Measuringhe Compressibilityof Metadata
andSmallFilesfor Disk/NVRAM Hybrid
StorageSystems

TechnicalReportUCSC-CRL-03-04
NathanK. Edel EthanL. Miller Karl S. Brandt ScottA. Brandt

StorageSystemdResearctCenter
JackBaskinSchoolof Engineering
University of California, SantaCruz

SantaCruz,CA 95064
http://ssrc.cse.ucsc.edu/

July 2003



Abstract

File systemxombiningdisk storagewith non-wlatile RAM (NVRAM) promiselargeimprovementsn
le systemperformance However, currenttechnologyallows for a relatively limited amountof NVRAM,
limiting the effectivenessf suchan approach We are examiningin-memorycompressiotechnigueghat
allow for signi cantly moreef cient utilization of this limited resource We focuson small objects- meta-
dataandsmall les - andwe have measuredhe compressibilityof theseobjectsfor a setof representate
le systems.Our resultsshav thatinodesare compressibldy at least50—79%at a rate of 1.5-2.2mil-
lion inodespersecondor the bestalgorithms.For les in therangeof 4-128KB, we achie’ed an average
compressibilityof 40—60%at ratesof 20—40megabytegpersecond.Basedon thesemeasurementsye be-
lieve thatcompressiomf bothmetadatandsmall les shouldbeincludedin ary disk/NVRAM hybrid le
system.



1 Intr oduction

File systemsombiningnon-wolatile memoryanddisk storaggpresenthepossibility of signi cantimprove-
mentsin le systemperformancesscomparedo traditionaldisk le systemswithoutthe signi cant limits
on storagecapacityinherentin purelymemory-residente systemsSereralsystemsalongthesdineshave
beenproposedusing both existing non-wlatile memorytechnologiesuchasbattery-backd DRAM and
ash memoryaswell asnew technologiesuchasmagneticRAM (MRAM). The performancéene ts of
ahybrid le systenresultfrom storingmetadatandsmall les in memoryfor fastrandomaccessesyhile
allowing relatively unrestrictedstorageof large les. With typical workstationworkloads,the majority of
le systemaccesseareto metadateandsmall les, sooverall performancewill primarily be determined
by thein-memory le systemperformancd21]. Accesseso smallobjectsareprimarily limited by timeto
rst byte,makingRAM-lik e technologiesnoreattractve. For larger objects however, bandwidthbecomes
alargerconcernmakingretrieval from disk morecost-efective.

Despiteclaimsto the contrary[ 28], non-\olatile memorycapacitiescanbe expectedto be limited for
the foreseeabléuture. While MRAM pricesmay be comparabldo DRAM in thelong run, MRAM is an
emegingtechnologyandcanbeexpectedo belimited in capacityin thenearterm. Practicabattery-backd
DRAM andSRAM cardsareavailable,but largercapacitymodelsarespecialtyproductsnot typically avail-
ablethroughmass-marét retailers.Of currently-aailablenon-wolatile memorytechnologies,ash memory
offersthe bestprice-capacitypalancewith pricesonly abouttwice thoseof volatile DRAM, but ash mem-
ory hasverydistinctive characteristicthatpresenseparatehallengeso le systermdesign 11, 25, 33], and
theseassuesvould presensimilar challengeso designdor hybrid le systemsncorporatingash memory

Sincenon-\olatile memorycapacitieswill remainsmallrelative to overall le-systemsizes hybrid le
systemsshouldusethatlimited capacityasef ciently aspossible.Oneway to helpdo sois to incorporate
featuressuchas compressiondatacompressiortechniquesand characteristicare of particularinterest
becausef the very high speedof current-generatioprocessorselative to slow improvementof storage
bandwidthandlateng [30].

Datacompressiomvorks by exploiting similaritiesbetweemiecesof data;corventionalalgorithmscan
be usedeitheron a singlestreamof dataor le, adaptvely detectingthosesimilaritieswithin the le/data
streamprthey canbeusedasstaticcompressordakingadwantageof a priori knowledgeregardingtheclass
of databeingcompressedOnestandardxampleof thelatteris text le compressiomsingadictionarybuilt
usingthe known frequeng of character$n a givenlanguageanothelis gammacompressionwhich works
on the assumptiorthat shorterbit strings (lower values)will be more frequentthanlongerones(higher
values)[31].

This paperexploresthe potential spacesavings and performancecost of compressionwe focus on
staticcompressiomrmethodsfor metadataandadaptve stream-basedompressiorior le data. We do not
present speci ¢ designfor the disk/NVRAM hybrid le systemalthoughour researctdoesmale certain
assumptionaboutthesortof systemwhich mightbedeveloped.In particular we malke certainassumptions
abouttherangeof systemsandapplicationgo be supportedy a designintendedfor PC-classvorkstations
and low-end senersrunning Linux or a similar UNIX-like operatingsystem,thoughwe expectthat our
resultswill beapplicableto larger le systemsaswell. We do not assumehe useof ary particularkind of
non-\olatile memorytechnologybut on a few pointsassumehatthe NVRAM canbe mappedirectly into
thesystemaddresspace Finally, we assumehatNVRAM haspredictableandomaccesperformancdor
bothreadsandwrites;becausef therequiremenfor block erase,ash memoryfails onthis point,although
this couldbe addressedt the costof someadditionalcomplexity.



2 RelatedWork

The useof non-wlatile memoryfor le systemsis not new; Wu and Zwaenepoe[33] and Kawaguchi,
etal. [15] presentedlesignsfor ash memory-basede systemsandexisting ash memorydevicesmay
useary oneof anumberof le systemsincludingtheMicrosoft FlashFile System{ 11, 16] andJFFSZ32].

While thesele systemsre,to somedegree,optimizedto runon ash memory mostlack severalimportant
featuressuchasthe ability to usedisk for large les andtheability to compressnformationto save space.
JFFS2is alog-structuredle systen]22] optimizedfor ash memoryusagehatdoessupportcompression
of dataandmetadatabut it still cannotsupportmixed ash anddisk storageandthereis little information

on the effectivenessof its compressioralgorithms. JFFS2is not the rst le systemto usecompression;
otherdisk-basedle systemsave donesoaswell [4].

Douglis,etal. [11] studiedstoragealternatvesfor mobilecomputersincludingtwo typesof ash mem-
ory. They notedthat ash memorywasslow, particularlyfor writes. This hasnot changedgven a laptop
harddrive is fastethanmostcompactash memorycards.In sucha systemcompressioiis usefulevenfor
smallobjectsbecausét reducegransfertime in additionto reducingspacerequirements.

Therehasbeensomerecentwork in hybrid disk/NVRAM le systemsparticularlyascompact ash
memoryhasdroppedin price andalternatve technologiesuchasMRAM [ 2, 26, 36] andOvonyx Uni ed
Memory[9] have comeclosertoreality TheHeRMES le systen 18] andtheConquestle systen]28] are
currentexamplesof hybrid disk/NVRAM le systemsunderdevelopment.However, thetwo systemsave
differentassumptionsiboutthe type andquantity of available non-wlatile memory HeRMES,developed
to take advantageof MRAM, assumes relatvely modestamountof memoryand a possibledifference
in performancebetweenle systemNVRAM andmain memory Conquestdevelopedto take advantage
of battery-backd-upDRAM, assumes copiousamountof NVRAM anduniform accesgimes. Neither
systenmusesatechnologywith wide mainstreanavailability, althoughthe Conquessystendoessimulateits
idealtechnologyandprovide somedegreeof battery-backupor memoryby usinga UPSto provide backup
power to the systemasa whole. The HeRMESprojectsuggestshe useof compressioror compression-
like techniquesn orderto minimize the amountof memoryrequiredfor metadatapy contrast,Conquest
minimizestherequiredmemoryusedfor metadatgurely by usinga stripped-dwn versionof the standard
on-diskmetadatastructures.

Therehave beena numberof studiesof thedistribution of le sizes,and le lifetimes[1, 23, 21]. There
hasalsobeensomediscussiorof thedistribution of le ownershipandpermissionssit relatego le system
security[13, 20Q].

Beyond work on le systemstherehasbeenconsiderablevork evaluatingthe use of compression
techniquedor in-memorystructures.Douglis proposedhe useof a compessioncache, which would im-
plementalayerof virtual memorybetweerthe actve physicalmemoryandsecondarstorageusinga pool
of memoryto storecompressefageq 10]. Thisideahasbeenexpandediponin severaldirections;Wilson,
Kaplan,andSmaragdakisvaluatedhe useof differentcompressiomechanism$or memorydata[ 14, 30,
andCortesgtal. evaluatedheperformancef usingsuchtechnique®namodernsysterm 7]. Finally, there
is anongoingeffort to implementa compresse@agecacheon Linux [ 8].

A numberof compressiomechanismsouldbeusedto compressnetadataincludingary of the block-
or stream-basedhechanismsvaluatedoy Wilson, etal. [ 30] andusedin the Linux-Compressegroject[8].
However, simplermechanismsuchas Huffman codingusinga pre-computedree[6], gammacompres-
sion[31], andotherpre x encodingg31] canall beusedto goodeffect withoutthe samedegreeof runtime
processingverhead.



3 Experimental Methodology

To studythe compressibilityof metadataandsmall les, we rst hadto gatherdataon currentsystemgo
sene asa sampleon which to try differentcompressioralgorithms. All of the systemswve analyzedused
a versionof UNIx; thus,we decidedto useUNIx metadatdor our study Metadatain UNIX is storedin
inodes in widely-usedle systemsuchastheBerkeley FastFile System(FFS)[17] andtheLinux ext2 le

system[3], each le hasa single 128-byteinodethat containsinformationsuchasowning useriD (UID)

andgroupID (GID), permissiorhits, le sizesandvarioustimestampsin addition,eachinodein FFSand
ext2 containspointersto several individual le blocks. In this section,we describehow we collectedour
raw data,andthedetailsof the compressiomlgorithmswe used.

3.1 Data Collection

Our datacollectionwas donein two stages. To initially verify the assumptiorthat thereis a high level
of similarity among le metadataon the classof systemsheing examined,we useda shortPerl scriptto
producestatisticsfrom directorydumps.

The Perlscriptwasrun on a total of eightsystems:5 general-purposkinux workstationspne“clean
install” of Redhatinux 8.0,oneWindows 2000systemandonelarge multi-userUnix sener. Of theseall
but the Windows 2000systermprovidedusefulinformation. Thedatafrom the Windows 2000systenproved
mostly unusablébecauséhe directorydumpprovided by the Cygwin versionof Is  we wereusingdid not
accuratelyre ect theNTFSpermission®r ownershipinformation. The le sizedistributionsextractedwere
similarto the le sizedistributionsof the Linux systemsandto theresultsfoundin previous studiesof le
sizeg[21, 25].

All six Linux systemdollowed a very similar pattern,with permissionsnd le ownershipvery highly
weightedto system les ownedby the superusefroot ). File sizes,aswith the Windows 2000 system,
roughly correspondedvith the distributionsfound by previous studies[ 21, 25]. Becausdhe distributions
were basedon the entire directory tree, and not simply one le system,they were skewed somevhat by
entriesin thedynamicallygeneratedproc and/dev Linux le systemswhicharetypically very small.

The large UNIx system,which wasrunning SCO Opensergr, a commercialx86 UNIx implementa-
tion, hadapproximatelyl.1 million user les ownedby 160 UIDs. The numberof systemles andtheir
distribution of combinationsof UID, GID, andpermissiorbits weresimilar to thoseof the Linux systems,
althoughtheir numberon this sener wasdwarfedby the numberof user les. Overall, the numberof per
missioncombinationsvassomevhat greaterfor the large system thoughthe distribution of le sizeswas
very similar,

Basedon our initial analysesyeportedin Section4.1, we collectedanothersetof inode dumpsfrom
three le systemsanduseda tool in Perlto generatesimulatedinodesfor a fourth system. We directly
dumpedone of the Linux workstationsfrom our initial study and ran the Perl script on the large UNIX
sener. We alsocollectedinodesfrom the rootandhomedirectoriesle systemof alow-endLinux sener
running NNTP (netnevs) and le services. Table 1 shavs variouscharacteristic®f eachof the four le
systemsthe numberof les (active inodeswith morethanonelink to them),percentag®ef systemles as
determinedy thenumberof les ownedby root ,adm, orbin , thenumberof UIDs owning atleast0.1%
of all les, andthemostcommonsizegroupingof les groupedby bit width.

3.2 CompressionMechanisms

We evaluatedsix differentcompressioiechniquesAs a control,we useda corventionaladaptve compres-
sor deflate  ,fromthezlib compressiotibrary [12]. Wetestedhisalgorithmfor le compressionand
ran both on binary copiesof individual inodesandon a singlebinary le containingthe full setof inodes.



\ System | Files | Systemles | UIDs | Average le size |

Linux workstationroot | 213569 98.8% 5 4-8KB
Linux senerroot 431615 59.5% 4 1-2KB
Linux homedirectories| 378842 4.5% 4 64-128KB
UNIX sener (all les) | 1618855 28.8% | 158 0.5-1KB

Table 1: File systempro les.

| Type | Compresseld if value: | Compressedepresentatior) Uncompressetepresentatior)
A | Matcheghesinglemost-commortase| Singlebit: "0’ "1' followedby entire eld
B Canberepresenteth n bitsor fewer | “0' followed by n bits "1' followedby entire eld

Table2: Rulesfor the all-or-nothing compressor There are two different typesof elds, A andB. User
ID would likely be an A-type eld (singlemostcommonvalue—root ), while le length would lik ely
beaB-type eld (most le lengthscanbe representedn relatively few bits).

Threeof theremainingcompressorwerestandardtaticcompressorgunedspeci cally for inodes;thelast
two werealternatve adaptve compressorfor data le compression.

The rst compressiomechanisnwe evaluatedor compressingnodeswasavery simpleall or nothing
pre x compressothatencodedelds asshavn in Table2.

The secondcompressiomechanisnwe evaluatedfor inodecompressionwasthe useof pre-generated
Huffman codes basedon the distribution of frequencie®f valuesin variousinode elds acrossall of the
inodesin each le system. For elds with a limited setof discretevalues,suchasUID/GID pairs, the
Huffman codesrepresentedhe actualvaluesfor those elds. For elds with a rangeof bit lengths,the
Huffmancodesepresentegre x eswhich werefollowed by theindicatednumberof databits.

In orderto handlevariationbetweerthe le systenpro led to generatehetreeandthe le systemwhere
inodeswerebeingcompressedye addeda valueto the treeto indicateOTHER with a certainminimum
frequeng, whichwouldbeusedo representaluesnotknown atthetime thetreewasgeneratedor discrete-
valuecodespr to representhefull standardengthof the eld in aregularext2 inodefor bit-lengthcodes.
In eithercasethe OTHER codewould befollowedby thefull regularvaluefor anext2 inode.

Onedownsideto Huffman codesis that, given a distribution with mary low-frequeng values thetree
usedto generatgre x codescanbecomequite deep.To limit the maximumdepthandsizeof thetree,we
eliminatedvalueswith frequenciedelov a certainthresholdwhich we setat belov 0.1%, andaddedthe
totalfrequeng of all eliminatedvaluesto the OTHER valuewhenit wasinserted.This appearso have had
little effect on the averagecase becauseaheitemsbeingreplacedwerevery low frequeng to begin with.
Onthe otherhand,it dramaticallylimited the length of the longestcodes,reducingthe worst-casdength
of each eld. Althoughthis may belessthanoptimal, we believe the tradeof is reasonabléo guarantea
lower maximumlengthfor acompressethode.

Thethird mechanisnwe evaluatedfor compressingnodeswasgammacompressiona methodof ef-
ciently codingvariable-lengtnumericvalues[31]. It represent®achvalueasa unarypre x (k 1 bits
followed by a single0 bit) followed by abinary eld of lengthdeterminedby looking at entryk entryin a
smalltable. Gammacompressiorurther reducessizesby offsettingthe startof “bucket” k by the sumof
thesizeof thebucketsfor smallervaluesof k. Gammacompressiotis particularlyef cient for certaincom-
montypesof distributions: thosethathave large guantitiesof smallvalues.We useda very simplemethod
of building the tablesusing the frequeng distributions collectedfor the Huffman tableswhich produced
very goodresultsfor the distribution of valueson most elds; we did not speci cally examinewhetheran
algorithmto developanoptimaltableexists.

Thethreeadaptve compressorsve evaluatedfor le datacompressiomwereall block compressorsf



the Lempel-Zv family. Deflate from the zlib library [12] is a relatively recentvariantof LZ77 [34]
intendedfor generalpurpose le compression.We comparedthe effectivenessand speedof deflate
againsttwo compressorsvhich which arespeci cally optimizedfor speedandlow resourceequirements,
LZO (Lempel-Zi-Oberhumer]19] andLZRW1 (Lempel-Zv-Ross-Williams) [29] . Theselectionof these
particularcompressorsvas motivatedin partin orderto parallel prior work on swap compressionpoth
LZRW1 andLZO have beenevaluatedfor thatpurposd 7, 10, 3Q].

3.3 Inode compressionimplementation

Theext2 le systemusesal28-byteinode,similarto severalotherUNix implementationsin ext2, 74 bytes
areusedfor block pointersandreseredfreespacetheremainings4 bytescontaininformationthatmustbe
keptfor eachle. Thisis verycloseto thesizeof inodesusedby the Conquestle system—Conquest'le
metadatas 53 byteslong, andconsistof only the elds neededo conformto POSIX speci cations[ 28].
Thiswasusedasabaselindor thememoryrequirement®f anin-memoryinode,andrepresentareduction
in size of 46% simply by stripping out the unused elds. Note, however, that somereplacemenfor the
block pointerswill benecessaryor larger les whichwould spill overto disk. If thesearekeptin memory
compressiomechniqguesvould beapplicableto themaswell.

The rst pieceof codewe implementedvas an inode scannerwhich dumpeda raw binary copy of
the le systems$ in-useinodesto a one le anda text listing of the inodes' elds to anotherle. This
usedthe libext2fs library, andwaslooselybasedon the e2image utility [27]. We alsomodi ed the
samescanneto compressheinodeswith zlib  usingboththeblock-compressioandstream-compression
modeq 12], andto output54-byteConquest-lik uncompresseith-memoryinodes.

We wrote a small Java applicationto scanthetext le of inode elds andproducefrequeny lists and
Huffman treesfor eachof the interesting elds. After examiningthe outputfor correctnesswe modi ed
the outputto producea machine-parseabkource le with arrayrepresentationsf the Huffman treesfor
the decoderthis waslatermodi ed to alsoproducegamma-compressidables.|It shouldbe notedthatno
effort wasmadeto optimizeor time the processof assemblingrequeng lists andbuilding Huffmantrees.
In a productionervironment,this processvould be doneinfrequently—onlyduring the one-timecreation
of a staticcompressgiin which caseperformances notasigni cant issue.

Finally, wewroteacompressiotestharnesén C++. The rst versionsimply calculatedheeffectiveness
of all-or-nothing compressionwithout actually doing ary compressionand provided somepreliminary
results. The secondversionimplementedall threecompressiommechanismsndwasalso bettersuitedto
doing compression-ratestimatesadditionally we implementeda decompressdior Gammacompression
in orderto verify the correctfunctioningof at leastoneof the compressorandto con rm our expectation
thatdecompressiowould be quicker thancompression.

4 Experimental Results

4.1 Inode Compression

Our initial resultscamefrom the rst versionof the scannerandtestharness.In particular it estimated
thesizeof all-or-nothingcompressethodesasa proof of conceptbut did not performactualcompression
usingbitwise operations.This wastestedagainstonly oneof the le systemswve eventuallytestedagainst,
theroot le systenof aLinux workstationtheoverallnumberof inodesin-usewas213,569outof 641,280
total) of which 3,541werenon- les with no blocks. The vastmajority (about98%) of theseweresystem
les ownedby therootuser(UID 0); homedirectoriesfor wereon a separatele system.Copiedto adisk
le, thetotal spacetaken by the in-useinodeswasabout27MB (27,336,832ytes)uncompressedThe
procesof readingin all inodes,bothin-useandnotin-use,took approximately3.5 secondsaveragedover
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Figure 1: Initial compressionresults. “CQ-lik e” inodesare thosestripped in a way similar to that in
Conquest[28].

10 runsmeasuringo the nearessecondwithout writing ary of thedump les to disk. Whenwe repeated
thistestwith Conquest-lik in-memoryinodes the spaceusedwasaboutl1MB (11,532,726ytes). These
runswerenottimed,asno processingvasbeingdoneontheinodes; elds weresimply dropped.

To testcompressibilityandestablisha control,we tried compressinghe entire le of raw inodesandthe

le of strippednodeswith gzip andbzip2 togaugehelikely limits of compressibility Ourinitial results
for the rst suiteof compressioriestsare shavn in Figure 1. We foundthatgzip achieredroughly 8:1
compressionandbzip?2 achieved approximatelyl0:1compressionThisis correspondso about9 bytes
perinode on the Conquest-lik inodes. While it is still beyond what our compressorsanachiese, it is a
reasonabldf perhapsinreachablegoal.

The simpleall-or-nothing compressioralgorithmreducedspaceutilization to about5.1MB, or an av-
erageof just lessthan23 bytesperinode—animprovementof about55% over the 54-byteConquest-lik
strippedinodes. It is alsomorethanan 80% improvementover the standardlL28-byteinode, but mostof
thisis simply a matterof droppingthe disk-speci cinformation. Runningthis compressgmwithoutary le
writes,tookroughly 3.5 secondsaveragecdover 10 runsasbefore. This wasidenticalto thetime requiredto
readtheinodeswithoutcompressinghem.In orderto have acomparisorio thezlib -compressos perfor
mance thetestwasrepeatedvriting the compresseihodes,andover 10 runsthe compressoconsistently
ranin 6 seconds.

We repeatedhescancompressingheraw ext2 inodesusingthezlib deflate  compressonnitially,
we usedthe zlib  block-at-a-timecall on eachinode, but the resultingperformancevas poor—two test
runstook 115and116 seconds.The scannewasrevisedto openazlib compressede andwrite each
inodeto the stream. This wasalmost20 timesfastey taking approximately6.5 secondsaveragedover 10
runs. Interestingly the outputproducedby both methodswvasidentical;the compressedtreamwasappar
ently treatingeachwrite  call asa separatélock, but the performancevasvastly improved. The zlib
compressetmagewasroughly5.9MB, someavhatlargerthantheresultsof our all-or-nothingcompressor
However, accordingo thezlib documentationthereis a12 byteheademperblock[12], sonearly50% of
thecompressede wasblock headers.

Basedon the encouragingesultsfrom our rst setof compressiortests,we proceededo run more
extensie testsusing different compressiormechanisms.As discussedn Section3.1, we rst gathered
morecompleteinodeinformationonfour, morediverseUNix systemsWe generategro les—frequencies,
gammaables andHuffmantrees—foreachof thefour le systemsandthenmanuallycodedall-or-nothing
compressorfor eachof thefour le systems.For eachle systemwe testedeachcompressqrusing rst
usingthe pro le producedrom that le system,andthenthe otherthreepro les. For each,we measured
thetotal elapsedime to compressll theinodesandthetotal sizeof the compressethodes;from thesewe
calculatedhe averagebytesperinodeandthe compressiomatefor that le system/compressor/ple.

As expected,the bestcompressiorwas achieved in all four caseswhenthe pro le matchedthe le
systembeing compressedln two cases—thd.inux workstationandthe news sener home le system—
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Figure 2: Averagebytesper inode using the bestand worst pro les for each le system.The colored
bar for eachcompressiontechnique shavsthe compressedsizeusingthe bestpro le, and the thin bar
shawsthe range of compressedsizesusing different le systempro les.
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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 greatesspacereductionwas achiered by All-or-Nothing, andin the othertwo, gammacompression
performedbest. In threecasesout of four, the Huffman compressohadthe lowestspacereductionof the
compressorsglthoughit wasthe secondbestfor the news sener homedirectories.As shavn in Figure 2,
compressethodesizesusingthepro le generatedrom theoriginal le systemyrangedrom 23to 30bytes.
Selectingthe worstpossiblepro le for each le system/compress@ombinationresultedin a compressed
inodesizethatrangedrom 30to 37 bytes.

The speedof compressioris alsoavery relevantfactorbecausénodecompressiomnddecompression
mustbefastfor thetechniqudo beusedn aregular le system.Fortunatelywe foundthatthecompression
techniquesve chooseaveresufciently fastthatthey wouldnotlimit le systenthroughput.Thefull battery
of testsweranonthefour le systemdrom theLinux workstationnews sener, andUNIX senerwererun
on a 1.7GHz Pentium4 processqrand both readthe full setof inodesinto memoryand pre-allocated
buffers for the compressednodesbefore attemptingany compressiorThe ratesof compressiorfor the
gammaandall-or-nothingcompressorsverlappedslightly, with all-or-nothingrunningat 1.8—2.2million
inodesper second,and Gammaprocessingdl.5—-1.9million inodesper second. The Huffman compressor
wassigni cantly slover, compressing00,000-950,00hodespersecond.

OurgammaandHuffmancompressorsicludedvariableso trackthe best,worst,andaveragebit width
of each eld. We retainedthesefor certaininteresting elds, andthe resultsshav the strengthsof each
compressofor certaintypesof data. Figure 4 compareghe bestand other casesor the all-or-nothing
compressowith the measuredbest,average andworstcasedor the Huffmanandgammacompressorsn
theLinux workstationle system.
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Figure 4: Compressioneffectivenessfor different inode elds. For each eld, the average eld sizeis
at the top of the shadedbar, and the error bars re ect the minimum and maximum eld sizes.

Theresultsfor thetime valuesaretroubling;theall-or-nothingbestlengths andthetypical casedor all
threecodesarestill quite long for the creationtime (CTime), andthe averagevaluesfor the modi cation
(MTime) andaccesgATime) timesfor both Huffmanandgammaareactuallydegenerateasedonger than
the standard32-bit value. It is not clearthatthesevaluescanbe compressedgigni cantly on anindividual
basis but onemechanismworth considerings acommonpointfrom which les couldmeasuraleltassuch
asthedirectorycreationtime, possiblyimproving thedegreeof compressionAlternatively, if the le system
hadsomecleaningmechanisnfor compressethodes,alongthelinesof LFS [4, 22], a mechanisnwhich
reducedhetiming resolutionof olderinodescouldalsobe usedto save space.

Additional spacecouldbesaredby transformingseveral elds in concert.For example ,themode,UID,
andGID elds couldbecombinednto a“permissions”eld. As notedby Reidel,etal. [20], the numberof
uniquepermissiorsetsin a le systemis relatvely small,and,asshavn in Section3.1, mary les fall into
the catayory of “system les” andcould be representethy a small encodingin eitherHuffmanor gamma
compression.

Finally, it is not entirely clearwhetherit is safeto throwv out the deletiontime (DTime) eld. Linux
supposedlydoesnot make useof this eld, andthe scannerdid not pick up ary in-useinodeswith the
DTime eld setto anon-zerovalue. However, whenwe tried re-runningthe compressowithout the check
for active links onthe oneof the le systemswe foundthatDTime doesseemto be setfor quiteanumber
of inactve inodes.Thistestwasonthenewvs senerroot le systemandthe numberof inactve inodeswith
nonzeroDTimesexceededhe numberof active inodes.

It isinterestingo noteis thatasigni cant partof thecompression—shareatrossll threecompressors—
comesfrom required elds thatarevery seldomusedon low-endLinux installationssuchasthe le ags,
thedeletiontime, andthe POSIX le anddirectoryACL entries.These elds areessentialljtreatedasop-
tional underthe currentencodingschemesit would be usefulto examineto what extenttheseareactually
usedin productionsystemsandif so, whatkind of distributionsthey t. Similarly, ary of the encoding
methodsallows for very ef cient encodingof "extended” elds whereuppervaluesare seldomused,such
astheextensiondor 32-bit UID andGID or the 64-bitextensionfor le size.

4.2 CompressingSmall Files

Storingonly metadatan fastpersistenstoragenvould be of limited valueif accesso thecorrespondinglata
alwaysrequireda disk accessWhile compressions normally thoughtof asa techniquethatis appliedto
large les in orderto save storagespaceon disk, todayneitherstoragespacenor bandwidthareparticularly



limiting factorscomparedo lateng. Storing les in memoryreduceshe accesdateng, but aslong as
memoryis arelatively limited resourcemostlarge les will needbe storedon disk, while smaller les may
bestoredin memory By increasingheeffective capacityof thefastbut smallmemory compressiomllows
agreatemumberof les to bestoredin memoryandthusaccessewith reducedateng.

Compressingle datais a somavhat differentproblemfrom compressingnetadata.While metadata
is structuredandrelatively regular, le datais neitherinherentlyunstructuredhor regular;a le on UNix
or similar operatingsystemsis simply an arbitrary sequenceof bytes. While les of a given type can
befairly regular, the le' stypeis notreliably recordedaspartof the le metadataon UNix-like operating
systemsWithoutsomeknowledgeof the le' stype,thebestoptionis to useageneral-purposklock/stream
compressor The mostpopularof theseare dictionary-basedompressorén the Lempel-Ziv family [ 34,
35], althoughonebroadlyusedcompressiomprogram,bzip2[24], usesa block-sortingalgorithmbasedon
Burrows-Wheelettransformg5].

Our compressiotiestswereperformedonthreeof the le systemsisedfor theinodecompressionests,
the Linux workstation le systemandthe newvs-serer /home and/root le systemshecausehe large
UNIX senerwasnot availablefor thesetests. The compressionestswerealsoperformedon anadditional
Linux workstationwhich hada combined le systemincluding both the root and homedirectories. The
testsconsistedf loadingeachle underagivensizelimit into memoryandthenaveragingthetime across
several compressiorand decompressionycleswhile measuringhe total spacesared by compressiorior
eachle.

We ranthesetestsfor threealgorithmsdescribedrie y in Section3.2 deflate |, LZO, andLZRWL1.
We focusedon the compressibilityof les containingup to 128KB of uncompressedata. This threshold
was selectedbasedon two assumptions:rst, thata thresholdmuchlarger thanthis would likely require
relatively very large amountsof memory and secondthat les muchlarger than 128KB werelikely to
includesomemedia les thatwerelikely alreadycompressedAlso, we expectedhatthevery smallestles
would notbe particularlycompressible.

Theresultsfor thetwo Linux workstationsystemsandtheroot le systemof the news sener closely
matchedexpectations.We averagedles acrosssizegroupsat 512-byteincrementsall threecompressors
shavedverysimilarcurvesonall three le systemsThecurne shaveda at averagedegreeof compression
for les betweend KB and32KB. FilesbetweerB2KB and128KB shaveda similar or slightly higherav-
eragedggreeof compressibilityin overall, but hada degreeof variationbetweerdifferentsizegroups.Files
belov 4KB shavedadecreasedegreeof compressibility Figure5(a) shavs thecompressioreffectiveness
by le sizeontheLinux workstatiorroot le systemsTherateof compressiomvasalsosimilaracrosshose
threesystemswith all threeof the compressorseachingtheir averagerateof compressiorabove a certain
minimumsize le. Figure5(b) shavs the averagecompressiomatesby le sizeonthe sameLinux work-
station le system.Decompressiomate followed similar patterns put was muchfaster averagingaround
125-150MB/sec.

Figure5 shavs thatdeflate  provided signi cantly bettercompressiorthaneitherLZRW1 or LZO
at the expenseof signi cantly worseperformancehaneither LZO provided slightly bettercompression
than LZRW1, at the expenseof slightly worse performance.The overall averagecompressiomatio and
the averagecompressiomatesin megabytegper secondareshavn in Table 3. The gures in Table3 were
measurewntheLinux workstationroot le systemput resultsfor theother le systemsxceptfor thenews
sener homedirectoriesweresimilar. Note that, even for the slowvestcompressioralgorithm,deflate
the le systemwould beableto transferover 60010KB les persecondFor thefasteralgorithmsthe le
systemcouldtransfer3500—-400Guch les.

Unlike theother le systemsthehomedirectory le systemonthenews senerdid not meetour expec-
tations;it hadparticularlyirregular distributionsfor both compressibilityandrate of compressionA close
examinationof thedisk's contentsshavedthis to be becaus®f a very large numberof JPEGimagesrang-
ing from thumbnails(2—6KB) to muchlarger les. Compressede formatssuchasJPEGtypically cannot
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Figure 5: Compressibility and speedof compressionfor the les onthe root le systemof the Linux
workstation. Both measuementsare calculatedacrossarange of le sizes.For both graphs,LZRW1
isthe top line and deflate  is the bottom line.

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

Table 3: Average le compressionand speedby compressiontechnique.
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Figure 6: Cumulative spacerequired for compressedles.

becompresseturtherby thelosslessompressiotechniquesve wereusing,andattemptingo recompress
themtendsto be a relatively slow process. This problemcould be usefully addressedf the le system
metadataouldreliablybequeriedfor le type,orif the le systemhadagoodheuristicfor determiningle
type,suchaslooking atthe extension(i. e.,.jpg ).

Finally, the usefulnes®f compressiortanbe emphasizedby examiningthe cumulatve spaceaken by
compressednduncompressedes of agivensize,shavn in Figure 6. Filesof upto 128KB onthe Linux
workstationroot le systemoccupiedaboutl.3GB of total space.However, the total compressedize of
the same les rangedfrom approximately800MB with LZRW1 down to 570MB with deflate . These
savingsarevery signi cant, althoughthey alsounderscoreghat le datacompressiomn its own maynotbe
enough;the lowest gure of 570MB remainssizeableeven by the standardof volatile workstationmain
memory

Compressiomnay be mostusefulfor very small les—thosesmallerthan16—32KB. Filessmallerthan
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16KB occupiedover 750MB in the uncompressede systembut requiredjust 325-400MB usingcom-
pressionThisrepresentasavingsof over$100in todays memoryprices,with theonly dravbackbeingthe
inclusionof le compressioin the operatingsystem.Compressinges on NVRAM hasseveraladditional
advantages:lower transfertime, lower cleaningoverhead,and potentiallylonger NVRAM lifetime. By

keepinglessdataon potentiallyslover NVRAM, the le systemcanreducethelateng to reador write such
les. A log-structuredNVRAM le systemsuchasJFFS2[32] mustpayanoverheado clean“segments;”
the cleaningrateis proportionalto the rateat which datais writtento the le system[22]. By reducingthe
sizeof les viacompressionywe canreducetheoverheachecessaryo performsegmentcleaning.Similarly,

someNVRAM technologiesuchas ash memorydegradeasthey arewritten repeatedlyCompressiome-
duceghetotalamountof byteswrittento the NVRAM, extendingits lifetime, without reducingtheamount
of userdatathatcanbestoredonit.

5 Future Work

Thereis still work which remainsto be donein orderto implementthis functionality in an actual le
system.Usingcompressioffior les andinodesanddesigninganinodestructurefor in-memoryuseis only
the beginning; mary engineeringlecisionsremain. For example,how is memoryfor les allocated?Are
les migratedto diskif spacebecomegight? How tightly areinodespacled? If inodesarepacled tightly
anda modi cation thatresultsin aninode“outgrowing” its spacehow is thathandled?How is on-disk
allocationhandled?Evensuchissuesaswhetheror not to usea log-structuredle systemon NVRAM are
still unknavn, andmaydependn thespeci ¢ characteristicef the NVRAM technology

In theareaof compressioechniquestherearea numberof possibleareasvhich canstill be explored.
Amongthemarethe ef cient encodingof time values,which tendto be fairly long bit stringsif encoded
individually. Additionally, while all of ourtestsup focusedon usinga singletype of compressofor every
eld in aninode,it might be possibleto improve thetotal reductionin sizewith a hybrid compressowhich
appliedthe besttype of compressofor eachparticular eld. Similarly, for le compressionsomeadwance
knowledgeof the le type, perhapsncodednto the inodeasdonein some le systemswould allow for
moreintelligentselectionof acompressor

The useof multiple compressiorpro les on a singlesystem eitherfor different le systemsor atthe
inodeor directorylevel, couldyield highercompressiomates. This could be furtherre ned with automa-
tion, eitherwith knowvledge aboutdifferentclassesf les, or by trying to compressa given inode with
ses/eralpro les in parallelandsare the smallestresultingcompressethodealongwith a pre x to indicate
which decompressao use. Anotherinterestingguestionis to whatdegreethe descriptionof on-diskdata,
eitherusingblock pointersor extents,is compressibleImplementatiorof a fastadaptve block or stream
basedcompressoon groupsof inodesmight on the onehandeliminatethe high costof a block headeper
individual inodewhile maintaininglow-costrandomaccesgo ary inode.

6 Conclusions

Compressiorof small objectssuchas metadataandsmall les haslong beennegglectedbecausehereis
little pointto compressingmall objectsthatmustsuffer thelong lateng of disk storage.As long assuch
objectslive permanentlyon disk andareonly cachedin memory compressiomwill remainoptional. For
disk/NVRAM hybrid le systemshowever, compressiofis animportanttool for reducingN\VRAM capacity
requirementandsystemcost.

We have shavn thatboth le metadataeandsmall les arehighly compressibleat relatvely low cost.
By usingtunedcompressiortechnigueswe can saze more than50% of the spacerequiredby previous
disk/NVRAM le systems. Similarly, compressingsmall les canimprove le systemperformanceoy
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keepingsmall, lateng-sensitve les in NVRAM while reducingNVRAM capacityrequirementy over
50%.

Althoughthereis a costin CPU cyclesassociateavith compressingr decompressing pieceof data,
ourperformancenumbersndicatethaton amodernprocessothis costis ngyligible comparedo thelatengy
of arequesto disk. For inodes the slovestcompressowe evaluatedaveragedessthantwo microseconds
perinode,animprovementof 500:1over a1 milliseconddisk accessThefastestompressora/e evaluated
were 3—4 timesfasterstill. Similarly, for le datacompressionpn modernprocessorshe averagecom-
pressiorratesfor LZRW1 andLZO canmatchthetypical dataratesof typical desktopdisk systemsWith
the higherspeed®f all threedecompressorglecompressiois very nearlyfree; 1 KB readsdecompress
around30—100microseconds20-100timesfasterthana singledisk access.

Overall,ourresultsindicatethatevenwith arelatively low cacheamissrate,ahybrid le systemincluding
a compresseaon-\olatile memorycomponentwill offer a signi cant speedmprovementover a typical
disk-only le systemwhile atthe sametime requiringsigni cantly fewerresourceshanhybrid le systems
thatdo nottake advantageof compression.
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