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Abstract

Efficientdiskstorageisacrucialcomponentfor many applications.Thecommonly
usedmethodof storingdataon disk usingfile systemsor databasesincurssignificant
overheadwhich canbe a problemfor applicationswhich needto frequentlyaccess
andupdatea large numberof objects. This paperpresentsefficient algorithmsfor
managingpersistentstoragewhich usuallyonly requirea singleseekfor allocations
anddeallocationsandallow thestateof thesystemto befully recoverablein theevent
of a failure. Our systemhasbeendeployedfor persistentlystoringdataat the 2000
OlympicGamesWebsiteandresultsin considerableperformanceimprovementsover
databasesandfile systemsfor Web-relatedworkloads.

1 Intr oduction

Efficient disk storageis a crucial componentfor many applications.Thecommonlyused
methodof storingdataon disk usingfile systemsor databasesincurssignificantoverhead
which can be a problemfor applicationswhich needto frequentlyaccessandupdatea
large numberof objects. Our work hasbeenmotivatedby the needto persistentlystore
dynamicdatafor highly accessedWebsites;file systemsanddatabasesofferedinsufficient
performance.File systemsanddatabasesalsooffer insufficient performancefor storing
Webproxycachedata.Proxycachedataareupdatedathighrates,andtheoverheadfor file
creationanddeletionif cachedURL’s arestoredin separatefiles is significant.

This paperpresentsalgorithmsfor efficiently storing dataon disk. The algorithms
preservethestateof thememorymanagerafterfailures.They alsominimizethenumberof
disk accesses.Thesealgorithmscanbeusedin a standalonememorymanageror couldbe
incorporatedinto a databaseor file system.We have implementedour algorithmsin order
to persistentlystoreWebdatacreatedby a Webcontentdelivery system.Our algorithms
arequitegeneralandcanbeusedfor a widevarietyof otherapplicationsaswell.
�
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The storagealgorithmswe usemakeuseof free lists containingfree storageblocks.
Mainmemorystorageallocationalgorithmsalsoutilize freelists. However, straightforward
adaptationof mainmemorystorageallocationalgorithmsfor diskstoragegenerallyresults
in too many disk accesses.It is necessaryto resortto otheralgorithmsin orderto reduce
disk accesses.Disk storageallocationalgorithmsshouldalsoberobust. In theeventof a
systemfailure, thedisk storageallocatorshouldcontinueto functionwith minimal lossof
information.

Faststartfrom a cold stateis alsoimportant.Whena systemis shutdown, it is often
desirableto preserve thestateof the disk allocatorso thatafter restart,the disk allocator
cancontinuewhereit left off. Faststartis alsodesirableafterasystemfailure.

1.1 RelatedWork

Severalstudiessuggestthatdisk I/O overheadcanbeasignificantpercentageof theoverall
overheadon Web serversandproxy servers [6, 11, 7, 12]. Rousskov andSoloviev [12]
observedthatdisk delaycontributes30%towardstotalhit responsetime. Mogul [11] sug-
geststhat disk I/O overheadof proxy disk cachingturnsout to be muchhigherthanthe
latency improvementfrom cachehits. KantandMohapatra[6] pointout that,with network
bandwidthincreasingmuchfasterthanserver capacity, moreandmorebottleneckswill be
observed on theserver side,amongwhich disk I/O issuearisesfrom the managementof
largeamountsof content.To reducedisk I/O overhead,Soloviev andYahin [14] suggest
thatproxiesuseseveral disksto balancethe loadandeachdisk have several partitionsto
avoid longseeks.Maltzahnetal [8] proposetwo methodsto reducetheoverheadfor prox-
ies: theuseof a singlefile to storemultiple smallobjectsin orderto reducefile operation
overhead,andthe useof the samedirectoryto storeobjectsfrom the sameserver in or-
der to preserve spatiallocality. Markatoset al [9] proposea similar method,which stores
objectsof similar sizesin the samedirectory(calledBUDDY). They further develop an
efficient methodfor disk writes(calledSTREAM) which writesdatacontinuouslyon the
disks.STREAMworksin a waysimilar to log-structuredfile systems[10, 13]. Significant
performanceimprovementresultsfrom thefact thatdisk writescontributesignificantlyto
theworkloadon cachingproxies.

2 Disk StorageAllocation Algorithms

Our algorithmscanbe implementedfor allocatingstorageover raw disk. Alternatively,
they canbe implementedfor allocatingblocksstoredwithin a singlerandomaccessfile.
The latter implementationchoiceis simpler, moreportable,andstill resultsin goodper-
formance.It is oftenmoreefficient thanstoringeachblock in a differentfile becausefile
creationanddeletionareavoided.It alsoavoidstheproliferationof largenumbersof files.

Our disk storageallocationalgorithmstypically maintainfree lists of blocksin main
memoryin order to allow fast searches.It is not necessaryto explicitly storefree lists
on disk. Instead,enoughinformationon disk canbe maintainedto allow free lists to be
reconstructedin theeventof asystemfailure.

Storageblockshave headersassociatedwith them. The headerindicatesthe size of
the block aswell as its allocationstatus. Throughoutthis paper, we usethe convention



thatpositive block sizesindicateallocatedblockswhile negative block sizesindicatefree
blocks.

2.1 Memory ManagementMethod I

In this approach,in-memoryfree lists aremaintainedfor fastallocationanddeallocation.
Thesein-memoryfree lists aresearchedin orderto locateblocksof the right size. Each
block maintainstheheaderinformationon disk shown in Figure1. The allocationstatus
field (AS) indicateswhethertheblock is allocated.Thesizeindicatesthesizeof theblock.
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Figure1: Fieldsmaintainedby memorymanagementmethodI. AS standsfor allocation
status.

In orderto allocatea block, theAS field is setto indicatethattheblock is allocated.If
theblock doesnot have to besplit, only onedisk accessis required.In orderto deallocate
a block, theAS field is setto indicatethattheblock hasbeendeallocated.If coalescingis
not required,only a singledisk accessis required.1

In orderto reconstructin-memoryfreedatastructuressuchasfree lists aftera system
failure, thesystemexaminesheaderblocksstartingfrom thefirst onewithin thefile. If all
blocksarecontiguousandheaderblocksaremaintainedwithin the storageblocksthem-
selves,theblocksizeis usedto determinehow to locatethenext header.

An optimizationwhich canreducethenumberof disk accessesneededto reconstruct
in-memorydatastructuresis to storeheaderinformationin a contiguousareaof the file
separatefrom theblocksthemselves. Thatway, all of theheaderscanbe readin usinga
smallnumberof disk accesses.Multiple headerscanbereadin usinga singleblock read.
If all of the headerscannotfit in a singlecontiguousarea,a numberof contiguousareas
containingtheheaderscanbechainedtogether. Thisapproachmight consumeextraspace
for block headers.However, unlessblock sizesarevery small, the relative overheadfor
headersis notsignificant,anddiskspaceis relatively cheap.Thisapproachis alsousefulif
memoryblocksarenotstoredcontiguouslyondiskor in afile. Storingheaderinformation
in a known areaof disk in which eachheaderidentifiesthe locationof the block allows
eachblock to belocated.

If headerinformationis maintainedwithin storageblocksthemselves,anoptimization
whichcansignificantlyreducestartuptimesafternormalshutdownsis to outputin-memory
datastructuresto contiguousareasof disk just beforethe systemshutsdown. During
startup,thesystemobtainsthein-memorydatastructuresfrom theinformationsentto disk
beforeshutdown insteadof from theheaderson disk.

1In somecases,it maybenecessaryto readthesizeof a blockbeingdeallocatedfrom disk. If this is the
case,thentwo disk accessesmayberequired:oneto readtheblock sizeanda secondto mark theblock as
free.



During startup,it is not necessaryto examineheaderinformationfor all free blocks.
Thesystemshouldcacheinformationin mainmemoryaboutenoughfreeblocksto allow
efficient allocationfor the expectedsteadystatecase. If all free blockscontainedon in-
memorydatastructuresareusedup,thesystemcanincrementallyobtaininformationabout
additionalfreeblocksfrom headersstoredondisk.

2.2 Memory ManagementMethod II

In somesituations,it may be desirableto actuallymaintainlist structureson disk. For
example,differentlistsmightbeusedfor segregatingblocksby size.Usingmemoryman-
agementmethodII, oneor more lists aremaintainedcontainingboth free andallocated
blocks.Figure2 shows theheaderinformationon disk for blockswhenmemorymanage-
mentII andIII areused.Blockheadersareaugmentedto containapointerto thenext block
onalist. In addition,a list headpointerfor eachlist is maintainedondisk(DLH). A pointer
to theheadof eachdisk list is alsocachedin memory(MLH).
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Figure2: Fieldsmaintainedby memorymanagementmethodsII andIII. AS, DLH, and
MLH standfor allocationstatus,disk list head,andmemorylist headrespectively.

Thesystemmayalsomaintainlists of freedisk blocksin memorywhich don’t neces-
sarily correspondto lists on disk. The free lists in memorywould typically be searched
in order to perform allocationsand deallocations.Lists on disk would be examinedto
populatein-memoryfree lists eitherduring startupor in situationswherethe systemis
populatingin-memoryfree lists incrementally. NotethatmemorymanagementmethodII
providestwo methodsfor locatingblocksby examiningdisk. Onemethodis by examining
headersasin memorymanagementmethodI. Thesecondis by examininglistsondisk.

Whenablockis allocated,theAS field is setto allocated.Whenablock is deallocated,
theAS field is setto deallocated.Bothoperationsrequireasinglediskaccess.

Disk accessesarerequiredto addnew blocksto disklists. Whenanew blockis created,
it is placedat thebeginningof a disk list. TheAS, size,andpointerheaderfieldson disk
canbe updatedusinga singleblock write. The pointer to the headof the disk list also
needsto be updated. If the DLH field is updatedimmediately, an additionaldisk write
is required. In orderto eliminatethe additionaldisk write, the DLH field is not updated
immediately. Instead,only theMLH field is updated.Periodically, thesystemcheckpoints
by copyingtheMLH to theDLH. Thecostfor updatingtheDLH is thusamortizedover
severaloperationsandcanbekeptquitelow. If therearemultipledisk lists,DLH’s canbe



maintainedin closeproximity to eachotheron disk sothatthey canbeupdatedin a single
blockwrite.

In theeventof a failure, thesystemmight losetrackof a smallnumberof freeblocks.
Suchblocks would have beencreatedfollowed by a failure beforea checkpointwhich
wouldhave allowedtheblocksto bereachablefrom DLH’s. It is possibleto reclaimthese
blocks if the systemperiodicallyscansthroughblock headersto performadministrative
operationssuchascoalescingadjacentfreeblocks.

If a block is split, it mayhave to bemoved to a differentlist if, for example,disk lists
aredeterminedby size.Moving objectsbetweendisklistsrequiresextradiskaccesses.Be-
causeof theextradiskaccessesrequiredfor modifying lists,memorymanagementmethod
I is preferableunlessthereis a compellingreasonfor maintainingdisk lists. If the listsdo
notchangefrequently, however, theextradiskaccessesareminimal. Listsdon’t necessarily
have to beupdatedafterallocationsanddeallocations.They only have to beupdatedafter
new blocksneedto beaddedto a list or a block movesto a differentlist. Someadditional
spacemay be requiredfor list pointers. Unlessblocksarevery small, the relative space
overheadfor list pointerswill notbesignificant.

2.3 Memory ManagementMethod III

MemorymanagementmethodIII is for situationswhereit is desirableto maintainoneor
morefree lists on disk, asopposedto disk lists containingboth free andallocatedblock
as in memorymanagementmethodII. An advantageof methodIII over II is that disk
list traversalsdon’t have to scanthroughallocatedblocksin orderto locatefreeones.A
disadvantageof methodIII over II is that thedisk lists changemorefrequently. More I/O
is requiredto updatepointerson disk. After a failure, thesystemmustexaminefree lists
in orderto remove any allocatedblocksat thebeginningof thelists. No suchprocedureis
requiredfor methodII.

Using memorymanagementmethodIII, allocationsaremadefrom the beginning of
free lists. If, for example,all blockson a list areknown to be the samesize, then it is
appropriateto alwaysallocatefrom thebeginningof a list. This is thecasefor many of the
freelists for quickfit andthemultiple freelist fit algorithmsdescribedin thenext section.

Memory managementmethodIII also usesthe headerson disk for blocksshown in
Figure 2. MLH’ s are current. DLH’s may be slightly obsolete. They are periodically
updatedfrom MLH’ s.

The systemcachesat least the beginning of eachdisk list in memoryand usesthe
cachedcopiesfor performingallocationsanddeallocations.Whena block is allocated,the
AS field is setto allocated.In orderto performtheoperationusingasinglediskaccess,the
DLH field for thelist whichcontainedtheblock is notupdatedimmediately.

Whenablockisdeallocated,theAS field is setto deallocated,andthepointerfield is set
to point to thepreviousfirst blockon thelist. TheAS andpointerfieldscanbemaintained
in closeproximity toeachotherondisk,allowingthemtobeupdatedin asinglediskaccess.
In orderto avoid anadditionaldisk access,theDLH field for the list which containedthe
block is notupdatedimmediately.

ThesystemperiodicallycheckpointsMLH’ s to disk. After a systemfailure,a disk free
list maystill containallocatedblockswhichwereallocatedsincethelastcheckpoint.All of



theseallocatedblockswouldbeatthebeginningof thefreelist. In orderto fix thisproblem,
thesystemmustexamineeachfreelist andremove allocatedblocksfrom thebeginningof
eachlist.

In theeventof a failure, thesystemmight losetrackof oneor morefreeblockswhich
werefreedafter the last checkpointprecedingthe failure. It is possibleto reclaimthese
blocksif diskblocksaremaintainedcontiguouslyandthesystemperiodicallyscansthrough
diskblocksto performadministrativeoperationssuchascoalescingadjacentfreeblocks.

2.4 PersistentMultiple FreeList Fit Allocation

Theprevioussectionsdescribedseveralmethodsfor efficiently allocatingdiskstorage.The
methodsdid notaddresstheproblemof how to minimizetheamountof searchingrequired
to locatefreeblocks.They alsodid notaddresstheproblemof how to minimizethenumber
of splitsandcoalesces,processeswhichincreasethenumberof diskaccessesandaremuch
morecostlyfor diskallocationthanfor mainmemoryallocation.

We now describean algorithmfor disk allocationwhich minimizessearching,splits,
andcoalesces.Our algorithm,known aspersistentmultiple free list fit allocation(PM-
FLF), canbe usedin conjunctionwith any of thepreviously describedmemorymanage-
mentmethods.We have implementeda disk allocationsystemusingPMFLFandmemory
managementmethodI whichachievesexcellentperformance(seeSection3).

PMFLFhassimilaritiesto MFLF I [5, 4] whichis a fastmainmemorydynamicstorage
algorithm. PMFLF incorporateskey optimizationsfor reducingdisk accesseswhich are
not relevantfor mainmemoryallocations.In somecases,PMFLF will performa bit more
searchingin allocationsin order to reducedisk accesses.In other cases,PMFLF will
allocatea slightly largerblock thanis requiredin orderto avoid splitting theblock which
wouldrequireextradisk accesses.

Both PMFLF andMFLF I usean approachpioneeredby Weinstockin his quick fit
dynamicstorageallocationalgorithm[15]. Several quick lists areusedfor small blocks.
Eachquick lists containsblocksof thesamesize.Allocationfrom aquick list requiresfew
instructionsbecauseit is alwaysdonefrom thebeginningof thelist.

A quick list existsfor eachblockof size ����� where� is apositiveintegerrepresenting
a grainsizeand � is definedover theinterval

	�
 �
��������� 	���� �����
For easeof exposition,we will assumethat 	�
 �
������� is theminimumblock size. The
optimalvaluefor 	���� ��� dependson therequestdistribution. A small block is a block of
size � 	���� ����� �!� A large block is a blockof size " 	���� ���#�$�!�

This approachhasa numberof desirablecharacteristics.Allocation from quick lists is
fast; the vastmajority of requestscanusuallybe satisfiedfrom quick lists. Deallocation
is alsofast;newly freedblocksaresimply placedat thebeginningof theappropriatefree
list. Segregatingfreeblocksby sizealsoreducestheamountof splitting requiredduring
allocationscomparedwith first fit systems,for example.This is asignificantadvantagefor
diskallocationbecausesplitting increasesthenumberof disk accesses.



Deferredcoalescingis used. This meansthat adjacentfree blocks resultingfrom a
deallocationarenotcombinedimmediately. Instead,thesystemwaitsuntil arequestcannot
besatisfiedandthenscansthroughmemoryor disk andcombinesall adjacentfreeblocks.

Spacemanagedby the systemconsistsof the tail andworking storage. The tail is a
contiguousblockof freewordsatoneendof theaddressspacewhichhasnotbeenallocated
sincememoryor diskwaslastcoalesced.Workingstorageconsistsof blockswhicharenot
part of the tail (Figure3). Initially, the tail constitutesall of storagespace,andeachfree
list is empty. Blocksareaddedto freelistsduringdeallocations.

Quickfit usesasinglemisc list (shortfor miscellaneouslist) for largefreeblockswhich
is searchedusingfirst fit. Allocating large blockscanconsumea significantnumberof
instructions.If thepercentageof largeblocksis high,quick fit doesn’t performthatwell.
In theworstcasewhenall requestsarefor largeblocks,quickfit degeneratesinto a first fit
systemwith deferredcoalescing,analgorithmwhichresultsin terribleperformance[3].

In orderto achievebetterperformancefor allocatinglargeblocks,PMFLFandMFLF I
usemultiplemisclists,eachfor a rangeof sizes(Figure3). A largefreeblock is placedon
anappropriatemisclist basedonits size.Supposethesystemhas� misclistsdesignatedby%'&

through
%)( � Let 	���� bethesizeof the largestblock which canever exist in thesystem,%+*-,�.

the sizeof the smallestblock which canbe storedon
%).0/

and 1 
 �21 . the sizeof the
largestblock which canbe storedon

%). � We refer to the pair 3 %+*4,�.0/ 1 
 �21 .65 asa misc list
range. Misc lists cover disjointsizeranges.If

7 � 
$8 � /
then

1 
 �21 .:9 �<; %'*4,�.>=:& �
Theboundaryconditionsare

%+*4,?& ;@3 	���� ��� 9 7 5 �$�
and

1 
 �21 ( ; 	���� �
PMFLF maintainsfree lists andpointersto the tail in memory. Thatway, allocations

anddeallocationscanbeperformedusingfew diskaccesses.It is preferableto usememory
managementmethodI in conjunctionwith PMFLF, althoughtheothertwo memoryman-
agementmethodscouldbeusedaswell. The following discussionassumesthatmemory
managementmethodI is beingused.

PMFLF maintainsan acceptablewastageparameter,
, � In satisfyinga requestfor a

block of size A / a block with a maximumsizeof A 9B, maybeused.If a largerblock is
found,theblock mustbesplit in orderto avoid wastingtoo muchstorage.Sincesplitting
requiresextra disk accesses,it is oftendesirableto reducedisk accessesby wastingsome
disk storage. In addition, disk storageis cheaperand more plentiful than memory, so
wastingsomedisk storageis lessof a problemthanwastinganequivalentamountof main
memory.

For mainmemorystorageallocation,splitting is not very expensive, so it is generally
desirableto split blocksin orderto reduceinternalfragmentation.
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Figure3: PMFLFandMFLF I usemultiple listsorganizedby sizefor freeblocks.

In orderto managelargeblocks,adatastructureC associatingeachmisclist rangewith
a freelist pointeris searched.Oneoptimizationwhichcanreducethissearchingis to store
free list pointersin an array indexed by block sizes. Somesearchingof C may still be
requiredto preventthearrayfrom becomingtoo large.

2.4.1 Allocating Blocks

PMFLFusesthefollowing strategy to allocateablockof size A whereA�� %+*-,�(<D

1. If the quick list for blocksof size A is nonempty, allocatethe first block from the
list. This involvesmodifying in-memorydatastructuresanda singledisk accessfor
modifying theAS field for theblock.

2. If thepreviousstepfails, satisfytherequestfrom thetail.

3. If thepreviousstepfails, examinelists containinglargerblocksuntil a freeblock is
found.Thissearchis conductedin ascendingblocksizeorderbeginningwith thelist
storingblocksbelongingto thenext largerblockclass.

4. If thepreviousstepfails, coalesceall adjacentfreeblocksin memoryandgo to Step
1.

Thefollowing strategy is usedfor allocatinga blockof size A where
%+*4,�( 8 A D



1. Allocatethefirst block on
% (

of size E whereA���EF�GA 9�, withoutsplitting.

2. If thepreviousstepfails, allocatethesmallestblockon
% (

of size E whereA 8 EH� Split
theblock into fragmentsof size A and EJIKA / andreturnthefragmentof size EJILA to
anappropriatefreelist.

3. If thepreviousstepfails, satisfytherequestfrom thetail.

4. If thepreviousstepfails, coalesceall adjacentfreeblocksin memoryandgo to Step
1.

2.4.2 DeallocatingBlocks

In orderto deallocateablockof size AM� 	���� ���N��� / theblockis placedat theheadof the
appropriatequick list. In orderto deallocatea block of size AO" 	���� �����F� / theblock is
placedat theheadof misclist 
 , where%+*-,�. �PA���1 
 �21 . �
Sincedeferredcoalescingis used,adjacentfreeblocksarenotcoalescedduringadealloca-
tion.

2.4.3 ReducingDisk Accessesfor Tail Operations

Whena block is allocatedfrom thetail, boththeAS field for theblock andthetail pointer
on disk needto beupdated.This generallyrequirestwo disk accesses.In orderto reduce
thenumberof disk accessesfor tail allocationsto one,the tail pointerdoesn’t have to be
updatedondiskaftereverytail allocation.An updatedcopyismaintainedin memorywhich
is periodicallycheckpointedto disk. Typically, onecheckpointwouldoccurfor severaltail
allocations.

A block maintainsoneor morecodebytesin its disk header. Suchcodebytesareset
to a certainvalueto indicatethat theblock is allocated.The rangeof possiblevaluesfor
codebytesis large.Thatway, if codebytesaresetto somevalueby apreviouslyexecuting
program,thereis a very low probability that the codebyteswould be setto an allocated
status.

Whena block is allocatedfrom thetail, boththeAS field andcodebytesaremodified
ondiskto indicatethattheblockis allocated.SincetheAS field andcodebytesarein close
proximity to eachother, they canbeupdatedin a singledisk access.

After a failure, the systemmust recalculatethe updatedtail pointer sincethe value
storedon disk maybeobsolete.It doessoby assumingthatthetail pointeris obsoleteand
examiningthe AS field andcodebytesfor theblock beginningat the tail pointer. If this
dataindicatesthat theblock is in fact allocated,thesystemincrementsthe tail pointerby
thevalueof theSizefield on disk andcontinuesupdatingthetail pointeruntil it locatesan
AS field or codebyteswhich indicatethata block hasn’t beenallocated.Thereis a very
small probability that the systemwill assumethat somefreestorageis actuallyallocated
becauseAS andcodebytefieldsweresetto anallocatedstatusby a previously executing
programwhichmodifieddisk. Thisprobabilitycanbemadeextremelylow by appropriate
selectionof codebytes.



3 Performance

The PMFLF systemjust describedprovidesonly an allocationmechanism.Most appli-
cationswill needto imposesomesort of structureuponit. We now show how PMFLF
in conjunctionwith memorymanagementmethodI performsfor implementinga hashta-
ble. We refer to this structureasa HashtableOnDiskor simply, HTOD. In additionto the
disk operationsrequiredby PMFLF, writing anitem to thehashtablerequiresat leastone
seekto updatethehashindex, andoneseekto write thedatato disk. If the indexedhash
bucketis not empty, anextra seekis requiredperbucketentry. We mustsearchtheentire
chainof non-emptybucketsto determineif thenew entryexists,andif so,additionaldisk
operationsarerequiredto deallocatetheold entry. Choiceof agoodhashfunctionis espe-
cially importantwith adisk-backedhashtablein orderto minimizeor avoid theadditional
disk operations.Carefulorderingof theoperationsmakeseachoperationsafeagainstsys-
temfailureswithout theneedto maintainextra stateon disk (andthusavoiding extra disk
operations).

The HTOD implementshashing-by-doubling[1]. Oncethe ratio of number-of-keys
to number-of-hash-bucketsexceedsa certainratio, theHTOD allocatesa new hashindex
of doubletheprevioussizeandrehashesall entriesinto it. This operationis codedto be
restartable,so that if a systemfailure occursduring doubling, the processcancontinue
whereit left off whenthesystemis restarted.

To determinethe effectivenessof the PMFLF algorithmswith the HashtableOnDisk
we have executedseveralperformancetests.Thegoalof thesetestsis to understandhow
thePMFLF/HTOD implementationbehavesrelative to two othercommonstoragemecha-
nisms:file systemsandcommercialdatabases.In thefile systemapproach,a separatefile
is usedfor eachobject. In thePMFLF implementation,a singlefile is usedfor storingall
objects.Theuseof a file addssomeoverheadto thePMFLF implementation.Maximum
performancewould beobtainedby a PMFLF implementationwhich directly rightsto raw
disk without goingthrougha file system.However, even in thepresenceof a file system,
PMFLF still outperformsdatabasesandthe conventionalapproachof storingeachobject
in a separatefile.

3.1 Description of the Linux Tests

The first set of testswere run on an 333MHZ IBM IntelliStationusingSCSIdisks and
runningRedHatLinux 6.0with thekernelupgradedto 2.2.13.Threestoragemechanisms
weretested:a commercialdatabase,a native file systemin which eachobjectis storedin
a separatefile, andPMFLF managingall objectswithin a singlefile. The file systemis
theLinux ext2 file system.Eachtestwasrun six timesandthe resultsaveraged,to try to
minimizelocalvariationscausedby cachingandsystemload.For eachstoragemechanism,
thefollowing testswereperformed:

Wp Write to uninitializedpersistentstorage.

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



R Look upeachitemby its nameandreadit (keyedlookupandread).

Ik Look upeverykey (non-keyedlookupof thekeys).

Iv Look up everydatavalue(non-keyedlookupof thedata).

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

Thetestsused27,800itemswhich weretheactualobjectsin usefor theOfficial 2000
Sydney OlympicsGamesWebsite[2]. Thedistributionof objectsizesisshown in Figure4.
Many of theseobjectsareHTML fragmentswhich areeventuallyassembledto producea
completeservableHTML page.Therefore,theaveragerequestsizeis lowerthanwouldbe
expectedfor a setof objectsconsistingof completeservableentities.
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Figure4: Objectsizedistributionat the2000OlympicGamesWebsite.Thepercentageof
requestsin eachKB slot areshown. Thedistribution hasParetoparameterRS; 7 �UTWV , and
meanobjectsize3.7KB.

Figure 5 showsthebasictimingsfor thevariousoperations.Thefigureshowsthatboth
PMFLF andthe file systemconsiderablyoutperformthe commercialdatabase.PMFLF
outperformsthe file systemin all casesexceptfor Wn. For this situation,old datamust
bedeallocatedaspartof the rewrite. However, for thefile case,thedirectoryitself is not
updated,saving somedisk activity. Thesamefile is usedfor boththeoriginalandupdated
versions.In addition,theoperatingsystemprovidesa significantboostwith its file cache.
However, for situationswherefiles arecreatedand/ordeletedasin Wp, PMFLF consider-
ably outperformsthefile system.Figure 6 shows thesamedatafor theWp, Wn, andR
testswith theDB2 dataremovedsowecanbettercomparePMFLFto theconventionalfile
systemapproach.

We alsolookedat storagerequirementsfor thethreedifferentmethods.An initialized
but emptydatabaseusedapproximately20-25MB,while aninitialized but emptyPMFLF
systemor file systemusesconsiderablylessstorage.Disk spaceconsumedfor thetestwith
27,800objectsis shown in Figure 7.

Thefile systemdoesnotgrow or shrinkaftereachrunof thefile tests.PMFLFinitially
usesa little lessspacethantheraw file systemandgrowsslightly, reachinga steadystate
by the endof the six tests. Thedatabaseinitially usessomewhat morespacethaneither
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of theothertwo methodsbut grows rapidly over thefirst few tests,eventuallyreachinga
steadystate.
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Figure7: Disk spaceconsumedby thevariousmethodsonLinux.

3.2 Testson NT

We alsoperformeda numberof testson a 600Mhz IBM PC300GLrunningWindowsNT
4.0. Thesetestsusedthe requestdistribution from the2000Olympic GamesWebSiteas
well asarequestdistributionfromaDECproxylog collectedfrom8/29/96-9/4/96available
publicly from ftp://ftp.digital.com/pub/DEC/traces/proxy/.TheDECproxylog distribution
of requestsizesis shown in Figure8. TheDECproxy log distribution is moreheavy-tailed
thanthe Olympic Gamesdistribution, which meansit containsa higherconcentrationof
largeobjects.

We generatestreamsof allocationsanddeallocations.Eachallocationis followedby
a write of the correspondingfile or block. The experimenthastwo phases.In the first
phase,we assumestoragerequirementsincrease,thereforeonly allocationsarein the re-
queststreams.Thereare100,000requestsin thisphase.In thesecondphase,weassumethe
storagerequirementis in anequilibrium,andthereare20,000replacements.Eachreplace-
mentcontainsonedeallocationandoneallocation,followedby write of data.In addition,
we randomlychoosean existing object for deallocation. The performanceis measured
from thesecondphaseof theexperiment.

Table1 givesthethroughputin numberof replacementspersecond.Our storageman-
agerobtainsperformanceimprovementof a factor of about2.5, with a little difference
betweenthe two sizedistributions. The improvementis mainly due to reductionof file
operationoverhead.File operationsrequireadditionaldisk I/O; theCPUoverheadis also
high. Sincethe overwhelmingmajority of the files arenot very large, the file operation
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Figure8: Requestsizedistribution from a DEC proxy log. Thepercentageof requestsin
eachKB slot areshown. ThedistributionhasParetoparameterR_;a`��Ub 7 , andmeanobject
size15.2KB.

Table1: Throughput, number of replacementsper second.

Implementation OlympicGames DECproxy

File system 21.6 18.5
PMFLF 55.6 42.3

overheaddominatestheoverall overheadasopposedto operationsfor readingandwriting
data.

Table2: Throughput, number of readsper second.

Implementation OlympicGames DECproxy

File system 20.2 15.6
PMFLF 96.9 69.2

Theexperimentsresultingin Figure1 donotcontainany readoperations.Wedesignan
additionalphaseafterthesecondphaseconsistingof 100,000readrequests.Eachrequest
randomlychoosesanobject. Table2 givesthethroughputin numberof readspersecond.
We find that the performanceimprovementof our storagemanageris even larger, nearly
a factorof 5. We suspectthis improvementis not only becauseof thehigh file operation
overhead.Therefore,wecomparedthediskspaceusageof thetwo implementations.Table
3 shows that thefile systemimplementationusesmuchmoredisk spacethanour storage
manager. Thedifferenceis moreobvious for theOlympic Gamesworkloadwhosemean
objectsizeis muchsmaller(3.7KB comparedto 15.2KB of theDEC log sizes).Thedisk
spaceusageaffectstheperformanceof readrequestsin at leasttwo ways. First, themore
spaceoccupied,thehigherthemissratefrom mainmemorycaching.Second,averagedisk
seekdistanceincreases.



Table3: Disk SpaceUsage.

Implementation IBM log sizes DECproxy sizes

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

4 Summary and Conclusion

This paperhaspresentednew algorithmsfor managingpersistentstoragewhich minimize
the numberof disk seeksfor both allocationsanddeallocations.Our disk allocatorcan
usuallyallocateor deallocateablockof memoryusingasinglediskseekandstill allow the
stateof thesystemto befully recoveredin theeventof a failure.

Our algorithmscanbe usedfor managingmultiple objectswithin a singlefile or for
managingmultiple objectsover raw disk. The latter implementationwould offer thebest
performancebut is morework andlessportable.We have implementedouralgorithmsfor
managingmultipleobjectswithin a singlefile anddeployedourstoragesystemfor persis-
tentlystoringdataatthe2000OlympicGamesWebsite.Oursystemresultsin considerable
performanceimprovementsover databasesandfile systemsfor Web-relatedworkloads.
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