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The Problem: Thememorymodelof earlycomputeravassimple: memorywasexternalstoragefor data;datacould
be modified or retrieved by supplyingthe memorywith an appropriatephysicaladdress.This modelwas directly
implementedn hardwareby discretenemorycomponentsAfter severaldecadesf computingmemorymodelshave
expandedo includemechanismsuchasvirtual memory segmentationandprotectionin a sharedervironment,yet
theunderlyinghardwarehasnotchangedotherthanbecomingasteranddenser)Insteadcompleity hasbeenadded
to processorin theform of logic which performstranslationgrom sophisticatednemorymodelsto simplephysical
addresses.

Therearea numberof dravbacksto this approach. The overheadassociatedvith eachmemoryreferences large
dueto the needto look up segmentdescriptorsandpagetableentries.All modernprocessorsnake useof translation
lookasidebuffers(TLB’s)to try to avoid the performancg@enaltiesassociatedvith thesdookups.A TLB is essentially
a cacheandassuchprovidesexcellentperformancdor programshatusesuficiently few segments/pagedut is of
little useto programswvhoseworking setof sggmentsand/orpagess large. For example,anattemptto usesegments
to implementperobjectprotectionwould be disastroudor programswith a large working setof objects. Another
problemcommonto ary form of cachingis the“pollution” thatoccursin a multi-threadedenvironment;a singleTLB
mustbe sharedy all threadsvhich reducests effectivenessandintroducesa cold-starteffectat every context switch.
Thus,relianceon a TLB is an obstacleto fine-grainedmultithreading.Finally, in a multiprocessoervironmentthe
TLB’s mustbekeptglobally consistentvhich placesconstraintsn the scalabilityof the system.

Motivation: An alternateapproachwhich is conceptuallyappealingis to introducehardware mechanismsvhich
directly implementthe memorymodel. With the recentability to placelogic and memoryon the samedie, this
approachmay be not only appealingbut also practical. Thereis an opportunityto explore novel memorysystem
architecturesvith improved supportfor flexible security efficienct multithreadingand high scalability (beyond one
million nodes).

Previous Work: A numberof interestingmechanism$ave beendescribedn the literatureand/orimplementedn
commercialmachines.GuardedPointers[2], introducedby Carteret. al., area form of unforgeablecapabilitieq3]
which includeboth a pointerandsegmentinformationwithin the guardecpointeritself. This allows the hardwareto
guarante¢hatusermprogramswill make noillegalmemoryreferencesvithoutrequiringary form of capability/sgment
table. It is thereforesafeto usea single sharedvirtual addressspacewhich greatly simplifiesthe memorymodel.
Additionally, thenumberof segmentds essentiallyunboundedin particularobject-basegrotectionschemebecome
practical.

Theaddresentrifugein the Cray T3E [4] is usedto distribute virtual addresseamongphysicalprocessingiodesin
aflexible andrelatively efficient manner For eachindex into a large distributed object,a maskspecifieswhich bits
areusedto form the processinglemenmnumber This allows datato bearrangedn a hypercubelividedinto identical
sub-cubeswhereall sidesare arbitrary powersof two andindividual sub-cubesre mappedo a single processing
element.Furthermoreno globaltranslatiortablesarerequired.

Boththe Tera[1] andthe Cray T3E [4] supportsimpleatomicread-modify-writememoryoperationssuchasadding
anintegerto the contentsof amemorylocation. Theseoperationsareusefulfor synchronizatiorandareinexpensve
to implementin hardware.

Approach: The Aries architecturecurrentlyunderdevelopment,s a sharedmemorymultiprocessowith a number
of hardwaremechanismsvhich directlyimplementhememorymodel. Thearchitecturaisesl29bit guardedointers
which are broken down into 1 tag bit to distinguishpointersfrom data, 64 bits of virtual addressand 64 bits of

sggmentinformation(e.g. permissiorbits, sggmentsize,etc). Our guardedoointerformatsupportgointerarithmetic,
nearly-tightobjectboundglessthan6% internalfragmentation)sub-sgmentationtyping, andexactarraybounds.

Virtual to physicaladdresdranslationis performedby the memoryitself ratherthan by the processar Associated
with eachbankof DRAM is a hardwarepagetablewith oneentryperphysicalpage.Thesehardwarepagetablesare
similarin structureandfunctionto the TLB’s of corventionalprocessorsThey differ in thatthey arepersisten{since



thereis asinglesharedvirtual addresspaceandcompletethey do not suffer from pollution or cold-starts They are
alsoslightly simplerfrom a hardware perspectie dueto the factthata givenentrywill alwaystranslateto the same
physicalpage.

To translatevirtual addresset physicalnodestheAries architecturaisesnultistriped addressing. Thetopfive bits
of thevirtual addres$ndex thenodelD N within theaddresstself (Figurel). Thisallows datain a contiguousvirtual
addresspaceo be stripedacrossnodeswith ary power-of-two granularityrangingfrom onebyte to two gigabytes.
Multistriped addressings a simplificationof the Cray T3E addressentrifuge[4]: neithersoftware cooperatiomor
externalmasksarerequired.

With the ability to placelogic and memoryon the samedie, thereis a strongtemptationto engineer‘intelligent”
memoryby addingsomeamountof processingpower. However, in systemawith tight processor/memorintegration
thereis alreadya reasonablyowerful processonext to the memory;addingan additionalprocessomwould do little
morethanwastesilicon and confusethe compiler The processingerformedby memoryin the Aries architecture
is therefordimited to simplesingle-g/cle atomicmemoryoperationsuchasaddition,maximum,andbooleanogic.
Theseoperationsaresimilarto thoseof the TeraandCray T3E memorysystemg1, 4].

Impact: The memorymodelandits implementatiorhave a directimpacton systemperformanceprogrammability
andscalability Guardedbointersprovide aflexible securitymodelandguarante¢he safetyof asharedvirtual address
space. A singlevirtual addressspacereduceshe amountof stateassociatedvith a threadof execution,resulting
in more efficient multithreading. Implementingvirtual memoryat the memoryratherthanat the processarusinga
combinationof hardware pagetablesand multistripedaddressingpbviatesthe needfor global translationtablesor
TLB’s andthereforeimprovessystemscalability Atomic memoryoperationsaugmentxisting datapathsvith small
amountf logic to provide anefficient setof synchronizatiomprimitives.

Future Work: It remaingo properlyevaluatethedescribechardwaremechanismsincorporatingheminto the Aries
architecturewill allow usto quantify their costsandbenefitsin the contect of a massiely parallelsharedmemory
machine.
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Figure 1. MultistripedaddressingThestripinggranularity(S) specifiegheloca-
tion of thenodelD (N) within thevirtual address.
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