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Abstract

Today’s disksare inexpensiveand havea large amountof capacity Asa result,
mostdiskshavea significantamountof excesscapacity Atthesametime, the per-
formancegap betweendisksand processos has widenedto the point that many
workloadshavebecomealiskbound. To improvethe performanceof disks,we pro-
poseusingthe excesscapacityof disksto replicateblodks. To dothis, thediskcon-
troller observessequencesf requestdo blocks and replicatesblodks on disk so
thatthey arein thesameorderondiskasin thesequencesBy doingthis,whenthe
sequenceoccurs again, no seeksare neededbetweenaccesseso blocks in the
sequence Our work showsthat thesesequencesan be reuseda large numberof
times, so they potentially can yield a large benefit. We also havean algorithm,
which weimplementedh the DiskSimsimulator for detectinghesesequenceand

performing eplication.
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Abstract

Today’s disksare inexpensiveand havea large amountof capacity Asa result,
mostdiskshavea significantamountof excesscapacity Atthesametime the per-
formancegap betweendisksand processos has widenedto the point that many
workloadshavebecomealiskbound. To improvethe performanceof disks,we pro-
poseusingthe excesapacityof disksto replicateblodks. To dothis, thediskcon-
troller observessequencesf requestgo blocks and replicatesblodks on disk so
thatthey arein thesameorder ondiskasin thesequencesBy doingthis, whenthe
sequenceoccurs again, no seeksare neededbetweenaccesseso blocks in the
sequence Our work showsthat thesesequencesan be reuseda large numberof
times, so they potentially can yield a large benefit. We also havean algorithm,
which weimplementedh the DiskSimsimulator for detectinghesesequenceand
performing eplication.

1. Intr oduction

Several technologytrends have shapedthe way in which disks are usedby systems.
Capacityhasbeenincreasingat a steadyrateof about60% peryear allowing fewer disksto fulfill
the samestoragerequirementhat mary hadpreviously. Disk seeklateng continueso improve
(atabout6% peryear),but hasnot doneso at the samerapid pacethat capacityhas. This unbal-
ancedgrowth canactuallyleadto poorerperformancen systemausingmoderndisks. A system
with mary diskscanstripedataacrosghosedisksto overlapseekiateny andimprove bandwidth.
Larger diskscanleadto fewer disks,which in turn canleadto fewer concurrentseeksandless
overlap. Considerthe caseof a single,sufficiently large disk, whereevery disk accesgesultsin
thesystempayingthefull seekoverhead.In orderto dealwith this “problem” of excesscapacity
I/O intensve applicationssuchasonlinetransactiorprocessindOLTP) oftendeterminghe num-
ber of disksin a system(which canbein the orderof hundredsor thousandspy the numberof
disk headsratherthantotal capacity[11]. Thisresultsin alarge numberof partially emptydisks
with dataplacedsuchthatthe seekdistanceof every headin minimized[8]. Othertypesof sys-
temsoftenhave unusedlisk spaceaswell. Inexpensve disks(around$150)aretypically aslarge
as 40GB -- generally more than enough capacity for PCeikstations.

A secondmportanttrendis the rapidincreaseof CPU performanceasit follows Moore’s
curve. Becausea given seeklateny will resultin a fasterprocessostalling a larger numberof
cycles,seeklateng is quickly becominga systembottleneck. This is analogougo the “memory
wall” problem,in which waiting for memoryaccessare constitutingan increasinglylarger per-
centage of processor aaty.

We attemptto answera simple questionin this project: can unuseddisk capacity be
exchangedor reducedseeklatencies? We begin with the hypothesisthat disks malke repeated
accessew datathatis physically “spreadout” acrosghedisk. Figurel illustratessuchacasejn
which thedisk accesseblocks4, 31,and12, andthenmakesthe samethreeaccessekter Each
time the blocksareaccesseth thatorder the disk headincursa seekbetweereach. We propose
atechniquehatidentifiesdependencieBetweerthesethreeblocksduringtheir first accesseand
duplicatesthemonto the sametrack. Subsequenaccesseto the threeblockswill remapto the
areaonthedisk wherethey arelaid out sequentiallyandeliminateseekingoetweertheblocks. In
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this way we remaptemporallocality identifiedin disk accesse$o spatiallocality in duplicated
data.

The structureof this paperis asfollows: in Section2 we outline relatedwork, Sections3
and4 exploresanupperboundon the effectivenesof suchatechnique Sectionss and6 discuss
the algorithm and implementation of our technique. Section 7 concludes the paper

Block Accesses:

Figure 1: In a traditional disk, the full seek latgmcpaid when blocks 4, 31, and 12 are
accessed. Wh our technique, the seek latgns paid on the first accessesf Bubsequent
accesses will map to replicated data

2. Related Work

Marny cornventionaldisk driver and controlleralgorithmsattemptto scheduleaccesseto
minimize seeklateny. However suchalgorithmsarelimited to simply reorderingaccessesand
do not actuallyduplicateor relocatedataon the disk. Althoughsuchreorderingcanhelpreduce
seektime, not all accessesanbereorderedr theremay not be enoughpendingrequestgo pro-
vide sufficient schedulingselection. The examplepresentedn Figure 1 would not benefitfrom
disk schedulingbecausehe disk headwould still needto seekbetweenthreedifferenttracks,
regardless of their order

Oneof thefirst studiesthat attemptedo reduceseektimesthroughrewriting data,rather
than just scheduling,relocatedblocks basedon their accessfrequeny [5]. If a block was
accessed greatemumberof timesthanapredefinedhresholdjt would berelocatedo aresered
areain the centerof thedisk. Themetricthatwasusedto determinevhetherto “shuffle” ablock
wassimply the numberof timesa block wasaccessedandshufled blockswereplacedanywhere
in theresenedarea. Thistechniquedid not attemptto write sequentiablocksto diskin the order
thatthey wereaccessedjnlike our technique.Furthereyshufled blocksarerelocatednot dupli-
catedasin our scheme.In our mechanisna givenblock mayexist in several“traces”onthedisk.
The decisionof which oneto usecanbe madedynamicallybasedon obsened proceedingblock
accesses.
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Akyurek,et.al [1] duplicatedrequentlyaccesselocks,but again did notexamineblock
accesse the context of precedingor following block accessesDuplicationin orderto reduce
lateny wasalsoexaminedin [8], but only in termsof replicatingdatawithin a single track in
order to reduce rotational delay

3. Traces

A disktraceis alog of the sequencef accessethata workloadperformsandsomeinfor-
mationaboutthoseaccessesTheinformationour tracesholdis thetime of theblock requestthe
device thattherequestvasto (i.e.,which diskto requestheblock from), the numberof the block
thatwasrequestedthe sizeof thereques(i.e., how mary blocksto reador write), andthetype of
access (read or write).

We first attemptedo usethedisk tracesghatcomewith the DiskSimsimulator[3]. Unfor-
tunately whenwe examinedthesetraces,we found that therewaslittle repetitionin the blocks
that wererequestedi.e., mostblockswere only usedonceandthe restwere only usedtwice).
Our optimizationsfor disk layout canonly affect performancenvhenblocks are accesseanary
times. Therefore, these tracesuld not work for our study

Name Description of Vérkload # of requests
BigSort Sorts 200,000 line, 17 MBxefile 30,932
J1 Trace drven cache simulator 14,206
J2 Search symbol names ind@r kernel source 20,799
J3 Search tet strings in small &nel source 22,091
J4 Search tet strings in lage kernel source 34,934
J5 Search for By words in collection of te files 37,938
PQ7 Postgres performing selection 18,261
PJoin Postgres performing join 25,957
SPECweb99 Web serer for static and dynamic pages 2,366

Table 1: Descriptions of the disk traces that we used (note that the first eightear
from Pei Cao)

Next, we usedeightof thetendisk tracesthatPei Caotook [9]. Tablel hasdescriptions
of thesetraces. To verify that Pei Cao’s tracesare representatie of disk accessesye usedthe
emitterinterfaceof SimOSto collecta disk traceof SPECweb99.SPECweb99s a benchmark
for evaluatingthe performancef a systenmthatis servingstaticanddynamicwebpageq10]. We
wereonly ableto simulateSPECweb9%or thirty secondssinceit takesalongtimeto simulate(it
took 14 hoursto simulate30 seconds).The simulatedsystemcontaineconly 128 MB of memory
andthesizeof thefile setfor SPECweb9%vasabout500MB. As aresultveryfew filesin thefile
setcouldfit in the OS’s or web sener’s file cache somostfile accesseseededo go outto disk.
For the web semft, the simulated system used Zeus.
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4. Limit Study

Before implementingblock replicationwith temporallocality in the disk simulator we
performedalimit study This allowedusto seethe potentialbenefitof implementingthis optimi-
zationwithout having to worry aboutthe detailsof how to implementit. This alsoallows usto
betterunderstandhe behaior of workloadsusingthis optimization. Lastly, thelimit studygives
usanideaof how long the sequencesf temporallylocal accesseandwhetherour implementa-
tion canusea staticlengthfor thesequencesr if it needgo dynamicallydetectwhatlengthto use
for the sequences.

The limit studywalks througha disk traceoneaccesst atime. For eachaccessn the
trace,it constructsa sequencdor eachpossiblegroupingthatwasobsered sofar up to a maxi-
mum lengththatis specifiedby the user Notethatthesesequencearenot sequencesf blocks,
but aresequencesf I/0O requestgo thedisk. For the purpose®f our study we choseto limit the
lengthof sequenceto tenrequestso thatthe programfor the limit studywould produceresults
relatively quickly.

We first studiedthe relationshipbetweemumberof timeseachsequencéo the length of
the sequence.Figure 2 shavs graphsof the numberof timesthe sequencesf temporallylocal
accesseflabeleda tracesin the graphs)are usedfor differentsequencéengths. The maximum
curve corresponds$o the numberof timesthatonecanusethe sequenceéhathasthe largestnum-
berof hits. Fortheaveragecurve, thecontrollerwould createa sequencéor eachtherequesseen
(whentherearemultiple sequencethatit canusefor startingblock, it usesthe onewith the high-
estnumberof hits). We thentake the averageof the numberof timeseachof thesesequences
used. Notethatmary of thesesequenceareseenonceandnever reusedsothey lower the aver-
age &en though the controller probablywld not replicate these blocks.

Fromlooking at the graphswe seetwo differentbehaiors in theworkloads. In BigSort,
J3,J4,J5,andSPECweb99%he numberof timesoneusesthe sequencedropsoff quickly asone
increaseshelengthof the sequenceln thesecases|ong sequencebave little benefitover using
relatively shortsequenceslin addition,it is relatively simpleto pick a staticlengthto usefor the
sequence sequencef length7 will hold mostof theaccesset thesesequences)However, in
J1,J2,andPJointhenumberof timesoneuseghe sequencedropsoff fairly slowly asafunction
of thelengthof thesequenceslin thesecaseslarge sequencesontinueto beusefulin additionto
shortersequencesUnlike in thefirst setof workloads,it is difficult to choosea singlelengthto
usefor theseworkloads. PQ7appeardo be ahybrid of thesetwo behaiors, sincethe numberof
times that it usessequencesirops off more quickly than the secondbehaior, but much less
abruptlythanin thefirst behaior. Therefore sincethereis no singlelengththatonecanusefor
the sequencesye believe thatoneneedgo useanadaptve mechanisnior choosinghow long of
traces to use.
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Figure 2: Number of times uses temporal sequences (called traces hereyerfidéngths

To getmoreinsightinto thetwo differentbehaiors of temporalsequencesye alsolooked
thedistribution of how oftendifferentsequenceareused. In particular we looked atthe number
of timeseachlengthtwo sequenceés used. In BigSort,the accessebetweerdifferentsequences
arefairly distributed,in thattherearealarge numberof sequencethatareuseda significantnum-
berof times. Theaccesset the sequencedoesnot follow muchof apattern. At thesametime,
thereareafew sequencethatareusedmuchmorethantherestof the sequencesoit is impor-
tant to mak sure that one includes these sequences in the replication.

In contrastthe behaior of J2is very differentthanthat of BigSort. First, therearenot
thatmary sequencethatareuseda large numberof times. Also, the accesseto the sequences
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appeardo have a pattern. Lastly, thereis a singlesequencehatis useda large numberof times
andis usedmoreoftenthanin the caseof the sequencewith high usein the caseof Bigsort. In
particular thissequencén J2is used42%of all requestso thedisk. In comparisonthesequence
with the highest usage in BigSort consists only of 2% of all requests.
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Figure3: Maximum numberof timesthatusea length2 temporalsequencédor eachstarting
block

5. Algorithm

Thebasicdatastructurein our algorithmis atableindexedby block number Whenadisk
requests made,the startingblock of thatrequestis looked up in the table. The corresponding
tableentryindicatesall of theduplicated‘traces”that block existsin. Thealgorithmwill identify
themostlik ely candidateof thesée'traces”andremaptheincomingrequesto theduplicatedblock
number It consistsof threephasesidentifying “traces” to duplicate,the duplicationitself, and
updating the table to reflect the diskipdated state.

Eachentryin thetablecorresponds$o a uniqueblock on the disk, andconsistsof anarbi-
trary numberof “sections”thatcorrespondo blocksobsenedto immediatelyprecedehis block.
Eachsectionconsistsof a previously identified block numbey a countof how mary timesthat
block wasobsenedto precedehe block numberfor this entry, a mappingto a block the request
shouldbe substitutedor, anda valid bit to indicateif the mappingis valid. This tableis illus-
tratedin Tablel1. For every block requestthe disk checksto seeif anentry existsfor thatblock
number If it does,it checksto seeif a sectionin thatentryexistsfor the block thatwasobsered
immediatelybeforethe currentrequest. If sucha mappingexistsandis valid, the disk will fetch
the block identifiedin the mappingfield ratherthanthe oneactuallyrequestedndincrementhe
counter If either of entries do nokest, they will be added to the table.

If the countfield exceedsa predefinedhresholdandno mappingexistsyet, thealgorithm
will insertarequesto duplicatetheblockin thedisk queue.Whenthedisk processethisrequest
andwritesthe data(to anunusedlock indicatedby afreelist), it updateghe valid bit andmap-
ping field in the correspondingentry to indicatethatthe mappingis valid. Readsandwritesare
handledalmostidentically; the major differenceis thatwrites needto be propagtedto all dupli-
catedblocks. We dealwith this by invalidatingall the entriesthata block to bewritten appearsn
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andlazily updatingthemondisk. Thetableentriesareupdatedatthe pointthatthe updatesoccur
to the disk.

At this pointwe have saidnothingaboutwherethis algorithmandtableareimplemented.
They couldbeaddedo thedevice driver or insidethedisk atthecontroller Althoughaddingit at
thedriver-level may be morefeasiblethanchangingthe controllerhardware,moreinformationis
availableto the controller suchasdisk headposition(although[8] implementsa disk headposi-
tion predictorin). In eithercasethetableneednot beretainedin non-wlatile memory asblocks
alwaysexist in their original location -- losing the informationin the table only meansthat the
disk will not benefit from our optimizations.

Block Req| PrevBlock | Cnt | Remap| V | PrevBlock | Cnt | Remap| V
2 ?7? ?7? ?? ?

4 2 1 - 0 20 1 -—-

31 4 2 15 1

12 31 2 16 1

17 12 1 | == 0

20 17 1 | - 0

19 12 i 0

:Table 2: H&ble state for the trace in Figure 1.

6. Implementation

We usedthe DiskSim SimulationErnvironmentv2.0[3] to modelour disk replicationalgo-
rithm. DiskSim modelsall aspectof a storagesubsystemincluding the OS driver, controllet
cacheandschedulingalgorithms. It hasbeenvalidatedagainstproductiondisksandis reputedo
be accurate and reliable.

Thereare several methodsin which the remappingtable could be implementedn areal
system. Our modelusesa hashtableindexedby startingblock numbers.In thisway it cangrow
dynamicallybasedon how mary differentblockshave every beenrequested.Althoughtypically
an entry exists for every physical block on disk, the table’s size variesdependingon how mary
mappingsareretainedfor eachblock (in previousterminology the numberof sectiongperentry).
Becausat is likely that mary blockson a disk have never beenaccesse@r areaccessedinfre-
guently it is not crucialthatwe allow a mappingto occurfor every block ondisk. By limiting the
tableentriesto a subsef blocks,we canduplicatetheseblocksa greatemumberof times. The
locationof this tablemayalsobe afactorin its sizeor structure. If addedatthedisk controlle it
couldbein RAM insidethedisk andwould probablybea small,fixedsize. If addedatthedriver,
moreelaboratelgorithmscouldexist thatharnesshe processingpower of themain CPUanduti-
lize surplus system memory

Otherissuesexist in manipulatingtable entries,suchaswhenandhow to replacemap-
pingsfor a givenblock. Eachentry canhold a certainnumberof mappinggin our implementa-
tion thisis fixed, but onecanimaginea designthatallows a variablenumber);whenthis limit is
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reacheddo we evict entriesto make roomfor others? Whatis this replacemenpolicy basedon
(LRU, accesdrequeng, etc.)? Whenanentryis evictedis it just droppedor would it be benefi-
cial to storeit out to disk for possibleretrieval later? We leave mary of theseissuesfor future
research.

7. Conclusion

At this point we have implementedhe tableandthe algorithmsthat manipulatethe table
into DiskSim. The modified simulatoris ableto identify repeatingsequencesf blocks,update
thetableif giventhresholds exceededandsubstitutethe original requesfor theremappedlock
number Unfortunately dueto simulatorcompleity (andpoordocumentationandlack of time,
we werenot ableto completelyintegrateour codeinto DiskSim and collect averageseeklaten-
cies.

However, basedon severalassumptionsye anticipateour algorithmwould indeedreduce
seektimes:enoughexcessdisk spaceexistsfor areasonableamountof duplication;disksareidle
enoughthat they canafford to spendtime duplicatingdata;disk controller processorare suffi-
ciently powerful enoughthatthey cankeeptrack of and manipulatethe requireddatastructures;
RAM is cheap(if the tableis implementedn the controller); and as processorget fasterand
disksgetlarger, workloadswill beboundby disk seeklatengy. We planto continuethis work and
finish integrating our table into Disksim to collect latgmesults.

We alsobelieve thatthereis a plenitudeof otherinterestingdatato collectandanalyze.
For example,how doescachebehaior affect the effectivenessof our technique?It seemghata
suficiently large cachemay be ableto capturemary accessethatwould otherwisecauseseeks.
Are therewaysfor the controllerto exploit its knowledgeof wherethe disk headis? Perhapghis
could be usedto completelazy updatesof writes (in the casethat the headis passingover an
updated rgion aryway). We leare these issues for futureovk.
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