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The Problem: Thememorymodelof earlycomputerswassimple:memorywasexternalstoragefor data;datacould
be modifiedor retrieved by supplyingthe memorywith an appropriatephysicaladdress.This modelwasdirectly
implementedin hardwareby discretememorycomponents.After severaldecadesof computing,memorymodelshave
expandedto includemechanismssuchasvirtual memory, segmentation,andprotectionin a sharedenvironment,yet
theunderlyinghardwarehasnotchanged(otherthanbecomingfasteranddenser).Instead,complexity hasbeenadded
to processorsin theform of logic which performstranslationsfrom sophisticatedmemorymodelsto simplephysical
addresses.

Therearea numberof drawbacksto this approach.The overheadassociatedwith eachmemoryreferenceis large
dueto theneedto look up segmentdescriptorsandpagetableentries.All modernprocessorsmake useof translation
lookasidebuffers(TLB’s)to try toavoid theperformancepenaltiesassociatedwith theselookups.A TLB is essentially
a cache,andassuchprovidesexcellentperformancefor programsthatusesufficiently few segments/pages,but is of
little useto programswhoseworking setof segmentsand/orpagesis large. For example,anattemptto usesegments
to implementper-objectprotectionwould be disastrousfor programswith a large working setof objects. Another
problemcommonto any form of cachingis the“pollution” thatoccursin amulti-threadedenvironment;a singleTLB
mustbesharedby all threadswhichreducesits effectivenessandintroducesacold-starteffectateverycontext switch.
Thus,relianceon a TLB is anobstacleto fine-grainedmultithreading.Finally, in a multiprocessorenvironmentthe
TLB’smustbekeptgloballyconsistentwhichplacesconstraintson thescalabilityof thesystem.

Motivation: An alternateapproachwhich is conceptuallyappealingis to introducehardwaremechanismswhich
directly implementthe memorymodel. With the recentability to placelogic and memoryon the samedie, this
approachmay be not only appealingbut alsopractical. Thereis an opportunityto explore novel memorysystem
architectureswith improvedsupportfor flexible security, efficienct multithreadingandhigh scalability(beyondone
million nodes).

Previous Work: A numberof interestingmechanismshave beendescribedin the literatureand/orimplementedin
commercialmachines.GuardedPointers[2], introducedby Carteret. al., area form of unforgeablecapabilities[3]
which includebotha pointerandsegmentinformationwithin theguardedpointeritself. This allows thehardwareto
guaranteethatuserprogramswill makenoillegalmemoryreferenceswithoutrequiringany formof capability/segment
table. It is thereforesafeto usea singlesharedvirtual addressspacewhich greatlysimplifiesthe memorymodel.
Additionally, thenumberof segmentsis essentiallyunbounded;in particularobject-basedprotectionschemesbecome
practical.

Theaddresscentrifugein theCrayT3E [4] is usedto distributevirtual addressesamongphysicalprocessingnodesin
a flexible andrelatively efficient manner. For eachindex into a largedistributedobject,a maskspecifieswhich bits
areusedto form theprocessingelementnumber. Thisallowsdatato bearrangedin ahypercubedividedinto identical
sub-cubes,whereall sidesarearbitrarypowersof two andindividual sub-cubesaremappedto a singleprocessing
element.Furthermore,noglobaltranslationtablesarerequired.

Both theTera[1] andtheCrayT3E [4] supportsimpleatomicread-modify-writememoryoperationssuchasadding
anintegerto thecontentsof a memorylocation.Theseoperationsareusefulfor synchronizationandareinexpensive
to implementin hardware.

Approach: TheAries architecture,currentlyunderdevelopment,is a sharedmemorymultiprocessorwith a number
of hardwaremechanismswhichdirectly implementthememorymodel.Thearchitectureuses129bit guardedpointers
which are broken down into 1 tag bit to distinguishpointersfrom data,64 bits of virtual address,and 64 bits of
segmentinformation(e.g.permissionbits,segmentsize,etc).Ourguardedpointerformatsupportspointerarithmetic,
nearly-tightobjectbounds(lessthan6%internalfragmentation),sub-segmentation,typing,andexactarraybounds.

Virtual to physicaladdresstranslationis performedby the memoryitself ratherthanby the processor. Associated
with eachbankof DRAM is a hardwarepagetablewith oneentryperphysicalpage.Thesehardwarepagetablesare
similar in structureandfunctionto theTLB’sof conventionalprocessors.They differ in thatthey arepersistent(since



thereis a singlesharedvirtual addressspace)andcomplete;they donot suffer from pollutionor cold-starts.They are
alsoslightly simplerfrom a hardwareperspective dueto the fact thata givenentrywill alwaystranslateto thesame
physicalpage.

To translatevirtual addressesto physicalnodes,theAriesarchitectureusesmultistriped addressing. Thetopfivebits
of thevirtual addressindex thenodeID N within theaddressitself (Figure1). Thisallowsdatain acontiguousvirtual
addressspaceto bestripedacrossnodeswith any power-of-two granularityrangingfrom onebyte to two gigabytes.
Multistripedaddressingis a simplificationof theCrayT3E addresscentrifuge[4]: neithersoftwarecooperationnor
externalmasksarerequired.

With the ability to placelogic andmemoryon the samedie, thereis a strongtemptationto engineer“intelligent”
memoryby addingsomeamountof processingpower. However, in systemswith tight processor/memoryintegration
thereis alreadya reasonablypowerful processornext to thememory;addinganadditionalprocessorwould do little
morethanwastesilicon andconfusethe compiler. The processingperformedby memoryin the Aries architecture
is thereforelimited to simplesingle-cycleatomicmemoryoperationssuchasaddition,maximum,andbooleanlogic.
Theseoperationsaresimilar to thoseof theTeraandCrayT3Ememorysystems[1, 4].

Impact: Thememorymodelandits implementationhave a direct impacton systemperformance,programmability
andscalability. Guardedpointersprovideaflexible securitymodelandguaranteethesafetyof asharedvirtual address
space. A singlevirtual addressspacereducesthe amountof stateassociatedwith a threadof execution,resulting
in moreefficient multithreading.Implementingvirtual memoryat the memoryratherthanat the processor, usinga
combinationof hardwarepagetablesandmultistripedaddressing,obviatesthe needfor global translationtablesor
TLB’s andthereforeimprovessystemscalability. Atomic memoryoperationsaugmentexisting datapathswith small
amountsof logic to provideanefficientsetof synchronizationprimitives.

Future Work: It remainsto properlyevaluatethedescribedhardwaremechanisms.Incorporatingtheminto theAries
architecturewill allow us to quantify their costsandbenefitsin the context of a massively parallelsharedmemory
machine.
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Figure 1: Multistripedaddressing.Thestripinggranularity(S)specifiestheloca-
tion of thenodeID (N) within thevirtual address.
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