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Abstract

This paperillustratespreliminary findingsin our ongoing
efforts on integrating Raw a proposedscalabletiled pro-
cessorarchitectule, with the robust wirelessconnectivity
providedby BlueTooth (BT), oneof the mostpopular short
range wirelessconnectivitystandads.

Our work of integrating Rawand BT is primarily moti-
vatedby two ideas. First, we are interestedto evaluatethe
possibleperformancebenefits- as providing a wirelessin-
terconnectionfor global on-chip messging could improve
networkutilization on the wired networks andimprove the
scalability of applicationswith global communications.

In ananalytical studywe haveperformedwefoundthat
in a BT-enabledRaw up to a factor of 5 performancem-
provementanbeachievedfor applicationsthatrequire fre-
guentglobal messges.

Ultimately, we are also motivatedby the wide range of
applicationghata BT-enablediled processorcouldenable
and the opportunityto easily coopente with other devices
thatare BT compatiblein a future ubiquitousworld.

1. Intr oduction

Performanceand scalability concernsassociatedwith
currentday architectureshave led to the adwent of paral-
lel tiled architectures. New wirelessstandardsare being
proposedto satiatethe demandfor high bandwidthand
noiseimmune communicationbetweenfixed and portable
devices. It is notlong beforeparalleltiled architecturesind
thesestandardsrosspaths. Raw [5, 9] is oneof the most
promisingtiled architecture@ndBT is a popularevolving
wirelessstandard.This paperillustratestheissuesnvolved
in integratingsucha parallelandscalablearchitecturewith
arobuststandardike BT.

Rapidadwancesn technologyforcea questfor computer
architectureshatexploit the new opportunities Currentar-
chitectures suchas hardware scheduledsuperscalarsare
alreadyhitting performanceandcompleity limits andcan-
not be scaledindefinitely. The Raw ArchitectureWorksta-
tion (Raw) is asimple,wire-efficientarchitecturghatscales
with increasing/LSI gatedensities TheRaw architectures
goalis to provide performancehatis at leastcomparable

to thatprovidedby scalinganexisting architecturebut that
canachieve ordersof magnitudehigherperformancdor ap-
plicationsin which the compilercandiscover andstatically
scheduldine-grainparallelism.

BlueTooth (BT) [1] is atechnologyintendedto replace
cableconnectingportableor fixed electronicdevices. De-
signedto operatein a noisy frequeng ernvironments,the
BT radio usesfast acknavledgementand frequenyg hop-
ping schemeo make it robust. BT radio modulesoperate
in the unlicensedSM bandat 2.4GHzand avoid interfer
encefrom othersignalsby hoppingto anew frequeng after
transmittingor receving a paclet. Comparedo othersys-
temsin the samefrequeny bandthe BT radio hopsfaster
andusesshorterpaclets. It is foreseerthatBT would soon
be omniscienin mobileaswell asdesktopapplications.

Raw answerghecall of suchapplicationgequiringhigh
performancelevels that cant be reachedby current day
superscalaarchitectures.BT is foreseeno provide wire-
lessconnectvity betweensuchRaw systemsandotherBT-
enableddevices. This emphasizethe needto studytheis-
suesn integratingthe high performancendscalability0 by
Raw andtherobustwirelessconnectvity 0 by BT. The par
allel andscalablenatureof Raw offersnumerousptionsto
provide BT connectity. This paperexploresvariouspossi-
bleimplementationef aBT-enabledraw It alsoillustrates
anapplicationof sucha BT-enabledparallelarchitecture.

It hasbeenforeseer{9] thatapplicationswould require
a sizeableamountof hardwareto give reasonableerfor
manceon future architecturesThis is feasibledueto high
integration densitiesachieved due to technologyscaling.
This raisesnetwork contentionproblemsdueto increased
globalcommunicationinherentin someof theapplications.
A BT-enabledRav easeqietwork congestiorthusimprov-
ing the performanceéy a sizeableamount.

The paperis organizedasfollows. Section2 introduces
Rawv andBT. Section3 talks aboutvariouspossibleimple-
mentationgntegrating BT andRaw. Section4 talks about
preliminary experimentalevaluationof the on-chipimple-
mentationof a BT-enabledRaw. Section5 presentsan ap-
plication of a BT-enabledRaw system. Section6 outlines
thefuturework andconcludeghepaper



2. Background

2.1. BlueTooth- A Cable Replacement Tech-
nology

Bluetoothis a wirelesstechnologyusingshort-rangea-
dio links, intendedto replacecablesfor portableandfixed
electronicdevices[1]. The BT technologyusesa fastac-
knowledgementindfrequeny hoppingschemeenablingit
to performin noisy ervironments.BT radio modulesoper
atein the unlicensedSM bandat 2.4GHzand avoid inter-
ferencefrom othersignalsby hoppingto a new frequeny
aftertransmittingor receving a packet. Comparedo other
systemsBT radiohopsfasterandusesshorterpaclets.

Theprotocolstackof theBT technologyis shavnin Fig-
urel. The BT radiois the lowestdefinedlayer of the BT
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vices to upper layer protocols with protocol multiplex-
ing capability segmentatiorandreassemblyperation,and
groupabstractionsThe RFCOMM protocolprovidesemu-
lation of serialportsoverthe L2CAP protocol. The Service
Discovery Protocol(SDP)providesameandor applications
to discorerwhichservicesareavailableandto determineghe
characteristicef thoseavailableservices.

2.2. Raw- A Parallel and ScalableAr chitecture

A Raw processof4] is a chip containinga 2-D meshof
identicaltiles (Figure2), wherethetiles connecto thenear
estneighbordy the dynamicandstaticnetworks. The Raw
architectureprovidesa raw, highly scalable parallelinter
faceto the applicationusingevery millimeter of the silicon
. TheRaw architecturas equippedwith a parallelcompiler
andaimsto maximally utilize it by fully exposingthe hard-
ware and by delgyatingthe hardwares control completely
to the softwaresystem.
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Figurel: BlueToothProtocolStack.

specificationand consistsof the BT transcever device op-
eratingin the2.4GHzISM band.

The Basebands the physicallayerof the Bluetoothand
lies on top of the Radiolayer The Basebandayer man-
agesphysicalchannelsand works with the Link manager
for carryingout link connectionand power control aswell
asservicessuchaserrorcorrection datawhitening,hopse-
lectionandBT security It alsomanagessynchronousnd
synchronousinks, performingpagingandinquiry to access
andinquireotherBT devicesin thearea.TheLink manager
carriesoutlink setup,authenticationlink configurationand
other protocols. The Host Controller interface(HCI) pro-
videsa commandinterfaceto the basebanaontrollerand
link managerproviding a uniform methodof accessin@3T
basebandapabilities.

Logical Link ControlandAdaptationProtocol(L2CAP)
provides connection-oriente@nd connectionlesslataser

SWITCH

Figure2: Raw Architecture.

Everytile in the 2-D meshof tiles consistsof atile pro-
cessoya staticswitch processoanda dynamicrouter The
tile processousesa 32-bit MIPS instructionsset,while the
switch processousesa MIPS-like instructionset. The dy-
namicrouterrunsindependentlyandis usercontrolonly in-
directly. Thetile processonlsoconsistf an SRAM (data
andinstructionmemory).Thetile processocommunicates
with the switch processoandthe dynamicroutet

The parallel compiler [5] for the Raw architecturein-
cludesissuessuchas resourceallocation, the exploitation
of fine-grainedparallelism,communicatiorschedulingthe
useof configurablelogic and codegeneration.The paral-
lel compilermapsdifferentapplicationgo differentregions
in the architecturewith eachregion consistingof a num-
ber of closely placedtiles. The numberof tiles depend
on the performance-criticalityof the application. Program
executioncan be divided into a small numberof large re-
gions(fine-grainedarallelism)or alargenumberof smaller
regions(coarse-graineg@arallelism),thusexploiting paral-
lelism in the applicationsmapped. Finally, the compiler
scheduleothinstructionsandcommunicatiorevents with



the eventsheingscheduledothtemporallyandspatially

3. RawBite - A BT-enabledRaw

Thehighly parallelandsoftwareexposedscalablearchi-
tectureof Raw offers numerousoptionsto implementBT.
The candidateémplementationsan be classifiedbasedon
thelocality of theimplementatiorandbasedon how much
of the BT protocolstackis implementedn software. Three
primaryimplementationiave beenproposed

1. Theon-dcip implementationinvolvestheadditionof a
specializedT tile in the Raw architecture.

2. The off-chip implementation has BT as an off-chip
component.

3. The softwae-centricimplementationaimsto imple-
mentmostof the BT protocolstackin software.

The following sectionstalk in more detail abouteachof
theseimplementations,

3.1. On-Chip Implementation

Themotivationfor implementingBT onchipstemsromthe
time boundnatureof communicationlinks which empha-
sizesthe needto have a high speedmplementatiorof BT.

Thismotivationis furtheraugmentediueto BTsomniscient
natureto systemsn thefuture. This approachinvolvesthe
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Figure3: BT Tile in Raw.

designof a specialpurposetile which implementsthe BT
functionality (Figure 3). Thereforein additionto the repli-
catabldiles shavn earlier theRaw architecturewill alsoin-
cludeaBT tile. Thelateng encountereth communication
canbefurtherreducedf the softwarestackwasexecutedn
thetiles closerto the BT tile.
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Figure4: BT Clusterin Raw.

This canbe achieredby allocatinga groupof tiles close
to the BT tile for BT specificprogramexecution. Sucha
groupof processinginitsandthe BT tile would form a BT
clusteFigure 4) which would handlethe wirelesstraffic.
As the amountof the BT protocolstackthat hasbeenim-
plementedn hardwareincreaseshe numberof tiles in the
clusterreducedill we reachthe extremecasewhereinthe
whole of BT is implementedn hardware. With recentad-
vancesin fabricationtechnologiest is possibleto realize
all of theRF circuitry on chip thusreducingcommunication
latenciesvenfurther.
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The 0 approachresultsin reduceccommunicatioaten-
ciesata costof unevenusageof resourcesThisis because
the tiles in the BT clusterwould remainunusedwhenthe
wirelesslink is idle. A moreefficientapproachwould beto
assigrnthe BT specificprogramexecutionto thenearesfree
tile. This would ensurean evenresourceallocationandat
the sametime giving the optimumlateng underthe given
constraints.Sinceit is impossibleto predictBT communi-
cationat compiletime the BT traffic is handledusing the
dynamicnetwork in Rav. The component®f a BT tile in
the Raw architecturds shavn in Figure3.

In a scalablearchitecturdike Rav whereintegrationof
thousandsf replicatedtiles is ervisioned,a needfor asec-
ondlevel of interconnectvill soonbefelt. Thesecondevel
of interconnecin additionto reducingcommunicatiorla-
tenciesbetweerntiles spacedar apart,will alsoeasecon-
gestionon thefirst level network.(Figure5) Therearethree
possibleoptionsfor implementinga secondevel intercon-
nect

1. Metal Interconnect

Rawsreplicatedilesareconnectedo its nearesheigh-
borsby shortwires henceproviding high performance
due to shortinterconnectiengths. In sucha billion
transistordesignwith thousandf tiles the intercon-
nectroutingwould be complex. Having anotherevel
of interconnectwould further complicatethe routing
problem. In additionthe secondevel of interconnect
would incur hugedelaysdueto long wires, hencere-
ducingthe performance.

2. Optical Interconnect

High delaysencounteredn long metalinterconnects
have motivatedthe developmentof alternatemethods
for signalrouting. Notableamongthe alternatvesis
optical interconnectionsThis type of aninterconnec-
tion involvesthe routing of optical signalscorverted
from electricalthroughwaveguides. This kind of in-
terconnecsuffersfrom somedravbacks.Major issues
involve problemsdueto the optical signalgettingab-
sorbedat sharpbendsin the waveguides. Curvaceous
waveguideshave beenproposedfor a clock distribu-
tion applicationin [6]. But it is difficult to fabricate
suchprecisionwaveguides.

3. BT enabledwirelessinterconnect

Improved RF capability and projectedincreasen die
sizeshave led to the conceptof wirelessinterconnects.
Theeffectivenesandpracticalityof wirelessintercon-
nectshas beendemonstratedn [7]. In addition to
reducingthe delaysand power consumptiondue to
long interconnectswirelessinterconnectsalso allow
the formation of adhocnetworks at no extra cost. In
anarchitecturdike Rav which exploits theILP in the

software, this kind of a flexibility allows a more effi-
cientstaticschedulingoy thecompiler

Traditional on-chip wirelessinterconnectshave been
usedfor clockdistribution[7]. Themainconcerrareas
of suchanapplicationhasbeennoiseandsynchroniza-
tion. Therobustnatureof BT alleviatesboth of these
problems.Thefastfrequeng hoppingschemesnsures
thatsignalintegrity issuesareminimal.

The 0 factorsbring out the BT-enabledwirelessinter-
connectasthe mostattractve option. Using BT within the
Raw chip at a coarserlevel will solve the long intercon-
nectproblem.In suchaschemedhe Raw architecturevould
be divided into a numberof clusters(consistingof Raw
tiles) comprisingof geographicallydistanttiles. The possi-
ble communicatiorpathsbetweertwo tiles would be either
throughshort, multiple metalinterconnectr throughthe
wirelessinterconnectusing BT. A costfunction would be
usedto evaluatewhich of thetwo possibleinterconnectsire
faster A BT tile in additionto performingthe BT related
functionscanalsobe usedfor routing signalsakin to other
Raw tiles.

3.2. Software-Centric implementation

Thedemand®f applicationgequiringhigh performance
computationshave compelleddesignersto always go for
hardware-centridmplementation®f designs. But the ad-
vent of architecturedike Rav which exploit Instruction
Level Parallelism(ILP) presenin the softwareto the max-
imal extent, hasprovided the designerwith a more attrac-
tive option of a software-centriadesign.In additionto giv-
ing comparabldevels of performancewith hardware im-
plementationt alsoenablesisto implementcomplec algo-
rithmsassimplechunksof code.Earlierthiswould havere-
sultedin acomplex hardwaresolutionrequiringavery high
designtime. In applicationdike BT which arecontinuously
evolving dueto innovationsin dataprocessingalgorithms
andwirelessnetworking, theflexibility providedby suchan
implementatioris desirable.

CurrentBT implementationshave the Host Controller
Interface (HCI) and higher layers in software while the
basebands implementedas a dedicatedoff-chip add-on.
Thisis dueto thetimecritical functionshandlecby thebase-
bandwhich mandatea high speedsolution. Thesefunctions
includeaccessodecorrelationusedfor identificationof the
destinationof a paclet, decryptionandheaderanddataer
ror checksamongothers.The comparablgerformanceof-
feredby Raw enableausto think aboutimplementingthese
in software. Suchanimplementationvould compriseof a
large chunkof the protocolbeingimplementedn software
and just the RF circuitry implementedin hardware. Fur-
thermorethe advancesin VLSI providesthe option of im-



plementingthe RF block asa on-chipcomponent.

Noise considerationsn wirelessstandardgprompt the
developmentof more complex dataencodingand process-
ing algorithms. A software implementatiorenablesfacil-
itatesthe useof suchalgorithms. Most of the traditional
algorithmsaresequentialn nature.Hencethereis a scope
for further performancegainsby modifying sequentiakl-
gorithmsfor paralleldistributed memoryarchitecturedike
Raw. Thesemodificationsensurehattheresultingsoftware
exhibits a high degreeof parallelism.With paralleltiled ar
chitecturedeingproposedsthearchitecturesf thefuture,
thereis aneedto studyhow applicationscanbemodifiedso
asto enableamoreoptimalexecutiononthesearchitectures.

Sinceparalleltiled architecturesirethefavoredarchitec-
turesof thefutureit is essentiathattheapplicationsunning
onthembedesignedkeepingthe underlyingarchitecturen
mind. As mentionecearliersequentiahlgorithmsmodified
for highly parallelarchitectureshave showvn betterperfor
mance[3]. Communicationstandarddike BT canbe fur-
therrestructuredor implementatioron a parallelarchitec-
turelike Raw.

3.3. Off-Chip Implementation

Another proposedimplementationkeepsthe BT hard-
wareexternalto the Raw chip. The softwareportion of the
protocolstackis still executedusingRaw. Thisimplemen-
tationensuresninimal hardwarechangedo the Rav archi-
tectureat the sametime utilizing the computationapower
offeredby Raw. Existingimplementationsf BT implement
thebasebangartof the protocolstackon the off-chip hard-
ware. This is dueto the time critical natureof the func-
tions handledby the baseband.The hardware canbe im-
plementedn a customIC, an ASIC or a FPGA. Sincethe
latenciesn this kind of animplementatiorwould be more,
afasteroff-chip BT implementatiorshouldbechosenThus
a customintegratedcircuit would give the bestresults.The
RF circuitry canbeaddedasa separat®nechip solutionto
thebasebandhip[8]. Butadwancesn fabricationtechnolo-
giesallow integrationof the RF circuitry andthe baseband
onasinglechip.

4. Preliminary Experimental Evaluation

This sectionpresentur preliminaryfindingsregarding
possibleperformanceémprovementsdue to improved net-
work utilization on a BT-enabledRrav system.In our eval-
uation we usedtwo analyticalframeworks, the SimpleFit
model[9] andthe LoGPCmodel[10].

Our earlierstudiespresentedsimpleFit[9], a novel an-
alytical framework that designerscanuseto reasonabout
thedesignspaceof RAW microprocessoris abillion tran-
sistor era. This modelis also generalizablgo other sin-

gle chip systems. Although the optimal machineconfig-
urationsobtainedvary for differentapplications,problem
sizesand budgets,the generaltrendsfor variousapplica-
tionsaresimilar. The applicationsstudiedare: JacobiRe-
laxation, DenseMatrix Multiply, Nbody, FFT andLargest
CommonSubsequence For the applicationsstudied, as-
suminga 1 billion logic transistorequivalentareawe found
thatbuilding a Raw chip with approximatelyl000tiles, 30
words/g/cle globall/O, 20Kbytesof local memorypertile,
3-4 words/g/cle local communicationbandwidth,and sin-
gleissueprocessorsvould give nearoptimal performance.

This configuratiorwill give performanceneartheglobal
optimum for most applications. Figures6,7, 8 shaws the
optimal division of chip resourcesnamelynumberof pro-
cessorslocal andglobal communicatiorbandwidthfor the
variousapplicationsasa functionof the problemsize(N).

Eventhoughsomeof thesebenchmarkshav goodspa-
tial locality, the samecant be assumedor mostof thereal
application.In mostof theseapplicationsgspeciallythose
with frequentandirregularcommunicatiorpatternsor those
using large messageshetwork contentionand contention
for messagerocessingesourcesanbe a significantpart
of the total executiontime. Our earlier studieson model-
ing network contentionin message-passingogramspre-
senteda new costmodelcalledLoGPC[10]. Basedonthat
modelwe expectnetwork contentionto be moresignificant
becausef increasedweragedistancetraversedby a mes-
sage.
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Figure 6: Numberof Processor#n optimal machineconfigura-
tionsfor differentproblemsizes[9].

UsingtheLoGPCcostmodel,we performedpreliminary
experimentalkstudieson the factorof performancealegrada-
tion usingwired interconnectsn onecaseandusingBlue-
tooth for short range wireless connectity in the other
The parametersisedfor the computatiorinvolvedmessage
lengthof 100 bytes,network bandwidthof 4 bytesper cy-
cle. Theaveragadistanceamessagéravelsin eachnetwork
dimension(K ;) for thewired interconnectaseis assumed
to be 11 hopsandthecorrespondingaluefor themodelin-
volving Bluetoothis assumedo be 5 hops. This hasbeen
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definedassuminga bidirectionalno wrap-aroundneshnet-
work wherethe averagedistancea messagéravels (K ) is
givenby;,

k-1
1
— ®

on ary dimensionk. From thesevalues,it was estimated
using the expressionfrom [10] that in the caseof wired
interconnectsthe performancelegradationdueto network
contentionhasan effect of a slowdown by a factorof 16.
However, usingBluetooththis figurecomesdown to 10. As
shavn in Tablel, Rav with 9 BT nodesgivesasmuchasa
factorof 5 improvementin worstcaseexecutiontime (E;).

Kq=

Parameters No Contention || No BT 4 BT Nodes || 9BT Nodes
Ky NA 10 5 2.2
E;(incycles) 100 1600 1000 340

Tablel: Comparisorof Worstcaseevaluationtimesof Raw
with andwithout BT.

5. Application: Caseof A Distrib uted Mobile
Computing Environment

Theincreasingorocessingower of mobile devices(e.g.
handhelccomputersPDA, WAP phones)andtheirintegra-
tion into network infrastructureg(mobile internetand in-
tranetaccess)eadto a wide rangeof new applicationsand
services,extending distributed systemsvia wirelesscom-
municationmedia. Traditionalmobile deviceshandlespe-
cific applications. Thesemobile devices were intercon-
nectedthroughaccesgointswhich hadlimited processing
powerandintelligence.(Figuré®(a))Variousmobiledevices
providing differentkind of serviceshave beendeveloped.
This hasled to deviceslike the personaldigital assistant
pagersand mobile phones. With the increasen the num-
ber of mobiledevice usersthereis ademandor providing
variedapplicationdik e web accessemailandtelecommu-
nicationon a singledevice. Thetraditionalmodelusesthe
processingpower provided by the mobile device for all the
applicationrelatedprocessingneeds. Hencethe userhas
to carrydifferentdevicesfor differentapplications.Though
this modelworkedwell with devicesrunningalimited num-
berof applicationsjt doesnot scalewell for morecomplex
applications.Suchapplicationsmay requireimmensepro-
cessingpowerwhich cantbesatisfieddueto thelimited bat-
tery power availableon the mobile device.

Hencean alternatedistributed computingmodelis pro-
posed. The main ideais to move processingand intelli-
genceout of the portabledevice into fixed accesspoints,
usedfor connectingthe device to the wired network in-
frastructure.(Figuré®(b)) Mobile devicespoll for services
provided by accesgointsusing BT. Servicesprovided by
serviceprovidersresideon senerswhich have a multitude
of suchrequestomingin andthusrequirea high perfor
manceprocessolik e Raw for servicingthoserequestsThis
in additionto satisfyingthe userdemandsf accesdo ap-
plicationsalsoprovidesalongerbatterylife.

6. Conclusionand Future Work

Variousideasfor implementinga wirelessstandardik e
BT on aparalleltiled architecturdike Raw wereexplored.
The potentialof Raw to offer levelsof performanceompa-
rableto a hardwareimplementatiorenablesa softwarecen-
tric implementatiorwhich in a continuouslyevolving stan-
dardlike BT is favorable. Sinceparalleltiled architectures
arefavoredashigh performancearchitecture®f the future
it is necessaryo think aboutrestructuringstandard$or im-
plementatioron a parallelarchitecturelt wasalsoseerthat
the BT-enabledRav easesout congestionon the network
thusimproving performancéy asmuchas5 times.

Futurework involvescomingup with arestructuredpar
allel architecturefriendly BT stack. Furthermorethe BT
stackasit is and after restructuringwill be implemented
in C andits performanceon a Rav machinewill be mea-
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Figure9: (a) Traditionalmobile ervironment(b) Proposednobile environment.

sured. Ultimately a working prototypeof RawBite with
a software-centridmplementatiorwill be demonstratedh
theillustratedapplication.
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