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Abstract

File systemscombiningdiskstoragewith non-volatile RAM (NVRAM) promiselargeimprovementsin
�le systemperformance.However, currenttechnologyallows for a relatively limited amountof NVRAM,
limiting theeffectivenessof suchanapproach.We areexaminingin-memorycompressiontechniquesthat
allow for signi�cantly moreef�cient utilization of this limited resource.We focuson smallobjects- meta-
dataandsmall �les - andwe have measuredthecompressibilityof theseobjectsfor a setof representative
�le systems.Our resultsshow that inodesarecompressibleby at least50–79%at a rateof 1.5–2.2mil-
lion inodespersecondfor thebestalgorithms.For �les in therangeof 4–128KB, we achievedanaverage
compressibilityof 40–60%at ratesof 20–40megabytespersecond.Basedon thesemeasurements,we be-
lieve thatcompressionof bothmetadataandsmall�les shouldbeincludedin any disk/NVRAM hybrid �le
system.



1 Intr oduction

File systemscombiningnon-volatilememoryanddiskstoragepresentthepossibilityof signi�cant improve-
mentsin �le systemperformanceascomparedto traditionaldisk �le systemswithout thesigni�cant limits
onstoragecapacityinherentin purelymemory-resident�le systems.Severalsystemsalongtheselineshave
beenproposedusingboth existing non-volatile memorytechnologiessuchasbattery-backed DRAM and
�ash memoryaswell asnew technologiessuchasmagneticRAM (MRAM). Theperformancebene�ts of
a hybrid �le systemresultfrom storingmetadataandsmall �les in memoryfor fastrandomaccesses,while
allowing relatively unrestrictedstorageof large �les. With typical workstationworkloads,themajority of
�le systemaccessesareto metadataandsmall �les, so overall performancewill primarily be determined
by thein-memory�le systemperformance[21]. Accessesto smallobjectsareprimarily limited by time to
�rst byte,makingRAM-lik e technologiesmoreattractive. For largerobjects,however, bandwidthbecomes
a largerconcern,makingretrieval from disk morecost-effective.

Despiteclaimsto the contrary[28], non-volatile memorycapacitiescanbe expectedto be limited for
the foreseeablefuture. While MRAM pricesmaybecomparableto DRAM in the long run, MRAM is an
emergingtechnologyandcanbeexpectedto belimited in capacityin thenearterm.Practicalbattery-backed
DRAM andSRAM cardsareavailable,but larger-capacitymodelsarespecialtyproductsnot typically avail-
ablethroughmass-market retailers.Of currently-availablenon-volatilememorytechnologies,�ash memory
offersthebestprice-capacitybalance,with pricesonly abouttwicethoseof volatileDRAM, but �ash mem-
ory hasverydistinctivecharacteristicsthatpresentseparatechallengesto �le systemdesign[11, 25, 33], and
theseissueswouldpresentsimilarchallengesto designsfor hybrid �le systemsincorporating�ash memory.

Sincenon-volatile memorycapacitieswill remainsmall relative to overall �le-systemsizes,hybrid �le
systemsshouldusethat limited capacityasef�ciently aspossible.Oneway to helpdo sois to incorporate
featuressuchas compression;datacompressiontechniquesand characteristicsare of particularinterest
becauseof the very high speedof current-generationprocessorsrelative to slow improvementof storage
bandwidthandlatency [30].

Datacompressionworksby exploiting similaritiesbetweenpiecesof data;conventionalalgorithmscan
beusedeitheron a singlestreamof dataor �le, adaptively detectingthosesimilaritieswithin the �le/data
stream,or they canbeusedasstaticcompressors,takingadvantageof a priori knowledgeregardingtheclass
of databeingcompressed.Onestandardexampleof thelatteris text �le compressionusingadictionarybuilt
usingtheknown frequency of charactersin a givenlanguage;anotheris gammacompressionwhich works
on the assumptionthat shorterbit strings(lower values)will be more frequentthan longerones(higher
values)[31].

This paperexploresthe potentialspacesavings and performancecost of compression;we focus on
staticcompressionmethodsfor metadataandadaptive stream-basedcompressionfor �le data. We do not
presenta speci�c designfor thedisk/NVRAM hybrid �le system,althoughour researchdoesmake certain
assumptionsaboutthesortof systemwhichmightbedeveloped.In particular, wemakecertainassumptions
abouttherangeof systemsandapplicationsto besupportedby adesignintendedfor PC-classworkstations
and low-end servers runningLinux or a similar UNIX-like operatingsystem,thoughwe expect that our
resultswill beapplicableto larger �le systemsaswell. We do not assumetheuseof any particularkind of
non-volatile memorytechnology, but ona few pointsassumethattheNVRAM canbemappeddirectly into
thesystemaddressspace.Finally, weassumethatNVRAM haspredictablerandomaccessperformancefor
bothreadsandwrites;becauseof therequirementfor blockerase,�ash memoryfailsonthispoint,although
thiscouldbeaddressedat thecostof someadditionalcomplexity.
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2 RelatedWork

The useof non-volatile memoryfor �le systemsis not new; Wu and Zwaenepoel[33] and Kawaguchi,
et al. [15] presenteddesignsfor �ash memory-based�le systems,andexisting �ash memorydevicesmay
useany oneof anumberof �le systems,includingtheMicrosoftFlashFile System[11, 16] andJFFS2[32].
While these�le systemsare,to somedegree,optimizedto runon�ash memory, mostlackseveralimportant
featuressuchastheability to usedisk for large �les andtheability to compressinformationto save space.
JFFS2is a log-structured�le system[22] optimizedfor �ash memoryusagethatdoessupportcompression
of dataandmetadata,but it still cannotsupportmixed�ash anddisk storage,andthereis little information
on the effectivenessof its compressionalgorithms. JFFS2is not the �rst �le systemto usecompression;
otherdisk-based�le systemshave donesoaswell [4].

Douglis,etal. [11] studiedstoragealternativesfor mobilecomputers,includingtwo typesof �ash mem-
ory. They notedthat �ash memorywasslow, particularlyfor writes. This hasnot changed;even a laptop
harddrive is fasterthanmostcompact�ash memorycards.In suchasystem,compressionis usefulevenfor
smallobjectsbecauseit reducestransfertime in additionto reducingspacerequirements.

Therehasbeensomerecentwork in hybrid disk/NVRAM �le systems,particularlyascompact�ash
memoryhasdroppedin priceandalternative technologiessuchasMRAM [2, 26, 36] andOvonyx Uni�ed
Memory[9] havecomecloserto reality. TheHeRMES�le system[18] andtheConquest�le system[28] are
currentexamplesof hybrid disk/NVRAM �le systemsunderdevelopment.However, thetwo systemshave
differentassumptionsaboutthe typeandquantityof availablenon-volatile memory. HeRMES,developed
to take advantageof MRAM, assumesa relatively modestamountof memoryanda possibledifference
in performancebetween�le systemNVRAM andmain memory. Conquest,developedto take advantage
of battery-backed-upDRAM, assumesa copiousamountof NVRAM anduniform accesstimes. Neither
systemusesatechnologywith widemainstreamavailability, althoughtheConquestsystemdoessimulateits
idealtechnologyandprovidesomedegreeof battery-backupfor memoryby usingaUPSto providebackup
power to the systemasa whole. The HeRMESprojectsuggeststhe useof compressionor compression-
like techniquesin orderto minimize theamountof memoryrequiredfor metadata;by contrast,Conquest
minimizestherequiredmemoryusedfor metadatapurelyby usinga stripped-down versionof thestandard
on-diskmetadatastructures.

Therehave beena numberof studiesof thedistribution of �le sizes,and�le lifetimes[1, 23, 21]. There
hasalsobeensomediscussionof thedistributionof �le ownershipandpermissionsasit relatesto �le system
security[13, 20].

Beyond work on �le systems,therehasbeenconsiderablework evaluatingthe useof compression
techniquesfor in-memorystructures.Douglisproposedtheuseof a compressioncache, which would im-
plementa layerof virtual memorybetweentheactive physicalmemoryandsecondarystorageusingapool
of memoryto storecompressedpages[10]. This ideahasbeenexpandeduponin severaldirections;Wilson,
Kaplan,andSmaragdakisevaluatedtheuseof differentcompressionmechanismsfor memorydata[14, 30],
andCortes,etal. evaluatedtheperformanceof usingsuchtechniquesonamodernsystem[7]. Finally, there
is anongoingeffort to implementacompressedpagecacheon Linux [8].

A numberof compressionmechanismscouldbeusedto compressmetadata,includingany of theblock-
or stream-basedmechanismsevaluatedby Wilson,etal. [30] andusedin theLinux-Compressedproject[8].
However, simplermechanismssuchasHuffman codingusinga pre-computedtree[6], gammacompres-
sion[31], andotherpre�x encodings[31] canall beusedto goodeffectwithout thesamedegreeof runtime
processingoverhead.
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3 Experimental Methodology

To studythecompressibilityof metadataandsmall �les, we �rst hadto gatherdataon currentsystemsto
serve asa sampleon which to try differentcompressionalgorithms.All of thesystemswe analyzedused
a versionof UNIX; thus,we decidedto useUNIX metadatafor our study. Metadatain UNIX is storedin
inodes; in widely-used�le systemssuchastheBerkeley FastFile System(FFS)[17] andtheLinux ext2 �le
system[3], each�le hasa single128-byteinodethat containsinformationsuchasowning userID (UID)
andgroupID (GID), permissionbits, �le sizes,andvarioustimestamps.In addition,eachinodein FFSand
ext2 containspointersto several individual �le blocks. In this section,we describehow we collectedour
raw data,andthedetailsof thecompressionalgorithmsweused.

3.1 Data Collection

Our datacollectionwasdonein two stages.To initially verify the assumptionthat thereis a high level
of similarity among�le metadataon the classof systemsbeingexamined,we useda shortPerl script to
producestatisticsfrom directorydumps.

ThePerlscriptwasrun on a total of eightsystems:5 general-purposeLinux workstations,one“clean
install” of RedhatLinux 8.0,oneWindows2000system,andonelargemulti-userUNIX server. Of these,all
but theWindows2000systemprovidedusefulinformation.Thedatafrom theWindows2000systemproved
mostlyunusablebecausethedirectorydumpprovidedby theCygwin versionof ls we wereusingdid not
accuratelyre�ect theNTFSpermissionsor ownershipinformation.The�le sizedistributionsextractedwere
similar to the�le sizedistributionsof theLinux systemsandto theresultsfoundin previousstudiesof �le
sizes[21, 25].

All six Linux systemsfolloweda very similar pattern,with permissionsand�le ownershipvery highly
weightedto system�les ownedby the superuser(root ). File sizes,aswith the Windows 2000system,
roughlycorrespondedwith the distributionsfound by previousstudies[21, 25]. Becausethedistributions
werebasedon the entiredirectory tree,andnot simply one �le system,they wereskewed somewhat by
entriesin thedynamicallygenerated/proc and/dev Linux �le systems,whicharetypically verysmall.

The large UNIX system,which wasrunningSCOOpenserver, a commercialx86 UNIX implementa-
tion, hadapproximately1.1 million user�les ownedby 160 UIDs. The numberof system�les andtheir
distribution of combinationsof UID, GID, andpermissionbits weresimilar to thoseof theLinux systems,
althoughtheir numberon this server wasdwarfedby thenumberof user�les. Overall, thenumberof per-
missioncombinationswassomewhatgreaterfor the large system,thoughthedistribution of �le sizeswas
verysimilar.

Basedon our initial analyses,reportedin Section4.1, we collectedanothersetof inodedumpsfrom
three�le systems,anduseda tool in Perl to generatesimulatedinodesfor a fourth system. We directly
dumpedoneof the Linux workstationsfrom our initial study, and ran the Perl script on the large UNIX

server. We alsocollectedinodesfrom theroot andhomedirectories�le systemof a low-endLinux server
runningNNTP (netnews) and�le services.Table1 shows variouscharacteristicsof eachof the four �le
systems:thenumberof �les (active inodeswith morethanonelink to them),percentageof system�les as
determinedby thenumberof �les ownedby root , adm, or bin , thenumberof UIDs owningat least0.1%
of all �les, andthemostcommonsizegroupingof �les groupedby bit width.

3.2 CompressionMechanisms

Weevaluatedsix differentcompressiontechniques.As acontrol,weusedaconventionaladaptive compres-
sor, deflate , from thezlib compressionlibrary [12]. Wetestedthisalgorithmfor �le compression,and
ranbothon binarycopiesof individual inodesandon a singlebinary �le containingthe full setof inodes.

3



System Files System�les UIDs Average�le size

Linux workstationroot 213569 98.8% 5 4–8KB
Linux server root 431615 59.5% 4 1–2KB
Linux homedirectories 378842 4.5% 4 64–128KB
UNIX server (all �les) 1618855 28.8% 158 0.5–1KB

Table1: File systempro�les.

Type Compress�eld if value: Compressedrepresentation Uncompressedrepresentation

A Matchesthesinglemost-commoncase Singlebit: `0' `1' followedby entire�eld
B Canberepresentedin n bitsor fewer `0' followedby n bits `1' followedby entire�eld

Table2: Rulesfor the all-or-nothing compressor. Therearetwo different typesof �elds, A and B. User
ID would lik ely be an A-type �eld (singlemost commonvalue—root ), while �le length would lik ely
be a B-type �eld (most �le lengthscanbe representedin relatively few bits).

Threeof theremainingcompressorswerestandardstaticcompressors,tunedspeci�cally for inodes;thelast
two werealternative adaptive compressorsfor data�le compression.

The�rst compressionmechanismweevaluatedfor compressinginodeswasaverysimpleall or nothing
pre�x compressorthatencoded�elds asshown in Table2.

Thesecondcompressionmechanismwe evaluatedfor inodecompressionwastheuseof pre-generated
Huffmancodes,basedon thedistribution of frequenciesof valuesin variousinode�elds acrossall of the
inodesin each�le system. For �elds with a limited setof discretevalues,suchas UID/GID pairs, the
Huffman codesrepresentedthe actualvaluesfor those�elds. For �elds with a rangeof bit lengths,the
Huffmancodesrepresentedpre�xeswhichwerefollowedby theindicatednumberof databits.

In orderto handlevariationbetweenthe�le systempro�led to generatethetreeandthe�le systemwhere
inodeswerebeingcompressed,we addeda valueto the treeto indicateOTHER with a certainminimum
frequency, whichwouldbeusedto representvaluesnotknown atthetimethetreewasgeneratedfor discrete-
valuecodes,or to representthefull standardlengthof the�eld in a regularext2 inodefor bit-lengthcodes.
In eithercase,theOTHER codewouldbefollowedby thefull regularvaluefor anext2 inode.

Onedownsideto Huffmancodesis that,givena distribution with many low-frequency values,thetree
usedto generatepre�x codescanbecomequitedeep.To limit themaximumdepthandsizeof thetree,we
eliminatedvalueswith frequenciesbelow a certainthreshold,which we setat below 0.1%,andaddedthe
total frequency of all eliminatedvaluesto theOTHER valuewhenit wasinserted.Thisappearsto havehad
little effect on theaveragecase,becausethe itemsbeingreplacedwerevery low frequency to begin with.
On the otherhand,it dramaticallylimited the lengthof the longestcodes,reducingthe worst-caselength
of each�eld. Althoughthis maybe lessthanoptimal,we believe thetradeoff is reasonableto guaranteea
lowermaximumlengthfor acompressedinode.

The third mechanismwe evaluatedfor compressinginodeswasgammacompression,a methodof ef-
�ciently codingvariable-lengthnumericvalues[31]. It representseachvalueasa unarypre�x (k 1 bits
followedby a single0 bit) followedby a binary �eld of lengthdeterminedby looking at entryk entry in a
small table. Gammacompressionfurther reducessizesby offsettingthestartof “bucket” k by thesumof
thesizeof thebucketsfor smallervaluesof k. Gammacompressionis particularlyef�cient for certaincom-
montypesof distributions: thosethathave largequantitiesof smallvalues.We useda very simplemethod
of building the tablesusingthe frequency distributions collectedfor the Huffman tableswhich produced
very goodresultsfor thedistribution of valueson most�elds; we did not speci�cally examinewhetheran
algorithmto developanoptimaltableexists.

The threeadaptive compressorswe evaluatedfor �le datacompressionwereall block compressorsof
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the Lempel-Ziv family. Deflate from the zlib library [12] is a relatively recentvariant of LZ77 [34]
intendedfor generalpurpose�le compression.We comparedthe effectivenessand speedof deflate
againsttwo compressorswhich which arespeci�cally optimizedfor speedandlow resourcerequirements,
LZO (Lempel-Ziv-Oberhumer)[19] andLZRW1 (Lempel-Ziv-Ross-Williams) [29] . Theselectionof these
particularcompressorswasmotivatedin part in order to parallelprior work on swap compression;both
LZRW1 andLZO have beenevaluatedfor thatpurpose[7, 10, 30].

3.3 Inode compressionimplementation

Theext2 �le systemusesa128-byteinode,similar to severalotherUNIX implementations.In ext2,74bytes
areusedfor blockpointersandreservedfreespace;theremaining54bytescontaininformationthatmustbe
keptfor each�le. This is verycloseto thesizeof inodesusedby theConquest�le system—Conquest's �le
metadatais 53 byteslong, andconsistsof only the �elds neededto conformto POSIXspeci�cations[28].
Thiswasusedasabaselinefor thememoryrequirementsof anin-memoryinode,andrepresentsareduction
in sizeof 46% simply by strippingout the unused�elds. Note, however, that somereplacementfor the
blockpointerswill benecessaryfor larger�les which wouldspill over to disk. If thesearekeptin memory,
compressiontechniqueswouldbeapplicableto themaswell.

The �rst pieceof codewe implementedwasan inodescanner, which dumpeda raw binary copy of
the �le system's in-useinodesto a one �le and a text listing of the inodes' �elds to another�le. This
usedthe libext2fs library, andwaslooselybasedon thee2image utility [27]. We alsomodi�ed the
samescannerto compresstheinodeswith zlib usingboththeblock-compressionandstream-compression
modes[12], andto output54-byteConquest-like uncompressedin-memoryinodes.

We wrotea small Java applicationto scanthe text �le of inode�elds andproducefrequency lists and
Huffman treesfor eachof the interesting�elds. After examiningthe outputfor correctness,we modi�ed
the outputto producea machine-parseablesource�le with arrayrepresentationsof theHuffman treesfor
thedecoder;this waslatermodi�ed to alsoproducegamma-compressiontables.It shouldbenotedthatno
effort wasmadeto optimizeor time theprocessof assemblingfrequency lists andbuilding Huffmantrees.
In a productionenvironment,this processwould bedoneinfrequently—onlyduring theone-timecreation
of a staticcompressor, in whichcaseperformanceis notasigni�cant issue.

Finally, wewroteacompressiontestharnessin C++. The�rst versionsimplycalculatedtheeffectiveness
of all-or-nothing compression,without actually doing any compression,and provided somepreliminary
results.Thesecondversionimplementedall threecompressionmechanismsandwasalsobettersuitedto
doingcompression-rateestimates;additionally, we implementeda decompressorfor Gammacompression
in orderto verify thecorrectfunctioningof at leastoneof thecompressorsandto con�rm our expectation
thatdecompressionwouldbequicker thancompression.

4 Experimental Results

4.1 Inode Compression

Our initial resultscamefrom the �rst versionof the scannerandtestharness.In particular, it estimated
thesizeof all-or-nothingcompressedinodesasa proof of concept,but did not performactualcompression
usingbitwiseoperations.This wastestedagainstonly oneof the�le systemswe eventuallytestedagainst,
theroot �le systemof aLinux workstation;theoverallnumberof inodesin-usewas213,569(outof 641,280
total) of which 3,541werenon-�les with no blocks. Thevastmajority (about98%)of theseweresystem
�les ownedby theroot user(UID 0); homedirectoriesfor wereon a separate�le system.Copiedto a disk
�le, the total spacetaken by the in-useinodeswasabout27MB (27,336,832bytes)uncompressed.The
processof readingin all inodes,bothin-useandnot in-use,took approximately3.5seconds,averagedover
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Figure 1: Initial compressionresults. “CQ-lik e” inodesare thosestripped in a way similar to that in
Conquest[28].

10 runsmeasuringto thenearestsecond,without writing any of thedump�les to disk. Whenwe repeated
this testwith Conquest-like in-memoryinodes,thespaceusedwasabout11MB (11,532,726bytes).These
runswerenot timed,asnoprocessingwasbeingdoneon theinodes;�elds weresimplydropped.

To testcompressibilityandestablishacontrol,wetriedcompressingtheentire�le of raw inodesandthe
�le of strippedinodeswith gzip andbzip2 to gaugethelikely limits of compressibility. Our initial results
for the �rst suiteof compressiontestsareshown in Figure 1. We found that gzip achieved roughly 8:1
compression,andbzip2 achievedapproximately10:1compression.This is correspondsto about9 bytes
per inodeon the Conquest-like inodes. While it is still beyond what our compressorscanachieve, it is a
reasonable,if perhapsunreachable,goal.

Thesimpleall-or-nothingcompressionalgorithmreducedspaceutilization to about5.1MB, or an av-
erageof just lessthan23 bytesper inode—animprovementof about55%over the54-byteConquest-like
strippedinodes. It is alsomorethanan 80% improvementover the standard128-byteinode,but mostof
this is simply a matterof droppingthedisk-speci�c information.Runningthiscompressor, withoutany �le
writes,tookroughly3.5seconds,averagedover10runsasbefore.Thiswasidenticalto thetimerequiredto
readtheinodeswithoutcompressingthem.In orderto haveacomparisonto thezlib -compressor'sperfor-
mance,thetestwasrepeatedwriting thecompressedinodes,andover 10 runsthecompressorconsistently
ranin 6 seconds.

Werepeatedthescan,compressingtheraw ext2 inodesusingthezlib deflate compressor. Initially,
we usedthe zlib block-at-a-timecall on eachinode,but the resultingperformancewaspoor—two test
runstook 115and116seconds.Thescannerwasrevisedto opena zlib compressed�le andwrite each
inodeto thestream.This wasalmost20 timesfaster, takingapproximately6.5 seconds,averagedover 10
runs. Interestingly, theoutputproducedby bothmethodswasidentical;thecompressedstreamwasappar-
ently treatingeachwrite call asa separateblock, but theperformancewasvastly improved. Thezlib
compressedimagewasroughly5.9MB, somewhat largerthantheresultsof our all-or-nothingcompressor.
However, accordingto thezlib documentation,thereis a12 byteheaderperblock [12], sonearly50%of
thecompressed�le wasblockheaders.

Basedon the encouragingresultsfrom our �rst setof compressiontests,we proceededto run more
extensive testsusing different compressionmechanisms.As discussedin Section3.1, we �rst gathered
morecompleteinodeinformationonfour, morediverseUNIX systems.Wegeneratedpro�les—frequencies,
gammatables,andHuffmantrees—foreachof thefour �le systems,andthenmanuallycodedall-or-nothing
compressorsfor eachof the four �le systems.For each�le system,we testedeachcompressor, using�rst
usingthepro�le producedfrom that �le system,andthentheotherthreepro�les. For each,we measured
thetotal elapsedtime to compressall theinodesandthetotal sizeof thecompressedinodes;from thesewe
calculatedtheaveragebytesperinodeandthecompressionratefor that�le system/compressor/pro�le.

As expected,the bestcompressionwas achieved in all four caseswhen the pro�le matchedthe �le
systembeingcompressed.In two cases—theLinux workstationandthe news server home�le system—
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Figure 3: Compressionrate, in millions of inodesper second,for the bestand worst pro�les on each
�le system.The top of the shadedbar is the rate for the worst pro�le, and the top of the thin bar is
the rate for the bestpro�le.

the greatestspacereductionwasachieved by All-or-Nothing, and in the other two, gammacompression
performedbest. In threecasesout of four, theHuffmancompressorhadthe lowestspacereductionof the
compressors,althoughit wasthesecondbestfor thenews server homedirectories.As shown in Figure 2,
compressedinodesizesusingthepro�le generatedfrom theoriginal �le system,rangedfrom 23to 30bytes.
Selectingtheworstpossiblepro�le for each�le system/compressorcombinationresultedin a compressed
inodesizethatrangedfrom 30 to 37bytes.

Thespeedof compressionis alsoa very relevant factorbecauseinodecompressionanddecompression
mustbefastfor thetechniqueto beusedin aregular�le system.Fortunately, wefoundthatthecompression
techniqueswechooseweresuf�ciently fastthatthey wouldnot limit �le systemthroughput.Thefull battery
of testswe ranon thefour �le systemsfrom theLinux workstation,news server, andUNIX server wererun
on a 1.7GHz Pentium4 processor, and both readthe full set of inodesinto memoryand pre-allocated
buffers for the compressedinodesbeforeattemptingany compressionThe ratesof compressionfor the
gammaandall-or-nothingcompressorsoverlappedslightly, with all-or-nothingrunningat 1.8–2.2million
inodesper second,andGammaprocessing1.5–1.9million inodesper second.The Huffman compressor
wassigni�cantly slower, compressing500,000–950,000inodespersecond.

OurgammaandHuffmancompressorsincludedvariablesto trackthebest,worst,andaveragebit width
of each�eld. We retainedthesefor certaininteresting�elds, and the resultsshow the strengthsof each
compressorfor certaintypesof data. Figure 4 comparesthe bestand other casesfor the all-or-nothing
compressorwith themeasuredbest,average,andworstcasesfor theHuffmanandgammacompressorson
theLinux workstation�le system.
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Theresultsfor thetimevaluesaretroubling;theall-or-nothingbestlengths,andthetypical casesfor all
threecodesarestill quite long for the creationtime (CTime), andtheaveragevaluesfor themodi�cation
(MTime)andaccess(ATime) timesfor bothHuffmanandgammaareactuallydegeneratecaseslonger than
thestandard32-bit value. It is not clearthat thesevaluescanbecompressedsigni�cantly on an individual
basis,but onemechanismworthconsideringis acommonpoint from which �les couldmeasuredeltas,such
asthedirectorycreationtime,possiblyimproving thedegreeof compression.Alternatively, if the�le system
hadsomecleaningmechanismfor compressedinodes,alongthe linesof LFS [4, 22], a mechanismwhich
reducedthetiming resolutionof olderinodescouldalsobeusedto save space.

Additionalspacecouldbesavedby transformingseveral�elds in concert.For example,themode,UID,
andGID �elds couldbecombinedinto a “permissions”�eld. As notedby Reidel,etal. [20], thenumberof
uniquepermissionsetsin a �le systemis relatively small,and,asshown in Section3.1, many �les fall into
thecategory of “system�les” andcouldbe representedby a small encodingin eitherHuffmanor gamma
compression.

Finally, it is not entirely clearwhetherit is safeto throw out the deletiontime (DTime) �eld. Linux
supposedlydoesnot make useof this �eld, and the scannerdid not pick up any in-useinodeswith the
DTime �eld setto a non-zerovalue.However, whenwe tried re-runningthecompressorwithout thecheck
for active links on theoneof the�le systems,we foundthatDTimedoesseemto besetfor quitea number
of inactive inodes.This testwason thenewsserver root �le system,andthenumberof inactive inodeswith
nonzeroDTimesexceededthenumberof active inodes.

It is interestingtonoteis thatasigni�cant partof thecompression—sharedacrossall threecompressors—
comesfrom required�elds thatarevery seldomusedon low-endLinux installations,suchasthe�le �ags,
thedeletiontime,andthePOSIX�le anddirectoryACL entries.These�elds areessentiallytreatedasop-
tional underthecurrentencodingschemes;it would beusefulto examineto whatextent theseareactually
usedin productionsystems,andif so, what kind of distributions they �t. Similarly, any of the encoding
methodsallows for very ef�cient encodingof ”extended”�elds whereuppervaluesareseldomused,such
astheextensionsfor 32-bitUID andGID or the64-bit extensionfor �le size.

4.2 CompressingSmall Files

Storingonly metadatain fastpersistentstoragewouldbeof limited valueif accessto thecorrespondingdata
alwaysrequireda disk access.While compressionis normally thoughtof asa techniquethat is appliedto
large�les in orderto save storagespaceon disk, todayneitherstoragespacenorbandwidthareparticularly
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limiting factorscomparedto latency. Storing �les in memoryreducesthe accesslatency, but as long as
memoryis a relatively limited resource,mostlarge�les will needbestoredondisk,while smaller�les may
bestoredin memory. By increasingtheeffective capacityof thefastbut smallmemory, compressionallows
agreaternumberof �les to bestoredin memoryandthusaccessedwith reducedlatency.

Compressing�le datais a somewhat differentproblemfrom compressingmetadata.While metadata
is structuredandrelatively regular, �le datais neitherinherentlyunstructurednor regular; a �le on UNIX

or similar operatingsystemsis simply an arbitrary sequenceof bytes. While �les of a given type can
befairly regular, the �le' s typeis not reliably recordedaspartof the �le metadataon UNIX-like operating
systems.Withoutsomeknowledgeof the�le' s type,thebestoptionis to useageneral-purposeblock/stream
compressor. The mostpopularof thesearedictionary-basedcompressorsin the Lempel-Ziv family [34,
35], althoughonebroadlyusedcompressionprogram,bzip2[24], usesa block-sortingalgorithmbasedon
Burrows-Wheelertransforms[5].

Ourcompressiontestswereperformedonthreeof the�le systemsusedfor theinodecompressiontests,
the Linux workstation�le systemandthe news-server /home and/root �le systemsbecausethe large
UNIX server wasnot availablefor thesetests.Thecompressiontestswerealsoperformedon anadditional
Linux workstationwhich hada combined�le systemincluding both the root andhomedirectories. The
testsconsistedof loadingeach�le undera givensizelimit into memoryandthenaveragingthetime across
several compressionanddecompressioncycleswhile measuringthe total spacesaved by compressionfor
each�le.

We ranthesetestsfor threealgorithmsdescribedbrie�y in Section3.2: deflate , LZO, andLZRW1.
We focusedon thecompressibilityof �les containingup to 128KB of uncompresseddata.This threshold
wasselectedbasedon two assumptions:�rst, that a thresholdmuchlarger thanthis would likely require
relatively very large amountsof memory, andsecond,that �les much larger than128KB were likely to
includesomemedia�les thatwerelikely alreadycompressed.Also, weexpectedthattheverysmallest�les
wouldnotbeparticularlycompressible.

The resultsfor the two Linux workstationsystems,andtheroot �le systemof thenews server closely
matchedexpectations.We averaged�les acrosssizegroupsat 512-byteincrements;all threecompressors
showedverysimilarcurvesonall three�le systems.Thecurveshoweda�at averagedegreeof compression
for �les between4KB and32KB. Filesbetween32KB and128KB showedasimilaror slightly higherav-
eragedegreeof compressibilityin overall,but hadadegreeof variationbetweendifferentsizegroups.Files
below 4KB showedadecreaseddegreeof compressibility. Figure5(a)shows thecompressioneffectiveness
by �le sizeontheLinux workstationroot �le systems.Therateof compressionwasalsosimilaracrossthose
threesystems,with all threeof thecompressorsreachingtheir averagerateof compressionabove a certain
minimumsize�le. Figure5(b) shows theaveragecompressionratesby �le sizeon thesameLinux work-
station�le system.Decompressionratefollowed similar patterns,but wasmuchfaster, averagingaround
125–150MB/sec.

Figure5 shows that deflate provided signi�cantly bettercompressionthaneitherLZRW1 or LZO
at the expenseof signi�cantly worseperformancethaneither. LZO provided slightly bettercompression
thanLZRW1, at the expenseof slightly worseperformance.The overall averagecompressionratio and
theaveragecompressionratesin megabytespersecondareshown in Table3. The �gures in Table3 were
measuredontheLinux workstationroot �le system,but resultsfor theother�le systemsexceptfor thenews
server homedirectoriesweresimilar. Note that, even for the slowestcompressionalgorithm,deflate ,
the�le systemwould beableto transferover 60010KB �les persecond.For thefasteralgorithms,the�le
systemcouldtransfer3500–4000such�les.

Unlike theother�le systems,thehomedirectory�le systemon thenewsserver did notmeetourexpec-
tations;it hadparticularlyirregulardistributionsfor bothcompressibilityandrateof compression.A close
examinationof thedisk's contents,showedthis to bebecauseof avery largenumberof JPEGimagesrang-
ing from thumbnails(2–6KB) to muchlarger �les. Compressed�le formatssuchasJPEGtypically cannot
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Figure 5: Compressibility and speedof compressionfor the �les on the root �le systemof the Linux
workstation. Both measurementsare calculatedacrossa rangeof �le sizes.For both graphs,LZR W1
is the top line and deflate is the bottom line.

Compressor AverageCompression AverageRate
De�ate 61% 6.3MB/sec
LZO 50% 36.8MB/sec
LZRW1 44% 42.5MB/sec

Table3: Average�le compressionand speedby compressiontechnique.
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Figure6: Cumulative spacerequired for compressed�les.

becompressedfurtherby thelosslesscompressiontechniqueswewereusing,andattemptingto recompress
themtendsto be a relatively slow process.This problemcould be usefully addressedif the �le system
metadatacouldreliablybequeriedfor �le type,or if the�le systemhadagoodheuristicfor determining�le
type,suchaslookingat theextension(i. e.,.jpg ).

Finally, theusefulnessof compressioncanbeemphasizedby examiningthecumulative spacetakenby
compressedanduncompressed�les of a givensize,shown in Figure6. Filesof up to 128KB on theLinux
workstationroot �le systemoccupiedabout1.3GB of total space.However, the total compressedsizeof
thesame�les rangedfrom approximately800MB with LZRW1 down to 570MB with deflate . These
savingsareverysigni�cant, althoughthey alsounderscorethat�le datacompressionon its own maynotbe
enough;the lowest�gure of 570MB remainssizeableeven by thestandardsof volatile workstationmain
memory.

Compressionmaybemostusefulfor verysmall�les—thosesmallerthan16–32KB. Filessmallerthan
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16KB occupiedover 750MB in theuncompressed�le system,but requiredjust 325–400MB usingcom-
pression.Thisrepresentsasavingsof over$100in today'smemoryprices,with theonly drawbackbeingthe
inclusionof �le compressionin theoperatingsystem.Compressing�les onNVRAM hasseveraladditional
advantages:lower transfertime, lower cleaningoverhead,andpotentially longerNVRAM lifetime. By
keepinglessdataonpotentiallyslowerNVRAM, the�le systemcanreducethelatency to reador write such
�les. A log-structuredNVRAM �le systemsuchasJFFS2[32] mustpayanoverheadto clean“segments;”
thecleaningrateis proportionalto therateat which datais written to the�le system[22]. By reducingthe
sizeof �les via compression,wecanreducetheoverheadnecessaryto performsegmentcleaning.Similarly,
someNVRAM technologiessuchas�ash memorydegradeasthey arewritten repeatedly. Compressionre-
ducesthetotalamountof byteswritten to theNVRAM, extendingits lifetime, without reducingtheamount
of userdatathatcanbestoredon it.

5 Futur e Work

There is still work which remainsto be donein order to implementthis functionality in an actual �le
system.Usingcompressionfor �les andinodesanddesigninganinodestructurefor in-memoryuseis only
thebeginning; many engineeringdecisionsremain. For example,how is memoryfor �les allocated?Are
�les migratedto disk if spacebecomestight? How tightly areinodespacked? If inodesarepacked tightly
anda modi�cation that resultsin an inode“outgrowing” its space,how is that handled?How is on-disk
allocationhandled?Evensuchissuesaswhetheror not to usea log-structured�le systemon NVRAM are
still unknown, andmaydependon thespeci�c characteristicsof theNVRAM technology.

In theareaof compressiontechniques,thereareanumberof possibleareaswhichcanstill beexplored.
Among themarethe ef�cient encodingof time values,which tendto be fairly long bit stringsif encoded
individually. Additionally, while all of our testsup focusedon usinga singletypeof compressorfor every
�eld in aninode,it mightbepossibleto improve thetotal reductionin sizewith ahybridcompressorwhich
appliedthebesttypeof compressorfor eachparticular�eld. Similarly, for �le compression,someadvance
knowledgeof the �le type,perhapsencodedinto the inodeasdonein some�le systems,would allow for
moreintelligentselectionof acompressor.

The useof multiple compressionpro�les on a singlesystem,eitherfor different�le systemsor at the
inodeor directorylevel, couldyield highercompressionrates.This couldbe further re�ned with automa-
tion, eitherwith knowledgeaboutdifferentclassesof �les, or by trying to compressa given inodewith
severalpro�les in parallelandsave thesmallestresultingcompressedinodealongwith a pre�x to indicate
which decompressorto use.Anotherinterestingquestionis to whatdegreethedescriptionof on-diskdata,
eitherusingblock pointersor extents,is compressible.Implementationof a fastadaptive block or stream
basedcompressoron groupsof inodesmight on theonehandeliminatethehigh costof a block headerper
individual inodewhile maintaininglow-costrandomaccessto any inode.

6 Conclusions

Compressionof small objectssuchasmetadataandsmall �les haslong beenneglectedbecausethereis
little point to compressingsmallobjectsthatmustsuffer the long latency of disk storage.As long assuch
objectslive permanentlyon disk andareonly cachedin memory, compressionwill remainoptional. For
disk/NVRAM hybrid�le systems,however, compressionisanimportanttool for reducingNVRAM capacity
requirementsandsystemcost.

We have shown that both �le metadataandsmall �les arehighly compressibleat relatively low cost.
By using tunedcompressiontechniques,we can save more than50% of the spacerequiredby previous
disk/NVRAM �le systems. Similarly, compressingsmall �les can improve �le systemperformanceby
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keepingsmall, latency-sensitive �les in NVRAM while reducingNVRAM capacityrequirementsby over
50%.

Althoughthereis a costin CPUcyclesassociatedwith compressingor decompressinga pieceof data,
ourperformancenumbersindicatethatonamodernprocessorthiscostis negligible comparedto thelatency
of a requestto disk. For inodes,theslowestcompressorweevaluatedaveragedlessthantwo microseconds
perinode,animprovementof 500:1overa1 milliseconddiskaccess.Thefastestcompressorsweevaluated
were3–4 timesfasterstill. Similarly, for �le datacompression,on modernprocessorsthe averagecom-
pressionratesfor LZRW1 andLZO canmatchthetypical dataratesof typical desktopdisk systems.With
thehigherspeedsof all threedecompressors,decompressionis very nearlyfree;1KB readsdecompressin
around30–100microseconds,20–100timesfasterthanasinglediskaccess.

Overall,ourresultsindicatethatevenwith arelatively low cachemissrate,ahybrid�le systemincluding
a compressednon-volatile memorycomponentwill offer a signi�cant speedimprovementover a typical
disk-only�le system,while at thesametimerequiringsigni�cantly fewer resourcesthanhybrid�le systems
thatdo not take advantageof compression.
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