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Abstract

For parallel anddistributedsystemso gainwideraccep-
tancethanthey haveto date they mustbecomesignificantly
easierto program. Fundamentallyparallel programming
is more difficult than sequentialprogrammingas long as
dataand computatiormustbe distributed by the program-
mer Cache Only MemoryArchitectules(COMAS)provide
a Distributed Shaed Memory (DSM) whee datadistribu-
tion is performedautomaticallyandtranspaently. Thispa-
per genealizesthis idea to achieve the samedistribution
for computation thusarriving at an automaticand trans-
parentform of scheduling Oncecomputationdistribution
(scheduling)is asautomaticandtranspaentasdatadistri-
bution, parallel computes becomeapproximatelyas easy
to programas sequentiatomputes.

Whee COMAliterature normallymakesno assumptions
concerningthe parallel programswhich usethe DSM, we
use special compiler techniquesoriginally developedfor
multithreadedand dataflowarchitectures. Having doneso,
we can specifywaysof significantly simplifying the basic
COMA coheency protocols, while at the sametime en-
abling automatic,transpaent, adaptiverun-time schedul-

ing.

*This work was supportedin part with funds of the Deutsche
ForschungsgemeinschafbderreferencenumberWA 357/11-2within the
priority program“Systemand Circuit Technologyfor Massvely Parallel
Computation”.

1. Introduction

For parallel and distributed systemsto gain more ac-
ceptanceghanthey have to date,they will needto be scal-
able,affordable— but mostimportantly they mustbemade
nearlyaseasyto programassequentiasystemsldeally, we
would like to be ableto take programswritten in corven-
tional languagegincluding existing programsa.k.a.“dirty
decks”,"legacg software”) andrecompilethemfor parallel
architecturesthus freeing the programmeirfrom all addi-
tional effort above and beyond that necessaryo program
a corventionalcomputer This in turn implies that either
the compiler, the hardware,or both, mustaddresghe fun-
damentalissueof distribution. This problemis two-fold:
Both dataandcomputatiormustsomehav bedistributed.

The problemsof datadistribution and computationdis-
tribution have traditionally beenaddressedeparately On
the onehand,for data,CacheOnly Memory Architectures
(COMAS) provide an automaticand transparenform of
self-distrikuting Distributed SharedMemory (DSM) [10].
In this model, eachprocessohasa local memorywhich
hasbeenaugmentedothatit actslike a giant, slow cache.
A memoryaugmentedh thisfashionis calledan“attraction
memory”; Datamigratesrom oneattractionmemoryto an-
other basedon demand(attractive forces)and congestion
(dissipatve forces). However, the COMA literatureunani-
mouslytreatscomputationdistribution asthe responsibility
of theapplicationprogram.

On the other hand, the dataflowparadigm|[6], [3] and
later, the multithreadedarchitecturege.g.[15], [5], or [7]),
provide us with an attractive way to attackthe scheduling
problem. Eachprogramis representeds a graphwhose
verticesrepresenthreads andthetime atwhich athreadis



executeds determinedy the availability of its aguments.
Threadscanbe distributedin a numberof ways. Nonethe-
less,the multithreadingparadigmhaslittle to sayconcern-
ing datadistribution.

This paperattemptsto bring datadistribution concepts
from Cache Only Memory Architecturestogether with
schedulingconceptsfrom MultithreadedArchitectures,in
orderto arrive at one unified, simplified, cohesve abstract
model of computation. The fusion of dataand compu-
tation distribution is the central principle guiding the de-
velopmentof a new architecturebeing developedby the
authors, named SDAARC (Self-Distributing Associatve
ARChitecture,pronouncedso as to rhyme with “stark”).
TheSDAARC proposahlsoincludesanovel network struc-
ture,whichwill notbediscussedh this paper Thenetwork
structuresarediscussedn [13]. Thearchitecturedescribed
hereis completelygeneral. We expectit to be attractve
wherever the performanceof parallel hardwareis needed,
but wherethe difficulty of writing parallelsoftwareis cur-
rently a deterrento usingparallelhardware.

The restof this paperis organizedasfollows: Section
2 reviews the foundationsfor our proposal. Section3 dis-
cusseow the COMA conceptcanbe usedto implement
automaticscheduling. A comparisonto relatedresearch
is presentedn section4, and concludingremarksare pre-
sentedn section5.

2. Foundations

In orderto establishthe terminologyfor our new pro-
posal,this sectionreviews two architecturesCOMAS (sec-
tion 2.1), and Multithreaded architectures(section 2.2).
RoughlyspeakingCOMAs provide thetechniquedor data
distribution,andthemultithreadedarchitectureprovide the
techniquedor automaticscheduling.

2.1. COMA: Cache Only Memory Architectures

Cacheswere first introduced into distributed shared
memoriesfor reasonf expedieng, sincethey provide a
costeffective way to reducememorylateng. With thein-
troductionof cachesthe memorybeginsto be ableto au-
tomatically distribute data. The idea of a COMA builds
uponthe automaticdatadistribution capability of caches.
Abstractly we canisolatethreemain componentsn a con-
ventionalcache:a memory a cache controller, which ex-
ecutesthe cache coheency protocol and an associatie
directory which determinesvhethera given datasegment
(cacheline) is in the caches own memory or elsavhere.
Thefirst componentthe memory is corventionallysmall,
faststaticRAM. However, if weisolatethelasttwo compo-
nentswe canusethemto augmentlarge,slow) localmem-
ories.Memoriesaugmenteth thisway arecalledattraction

memoriedo distinguishthemfrom corventionalcaches.

While the datadistribution in non-COMA DSMsis the
responsibility of the programmerand/or the compiler, a
Distributed Sharedviemory built entirely out of attraction
memoriesautomaticallyand transparentlyperforms data
distribution.

CacheOnly Memoriesare usedin the SwedishInsti-
tute of ComputerScienceData Diffusion Machine (SICS
DDM)[10], the (meanwhiledefunct) Kendall SquareRe-
searclKSR1[1], andthe SimpleCOMA [16].

2.2. Multithreaded Architectures

Multithreadingarchitectureside memoryand commu-
nication latenciesby switching contects. Multithreading
providesthe basisfor a simple, consistentway of encap-
sulatingmultiple concurrentcomputations. While the lit-
eratureincludesa wide rangeof sometimescontradictory
definitions,the following tenantscanbetakento character
ize multithreadingfor our purposesn this paper:

e The program is partitioned into threads, and the
threadsarepartitionedinto microthreads(in the sense
usedin [15]). Eachmicrothreadis a sequencef in-
structionswhich neitherwaits nor loops, but instead
terminateswithin a constantmaximumtime. Thus,
eachiteration of a loop, and eachfunction call, rep-
resentsat leastone microthread. If a threadhasto
wait for someresourcgle.g. for input or for a mem-
ory load),thenonemicrothreadinishesby issuingthe
requestandanothemicrothreadpicksup oncethere-
guestedesourcas available. A microthreads consid-
eredreadyif andonly if all of its operandsarepresent
in its framelet.

e Eachthreadhasits own executioncontext, including
its own executionstackframes Sincethreadsarecon-
current,the framesare organizedin cactusstads [7]
(which areactuallynot stacks but trees).While more
than one microthreadcan generallyshareone frame,
recentfindingsindicatethat providing one frame for
eachmicrothreadoptimizesperformancg?2]. In this
casewe speakof framelets

e Computationin multithreadedmultiprocessorarchi-
tecturesis (often) driven by sendingand receving
active messges[18]. Sendingan active messageo
amicrothreadsupplieghatthreadwith oneor moreof
its operandsEvery active messageontainssufiicient
informationfor the receviing processoto find thein-
structionsneededto processthe datain the message
(minimally, aninstructionpointerandaframepointer).
Note that the sendingandreceving processorcanbe
oneandthesame.
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Figure 1. Conventional Multithreaded Multipr ocessor Scheduling (compare [15], fig. 2)

Theinteractionof theseconceptandtermsis illustrated
in figurel.

Active messagesio not, in and of themseles, solve
the schedulingproblem. We still needa way to distribute
the framesand microthreadsacrossthe processors. Mi-
crothreaddistribution is sometimesioneexplicitly, by the
programmeior the compiler(e.g. [15]). In othersystems,
suchas[7], a processomith no work polls its neighbors.
This schedulings demanddriven Whenever no processor
isidle, nodistributiontakesplace.Further anidle processor
mustwait for at leasttwo messageto be transmitted(one
looking for work, oneto receve work) beforerestarting.

3. COM A-based Automatic Scheduling

A COMA which distributesdatacanalsobe usedto dis-
tribute computation,that is, to schedule: First, we parti-
tion the programinto microthreadsEvery microthreadcan
then be thoughtof asbeingintimately linked to one data
object: the frameletwhich storesits executioncontext. We
canthenoptimizea COMA to automaticallydistribute the
frames.Subsequentlyeachmicrothreads executedon the
processowhereits frameletis resident. Microthreadsare
farmedout whenever a frameletis movedout of oneattrac-
tion memoryinto another Thus,automaticframedistribu-
tion impliesautomatiocomputatiordistribution.

Sinceframesrequirespecialhandling,we stipulatethat
eachattractionmemorybe partitionedinto threelogically
separatevirtual caches:onefor instructions onefor non-
framedata andonefor frames

Abstractly there exists one virtual shared pool of
framelets. Eachattractionmemorystoresa subsetof this
pool. Eachprocessoexecutesa tight innerloop, in which
it executesthe ready microthreadscorrespondingo the

frameletsin its attractionmemory This conceptis illus-
tratedin figure 2.

Theremainderof section3 is organizedasfollows: Sec-
tion 3.1 specifiespreliminary assumptiongnd definitions.
In section3.2, we specify how simple programs,without
randomaccessdata structures,can be automaticallydis-
tributedamongsthe processorsin section3.3, we extend
this conceptto incorporaterandomaccessdatastructures.
Section3.4 describe®bjectmigration.

3.1. Preliminaries

This sectionpresentdasicassumptiongnd definitions
concerningprogramand datarepresentationmessagdor-
mat,the underlyingparallelhardware,andthe objectstates
overwhichthe cachecohereng protocolis defined.

Program and Data Representation All threepartitions
of theDSM (instruction,dataandframes)aretakento con-
sistof setsof objects Theseobjectscaneitherbe of fixed
size(liketraditionalcachédines), or of variablelength.

Eachobjecthasa uniqueobjectidentifier, which repre-
sentsits global or virtual addresgbut not its physicalad-
dress). Oneextra objectidentifier is resered for eachat-
tractionmemorysite, sothatmessagesanbe sentdirectly
to agivensite (e.g.,in orderto createan objectwhich does
notyetexist arywhere).

We make no assumptionsconcerningthe sourcelan-
guageusedo programthearchitectureexceptthatit should
be possibleto translatesourcecodeinto dataflav graphs.
Each subprogramis representedy one dataflav graph.
Thesegraphsarethenpartitionedhierarchically sothatthe
leaves of the partition-treerepresenmmicrothreadqas de-
finedin section2.2).
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Figure 2. Automatic COMA-based scheduling (compare figure 1)

Message Format  All messagesenton the network con-
tain (atleast)thefollowing fields:

e A tag, for specifyingwhatkind of transactiorthismes-
sagerepresentge.g.operandapply, objectevict— see
below for adiscussiorof thevarioustransactions);

e A destinationfield, which is an objectidentifier and
which designatesherecipient(s)of thatmessageThe
destinatiorfield usuallyspecifiesadataobject,but can
alsoexplicitly identify an attractionmemorysite (see
above);

e A return address which is also an objectidentifier,
which canbe left blank. The exact meaningof this
field depend®on the transactiorbeing performed,but
typical usesinclude identifying the senderof a mes-
sage,or specifyingto whom datashouldbe senton a
readoperation;

e Loadinformation,communicatingapproximatelyhow
heavily loadedhesendingsitewasatthetimethemes-
sagewassent;

¢ A datafield, containingthe actualdatabeingtransmit-
ted. Thisincludes minimally, the stateof anobject.

Architecture To avoid restrictingthis proposalunneces-
sarily, we assumenly avery basicabstractrchitectureas
illustratedin figure 3. We assumea topology consistingof
variousattractionmemorysites connectedy a network
Eachsite consistdunctionally of a processora COMA
protocolcontroller, andalocal memory The controllercan
be implementedeitherin hardware or in software. If the
controlleris implementedn hardware,ary level 1 andlevel

2 cachewill haveto beallow for thecontrollerandthepro-
cessoto sharehememory SinceevenPCprocessortoday
comewith a level 1 cachethat supportsa multiprocessor
cachecoherenyg protocol,thisis notadifficult requirement
to meet.

As explainedabove, eachmessagéasa destinationob-
jectidentifier. We stipulatethatthenetwork mustbecapable
of makingsurethateachmessagarrivesat (atleast)all the
siteswherethedestinatiorobjectis currentlyresident.Note
thattherecipientsof mostmessagewill be determinedly-
namically(atrun-time),basednthe currentdistribution of
theobjects.

Variousnetworks from the literature meetthis require-
ment. The simplestwould be a corventionalsharedbus,
whereeverysiterecevesacopy of everymessagéthustriv-
ially fulfilling the requirement).More parallelismis possi-
ble usingdirectory-basedhetworks suchthosereviewedin
[17], or thenetwork proposedor SDAARC in [13].

Object States We can now specify the basic statesfor
the objectsin the attractionmemories. We start with the
4 statesn thewell known MESI protocol: Modified,Exclu-
sive Shaed andInvalid. The Modified stateis not appli-
cablein a COMA setting,sowe candropit. (“Modified”
meanamodifiedrelative to the mainmemory In a COMA,
thereis no main memory). The Shaed statehowever is
no longer sufficient. We needto designateone copy of a
shareddataobjectasthe “canonical” copy. Thus,we split
the Shaed stateinto two statesOriginal andClone
Finally, we needa transientstateduring object migra-
tion. We call this stateLeaving An objectis Leavingits
original homefrom thetime it is evicted until thetime the
original siterecevesconfirmationthatthe objecthasfound
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anewv home. We returnto objectmigrationin section3.4,
below.

We have transformedhe MESI protocolinto an ECOLI
protocol. An objectcanthusbe in oneof 5 states,rela-
tive to a given attractionmemory as summarizedn table
1. This can be comparedto the 7 statesneededfor the
SICSDDM: Invalid, Exclusive Shaed, Reading Answer
ing, Waiting andLeaving[11].

For aspecificimplementationgivendetailsabouttheac-
tual network, somesimplificationsof the protocolmight be
possible For example,if thenetwork is a sharedbus,andif
thebusarbitercanberelieduponto choosebetweermulti-
ple recipientswhennecessanthenthe Leavingstateis un-
necessarandtheOriginal andClonestatescanbemeiged
into one Shaked state. The currentprotocolis a compro-
mise betweenthe dual designdemandof a simple cache
cohereny protocolanda simple,scalablenetwork.

3.2. Basis System: Storing and Scheduling Mi-
crothreads

Microthreadsare objectswhich produceand consume
operands.As such,the mostbasic,underlyingtransaction
betweermicrothreadss the exchangeof operandsWe be-
gin theexpositionby consideringa systemsupportingonly
the following operations:frameletsare created destryed,
andoperandarepassedetweerframelets We delaytreat-
mentof randomaccesslatauntil section3.3.

We stipulate that the frame cachecohereng protocol
shouldbe a write-update(and not write-invalidate). The
main costs of write-updateprotocols come from objects
which remainin a cachelong after they are neededhere.
Frameletshowever, have a relatively shortlife-time, and
a well definedmomentwhenthey canbe erasednamely

afterexecution).

We now wishto examinein moredetailtheeventswhich
take placewhen an operandis sentfrom one frameletto
another Theseactionsaresummarizedn table2 andillus-
tratedin figure4.

Letm 4 bethemicrothreacturrentlybeingexecutedand
let f4 beits framelet. Assumethatanoperands to be sent
from frameletf4 to frameletfs. Whatthenhappenss de-
pendenion the stateof fg in the attractionmemorywhere
my is beingexecuted. The necessaryransactionsre ob-
vious for write hits, i.e. when fp is in eitherthe Exclusive
or the Original state:If the objectis in the Exclusivestate,
the processoransimply storethe operandn the framelet,
andneednot notify otherprocessor®r causearny network
traffic whatsoeer. If theobjectis in the Original state the
processocanimmediatelywrite to it, but mustadditionally
sendamessagéeo the network sothatary copies(hecessar
ily in the clone state)canbe updated. Storingan operand
into aframeletmay causethatframeletto becomeready In
this case the objectgoesinto the schedulingqueuefor the
local processar

For theremainingthreestategwhen fg is in eitherthe
clong invalid or leavingstates)fwo optionscomeinto con-
sideration: Seenfrom within the multithreadedparadigm,
exchanginganoperands equialentto sendinga messge.
Seenfrom within the DSM paradigm(andthus alsofrom
with the COMA paradigm),exchangingan operandis a
write operationto a framelet This differenceis significant:
in the multithreadedtase the operanddatais movedto the
site wherethe frameletis resident;in the DSM case,the
frameletis moved to the site performingthe write opera-
tion. Note that the first option requiresone network trans-
action,while thesecondptionrequirestwo (oneto request
theframelet,andoneto deliverit).



| State | Semantic |

E - Exclusive: | Theobjectis in theattractionmemory andin no otherattractionmem-
ory.

C - Clone: Theobjectis in the attractionmemory is not the“canonicalcopy”, and
is in atleastoneotherattractionmemory

O - Original: | The objectis in the attractionmemory is the “canonical copy”, and
might alsobein otherattractionmemories.

L - Leaving: | Theobjectwasin thisattractionmemory hasbeenevicted, but the con-
firmationof arrival elsavherehasnotyetbeenreceved.

| - Invalid: The objectis notin this attractionmemory Invalid meanshe sameas
Not Present”.

Table 1. The five states of the ECOLI protocol

| Stateof fp in site A

Action takenon applyto f5.

The operationcan proceeddirectly, without causingnetwork

The operands sentto fg, alongwith the returnaddresf the
site, andload informationdescribingthe actualstateof the site,

The operationcanproceedwithout waiting, but the operandhas
to be copied onto the network, in order to updatethe other

Frameletfs washere,andhasbeenevicted. As such,we pre-
sumablydo notwant fg backright now. The operands sentto
fB, alongwith ablankreturnaddressinhibiting the chancethat

E - Exclusive:
traffic.
C- Clone:
includingthe stateof the f4.
O - Original:
copies.
L - Leaving:
fB canbesentto this site.
| - Invalid: SameasClone

Table 2. Actions take when sending an operand to a frame.

Having stipulatedthata special optimizedcacheshould
be provided for framelets,we are free to supportboth of
thesetwo options. The actualdecisioncanthenbe delayed
until run-time, whenit canbe madebasedon the current
load balancebetweernthe sites. We make this decisionat
thesitewherethe Original copy of the objectresidesijn or-
derto avoid the needfor a new transitorystate. Basically
thewriting site sendsthe operandaway, andsometimese-
cevesasa resultat a later time the framelet. This action
is essentiallyidenticalfor theremainingthreestatesandis
summarizedn table2.

We continuethe scenarioby examining what happens
when an operandarrives at a remotesite. If fg is either
in the Exclusiveor Original stateat aremotesite,thenthat
sitestoregheoperandn fg, anddecidesbasedntheload
and stateinformation includedwith the operand whether
theloadbalancewould (probably)beimprovedby evicting
fB. Detailsconcerningobjecteviction arediscussedbelov
in section3.4. Theexactmethodby whichloadinformation

is communicatedandhow the decisionis madewhetherto
acceptor evict, dependon implementation-specifidetails
andareleft openfor themoment.

Finally, fg canalsobein the Clonestateat someor the
remotesites. Sincethis is an updateprotocol, thesesites
simply updatetheir copy, leaving its stateunchangedEven
if theframeletbecomeseady, the microthreaddoesnot go
into the schedulingqueue. This happensonly at the site
wherefg is in the Original (or Exclusivé state.

3.3. Incorporating Data

Up until now we have ignoredthe datacache. Having
seenhow the frame cacheworks, we cannow take a new
look atthefamiliar COMA datacache.ln a“normal” DSM,
areadmisscauseswo (“split-phase”)network transactions,
oneaskingfor data,andonetransmittingit. A write miss
causeshreeor moretransactionspneto askfor the data,
oneto receveit (afterwhichit is changed)andadditional
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transactionso eitherupdateor invalidateothercopiesof the
data.

Within the multithreadedparadigmwe seethe situation
differently. We seearandomaccesslatastructureasakind
of framewith internalstate. A storeoperationcanthusbe
modeledasa functionwhich takesthreeoperands- a store
addressthe new valueto be stored,anda returnaddress-
andreturnsonevalue— an acknavledgment(usedfor syn-
chronization)whichis sentto thereturnaddressThereturn
addreswvill pointto aframelet.Callingthestore“function”
changesheinternalstateof the dataframeasa side-efect.
Similarly, a load operationcan be modeledas a function
which takestwo operands- aloadaddres@ndareturnad-
dress— andreturnstwo values— the value retrieved from
the load addressand a synchronizationpoth of which are
sentto the returnaddress.Calling the load “function” has
no side-efectsfor thedataframe.

As such,we could modelrandomaccesslatastructures
with only thecachecohereng protocolgivensofar (in sec-
tion 3.2). However, this would be inefficient, sincea load
operationto anobjectin the Clonestatewould be passedo
the site with the Original copy of the object. The Clones
would, in other words, not be usedefficiently. Further
choosingwhetherto sendan objectto the writing site on
awrite missor not (aswe did whenapplyinganoperando
aframe,seeabove)is notasattractve here,andis notapart
of the protocol.

However, we have a fascinatingnew choiceon a write
miss: the datacaneitherbe sentto the site wherethe write

was performed,or to the site wherethe acknavledgment
will besent.We arecurrentlyexperimentingwith both op-

tionsto seehow the performancevariesfor differentappli-

cations. Figure5 shows the datacacheprotocol,assuming
that the datais sentalongwith the acknavledgment(and

notto thewriting site).

3.4. Object Migration

Objectmigrationis muchthe samefor boththe dataand
the frame caches. Objectsmigratewhenthey are evicted
from an attraction memory where they currently reside.
Therearethreeimportantissuego consideyeachof which
is treatedseparatelybelown: selectingobjectsto evict, se-
lectingadestinatiorfor evictedobjects andhow to actually
performtheeviction.

Selecting Objectsto Evict We statedonecriteriafor se-
lecting an objectto evict above: whena frameletreceves
an operandfrom a remotesite, the controllermay choose
to sendthat frameletto that site. Objecteviction canalso
happereitherwhenspacds neededor anew object(onan

injecttransaction)or simplywhentheprotocolcontrolleris

idle andthe attractionmemoryis too full. In thefirst case,
we needto evict an objectfrom the setin which the new

objectwill beplacedwhile in thesecondcasewe canevict

objectsfrom ary setdeemedo betoo full. Notethat“too

full” is animplementation-dependetdrm,which couldbe
takento meansimply “full”.
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Figure 5. Cache coherenc y protocol for data (see figure 4 for edge label format)

Oncea setis chosen,an objectis chosenfrom that set
accordingto thefollowing criteria: First, objectswhich are
in thelnvalid statearechosensincetheseobjectsrepresent
emptyslots. If no objectsarein the Invalid state,objects
in the Clone stateare chosen sincethey arethe easiesto
evict. Objectsin the Original statearechosemext, andob-
jectsin the Exclusivestateareevicted only whenabsolutely
necessaryThe leastrecentlyusedExclusiveobjectwill be
evictedin this case.

Objectsin the Leaving state are immuneto eviction,
sincethey arealreadyin the processof being evicted. A
problemarisesif a setcontainsonly objectsin the Leaving
state sincenoobjectcanbeevictedto makeroomfor thein-
comingobiject. This problempersistnly until theevicting
site receives confirmationthat any one of the Leavingob-
jectshasarrived at its new home(seebelaw). If hardware
costspermit, a small buffer would be usefulhereto sene
asa“waitingroom” for this case.Ultimately however, even
the buffer canbecomefull. In this case theinject transac-
tionis forwardedo anothessite. A similartechniquéds used
in the DDM, wherean objectcan be forwardedfrom one
site to anothera numberof times before eventually being
bumpedinto someform of secondangtoragg9]. However,
it is betterto define“too full” to mean“almost full”, and
to startevicting objectsbefore a givensetis entirelyfull, in
orderto reducethe probabilitythata setcanbecomeull of
Leavingobjects.

Selecting a Destination for Evicted Objects Depending
ontheeventwhich causesviction, we canusedifferentcri-
teriato choosea destinatiorfor the evicted object. We sav
above thatanoperand-applyperationcancausea framelet
to migrateto the site from which the operandoriginated.
Even when migrationsare causedby congestion(setsbe-

coming“too full”), thecompilercanassociatalifferentob-
jectstogetherandthe new homefor anevicted objectcan
thenbe determineddynamically For example,a framelet
which containsa load (store)operationcan often be asso-
ciatedwith the addressusedin theload (store). Shouldthe
frameletbe evicted, it canthenbe sentto the site currently
containingthe associatedataobject.

If all elsefails, an objectcansimply be sentto thatsite
with theleastload, basedon the mostrecentload informa-
tion receved on a messagdrom thatsite. This methodis
farfrom perfect,sincetheloadinformationwill oftenbese-
riously out of date,but this methodshouldbe viewed only
asalastresort.

Performing the Eviction The exact procedurefollowed
during eviction dependson the state of the object being
evicted: First, Invalid objectsandCloneobjectsdonotneed
to be evicted, they cansimply be droppedfrom the attrac-
tion memory Evicting objectsin either the Exclusiveor
Original statesis trickier. Sincemessagesre (often) ad-
dressedo objects,and not to sites, it is essentiathat at
leastone copy of eachobjectis presentin someattraction
memoryat all times (until the objectis erased).As such,
objectsin the Exclusiveor Original Statesarekeptin the
Leavingstateuntil the evicting site receves confirmation
thatthe objecthasarrivedatits new home.

While the objectis in the Leavingstate all messagefor
that objectareforwardedto the new site. This meansthat
somemessagemight arrive twice. The network will need
to be ableto identify thesemessageandtake themout of
thetraffic.

Thesestatetransitionsareillustratedin figure 6.



*inject(E)/Rack

Pevict/Rinject(E)
Pevict/Rinject(O

*delete/-

*inject(O)/Rack

*delete/-

Rack/-

-

*delete/-

‘\ Rinject(C)/-

Figure 6. Cache coherenc y protocol for object creation, destruction and migration (see figure 4 for

edge label format)

4. Related Work

Thebasicschedulingerminology(threadsframes.etc.)
usedin this papercomesfrom the multithreadedarchitec-
tures, in particularfrom PRISC[15] and TAM [4]. See
also [7] and [2]. Despitethesesimilarities with multi-
threadedarchitecturesheschedulingalgorithmhereis sig-
nificantly differentfrom thosefound in the literature. As
notedin Section3, multithreadedarchitecturesiseexplicit
and/or demand-diren scheduling,while our proposalis
bothdemand-drenand supply-driven.

This proposalcan also be comparedwith other sys-
temsfor automaticscheduling. Most automaticdistribu-
tion schemesoncentrateon schedulingloops and arrays.
In contrastour proposakanalsohandleirregularproblems
anddynamicdatastructureslt canalsobetteradaptto dy-
namically changingloadson parallel machinessharedby
multiple usersand/ormultiple tasks.

An adaptve schedulerwhich distributes computation
basedon supply and not demandwas presentedn [8] for
avery specialclassof algorithms(tree-structuresandmul-
tiprocessottopologies(rings). Despitethe obvious differ-
encein scope,importantsimilaritiesremain. We find the
empiricalresultspresentedn [8] very encouraging.

COMA-basedschedulingappearsto be uniqueto this
proposal.Other COMASs do not treatprogrampatrtitioning,
but ratherutilize the (staticor dynamic)schedulingalready
built into existing parallelprogramgseee.g. [10]). Multi-
threadingis usedwith the DDM in [14], but againonly to
accelerat@rogramswvhich have alreadybeenpartitioned.

5. Conclusion

Ultimately, this architecturebrings us one step closer
to a new model of computation: We have bridged the
gapbetweendistributedsharedmemoriesandthe dataflav
paradigm We have anabstractmodelof computatiorwhich
is inherentlyparallel. The mappingof this abstractmodel
ontothe available hardware resourcegmemoriesand pro-
cessors)s conceptuallyseparatdrom the specificationof
theprogram.

This approachwill be mostsuitablefor irregular prob-
lems, or for applicationswhere programmingcostsare a
major factor— thatis, for problemswherethe high costsof
parallelprogrammingcurrentlydeterthe useof distributed
computation.

This projectis still in its earlieststagesWe arecurrently
working on modeling,simulatingandverifying the correct-
nessof theprotocol. Simulationfor performancesstimation
is alsoundervay.

Oncewe have gainedmore experiencewith the basic
model, we can extendthis proposalto optimizeimportant
classef datastructuresandsimulationapplications.The
ideaof representingandomaccesglataasfunctionswith
internalstateopensup possibilitiesfor modelingotherob-
jects, e.g. in neural networks or in simulation applica-
tions. Further the virtual sharedpool of frameletsrepre-
sentsaninterestingnew containerdatastructure(a form of
distributedse) which couldalsobe usefulif madedirectly
availablein programmersFor example,it would be useful
for storingthe populationsn evolutionaryalgorithms.
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