22.27| 61.02 | 82.06 | 84.16 | 23.78 | 67.17 | 82.49 | 84.42
100MIPS 272 | 2530 | 66.69 | 81.27 | 0.08 | 23.85 | 6554 | 82.08
1GIPS 027 | 255 | 20.33 | 59.36 271 | 2368 | 58.98
10GIPS 027 | 296 | 22.95 2.89 | 20.80
100GIPS 027 | 2.60 2.65

(c) Data size= 8 MB

(d) Data size= 80 MB
Table 30: ProcessorUtility measured in a set of expennents with SPTM on a network of 1000 nodes with
different network attributes. Data sizes varies: (a) 800 KB, (b) 8MB, (c) 80MB and (d) 800MB.
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Figure 94: ProcessorUtility of Simple Parallel tasks on a @00-node network with different sizes: (a)800KB,
(b) 8MB, (c) 80MB and (d) 800MB. Data sizes varies: (a) 100 KB, (b) 1MB, (c) 10MB and (d) 100MB.

In anSPTMall nodes are involved in sending and receiving packets. Therefore, in order
to match the total da sizes in the first two series of tests in a network of size 1000
nodes each node needs to send a total data of size of 800 B, 8 KB, 80 KB and 800 KB.
Like othersectionsthecomm/compratiois importantin the network performance.
Measurementsf OLBT and OLWT metrics are also included in this sectibab{e 31
andTable32). The network parameters are chofem Table23.

The metrics are measured in mSec to cancel out the effect of variation in time periods
represented by a singsmulation iteration in different tests. The results show that like
FFTTM, link-related metrics decrease with an increase in either transfer rate or

computational ability. The results are graphically present&iimre95 andFigure96.
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DataRate | 109 1 10 | 100 | 100 | oo | 10y | 100
Instr./Sec Mb/s Gb/s Gb/s Gbl/s Mb/s Gb/s
10MIPS 309.03 | 51.18 | 19.59 | 17.75 | 2072.15| 470.31 | 242.17 | 227.59
100MIPS 316.62 | 31.04 | 5.08 1.95 || 1562.87| 193.92 46.45 24.13
1GIPS 321.44 | 31.84 | 3.19 0.51 || 1807.97| 157.92 19.61 4.55
10GIPS 32198 | 32.13 | 3.18 0.31 | 1881.18| 184.66 15.87 1.96
100GIPS 320.74 | 32.64 | 3.20 0.35 186.30 18.41 1.60

(a) Data size= 100 KB (b) Data size= 1 MB
Data Rate

100 Mb/s 1 Gb/s 10 Gb/s 100 Go/s 100 Mb/s 1 Gb/s 10 Gh/s 100 Go/s
Instr./Sec
10MIPS 1694958 | 4266.82 | 2448.16 | 2304.63 | 160306.46 | 41389.33 | 24296.26| 23567.16
100MIPS 14050.83 | 1696.12 431.80 245.69 150758.87 16050.13 4116.93 2423.40
1GIPS 13627.58 | 1413.75 | 168.61 43.46 13674.94 | 1583.69 | 405.94
10GIPS 1349.96 141.71 16.76 1335.75 159.85
100GIPS 133.84 14.33 135.73

(c) Data size= 10 MB

(d) Data size= 100MB
Table 31: OLBT (in mSec) measured in a set of SPTMs on a network of 1000 nodes with different network
attributes. Data sizes varies: (a) 100 KB, (b) 1MB, (c) 10MB and (d) 100MB.

DataRate | 159 | 1 10 | 100 | 100 | .. | 10 | 100
Instr /Sec Mb/s Gb/s Gb/s Gb/s Mb/s Gb/s | Gb/s
10MIPS 180.49| 13,59 | 0.30 0.08 | 1207.23| 150.41 6.15 1.23
100MIPS 245.21| 18.32 1.36 0.03 937.38 101.43 | 14.75 | 0.62
1GIPS 259.39| 24.20 | 1.96 0.15 | 1076.00| 96.48 10.18 | 1.43
10GIPS 259.74| 26.00 | 2.40 0.19 | 1162.42| 111.73 | 9.54 1.04
100GIPS 257.68| 26.34 | 2.53 0.29 114.17 | 1123 | 0.98
(a) Data size= 100 KB (b) Data size= 1 MB
ata Rate
g0 | aets | &0 | aom | 100mbs | 1Gbis | 10Gs | 200
Instr./Sec
10MIPS 10070.12| 1515.57 | 81.00 | 12.92| 101311.41 | 15804.40| 1038.42 | 148.33
100MIPS 8982.31 989.70 156.74 | 8.31 112739.08 | 9987.68 1544.66 99.91
1GIPS 9520.80 907.98 98.54 | 15.82 9251.42 991.38 154.46
10GIPS 930.00 91.94 9.87 910.07 101.79
100GIPS 91.85 9.35 92.09

(c) Data size= 10MB

(d) Data size= 100MB

Table 32 Link Wait Time (mSec) measured in a set of SPTMs on a network of 1000 nodes with different

network attributes. Data sizes varies: (a) 108B, (b) 1MB, (c) 10MB and (d) 100MB.
The slope of graphs plotted in Iumklated metrics differ from case to case. At the

moment explaining those differences and analysing tteason are not part of the

thesis.Thiscan be a subject of further reseaochthis field.
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Figure 95 OLBT (in mSec) for SPTM on 1000 nodes with different network attributes.
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Figure 96: Link Wait Time (in mSec) for SPTM on 1000 nodes with different network attributes.

9.4) SPTMon 2000 Nodes

The nature ofSPTM implies that the size of the network has no effect on its
performance. To verify this assumption a final set of experiments are running in which a
simulated BC of size 2000 nodes (precisely 12*13*14=2002 nodes) all ru8RihL

The tesis repeated 80 times with different values chosen ffalnle23. The processor

utility can be seen ifable33.

Figure 97 plots the data imMable33. Thetable and the figure show that the difference
between a network of size 1000 nodes and a network of size 2002 nodes is less than

1.5% in almost all the cases which cannot be regarded as a meaningful difference.
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