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Abstract

For parallel anddistributedsystemsto gainwideraccep-
tancethanthey haveto date, they mustbecomesignificantly
easierto program. Fundamentally, parallel programming
is more difficult than sequentialprogrammingas long as
dataandcomputationmustbedistributedby theprogram-
mer. Cache Only MemoryArchitectures(COMAs)provide
a DistributedShared Memory(DSM) where datadistribu-
tion is performedautomaticallyandtransparently. Thispa-
per generalizesthis idea to achieve the samedistribution
for computation, thusarriving at an automaticand trans-
parent form of scheduling. Oncecomputationdistribution
(scheduling)is asautomaticandtransparentasdatadistri-
bution, parallel computers becomeapproximatelyas easy
to programassequentialcomputers.

WhereCOMAliteraturenormallymakesnoassumptions
concerningthe parallel programswhich usethe DSM,we
use special compiler techniquesoriginally developedfor
multithreadedanddataflowarchitectures.Havingdoneso,
we can specifywaysof significantlysimplifying the basic
COMA coherency protocols, while at the sametime en-
abling automatic,transparent, adaptiverun-timeschedul-
ing.

�
This work was supported in part with funds of the Deutsche

ForschungsgemeinschaftunderreferencenumberWA 357/11-2within the
priority program“SystemandCircuit Technologyfor Massively Parallel
Computation”.

1. Introduction

For parallel and distributed systemsto gain more ac-
ceptancethanthey have to date,they will needto be scal-
able,affordable— but mostimportantly, they mustbemade
nearlyaseasyto programassequentialsystems.Ideally, we
would like to be ableto take programswritten in conven-
tional languages(includingexisting programs,a.k.a.“dirty
decks”,“legacy software”) andrecompilethemfor parallel
architectures,thus freeing the programmerfrom all addi-
tional effort above and beyond that necessaryto program
a conventionalcomputer. This in turn implies that either
the compiler, the hardware,or both,mustaddressthe fun-
damentalissueof distribution. This problemis two-fold:
Bothdataandcomputationmustsomehow bedistributed.

The problemsof datadistribution andcomputationdis-
tribution have traditionally beenaddressedseparately. On
theonehand,for data,CacheOnly MemoryArchitectures
(COMAs) provide an automaticand transparentform of
self-distributing Distributed SharedMemory (DSM) [10].
In this model, eachprocessorhasa local memorywhich
hasbeenaugmentedsothat it actslike a giant,slow cache.
A memoryaugmentedin this fashionis calledan“attraction
memory”;Datamigratesfrom oneattractionmemoryto an-
other basedon demand(attractive forces)and congestion
(dissipative forces).However, theCOMA literatureunani-
mouslytreatscomputationdistributionastheresponsibility
of theapplicationprogram.

On the other hand,the dataflowparadigm [6], [3] and
later, themultithreadedarchitectures(e.g. [15], [5], or [7]),
provide us with an attractive way to attackthe scheduling
problem. Eachprogramis representedas a graphwhose
verticesrepresentthreads, andthetimeat which a threadis
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executedis determinedby theavailability of its arguments.
Threadscanbedistributedin a numberof ways. Nonethe-
less,themultithreadingparadigmhaslittle to sayconcern-
ing datadistribution.

This paperattemptsto bring datadistribution concepts
from Cache Only Memory Architecturestogether with
schedulingconceptsfrom MultithreadedArchitectures,in
orderto arrive at oneunified,simplified,cohesive abstract
model of computation. The fusion of data and compu-
tation distribution is the centralprinciple guiding the de-
velopmentof a new architecturebeing developedby the
authors, namedSDAARC (Self-Distributing Associative
ARChitecture,pronouncedso as to rhyme with “stark”).
TheSDAARC proposalalsoincludesanovelnetworkstruc-
ture,whichwill notbediscussedin thispaper. Thenetwork
structuresarediscussedin [13]. Thearchitecturedescribed
hereis completelygeneral. We expect it to be attractive
wherever the performanceof parallel hardwareis needed,
but wherethe difficulty of writing parallelsoftwareis cur-
rentlya deterrentto usingparallelhardware.

The restof this paperis organizedas follows: Section
2 reviews the foundationsfor our proposal.Section3 dis-
cusseshow the COMA conceptcanbe usedto implement
automaticscheduling. A comparisonto relatedresearch
is presentedin section4, andconcludingremarksarepre-
sentedin section5.

2. Foundations

In order to establishthe terminologyfor our new pro-
posal,this sectionreviews two architectures:COMAs(sec-
tion 2.1), and Multithreadedarchitectures(section 2.2).
Roughlyspeaking,COMAsprovidethetechniquesfor data
distribution,andthemultithreadedarchitecturesprovidethe
techniquesfor automaticscheduling.

2.1. COMA: Cache Only Memory Architectures

Cacheswere first introduced into distributed shared
memoriesfor reasonsof expediency, sincethey provide a
costeffective way to reducememorylatency. With the in-
troductionof caches,the memorybegins to be ableto au-
tomatically distribute data. The idea of a COMA builds
upon the automaticdatadistribution capability of caches.
Abstractly, we canisolatethreemaincomponentsin a con-
ventionalcache:a memory, a cache controller, which ex-
ecutesthe cache coherency protocol, and an associative
directorywhich determineswhethera given datasegment
(cacheline) is in the cache’s own memory, or elsewhere.
Thefirst component,the memory, is conventionallysmall,
faststaticRAM. However, if we isolatethelasttwo compo-
nents,wecanusethemto augment(large,slow) localmem-
ories.Memoriesaugmentedin thiswayarecalledattraction

memoriesto distinguishthemfrom conventionalcaches.
While the datadistribution in non-COMA DSMs is the

responsibilityof the programmerand/or the compiler, a
DistributedSharedMemory built entirely out of attraction
memoriesautomaticallyand transparentlyperformsdata
distribution.

CacheOnly Memoriesare usedin the SwedishInsti-
tute of ComputerScienceData Diffusion Machine(SICS
DDM)[10], the (meanwhiledefunct)Kendall SquareRe-
searchKSR1[1], andtheSimpleCOMA [16].

2.2. Multithreaded Architectures

Multithreadingarchitectureshide memoryandcommu-
nication latenciesby switching contexts. Multithreading
provides the basisfor a simple, consistentway of encap-
sulatingmultiple concurrentcomputations.While the lit-
eratureincludesa wide rangeof sometimescontradictory
definitions,thefollowing tenantscanbetakento character-
izemultithreadingfor ourpurposesin this paper:

� The program is partitioned into threads, and the
threadsarepartitionedinto microthreads(in thesense
usedin [15]). Eachmicrothreadis a sequenceof in-
structionswhich neitherwaits nor loops, but instead
terminateswithin a constantmaximum time. Thus,
eachiteration of a loop, and eachfunction call, rep-
resentsat least one microthread. If a threadhas to
wait for someresource(e.g. for input or for a mem-
ory load),thenonemicrothreadfinishesby issuingthe
request,andanothermicrothreadpicksuponcethere-
questedresourceis available.A microthreadis consid-
eredreadyif andonly if all of its operandsarepresent
in its framelet.

� Eachthreadhasits own executioncontext, including
its own executionstackframes. Sincethreadsarecon-
current,the framesareorganizedin cactusstacks [7]
(which areactuallynot stacks,but trees).While more
thanonemicrothreadcan generallyshareoneframe,
recentfindings indicatethat providing one frame for
eachmicrothreadoptimizesperformance[2]. In this
case,we speakof framelets.

� Computationin multithreadedmultiprocessorarchi-
tecturesis (often) driven by sendingand receiving
active messages [18]. Sendingan active messageto
amicrothreadsuppliesthatthreadwith oneor moreof
its operands.Every active messagecontainssufficient
informationfor the receiving processorto find the in-
structionsneededto processthe datain the message
(minimally, aninstructionpointerandaframepointer).
Note that the sendingandreceiving processorcanbe
oneandthesame.
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Figure 1. Conventional Multithreaded Multipr ocessor Scheduling (compare [15], fig. 2)

Theinteractionof theseconceptsandtermsis illustrated
in figure1.

Active messagesdo not, in and of themselves, solve
the schedulingproblem. We still needa way to distribute
the framesand microthreadsacrossthe processors. Mi-
crothreaddistribution is sometimesdoneexplicitly, by the
programmeror the compiler(e.g. [15]). In othersystems,
suchas [7], a processorwith no work polls its neighbors.
This schedulingis demanddriven. Whenever no processor
is idle,nodistributiontakesplace.Further, anidleprocessor
mustwait for at leasttwo messagesto be transmitted(one
looking for work, oneto receivework) beforerestarting.

3. COMA-based Automatic Scheduling

A COMA which distributesdatacanalsobeusedto dis-
tribute computation,that is, to schedule:First, we parti-
tion theprograminto microthreads.Every microthreadcan
thenbe thoughtof asbeing intimately linked to onedata
object: theframeletwhich storesits executioncontext. We
canthenoptimizea COMA to automaticallydistribute the
frames.Subsequently, eachmicrothreadis executedon the
processorwhereits frameletis resident.Microthreadsare
farmedout whenevera frameletis movedout of oneattrac-
tion memoryinto another. Thus,automaticframedistribu-
tion impliesautomaticcomputationdistribution.

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. Eachprocessorexecutesa tight inner loop, in which
it executesthe ready microthreadscorrespondingto the

frameletsin its attractionmemory. This conceptis illus-
tratedin figure2.

Theremainderof section3 is organizedasfollows: Sec-
tion 3.1 specifiespreliminaryassumptionsanddefinitions.
In section3.2, we specify how simple programs,without
randomaccessdata structures,can be automaticallydis-
tributedamongstthe processors.In section3.3,we extend
this conceptto incorporaterandomaccessdatastructures.
Section3.4describesobjectmigration.

3.1. Preliminaries

This sectionpresentsbasicassumptionsanddefinitions
concerningprogramanddatarepresentation,messagefor-
mat,theunderlyingparallelhardware,andtheobjectstates
overwhich thecachecoherency protocolis defined.

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

Eachobjecthasa uniqueobjectidentifier, which repre-
sentsits global or virtual address(but not its physicalad-
dress). Oneextra object identifier is reserved for eachat-
tractionmemorysite,sothatmessagescanbesentdirectly
to a givensite(e.g.,in orderto createanobjectwhich does
not yetexist anywhere).

We make no assumptionsconcerningthe sourcelan-
guageusedto programthearchitecture,exceptthatit should
be possibleto translatesourcecodeinto dataflow graphs.
Each subprogramis representedby one dataflow graph.
Thesegraphsarethenpartitionedhierarchically, sothatthe
leaves of the partition-treerepresentmicrothreads(as de-
finedin section2.2).
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Figure 2. Automatic COMA-based scheduling (compare figure 1)

Message Format All messagessenton thenetwork con-
tain (at least)thefollowing fields:

� A tag, for specifyingwhatkind of transactionthismes-
sagerepresents(e.g.operandapply, objectevict — see
below for adiscussionof thevarioustransactions);

� A destinationfield, which is an object identifier and
whichdesignatestherecipient(s)of thatmessage.The
destinationfield usuallyspecifiesadataobject,but can
alsoexplicitly identify an attractionmemorysite (see
above);

� A return address, which is also an object identifier,
which can be left blank. The exact meaningof this
field dependson the transactionbeingperformed,but
typical usesinclude identifying the senderof a mes-
sage,or specifyingto whom datashouldbe senton a
readoperation;

� Load information,communicatingapproximatelyhow
heavily loadedthesendingsitewasatthetimethemes-
sagewassent;

� A datafield, containingtheactualdatabeingtransmit-
ted.This includes,minimally, thestateof anobject.

Architecture To avoid restrictingthis proposalunneces-
sarily, we assumeonly a verybasicabstractarchitecture,as
illustratedin figure3. We assumea topologyconsistingof
variousattractionmemorysites, connectedby a network.

Eachsiteconsistsfunctionallyof a processor, a COMA
protocolcontroller, anda localmemory. Thecontrollercan
be implementedeither in hardwareor in software. If the
controlleris implementedin hardware,any level 1 andlevel

2 cacheswill haveto beallow for thecontrollerandthepro-
cessorto sharethememory. SinceevenPCprocessorstoday
comewith a level 1 cachethat supportsa multiprocessor
cachecoherency protocol,this is notadifficult requirement
to meet.

As explainedabove,eachmessagehasa destinationob-
jectidentifier. Westipulatethatthenetworkmustbecapable
of makingsurethateachmessagearrivesat (at least)all the
siteswherethedestinationobjectis currentlyresident.Note
thattherecipientsof mostmessageswill bedetermineddy-
namically(at run-time),basedon thecurrentdistributionof
theobjects.

Variousnetworks from the literaturemeetthis require-
ment. The simplestwould be a conventionalsharedbus,
whereeverysitereceivesacopy of everymessage(thustriv-
ially fulfilling therequirement).More parallelismis possi-
ble usingdirectory-basednetworkssuchthosereviewedin
[17], or thenetwork proposedfor SDAARC in [13].

Object States We can now specify the basicstatesfor
the objectsin the attractionmemories. We start with the
4 statesin thewell known MESI protocol:Modified,Exclu-
sive, Shared and Invalid. The Modified stateis not appli-
cablein a COMA setting,so we candrop it. (“Modified”
meansmodifiedrelative to themainmemory. In a COMA,
thereis no main memory). The Shared statehowever is
no longersufficient. We needto designateonecopy of a
shareddataobjectasthe “canonical” copy. Thus,we split
theSharedstateinto two states:Original andClone.

Finally, we needa transientstateduring objectmigra-
tion. We call this stateLeaving. An object is Leavingits
original homefrom the time it is evicteduntil the time the
original sitereceivesconfirmationthattheobjecthasfound
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Figure 3. Abstract Architecture

a new home. We returnto objectmigrationin section3.4,
below.

We have transformedtheMESI protocolinto anECOLI
protocol. An object can thus be in one of 5 states,rela-
tive to a given attractionmemory, assummarizedin table
1. This can be comparedto the 7 statesneededfor the
SICSDDM: Invalid, Exclusive, Shared,Reading, Answer-
ing, Waiting andLeaving[11].

For aspecificimplementation,givendetailsabouttheac-
tualnetwork, somesimplificationsof theprotocolmight be
possible.For example,if thenetwork is asharedbus,andif
thebusarbitercanberelieduponto choosebetweenmulti-
ple recipientswhennecessary, thentheLeavingstateis un-
necessary, andtheOriginal andClonestatescanbemerged
into oneShared state. The currentprotocol is a compro-
misebetweenthe dual designdemandsof a simplecache
coherency protocolanda simple,scalablenetwork.

3.2. Basis System: Storing and Scheduling Mi-
crothreads

Microthreadsare objectswhich produceand consume
operands.As such,the mostbasic,underlyingtransaction
betweenmicrothreadsis theexchangeof operands.We be-
gin theexpositionby consideringa systemsupportingonly
the following operations:frameletsarecreated,destroyed,
andoperandsarepassedbetweenframelets.Wedelaytreat-
mentof randomaccessdatauntil section3.3.

We stipulatethat the frame cachecoherency protocol
shouldbe a write-update(and not write-invalidate). The
main costsof write-updateprotocolscome from objects
which remainin a cachelong after they areneededthere.
Framelets,however, have a relatively short life-time, and
a well definedmomentwhenthey canbe erased(namely,

afterexecution).

Wenow wishto examinein moredetailtheeventswhich
take placewhen an operandis sentfrom one framelet to
another. Theseactionsaresummarizedin table2 andillus-
tratedin figure4.

Let 
�� bethemicrothreadcurrentlybeingexecuted,and
let 
�� beits framelet.Assumethatanoperandis to besent
from framelet 
�� to framelet 
�� . Whatthenhappensis de-
pendenton thestateof 
 � in theattractionmemorywhere

 � is beingexecuted.The necessarytransactionsareob-
vious for write hits, i.e. when 
 � is in eithertheExclusive
or theOriginal state:If theobjectis in theExclusivestate,
theprocessorcansimply storetheoperandin theframelet,
andneednot notify otherprocessorsor causeany network
traffic whatsoever. If theobjectis in theOriginal state,the
processorcanimmediatelywrite to it, but mustadditionally
sendamessageto thenetwork sothatany copies(necessar-
ily in the clonestate)canbe updated.Storingan operand
into a frameletmaycausethatframeletto becomeready. In
this case,theobjectgoesinto theschedulingqueuefor the
localprocessor.

For the remainingthreestates(when 
�� is in eitherthe
clone, invalid or leavingstates),two optionscomeinto con-
sideration:Seenfrom within the multithreadedparadigm,
exchanginganoperandis equivalentto sendinga message.
Seenfrom within the DSM paradigm(andthusalso from
with the COMA paradigm),exchangingan operandis a
write operation to a framelet. Thisdifferenceis significant:
in themultithreadedcase,theoperanddatais movedto the
site wherethe framelet is resident;in the DSM case,the
frameletis moved to the site performingthe write opera-
tion. Note that the first option requiresonenetwork trans-
action,while thesecondoptionrequirestwo (oneto request
theframelet,andoneto deliver it).
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State Semantic

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

C - Clone: Theobjectis in theattractionmemory, is not the“canonicalcopy”, and
is in at leastoneotherattractionmemory.

O - Original: The object is in the attractionmemory, is the “canonicalcopy”, and
might alsobein otherattractionmemories.

L - Leaving: Theobjectwasin thisattractionmemory, hasbeenevicted,but thecon-
firmationof arrival elsewherehasnot yet beenreceived.

I - Invalid: Theobjectis not in this attractionmemory. Invalid meansthesameas
Not Present”.

Table 1. The five states of the ECOLI protocol

Stateof 
 � in site � Action takenon applyto 
 � .

E - Exclusive: The operationcan proceeddirectly, without causingnetwork
traffic.

C - Clone: The operandis sentto 
�� , alongwith the returnaddressof the
site, andloadinformationdescribingtheactualstateof thesite,
includingthestateof the 
�� .

O - Original: Theoperationcanproceedwithout waiting,but theoperandhas
to be copied onto the network, in order to updatethe other
copies.

L - Leaving: Framelet
�� washere,andhasbeenevicted. As such,we pre-
sumablydo not want 
�� backright now. Theoperandis sentto

 � , alongwith ablankreturnaddress,inhibiting thechancethat

 � canbesentto thissite.

I - 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.Theactualdecisioncanthenbedelayed
until run-time,when it canbe madebasedon the current
load balancebetweenthe sites. We make this decisionat
thesitewheretheOriginal copy of theobjectresides,in or-
der to avoid the needfor a new transitorystate.Basically,
thewriting sitesendstheoperandaway, andsometimesre-
ceivesasa resultat a later time the framelet. This action
is essentiallyidenticalfor theremainingthreestates,andis
summarizedin table2.

We continuethe scenarioby examining what happens
whenan operandarrivesat a remotesite. If 
 � is either
in theExclusiveor Original stateat a remotesite,thenthat
sitestorestheoperandin 
 � , anddecides,basedontheload
andstateinformation includedwith the operand,whether
theloadbalancewould (probably)beimprovedby evicting

�� . Detailsconcerningobjecteviction arediscussedbelow
in section3.4.Theexactmethodby whichloadinformation

is communicated,andhow thedecisionis madewhetherto
acceptor evict, dependon implementation-specificdetails
andareleft openfor themoment.

Finally, 
�� canalsobein theClonestateat someor the
remotesites. Sincethis is an updateprotocol, thesesites
simply updatetheircopy, leaving its stateunchanged.Even
if theframeletbecomesready, themicrothreaddoesnot go
into the schedulingqueue. This happensonly at the site
where
 � is in theOriginal (or Exclusive) state.

3.3. Incorporating Data

Up until now we have ignoredthe datacache. Having
seenhow the framecacheworks, we cannow take a new
look at thefamiliarCOMA datacache.In a“normal” DSM,
areadmisscausestwo (“split-phase”)network transactions,
oneaskingfor data,andonetransmittingit. A write miss
causesthreeor moretransactions,oneto askfor the data,
oneto receive it (afterwhich it is changed),andadditional
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Figure 4. Cache coherenc y protocol for framelets. Edge Label Format: incomingmessage/outgoingmes-
sage, Message Format: ChannelMessage(State), where Channelis either P for the local Processor , R for
Remote , or * for either .

transactionsto eitherupdateor invalidateothercopiesof the
data.

Within themultithreadedparadigm,we seethesituation
differently. Weseearandomaccessdatastructureasakind
of framewith internalstate.A storeoperationcanthusbe
modeledasa functionwhich takesthreeoperands– a store
address,thenew valueto bestored,anda returnaddress–
andreturnsonevalue– anacknowledgment(usedfor syn-
chronization),whichissentto thereturnaddress.Thereturn
addresswill pointto aframelet.Callingthestore“function”
changestheinternalstateof thedataframeasa side-effect.
Similarly, a load operationcan be modeledas a function
which takestwo operands– a loadaddressanda returnad-
dress– and returnstwo values– the valueretrieved from
the load addressanda synchronization,both of which are
sentto the returnaddress.Calling the load “function” has
noside-effectsfor thedataframe.

As such,we couldmodelrandomaccessdatastructures
with only thecachecoherency protocolgivensofar (in sec-
tion 3.2). However, this would be inefficient, sincea load
operationto anobjectin theClonestatewouldbepassedto
the site with the Original copy of the object. The Clones
would, in other words, not be usedefficiently. Further,
choosingwhetherto sendan object to the writing site on
a write missor not (aswe did whenapplyinganoperandto
aframe,seeabove)is notasattractivehere,andis notapart
of theprotocol.

However, we have a fascinatingnew choiceon a write
miss: thedatacaneitherbesentto thesitewherethewrite

was performed,or to the site wherethe acknowledgment
will besent.We arecurrentlyexperimentingwith bothop-
tionsto seehow theperformancevariesfor differentappli-
cations.Figure5 shows thedatacacheprotocol,assuming
that the datais sentalongwith the acknowledgment(and
not to thewriting site).

3.4. Object Migration

Objectmigrationis muchthesamefor boththedataand
the frame caches.Objectsmigratewhen they are evicted
from an attractionmemory where they currently reside.
Therearethreeimportantissuesto consider, eachof which
is treatedseparatelybelow: selectingobjectsto evict, se-
lectingadestinationfor evictedobjects,andhow to actually
performtheeviction.

Selecting Objects to Evict We statedonecriteria for se-
lecting an object to evict above: whena frameletreceives
an operandfrom a remotesite, the controllermay choose
to sendthat frameletto that site. Objecteviction canalso
happeneitherwhenspaceis neededfor anew object(onan
inject transaction),or simplywhentheprotocolcontrolleris
idle andtheattractionmemoryis too full. In thefirst case,
we needto evict an object from the set in which the new
objectwill beplaced,while in thesecondcasewe canevict
objectsfrom any setdeemedto be too full. Note that “too
full” is animplementation-dependentterm,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 set is chosen,an object is chosenfrom that set
accordingto thefollowing criteria: First, objectswhich are
in theInvalid statearechosen,sincetheseobjectsrepresent
emptyslots. If no objectsare in the Invalid state,objects
in the Clonestatearechosen,sincethey arethe easiestto
evict. Objectsin theOriginal statearechosennext, andob-
jectsin theExclusivestateareevictedonly whenabsolutely
necessary. The leastrecentlyusedExclusiveobjectwill be
evictedin this case.

Objects in the Leaving stateare immune to eviction,
sincethey arealreadyin the processof being evicted. A
problemarisesif a setcontainsonly objectsin theLeaving
state,sincenoobjectcanbeevictedto makeroomfor thein-
comingobject.Thisproblempersistsonly until theevicting
site receivesconfirmationthat any oneof the Leavingob-
jectshasarrivedat its new home(seebelow). If hardware
costspermit, a small buffer would be usefulhereto serve
asa“waitingroom” for thiscase.Ultimatelyhowever, even
thebuffer canbecomefull. In this case,the inject transac-
tion is forwardedto anothersite.A similartechniqueis used
in the DDM, wherean objectcanbe forwardedfrom one
site to anothera numberof timesbeforeeventuallybeing
bumpedinto someform of secondarystorage[9]. However,
it is betterto define“too full” to mean“almost full”, and
to startevicting objectsbeforea givensetis entirelyfull, in
orderto reducetheprobabilitythatasetcanbecomefull of
Leavingobjects.

Selecting a Destination for Evicted Objects Depending
ontheeventwhichcauseseviction, wecanusedifferentcri-
teriato choosea destinationfor theevictedobject.We saw
abovethatanoperand-applyoperationcancausea framelet
to migrateto the site from which the operandoriginated.
Even whenmigrationsarecausedby congestion(setsbe-

coming“too full”), thecompilercanassociatedifferentob-
jectstogether, andthe new homefor anevictedobjectcan
thenbe determineddynamically. For example,a framelet
which containsa load (store)operationcanoften be asso-
ciatedwith theaddressusedin theload(store).Shouldthe
frameletbeevicted,it canthenbesentto thesitecurrently
containingtheassociateddataobject.

If all elsefails, an objectcansimply be sentto thatsite
with theleastload,basedon themostrecentloadinforma-
tion received on a messagefrom that site. This methodis
farfrom perfect,sincetheloadinformationwill oftenbese-
riously out of date,but this methodshouldbeviewedonly
asa lastresort.

Performing the Eviction The exact procedurefollowed
during eviction dependson the stateof 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. Sincemessagesare(often) ad-
dressedto objects,and not to sites, it is essentialthat at
leastonecopy of eachobject is presentin someattraction
memoryat all times(until the object is erased).As such,
objectsin the Exclusiveor Original Statesarekept in the
Leavingstateuntil the evicting site receivesconfirmation
thattheobjecthasarrivedat its new home.

While theobjectis in theLeavingstate,all messagesfor
that objectareforwardedto the new site. This meansthat
somemessagesmight arrive twice. Thenetwork will need
to be ableto identify thesemessagesandtake themout of
thetraffic.

Thesestatetransitionsareillustratedin figure6.
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Figure 6. Cache coherenc y protocol for object creation, destruction and migration (see figure 4 for
edge label format)

4. Related Work

Thebasicschedulingterminology(threads,frames,etc.)
usedin this papercomesfrom the multithreadedarchitec-
tures, in particular from PRISC[15] and TAM [4]. See
also [7] and [2]. Despite thesesimilarities with multi-
threadedarchitectures,theschedulingalgorithmhereis sig-
nificantly different from thosefound in the literature. As
notedin Section3, multithreadedarchitecturesuseexplicit
and/or demand-driven scheduling,while our proposalis
bothdemand-drivenandsupply-driven.

This proposalcan also be comparedwith other sys-
temsfor automaticscheduling. Most automaticdistribu-
tion schemesconcentrateon schedulingloopsandarrays.
In contrast,ourproposalcanalsohandleirregularproblems
anddynamicdatastructures.It canalsobetteradaptto dy-
namically changingloadson parallel machinessharedby
multipleusersand/ormultiple tasks.

An adaptive schedulerwhich distributes computation
basedon supplyandnot demandwaspresentedin [8] for
averyspecialclassof algorithms(tree-structures)andmul-
tiprocessortopologies(rings). Despitethe obvious differ-
encein scope,importantsimilarities remain. We find the
empiricalresultspresentedin [8] veryencouraging.

COMA-basedschedulingappearsto be unique to this
proposal.OtherCOMAs do not treatprogrampartitioning,
but ratherutilize the(staticor dynamic)schedulingalready
built into existing parallelprograms(seee.g. [10]). Multi-
threadingis usedwith the DDM in [14], but againonly to
accelerateprogramswhichhavealreadybeenpartitioned.

5. Conclusion

Ultimately, this architecturebrings us one step closer
to a new model of computation: We have bridged the
gapbetweendistributedsharedmemoriesandthedataflow
paradigm.Wehaveanabstractmodelof computationwhich
is inherentlyparallel. The mappingof this abstractmodel
onto the availablehardwareresources(memoriesandpro-
cessors)is conceptuallyseparatefrom the specificationof
theprogram.

This approachwill be mostsuitablefor irregular prob-
lems, or for applicationswhereprogrammingcostsare a
majorfactor– that is, for problemswherethehigh costsof
parallelprogrammingcurrentlydetertheuseof distributed
computation.

Thisprojectis still in its earlieststages.Wearecurrently
workingonmodeling,simulatingandverifying thecorrect-
nessof theprotocol.Simulationfor performanceestimation
is alsounderway.

Once we have gainedmore experiencewith the basic
model,we canextendthis proposalto optimize important
classesof datastructuresandsimulationapplications.The
ideaof representingrandomaccessdataasfunctionswith
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
distributedset) which couldalsobeusefulif madedirectly
availablein programmers.For example,it would beuseful
for storingthepopulationsin evolutionaryalgorithms.
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