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ABSTRACT

This paper evaluatesthe Raw microprocessar Raw addesseshe
challenge of building a generl-purposearchitectue that performs
well on a larger classof streamand embeddedomputingappli-
cationsthan existing microprocessos, while still running existing
ILP-basedsequentiaprogramswith reasonablgperformancen the
face of increasingwire delays. Raw approadiesthis challeng by
implementingplenty of on-chip resouces— including logic, wires,
andpins—in atiled arrangementandexposingthemthrougha new
ISA, sothat the softwae cantake advantae of theseresoucesfor
parallel applications. Rawsupportsboth ILP and streamsby rout-
ing operandsbetweerarchitectuially-exposedfunctionalunits over
a point-to-pointscalar operand network. This networkoffers low
latencyfor scalar data transport. Raw manajes the effect of wire
delaysby exposingthe interconnectand using softwae to orches-
trate both scalarand streamdatatransport.

We haveimplemented prototypeRawmicroprocessorin IBM's
180nm,6-layercopper CMOS7SFstandad-cell ASICprocessWe
havealso implementedLP and streamcompiles. Our evaluation
attemptsto determinethe extentto which Rawsucceed#n meeting
its goal of servingas a more versatile, geneal-purposeprocessar
Central to achieving this goal is Raw’s ability to exploit all forms
of parallelism, including ILP, DLP, TLP, and Stream parallelism.
Specifically we evaluatethe performanceof Rawon a diverse set
of codesincluding traditional sequentialprograms, streamingap-
plications, serverworkloadsand bit-level embeddeadomputation.
Our experimentalmethodolgy malesuseof a cycle-accuate sim-
ulator validatedagainstour real hardware. Compaedto a 180nm
Pentium-111, usingcommodityPC memorysystenrcomponentsRaw
performswithin a factor of 2x for sequentiabpplicationswith a very
low degreeof ILP, about2x to 9x betterfor higherlevelsof ILP, and
10x-100xbetter whenhighly parallel applicationsare codedin a
streamlanguage or optimizedby hand. Thepaperalso proposesa
new versatility metricandusesit to discusshe geneality of Raw

1. INTRODUCTION

Fastmoving VLSI technologywill soonoffer billions of transis-
tors, massve chip-level wire bandwidthfor local interconnectanda
modestlylargernumberof pins. However, thereis growing evidence
that wire delaysbecomerelatively more significantwith shrinking
featuresizesandclock speedd6, 29, 1]. Processorsieedto con-
verttheakundantchip-level resourcednto applicationperformance,
while mitigatingthe negative effectsof wire delays.

The adwanceof technologyalso expandsthe numberof applica-
tions that are implementablen VLSI. Theseapplicationsinclude
sequentialprogramsthat can run on todays ILP-basedmicropro-
cessors,as well as highly parallel algorithms that are currently
implementeddirectly using application-specifidintegratedcircuits

(ASICs). Onesuchcircuit is foundin the Nvidia Ti 4600graphics
acceleratgrwhich executeshundredsof paralleloperationsper cy-
cleat300MHz. Mary of theseparallelASICsimplementalgorithms
with computationablemandghat arefar beyond the capabilitiesof
today’s general-purposmicroprocessors.

The Raw project addresseshe challengeof whethera future
general-purposmicroprocessoarchitecturecouldbebuilt thatruns
a greatersubsetof theseASIC applicationswhile still runningthe
sameexisting ILP-basedsequentialapplicationswith reasonable
performancen the faceof increasingwire delays. To obtainsome
intuition on how to approacththis challengewe conductedan early
study[4, 48] on the factorsresponsiblgor the significantly better
performanceof application-specifia/LSI chips. We concludedhat
therewerefour main factors: specialization;exploitation of paral-
lel resourceggateswiresandpins); managemenf wiresandwire
delay;andmanagemenf pins.

1. Specialization: ASICs specializeeach“operation” at the gate
level. In boththe VLSI circuit and microprocessocontext, an op-
erationroughly correspondso the unit of work thatcanbe donein
onecycle. A VLSI circuit forms operationsy combinationalogic
paths,or “operators”,betweerflip-flops. A microprocessoron the
otherhand,hasaninstructionsetthatdefineshe operationghatcan
beperformed.Specializedperatorsfor example,for implementing
an incompatiblefloating point operation,or implementinga linear
feedbaclshift register canyield anorderof magnitudeperformance
improvementover an extantgeneralpurposeprocessothatmay re-
quiremary instructionsto performthe sameone-gcle operationas
theVLSI hardware. As anexample customizedrensilicaASIC pro-
cessordake adwantageof specializationby augmentinga general
purposeprocessocorewith specializednstructionsfor specificap-
plications.

2. Exploitation of Parallel Resources: ASICsfurtherexploit plen-
tiful silicon areato implementenoughoperatorsand communica-
tionschannelgo sustainatremendousiumberof paralleloperations
in eachclock cycle. Applicationsthat merit directdigital VLSI cir-
cuit implementationgypically exhibit massie, operation-lgel par
allelism. While anaggressie VLIW implementatiorik e Intel's Ita-
nium Il [32] executessix instructionsper cycle, graphicsaccelera-
tors may perform hundredsor thousandsf word-level operations
percycle. Becausehey operateon very smallword operandslogic
emulationcircuits suchas Xilinx Il Pro FPGAscan perform hun-
dredsof thousandf operationseachcycle. The recentaddition
of MMX and SSE-stylemultigranularinstructionsthat operateon
multiple subwords simultaneouslymarksan effort to improve the
efficiengy of microprocessordy exploiting additional parallelism
availabledueto smallerword sizes.

The Itanium Il die photo revealsthat lessthan two percentof
the die areais dedicatedo its 6-way issueinteger executioncore.



Clearly, the ALU areais not a significantconstrainton the execu-
tion width of amodern-dayide-issuanicroprocessorOntheother
hand,the presenceof mary physicalexecutionunitsis a minimum
prerequisiteio the exploitation of the samemassve parallelismthat
ASICsareableto exploit.

3. Managementof Wiresand Wire Delay: ASIC designersan
place and wire communicatingoperationsin ways that minimize
wire delay minimizelateng, andmaximizebandwidth.In contrast,
it is now well known that the delay of the interconnecinside tra-
ditional microprocessortimits scalability [36, 1, 15, 38, 45]. Ita-
nium I’ s 6-way integer executionunit present&videncefor this— it
spendover half of its critical pathin the bypasgathsof the ALUs.
ASIC designersnanagewire delayinherentin large distributedar-
raysof function units in multiple steps. First, they placecloseto-
getheroperationsthat needto communicatefrequently Second,
when high bandwidthis neededthey createmultiple customized
communicatiorchannels.Finally, they introducepipelineregisters
betweerdistantoperatorstherebyconvertingpropagatiordelayinto
pipelinelateng. By doingso,the designeracknavledgestheinher
ent tradeof betweenparallelismand lateng: leveragingmorere-
sourcesequiressignalsto travel greatedistancesTheAlpha21264
is an exampleof a microprocessothat acknavledgesthis tradeof
on a smallscale:it incursa one-gcle lateng for signalsto travel
betweerits two integerclusters.

4. Managementof Pins: ASICscustomizethe usageof their pins.
Ratherthan being bottleneclked by a cache-orientednulti-level hi-
erarchicamemorysystem(andsubsequentlipy agenericPCl-style
1/0 system) ASICsutilize their pinsin waysthatfit theapplications
at hand, maximizing realizablel/O bandwidthor minimizing la-
teng. This efficiency appliesnotjustwhenanASIC accessesxter
nal DRAMSs, but alsoin theway thatit connectgo high-bandwidth
input devices like wide-word analog-to-digitalcorverters, CCDs,
and sensorarrays. Thereare currently few easywaysto arrange
for thesedevicesto streamdatainto a general-purposmicroproces-
sorin a high-bandwidthway, especiallysinceDRAM mustalmost
alwaysbeusedasanintermediatébuffer. In somesensesmicropro-
cessorsstrive to minimize, ratherthan maximize, the usageof pin
resourceshy hiding themthrougha hierarchyof caches.

Our goal wasto build a microprocessothat could leveragethe
above four factors,andyetimplementthe gamutof general-purpose
featuresthat we expectin a microprocessosuchasfunctionalunit
virtualization, unpredictableinterrupts, instruction virtualization,
anddatacaching. The processomlsoneededo exploit ILP in se-
guentialprogramsaswell asspaceandtime multiplex (i.e., context
switch) threadsof control. Furthermore thesemultiple threadsof
controlshouldbeableto communicate@ndcoordinaten anefficient
fashion.

This paperevaluatesthe Rav microprocessoand discusse®ur
success$n achieving thesegoals. Raw takesthe following approach
to leveragingthe four factorsbehindthe succes®f ASICs.

1. Raw implementsthe mostcommonoperationsneededby ILP

or streamapplicationsin specializechardware mechanisms.Most
of the primitive mechanismareexposedto softwarethrougha new

ISA. Thesemechanisméincludethe usualintegerandfloating point
operations specializedbit manipulationoperationsscalaroperand
routing betweenadjacentfunction units, operandbypassbetween
functionunits, registersandl/O queuesanddatacacheaccesgi.e.,

dataloadwith tagcheck).

2. Rawv implementsa large numberof theseoperatoravhich exploit
the copiousVLSI resources- including gateswiresandpins— and

exposesthemthrougha new ISA, suchthat the software cantake
adwantageof themfor bothILP andhighly parallelapplications.

3. Rawv manageghe effect of wire delaysby exposingthe wiring
channeloperatordo the software, so that the software canaccount
for latenciesby orchestratindoth scalarand streamdatatransport.
By orchestratinggperandlow ontheinterconnectRaw canalsocre-
atecustomizeccommunicationpatterns Takentogetherthewiring
channeloperatorsprovide the abstractionof a scalaroperandnet-
work [45] that offers very low lateng for scalardatatransportand
enablegheexploitationof ILP.

4. Raw software manageghe pins for cachedatafetchesand for
specializedstreaminterfacesto DRAM or I/O devices.

We haveimplementeda prototypeRawv microprocessoin the SA-
27E ASIC flow, which usesIBM's CMOS 7SF an 180nm,6-layer
copperprocess. We receved 120 chips from IBM in Octoberof
2002.We have built a prototypeRav motherboaradontaininga sin-
gle Raw chip, SDRAM chips, I/O interfacesandinterface FPGAs.
We have alsoimplementedLP and streamcompilersfor sequen-
tial programsand streamapplicationsrespectrely. Our develop-
menttools include a validated, cycle-accuratesimulator an RTL-
level simulator andalogic emulator

Our evaluation attemptsto determinethe extent to which Raw
succeedin meetingits goal of servingasa moreversatile general-
purposeprocessorSpecifically we evaluatetheperformancef Rav
onapplicationgdravn from several classe®f computatiorincluding
ILP, streamsand vectors,sener, andbit-level embedded¢omputa-
tion. Ourinitial resultsarevery encouragingseerigure3 for aquick
samplingof ourresults).For eachof theapplicationclassesye find
thatRaw is ableto performator closeto thelevel of thebest-in-class
machine-i.e.,thebestspecializednachineor thegivenapplication
class.For example,for sequentiabpplicationswith varyingdegrees
of ILP, the performanceof Rav rangesfrom 0.5x to 9x to thatof a
Pentiumlll (P3)processoimplementedn thesameechnologygen-
erationasRaw. For streamingcomputationsRaw’s performances
10xto 100xbetterthanthe P3,andcomparableo thatof specialized
streamandvectorenginedike Imagine[17] andVIRAM [21].

We presentametriccalledversatilitythatfolds into a singlescalar
numberthe performanceof an architectureover mary application
classesandshav that Ran's is seven timesbetterthanthatfor the
P3. Our futurework will expandthe numberof applicationsn each
classandseeif thistrendcontinuego hold.

Therestof this paperis organizedasfollows. Section2 provides
an overview of the Raw architectureand its mechanismdor spe-
cialization,exploitationof parallelresourcesprchestratiorof wires,
andmanagemendf pins. Section3 describesheimplementatiorof
Raw, andSection4 provides detailedresults. Section5 introduces
our versatility metric and analyzesthe results. Section6 follows
with a detaileddiscussiorf relatedwork, and Section7 concludes
thepaper

2. ARCHITECTURE OVERVIEW

This sectionprovides a brief overview of the Raw architecture.
A more detailed discussionof the architectureis available else-
where[43, 44,45].

Tiled Ar chitecture TheRaw architecturesupportsanISA thatpro-
videsa parallelinterfaceto the gate pin, andwiring resource®f the
chip throughsuitablehigh level abstractions As illustratedin Fig-
ure 1, the Rawv processoexposesthe copiousgateresource®f the
chip by dividing theusablesilicon areainto anarrayof 16 identical,
programmabldiles. A tile containsan 8-stagein-ordersingle-issue
MIPS-styleprocessingipeline,a 4-stagesingle-precisiormpipelined



FPU, a 32 KB datacache,two typesof communicationrouters—
staticand dynamic,and 32KB and 64KB of software-manageth-
structioncachedor the processingipelineandstaticrouterrespec-
tively. Eachtile is sized so that the amountof time for a signal
to travel througha small amountof logic andacrossthetile is one
clock cycle. We expectthatthe Rav processor®f the future will
have hundredsr eventhousand®f tiles.

On-chip Networks Thetilesareinterconnectetby four 32-bitfull-

duplex on-chipnetworks, consistingof over 12,500wires (seeFig-

urel). Two of thenetworksarestatic(routesarespecifiedatcompile
time) andtwo are dynamic(routesare specifiedat run time). Each
tile is connectednly to its four neighbors.Every wire is registered
attheinput to its destinatiortile. This meansthatthe longestwire
in the systemis no greaterthan the lengthor width of a tile. This
propertyensuresigh clock speedsandthe continuedscalability of

thearchitecture.

The designof Raw’s on-chipinterconnectandits interfacewith
theprocessingipelineareits key innovative features Theseon-chip
networks areexposedo the softwarethroughthe Raw ISA, thereby
giving the programmeror compilerthe ability to directly program
the wiring resourcef the processqrandto carefully orchestrate
thetransferof datavaluesbetweerthe computationaportionsof the
tiles— muchlike theroutingin an ASIC. Effectively, the wire delay
is exposedto the userasnetwork hops.To go from cornerto corner
of the processotakes6 hops,which correspond$o approximately
six cyclesof wire delay To minimizethe lateng of inter-tile scalar
datatransport,which is critical for ILP, the on-chip networks are
notonly registermappedut alsointegrateddirectly into thebypass
pathsof the processopipeline.

Raw’s on-chipinterconnectbelongto the classof scalaroperand
networks [45], which lend aninterestingway of looking at modern
day processors.The register file usedto be the centralcommuni-
cation mechanisnmbetweenfunctional units in a processor Start-
ing with the first pipelinedprocessorsthe bypassnetwork hasbe-
come largely responsiblefor the communicationof active values,
andtheregisterfile is more of a checkpointingfacility for inactive
values. The Raw networks (the staticnetworksin particular)arein
onesense2-D bypassnetworks servingasbridgesbetweerthe by-
passnetworks of separatdiles.

The staticrouterin eachtile containsa 64KB software-managed
instructioncacheanda pair of routing crossbars.Compilergener
atedrouting instructionsare 64 bits and encodea small command
(e.g.,conditionalbranchwith/withoutdecrementandseveralroutes
— onefor eachcrossbaoutput. Thesesingle-gcle routing instruc-
tions areone exampleof Rawn’s useof specialization.Becausehe
routerprogrammemoryis cachedthereis no practicalarchitectural
limit on the numberof simultaneouscommunicationpatternsthat
canbe supportedn a computation. This feature,coupledwith the
extremelylow lateng andlow occupang of in-orderinter-tile ALU-
to-ALU operanddelivery (3 cyclesnearesneighbor)distinguishes
Raw from prior systolicor messag@assingsystemg3, 12,23].

Raw's two dynamic networks supportcachemisses,interrupts,
dynamicmessagesand other asynchronougvents. The two net-
works usedimension-orderedouting andarestructurallyidentical.
One network, the memorynetwork, follows a deadlock-goidance
stratgy to avoid end-pointdeadlock.lt is usedin arestrictedman-
nerby trustedclientssuchasdatacachesPMA andI/O. Thesecond
network, thegenerahetwork, is usedby untrustectlients,andrelies
onadeadlockrecovery stratgy [23].

Raw supportscontext switches.On a contet switch,thecontents
of the processoregistersand the generaland static networks on a
subsebf the Raw chip occupiedby the procesgpossiblyincluding
multiple tiles) aresavedoff, andtheprocessandits network datacan

berestoredatary time to anew offsetonthe Raw grid.

Direct1/O Interfaces On the edgesof the network, the network
channelsare multiplexed down onto the pins of the chip to form
flexible 1/0 portsthatcanbe usedfor DRAM accessesr external
device I/O. In orderto toggle a pin, the userprogramsone of the
on-chipnetworksto routeavalueoff thesideof thearray Our 1657
pin CCGA (ceramiccolumn-gridarray) packageprovides us with
fourteenfull-duplex, 32-bit I/O ports. Raw implementationswith
fewer pins are madepossiblevia logical channelgasis alreadythe
casefor two out of the sixteenlogical ports),or simply by bonding
outonly asubsebf theports.

The static and dynamicsnetworks, the data cacheof the com-
puteprocessorsandtheexternalDRAMs connectedo thel/O ports
compriseRav’s memorysystem.The memorynetwork is usedfor
cache-basethemorytraffic, while the static and generaldynamic
networks areusedfor stream-basethemorytraffic. Memoryinten-
sive domainscanhave up to 14 full-duplex full-bandwidthDRAM
memorybanksto be placedon the 14 I/O portsof the chip. Mini-
malembeddedRaw systemgnayeliminateDRAM altogetherthey
may usea singlebootROM sothatRawv canexecuteout of the on-
chip memory In additionto transferringdatadirectly to the tiles,
off-chip devicesconnectedo thel/O portscanroutethroughtheon-
chip networks to otherdevicesin orderto performgluelessDMA
andpeerto-peercommunicatiort.

ISA Analogsto Physical Resources By creatingfirst classarchi-
tecturalanaloggo the physicalchipresourcesRaw attemptgo min-
imize the ISA gap— thatis, the gap betweenthe resourcegshat a
VLSI chip hasavailableandthe amountof resourceshatareusable
by software. Unlike corventionallISAs, Rav exposesthe quantity
of all threeunderlyingphysicalresourceggateswiresandpins)to
the ISA. Furthermorejt doesthis in a mannerthatis backwards-
compatible— the instructionset doesnot changewith varying de-
greesof resources.

Physical Entity Raw ISA analog Conventional ISA Analog

Gates Tiles, new instructions New instructions
Wires,Wiredelay Routes Network Hops none
Pins 1/0 ports none

Table 1: How Raw converts increasingquantities of physical entitiesinto
ISA entities

Table 1 contraststhe way the Rav ISA and corventional ISAs
expose physicalresourceso the programmer Becausethe Rav
ISA hasmoredirectinterfacesRaw processorsanhave morefunc-
tional units,andhave moreflexible andmoreefficient pin utilization.
High-endRaw processorsvill typically have morepins,becausé¢he
architecturas betteratturningpin countinto performancendfunc-
tionality. Finally, Rav processorsare more predictableand have
higherfrequenciedbecausef the explicit exposureof wire delay

This approachexposure,makes Raw scalable. Creatingsubse-
quent, more powerful, generationof the processoiis straightfor
ward: we simply stampoutasmary tiles andl/O portsasthesilicon
die andpackageallow. The designhasno centralizedresourcesno
globalbusesandno structureghatgetlargerasthetile or pin count
increasesFinally, thelongestwire, the designcompleity, andthe
verificationcompleity areall independenof transistorcount.

3. IMPLEMENT ATION

The Raw chip is a 16-tile prototypeimplementedn IBM’s 180
nm 1.8V 6-layerCMOS 7SFSA-27EcoppemrocessAlthoughthe
Raw arrayis only 16 mm x 16 mm, we usedan 18.2mm x 18.2

Yn fact,we arebuilding a4x4 IP pacletrouterusingasingleRaw chip andits peerto-
peercapability
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Figure 1: The Raw microprocessorcompriseslé6tiles. Eachtile hasa compute processarrouters, network wires,and instruction and data memories.

mmdieto allow usto usethe high pin-countpackageThe 1657pin
ceramiccolumngrid array packagg CCGA) providesuswith 1080
highspeedransceterlogic (HSTL) I/O pins. Ourmeasuremenis-
dicatethatthechip coreaveraged 8.2wattsat425MHz. We quiesce
unusedunctionalunits and memoriesandtri-stateunuseddatal/O
pins. We tamgeteda 225 MHz worst-casdrequeng in our design,
which is competitve with other 180 nm lithography ASIC proces-
sors like VIRAM, Imagine,andTensilicas Xtensaseries.Thenom-
inal runningfrequeny is typically higher—the Raw chip core,run-
ning at room temperaturereachest25MHz at 1.8V, and500 MHz
at2.2V. Thiscompares$avorablyto IBM-implementedmicroproces-
sorsin thesameprocessthe PaverPC405GPrunsat 266-400MHz,
while thefollow-on PoverPC440GPreachegt00-500MHz.

We pipelinedour processorggressiely andtreatedcontrolpaths
very conseratively in orderto ensurethat we would not have to
spendsignificant periodsclosing timing in the baclend. Despite
theseefforts, wire delayinsideatile wasstill large enoughthatwe
wereforcedto createaninfrastructureo placethecellsin thetiming
andcongestiorrritical datapaths. More detailson the Rav imple-
mentationareavailablein [44].

A difficult challengdor uswasto resistthetemptation®f making
theabsolutelyhighestperformancehighestfrequeng tile processar
andinsteado concentratentheresearclaspect®f theproject,such
asthe designof Raw’'s scalaroperandnetwork. As one caninfer
from Section5, moving from a one-way issuecomputeprocessor
to a two-way issuecomputeprocessomwould have likely improved
our performanceon low-ILP applications. Our estimatesndicate
thatsucha computeprocessowould have easilyfit in theremaining
white spaceof thetile. Thefrequeng impactof transitioningfrom
1-issueto 2-issueis generallyheldto besmall.

With our collaboratorsat ISI-East,we have designedh prototype
motherboardshawvn in Figure2) aroundthe Raw chip thatwe use
to explore a numberof applicationswith extremecomputationand
1/0 requirementsA largersystemgconsistingof 64 Raw chips,con-
nectedio form avirtual 1024tile Raw processaqiis alsobeingfabri-
catedin conjunctionwith ISI-East.

4. RESULTS

This sectionpresentsmeasuremenand experimentalresults of
the Rav microprocessor We begin by explaining our experimen-
tal methodology Thenwe presentsomebasichardware statistics.
The remainderof the sectionfocuseson evaluatinghow well Raw
supportsarangeof programmingnodelsandapplicationtypes.The
domainswe examineinclude|ILP computation streamandembed-
dedcomputationsener workloads,andbit-level computation.The

performancenf Raw in theseindividual areasarepresentegscom-
parisonto areferencée600MHz Pentiumlll.

[ Factor responsible [ Max. Speedup |
Tile parallelism(Exploitationof Gates) 16x
Load/storeelimination(Managemenof Wires) 4x
Streamingmodevs cachethrashing(Managemenof Wires) 15x
Streamind/O bandwidth(Managemenbof Pins) 60x
Increasedtache/rgistersize(Exploitationof Gates) ~2X
Bit Manipulationinstructions(Specialization) 3x

Table 2: Sourcesof speedupfor Raw over P3.

We notethat Raw achievesgreaterthan 16x speedufeitherver-
susaPentiumor versusasingletile) for severalapplicationdecause
of compoundingor additive effectsfrom severalfactorslistedin Ta-
ble 2. Thefollowing is abrief discussiorof theseeffects.

1. Whenall 16tiles canbeused the speeduganbe 16-fold.

2. If a, b, andc arevariablesin memory then an operationof
theform ¢ = a + b in aload-storeRISC architecturewill require
a minimum of 4 operations- two loads, one add, and one store.
StreamarchitecturesuchasRav canaccomplishithe operationin a
single operation(for a speedupmf 4x) becauserocessocanissue
bulk datastreamrequestsand then processdatadirectly from the
network without goingthroughthe cache.

3. Whenvectorlengthsexceedthecachesize, streaminglatafrom
off-chip DRAM directly into the ALU achievzes7.5x the throughput
of cacheaccessegeachcachemisstransports8 wordsin 60 cycles,
while streamingcan achieze one word per cycle). The streaming
effectis evenmorepowerful with stridedrequestshatuseonly part
of afull cacheline. In this case,streamingthroughputis 15 times
greaterthangoingthroughthecache.

4. Raw has60xthel/O bandwidthof the P3. FurthermoreRaw’'s
directprogrammatiénterfaceto thepinsenablefficient utilization.

5. Whenmultiple tiles are usedin a computation the effective
numberof registersandcachelinesis increasedallowing a greater
working setto be accessedvithout penalty \We approximatethe
potentialspeedugrom this effect as2-fold.

6. Finally, specializedit manipulationinstructionscanoptimize
tablelookups,shifts,andlogical operationsWe estimatethe poten-
tial speedugrom this effectas3-fold.

4.1 Experimental methodology

Validated Simulator Theevaluationfor this papermakesuseof a
validatedcycle-accuratesimulatorof the Raw chip. Usingthe val-
idatedsimulatoras opposedo actualhardware allows us to better
normalizedifferenceswith a referencesystem,e.g., DRAM mem-
ory lateng, andinstructioncacheconfiguration.lt alsoallows usto



Figure 2: Photosof the Raw chip and Raw prototype motherboard respectvely.

explore alternatve motherboaraonfigurationsWe verifiedthatthe
simulatorandthe gate-lerel RTL netlisthave exactly the sametim-
ing anddatavaluesfor all 200,000ines of our hand-writtenassem-
bly testsuite,aswell asfor anumberof C applicationsandrandomly
generatedests. Every stall signal,registerfile write, SRAM write,
on-chipnetwork wire, cachestatemachinetransition,interruptsig-
nal,andchip signalpin matchesn valueon every cycle betweerthe
two. This gate-leel RTL netlistwasthenshippedto IBM for man-
ufacturing. Uponreceiptof the chip, we compareda subsewf the
testsontheactualhardwareto verify thatthe chipwasmanufctured
accordingto spec.

Selectionof a ReferenceProcessor In our evaluation,we realized
the importanceof tying our performancenumbersto an existing
commercialsystem. For fairness this comparisonsystemmustbe
implementedn aprocesghatuseshe sameithographygeneration,
180nm. Furthermorethereferencegrocessoneedso be measured
atasimilarpointin its lifecycle, i.e., ascloseto first silicon aspossi-
ble. Thisis becausenostcommerciakystemsarespeedpatlor pro-
cesstunedafterfirst silicon is created7]. For instancethe 180nm
P3initial productionsiliconwasreleasedit500-733VIHz andgrad-
ually wastuneduntil it reacheda final productionsilicon frequeny
of 1 GHz. Thefirst silicon valuefor the P3is not publicly known.
However, the frequencief first-silicon andinitial productionsili-
conhave beenknown to differ by asmuchas2x.

The P3is especiallyideal for comparisorwith Rav becausét is
in commonuse,becaussts fabricationprocesss well documented,
and becauséhe common-caséunctional unit latenciesare almost
identical. The backendsof the processorsharea similar level of
pipelining, which meansthat relative cycle-countscarry somesig-
nificance.Corventional VLS| wisdomsuggestshat, whennormal-
ized for process,Ran’s single-portedL1 datacacheshould have
approximatelythe sameareaand delay as the P3's two-portedL1
datacacheof half the size. For sequentiatodeswith working sets
thatfit in the L1 cachesthe cycle countsshouldbe quite similar.
And given that the fortunesof Intel have rested(and continueto
rest, with the Pentium-Mreincarnation)Jupon this architecturefor
almosttenyears,thereis reasorto believe thatthe implementation
is agoodone.In fact,theP3,uponreleasen 4Q'99, hadthehighest
SpeclInt95valueof ary processof13].

Itanium and Pentium4 (P4) cameas close secondgo our final

choice. Our decisionto avoid them camefrom our needto match
thelifecycle of the referencesystemto Raw’s. Intel’s market pres-
surescauseit to delaythe releaseof new processorsuchasP4or
Itaniumuntil they have beentunedenougho competewith theexist-
ing Pentiumproductline. Consequentlywhentheseprocessorsire
releasedthey maybecloserto final-siliconthanfirst-silicon. For ex-
ample,it is documentedn the pressthatItanium | wasdelayedfor
two yearsbetweerfirst-siliconannouncemerandinitial production
silicon availability. Finally, the implementatiorcompleity of Raw
is moresimilar to the P3thanP4or Itanium.

Comparison of Silicon Implementations Table 3 compareghe
two chips andtheir fabricationprocesses|IBM’'s CMOS 7SF[27,
37] andIntel's P858[51]. CMOS 7SFhasdenselSRAM cellsand
lessinterconnectesistiity, dueto coppermetalization. P858,0n
the otherhand,attemptsto compensatéor aluminummetalization
by using a lower-k dielectric, SiOF, and by carefully varying the
aspectatiosof thewires.

Parameter Raw (IBM ASIC) P3(Intel)
LithographyGeneration 180nm 180nm
ProcesdName CMOS7SF P858
(SA-27E)
Metal Layers Cub Al 6
DielectricMaterial SiO, SiOF
Oxide ThicknesqT,..) 3.5nm 3.0nm
SRAM Cell Size 4.8 um? 5.6 um?>
Dielectrick 4.1 3.55
Ring OscillatorStage(FO1) 23ps 11ps
DynamicLogic, CustomMacros no yes
(SRAMSs, RFs)
SpeedpatffuningsinceFirst Silicon no yes
Initial Frequeng 425MHz 500-733MHz
Die Ared 331mm? 106 mm?
SignalPins ~ 1100 ~ 190
Vdd used 1.8V 1.65V
NominalProcesd/dd 1.8V 15V

Table 3: Comparison of Implementation Parameters for Raw and P3-
Coppermine.

The Ring Oscillator metric measureshe delay of a fanout-of-1
(FO1l)inverter It hasbeensuggestedhatan approximate=04 de-
lay canbe found by multiplying the FO1 delayby 3 [15]. Thus,
P858gatesappearto be significantly (2.1x) fasterthanthe CMOS



7SF gates. This is to be expected,as IBM terms CMOS 7SF a
“value” process.|BM’s non-ASIC, high-performancel80nm pro-
cess,CMOS 8S,is competitve with P858[8], andhasring oscilla-
tor delaysof 11 psandbetter Furthermoreproduction180nmP3’s
have theirvoltagesset10%higherthanthenominalprocessoltage,
which typically improvesfrequeng by 10%or more.

A recentbook,[7], listsanumberof limitationsthatASIC proces-
sorimplementationgaceversusfull-customimplementations.We
mentionsomeapplicableoneshere. First, becauseghe ASIC flow
predeterminesspect®f a chip, basicoverheadsrerelatively high
in comparisorto full-customdesigns. Two of Raw’s largestover
headswere the mandatoryscanflip-flops (18%), and clock skew
andjitter (13%). Second,ASIC flows tendto producelogic that
is significantlylessdensethancorrespondingustomflows. Third,
ASIC flows prevent useof customor dynamiclogic, exceptfor a
limited menu(up to 2 readportsand2 write ports)of fixedpipeline-
depthregisterfiles and SRAMs, which are machinegenerated.A
40-80% improvementin frequeny oftenis attributedto the useof
dynamiclogic. Processaindspeedpathuningaccountfor 35%. Fi-
nally, speed-binningields approximately20%.

We compensat@nly for the last two factorsin this paper We
selectech 600 MHz P3 asthereferencesystem.The 600 MHz P3,
releasedrior to procesguning,andafterlimited speedpattuning,
is solidly in themiddle of the P3initial productionfrequeng range,
presumablyrepresentingin average-speedbipart.

We believe thata Raw implementatiorwith the sameengineering
effort andprocesgechnologyasthe Intel P3would be smallerand
significantlyfaster However, we make no attemptto normalizefor
thesefactors.

Normalization Details With the selectionof areferenceCPUim-
plementatiorcomesa selectionof an enclosingcomputer We used
a pair of 600 MHz Dell Precision410's to run our referencebench-
marks. We oultfitted thesemachineswith identical 100 MHz 2-2-
2 PC100256 MB DRAMSs, andwrote several microbenchmark$so
verify thatthe memorysystemimings matched.

To compareghe Rav andDell systemsnoreequally we usedthe
Raw simulators extensionlanguageto implementa cycle-matched
PC100DRAM modelandachipset. Thismodelhasthesamewall-
clock lateny andbandwidthasthe Dell 410. However, sinceRav
runsat a slower frequeng thanthe P3,thelateng, measuredn cy-
cles,is less.We usethetermRawPC to describeasimulationwhich
uses8 PC100DRAMSs, occugying 4 portson the left handside of
thechip,and4 ontheright handside.

BecausdRaw is alsodesignedor streamingapplicationswe also
wantedto measureapplicationsthat usethe full pin bandwidthof
the chip. In this case,we usea simulationof CL2 PC 3500DDR
DRAM, which provides enoughbandwidthto saturateboth direc-
tions of a Raw port. In this case,we usel16 PC 3500DRAMSs, at-
tachedo all 16logical portsonthechip,in conjunctionwith amem-
ory controller implementedn thechipsetthatsupportsanumberof
streanrequestsA Raw tile cansendamessagever thegenerady-
namicnetwork to thechipsetto initiate large bulk transferdrom the
DRAMs into andout of the staticnetwork. Simpleinterleaving and
striding is supported subjectto the underlyingaccessand timing
constraintof the DRAM. We call this configurationrRawStreams

The placemenbf a DRAM on a Raw port doesnot excludethe
useof otherdevices on that port — the chipsetshave a simple de-

2Notethatdespitethe areapenaltyfor an ASIC implementationjt is almostcertain
thatthe Raw processois a biggerdesignthanthe P3. Our evaluationdoesnot aim to
male a cost-normalizedomparisonput ratherseeksto demonstratehe scalability of
ourapproacHor futuremicroprocessodesigns.

4Thesupporlt:hipstypically usedto interfacea processoto its memorysystemand|/O
peripherals.

Latency [ Throughput |

Operation [ TRawTile [ P3| Raw [ P3|
ALU 1 1 1 1
Load (hit) 3 3 1 1
Store(hit) - - 1 1
FPAdd 4 3 1 1
FPMul 4 5 1 12
Mul 2 4 1 1
Div 42 26 1 1
FPDiv 10 18 | 1710 | 1/18
SSEFP4-Add - 4 - 12
SSEFP4-Mul - 5 - 12
SSEFP4-Div - 36 - 1/36

Table 4: Functional unit timings. Commonly executedinstructions ap-
pear first. FP operationsare single precision.

[ [ IRawTile ] P3 ]
CPUFrequeng 425MHz 600MHz
SustainedssueWidth lin-order | 3out-of-order
MispredictPenalty 3 10-15
DRAM Freq(RawPC) 100MHz 100MHz
DRAM Freq(RavStreams) | 2x 213MHz -
DRAM Accesswidth 8 bytes 8 bytes
L1 D cachesize 32K 16K
L1 D cacheports 1 2
L1 | cachesize 32K 16K
L1 misslateny 54cycles 7 cycles
L1 fill width 4 bytes 32bytes
L1/L2line sizes 32bytes 32bytes
L1 associatiities 2-way 4-way
L2 size - 256K
L2 associatiity 8-way
L2 misslateny 79cycles
L2 fill width 8 bytes

Table 5: Memory systemdata.

multiplexing mechanisnthat allows multiple devicesto connectto
asingleport.

Exceptwhereotherwisenoted,we usedgcc3.3-0O3to compileC
andFortrancodefor bothRaw® andthe P?. For programshatdo C
or Fortranstdiocalls,we usenewlib 1.9.0for both Raw andthe P3.
Finally, to eliminatethe impactof disparatefile and operatingsys-
tems,the resultsof 1/0O systemcallsfor the Specbenchmarksvere
capturecandembeddedhnto the binariesasstaticdatausing[42].

We performedone final normalization. Our preliminary Rav
software-managednstruction-cachingsystemhas not been opti-
mized, which madeit difficult to comparethe two systems.To en-
ablecomparisonsvith theP3,we augmentedhecycle-accuratsim-
ulator so thatit emplagys corventional 2-way associatie hardware
instructioncaching. Theseinstructioncachesare modelledcycle-
by-cycle in the samemannerasthe restof the hardware. Like the
datacachesthey servicemissesoverthe memorydynamicnetwork.
Resourceontentiorbetweerthe cachess modeledaccordingly

4.2 Basicdata

Tables4 and5 shav functionalunit timings andmemorysystem
characteristic$or both systemsrespectiely. Table6 shavs Ran’'s
measureghower consumptiorf19]. Table7 lists a breakdavn of the
end-to-endnessagéateny on Raw’s scalaroperanchetwork. The
low 3-¢ycleintertile ALU-to-ALU lateny andzerocycle sendand
receve occupanciearecritical for obtaininggoodILP performance.

4.3 ILP Computation

This sectionexamineshow well Raw is ableto supportcorven-
tional sequentialapplications. Typically, the only form of paral-
lelism availablein theseapplicationsis ILP-level parallelism. For

TheRaw gccbaclend,basednthe MIPS baclend,tamgetsasingletile’s computeand
network resources.

SFor P3,we added-march=pentium3mfpmath=sse



[ [ Core [ Pins |
Idle - Full Chip 9.6W | 0.02W
Average- PerActiveTile | 0.54W -
Average- PerActive Port - 0.2W
Average- Full Chip 18.2W 2.8W

Table 6: Raw power consumptionat 425MHz, 25° C

[ [ Latency |
SendingProcessoOccupany 0
Lateng to Network Input 1
Lateny perhop 1
Lateng from Network Outputto ALU 1
Receving ProcessoOccupang 0

Table 7: Breakdown of the end-to-endlatency (in cycles)for a one-word
messagen Raw’s static network.

this evaluation,we selectarangeof benchmarkshatencompasses
wide spectrunof programtypesanddegreeof ILP.

Much like a VLIW architecture Raw is designedo rely on the
compilerto find andexploit ILP. We have developedRawcc [5, 24,
25] to explore thesecompilationissues. Ravcc takes sequentialC
or Fortran programsand orchestrateshemacrossthe Raw tiles in
two steps.First, Ravcc distributesthe dataandcodeacrosghetiles
to attemptto balancethe tradeof betweenocality andparallelism.
Then,it scheduleshe computatiorandcommunicatiorto maximize
parallelismandminimize communicatiorstalls.

Rawvccwasdevelopedasa prototypingervironmentfor exploring
compilationtechniquedor Raw. As such,unmodifiedSpecapplica-
tionsstretchits robustnessWe areworkingonimproving therobust-
nessof Rawcc. Additionally, we have madeprogresson afollow-on
parallelizingcompilerwhich hasmorefocusonrobustnesandcode
quality. The speedupsittainedn Table8 shavs the potentialof au-
tomaticparallelizationand ILP exploitation on Raw. Of the bench-
markscompiledby Rawcc, Raw is ableto outperformthe P3for all
the scientificbenchmarksndseveralirregularapplications.

#Raw | Cycles | SpeedupvsP3
Benchmark Source ‘ Tiles ‘ onRaw [ Cycles | Time
Dense-MatrixScientificApplications
Swim Spec95 16 14.5M 4.0 2.9
Tomcatv Nasa7:Spec92 16 2.05M 1.9 1.3
Btrix Nasa7:Spec92 16 516K 6.1 4.3
Choleslky Nasa7:Spec92 16 3.09M 24 1.7
Mxm Nasa7:Spec92 16 247K 2.0 1.4
Vpenta Nasa7:Spec92 16 272K 9.1 6.4
Jacobi Raw bench.suite 16 40.6K 6.9 4.9
Life Raw bench.suite 16 332K 4.1 2.9
Spase-Matrix/Intger/Irregular Applications
SHA PerlOasis 16 768K 1.8 1.3
AES Decode FIPS-197 16 292K 1.3 0.96
Fpppp-lernel Nasa7:Spec92 16 169K 48 34
Unstructured CHAOS 16 5.81M 1.4 1.0

Table 8: Performance of sequentialprogramson Raw and on a P3.

Table 9 shavs the speedupschiered by Rawcc asthe number
of tiles variesfrom two to 16. The speedupsrecomparedo per
formanceof a single Raw tile. Overall, the sourceof speedups
comesprimarily from tile parallelism(seeTable 2), but several of
the densematrix benchmarksenefitfrom increasedtachecapac-
ity aswell (which explainsthe supetlinear speedups)In addition,
Fpppp-lernelbenefitsfrom increasedegistercapacity which leads
to fewer spills.

For completenessye alsocompileda selectionof the Spec2000
benchmarkswith gcc for a single tile, and ran them using the
MinneSPEGS [20] LgReddatasetsto reducethe length of simu-
lations. Theresults,shavn in Table10, represent lower boundfor
the performanceof thosecodeson Raw, asthey only use 1/16 of
the resourcen the Raw chip. The numbersare quite surprising;
on average;the simplein-order Raw tile with no L2 cacheis only

[ Number of tiles
Benchmark [ 1T 2T 4] 8]

16 |

Dense-MatrixScientificApplications

Swim 10| 11] 24| 47] 9.0
Tomcatv 10[13] 30| 53] 82
Btrix 10| 1.7 | 55| 151 | 334
Cholesly 10| 18| 48 9.0 | 10.3
Mxm 10| 14| 46 6.6 8.3
Vpenta 10 21| 76| 20.8 | 418
Jacobi 10 26] 61| 132] 226
Life 10[10] 24| 59] 126
Spase-Matrix/Intger/Irregular Applications
SHA 10| 15| 1.2 1.6 2.1
AESDecode | 1.0 [ 15| 25| 32| 34
Fpppp-lernel | 1.0 | 0.9 | 1.8 3.7 6.9
Unstructured | 1.0 | 1.8 | 3.2 3.5 3.1

Table 9: Speedupof the ILP benchmarksrelative to single-tile Raw.
1.4x slower by cyclesand2x slower by time thanthefull P3. This
suggestshatin theeventthatthe parallelismin theseapplicationds
too smallto be exploited acrossRaw tiles, a simple two-way Rav
computeprocessomight be sufficient to male the performancalif-
ferenceeasilybe hiddenby otheraspectof the system.

#Raw | Cycles | SpeedupvsP3
Tiles | onRaw | Cycles | Time

Benchmark ‘ Source ‘

172.mgrid SPECfp 1 .240B 0.97 | 0.69
173.applu SPECfp 1 .324B 0.92 | 0.65
177.mesa SPECfp 1 2.40B 0.74| 0.53
183.equak SPECfp 1 .866B 0.97 | 0.69
188.ammp SPECTfp 1 7.16B 0.65| 0.46
301.apsi SPECp 1 1.05B 055 | 0.39
175.vpr SPECint 1 2.52B 0.69 | 0.49
181.mcf SPECint 1 4.31B 0.46 | 0.33
197.parser | SPECint 1 6.23B 0.68 | 0.48
256.bzip2 SPECint 1 3.10B 0.66 | 0.47
300.twolf SPECint 1 1.96B 057 | 041

Table 10: Performance of SPEC2000programson onetile on Raw.

4.4 Streamcomputation

We presenperformancef streamcomputationgor Rav. Stream
computationgrisenaturallyoutof real-timel/O applicationsaswell
asfrom embeddedpplications.The datasetsfor theseapplications
are often large and may even be a continuousstreamin real-time,
which makes them unsuitablefor traditional cachebasedmemory
systemsRaw providesamorenaturalsupporfor streanmbasedom-
putationby allowing datato befetchedefficiently througha register
mappedsoftwareorchestratedetwork.

We presenttwo setsof results. First we shav the performance
of programswritten in Streamlt,a high level streamlanguageand
automaticallycompiledto Rav. Then,we shaw the performancenf
somehandwritten applications.

4.4.1 Streamlt

Streamltis a high-level, architecture-independetanguagefor
high-performancestreamingapplications. Streamltcontainslan-
guageconstructghatimprove programmeiproductvity for stream-
ing, including hierarchicalstructuredstreams graphparameteriza-
tion, andcircular buffer managementtheseconstructsalsoexpose
informationto thecompilerandenablenovel optimizationg47]. We
have developeda Raw baclendfor the Streamltcompiler whichin-
cludesfully automatidoadbalancinggraphlayout,communication
schedulingandrouting[11].

We evaluate the performanceof RavPC on several Streamlt
benchmarkswhich representarge andpenasive DSPapplications.
Table11 summarizeshe performanceof 16 Raw tilesvs. a P3. For
botharchitecturesye useStreamltversionsof the benchmarksywe
do not compareto hand-codedC on the P3 becauseStreamltper
formsat least1-2X betterfor 4 of the 6 applicationg(this is dueto



aggressie unrolling andconstanipropagatiorin the Streamltcom-
piler). Thecomparisomeflectstwo distinctinfluences:1) thescaling
of Raw performanceasthe numberof tilesincreasesand?) theper
formanceof a Raw tile vs. a P3for the sameStreamltcode. To dis-
tinguishbetweerthesenfluences;Table12 shavs detailedspeedups
relative to Streamltcoderunningon a 1-tile Raw configuration.

CyclesPer Output Speedupvs P3

‘ Benchmark ‘ on Raw Cycles | Time
Beamformer 2074.5 7.3 5.2
Bitonic Sort 11.6 4.9 35
FFT 16.4 6.7 4.8
Filterbank 305.6 154 | 109
FIR 51.0 11.6 8.2
FMRadio 2614.0 9.0 6.4

Table 11: Streamlt performanceresults.

‘ ‘ Streamlt | Streamlt on n Raw tiles |
Benchmark onP3 [ 1] 2] 4] 8] 16|
Beamformer 3.0 10| 41| 45 52| 218
Bitonic Sort 1.3 10] 19| 34 4.7 6.3
FFT 1.1 10| 16 | 35 4.8 7.3
Filterbank 15 10| 33| 33| 11.0| 234
FIR 2.6 10| 23| 55| 129 | 30.1
FMRadio 1.2 10| 10| 1.2 4.0 [ 10.9

Table 12: Speedup(in cycles)of Streamlt benchmarksrelative to a 1-tile
Raw configuration. From left, the columnsindicate the Streamlt version
on a P3,and on Raw configurations with oneto 16tiles.

Theprimaryresultillustratedby Table12is thatStreamltapplica-
tionsscaleeffectively for increasingsizesof the Rav configuration.
For FIR, FFT, andBitonic, thescalingis approximateljlinearacross
all tile sizes(FIR is actually supetlinear due to decreasingegis-
ter pressuren larger configurations).For Beamformer Filterbank,
and FMRadio, the scalingis slightly inhibited for small configura-
tions. This is becausel) theseapplicationsarelarger, and IMEM
constraintgreventanunrolling optimizationfor smalltile sizesand
2) they have moredataparallelism yielding speedups$or largecon-
figurationsbut inhibiting smallconfigurationglueto a constanton-
trol overhead.

Thesecondnfluenceis the performancef aP3vs. asingleRav
tile on the sameStreamltcode,asillustratedby the secondcolumn
in Table12. In mostcases,performances comparable. The P3
performsbetterin two casedecausdé canexploit ILP: Beamformer
hasindependenteal/imaginaryupdatesn theinnerloop,andFIR is
afully unrolledmultiply-accumulateoperation.In othercases|LP
is obscuredy circularbuffer accesseandcontroldependences.

In all, Streamltapplicationsbenefitfrom Raw’'s exploitation of
parallelresourcesndmanagememnf wires (seeTable 19 for sum-
mary). The alundantparallelismand regular communicationpat-
ternsin streamprogramsareanideal matchfor the parallelismand
tightly orchestratedommunicatioron Raw. As streanmprogramsf-
tenrequirehigh bandwidth registermappedcommunicatiorsenes
to avoid costlymemoryaccessesAlso, autonomoustreamingcom-
ponentcanmanageheirlocal statein Rav’sdistributeddatacaches
andregisterbanks therebyimproving locality. Theseaspectsrekey
to the scalabilitydemonstrateth the Streamltbenchmarks.

4.4.2 Handwritten streamapplications

ISI EasttheMIT OxygenTeam,andMIT CAG have hand-written
awide rangeof streambasedapplicationgo take advantageof Rav
asanembeddegrocessorThis sectionpresentghe results. These
includeasetof linearalgebraroutinesmplementedsStreamAlgo-
rithms,the STREAMbenchmarkandseveralotherembeddedppli-
cationsincluding a real-time 1020-nodeacousticbeamformer The
benchmarksretypically writtenin C andcompiledwith gcc, with

inline assemblyfor a subsetof inner loops. Someof the simpler
benchmarkdik e the STREAM benchmarkandthe FIR were small
enoughthatcodingentirelyin assemblywasmostexpedient.

StreamAlgorithms Table13 presentghe performanceof a setof
linearalgebraalgorithmson RavPCversushe P3.

MFlops | SpeedupvsP3
ProblemSize | onRaw | Cycles | Time

Benchmark

Matrix Multiplication 256x 256 6310 8.6 6.3
LU factorization 256x 256 4300 12.9 9.2
Triangularsolver 256x 256 4910 12.2 8.6
QR factorization 256x 256 5170 18.0 12.8
Cornvolution 256x 16 4610 9.1 6.5

Table 13: Performanceof linear algebraroutines.

The Raw implementationsre codedas StreamAlgorithms[16],
which emphasizecomputationalefficiency in spaceand time and
are designedspecificallyto take adwantageof tiled microarchitec-
tureslike Rawv. They have threekey features. First, streamalgo-
rithms operatedirectly on datafrom the interconneciand achieve
anasymptoticallyoptimal 100 % computeefficiency for large num-
bersof tiles. Secondstreamalgorithmsuseno morethana small,
boundedamountof storageon eachprocessingelement. Third,
dataare streamedhroughthe computefabric from andto periph-
eralmemories.

With the exceptionof Corvolution, we compareagainstthe P3
runningsingle precisionLapack(Linear AlgebraPackage) We use
clapackversion 3.0 [2] and a tuned BLAS implementation,AT-
LAS [50], version3.4.2. We disassembledhe ATLAS library to
verify thatit usesP3 SSEextensionsappropriatelyto achieve high
performanceSincelLapackdoesnotprovide aconvolution, we com-
pareagainstheIntel IntegratedPerformancérimitives(IPP).

As canbe seenin Table 13, Rav performssignificantly better
thanthe P3on theseapplicationsevenwith optimizedP3 SSEcode.
Raw’'s betterperformancas dueto load/storeelimination (seeTa-
ble 2), andthe useof parallelresources.StreamAlgorithms oper
atedirectly on valuesfrom the network andavoid loadsandstores,
therebyachieving higher utilization of parallel resourceghan the
blocked codeonthe P3.

STREAM benchmark The STREAM benchmarkwascreatecby
JohnMcCalpinto measuresustainablenemorybandwidthandthe
correspondingcomputationrate for vector kernels[30]. Its per
formancehasbeendocumentedn thousand®f machinesranging
from PCsanddesktopgo MPPsandothersupercomputers.

[ Bandwidth (GB/s) [ |

| ProblemSize | P3 [ Raw | NECSX-7 | Raw/P3 |
Copy 567 | 47.6 35.1 84
Scale 514 | 473 34.8 92
Add 645 | 35.6 35.3 55
Scale& Add 616 | 355 35.3 59

Table 14: Performance (by time) of STREAM benchmark.

We hand-code@nimplementatiorof STREAM on RavStreams.
We alsotwealed the P3 versionto usesingle precisionSSEfloat-
ing point,improving its performanceThe Raw implementatiorem-
ploys 14 tiles andstreamsiatabetweenl4 processorand14 mem-
ory portsthroughthe staticnetwork. Table 14 displaysthe results.
Raw is 55x-92xbetterthanthe P3. Thetablealsoincludesthe per
formanceof STREAM on NEC SX-7 Supercomputekvhich hasthe
highestreportedSTREAM performanceof ary single-chipproces-
sor. NotethatRaw surpassethatperformanceThis extremesingle-
chip performances achieved by taking advantageof threeRaw ar
chitecturafeaturesits amplepin bandwidth theability to precisely
routedatavaluesin andout of DRAMs with minimal overheadand
a carefulmatchbetweerfloatingpointandDRAM bandwidth.



Other stream-basedapplications Table 15 presentshe perfor
manceof somehandwritten streamapplicationson Rav. We arede-
velopingarealtime 1020microphoneAcousticBeamformemvhich
will usethe Raw systemfor processing.On this application,Rav
runsl6instantiationof thecodeandthe microphonesrestripedin
adataparallelmanneracrosghearray Raw's softwareexposed//O
is alsomuchmoreefficientthangettingthe streandatafrom DRAM

in the caseof the P3. Inputting andoutputtingdatafrom DRAM is
the bestcasefor the P3. The P3resultswould be muchworsein an
actualsystemwherethe datawould comeover a PClI bus. For the
FIR, we comparedo the Intel IPP. Resultsfor CornerTurn, Beam
SteeringandCSLCarediscussedh the previously published41].

Machine Cycles | SpeedupvsP3
Benchmark ‘ Config. ‘ onRaw [ Cycles | Time
AcousticBeamforming | RawStreams| 7.83M 9.7 6.9
512-ptRadix-2FFT RavPC 331K 4.6 3.3
16-tapFIR RawStreams 548K 10.9 7.7
CSLC RavPC 4.11M 170 | 12.0
BeamSteering RawStreams 943K 65 46
CornerTurn RawStreams 147K 245 174

Table 15: Performance of hand written streamapplications.

4.5 Sewer

To measureéheperformancef Rav on sener-like workloads we
conductthe following experimenton RavPC to obtain SpecRate-
like metrics. For eachof a subsetof Spec2000 applications,we
executean independentopy of it on eachof the 16 tiles, andwe
measureghe overall throughputof thatworkloadrelative to a single
runontheP3.

Tablel6 presentsheresults.Notethatthe speedupf Raw versus
P3is equivalentto thethroughpubf Raw relative to P3'sthroughput.
As anticipated RavPC outperformsthe P3 by a large mamgin, with
an averagethroughputadwantageof 10.8x (by cycles)and7.6x (by
time). Thekey Raw featurethatenableghis performancés thehigh
pin bandwidthavailableto off-chip memory RavPC containseight
separatenemoryportsto DRAM. This meanghatevenwhenall 16
tiles arerunningapplicationseachmemoryportandDRAM is only
sharedamongtwo applications.

Cycles | SpeedupvsP3
Benchmark | onRaw | Cycles | Time | Efficiency

172.mgrid .240B 150 10.6 96%
173.applu .324B 14.0 9.9 96%
177.mesa 2.40B 11.8 8.4 99%
183.equak .866B 151 10.7 97%
188.ammp 7.16B 9.1 6.5 87%
301.apsi 1.05B 8.5 6.0 96%
175.vpr 2.52B 10.9 7.7 98%
181.mcf 4.31B 5.5 3.9 74%
197.parser 6.23B 10.1 7.2 92%
256.bzip2 3.10B 10.0 7.1 94%
300.twolf 1.96B 8.6 6.1 94%

Table 16: Performance of Raw on sever workloads relative to the P3.

Table 16 shaws the efficiengy of RavPC'’s memory systemfor
eachsener workload. Efficieng is the ratio betweenthe actual
throughputandthe ideal 16x speedupattainableon 16 tiles. Less
thantheidealthroughpuis achiezed becausef interferenceamong
memoryrequestriginatingfrom tiles that sharethe sameDRAM
banksand ports. We seethat the efficiengy is high acrossall the
workloads with anaverageof 93%.

4.6 Bit-Level Computation

We measurethe performanceof RavStreamson two bit-level
computationd49]. Table 17 presentghe resultsfor the P3, Raw,
FPGA, and ASIC implementations. We comparewith a Xilinx

Speedupvs P3

Problem Cycles Raw [ FPGA T ASIC

Size onRaw [ Cycles [ Time | Time | Time

802.11a 1024bits 1048 11.0 7.8 6.8 24
CorvEnc 16408bits 16408 180 127 11 38
65536hits 65560 328 232 20 68

8b/10b 1024bytes 1054 8.2 5.8 3.9 12
Encoder | 16408bytes 16444 11.8 8.3 5.4 17
65536bytes | 65695 199 141 9.1 29

Table 17: Performance of two bit-level applications: 802.11aConvolu-
tional Encoder and 8b/10bEncoder The hand codedRaw implementa-
tions are compared to referencesequentialimplementationson the P3.
Virtex-1l 3000-5FPGA, which is built on the sameprocessyener
ationastheRaw chip, andfor the ASIC implementationsve synthe-
sizetothelBM SA-27EprocesshattheRaw chipisimplementedn.
For eachbenchmarkwe presenthreeproblemsizes:1024,16384,
and 65536 samples. Theseproblemsizesare selectedo fit in the
L1, L2, andmissin the cacheon the P3, respectiely. We usea
randomizednput sequencén all cases.

Onthesetwo applicationsRaw is ableto excel by exploiting fine-
grain pipeline parallelism. To do this, the computationsvere spa-
tially mappedacrossmultiple tiles. Both applicationsbenefitedoy
morethan2x from Raw’s specializedit-level manipulationinstruc-
tions, which reducethe latengy of critical feedbacKoops. Another
factorin Raw’s high performancen theseapplicationss Rav’s ex-
posedstreamingl/O. This I/O modelis in sharpcontrastto having
to move datathoughthe cachehierarchyona P3.

We alsopresentin Table18resultsfor the operationon 16 parallel
input streams.This is to simulatea possibleworkloadthata base-
stationcommunicationghip may needto completeby encodingl6
simultaneougonnectionsFor this throughputest,a moreareaef-
ficientimplementationvasusedon Raw. This implementatiorhas
lower peakperformancebut by instantiatingl 6 instancesa higher

throughputperareais achieved.
Cycles | SpeedupvsP3
onRaw | Cycles | Time

Benchmark ‘ ProblemSize

802.11a 16*64 bits 259 45 32
CornvEnc 16*1024bits 4138 71 51
16*4096bits 16549 130 92

8b/10b 16*64 bytes 257 34 24
Encoder 16*1024bytes 4097 a7 33
16*4096bytes 16385 80 56

Table 18: Performance of two bit-level applications for 16 streams:
802.11aConvolutional Encoder and 8b/10bEncoder This testsimulates
apossibleworkload for a base-stationwhich processesultiple commu-
nication streams.

5. ANALYSIS

Sections4.3 through4.6 presentegerformanceesultsfor Rav
for several applicationclassesand shaved that Ran’s performance
was within a factor of 2x of the P3 for low-ILP applications,2x-
9x betterthanthe P3for high-ILP applicationsand 10-100xbetter
for streamor embeddeccomputations. Table 19 summarizeghe
primaryfeatureghatareresponsibldor performanceémprovements
on Raw.

In this section,we comparethe performancef Raw to otherma-
chinesthathave beendesignedspecificallywith streamsor embed-
dedcomputationin mind. We alsoattemptto explore quantitatvely
thedegreeto which Rav succeedi beingamoreversatilegeneral-
purposeprocessorTo do so, we selecteda representatie subsebf
applicationsfrom eachof our computationaklassesand obtained
performanceesultsfor Rav, P3andmachinesspeciallysuitedfor
eachof thoseapplications We notethattheseresultsareexploratory
in natureand not meantto be taken asary sortof proof of Ranv’s
versatility ratherasanearlyindicationof the possibilities.
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Figure 3: Performance of various architectures over several applications classes.Each point in the graph representsthe speedupof an architecture
over the P3for a given application. The best-in-classervelopeconnectsthe bestspeedupsor eachapplication. The dashedline connectsthe speedups
of Raw for all the applications. A versatile architecture hasspeedup<loseto the best-in-classenvelopefor all application classesimagine and VIRAM
resultsare obtained from [41] and [34]. Bit-level resultsfor FPGA and ASIC implementationsare obtained from [49].

Figure 3 summarizegheseresults. We can male several obser
vationsfrom thefigure. First, it is easyto seethatthe P3doeswell
relative to Raw for applicationswith low degreesof ILP, while the
oppositeis truefor applicationswith higherdegreesof ILP, suchas
Vpenta. For streamsand vectors,the performanceof Raw is com-
parableto that of streamand vectorarchitecturedike VIRAM and
Imagine. All threeoutperformthe P3 by factorsof 10x to 100x.
Raw, usingtheRawStreamsonfigurationpeatshehighestreported
single-chipSTREAM memorybandwidthchampion the NEC SX-
7 Supercomputerandis 55x-92x betterthanthe P3. Essentialto
Raw’'s performanceon this benchmarkis the amplepin bandwidth,
the ability to preciselyroutedatavaluesin andout of DRAM with
minimal overhead anda carefulmatchbetweenfloating point and
DRAM bandwidth.

[ Category [ Benchmarks [ STRIWTP]
ILP Swim, Tomcaty Btrix, Cholesk, Vpenta, || X | X X
Mxm, Life, Jacobi,Fpppp-kernel SHA, AES
Encode, Unstructured,172.mgrid, 173.applu,
177.mesa,183.equake,188.ammp, 301.apsi,
175.vpr  181.mcf, 197.parser 256.bzip2,
00.twolf
Stream:Streamit Beamformer Bitonic Sort, FFT, Filterbank, || X [ X X
FIR, FMRadio
Stream:Streamlgo. | Mxm, LU fact, Triang. solver, QR fact., Corv. X X X
Stream:STREAM Copy, Scale Add, Scale& Add X
Stream:Other Acoustic Beamforming,FIR, FFT, X X X
BeamSteering
CornerTurn X
csLC X | X
Sener 172.mgrid,  173.applu,  177.mesa, X X
183.equake188.ammp 301.apsi175.vpy
181.mcf,
_ 197.parser256.bzip2 300.twolf
Bit-Level 802.11aConvEnc,8b/10bEncoder X | X ]| X

Table 19: Raw feature utilization table. S = Specialization.R = Exploit-
ing Parallel Resources.W = Managementof Wire Delays. P = Manage-
ment of Pins.

We chosea sener farm with 16 P3sas our best-in-classener
system.Noticethata single-chipRav systemcomeswithin afactor
of threeof this sener farm for mostapplications. (Note that this
is only a pureperformanceomparisonandwe have not attempted
to normalizefor cost.) We choseFPGAsandASICs asthe bestin
classfor our embeddedit-level applications. Rav’s performance
is comparableo that of an FPGA for theseapplications,andis a
factorof 2x to 3x off from an ASIC. (Again, notethatwe areonly
comparingperformance- ASICs usesignificantly lower areaand

power than Raw [49].) Raw performswell on theseapplications
for the samereasonghat FPGAsandASICs do — namely a careful
orchestratiorof thewiring or communicatiorpatterns.

Thusfar, our analysisof Raw’s flexibility hasbeenqualitative.
Giventherecentinterestin flexible, versatileor polymorphicarchi-
tecturesuchasTarantuld9], Scale[22], Grid [33], andSmartMem-
ories[28], which attemptto performwell over awider rangeof ap-
plicationsthanextantgeneralpurposeprocessorsit is intriguing to
searchfor a metric that can capturethe notion of versatility We
would like to offer up acandidateanduseit to evaluatethe versatil-
ity of Raw quantitatvely. In amannersimilar to thecomputatiorof
SpecRatesyedefinetheversatility of amadineM asthegeometric
meanover all applicationsof theratio of madine M’s speedugor
a givenapplicationrelativeto the speedumf the bestmadine for
thatapplication’

For the applicationsetgraphedin Figure 3, Raw’s versatility is
0.72,while that of the P3is 0.14. The P3's relatively poor perfor
manceon streambenchmarkdurtsits versatility Although Raw’s
0.72 numberis relatively good, even our small sampleof appli-
cationshighlights two clear areaswhich merit additionalwork in
the designof polymorphicprocessors.One s for embeddedit-
level designswhereASICs perform2x-3x betterthan Raw for our
small applicationset. Certainly thereare countlessother applica-
tionsfor which ASICsoutstripRav by muchhigherfactors.Perhaps
the additionof smallamountsof bit-level programmablédogic a la
PipeRenchj10] or Garp[14] canbridgethegap.

Computationwith low levels of ILP is anotherareafor further
research.We will referto Figure4 to discussthis in more detail.
The figure plots the speedupgin cycles)of Rav anda P3 with re-
spectto executionon a single Raw tile. The applicationsarelisted
onthex-axisandsortedroughlyin the orderof increasindLP. The
figure indicatesthat Raw is ableto convert ILP into performance
whenILP existsin reasonablguantities. This indicatesthe scala-

"Sincewe are taking ratios, the individual machinespeedupgan be computedrela-
tive to ary onemachine sincethe effect of thatmachinecancelsout. Accordingly, the
speedupin Figure3 areexpressedelative to the P3withoutlossof generality Further
like SpecRateg'atherarbitrarychoiceof the SunUltra5 asa normalizingmachine the
notion of versatility canbe generalizedo future machinesby choosingequally arbi-
trarily the best-in-classnachineggraphedn Figure 3 asour referencesetfor all time.
Thus,sincethebest-in-classnachinesrefixed, the versatilitiesof futuremachinesan
becomegreaterthan1.0.



bility of Raw’s scalaroperandnetwork. The performanceof Rav
is lower thanthe P3 by about33 percentfor applicationswith low
degreesof ILP for several reasons.First, the threeleftmostappli-
cationsin Figure4 wererun on a singletile. We hopeto continue
tuning our compilerinfrastructureand do betteron someof these
applications.Seconda nearterm commercialimplementatiorof a
Raw-like processomight lik ely usea two-way superscalain place
of our single-issuegrocessomhich would be ableto matchthe P3
for integerapplicationswith low ILP. (See[31] for detailson grain-
sizetradeofs in Rav processors).
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Figure 4: Speedup(in cycles)achieved by Raw and the P3over executing
on asingleRaw tile.

6. RELATED WORK

Raw distinguishestself from othersby beinga modelessarchi-
tectureandsupportingall formsof parallelism,includingILP, DLP,
TLP and streams. Several projectshave attemptedo exploit spe-
cific forms of parallelism. Theseinclude systolic (iWarp [12]),
vector (VIRAM [21]), stream (Imagine [17]), shared-memory
(DASH [26]), and messagepassing(J machine[35]). Thesema-
chines,however, were not designedfor ILP. In contrast,Rav was
designedo exploit ILP effectively in additionto theseotherforms
of parallelism. ILP presentsa hard challengefor thesemachines
becausdt requiresthat the architecturebe ableto transportscalar
operand®etweerogic unitswith verylow lateng, evenwhenthere
are a large numberof highly irregular communicatiorpatterns. A
recentpaper [45], emplg/s a 5-tupleto characterizethe cost of
sendingoperandsetweenfunction units in a numberof architec-
tures.Table7 lists the component®f this 5-tuplein order Qualita-
tively, larger5-tuplevaluesrepresenproportionallymoreexpensve
operandransportcosts.Thelargevaluesin the network 5-tuplesfor
iWarp< 1,6,5,0,1 >, sharedmemory< 1,18,2,14,1 >, and
messaggassing< 3,7,1,1,12 >, comparedo the low numbers
in the 5-tuplesof machinesthat can exploit ILP, e.g., superscalar
< 0,0,0,0,0 >, Rav < 0,1,1,1,0 >, Grid < 0,0,1/2,0,0 >,
andILDP < 0,1,0,1,0 > quantitatvely demonstratehe differ-
ence. The low 5-tuple of Raw’s scalaroperandnetwork compared
to thatof iwarpenableRaw to exploit diverseformsof parallelism,
andis adirectconsequencef theintegrationof theinterconnecinto
Raw’'s pipelineandRaw’s early pipelinecommitpoint. We will fur-
ther discussthe comparisorwith iWarp here,but see[45] for more
detailson comparingnetworksfor ILP.

Raw supportsstatically orchestrateccommunicationlike iWarp
or NuMesh[39]. iWarp and NuMeshsupporta small numberof
fixed communicationpatterns,and can switch betweenthesepat-
ternsquickly. However, establishinga new patternis more expen-
sive. Raw supportsstatically orchestrate@ommunicatiorby using
aprogrammablewitchwhich issuesaninstructioneachcycle. The
instructionspecifieghe routesthroughthe switch duringthatcycle.

Becauséheswitchprogrammemoryin Raw is large,andvirtualized
throughcachingthereis no practicalarchitecturalimit onthenum-
ber of simultaneousommunicatiorpatternsthat canbe supported
in a computation. This virtualization becomesparticularly impor
tantfor supportindLP, becausswitchprograms&ecomeaslargeor
evenlargerthanthe computeprograms.

Processordike Grid [33] and ILDP [18] are targeted specifi-
cally for ILP and proposeto uselow lateny scalaroperandnet-
works. Raw sharesn their ILP philosophyandimplementsa static-
transport point-to-pointscalaroperandnetwork, while Grid usesa
dynamic-transportpoint-to-pointnetwork, andILDP usesa broad-
castbaseddynamic-transporhetwork. Both Rav and Grid per
form compiletime instructionassignmento computenodes while
ILDP usesdynamicassignmenbf instructiongroups. Rav uses
compile-timeoperandmatching,while Grid usesdynamicassocia-
tive operandmatchingqueues,and ILDP’s dynamic schemeuses
full-empty bits on distributed registerfiles. Accordingly usingthe
AsTO cateyorization(Assignment TransportOrdering)from [46],
Raw, Grid andILDP canbeclassifiedasSSS,SDD,andDDD archi-
tecturesrespectiely, whereS standsfor staticandD for dynamic.
BoththeGrid andILDP designgrojectlower network 5-tuplesthan
Raw, but the final numbersshould be forthcomingas their imple-
mentationanature. Taken together Grid, ILDP andRaw represent
three distinct points in the scalaroperandnetwork designspace,
rangingfrom the more compile-timeorientedapproachasin Raw,
to the dynamicapproactasin ILDP.

Raw took inspirationfrom the Multiscalarprocessof40], which
usesa separat@ne-dimensionahetwork to forward registervalues
betweerALUs. Raw generalizeshebasicidea,andsupportsatwo-
dimensionaprogrammableneshnetwork bothto forward operands
andfor otherformsof communication.

Both Rav andSmartMemorie§28] sharethe philosophyof anex-
posedcommunicatiorarchitectureandrepresentwo designpoints
in the spaceof tiled architectureghat can supportmultiple forms
of parallelism. Rav useshomogeneousprogrammablestatic and
dynamicmeshnetworks,while SmartMemoriesisegprogrammable
static communicationwithin a local collection of nodes, and a
dynamic network betweenthesecollectionsof nodes. The node
granularitiesare also differentin the two machines. Perhapshe
mostsignificantarchitecturaldifference however, is thatRaw (like
Scale[22]) is modelesswhile SmartMemorieandGrid have modes
for differentapplicationdomains. Anotherarchitecturethat repre-
sentsa naturalextremepoint in modesis Tarantula[9], which im-
plementswo distincttypesof processingunitsfor ILP andvectors.
Raw’'sresearcHocusis on discoreringandimplementinga minimal
setof primitive mechanismge.g.,scalaroperanchetwork) usefulfor
all formsof parallelismwhile the modesapproachimplementsspe-
cial mechanisméor eachform of parallelism.We believe the mod-
elessapproachs moreareaefficient andsignificantlylesscomplex.
Lookedatanothemway, for agivenareamachinesvith modesmust
demonstratguantitatvely betterversatility numberghanmodeless
machinego justify theirincreasedccompleity. Much like for GUIs
in the late 70’s, we believe the issueof modesversusmodelesgor
versatileprocessorss likely to be a controversialtopic of debaten
theforthcomingyears.

Finally, like VIRAM and Imagine, Rav supportsvector and
streamcomputationsput doesso very differently Both VIRAM
and Imagine sport large memoriesor streamregister files on one
side of the chip connectedvia a crossbatinterconnecto multiple,
deepcomputepipelineson the other The computationamodelis
onethatextractsdatastreamd$rom memory pipesthemthroughthe
computepipelines,andthendepositdthembackin memory In con-
trast,Rav implementamary co-locatedsmallermemoriesandcom-



pute elementsjnterconnectedy a meshnetwork. The Rav com-
putationalmodelis more ASIC-like in thatit streamsdatathrough
the pins and on-chip network to the ALUs, continuesthroughthe
network to moreALUs, andfinally throughthe network to the pins.
Ran’s ALUs alsocanstoredatatemporarilyin the local memories
if necessaryWe believe thelower latenciesof thememoriesn Raw,

togetherwith the tight integration of the on-chip network with the
computepipelines make Rav moresuitablefor ILP.

7. CONCLUSION

This paperdescribeghe architectureand implementatiorof the
Rawv microprocessor Ran's exposedISA allows parallel applica-
tions to exploit all of the chip resources,ncluding gates,wires
andpins. Raw supportslLP by schedulingoperandsover a scalar
operandnetwork that offers very low lateng for scalardatatrans-
port. Ran’s compilermanageshe effect of wire delaysby orches-
trating both scalarand streamdatatransport. The Rav processor
demonstratethat existing architecturalabstractiondik e interrupts,
cachesand context-switching can continueto be supportedn this
ervironment,evenasapplicationgake advantageof thelow-lateng
scalaroperanchetwork andthe large numberof ALUS.

Our resultsdemonstratghat the Rav processomperformsat or
closeto the level of the bestspecializednachinefor eachapplica-
tion class. Whencomparedo a Pentiumlll, Rav displaysoneto
two ordersof magnitudemoreperformancedor streamapplications,
while performingwithin afactorof two for low-ILP applications.It
is our hopethatthe Raw researctwill provide insightfor architects
who are looking for waysto build versatileprocessorshat lever
agethevastsilicon resourcesvhile mitigatingthe considerablavire
delaysthatloom onthehorizon.
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