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Abstract

Efficientdisk storagds acrucialcomponentor mary applicationsThecommonly
usedmethodof storingdataon disk usingfile systemsr databasemcurssignificant
overheadwhich canbe a problemfor applicationswhich needto frequentlyaccess
and updatea large numberof objects. This paperpresentsfficient algorithmsfor
managingpersistenstoragewhich usually only requirea single seekfor allocations
anddeallocationsindallow the stateof the systento befully recorerablein theevent
of a failure. Our systemhasbeendeployedfor persistentlystoringdataat the 2000
Olympic GamedMebsiteandresultsin considerabl@erformancémprovementover
databaseandfile systemdor Web-relatedvorkloads.

1 Intr oduction

Efficient disk storageis a crucial componentor mary applications.The commonlyused
methodof storingdataon disk usingfile systemsr databasescurssignificantoverhead
which can be a problemfor applicationswhich needto frequentlyaccessand updatea
large numberof objects. Our work hasbeenmotivatedby the needto persistentlystore
dynamicdatafor highly accessetiVebsites;file systemsanddatabasesfferedinsufiicient
performance.File systemsand databaseslso offer insufficient performancefor storing
Webproxy cachedata.Proxycachedataareupdatedht high rates,andthe overheador file
creationanddeletionif cachedJRL's arestoredin separatdilesis significant.

This paperpresentsalgorithmsfor efficiently storing dataon disk. The algorithms
preserethestateof thememorymanageanfterfailures. They alsominimizethenumberof
disk accessesTl hesealgorithmscanbe usedin a standalonenemorymanagenor couldbe
incorporatednto a databaser file system.We have implementedur algorithmsin order
to persistentlystoreWeb datacreatedby a Web contentdelivery system.Our algorithms
arequitegenerabindcanbe usedfor a wide variety of otherapplicationsaswell.

*Author’s currentaddress:Departmenpf ComputerScience BostonUniversity, 111 CummingtonSt.,
Boston,MA, 02215



The storagealgorithmswe usemakeuseof free lists containingfree storageblocks.
Main memorystoragellocationalgorithmsalsoutilize freelists. However, straightforward
adaptatiorof mainmemorystorageallocationalgorithmsfor disk storagegenerallyresults
in too mary disk accesseslt is necessaryo resortto otheralgorithmsin orderto reduce
disk accessesDisk storageallocationalgorithmsshouldalsoberobust. In theeventof a
systemfailure, the disk storageallocatorshouldcontinueto functionwith minimal lossof
information.

Faststartfrom a cold stateis alsoimportant. Whena systemis shutdown, it is often
desirableto presere the stateof the disk allocatorso that after restart,the disk allocator
cancontinuewhereit left off. Faststartis alsodesirableafterasystentfailure.

1.1 RelatedWork

Severalstudiessuggesthatdisk 1/0O overheadcanbeasignificantpercentagef theoverall
overheadon Web senersand proxy seners[6, 11, 7, 12]. Rousske and Soloviev [12]
obseredthatdisk delaycontributes30%towardstotal hit responséime. Mogul [11] sug-
geststhat disk I/O overheadof proxy disk cachingturnsout to be muchhigherthanthe
lateny improvementirom cachehits. KantandMohapatrg6] pointoutthat,with network
bandwidthincreasingmuchfasterthansener capacity moreandmorebottleneckswill be
obsered on the sener side,amongwhich disk I/0O issuearisesfrom the managemenof
large amountsof content. To reducedisk I/O overhead Soloviev andYahin[14] suggest
that proxiesuseseveral disksto balancethe load andeachdisk have several partitionsto
avoid long seeks Maltzahnetal [8] proposeéwo methoddo reducethe overheador prox-
ies: the useof a singlefile to storemultiple smallobjectsin orderto reducefile operation
overheadandthe useof the samedirectoryto storeobjectsfrom the samesener in or-
derto presere spatiallocality. Markatoset al [9] proposea similar method,which stores
objectsof similar sizesin the samedirectory (calledBUDDY). They further develop an
efficient methodfor disk writes (called STREAM) which writes datacontinuouslyon the
disks. STREAMworksin away similarto log-structuredile systemg10, 13]. Significant
performancemprovementresultsfrom the fact that disk writes contribute significantlyto
theworkloadon cachingproxies.

2 Disk StorageAllocation Algorithms

Our algorithmscan be implementedor allocatingstorageover raw disk. Alternatively,
they canbeimplementedor allocatingblocks storedwithin a singlerandomaccesdile.
The latterimplementatiorchoiceis simpler more portable,andstill resultsin good per
formance.lt is often moreefficient thanstoringeachblock in a differentfile becausdile
creationanddeletionareavoided.lIt alsoavoidsthe proliferationof large numbersof files.

Our disk storageallocationalgorithmstypically maintainfree lists of blocksin main
memoryin orderto allow fast searches.It is not necessaryo explicitly storefree lists
on disk. Instead,enoughinformationon disk canbe maintainedo allow free lists to be
reconstructeth theeventof asystentailure.

Storageblocks have headersassociatedvith them. The headerindicatesthe size of
the block aswell asits allocationstatus. Throughoutthis paper we usethe convention



thatpositive block sizesindicateallocatedblockswhile negative block sizesindicatefree
blocks.

2.1 Memory ManagementMethod |

In this approachjn-memoryfree lists are maintainedor fastallocationanddeallocation.
Thesein-memoryfree lists are searchedn orderto locateblocksof theright size. Each
block maintainsthe headelinformationon disk shavn in Figurel. The allocationstatus
field (AS) indicateswhethertheblockis allocated.Thesizeindicateshe sizeof theblock.
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+ 32 Disk

Figurel: Fieldsmaintainedoy memorymanagemenmethodl. AS standsfor allocation
status.

In orderto allocatea block, the AS field is setto indicatethatthe blockis allocated.If
the block doesnot have to be split, only onedisk accesss required.In orderto deallocate
ablock,the AS field is setto indicatethatthe block hasbeendeallocatedIf coalescings
notrequired,only a singledisk accesss required:

In orderto reconstructn-memoryfree datastructuresuchasfree lists after a system
failure, the systemexaminesheadeiblocksstartingfrom the first onewithin thefile. If all
blocksare contiguousand headerblocks are maintainedwithin the storageblocksthem-
sehes,theblocksizeis usedto determinenow to locatethe next header

An optimizationwhich canreducethe numberof disk accesseseededo reconstruct
in-memorydatastructureds to storeheaderinformationin a contiguousareaof the file
separatdrom the blocksthemseles. Thatway, all of the headersanbe readin usinga
smallnumberof disk accessesMultiple headerganbereadin usinga singleblock read.
If all of the headersannotfit in a single contiguousarea,a numberof contiguousareas
containingthe headerganbe chainedtogether This approachmight consumeextra space
for block headers.However, unlessblock sizesare very small, the relative overheadfor
headerss notsignificant,anddisk spacas relatively cheap.This approachs alsousefulif
memoryblocksarenot storedcontiguouslyondisk or in afile. Storingheadeinformation
in a known areaof disk in which eachheaderndentifiesthe locationof the block allows
eachblockto belocated.

If headernnformationis maintainedwithin storageblocksthemseles,an optimization
which cansignificantlyreducestartuptimesafternormalshutdavnsis to outputin-memory
datastructuresto contiguousareasof disk just beforethe systemshutsdown. During
startup the systenobtainsthein-memorydatastructuregrom theinformationsentto disk
beforeshutdavn insteadof from the headersn disk.

1In somecasesijt maybe necessaryo readthe sizeof a block beingdeallocatedrom disk. If thisis the
casethentwo disk accessemay be required:oneto readthe block sizeanda secondo marktheblock as
free.



During startup,it is not necessaryo examineheaderinformationfor all free blocks.
The systemshouldcacheinformationin mainmemoryaboutenoughfree blocksto allow
efficient allocationfor the expectedsteadystatecase. If all free blockscontainedon in-
memorydatastructure@reusedup, the systemcanincrementallyobtaininformationabout
additionalfree blocksfrom headerstoredon disk.

2.2 Memory ManagementMethod Il

In somesituations,it may be desirableto actually maintainlist structureson disk. For

example differentlists might be usedfor segregatingblocksby size. Usingmemoryman-

agemenimethodll, oneor morelists are maintainedcontainingboth free andallocated
blocks. Figure2 shavs the headeilinformationon disk for blockswhenmemorymanage-
mentll andlll areused.Block headersareaugmentedo containa pointerto thenext block

onalist. In addition,alist headpointerfor eachlist is maintainedndisk (DLH). A pointer
to theheadof eachdisklist is alsocachedn memory(MLH).

AS Size Pointer DLH
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Figure2: Fieldsmaintainedoy memorymanagementethodsll andlll. AS, DLH, and
MLH standfor allocationstatusdisk list head,andmemorylist headrespectiely.

The systemmay alsomaintainlists of free disk blocksin memorywhich don’t neces-
sarily correspondo lists on disk. The free lists in memorywould typically be searched
in orderto perform allocationsand deallocations. Lists on disk would be examinedto
populatein-memoryfree lists either during startupor in situationswherethe systemis
populatingin-memoryfree lists incrementally Note thatmemorymanagemennethodill
providestwo methoddor locatingblocksby examiningdisk. Onemethodis by examining
headersasin memorymanagemermnnethodl. Theseconds by examininglists on disk.

Whenablockis allocatedthe AS field is setto allocated Whenablockis deallocated,
the AS field is setto deallocatedBoth operationsequireasingledisk access.

Disk accessearerequiredio addnew blocksto disklists. Whenanew blockis created,
it is placedat the beginning of adisk list. The AS, size,andpointerheadeffields on disk
canbe updatedusinga single block write. The pointerto the headof the disk list also
needsto be updated. If the DLH field is updatedmmediately an additionaldisk write
is required. In orderto eliminatethe additionaldisk write, the DLH field is not updated
immediately Instead only the MLH field is updated Periodically the systemcheckpoints
by copyingthe MLH to the DLH. The costfor updatingthe DLH is thusamortizedover
severaloperationsandcanbe keptquite low. If therearemultiple disk lists, DLH’s canbe



maintainedn closeproximity to eachotheron disk sothatthey canbe updatedn asingle
block write.

In the eventof afailure, the systemmightlosetrack of a smallnumberof free blocks.
Suchblocks would have beencreatedfollowed by a failure beforea checkpointwhich
would have allowedthe blocksto bereachabldrom DLH’s. It is possibleto reclaimthese
blocksif the systemperiodically scansthroughblock headerdo performadministratve
operationsuchascoalescingdjacentfreeblocks.

If ablockis split, it mayhave to be movedto a differentlist if, for example,disk lists
aredeterminedy size.Moving objectshetweerdisklistsrequiresextradiskaccesseBe-
causeof theextradisk accessersequiredfor modifying lists, memorymanagemennethod
| is preferableunlessthereis a compellingreasorfor maintainingdisk lists. If thelists do
notchangdrequently however, theextradiskaccesseareminimal. Listsdon't necessarily
have to be updatedafterallocationsanddeallocationsThey only have to be updatedafter
new blocksneedto be addedo alist or ablock movesto a differentlist. Someadditional
spacemay be requiredfor list pointers. Unlessblocksarevery small, the relative space
overheador list pointerswill notbe significant.

2.3 Memory ManagementMethod Ill

Memory managemenmethodlll is for situationswhereit is desirableto maintainoneor
morefreelists on disk, asopposedo disk lists containingboth free andallocatedblock
asin memorymanagemenimethodll. An adwantageof methodlll over Il is that disk
list traversalsdon't have to scanthroughallocatedblocksin orderto locatefree ones. A
disadwantageof methodlll over Il is thatthe disk lists changemorefrequently More I/O
is requiredto updatepointerson disk. After a failure, the systemmustexaminefree lists
in orderto remove ary allocatedblocksatthe beginning of thelists. No suchproceduras
requiredfor methodll.

Using memorymanagementnethodlll, allocationsare madefrom the beginning of
freelists. If, for example,all blockson a list are known to be the samesize, thenit is
appropriatego alwaysallocatefrom thebegginningof alist. Thisis thecasefor mary of the
freelistsfor quick fit andthe multiple freelist fit algorithmsdescribedn the next section.

Memory managementnethodlIll also usesthe headerson disk for blocks shavn in
Figure2. MLH’s arecurrent. DLH’s may be slightly obsolete. They are periodically
updatedrom MLH’s.

The systemcachesat leastthe beginning of eachdisk list in memoryand usesthe
cacheccopiesfor performingallocationsanddeallocationsWhena blockis allocatedthe
ASfield is setto allocated.In orderto performthe operatiorusingasingledisk accessthe
DLH field for thelist which containedhe block is not updatedmmediately

Whenablockis deallocatedthe AS field is setto deallocatedandthepointerfield is set
to pointto the previousfirst block on thelist. The AS andpointerfieldscanbe maintained
in closeproximity to eachotherondisk,allowingthemto beupdatedn asinglediskaccess.
In orderto avoid anadditionaldisk accessthe DLH field for thelist which containedhe
blockis notupdatedmmediately

ThesystemperiodicallycheckpointdVILH’ s to disk. After a systenfailure,a disk free
list maystill containallocatedblockswhichwereallocatedsincethelastcheckpoint All of



theseallocatedblockswould beatthebeaginningof thefreelist. In orderto fix this problem,
the systemmustexamineeachfreelist andremove allocatedblocksfrom the beginning of
eachlist.

In the eventof afailure, the systemmight losetrack of oneor morefree blockswhich
werefreed after the last checkpointprecedingthe failure. It is possibleto reclaimthese
blocksif diskblocksaremaintaineccontiguouslandthesystenperiodicallyscanghrough
disk blocksto performadministratve operationsuchascoalescingadjacentree blocks.

2.4 PersistentMultiple FreelList Fit Allocation

Theprevioussectionglescribedeseralmethoddor efficiently allocatingdiskstorage . The
methodddid notaddresshe problemof how to minimizetheamountof searchingequired
to locatefreeblocks. They alsodid notaddressheproblemof how to minimizethenumber
of splitsandcoalescegrocessewhichincreasehenumberof diskaccesseandaremuch
morecostlyfor disk allocationthanfor mainmemoryallocation.

We now describean algorithmfor disk allocationwhich minimizessearchingsplits,
and coalesces.Our algorithm, known as persistenimultiple free list fit allocation(PM-
FLF), canbe usedin conjunctionwith ary of the previously describednemorymanage-
mentmethods We have implementeda disk allocationsystemusingPMFLF andmemory
managemennethod which achieresexcellentperformancéseeSection3).

PMFLF hassimilaritiesto MFLF | [5, 4] whichis afastmainmemorydynamicstorage
algorithm. PMFLF incorporateskey optimizationsfor reducingdisk accessesvhich are
notrelevantfor mainmemoryallocations.In somecasesPMFLF will performa bit more
searchingin allocationsin order to reducedisk accesses.In other cases,PMFLF will
allocatea slightly larger block thanis requiredin orderto avoid splitting the block which
wouldrequireextradisk accesses.

Both PMFLF and MFLF | usean approachpioneeredoy Weinstockin his quick fit
dynamicstorageallocationalgorithm[15]. Several quick lists are usedfor small blocks.
Eachquicklists containsblocksof thesamesize. Allocationfrom a quicklist requiresfew
instructionsbecausd is alwaysdonefrom the beginningof thelist.

A quicklist existsfor eachblock of sizern x g whereg is a positive integerrepresenting
agrainsizeandn is definedover theinterval

min@QL <n <maz@L.

For easeof exposition,we will assuméhatm:nQ L * g is the minimumblock size. The
optimalvaluefor maz@ L depend®ntherequesdistribution. A small block is a block of
size< maz@L x g. A large block is ablock of size> mazQL * g.

This approachasanumberof desirablecharacteristicsAllocation from quickllistsis
fast; the vastmajority of requestanusually be satisfiedfrom quick lists. Deallocation
is alsofast; newly freedblocksare simply placedat the beginning of the appropriateree
list. Segregatingfree blocksby sizealsoreduceshe amountof splitting requiredduring
allocationscompareawith first fit systemsfor example.Thisis a significantadvantageor
disk allocationbecausesplitting increaseshe numberof disk accesses.



Deferredcoalescings used. This meansthat adjacentfree blocks resultingfrom a
deallocatiorarenotcombinedmmediately Insteadthesystemwaitsuntil arequestannot
besatisfiedandthenscanghroughmemoryor disk andcombinesall adjacenfreeblocks.

Spacemanagedy the systemconsistsof the tail andworking storage. Thetail is a
contiguousdblockof freewordsatoneendof theaddresspacevhichhasnotbeenallocated
sincememoryor diskwaslastcoalescedWorking storageconsistsof blockswhicharenot
partof thetail (Figure3). Initially, thetail constitutesall of storagespaceandeachfree
list is empty Blocksareaddedo freelists duringdeallocations.

Quickfit usesasinglemisc list (shortfor miscellaneousst) for largefreeblockswhich
is searchedisingfirst fit. Allocating large blocks can consumea significantnumberof
instructions.If the percentagef large blocksis high, quick fit doesnt performthatwell.
In theworstcasewhenall requestsrefor largeblocks,quick fit degenerateto afirst fit
systemwith deferredcoalescinganalgorithmwhich resultsin terrible performancg3].

In orderto achieve betterperformancéor allocatinglarge blocks,PMFLF andMFLF |
usemultiple misclists, eachfor arangeof sizes(Figure3). A largefreeblockis placedon
anappropriatenisclist basednits size.Supposehesystemhasr misclistsdesignatedby
I; throughi,,. Let maz bethesizeof the largestblock which canever exist in the system,
low; the size of the smallestblock which canbe storedon /;, and h:gh; the size of the
largestblock which can be storedon I;. We referto the pair (low;, high;) asa misc list
range. Misc lists cover disjointsizerangeslf

1<t <,

then
high; + g = low; ;1.

Theboundaryconditionsare
low; = (maz@QL+ 1) xg

and
high, = maz.

PMFLF maintainsfree lists andpointersto thetail in memory Thatway, allocations
anddeallocationganbeperformedusingfew disk accessedt is preferabldo usememory
managementnethodl in conjunctionwith PMFLF, althoughthe othertwo memoryman-
agemenmethodscould be usedaswell. The following discussiorassumeshat memory
managementnethod! is beingused.

PMFLF maintainsan acceptablevastageparameterw. In satisfyinga requestfor a
block of size s, a block with a maximumsizeof s + w maybe used. If alargerblockis
found,the block mustbe split in orderto avoid wastingtoo muchstorage.Sincesplitting
requiresextra disk accessest is oftendesirableto reducedisk accesseby wastingsome
disk storage. In addition, disk storageis cheaperand more plentiful than memory so
wastingsomedisk storagds lessof a problemthanwastingan equivalentamountof main
memory

For main memorystorageallocation,splitting is not very expensve, soit is generally
desirabldo split blocksin orderto reducenternalfragmentation.
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Figure3: PMFLFandMFLF | usemultiple lists organizedby sizefor freeblocks.

In orderto managdargeblocks,a datastructured associatinggachmisclist rangewith
afreelist pointeris searchedOneoptimizationwhich canreducethis searchings to store
free list pointersin an array indexed by block sizes. Somesearchingof d may still be
requiredto preventthearrayfrom becomingoo large.

2.4.1 Allocating Blocks

PMFLF useghefollowing stratgy to allocatea block of sizes wheres < low,, :

1. If the quick list for blocks of size s is nonempty allocatethe first block from the
list. Thisinvolvesmodifyingin-memorydatastructuresanda singledisk accesgor
modifyingthe AS field for the block.

2. If thepreviousstepfails, satisfytherequesfrom thetail.

3. If the previous stepfails, examinelists containinglargerblocksuntil a freeblock is
found. Thissearchis conductedn ascendindplock sizeorderbeginningwith thelist
storingblocksbelongingto the next largerblock class.

4. If thepreviousstepfails, coalescall adjacenfreeblocksin memoryandgoto Step
1.

Thefollowing stratey is usedfor allocatinga block of sizes wherelow,, < s :



1. Allocatethefirst block oni, of sizet wheres < ¢ < s 4+ w withoutsplitting.

2. If thepreviousstepfails, allocatethe smallesblock onl,, of sizet wheres < ¢. Split
theblockinto fragmentf sizes andt — s, andreturnthe fragmentof sizet — s to
anappropriatdreelist.

3. If thepreviousstepfails, satisfytherequesfrom thetail.

4. If thepreviousstepfails, coalescall adjacenfreeblocksin memoryandgoto Step
1.

2.4.2 DeallocatingBlocks

In orderto deallocateablock of sizes < maz@ L * g, theblockis placedattheheadof the
appropriatequick list. In orderto deallocatea block of sizes > mazQ L * g, theblock is
placedattheheadof misclist ¢, where

low; < s < high;.

Sincedeferredcoalescings used,adjacentreeblocksarenotcoalescedluringadealloca-
tion.

2.4.3 ReducingDisk Accessesor Tail Operations

Whenablockis allocatedrom thetail, boththe AS field for the block andthetail pointer
on disk needto be updated.This generallyrequirestwo disk accessesin orderto reduce
the numberof disk accessefor tail allocationsto one,the tail pointerdoesnt have to be
updatedndiskaftereverytail allocation.An updatectopyis maintainedn memorywhich
is periodicallycheckpointedo disk. Typically, onecheckpointwould occurfor severaltail
allocations.

A block maintainsone or morecodebytesin its disk header Suchcodebytesareset
to a certainvalueto indicatethatthe block is allocated. The rangeof possiblevaluesfor
codebytesis large. Thatway; if codebytesaresetto somevalueby a previously executing
program,thereis a very low probability that the codebyteswould be setto an allocated
status.

Whenablock is allocatedfrom the tail, boththe AS field andcodebytesaremodified
ondisktoindicatethattheblockis allocated Sincethe AS field andcodebytesarein close
proximity to eachother they canbe updatedn a singledisk access.

After a failure, the systemmust recalculatethe updatedtail pointer sincethe value
storedon disk maybeobsoletelt doessoby assuminghatthetail pointeris obsoleteand
examiningthe AS field andcodebytesfor the block beginning at the tail pointer If this
dataindicatesthatthe block is in fact allocated the systemincrementghetail pointerby
thevalueof the Sizefield on disk andcontinuesupdatingthetail pointeruntil it locatesan
AS field or codebyteswhich indicatethata block hasnt beenallocated. Thereis a very
small probability thatthe systemwill assumehat somefree storageis actuallyallocated
becausS andcodebytefieldsweresetto anallocatedstatusby a previously executing
programwhich modifieddisk. This probability canbe madeextremelylow by appropriate
selectionof codebytes.



3 Performance

The PMFLF systemjust describedorovidesonly an allocationmechanism.Most appli-
cationswill needto imposesomesort of structureuponit. We now shav how PMFLF
in conjunctionwith memorymanagemenmnethodl performsfor implementinga hashta-
ble. We referto this structureasa HashtableOnDiskr simply, HTOD. In additionto the
disk operationgequiredby PMFLF, writing anitem to the hashtablerequiresatleastone
seekto updatethe hashindex, andoneseekto write the datato disk. If theindexed hash
bucketis not empty an extra seekis requiredper bucketentry. We mustsearchthe entire
chainof non-emptybucketsto determindf the new entry exists, andif so,additionaldisk
operationsarerequiredto deallocateheold entry. Choiceof agoodhashfunctionis espe-
cially importantwith adisk-backedashtablein orderto minimizeor avoid the additional
disk operationsCarefulorderingof the operationgnakeseachoperationsafeagainstsys-
temfailureswithout the needto maintainextra stateon disk (andthusavoiding extra disk
operations).

The HTOD implementshashing-by-doublingl]. Oncethe ratio of numberof-keys
to numberof-hash-hicketsexceedsa certainratio, the HTOD allocatesa new hashindex
of doublethe previous sizeandrehashesll entriesinto it. This operationis codedto be
restartableso thatif a systemfailure occursduring doubling, the processcan continue
whereit left off whenthesystemis restarted.

To determinethe effectivenessof the PMFLF algorithmswith the HashtableOnDisk
we have executedsereral performancdests. The goal of thesetestsis to understandhow
the PMFLF/HTOD implementatiorbehaesrelative to two othercommonstoragemecha-
nisms:file systemsandcommercialdatabasedn thefile systemapproacha separatdile
is usedfor eachobject. In the PMFLF implementationa singlefile is usedfor storingall
objects. The useof afile addssomeoverheado the PMFLF implementation.Maximum
performancevould be obtainedoy a PMFLF implementatiorwhich directly rightsto raw
disk without going througha file system.However, evenin the presencef afile system,
PMFLF still outperformsdatabaseandthe conventionalapproactof storingeachobject
in aseparatdile.

3.1 Description of the Linux Tests

The first setof testswererun on an 333MHZ IBM IntelliStationusing SCSIdisks and
runningRedHatLinux 6.0 with the kernelupgradedo 2.2.13. Threestoragemechanisms
weretested:a commercialdatabasea native file systemin which eachobjectis storedin

a separatdile, and PMFLF managingall objectswithin a singlefile. Thefile systemis
the Linux ext2 file system.Eachtestwasrun six timesandthe resultsaveragedto try to
minimizelocalvariationscausedy cachingandsystemoad. For eachstoragenechanism,
thefollowing testswereperformed:

Wp Write to uninitializedpersistenstorage.

Wn Write to alreadyinitialized persistensstorage. For this test, every item is rewritten
once.



R Look upeachitem by its nameandreadit (keyedlookupandread).
Ik Look upeverykey (non-keyedlookupof thekeys).
Ilv Look up every datavalue(non-keyedlookupof thedata).

le Look up everykey/valuepair (non-keyedlookupkey/valuepairs).

Thetestsused27,800itemswhich werethe actualobjectsin usefor the Official 2000
Sydneg OlympicsGamesNebsite[2]. Thedistributionof objectsizess shavnin Figure4.
Many of theseobjectsareHTML fragmentsvhich areeventuallyassembledo producea
completesenableHTML page.Thereforetheaveragerequessizeis lowerthanwould be
expectedfor a setof objectsconsistingof completesenableentities.
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Figure4: Objectsizedistribution atthe 20000lympic GamesMebsite. The percentagef
requestsn eachKB slotareshavn. Thedistribution hasParetoparameter = 1.28, and
meanobjectsize3.7 KB.

Figure 5 shavsthebasictimingsfor thevariousoperationsThefigureshavs thatboth
PMFLF andthe file systemconsiderablyoutperformthe commercialdatabase PMFLF
outperformsthe file systemin all casesexceptfor Wn. For this situation,old datamust
be deallocatedispartof the rewrite. However, for thefile case thedirectoryitself is not
updatedsaving somedisk activity. The samefile is usedfor boththe originalandupdated
versions.In addition,the operatingsystemprovidesa significantboostwith its file cache.
However, for situationswvherefiles arecreatedand/ordeletedasin Wp, PMFLF consider
ably outperformsthe file system.Figure 6 showvs the samedatafor the Wp, Wn, andR
testswith the DB2 dataremoved sowe canbettercomparePMFLFto the corventionalfile
systemapproach.

We alsolookedat storagerequirementgor the threedifferentmethods.An initialized
but emptydatabaseisedapproximately20-25MB, while aninitialized but emptyPMFLF
systenor file systemusesconsiderablyessstorage Disk spaceconsumedor thetestwith
27,8000bjectsis shavn in Figure 7.

Thefile systemdoesnotgrow or shrinkaftereachrun of thefile tests.PMFLF initially
usesa little lessspacethantheraw file systemandgrows slightly, reachinga steadystate
by the end of the six tests. The databaseénitially usessomavhat more spacethaneither
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of the othertwo methodsbut grows rapidly over the first few tests,eventuallyreachinga
steadystate.
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Figure7: Disk spaceconsumedy the variousmethodson Linux.

3.2 Testson NT

We alsoperformeda numberof testson a600Mhz IBM PC300GLrunningWindows NT
4.0. Thesetestsusedthe requestdistribution from the 20000lympic GamesWeb Site as
well asarequestistributionfromaDEC proxylog collectedfrom 8/29/96-9/4/9@wvailable
publicly from ftp://ftp.digital.com/pub/DEC/traces/proxy¥he DEC proxylog distribution
of requessizesis shovn in Figure8. TheDEC proxylog distributionis moreheavy-tailed
thanthe Olympic Gameddistribution, which meansit containsa higherconcentratiorof
largeobjects.

We generatestreamsf allocationsanddeallocations.Eachallocationis followed by
a write of the correspondindile or block. The experimenthastwo phases.In the first
phasewe assumestoragerequirementsncreasethereforeonly allocationsarein the re-
gueststreamsTherearel00,000requesten thisphaseln thesecongphasewe assuméhe
storagaequirements in anequilibrium,andthereare20,000replacements£achreplace-
mentcontainsonedeallocatiorandoneallocation,followed by write of data. In addition,
we randomlychoosean existing objectfor deallocation. The performancds measured
from the seconphaseof the experiment.

Table 1 givesthethroughputin numberof replacementpersecond.Our storageman-
agerobtainsperformancamprovementof a factor of about2.5, with a little difference
betweenthe two size distributions. The improvementis mainly due to reductionof file
operationoverhead.File operationgequireadditionaldisk I/0; the CPU overheads also
high. Sincethe overwhelmingmajority of the files are not very large, the file operation
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Figure8: Requessizedistribution from a DEC proxy log. The percentag®f requestsn
eachKB slotareshavn. Thedistribution hasParetoparameter. = 0.91, andmeanobject

size15.2KB.

Object size

overheaddominateghe overall overheadasopposedo operationdor readingandwriting

data.

Theexperimentgesultingin Figurel do notcontainary readoperationsWe designan
additionalphaseafterthe secondohaseconsistingof 100,000readrequests Eachrequest
randomlychoosesnobject. Table2 givesthe throughpuin numberof readspersecond.
We find that the performancemprovementof our storagemanageis even larger, nearly
afactorof 5. We suspecthis improvementis not only becausef the high file operation
overhead.Thereforewe comparedhedisk spacaisageof thetwo implementationsTable
3 shaws thatthe file systemimplementatiorusesmuchmoredisk spacethanour storage
manager The differenceis moreobviousfor the Olympic Gameswvorkloadwhosemean
objectsizeis muchsmaller(3.7KB comparedo 15.2KB of the DEC log sizes). The disk
spaceusageaffectsthe performancef readrequestsn at leasttwo ways. First, the more
spaceoccupiedthehigherthe missratefrom mainmemorycaching.Secondaveragedisk

Tablel: Throughput, number of replacementger second.

| Implementation| Olympic Games| DEC proxy |

File system

21.6

18.5

PMFLF

55.6

42.3

Table2: Throughput, number of readsper second.

| Implementation| Olympic Games| DEC proxy |

File system

20.2

15.6

PMFLF

96.9

69.2

seekdistancancreases.




Table3: Disk SpaceUsage.

| Implementation [ IBM log sizes| DEC proxy sizes|

File systems 643 MB 1,731MB
Ourstoragananagery 370MB 1,521MB

4 Summary and Conclusion

This paperhaspresentechew algorithmsfor managingpersistenstoragewhich minimize
the numberof disk seeksfor both allocationsand deallocations.Our disk allocatorcan
usuallyallocateor deallocatea block of memoryusingasingledisk seekandstill allow the
stateof the systento befully recoveredin theeventof afailure.

Our algorithmscan be usedfor managingmultiple objectswithin a singlefile or for
managingmultiple objectsover raw disk. The latterimplementatiorwould offer the best
performanceéout is morework andlessportable.We have implementedur algorithmsfor
managingmultiple objectswithin a singlefile anddeployedour storagesystemfor persis-
tently storingdataatthe20000lympic GamedMNebsite. Oursystenresultsn considerable
performancemprovementsover databaseandfile systemdor Web-relatedvorkloads.
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