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Abstract

Increasingdemandfor both greaterparallelismand fasterclocks
dictatethat future generatiorarchitecturesill needto decentral-
ize their resourcesand eliminateprimitivesthat requiresingle cy-

cleglobalcommunicationA Rav microprocessodistributesall of

its resourcesincludinginstructionstreamsyegisterfiles, memory
ports,andALUs, over a pipelinedtwo-dimensionameshintercon-
nect,andexposesthemfully to the compiler Becausecommuni-
cationin Rav machiness distributed, compiling for instruction-
level parallelism(ILP) requiresbothspatialinstructionpartitioning
aswell astraditionaltemporalinstructionscheduling.In addition,
the compiler must explicitly manageall communicationthrough
the interconnectjncluding the global synchronizatiorrequiredat

branchpoints. This paperdescribe RRAWCC, thecompilerwe have

developedfor compiling general-purpossequentialprogramsto

the distributed Raw architecture.We presentperformanceesults
that demonstratehat althoughRav machinesprovide no mecha-
nismsfor globalcommunicatiorthe Rav compilercanscheduldo

achieve speedupthatscalewith thenumberof availablefunctional
units.

1 Introduction

Modernmicroprocessorkave evolvedwhile maintainingthefaith-
ful representationf a monolithicuniprocessoiWhile innovations
in the ability to exploit instructionlevel parallelismhave placed
greaterdemandon processoresourcestheseresourcesave re-
mainedcentralized,creating scalability problem at every design
pointin amachine As processodesignergontinuein their pursuit
of architectureshat canexploit moreparallelismandthusrequire
evenmoreresourcesthe cracksin theview of amonolithicunder
lying processocannolongerbe concealedAn earlyvisible effect
of the scalabilityproblemin commercialarchitecturess apparent
in theclusteredrganizationof the Multiflow compute{19]. More
recently the Alpha 21264[14] duplicatests registerfile to provide
therequisitenumberof portsat areasonablelock speed.

As the amountof on-chipprocessoresourcesontinueso in-
creasethe pressurdoward this type of non-uniformspatialstruc-
ture will continueto mount. Inevitably, from suchhierarchy re-
sourceaccessewill have non-uniformlatenciesin particular reg-
ister or memoryaccesdy a functionalunit will have a gradation
of accesgime. This fundamentathangein processomodelwill
necessitata correspondinghangen compilertechnology Thus,
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instruction scheduling becomes a spatial problemaswell asa tem-
poral problem.

The Rav maching[23] is a scalablemicroprocessoarchitec-
turewith non-uniformregisteraccesdatencieSNURA). As such,
its compilationproblemis similar to that which will be encoun-
teredby extrapolationsof existing architecturesin this paper we
describahecompilationtechniquesisedto exploit ILP onthe Raw
machine,a NURA machinecomposedf fully replicatedprocess-
ing unitsconnectedia amostlystaticprogrammabl@etwork. The
fully exposedhardware allows the Rav compilerto preciselyor-
chestratecomputationand communicationin orderto exploit ILP
within basicblocks. Thecompilerhandlegheorchestratiorby per
forming spatialandtemporalinstructionschedulingaswell asdata
partitioningusinga distributedon-chipmemorymodel.

This papermales three contritutions. First, it describeshe
space-timeschedulingof ILP on a Rav machine borraving some
techniguedrom the partitioningandschedulingof taskson MIMD
machines.Second,it introducesa new control flow modelbased
onasynchronoufocal branchesnsidea machinewith multiple in-
dependeninstructionstreams.Finally, it shavs thatindependent
instructionstreamgive theRawv machinetheability to toleratetim-
ing variationsdueto dynamicevents.

The restof the paperis organizedasfollows. Section2 mo-
tivatesthe needfor NURA machinesandit introducesthe Raw
machineas one such machine. Section3 overviens the space-
time schedulingof ILP on a Rav machine. Section4 describes
RAWCC, the Rav compiler andit explainsthe memoryanddata
accessnodel RAWCC implements.Section5 describeghe basic
block orchestratiorof ILP. Section6 describeshe orchestratiorof
control flow. Section7 shaws the performanceof RAWCC. Sec-
tion 8 presentselatedwork, andSection9 concludes.

2 Architectural motivation and background

Rav machinesairemadeup of asetof simpletiles, eachwith apor
tion of theregisterset,aportionof the on-chipmemory andoneof
thefunctionalunits. Thesetiles communicatevia a scalablepoint-
to-pointinterconnectThis sectionmotivatesthe Raw architecture.
We examinethe scalability problem of modernprocessorstrace
anarchitecturabvolution thatovercomesuchproblemsandshav
thatthe Raw architecturds atanadwancedstageof suchanevolu-
tion. We highlightnon-uniformregisteraccesasanimportantfea-
turein scalablanachinesWethendescribehe Rav machinewith
emphasi®nfeaturesvhichmale it anattractve scalablemachine.
Finally, we describeherelationshipbetweera Rav machineanda
VLIW machine.

The Scalability Problem Modernprocessorsirenot designedo
scale.Becausesuperscalarsequiresignificanthardwareresources



to supportparallel instructionexecution, architectsfor thesema-
chinesfacean uncomfortabledilemma. On the one hand, faster
machinesequireadditionalhardwareresourcesgor both computa-
tion anddiscovery of ILP. Onthe otherhand,theseresourcesften

have quadraticareacompleity, quadraticconnectiity, andglobal

wiring requirementsvhich canbe satisfiedonly atthe costof cycle

timedegradation.VLIW machinesaddressomeof theseproblems
by moving the cycle-timeelongatingtaskof discovering ILP from

hardwareto software,but they still suffer scalabilityproblemsdue
to issuebandwidth multi-portedregisterfiles, cachesandwire de-
lays.

Up to now, commercialmicroprocessorsiave faithfully pre-
sened their monolithicimages. As pressurdrom all sourcegle-
mandscomputerdo be biggerandmore powerful, thisimagewill
be difficult to maintain. A crackis alreadyvisible in the Alpha
21264.1n orderto satisfytiming specificationwhile providing the
registerbandwidthneededy its dual-portedcacheandfour func-
tional units, the Alpha duplicatesits register file. Eachphysical
registerfile provideshalf therequiredports. A clusteris formedby
organizingtwo functionalunits anda cacheport aroundeachreg-
isterfile. Communicatiorwithin a clusteroccursat normalspeed,
while communicatioracrossclusterstakesanadditionalcycle.

This example suggestsan evolutionary path that resol\es the
scalabilityproblem:imposeahierarchyontheorganizatiorof hard-
wareresource$22]. A processocanbecomposedrom replicated
processingunits whosepipelinesare coupledtogetherat the reg-
ister level sothatthey canexploit ILP cooperatiely. The VLIW
Multiflow TRACE machineis a machinewhich adoptssucha so-
lution [19]. On the otherhand,its main motivation for this orga-
nizationis to provide enoughregister ports. Communicatiorbe-
tweenclustersare performedvia global busseswhich in modern
andfuture-generatiotechnologywould severely degradetheclock
speedof the machine.This problempointsto the next stepin the
scalability evolution — providing a scalableinterconnect.For ma-
chinesof modestsizes,a bus or a full crossbamay suffice. But
asthe numberof componentsncreasesa point to point network
will be necessaryo provide the requiredlateny and bandwidth
at the fastestpossibleclock speed- a progressiorreminiscentof
multiprocessoevolution.

Theresultof the evolution toward scalabilityis amachinewith
adistributedregisterfile interconnectedia a scalablenetwork. In
thespirit of NUMA machinegNon-UniformMemoryAccess)we
call suchmachinesNURA machines (Non-Uniform Register Ac-
cess).Like aNUMA machineaNURA machineconnectsts dis-
tributedstoragevia ascalablénterconnectUnlike NUMA, NURA
poolsthe sharedstorageresourcest the registerlevel. Becausea
NURA machineexploits ILP of a singleinstructionstreamits in-
terconnectmustprovide latencieshataremuchlower thanthaton
amultiprocessar

As the baseelementof the storagehierarchyany changen the
registermodel hasprofoundimplications. The distributed nature
of the computationaland storageelementson a NURA machine
meansthat locality shouldbe consideredvhenassigninginstruc-
tionsto functionalunits. Instructionschedulingbecomes spatial
problemaswell asatemporalproblem.

Raw architecture The Rav machine[23] is a NURA architec-
ture motivated by the needto designsimple and highly scalable
processorsAs depictedin Figure 1, a Rav machinecomprisesa
simple, replicatedtile, eachwith its own instructionstream,and
a programmabletightly integratedinterconnecbetweerntiles. A
Rav machinealsosupportamulti-granular(bit andbyte level) op-
erationsaswell ascustomizableconfigurablelogic, althoughthis
paperdoesnotaddresshesefeatures.

EachRaw tile containsa simple five-stagepipeline, intercon-
nectedwith other tiles over a pipelined, point-to-point network.
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Figurel: A Rav microprocessois a meshof tiles, eachwith a processor
and a switch. The processorcontainsinstructionmemory datamemory
registers,ALU, andconfigurablelogic (CL). The switch containsits own
instructionmemory

Thetile is keptsimpleanddevoid of complex hardwareresources
in orderto maximizethe clockrateandthe numberof tiles thatcan
fit onachip. Raw’s network is tightly integratedwith theprocessor
to provide fast, registerlevel communication.Unlike modernsu-
perscalarsthe interfaceto this interconnects fully exposedto the
software.

The network interfaceon a Rav machineis integrateddirectly
into the processompipeline to supportsingle-gcle sendsand re-
ceivesof word-sizedvalues.A word of datatravelsacrossonetile
in oneclock cycle. The network supportshoth staticanddynamic
routing throughthe staticanddynamicswitches respectrely. The
static switch is programmableallowing statically inferablecom-
municationpatterngto be encodedn theinstructionstreamsf the
switches.This approacteliminateshe overheaf composingand
routing a directionalheaderwhichin turn allows a singleword of
datato be communicateckfficiently. Accessedo communication
portshave blockingsemanticshatprovide nearneighborflow con-
trol; aprocessoor switchstallsif it is executinganinstructionthat
attemptsto accessan emptyinput port or a full outputport. This
specificationensurescorrectnessn the presenceof timing varia-
tionsintroducedby dynamiceventssuchasdynamicmemoryref-
erencesandl/O operationsandit ohviatesthe lock-stepsynchro-
nizationof programcountersequiredby mary staticallyscheduled
machines. The dynamicswitch is a wormholerouterthat males
routingdecisionshasedon the headenf eachmessagelt includes
additionallinesfor flow control. This paperfocuseson communi-
cationusingthe staticnetwork.

TheRaw prototypeusesa MIPS R2000pipelineonits tile. For
the switch, it usesa strippeddovn R2000augmentedvith a route
instruction. Communicationports are addedas extensionsto the
registerspace Thebold arravs in Figurel shavs the organization
of portsfor the staticnetwork on a singletile. Eachswitchon a
tile is connectedo its processomandits four neighborsvia anin-
put port andan outputport. It takesonecycle to injecta message
from the processoto its switch, receve a messagérom a switch
to its processqror route a messagdetweemeighboringtiles. A
single-word messagéetweenneighboringprocessorsvould take
four cycles.Note,however, thatthe ability to accesshecommuni-
cationportsasregisteroperandsllows usefulcomputatiorto over
lap with the act of performinga sendor a receve. Therefore the
effective overheadof the communicatiorcanbe aslow astwo cy-
cles.

In additionto its scalabilityandsimplicity, the Rav machineis
anattractve NURA machinefor severalreasons:

e Multisequentiality: Multisequentiality the presencef inde-



pendeninstructionstreamswvhich canhandlemultiple flows

of control, is usefulfor four reasons.First, it significantly
enhanceshe potentialamountof parallelisma machinecan

exploit [18]. Secondit enablesasynchronous global branch-

ing describedn Section6, a meansof implementingglobal

branchingon Raw’sdistributedinterconnectThird it enables
control localization, atechniquewe introducein Section6 to

allow ILP to be scheduledacrossbranches Finally, it gives
aRaw machinebettertoleranceof dynamiceventscompared
to aVLIW machineasshavn in Section?.

e Simple, scalable means of expanding theregister space: Each
Raw tile containsa portion of the register space. Because
theregistersetis distributedalongwith the functionalunits
andmemoryports,the numberof registersandregisterports
scaledinearly with total machinesize. Eachtile’s individual
registerset,however, hasonly a relatively small numberof
registersandregisterports,sothe compleity of theregister
file will not becomean impedimentto increasingthe clock
rate. Additionally, becausell physicalregistersarearchitec-
turally visible, the compilercanuseall of themto minimize
thenumberof registerspills.

e Acompiler interface for locality management: TheRav ma-

chinefully exposests hardwareto thecompilerby exporting

a simple cost model for communicationand computation.
The compiler in turn, is responsibleor the assignmenbf

instructionsto Raw tiles. Instructionpartitioningandplace-
mentis bestperformedat compile time becausehe algo-

rithms requirea very large window of instructionsand the

computationatompleity is greaterthancanbe afforded at

run-time.

e Mechanism for precise orchestration: Rawn’s programmable
static switch is an essentialfeaturefor exploiting ILP on
the Rav machine.First, it allows single-word registerlevel
transferwithout the overheadof composingand routing a
messagédieader Secondthe Rav compilercanuseits full
knowledgeof the network statugo minimize congestiorand
routedataaroundhot spots.More importantly the compile-
time knowledgeaboutthe orderin which messagewill be
receved on eachtile obviatesthe run-time overheadof de-
terminingthe contentsof incomingmessages.

Relationship between Raw and VLIW machines TheRaw ar
chitecturedravs much of its inspiration from VLIW machines.
They both sharethe commongoal of statically schedulingILP.
From a macroscopigoint of view, a Rav machineis the result
of a naturalevolution from a VLIW, driven by the desireto add
morecomputationatesources.

Therearetwo majordistinctionsbetweera VLIW machineand
Rawv machine. First, they differ in resourceorganization. VLIW
machinesof various degreesof scalability have beenproposed,
ranging from completelycentralizedmachinesto machineswith
distributed functional units, registerfiles, and memory[19]. The
Rav machinepntheotherhand,is thefirstILP microprocessathat
provides a software-exposed,scalable two-dimensionaintercon-
nectbetweerclustersof resourcesThis featurelimits thelengthof
all wiresto the distancebetweenneighboringtiles, which in turn
enablesahigherclockrate.

Secondthetwo machinediffer in their controlflow model. A
VLIW machinehasa singleflow of control,while a Rav machine
has multiple flows of control. As explained above, this feature
increasesvailable exploitable parallelism,enablesasynchronous
global branchingand control localization,andimprovestolerance
of dynamicevents.

3 Overview of space-time scheduling

The space-timeschedulingof ILP on a Rav machineconsistsof

orchestratinghe parallelismwithin a basicblock acrossthe Rav

tiles and handlingof the control flow acrossbasicblocks. Basic
block orchestrationjn turn, consistsof several tasks: the assign-

ment of instructionsto processingunits (spatial scheduling),the
scheduling of thoseinstructionson thetiles they areassignedtem-
poral scheduling) the assignmenbf datato tiles, andthe explicit

orchestratiorof communicatioracrossa meshinterconnectpoth
within andacrossbasicblocks. Controlflow betweerbasicblocks
is explicitly orchestratedby the compiler through asynchronous
global branching, an asynchronousnechanisnfor implementing
branchingacrossll thetilesusingthestaticnetwork andindividual

branche®neachtile. In addition,anoptimizationcalledcontrol lo-

calization allows somebranchesn the programto affect execution
ononly onetile.

The two centraltasksof the basic-blockorchestrateare the
assignmenandschedulingof instructions.The Rav compilerper
forms assignmentn three steps: clustering,meiging, and place-
ment. Clusteringgroupstogetherinstructions,suchthat instruc-
tions within a clusterhave no parallelismthat can profitably be
exploited given the costof communication.Merging reduceshe
numberof clustersdown to thenumberof processinginitsby meg-
ing the clusters.Placemenperformsa bijective mappingfrom the
meiged clustersto the processingunits, taking into accountthe
topology of the interconnect. Schedulingof instructionsis per
formedwith atraditionallist scheduler

Other functionalitiesof the basic-blockorchestrateare inte-
gratedinto this framevork asseamlesslaspossible.Dataassign-
mentandinstructionassignmenareimplementedo allow flow of
informationin both directions,thusreflectingthe inter-dependent
natureof thetwo assignmenproblems.Inter-block andintra-block
communicatiorarebothidentifiedandhandledin a single,unified
manner Thelist scheduleiis extendedto schedulenot only com-
putationinstructionsbut communicatiorinstructionsaswell, in a
mannemwhich guaranteetheresultantschedulés deadlock-free.

MIMD task scheduling Therearetwo waysto view Raw’s prob-
lem of assigningand schedulinginstructions. From one perspec-
tive, the Raw compilerstatically scheduledLP just like a VLIW
compiler Therefore,a clusteredVLIW with distributed regis-
tersand functional units facesa similar problemasthe Rav ma-
chine [6][10][12]. From anotherperspectie, the Rav compiler
schedulesasksona MIMD machine wheretasksareat the gran-
ularity of instructions. A MIMD machinefacesa similar assign-
ment/schedulingrroblem,but ata coarselgranularity[1][20][26].

TheRawv compilerleveragesesearclin therich field of MIMD
taskscheduling.MIMD schedulingresearchs applicableto clus-
teredVLIWs aswell. To our knowledge, this is the first paper
which attemptgo leverageMIMD taskschedulingechnologyfor
the schedulingof fine-grainedLP. We shaw that suchtechnology
producegyoodresultsdespitehaving fine-grainedasks(i.e., single
instructions).

4 RAWCC

RAWCC, the Raw compiler is implementecusingthe SUIF com-
piler infrastructure[24]. It compilesboth C and FORTRAN pro-
grams.The Raw compilerconsistoof threephasesThefirst phase
performshigh level programanalysisandtransformationslt con-
tains Maps [7], Raw's compiler managedmemory system. The
memory provided by Maps and the dataaccessmodelis briefly
describedbelon. The initial phasealsoincludestraditional tech-
niquessuchasmemorydisambiguationloop unrolling, andarray
reshapeplusanew controloptimizationtechniqueto bediscussed



in Section6. In the future, it will be extendedwith the advanced
ILP-enhancingechniquesliscussedn Section8.

Thesecondghasethespace-timaschedulemerformstheschedul-

ing of ILP. Its two functions, basicblock orchestratiorand con-
trol orchestrationaredescribedn Section5 andSection6, respec-
tively.

The final phasein RAWCC generatesodefor the processors
andtheswitches.It usesghe MIPS back-enddevelopedin Machine
SUIF [21], with a few modificationsto handlethe communication
instructionsandcommunicatiorregisters.

Memory and data access model Memory on a Rav machineis
distributedacrosshetiles. The Rav memorymodelprovidestwo
waysof accessinghis memorysystempnefor staticreferenceand
onefor dynamicreferenceA referencas staticif everyinvocation
of it canbe determinecht compile-timeto referto memoryon one
specifictile. We call this propertythe static residence property.
Suchareferencds handledby placingit on the correspondingile
at compiletime. A non-staticor dynamicreferences handledby
disambiguatinghe addressat run-timein software, usingthe dy-
namicnetwork to handleany necessargommunication.

The Rav compiler attemptsto generateas mary static refer
encesaspossible. Staticreferencesreattractve for two reasons.
First,they canproceedwithoutary of theoverheadiueto dynamic
disambiguatiorandsynchronization Secondthey canpotentially
take adwantageof the full memorybandwidth. This paperfocuses
on resultswhich canbe attainedwhenthe Rav compilersucceeds
in identifying staticreferences A full discussiorof the compiler
managednemorysystem,including issuespertainingto dynamic
referencescanbe found in [7]. In Section7, we do make one
obsenration relevantto dynamicreferencesdecouplednstruction
streamsllow the Rav machineto toleratetiming variationsdueto
eventssuchasdynamicmemoryaccesses.

Staticreferencesanbe createdthroughintelligent datamap-
ping and codetransformation.For arrays,the Rav compiler dis-
tributesthemthroughlow order interleaving, whichinterlearesthe
arrayselement-wiseacrossthe memorysystem. For array refer
enceswhich areaffine functionsof loopindices,we have developed
atechniquewvhichusedoopunrolling to satisfythestaticresidence
property Ourtechniqués a generalizatiorof anobsenationmade
by Ellis [12]. Detailsarepresentedn [8].

Scalarvaluescommunicatedvithin basicblocksfollow adata-
flow model,sothatthetile consuminga valuerecevesit directly
from the producettile. To communicatesaluesacrosshasicblock
boundarieseachprogramvariableis assigneca hometile. At the
beginning of a basicblock, the value of a variableis transferred
from its hometo thetiles which usethe variable. At theendof a
basicblock, thevalueof amodifiedvariableis transferredrom the
computingtile to its hometile.

5 Basic block orchestrater

The basicblock orchestrateexploits the ILP within a basicblock
by distributing the parallelismwithin the basicblock acrossthe
tiles. It transformsa singlebasicblockinto anequialentsetof in-
tercommunicatindpasicblocksthatcanberunin parallelon Raw.
Orchestrationconsistsof assignmentnd schedulingof instruc-
tions,assignmentf data,andthe orchestratiorof communication.
This sectionfirst givesthe implementationdetailsof how the or-
chestrateperformsthesefunctions,followed by a generaldiscus-
sionof its design.

Figure 2 shaws the phaseorderingof the basicblock orches-
trater Eachphasas describedn turnbelan. Tofacilitatetheexpla-
nation,Figure3 shavs thetransformationperformedby RAWCC
onasampleprogram.

Initial Code
Transformation
Instruction
Partitioner
Global Data
Partitioner
Data & Instruction
Placer
Communication
Code Generator
Event
Scheduler

Figure2: Phaseorderingof the basicblock orchestrater

Initial codetransformation Initial codetransformatiormassages
a basicblock into a form suitablefor subsequenanalysisphases.
Figure3ashavsthetransformationperformedby thisphaseFirst,
renaming convertsstatementsf the basicblock to staticsingleas-
signmentform. Suchcorversionremoves anti-dependencieand
output-dependencidsom the basicblock, which in turn exposes
available parallelism. It is analogoudo hardware registerrenam-
ing performedby superscalars.

Second,two typesof dummy instructionsare inserted. Read
instructionsareinsertedfor variableswhich are live-on-entryand
readin thebasicblock. Write instructionsareinsertedfor variables
which arelive-on-&it andwritten within the basicblock. These
instructionssimplify the eventualrepresentatioof stitch code, the
communicatiomeededo transfervaluesbetweerthebasicblocks.
Thisrepresentatiom turnallowstheeventscheduleto overlapthe
stitchcodewith otherwork in the basicblock.

Third, expressionsn the sourceprogramare decomposeéhto
instructionsin three-operanébrm. Three-operanthstructionsare
corvenientbecauséhey corresponaloselyto thefinal machinen-
structionsandbecauseheir costattributescaneasilybe estimated.
Therefore they arelogical candidateso be usedas atomic parti-
tioning andschedulingunits.

Finally, thedependencgraphfor thebasicblockis constructed.
A noderepresentaninstruction,andanedgerepresentatrueflow
dependencéetweentwo instructions. Eachnodeis labeledwith
theestimateatostof runningtheinstruction.For example thenode
for a floating point addin the exampleis labeledwith two cycles.
Eachedgerepresenta word of datatransfer

Instruction partitioner Theinstructionpartitionerpartitionsthe
original instruction streaminto multiple instruction streams,one
for eachtile. It doesnot bind the resultantinstructionstreamsto
specifictiles — thatfunctionis performedby theinstructionplacer
When generatinghe instructionstreamsthe partitionerattempts
to balancehebenefitsof parallelismagainstheoverhead®f com-
munication.Figure3b shavs a sampleoutputof this phase.

Certaininstructionshave constrainton wherethey canbe par
titioned andplaced. Readandwrite instructionsto the samevari-
ablehave to be mappedo the processoon which the dataresides
(seeglobal data partitioner anddata and instruction placer below).
Similarly, loadsand storessatisfyingthe staticresidenceproperty
mustbe mappedo a specifictile. The instructionpartitionerper
formsits dutywithoutconsideringheseconstraintsThey aretaken
into accountin the global datapartitionerandin the dataandin-
structionplacer
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Partitioningis performedhroughclusteringandmemging phases
introducedn Section3. We describezachin turn:

Clustering: Clusteringattemptsto partition instructionsto mini-
mizerun-time,assumingion-zerocommunicatiorcostbut infinite
processingesources.The costof communications modeledas-
suminganidealizeduniform network whoselateng is the average
latengy of the actualnetwork. The phasegroupstogetherinstruc-
tions that either have no parallelism,or whoseparallelismis too
fine-grainedto be exploited given the communicationcost. Sub-
sequenfphasegyuarantedhat instructionswith no mappingcon-
straintsin the sameclusterwill bemappedo the sametile.

RAWCC employs a greedytechniquebasedon the estimation
of completiontime called DominantSequentClustering[26]. Ini-
tially, eachinstructionnodebelongsto a unit cluster Communi-
cationbetweerclustersis assigned uniform cost. The algorithm
visits instructionnodesin topologicalorder At eachstep,it selects
from thelist of candidateshe instructionon the longestexecution
path.It thencheckswhethertheselectednstructioncanmeigeinto
the clusterof ary of its parentinstructionsto reducethe estimated
completiontime of the program.Estimationof thecompletiontime
is dynamicallyupdatedo take into accountheclusteringdecisions
alreadymade andit reflectsthecostof bothcomputatiorandcom-
munication. The algorithm completeswhen all nodeshave been
visitedexactly once.

Merging:  Merging combinesclustersto reducethe numberof
clustersdown to the numberof tiles, againassuminganidealized
switchinterconnectTwo usefulheuristicsin meiging areto main-
tainloadbalanceandto minimizecommunicatiorevents. TheRaw
compiler currently usesa locality-sensitve load balancingtech-
nigue which tries to minimize communicationevents unlessthe
load imbalanceexceedsa certainthreshold. We plan to consider
otherstratgies,including an algorithmbasedon estimatingcom-
pletiontime, in thefuture.

The currentalgorithmis asfollows. The Rav compilerinitial-
izesN empty partitions (where N is the numberof tiles), and it
visits clustersin decreasingrderof size. Whenit visits a cluster
it megesthe clusterinto the partitionwith which it communicates
the most, unlesssuchmerging resultsin a partition which is 20%
larger thanthe size of an averagepartition. If the latter condition
occurs theclusteris placedinto the smallesipartitioninstead.

Global data partitioner Tocommunicatealuesof dataelements
betweenbasicblocks,a scalardataelementis assigneda “home”

tile location. Within basicblocks, renaminglocalizesmostvalue
referencessothatonly theinitial readsandthefinal write of avari-

ableneedto communicatewith its homelocation. Lik e instruction
mapping,the Rav compilerdividesthe task of datahomeassign-
mentinto datapartitioninganddataplacement.

The job of the datapartitioneris to group dataelementsinto
sets,eachof whichis to be mappedo the sameprocessorTo pre-
sene locality asmuchaspossible dataelementsvhich tendto be
accessethy the samethreadshouldbe groupedtogether To parti-
tion dataelementsnto setswhich arefrequentlyaccessetbgether
RAWCC performsglobal analysis. The algorithmis as follows.
For initialization, a virtual processonumberis arbitrarily assigned
to eachinstructionstreamon eachbasicblock, aswell asto each
scalardataelement.In addition,staticallyanalyzablenemoryref-
erencesrefirst assignedlummydataelementsandthenthoseele-
mentsareassignedirtual processonumberscorrespondingo the
physicallocation of the references.Furthermore the accespat-
tern of eachinstructionstreamis summarizedvith its affinity to
eachdataelement. An instructionstreamis saidto have affinity
for a dataelementif it eitheraccessethe element,or it produces
the final value for the elementin that basicblock. After initial-
ization, the algorithm attemptsto localize as mary referencesas

possibleby remappingthe instructionstreamsand dataelements.
First, it remapsnstructionstreamso virtualizedprocessorgiven
fixed mappingof dataelements.Then,it remapsdataelementgo
virtualizedprocessorgivenfixed mappingof instructionstreams.
Only the true dataelementsnot the dummy dataelementscorre-
spondingto fixed memoryreferencesareremappedn this phase.
This processepeatantil no incrementaimprovementof locality
canbe found. In the resultingpartition, dataelementamappedo
the samevirtual processomare likely relatedbasedon the access
patternsof theinstructionstreams.

Figure3cshavsthepartitioningof datavaluesinto suchaffinity
sets.Note thatvariablesintroducedby initial code transformation
(e.g., y-1 andtmp_1) do not needto be partitionedbecauseheir
scopesrelimited to the basicblock.

Dataand instruction placer Thedataandinstructionplacemrmaps
virtualizeddatasetsandinstructionstreamso physicalprocessors.
Figure 3d shavs a sampleoutput of this phase. The placement
phaseremoves the assumptiorof the idealizedinterconnectand
takesinto accountthe non-uniformnetwork lateng. Placemenbf
eachdatapartitionis currentlydriven by thosedataelementswith
processoipreferencesi.e., thosecorrespondingo fixed memory
references.lt is performedbeforeinstructionplacemento allow
costestimationduring instructionplacemento accountfor the lo-
cationof data.In additionalto mappingdatasetsto processorshe
dataplacemenphasealsolocksthe dummyreadandwrite instruc-
tionsto thehomelocationsof the correspondinglataelements.

For instructionplacementRAWCC usesa swap-basedjreedy
algorithmto minimize the communicatiorbandwidth. It initially
assignglusterdo arbitrarytiles, andit looksfor pairsof mappings
thatcanbe swappedto reducethe total numberof communication
hops.

Communication code generator The communicatiorcodegen-
eratortranslateseachnon-localedge(an edgewhosesourceand
destinatiomnodesaremappedo differenttiles) in the dependence
graphinto communicationinstructionswhich route the necessary
datavalue from the sourcetile to the destinationtile. Figure 3e
shavs anexampleof suchtransformationCommunicatiorinstruc-
tions include send and receive instructionson the processoras
well asroute instructionson the switches.New nodesareinserted
into thegraphto representhecommunicationnstructions andthe
edgeof thesourceanddestinatiomodesareupdatedo reflectthe
new dependenceelationsarisingfrom insertionof thecommunica-
tion nodes.To minimizethe volumeof communicationedgeswith
thesamesourceareservicedointly by asinglemulticastoperation,
thoughthis optimizationis notillustratedin theexample.

The currentcompilation stratgyy assumeghat network con-
tentionis low, sothatthe choiceof messageouteshaslessimpact
on the code quality comparedto the choice of instruction parti-
tions or event schedules.Therefore,communicationcodegener
ationin RAWCC usesdimension-orderedouting; this spatialas-
pect of communicationschedulingis completelymechanical. If
contentionis determinedo be a performancebottleneck,a more
flexible techniquecanbe employed.

Event scheduler Theeventschedulescheduleshe computation
and communicationeventswithin a basicblock with the goal of
producingtheminimal estimatedun-time.Becauseoutingin Raw
is itself specifiedwith explicit switchinstructionsall eventsto be
scheduledareinstructions.Therefore the schedulingproblemis a
generalizatiorof thetraditionalinstructionschedulingoroblem.
Thejob of schedulingcommunicatiorinstructionscarrieswith
it the responsibilityof ensuringthe absenceof deadlocksin the
network. If individual communicationinstructionsare scheduled
separatelythe Rav compilerwould needto explicitly managehe
buffering resource®n eachcommunicatiorport to ensurethe ab-



senceof deadlock Instead RAWCC avoidstheneedfor suchman-

agemenby treatinga single-sourcernultiple-destinatiorcommu-
nicationpathasa single schedulingunit. Whena communication
pathis scheduledcontiguoustime slots are resered for instruc-

tionsin thepathsothatthe pathincursno delayin thestaticsched-
ule. By reservingthe appropriatetime slot at the node of each
communicationnstruction thecompilerautomaticallyreseresthe

correspondinghannekesourcesieededo ensurehattheinstruc-

tion caneventuallymale progress.

Thougheventschedulings a staticproblem,the schedulegen-
eratedmustremaindeadlock-freeandcorrectevenin the presence
of dynamiceventssuchascachemisses.The Rav systemusesthe
static ordering property, implementedhroughnearneighborflow
control,to ensurethis behaior. The staticorderingpropertystates
thatif a scheduledoesnot deadlock,thenary schedulewith the
sameorderof communicationeventswill not deadlock. Because
dynamiceventslik e cachemissesnly addextra lateng but do not
changethe order of communicatiorevents,they do not affect the
correctnessf the schedule.

Thestaticorderingpropertyalsoallowsthescheduldéo bestored
ascompactinstructionstreams.Timing informationneedsnot be
preseredin theinstructionstreanto ensurecorrectnesshusobvi-
atingthe needto insertno-opinstructions.Figure 3f shovs a sam-
ple outputof the event scheduler Note, first, the properordering
of therouteinstructionson the switches and,secondthe success-
ful overlapof computationwith communicatioron P0, wherethe
processocomputesindwrites z while waiting on thevalueof y_1.

RAWCC usesa single greedylist scheduletto scheduleboth
computationand communication.The algorithmkeepstrack of a
readylist of tasks. A taskis eithera computationor a communi-
cationpath. As long asthelist is not empty it selectsandsched-
ulesthetaskonthereadylist with the highestpriority. Thepriority
schemeés baseddnthefollowing obsenration. Thepriority of atask
shouldbe directly proportionalto theimpactit hason the comple-
tion time of the program.Thisimpact,in turn, is lower-boundedy
two propertiesof the task: its level, definedto beits critical path
lengthto an exit node;andits average fertility, definedto be the
numberof descendentodesdivided by the numberof processors.
Therefore we definethe priority of ataskto be aweightedsumof
thesetwo properties.

Discussion Therearetwo reasongor decomposinghespace-time
instructionschedulingorobleminto multiple phasesFirst, givena
machinewith anon-uniformnetwork, empiricalresultshave shavn
thatseparatingassignmentrom schedulingyields superiorperfor
mance[25]. Furthermoregiven a graphwith fine-grainedparal-
lelism, having a clusteringphasehasbeenshavn to improve per
formanceg11].

In addition,the space-timeschedulingoroblem,aswell aseach
of its subproblemsis NP completg20]. Decomposingheproblem
into a setof greedyheuristicsenablesus to develop an algorithm
which is computationallytractable. The succes®f this approach,
of course,dependseaily on carefully choosingthe problemde-
composition. The decompositionshould be suchthat decisions
madebeanearlierphaseshouldnotinhibit subsequerhasedrom
makinggooddecisions.

We believe thatseparatingheclusteringandschedulingphases
wasagooddecompositiomecision. Thebenefitsof dividing meig-
ing and placemenhave beenlessclear Combiningthemso that
meging is sensitve to the processotopology may be preferable,
especiallybecausen a Rav machinesomememoryinstructions
have predeterminegrocessomappings We intendto explore this
issuein thefuture.

The basicblock orchestrateintegratesits additionalresponsi-
bilities relatively seamlesslynto the basicspace-timescheduling
framewvork. By insertingdummy instructionsto represenhome

tiles, inter-basic-blockcommunicatiorcanberepresentethesame
way as intra-basic-blockcommunication. The needfor explicit

communicationis identified through edgesbetweeninstructions
mappedto differenttiles, and communicationcode generationis

performedby replacingtheseedgeswith a chain of communica-
tion instructions.The resultantgraphis thenpresentedo a vanilla

greedylist schedulgrmodifiedto treateachcommunicatiorpathas
a singleschedulingunit. This list scheduleiis thenableto gener

ateacorrectandgreedilyoptimizedscheduldor bothcomputation
andcommunication.

Likeatraditionaluniprocessocompilerf RAWCCfacesaphase
orderingproblemwith eventschedulingandregisterallocation.Cur-
rently, the event schedulerruns beforeregister allocation; it has
no register consumptioninformation and doesnot considerregis-
ter pressurevhenperformingthe scheduling.The consequencis
two-fold. First, instructioncostsmay be underestimatetbecause
they do notinclude spill costs. Second the event schedulemmay
exposetoo much parallelism,which cannotbe efficiently utilized
but which comesat a costof increasedegisterpressure.The ex-
perimentakesultsfor fpppp-kernelin Section? illustratethis prob-
lem. We are exploring this issueand have examineda promising
approachwhich adjuststhe priorities of instructionsbasedon how
theinstructionseffect the registerpressureln addition,we intend
to explore the possibility of cooperatie intertile registeralloca-
tion.

6 Control orchestration

Raw tiles cooperateo exploit ILP within a basicblock. Between
basicblocks,the Rav compilerhasto orchestrateéhe control flow
onall thetiles. Thisorchestratioris performedhroughasynchronous
global branching. Toreducetheneedto incurthecostof thisglobal
orchestratiorandexpandthe scopeof the basicblock orchestrater
theRaw compilerperformscontrol localization, acontroloptimiza-
tion whichlocalizesthe effectsof abranchin aprogramto asingle
tile.

Asynchronous global branching The Rawv machineimplements
global branchingasynchronouslyn software by using the static
network andlocal branchesFirst, the branchvalueis broadcasted
to all the tiles throughthe static network. This communication
is exportedandscheduledexplicitly by the compilerjust like ary
othercommunicationso that it canoverlapwith othercomputa-
tion in the basicblock. Then, eachtile and switch individually
performsa branchwithout synchronizatiorat the end of its basic
block execution. Correctexecutionis ensureddespiteintroducing
this asynchrog becausef the staticorderingproperty

Theoverheadbf globalbranchingon aRav machinds explicit
in the broadcasbf the branchcondition. This contrastswith the
implicit overheadof globalwiring incurredby globalbranchingn
VLIWs andsuperscalarsRan’s explicit overheads desirablefor
threereasons.First, the compiler can hide the overheadby over-
lapping it with usefulwork. Second this branchingmodeldoes
not require dedicatedwires usedonly for branching. Third, the
approachs consistenwith the Rav philosophyof eliminatingall
global wires, which taken asa whole enablesa muchfasterclock
speed.

Control localization Controllocalizationis thetechniqueof treat-
ing a branch-containingodesequencasa single unit during as-
signmentndscheduling Thisassignment/schedulingitis called
amacro-instruction. Thetechniques a controloptimizationmade
possiblethoughRaw’s independentlows of control,which allows
aRawv machingo executedifferentmacro-instructionsoncurrently
ondifferenttiles. By localizingthe effectsof brancheso individual
tiles, controllocalizationavoidsthebroadcastostof asynchronous



Benchmark | Source Lang. Lines Primary | Seq.RT | Description

‘ ‘ ‘ ‘ of code ‘ Array size | (cycles)
fpppp-lernel | Spec92 FORTRAN 735 - 8.98K | Electroninterval Derivatives
btrix Nasa7:Spec92 FORTRAN 236 | 15x15x15%x5 287M | VectorizedBlock Tri-DiagonalSolver
cholesly Nasa7:Spec92 FORTRAN 126 3x32x32 34.3M | Cholesly Decomposition/Substitution
vpenta Nasa7:Spec92 FORTRAN 157 32x32 21.0M | Inverts3 PentadiagonalSimultaneously
tomcatv Spec92 FORTRAN 254 32x32 78.4M | MeshGeneratiorwith Thompsors Solver
mxm Nasa7:Spec9Z FORTRAN 64 32x64,64x8 2.01M | Matrix Multiplication
life Rawbench [} 118 32x32 2.44M | Conwvay’s Gameof Life
jacobi Rawbench [} 59 32x32 2.38M | JacobiRelaxation

Tablel: BenchmarkcharacteristicsColumnSeq. RT shaws the run-timefor the uniprocessocodegeneratedby the MachsuifMIPS compiler

H

H

(a) (b)

Figure 4: An illustration of control localization. (a) shavs a control
flow graphbeforecontrollocalization.Eachoval is aninstruction,andthe
dashedox marksthe codesequencéo be controllocalized. (b) shavs the
controlflow graphaftercontrollocalization.

globalbranching.

Figure4 shavs anexampleof controllocalization.In thefigure,
4ashaws a controlflow graphbeforecontrollocalization,with the
dashedbox markingthe sequencef codeto be controllocalized.
4b shaws the control flow graphafter control localization,where
the original branchhasbeenhiddeninside the macro-instruction.
Note that control localizationhas merged the four original basic
blocksinto a singlemacro-atendedbasicblock, within which ILP
canbeorchestratethy the basicblock orchestrater

To controllocalizea codesequencetheRav compilerdoesthe
following. First, the Rav compilerverifiesthatthe codesequence
canin factbeplacedonasingletile, which meanghateither(1) all
its memoryoperationsrefer to a singletile, or (2) enoughmem-
ory operationsandall their precedingcomputationsansafelybe
separatedrom the codesequenceothat(1) is satisfied.Next, the
compileridentifiesthe input variablesthe codesequenceequires
andthe outputvariablesthe codesequencgeneratesThesevari-
ablesarecomputeddy takingthe union of their correspondingets
over all possiblepathswithin thecodesequenceln addition,given
avariablefor which avalueis generate@n onebut notall pathsof
the program the variablehasto be consideredasaninput variable
aswell. Thisinputis neededo allow the codesequenceo pro-
duceavalid valueof thevariableindependentf the pathtraversed
insideit. The resultof identifying thesevariablesis thatthe code
sequenceanbe assignedand scheduledik e a regular instruction
duringbasicblock orchestration.

In practice controllocalizationhasbeeninvaluablein allowing
RAWCC to useunrolling to exposeparallelismin innerloopscon-
taining control flow. Currently RAWCC adaptsthe simple policy
of localizing into a single macro-instructiorevery localizablefor-
ward controlflow structure suchasarbitrarynestingsof IF-THEN-

Benchmark [ N=1 [ N=2 [ N=4 [ N=8 | N=16 [ N=32 |

fpppp-fernel | 0.48 | 0.68 | 1.36 | 3.01 | 6.02] 9.42
DIrix 083 | 1.48 | 261 | 440 | 858 | 964
cholsky 0.88 | 1.68 | 3.38 | 548 | 10.30 | 14.81
Vpenta 0.70 | 1.76 | 3.31 | 6.38 | 10.50 | 19.20
fomcatv 002 | 164 | 2.76 | 552 | 9.01 | 19.31
mxm 004 | 1.97 | 3.60 | 6.64 | 12.20 | 23.19
Tife 094 | 1.71 | 3.00 | 6.64 | 12.66 | 23.86
jacobi 0.89 | 1.70 | 3.39 | 6.89 | 13.95 | 38.35

Table 2: BenchmarkSpeedup. Speedupcompareghe run-time of the
RAWCC-compiledcodeversusthe run-time of the codegeneratedy the
MachsuifMIPS compiler

EL SE constructsand casestatements.This simple policy hasen-
abledusto achieve the performanceaeportedn Section7. A more
flexible approachwhich variesthe granularityof localizationwill
be exploitedin thefuture.

7 Results

This sectionpresentsomeearly performanceesultsof the Rav

compiler We shav the performanceof the Rav compileras a

whole, andthenwe measurethe portion of the performancedue
to high level transformationand advancedlocality optimizations.
In addition,we studyhow multisequentialitycanreducethe sensi-
tivity of performanceo dynamicdisturbances.

Experimentsareperformedon the Rav simulator which simu-
latestheRaw prototypedescribedn Section2. Latencief theba-
sic instructionsareasfollows: 2-cycle load, 1-cycle store,1-¢ycle
integeraddor subtract;12-gycle integer multiply; 35-gycle integer
divide; 2-cycle floating add or subtract;4-cycle floating multiply;
and12-gycle floatingdivide.

Thebenchmarksve selectincludeprogramdrom theRaw bench-
marksuite[4], programkernelsfrom thenasabenchmarlof Spec92,
tomcatvof Spec92andthe kernelbasicblock which accountsfor
50% of the run-timein fpppp of Spec92. Sincethe Raw proto-
type currentlydoesnot supportdouble-precisioriloating point, all
floating point operationdn the original benchmarksre corverted
to singleprecision.Table 1 givessomebasiccharacteristicef the
benchmarks.

Speedup Wecompareaesultsof theRav compilerwith theresults
of aMIPS compilerprovidedby Machsuif[21] tagetedfor aMIPS
R2000.Table2 shavs thespeedupattainedby thebenchmark$or
Rav machineof variousnumberof tile. Theresultsshaw thatthe
Rawv compileris ableto exploit ILP profitablyacrossthe Raw tiles
for all thebenchmarksThe averagespeedumn 32 tilesis 19.7.
All the benchmarksxceptfpppp-kernel are densematrix ap-
plications. Theseapplicationgperformparticularlywell on a Raw
machinebecauserbitrarily large amountof parallelismcanbe ex-
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Figure5: Breakdaevn of speedupn 32 tiles into base componenthigh-
level componentandadvanced-locality component.

posedto the Rav compiler by unrolling the loop. Currently the
Rawv compiler unrolls loops by the minimum amountrequiredto

guaranteethe static residenceproperty referredto in Section4,

which in mostof thesecasesexposeasmary copiesof the inner
loop for schedulingof ILP astherearenumberof processorsThe
only exceptionis btrix. Its innerloopshandlearraydimensionsof

eitherfive or fifteen. Therefore the maximumparallelismexposed
to the basicblock orchestrateis at mostfive or fifteen.

Mary of thesebenchmark$iave beenparallelizedon multipro-
cessordy recognizingdo-all parallelismanddistributing suchpar
allelism acrossthe processors.Rav detectsthe sameparallelism
by partially unrolling aloop anddistributingindividualinstructions
acrosdiles. The Rawv approachis moreflexible, howvever, because
it canscheduledo-acrosgarallelismcontainedn loopswith loop
carrieddependenceskor example,several loopsin tomcatvcon-
tain reductionoperationswhich areloop carrieddependencedn
multiprocessorsthe compiler needsto recognizea reductionand
handleit asa specialcase.The Rav compilerhandlesthe depen-
dencenaturally the sameway it handlesary otherarbitraryloop
carrieddependences.

The size of the datasetsn thesebenchmarkds intentionally
madeto be small to featurethe low communicationoverheadof
Raw. Traditionalmultiprocessorsyith their high overheadsywould
be unableto attainspeedugor suchdataset$2].

Most of the speedumttainedcanbe attributedto the exploita-
tion of ILP, but unrolling playsa beneficialrole aswell. Unrolling
speedaup a programby reducingits loop overheadand exposing
scalaroptimizationsacrosdoopiterations.Thislattereffectis most
evidentin thejacobiandlife benchmarkswhereconsecutie itera-
tions shareloadsto the samearrayelementgshatcanbe optimized
throughcommonsubepressiorelimination.

Fpppp-lernelis different from the rest of the applicationsin
thatit containsirregularfine-grainedparallelism.This application
stresseghe locality/parallelismtradeof capability of the instruc-
tion partitioner For thefpppp-kernelon asingletile, thecodegen-
eratedby the Rav compileris significantlyworsethanthatgener
atedby the original MIPS compiler The reasonis that the Raw
compiler attemptsto exposethe maximal amountof parallelism
without regard to register pressure. As the numberof tiles in-
creaseshowever, the numberof availableregistersincreasesor
respondingly and the spill penaltyof this instructionscheduling
policy reduces. The netresultis excellentspeeduppccasionally
attaining more than a factor of two speedupwhen doubling the
numberof tiles.
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Figure6: Speedupf applicationsn thepresencef dynamicdisturbances
for two machinemodels.Theleft graphshaws resultsfor amachinewith a
singlepc which muststall synchronouslythe right graphshaws resultsfor
aRaw machinewith multiple pcswhich canstall asynchronously

Speedup breakdown Figure5 dividesthe speedugfor 32 tiles
for eachapplicationinto threecomponentsbase, high-level, and
advanced-locality. The base speedups the speedugdrom a base
compilerwhich usessimple unrolling and moderatdocality opti-
mization.

High-level shaws the additionalspeedupnvhenthe basecom-
piler is augmentedvith high level transformationswhich include
control localizationand array reshape! Array reshapeefersto
thetechniqueof tailoring thelayoutof anarrayto avoid hotspotsn
memoryaccesseacrossconsecutie iterationsof a loop. It is im-
plementedy allocatinga tailoredcopy of anarrayto aloop when
theloop hasa layout preferencevhich differs from the actuallay-
out. This techniquencursthe overheadof arraycopying between
theglobalandthetailoredarraybeforeandaftertheloop, but most
loopsdo enoughcomputationon the arraysto malke this overhead
worthwhile. Btrix, cholesly, and vpentabenefitfrom this trans-
formation,while life andtomcatvgettheir speedupmprovements
from controllocalization.

Advanced-locality shavs the performancegain from adwanced
locality optimizations. Theseoptimizationsincludethe useof lo-
cality sensitve algorithmsfor datapartitioningandfor thememging
phaseduringinstructionpartitioning,asdescribedn Sections. The
figure shaws thatall applicationsexceptbtrix andfppppattainsiz-
able benefitsfrom theseoptimizations. The averageperformance
gainof all theapplicationds 60%.

Effects of dynamic events The Rawv compilerattemptsto stati-
cally orchestratall aspectof programexecution. Not all events,
however, arestatically predictable.Somedynamiceventsinclude
1/0 operationsanddynamicmemoryoperationswith unknawn tile

locations. We study the effects of run-time disturbancesuchas
dynamicmemoryoperationson a Rav machine. We modelthe
disturbancesn our simulatorasrandomeventswhich happenon

loadsandstores,with a 5% chanceof occurrenceandan average
stall time of 100 cycles. We examinethe effects of suchdistur

bancesn two machinemodels.Oneis afaithful representationof

the Rav machinethe othermodelsa synchronousnachinewith a
singleinstructionstream.OnaRav machineadynamiceventonly

directly effectsthe processobnwhichtheeventoccurs.Othertiles
can proceedindependentlyuntil they needto communicatewith

the blocked processar On the synchronousnachine,however, a
dynamicevent stallsthe entiremachineimmediately This beha-

jor is similarto how aVLIW responddo adynamicevent.?

L Array reshapés currentlyhand-appliedit is in the procesof beingautomated.

2Marny VLIWSs supportnon-blockingstores aswell asloadswhich block on use
insteadof blocking on miss. Thesefeaturesreducebut do not eliminatethe adwerse
effectsof stallingthe entiremachine,andthey comewith a potentialpenaltyin clock



Figure6 shaws the performanceof eachmachinemodelin the
pregsenceof dynamicevents. Speedugs measuredelative to the
MIPS-compiledcode simulatedwith dynamicdisturbances.The
resultsshav that asynchrog on Raw reducesthe sensitvity of
performanceo dynamicdisturbances.Speedugfor the Rav ma-
chineis on average2.9 timesbetterthanthat for the synchronous
machine. In absoluteterms, the Rawv machinestill achieves re-
spectablespeedupdor all applications. On 32 tiles, speeduppn
fppppis 3.0, while speedupdor the restof the applicationsare at
least7.6.

8 Related work

Dueto spacdimitations, we only discusgpastwork thatis closely
relatedto theproblemof space-timeschedulingof ILP, whichis the
focusof this paper For acomparisorof Raw to otherarchitectures,
pleaseeferto [23].

TheMIMD taskschedulingoroblemis similarto Raw’s space-
time instruction schedulingproblem, with tasksat the granular
ity of instructions. RAWCC adaptsa decomposediiew of the
probleminfluencedby MIMD taskscheduling.Sarkar for exam-
ple, emploss a three stepapproach: clustering,combinedmeig-
ing/placementandtemporalscheduling20]. Similarly, Yangand
Gerasoulisisexclusteringmeging, andtemporalkchedulingwith-
out the needfor placementecausehey tamget a machinewith a
symmetricnetwork [25]. Overall, the body of work on MIMD task
schedulings enormousyeadersarereferredto [1] for a suney of
somerepresentadie algorithms.Onemajordistinctionbetweerthe
problemson MIMD andon Raw is thaton Raw certaintasks(static
memoryreferenceshave predeterminegrocessomappings.

In thedomainof ILP schedulingthe Bulldog compilerfacesa
problemwhich mostresembleshatof theRav compiler becausét
targetsaVLIW machinewhichdistributesnotonly functionalunits
andregisterfiles but memoryaswell, all connectedogethervia a
partial crossbaf12]. Therefore,it too hasto handlememoryref-
erenceswvhich have predeterminegrocessomappings. Bulldog
adoptsa two-stepapproach with an assignmenphasefollowed
by a schedulingphase.Assignments performedby an algorithm
calledBottom-UpGreedy(BUG), acritical-pathbasednappingal-
gorithmthatusesfixed memoryanddatanodesto guidethe place-
mentof othernodes.Like the approachadoptedby the clustering
algorithmin RAWCC, BUG visits the instructionstopologically
andit greedilyattemptso assigneachinstructionto the processor
thatis locally the bestchoice. Schedulingis then performedby
greedylist scheduling.

Therearetwo key differencesbetweenthe Bulldog approach
andthe RAWCC aapproachFirst, BUG performsassignmenin a
singlestepwhich simultaneouslyddressesritical path,dataaffin-
ity, and processopreferencassues.RAWCC, on the otherhand,
dividesassignmeninto clustering,meiging, andplacement.Sec-
ond,theassignmenphasen BUG is drivenby a greedydepth-first
traversalthatmapsall instructionsin a connectedsubgraphwith a
commonroot before processinghe next subgraph. As obsered
in [19], sucha greedyalgorithmis ofteninappropriatdor parallel
computationsuchasthoseobtainedoy unrolling parallelloops.In
contrast,instructionassignmenin RAWCC usesa global priority
functionthatcanintermingleinstructionsfrom differentconnected
component®f thedatadependencgraph.

Other work has consideredcompilation for several kinds of
clusteredvVLIW architectures A LC-VLIW is a clusteredvLIW
with limited connectvity which requiresexplicit instructionsfor
inter-cluster registerto-register datamovement[9]. Its compiler
performsschedulingoeforeassignmentandthe assignmenphase
usesa min-cut algorithm adaptedrom circuit partitioningwhich

speed.

tries to minimize communication. This algorithm, however, does
notdirectly attempto optimizetheexecutionlengthof inputDAGs.

Threeotherpiecesof work discusscompilationalgorithmsfor
clusteredVLIWs with full connectiity. The Multiflow compiler
usesavariantof BUG describedabove [19]. UAS (Unified Assign-
and-Scheduleperformsassignmenandschedulingof instructions
in a singlestep,usinga greedy list-scheduling-lile algorithm[6].
Desoli describesan algorithmtargetedfor graphswith a large de-
greeof symmetry[10]. The algorithm bearssomesemblanceo
the Raw partitioningapproachwith a clustering-lile phaseanda
meming-like phase Onedifferencebetweerthetwo approaches
the algorithmusedto identify clusters.In addition, Desoli’s clus-
tering phasehasa thresholdparametewhich limits the sizeof the
clusters.This parameters adjustedteratively to look for thevalue
which yieldsthe bestexecutiontimes. The Raw approachijn con-
trast,allowsthegraphstructureto determineghesizeof theclusters.

The structureof the Rav compileris alsosimilar to that of the
Virtual Wires compiler for mappingcircuits to FPGAs([5], with
phasedor partitioning, placementandscheduling.The two com-
pilation problems however, arefundamentallydifferentfrom each
other becausea Rav machinemultiplexes its computationalre-
sourcegthe processorsyvhile an FPGAsystemdoesnot.

Marny ILP-enhancingtechniqueshave beendevelopedto in-
creasethe amountof parallelismavailable within a basicblock.
Thesetechniquesnclude control speculation[16], dataspecula-
tion [22], trace/superblockchedulind13] [15], andpredicated:x-
ecution[3]. With someadjustmentsmary of thesetechniquesre
applicableto Raw.

Raw’'s techniquedor handlingcontrol flow arerelatedto sev-
eral researchideas. Asynchronougylobal branchingis similar to
autonomousranchingabranchingechniqudor aclustered/LIW
with an independent-cacheon eachcluster[6]. The technique
eliminateghe needto broadcasbranchtargetsby keepingabranch
oneachcluster

Control localizationis relatedto researchn two areas. |t re-
semblesierarchicareduction[17] in thatthey bothsharetheidea
of collapsingcontrol constructdnto a single abstracnode. They
differ in motivation and context. Control localizationis usedto
enableparallel executionof control constructson a machinewith
multiple instructionstreamswhile hierarchicareductionis usedto
enabldoopswith controlflow to besoftwarepipelinedonaVLIW.
In addition,controllocalizationis similar with Multiscalarexecu-
tion model[22], wheretaskswith independentiows of controlare
assignedo executeon separatrocessors.

It is usefulto comparecontrollocalizationto predicatedexecu-
tion [3]. Controllocalizationenableghe Rav machineto perform
predicatedxecutionwithout extra hardware or ISA support.A lo-
cal branchcan sene the samerole as a predicate,permitting an
instructionto executeonly if the branchconditionis true. Control
localization,however, is more powerful thanpredicatedexecution.
A singlebranchcansene asthepredicatdor multipleinstructions,
in effect amortizingthe costof performing predicatedexecution
withouttheISA supportfor predicatesMoreover, controllocaliza-
tion utilizesits fetchbandwidthmoreefficiently thanpredicated:x-
ecution. For IF-THEN-EL SE constructsthe techniquefetchesonly
the pathwhich is executed unlike predicatedexecutionwhich has
to fetchbothpaths.

9 Conclusion

This paperdescribeshowv to compile a sequentialprogramto a
next generationprocessothat hasasynchronousphysically dis-
tributedhardwarethatis fully-exposedto the compiler The com-
piler partitionsandscheduleshe programso asto bestutilize the
hardware. Togetherthey allow applicationgo useinstruction-level
parallelismto achieve highlevels of performance.



We have introducedthe resourceallocation (partitioning and
placement)algorithmsof the Raw compiler which are basedon
MIMD taskclusteringand meging techniques We have alsode-
scribedasynchronouglobalbranchingthemethodwhichthecom-
piler usesfor orchestratingsequentialkcontrol flow acrossa Raw
processos distributed architecture. In addition, we have intro-
ducedan optimization,which we call control localization,which
allows the systemto avoid the overheadsf global branchingby
localizingthe branchingcodeto a singletile.

Finally, we have presentegerformanceesultswhich demon-
stratethatfor anumberof sequentiabenchmarlcodespur system
canfind andexploit asignificantamountof parallelism.This paral-
lel speeduscaleswvith thenumberof availablefunctionalunits,up
to 32. In addition,becauseachRaw tile hasits own independent
instructionstream the systemis relatively tolerantto variationsin
lateng thatthe compileris unableto predict.

Althoughthetrendin processotechnologyfavors distributing
resourcestheresultinglossof the synchronousnonolithicview of
theprocessohaspreventedcomputerarchitectdrom readilyadapt-
ing this trend. In this paperwe shaw that, with the help of novel
compilertechniquesafully distributedprocessocanprovide scal-
ableinstructionlevel parallelismandcanefficiently handlecontrol-
flow. We believe thatcompilertechnologycanenablevery efficient
executionof general-purposprogramson next generatiorproces-
sorswith fully distributedresources.
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