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Abstract

Theincreasedelative costof accessingnemoryis encouragingrocessodesignerso explore
deeperuniprocessospeculation(e.g.,with branchand value prediction)and considermulti-
processospeculatior(e.g.,on coherencenessagéypesandvalues) While somemechanisms
have beenproposedto supportdeep speculationusing speculatre multithreading,current
mechanisms for caentional processors are not as good.

To supportkilo-instructionspeculatiorwith corventionalprocessorshis papermroposedviul-
tiversion Memory (MVM), a processor/memornpterfacethatallows processorto createmulti-
ple versionsof memoryand recover to previous versionswhen necessaryin this paper we
developanefficientimplementatiorof MVM thatusesalevel onecacheto keeprecentspecu-
lative blocks(lik e afuturefile for memory),usesversionbuffersto keepold versionsof blocks
for which speculations pending(like a memoryhistorybuffer), andleavesthelevel two cache
(and bgond) unchanged (li&ka memory architectural file).

Concurrentlyrequirementdor highly-availablecomputersandmanufcturingtrendsto deep-
sub-microndesignencouragdgechniquedo masktransientfaults (e.g., with error correcting
codesandexecutionretry). Most currentdesignsconsiderspeculatiorandfault toleranceinde-
pendently Neverthelessa secondresult of this paperis that MVM can provide supportfor
both needs, perhaps making the use of hareiult-tolerance more widespread.

Simple costmodelswith parameterdrom commercialworkloadsshowv that our implementa-

tion of MVM allows kilo-instruction speculationand fault tolerancethat can recover faster

(e.g.,lessthan273vs. 362 cycles),usesrecovery storagethatis smaller(e.g.,5,356bytesvs.

10,000 bytes), and haster common-caseverhead than other recently proposed schemes.
1 Introduction
Speculatre executionis an importanttechniquefor improving computersystemperformanceThis tech-
niguebeginswith a prediction of whatwork is likely to be neededsoon.Thenthework is performedspecu-
latively sothatit canbe committed if the predictionis deemedcorrector aborted otherwise Most processors
today for example,performbranchpredictions[35] andthen executeinstructionsspeculatiely following
thosepredictions Furthermoremary future processorsvill make awider useof prediction,in partto toler-
atethe increasedelative time to accessmemory(i.e., the memory wall [32]). Thesespeculationsnay be
basedn predictingvalues[21], variousaspect®f multiprocessocoherencenessageypesor values(8, 18,
24], or new ideasnot yet invented.Datavalue predictionis an exampleof a speculatiortechniquewith a
large potentialfor performancegain, sinceit canhidethelong lateng of accessingnemory assuminghe
systemcan provide efficient mechanismgor speculatre execution.As the opportunitycostof waiting for

data to arsie or a condition to resahincreases, the potential benefits of spesdatiecution increase.



Along with goodpredictorsthetwin challenge®f implementingspeculatre executionare(i) keepingover-
headlow in the (hopefully) commoncasewhenspeculationg€ommit(i.e., the predictionis verifiedto have
beencorrect),and(ii) minimizing the delay causedvhena speculatioraborts(i.e., the predictionis deter-
minedto have beenincorrect). Thesecostsdependon whetheronerecoversfrom abortsby restoringto a
chedkpoint of pertinentstatemadeat or beforethe time of the prediction,squashingentatively-performed
speculatre operationsysinga log to rollback speculately overwrittenstate or somecombinationof these
mechanismsThe MIPS R10000[42], for example,checkpointgegistermapsandonly tentatvely performs

memory stores.

Oneapproacho deepspeculations speculativenultithreading[4, 12,15, 25, 37, 38]. With speculatie mul-

tithreading,contiguoussequencefrom the dynamicinstructionstreamof a programs execution—called
speculativethreads—aredistributed (often with compilersupport)to processingelementswithin a proces-
sor. Speculatie multithreading however, is only oneapproacho deepspeculationin this paperwe focus
on supportingdeepspeculationtechniqueshat do not rely on speculatre multithreading,such as those
baseduponvalueprediction[21] andmultiprocessocoherencg8, 18, 24]. A specificexampleis falseshar-

ing speculation, where a processor speaubtiuses data in its cache that another procesgalidated.

The challengeof supportingdeepspeculatie executiongrows rapidly with (a) the lateny betweenwhena
predictionis madeandwhenit is verifiedand(b) whethemultiple predictionsarein simultaneousise.The
R10000mechanismdor example,dependon structureghatmustbe associatiely searchec&ndupdatecon
mary processocycles.Sincethesizeof thesestructuress proportionalto thenumberof active instructions,
it is not viable to extendthemto supporta multiprocessopredictionthat cannotbe verified for 250 cycles
(say1000instructionopportunities) SchemesuchasRangnatharet al' s Speculatie Retiremen{29] and
Gniadyetal's SC++[14] seekto extendthe depthof speculatiorbeyond that of the R10000to narrav the
performanceyapbetweersequentiatonsisteng andwealer memorymodels but theseschemesrestill not

efficient for kilo-instruction speculation. This and other relatedkis discussed more fully in Secti@n

To efficiently supportkilo-instructionspeculationthis paperproposesa processor/memorinterfacecalled
multiveision memory(MVM)! and develops one implementationof this interface. Multiversion memory
allows a processoto createmultiple versionsof memory commitversionsthat are no longerneededand
recoverto previousversionsf necessaryWhile MVM providesthe cleanabstractiorshavn in Figurel (for

simplicity, we shav a uniprocessor system), the challenge lies infitsierit implementation.

In this paperwe developoneefiicientimplementatiorof multiversionmemorythatwe call MVM 1. MVM 1
workswith a standardspeculate, out-of-ordemprocessocorethatis augmentedo occasionallycheckpoint
its non-memorstate(e.g.,programcounterandregisters)andto tagloadsandstoreswith aversionnumber

MVM 1 is not tied to speculatie multithreading.MVM 1 consistsof an augmentedevel-one(L1) cache

1. Multiversion memory gets its name from the superficially similar soéwechnique of using multiplessions for
database concurrencontrol [26].
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FIGURE 1. Abstraction of the Uniprocessor MVM Processor/Memory Interface

with a specialwrite-backbuffer calledthe version buffer (VB). L1 andVB blocksarealsotaggedwith ver-
sion numbers.The rest of the memory hierarcly is standardlevel-two (L2) cache,optional L3 or more
cachescoherencerotocol,interconnectandmemory On a prediction,a processodeclaresa new version
andcheckpointdts non-memorystate. Thereafterthe processorcore canproceedrapidly, without concern
for speculationjncluding loadingfrom andstoringto the memoryhierarcly. A storethatis aboutto over-
write anL1 cacheblock taggedwith a previousversionnumberfirst triggersa writebackof the old version
totheVB. A VB entryis notwrittento theL2 cacheuntil its versioncommits.A processowith MVM 1 can
supportkilo-instruction speculationwith multiple simultaneousrersions(e.g., 8-16). Versionscommitin

constantime andabortin constantime plustheimplicit costof someadditionalL1 missesSections3 and

4 present MVM. design issues without and with coherence, resfdyti

Astutereadersnay noticesomeconceptuasimilaritiesbetweerthe MVM interfaceandthetechniqueghat
supportbackward error recovery for hardware fault tolerance Badkward error recovery (BER)techniques
periodically checkpointthe stateof the systemand, if a fault is detected recover the systemto a saved
checkpointfrom beforethe occurrenceof the fault [10, 28]. Traditional BER techniquegsendto be more
heary-weightthanthe MVM 1 implementatiorpresentedere(e.g.,by requiringcheckpointgo be flushed
to memoryor disk), andtheseoverheadshave limited their usebeyond highly-reliable systems Section5

discusses modest MVMchanges to enable thaified supporbf deep speculation andult tolerance.

Finally, Section6 providessimple costmodelswith parameterdrom commercialworkloadsthat compare
medanismsfor kilo-instruction speculationwithout restricting speculationpolicy or fault model. Results
shav thatMVM 1 recoversfrom kilo-instructionspeculatiorin under273cycles,whichis fasterthaneither
Speculatre Retiremen{29] (362 cycles)or SC++[14] (500cycles).MVM 1 alsousedessrecovery storage
(MVM 1: 5,356 bytes, SR: 10,000 bytes, SC++: 12,000 bytes), and ittrasdommon-caseverhead.

2 Related Work

The presenteffort to supportdeeprecovery for speculationor fault tolerancebuilds on several existing
threadsof work. The primary relatedthreadis the effort to extend the speculationcapabilitiesof corven-
tional (i.e., notspeculatrely multithreadedput-of-orderspeculatie processordjk e the MIPS R10000[42],

so asto narrav the performancegap betweensystemshat supportsequentiatonsisteng (SC) andthose



TABLE 1. Related Work in Speculation Support

Technique Speculation Limit Comment

MIPS R100005 Speculatve Instructionwindow oraddresgjueue  Limited to 10-100 entries to per-

Out-of-Order [42] size mit associatie searches on man
processorycles

Ranganathan et als Store luffer and history bffer Limited to 10-100 entries to per-

Speculative Retirement R9] mit associatie searches on man
processorycles

Gniady et al's Recovery cost is linear in the num- Non-perfect speculation is not

SC++ [14] ber of speculate instructions viable when receery cost gets
too high.

MVM 1 Implementation Recwery cost irolves “misses” to  Non-perfect speculation is not

(this paper) cache blocks speculegily stored viable if recavery cost is too high.

thatsupportwealer memoryconsisteng models Recallthatthe R10000implementsSCwhile still allowing
mary operationgo speculatrely proceedut of programorder Speculatiordepthis limited to the minimum
of 32 instructions(due to the instructionwindow) or 16 memoryoperations(due to the addresgjueue).
While thesestructureswill likely increaseneitherstructurecanincreasedramatically sinceboth mustbe
associatiely searchednd updatedon mary processocycles.Rangnatharet al’s Speculatie Retirement
schemd29] relievespressuren theinstructionwindow by allowing instructionso speculatrely retirefrom
the instructionwindow into a new history buffer that maintainsenoughstateto permitinstructionsto be
unrolledon a coherenceiolation. Speculatiordepthin this schemds primarily limited by storebuffer and
historybuffer size.Lik e theinstructionwindow, the historybuffer cannotbetoo large sinceit is alsoassocia-
tively searchedo detectcoherenceiolations.Gniadyetal.!s SC++schemg14] permitsevendeepeispecu-
lation by (a) letting speculatie storescompleteinto the level-one cache,(b) maintaininga large non-
associatie history buffer of all instructions,and (c) detectingcoherenceviolations that trigger rollbacks
with a new associatie block lookup table that flags blocks accessedby ary load or storein the history
buffer. The depthof speculationis primarily limited by the costof recovery, andthis costis linearin the

number of speculate instructions.

MVM 1 differsfrom this threadof relatedwork by supportingeven deepeispeculatiorwith the help of sev-
eralfeaturesFirst, MVM 1 addsno associatie structureghat mustbe manipulatedeachcycle, sincemost
MVM 1 logic is behindthe L1 cache SecondMVM 1 structuresizesarenot linearwith speculatiordepth,
since processorstateis recoveredvia checkpointingratherthan by rolling back a history buffer. Third,
recovery costis muchlessthanlinearin speculatiordepth,becausé is proportionalto theblocksstoredper

version. Bblel compares MVM with the R10000, Speculaé Retirement, and SC++.

A secondelative threadof relatedwork is the effort to supporta particulartype of speculationspeculative
multithreading, andnot speculatiorin general4, 12, 15, 25, 37, 38]. With speculatre multithreadingcon-

tiguous sequencedrom the dynamic instruction streamof a program$ execution—calledspeculative



threads—aredistributed(oftenwith compilersupport}to processingelementgPEs)within aprocesso? For
example,a compilercouldindicatethatloop iteration1 shouldgo to onePE, loop iteration2 to the second
PE,etc.Speculatie threadsxecutein parallelif theinstructionsareactuallyindependentandsomemecha-
nismis neededo detectandenforcethe appearancef sequentiathreadexecutionwhenthe threadsarenot
independentThe first proposedmechanisnis Multiscalars AddressResolutionBuffer (ARB) [37]. The
ARB usesa centralizedimplementatiorthat puts significantassociatie logic on the critical path of even
loadandstorehits. DMT alsousesa centralizedsolutionthatdepend®n having enoughassociatie loadand
storebuffersfor all speculatre threadq4]. Subsequendesignd12, 15, 25, 38] useda fastcachewith each
sub-processobacled by logic similar to snoopingcoherencdo detectand enforcedependence%.‘l’hese
cachesnaybecalledlevel-zero cacheshecausé¢hey missmoreoftenthana standardevel-onecachedueto
(a) datasharingamongsub-processor@.g.,a datumwritten by onesub-processandreadby the next) and

(b) data replication consuming sub-processor cache capacity (e.g., a datum reedabpgle-processors).

Multiversion Memory differs from this threadof relatedwork primarily becauseMVM looks to support
deepspeculatiorandfaulttolerancefor processorandmultiprocessorsatherthanspeculatre multithread-
ing, in particular FurthermoreMVM 1 avoids eitheraddingassociatie searche$o load andstorehits (like
the ARB and DMT) or increasingthe primary cachemissrate (like the other schemes)MVM, however,

doesnot currentlysupportspeculationwhereversionsexecutein parallelin a mannersimilar to how specu-

lative threadsxecute in parallel.

Thereis a vastamountof prior researchin checkpoint/receery schemedor fault tolerance(referto Elno-
hazy et al. [10] for a suney andto Pradhan[28] for additionalbackground).Theseschemedendto be
heary-weight and conserative, in thatthey seekto toleratea wider rangeof faultsandthey arelesscon-
cernedwith performanceahanreliability. Someschemesesembleour MVM 1 implementatiorin thatthey
usethe cachego hold uncommittedstateandusethe sharedmemoryto hold architecturaktate[16, 41]. In
particular Wu etal. [41] labelcacheblockswith checkpoiniDs in amannersimilarto MVM 1 versiontags.
MVM 1 doesnot presenta novel or superiorfault tolerancemechanismrather it achieressomefault toler-

ance at a b cost by unifying it with the issue of deep multiprocessor speculation.

3 A Non-Coherent Uniprocessor Multiversion Memory

This sectionpresentgshe MVM 1 implementationof the multiversionmemoryinterface,in the context of
speculationfor a uniprocessowithout coherencassues.This simplifies presentatiorby deferringcoher-
enceissueauntil Sectiond andfaulttoleranceissuesuntil Section5. This non-coherendlesignis only inter-

esting as a stepping stone to the design of Seéfibacauseven most uniprocessorsygacoherent DMA.

2. DMT differs in that it places threads on a processor that supports simultaneous multithreading (SMT).

3. Oneof thesedesignd12] is coincidentallynamedmultiversioncaching but the versioningis designedo supportthe
Multiscalar paradigm and not speculation, in general.



3.1 BigPicture

The purposeof uniprocessoMVM 1 is to allow processospeculationshatdo notresole for 1000instruc-
tions,whichis muchlargerthanaviableinstructionwindow, andto allow severalconcurrenpredictionsand
speculationge.g.,8-16). The processomay speculatdor ary reasonAn exampleuniprocessospeculation

that does not resadvfor 100s of ygcles is a glue prediction on a datum in main memory.
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FIGURE 2. Uniprocessor MVM1 System

Figure? illustratesa systemwith uniprocessoMVM 1. The processomaintainsa currentversion number
(CVN)to tagloadsandstoresalastcommittedsersionnumber(LCVN), andregisterchedpointsfor uncom-
mitted versions Registercheckpointdncludearchitecturahon-memorystate,suchastheregisters,proces-
sor status,andPC. Blocksin the L1 cacheandVB maintaina write version number(WVN).The L2 cache

and bgond are standard. The design will maintain the ¥alg invariants:

* UniprocessorcorrectnessA storewill alwayswrite its valueinto thecurrentversionof ablock contain-

ing its address, while a load willvedys return thealue from the most recenéssion of its block.

* L1 asmemoryfuture file:* Eachvalid block in the L1 cacheis the mostrecentlywritten versionof the

block.

4. Thetermsfuture file, historybuffer, andarchitectural file wereusedby SmithandPleszkur[36] whendiscussingeg-
isters.A futurefile containghe mostrecentlyupdatedspeculatre) state a history buffer containsold valuesclobbered
by speculatre writes,andthe architecturdile containghe safe(non-speculatie) state MVM 1 usessimilar notions,but
it applies them to memory instead ofjisters.



* VBasmemonyhistorybuffer: TheVB holdsall speculatie blocksthatarenotthe mostrecentlywritten.
¢ L2 and bgond as memory dhitectural file: L2, L3, memoryetc., only hold committed state.

Consideran exampleusing storesto a single two-word block at addressL00. We usebold andshadingto
highlight changesAssumeinitially thatthe processos CVN=2 andthatthelL1,VB, andL2 statefor block
100 are:

Structure Address  WVN Data Comments

L1 100 2 {2,4} block already dirty with respect to L2
VB NONE

L2 100 n/a {0,0}

The processodeclaresa new versionby setting CVN=3 and creating a version 3 register checkpoint.

This action isést because no L1, VB, or L2 changes occur:

Structure Address  WVN Data Comments
L1 100 2 {2,4} no change
VB NONE no change
L2 100 n/a {0,0} no change

The processoperformsa storeof thevalue12 to address.00: ST 12, (100). This actionforcesthe old ver-

sion of block 100 to enter the VRfrom where it can be recalled after a misspeculatioauwt)f

Structure Address  WVN Data Comments

L1 100 3 {12,4} update WVN & word 100
VB 100 2 {2,4} write old version to VB
L2 100 n/a {0,0} no change

Theprocessoperformsa storeof thevalue24to addresd.04: ST 24, (104).Thisactionproceeddik e a store

hit, illustrating hav the L1 coalesces speculatiupdates:

Structure Address  WVN Data Comments

L1 100 3 {12,243 just update word 104
VB 100 2 {2,4} no change

L2 100 n/a {0,0} no change

To commit version2, the processosetsLCVN=2 and discards the version 2 register checkpoint. The

VB block’s WVN is changed fom 2 to null. Commits aredst because no data wement is required:

Structure Address  WVN Data Comments

L1 100 3 {12,24} no change

VB 100 null {2,4} non-speculatve version
L2 100 n/a {0,0} no change




The VB may nav writeback the block to the L2ubthis can occur artime later:

Structure Address  WVN Data Comments

L1 100 3 {12,24} no change

VB NONE committed version gone
L2 100 n/a {2,4} update L2

3.2 MVM1 Specification

This section @amines MVML in more detail.

3.2.1 MVM1 Components

ProcessorMVM 1 usesa standardspeculatie, out-of-order processorcore with two additions.First, the
processomustbeableto checkpointregister” state(e.g.,PCandregisters)whenit declaresanew version®

Secondijt mustmaintainandusetwo versionnumbersThe current version number (CVN) givesthe proces-
sor'scurrentversion,andit is usedto tagstoreso theL1 cacheThelast committed version number (LCVN)

givesthelastversioncommitted(i.e., guaranteedotto have amisspeculation)andit is theversionto which

the processor rewgers after detecting a mis-speculation.

L1 Cache.TheL1 cachesenesasa memoryfuturefile. EachL1 block is taggedwith awrite version num-
ber (WVN). While ablockis notcommittedthe WVN denotegheversionthatwroteit. TheWVN is null for
committedblocks.MVM 1 ensureshateachvalid blockin theL1 caches the mostrecentlywritten version
of the block.

Version Buffer. The VB senesasa memoryhistory buffer. The VB holdsversionsof blocks,with corre-
spondingWVNs, that were forced out of the L1 cachefor one of two reasonsFirst, the L1 copiesdirty
blocksto the VB whenstorescreatenew L1 versions(asin the examplefrom the lastsection).Secondthe
VB senesasa write-backbuffer for normaldirty L1 replacementsAs usual,cleanblocksmay be silently
deleted VB blocksarewritten to the L2 only if they becomecommitted.Thus,the VB containsall uncom-

mitted blocks that are not the most recently written.

L2 Cache.ThelL2 senesasthe memoryarchitecturalfile. It is a standarccachethatholdscommittedstate
andhasno versioninformation.OurimplementatiorassumeshattheL2 cachemaintainsnclusionwith the
L1 cacheby maintaininga bit perL2 block indicatingwhethertheblock maybein theL1 or VB, butinclu-

sion is not necessary for MVM

5. Processor cores may also use oneverganethod for predictions that are rapidly resdl{e.g., branch prediction)
and then use mulersion memory for longeterm speculation in a manner inspired by the hierarchical speculation
approach of Rarapathan et al. [29].



3.2.2 MVM1 Operation
UniprocessoMVM 1 operationproceedsasfollows. The processocreatesersions performsloads,stores,
andreplacementsluring versions,commitsversions andabortsversions.Figure3 illustrateseachof these

operations, and we discuss them kelo

Creating a new version. A processocreatesa new versionby checkpointinghon-memorystateandincre-
menting its CVN®

Execution within a version. During a given version,the processorexecuteswithout regard for MVM 1

except to tag loads and stores with the CVN.

Committing a version. A processocommitsa versionby incrementingts LCVN anddiscardingthe now
unneededrchitecturatheckpointMVVM 1 commitsversioni in theL1 andVB by settingWVN=null for all
blocks that had WVNi

Aborting a version. If a mis-speculatioroccursin versioni, the processowill revertto the checkpointat

the bginning of \ersioni, and MVML1 will invalidate all L1 and VB blocks whose W\

3.3 Implementation | ssues

L1 Cache. TheL1 cachedesignis corventional with threeimportantexceptions:(1) a storehit maytrigger
a writeback of the old block, (2) a commit of versioni must find blocks with WVN=i and then set
WVN=null, and(3) anabortof versioni mustinvalidateblockswith WVN > i. Case(1) canbedetectedy
comparingthe processos CVN andthe storedblock’s WVN in parallelwith a standardag comparisonA
storeto thecachethusreadshe cachetags(but not data)beforewriting it, but thisis alsothe casefor normal

stores, since tlyerequire a tag lookup.

Versioncommitsand abortscan be madeto operateglobally on the L1 cachein constanttime with two
changeskFirst, we storeversionnumbersdecodedas1-hotbit vectors.This representationequiresk bits to
supportk active versionswhich is not a problemfor the smallk we ervision (e.g.,8-16). Secondwe aug-
mentthe L1 cachewith aflashclearon eachversionbit column,similar to the mechanisnusedin caches

that supporflash irvalidation[20].

Version Buffer Design. The VB designis simplerthanthelL1 cachedesign,andit is smaller Laterwe will
shav thatsupportingé4-256entriesis generousGiventhatentriesareonly accessedn L1 missesa fully-

associatie design with a seral-g/cle access time ould be adequate.

OneVB designchallengeis thatthe VB cancontainmultiple versionsof the sameblock. In general this
could complicateblock lookup circuits becausanultiple matchescould occur Oneway to avoid this prob-

lem is to bankthe VB with the invariantthat the blocksin a bankcomefrom the sameversion,and each

6. \ersion number wraparound errors can\iEded by stalling if creating a weversion vwould malke CVN=LCVN.



CREATE VERSION

Checkpoint register state and increment CVN.

LOAD N L1hit Normal hit
T L1 miss . VBHhit Copy block with most
recent WVN to L1
VBMISS _ Normal miss, set L1's
WVN = null
STORE _  Llhit ~CYN=WVN' \ormal hit
Write unmodified block to
dse VB. Set WVN=CVN, and
let store complete.
L1miss . VBhit Copy block with most
recent WVN into L1.
_ Set WVN = CVN, and
VBMISS 1 gore complete.
Norma miss, setL1's
L1 REPLACEMENT WVN =CVN.
clean
O Discard block.
dirty .
Write back to VB.
VB REPLACEMENT
committed _
O Write back to L2,
uncommitted _
Cannot write back to L2.

COMMIT VERSION

ABORT VERSION

Increment LCVN, discard register checkpoint, and
set WVN=null for L1/VB blocks from committed version.

Restore register checkpoint from before aborted version,
and invalidate all L1/VB blocks with WV N==aborted version.

FIGURE 3. MVM1 Operation

bank could indicate its WVN. This helps because each version has at most one copy of a block. A version

with alarge number of blocks would span multiple banks.

An L1 miss in this design, for example, would query all banks for a block and then either select the most

recent version with a priority encoder or declare aVVB miss. A new bank would be alocated (if available or

10



stall otherwise)for a new versionor whena versionfills abank.The bank(s)for a committedversioncould

be written to the L2 cache.

On balancethis VB designhassomecompleity, but the designis notlarge (e.g.,16 16-blockbanks)andit

can operate in afiecycles since it is behind the L1 cache.

Version Creation Policy. A naive versioncreationpolicy is to createa new versionon eachspeculation.
This policy could exhaustMVM 1 resourcedy creatingtoo mary versionsduring a burst of speculations,
thuslimiting the effectivenesof coalescingstoresfrom the sameversionin the L1 cacheandVB. A better
policy might be to createa new versionon a speculationonly if no versionhasbeencreatedin the lasti

instructions. Future ark will determine hw to seti or whether other policies are better

4 Coherent Multipr ocessor Multiversion Memory

This sectionaugmentghe non-coherenuniprocessoMVM 1 of the previous sectionsothatit canoperate
with coherenceand flourish in a cache-coherensharedmemory multiprocessarWe assumea standard
cache-coherennultiprocessomwhereeachprocessoiis augmentedvith MVM 1. This new designis also

appropriate in a uniprocessor that supports coherent DMA.

Therearetwo primary differencedetweerthe MVM 1 of a non-coherentiniprocessoandthatof a coher-
ent multiprocessarFirst, multiprocessoMVM 1 mustdealwith externalcoherenceequestsTo do this, it
mustbeableto searchthe L1 andVB for the mostrecentlycommittedversionof a block andit mustsome-
timestriggerversionaborts.SecondmultiprocessoMVM 1 cansupportadditional“multiprocessor’meth-
odsof speculationThesetechniquesncludespeculatingon valuescachedat otherprocessorspn valuesleft
in local cacheblocks,and on lock acquisitionsor critical sections.In additionto uniprocessoinvariants,

multiprocessor MVM. implements a memory consistgroodel, such asequential consistency.

4.1 Multipr ocessor MVML Specification

MVM 1 COMPONENTS. MultiprocessoMVM 1 componentsarethe sameasfor uniprocessoMVM 1,
exceptthateachL1 andVB blockincludesaread version set (RVS) in additionto the WVN. TheRVS of a
block indicateswhich uncommittedversionshave read(this versionof) the block. Sincean externalcoher-
encerequesfor a possiblyspeculatie block cancauseanabort,aswe will seelater, maintainingthe RVSs

allows MVML1 to selectiely abort speculation orxternal requests rather than blindly aborting.

MVM 1 OPERATION. MultiprocessotMVM 1 operationis the sameasfor uniprocessoMVM 1, with the

addition of maintaining the\RSs and handlingxternal coherence requests.

Maintaining RVSs. The RVS is maintainedwith the following actions.A load during CVN=i addsi to a
block’s RVS. TheRVS is copiedwith ablockif theblockmovesbetweertheL1 andVB. TheRVS s initial-
izedto null whena new write-versionof ablockis createdbr whentheblockis loadedfrom theL2. Finally,
i isremovedfrom all RVSswhenversioni commits.An uncommitteccleanblock, whichwasnotpossiblein

uniprocessor MVM, must be written back from the L1 to the VB.

11



Handling external coherence requests. Externalcoherenceequestsausethe following standard actions

in an MSI protocol (eclusive M odified, read-onhBhared, ancllnvalid):7
* M-->|: another processor seeks an My;@® send the block to the other processor aralidate,

* M-->S: anothemprocessoseeksan S copy, so sendthe block to the otherprocessoand memoryand

downgrade to S, or
* S-->|: another processor seeks an Myclipm another source, sovalidate the block.

Most externalcoherenceequestwill be handledin the standardvay by the L2 cachebecausehe block’s
inclusionbit is not set. The remainingrequestsearchthe L1 andVB two ways.First, they searchfor ver-

sions of the block written in a committedrgion:

¢ If found,MVM 1 appliesthe standardactionsby obtainingdatafrom the most-recentl}committedver-

sion and dengrading the state of all committedrgions.
* If not found, the L2 cache performs the standard actions.

Secondgxternalcoherenceequestsearchfor versionsof the block thathave beenread or written in still

speculatie \ersions:
* If found, all speculatie versions are abortel.
¢ If not found, no action.

TheRVS allows MVM 1 to know whena block beinginvalidatedby anexternalcoherenceequeshasbeen
readby a speculatre version.MVM 1 musttriggerarecovery in this caseto supportmostmemoryconsis-
tengy models[13]. If RVSswerenotmaintainedmultiprocessoMVM 1 would have to triggerrecoverieson

all external irvalidates, resulting in serious performance loss.

Implementatiorof new VB mechanismdollows from uniprocessoMVM 1 implementatiorissuesMain-
taining RVSs, for example,is similar to maintainingthe unary encodedWVNs. Also, finding the most

recently committedersion in the VB is similar to finding the most recesrtsion in the VB.

4.2 High-Level Issues
Multiprocessor Correctness. To arguethat multiprocessoMVM 1 is correct,we arguethatit canbe used
to implementsequential consistency (SC) [19]. It thenfollows thatit canbe usedto implementmorerelaxed

models, since SC is a correct implementation of moreedlenodels.

SCrequiresthata multiprocessoappearso the programmeimsif the memoryreference®f eachprocessor
(in programorder)areinterleavedto form atotal order We sometimeshink of processomemoryreferences

enteringthe total orderoneat a time asthey commit. With multiprocessoMVM 1, all processomemory

7. All MOESI states can be handled at a cost of enumerating more cases.
8. A more sophisticated implementation could vecdo the speculatt version that first accessed the block.
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referencesfrom a version enter the total order atomically as the version commits. Nevertheless this

“coarser” interleging is a \alid interleaing for SC.

Furthermorethevaluesobtainedby coherenceequestarecorrect,becauseoherenceequestonly obtain
the mostrecentlycommittedvalues,asthey would in a standardsystemwith coherenceanda processor
never commitsinstructionsthat readspeculatie valuesthat are later invalidatedby an external coherence

request, because the coherence requasidvirigger a recery.

Livelock. An externalcoherenceequestthat seeksto obtaina block that hasbeenspeculatiely readwill

invalidatethe block andtrigger a recovery. The processowill thenoftenissuea coherenceequestor the
block. If the block is thenin speculatie useat anotherprocessarthis will causean invalidate,trigger a
recovery, and may causethe patternto repeatand createa livelock. It would appearthatthe systemcould
avoid livelock by not handlingthe coherencerequestuntil the block was non-speculatie. Applying this

solution in general, lweever, can lead to deadlock.

Thereare simple solutionsthat risk livelock, detectwhen the processolis not making forward progress
(becausset is re-executingthe sameinstruction),andcompletethatinstruction.Oneway is to executenon-
speculatiely after livelock detection.Another possibility is to createa one-instructionversionand defer
coherenceequestantil the versioncommits.Deadlockwill notoccurbecauséhereis no “crosscoupling”

of dependences. 8\are inestigating if livelock occurs often enough t@awant a more cler solution.

5 Unifying the Support for Speculation and Har dware Fault Tolerance
Seeminglyunrelatedto speculationis hardware fault tolerance Hardware fault tolerancetechniquesom-
monly useeitherforward error recovery (FER) or backward error recovery (BER) [28]. FERtechniquegol-
erateafaultwhile continuingto executeforward (e.g.,usingerror-correcting codes (ECC) or triple modular
redundancy (TMR)). Austin’s DIVA designis arecentexampleof FER[5]. BER techniquesestorethe pre-
fault stateand re-try, similar to mechanismdor handling mis-speculationMethodsfor restoring state
includecheckpointingandrolling backwith logs.Implementatiorcompleity depend®n the classof faults
to betoleratedandthelateng from fault occurrenceo detection.To date,however, powerful faulttolerance

techniques hae been deplged mostly in systems willing to trade performance for reliability [7, 17, 34].

Computercustomerssuchasprovidersof Internetservicesarebecomingincreasinglyinterestedn obtain-
ing morerobust systemsprovidedthatthey do not costmuchmorethantraditionalhigh-performanceys-
tems.Fortunately MVM—initially includedto supportdeepspeculation—camlsobe usedto provide this
robustnessusing BER to improve hardware fault tolerance.Furthermore the modestcost of extending
MVM 1 for BER canmale it attractve for traditionalcomputersystemshat have esch&ed heary-weight

fault-tolerance mechanisms. The rest of this section discusseskes.

9. Assumefor example thatprocessof needslock B beforeit cancommitblock A, while processoR needslock A
before it can commit block B.
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Fault M odel. Designingfault tolerancebeginswith a clearfault model thatstateswvhich faultswill betoler-
atedandwhich arebeyond the scopeof proposednechanismsMVM 1 designsof Sections3 and4 canbe
madeto toleratefaultswithin a single processarprovided the faultscanbe detectedeasonablysoonafter
they occurusingreasonabladditionalhardwareandthatthey disappeaon re-execution(i.e., aretransient).
Examplesof faultsthatcanbe toleratedincludeincorrectoperationof processodatapathfunctionalunits,
andcontrollogic. Not included(atthis time) arefaultsin architecturaktate(e.g.,registers,cache andmem-
ory) or faultsin interactionsbetweenprocessorge.g.,memoryinterconnect) Faultsin architecturalstate

may be addressed with error correcting codes, while the end of this segliore® interprocessor issues.

Fault Detection Mechanisms. Faults of interestmustbe detectedwith reasonabldateng (e.g.,lessthan
100 cycles). Recentmechanismaiseful for our fault modelsuseredundantSMT threads[30, 31]. Other

mechanisms include duplication and comparison [17,33] or diagnostic and coding techniques [27].

Version Creation Policy. To supportspeculatioronly, we assumedh new versionwould be createdon a
speculatioronly if noversionhasbeencreatedn thelasti instructionsfor somei to bedeterminedTo also
supportfaulttolerancewe mustretainat leastoneversionfrom morethanc cyclesago,wherec is the max-
imum lateny betweenwhena fault occursandwhenit is detectecandinvokesarecovery. If speculatioris
frequent,no versionsneedto be createdespeciallyfor fault-tolerancelf speculations rare,creatingver-

sions with ag period greater thanensures that only threenrsions are needed to suppaulf tolerance.

Output Commit Problem. Anotherissuethat arisesin fault toleranceis that we cannotallow operations
from uncommittedversionsto interactwith the outsideworld—disks,networks, and other /O devices—
sincewe might wantto recover. Thisis the output commit problemthat exists for backward errorrecovery

schemesin general11, 23]. We proposeo handlethisissuewith the standardsolutionof keepinguncache-
ableoperationsatprocessonodesuntil theirversionscommit. This solutionwill work well for emeging /O

approachessuchasVIA [9] andInfiniBand[1], thatfirst setup I/O descriptorsn memoryandthentrigger
I/0 with a singleuncacheddoorbell” It could be slow, however, for corventionall/O interfaces although

the latenyg of I/O operations is ligly to dominate thisverhead.

Future Extensions to Global Recovery. MultiprocessorMVM enablesmultiprocessospeculationput it
only handleghe samefaultsasuniprocessoMVM, namely faultswithin the processothatcanbetolerated
with arecovery of a single processarUltimately, we would like to supporta more generalmultiprocessor
faultmodelthat,for example,enablecarecovery from transientinterconnectiometwork errors,suchascor-
ruptedmessagedost messagedueto buffer overflovs, andtemporarylossesof synchronizatiorbetweera

sender and reoesr.

We areinvestigatinghow to supportglobalrecovery by having processorsreateversionsatthe sameogical
times.Coordinatingcheckpointsavoids the problemof cascading rollbacks whereinconsistentheckpoints

canforcerollbacksarbitrarily far back[28]. Usinglogical ratherthanphysicaltime for coordinateccheck-
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points mitigatesthe delay for creatingcheckpoints.In an SMP, for example,the numberof coherence

requests processed is a viable source of logical time.

6 Performance Ewaluation
MVM 1 wasdesignedo supporta wide variety of speculatiorandfault models.As such,the evaluationof
MVM 1 will focuson the efficiency of its medanismsrather than on its performancefor any particular

speculation policies or fault models

6.1 Methodology and Benchmarks

We develop simplecostmodelswith input parametersbtainedusingthe Simicsfull systemsimulator[22]
to simulatethe SFARC v9 architectureunning Solaris7. We simulatea 16 processosystem but we focus
on uniprocessoissuesThe L1 cacheis 64 kB and2-way set-associate. We evaluatedMVM 1 with three

commercial applications and one scientific application.

¢ Databasedecisionsupport system(DSS): We selecteda representatie queryfrom the TPC-Hbench-
mark [39], a recentsuccessoto TPC-D,andwe executedit on a 100 MB databaseising|IBM’s DB2.

v6.1 database management system.

* Web Server: We usedthe Apachel.3.9websener [2] drivenby SURGE,the ScalableURL Request

Generator [6].
* Web search engine:We usedanevaluationcopy of the AltavistaSearchEngineV2.3A for Solaris[3].

¢ Scientificapplication: We selectedarnesfrom the SPLASH-2suite[40], usingthe 1K bodyinputset.

6.2 Results

In this sectionwe compareherecovery latenciesstoragecostsandcommoncaseoverheacbf MVM 1 ver-
susprevious schemedgor generakpeculatior(but not speculatie multithreading,n particular).We develop
costmodels,andthe inputsto thesecostmodelsarederived from programprofiling datathatwasgathered
while runningthebenchmarksTable2 providestheprofiling data.For eachbenchmarkandfor variousver-

sion lengths, it lists the mean number of stores and the mean number of distinct blocks writesiqrer v

TABLE 2. Program Profile Data

version length TPC-H, query 11 | Apache/SURGE Altavista Barnes
store store store store
(ininstructions) | stores blocks | stores blocks | stores blocks | stores blocks
50 5.2 2.6 6.3 3.0 6.1 2.3 51 2.5
100 9.4 4.1 12.0 4.9 11.7 34 9.9 4.0
150 13.6 55 17.7 6.8 17.3 4.2 14.6 5.0
1000 76.2 229 115.4 30.0 1121 13.2 95.7 8.1
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6.2.1 Recovery Latencies
We now comparethe recovery latenciesfor speculatiorthat takes 1000instructionsto resohe. We assume
thatthe MVM 1 systemuses10 versionsof 100 instructionseach.We alsoassumehat datablocksare 64

bytes and that addresses are 4 bytes (32'8its).

Speculative Retirement. Randganatharet al’s Speculatie Retirementscheme[29] recovers from a mis-
speculationby rolling back the register writes for eachinstructionthat wrote to a register and was then

logged in the historyudfer. The rollback latencis equal to:
mean number of instructions that writeegister per 1001 latency to ollback history uffer entry

Thefirst termis on the orderof the numberof instructions but, mostsignificantly it doesnotincludestore
or branchinstructions Subtractingout the meannumberof storesin theworst-casdenchmark76 for TPC-
H, asshowvn in Table2) andassuminghatbranchesare20% of all instructionswe getatotal of 1000- (76
+ 200) = 724 instructionsin the history buffer. Assumingwe canrestore2 history buffer entriesper cycle,

the rollback latengis 362 gcles.

SC++. Gniadyet al!s SC++schemg14] recorersby rolling backthe effectsof every speculatie instruc-

tion. The rollback latencis equal to:
1000 instructions] latency to ollback history queue entry

The maximumlateng to rollback a history queueentry is equalto the lateng to write a storeinto the L1

cache. Assuming we can rollback 2 instructions pele¢ we hae a lateng of 500 gcles.

MVM1. MVM 1 recoversby restoringto the checkpointstatethat precedeshe mis-speculatedéhstruction
andreplayingary unnecessarilyindoneinstructions.Therecovery lateny of MVM 1 consistsof threefac-
tors.Firstis the costof recoreringtheregisterstateandinvalidatingthe speculatre blocksfrom the L1 and
the VB. Seconds thetime to replaythelost non-speculatie work thatwasdonebetweenwhenthe check-
point wastaken andwhenthe abortoccurred.The third factoris the implicit costof MVM 1 replaythatis
dueto the L1 cachemissesthatwill occurfor accesse$o blocksthat weresqueezeaut of the L1 cache

when thg were clobbered by (useless) specuéastores.

Assumingnaiely thatthe abortedprocessowill stall until it hasre-issuedandcompletecthe samestream

of loads and stores that were aborted, thevexgacost is conseatively equal to:

register recovery and inalidate latency +
time to eplay lost non-speculative work done betwededgoint and abort +

(mean number of sterblodks per 1000 instructions latency to efill store blok)

Theregisterrecovery andinvalidatelateng is short,say8 cycles,sincethe registerrecovery is determined

by the numberof registers(32) divided by the numberof registerfile write ports(assumet), andtheinvali-

10. We assume 32-bit addresses since we simulate a 32-bit magchtitiegrie is no restriction agst 64-bit addresses.
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datecanbeimplementedasa flashinvalidation. Thetime to replaylost non-speculatie work is, on average,
on the orderof half the numberof instructionsin the version.At 2 instructionsper cycle, this comesto 25
cycles,but this is pessimistidfor policieswe would expectto usein practice.Policieswould likely trigger
versionsupon speculatiorratherthan at fixed intervals, as assumecdere,making this cost neggligible. For
Apache/SURGEthe meannumberof storeblocksper 1000is only 30. We assumehe lateng to refill a
storeblock is roughly equalto anL2 hit (althoughit could be afasterVB hit), andwe choosea valueof 8
cycles.Thus,we appeato have a latengy of 8 + 25 + 240= 273 cycles.However, the actuallateng is con-
siderablylessthanthat, sincethe processocaneasilypipelinethe VB accesseandpotentiallyoverlapuse-
ful work. Moreover, a possibleoptimizationfor hiding refill lateny would be to prefetchabortedstore

blocks from the oldestersion that \as aborted.

Summary. The recovery latenciesof Speculatrte Retirementand SC++ are 362 and 500 instructions,
respectiely. Therecovery lateng for MVM 1 is 33 requiredcyclesplus 240 potentiallyoverlappedcycles.
MVM 1's low penaltyfor recorery canbe viewed as either permitting higher mis-speculatiorratesfor the
sameperformancethusenablingmore aggressie speculatiortechniqueser providing betterperformance

for a gven mis-speculation rate.

6.2.2 Storage Structure Costs

We now comparethe storagestructurecostsfor speculatiorthattakes1000cyclesto resole, andwe make
the sameassumptiongsin Section6.2.1.We first presenthe cost,in bytes,of eachschemeThenwe dis-
cusstherelative costsperbyte, becausewhile storagecostis partly a function of the sheemumberof bytes
neededo buffer speculatie state storagecostalsodepend®on the compleity of the hardwarenecessaryo

search the wiffer.

Speculative Retirement. An entryis loggedin the historybuffer for every speculatie instructionthatwrites

to a reister Storage cost is equal to:
maximum number of instructions that could write a register per 1000 O size of entry in history buffer

Thefirst termis equalto 1000instructions gventhoughthemeannumberof instructionghatwrite aregister
is lessthanall 1000.Thesizeof a historybuffer entryis equalto the sumof the sizesof theprogramcounter
(4 bytes),the previous value of the register (4 bytes),andtheregistermapinformation(2 bytes).Thus,this
scheme has a storage cost of 10000 bytes = 10,000 bytes.

Beyondthe sheemumberof storagebytesrequired,storagefor Speculatie Retirements costly becauset
requireghatthe entirehistorybuffer be contentaddressabléBuilding increasinglylarge contentaddressable

memories (CAMSs) isxpensie and increases the time to access the CAMs.

SC++. An entryis loggedin the speculatie history queuefor every speculatre instruction. The storagecost

is equal to:

1000 instructions O size of entry in speculative history queue
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The size of a speculatie history queueentry is equalto the size of an addresg4 bytes)plusthe sizeof a
word of data(8 bytes).Thus,we geta storagecostof 12,000bytes.SC++alsoallocatesstorageto a block
lookuptablewhichis alist of all of theblock addressethatareaccessethy loadsandstoresin the history

gueue. Its size is much smaller than the size of the history queue.

Thestoragecostperbyte of the history queueds lessthanthatof Speculatie Retirementbecausét doesnot

need to be content addressable. The block lookup talvleybp needs an associeilookup.

MVM1. MVM 1 savescopiesof the register statefor every version,andit storesan entryin the VB for
every storeblock in a version.The storagecostof MVM 1 (for 10 versionsof 100 speculatie instructions

each) is equal to:

10 O mean number of store blocks per 100 instructions [0 safety factor [ size of VB entry +

10 O number of registers O register size

Themeannumberof storeblocksper100instructionsfor Apache/SURGEs 5. The safetyfactoris included
to accommodateariability in the meannumberof storesandwe choosea safetyfactorof 1.5. Thesizeof a
VB entryis equalto thesizeof atag (4 bytes)plusthe sizeof a block of data(64 bytes).We assumehatwe

have 32 rgisters at 8 bytes each. Thus, M¥Mas a storage cost of 5,356 bytes.

MVM 1 requiresassociatie searchof the VB but, sincethe MVM 1 designis bankedby version,it canhave
relatively small CAMs. Also, MVM 1 cantoleraterelatively slov CAMs, sincethey are beyond the L1

cache.

Summary. Speculatre Retirementuses10,000bytes,of which 4,000 bytes(40%) needto be fast CAM.
SC++usesl2,000bytes,but it only requiresasmallfastCAM. MVM 1 usesatotal of 5,356bytes,whichis
dividedup amongl0 banks Eachbankneedsa 40 byte CAM, but the CAM doesnot have to befast,sinceit
is beyond the L1 cache.

6.2.3 Common Case Overhead

The most nelulous costto quantify—hut a costthat is critical to performance—ighe overheadthat is

incurredin the commoncasewhile the processois operatingn the absencef mis-speculationandfaults.
Accuratecalculationrequiresdetailedimplementatiorof all threeschemeslnstead we estimatethesecosts
basedon the overheaddor load andstorehits, coherenceequestgor non-speculatie blocks,L2 replace-

ments, and committing speculaiwork once the prediction isevified.

Speculative Retirement. An associatie lookup of the history buffer is incurredfor every storehit, coher-
encerequestandL?2 cachereplacementtor eachof theseevents,the systemmustensurethatthereareno

speculatre loads in the historyuffer which could be walidated.

SC++. A history queuelookup is incurredfor every coherenceequestand L2 replacementbut a costly

associatie searchof the history queueis avoidedthroughthe useof the block lookup table. However, the
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TABLE 3. Comparison of Speculation and Fault Tolerance

uniprocessor multiprocessor

speculation speculation fault tolerance
prediction examples branch direction, false sharing, lock  fault-free &ecution

data alue acquisition
probability of correct prediction | med-high med-high very high
checkpoint state registers, core state registers, core state, registers, core state,

cache state cache state
recovery destination before mispredict before mispredict before &ult occurrence
(not detection)

instructions until checkpoint 10s - 100 100s 100s - 1000s
can be committed

block lookuptablestill mustbe queriedfor every coherenceequestandL?2 replacementandthis lookupis

on the critical path.

MVM 1. Thecostof awritebackfrom theL1 to theVB is incurredwheneer a storehit displacesanold ver-
sion of the sameblock. CoherenceequestsandL?2 replacementsequirean MVM 1 lookup, but only for
blocksthatthe L2 indicatescould possiblybe in the L1 or VB. Moreover, the L1 tag matchandthe VB

lookup are bothdst. Creating e versions and committing speculagiwork is done in constant time.

7 Conclusions

Theincreasedelative costof accessingnemoryis encouragingrocessodesignerso explore deepemuni-
processospeculatior(e.g.,with branchandvalueprediction)andconsidemultiprocessospeculatior{e.g.,
on coherencemessageypes and values). Concurrently manufcturing trends toward deep-sub-micron
designand customermrequirementdor highly-available computersare encouragingechniqueso mask,at
least,transientfaults (e.g.,with error correctingcodesand executionretry). Most currentdesignsconsider
speculatiorandfaulttolerancandependentlybut the similaritiesbetweerthe supportinterfacesrequiredby

speculation andalilt tolerance, summarized iafile3, suggest a common intacke.

In this paper we proposea unified processor/memorinterface,called MultiversionMemory (MVM), to
supportcheckpointand recovery for both speculationand fault tolerance We develop an efficient MVM

implementationcalledMVM 1, that usesa level one cacheto keeprecentspeculatre blocks(like a future
file), versionbuffersto keepold versionsof blocksfor which speculatioris pending(lik e a history buffer),

and le&es the lgel two cache unchanged (&kan architectural file).

Simple costmodelswith parameter$or 16 processorsindcommercialworkloadsshav thatusingMVM 1
allows kilo-instruction speculationand fault tolerance with little overheadto createnewn versionsand a

recovery cost that is smaller than pi@us mechanisms.
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We have implementedan MVM 1 memorysystemsimulator which we usein conjunctionwith the Simics

full systemsimulator[22], andwe planon pursuingresearclwith MVM. MVM enablesnary typesof kilo-

instructionspeculatiortechniqueshathave not hada sufficient checkpoint/receery mechanismandit also

enablespeculatiortechniqueghat have not yet even beenexplored.For example,we arenot awareof ary

multiprocessospeculatiortechniquehatusesglobalcheckpointingo allow speculatre datato be obsered

by other processors.
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