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Abstract

This paper presentaVVSS,a storage systentor active
storage devices. MV SSoffers a single framevork for sup-
porting various servicesat the device level. It providesa
flexible interfacefor associatingservicesto a file through
multiple views of the file. Similar to views of a databasén
a multi-view databasesystemyiewsin MVSSare geneiated
dynamicallyandare not storedon physicalstorage devices.
MVSSrepresentsead view of an underlyingfile through
a sepaate entryin the file systermamespaceMVSSsep-
aratesthe deploymenbf servicesfrom file systemimple-
mentationsand thus allows servicesto be migratedto the
storage devices. The paper presentsthe designof MVSS
andhowdifferentservicesanbe supportedn MVSSat the
device level. To illustrate our approach, we implemented
a prototypesystemon PCsrunning Linux. We presentre-
sultsfromthe prototypeimplementatiorio demonstate the
effectivenessf our approad.

1 Intr oduction

Many researcherbave suggestedariousenhancements
to storagedevices to improve the performance function
and characteristicdy migrating servicesto disks. The
ideascan be characterizedn the following way: (1) De-
vice level enhancementsuch as compressiorhave been
usedin the past,andenhancementsuchasencryptionare
being proposed.(2) Active diskswherepart of the appli-
cationis migratedand executedat the device resultingin
"filtered” data[1, 15, 11]. Offloadingcomputationcloser
to the datasourceoffers benefitssuchas more computing
power at little extra cost, potentialreductionin datamove-
mentthroughthe IO subsystenon host, betterscalability
etc. (3) Network-attachedliskswheredatarequestedrom
thedevice aredirectly sentto the client ratherthanthrough
thesener[8, 6, 3, 13]. Network-attachedlisksareshavn
to provide throughputscalabilityin file systemd6]. It is

also expectedthat suchthird-party datatransferswill im-
prove sener performancdor new multimediaapplications.
However, rigid device level enhancementsiay not be uni-
versallybeneficialor acceptable For example,it hasbeen
shavn thatin someworkloads,network-attachedliskscan
reducedatacachehit ratessufficiently to morethancom-
pensatdor the benefitsof improvedparallelismin network
transferd12].

In traditionalstoragesystemsstoragedevicesprovide a
block-level interface. File systemaccessedataon the de-
vicesthroughblock addressesFlexible servicemigration
to the storagedevicesusually requirespassingmoreinfor-
mationto devicesthanwhat traditionalfile systemsallow
today

A numberof differentapproachefiave beenproposed
to solve this problem. In Joust[10], customoperatingsys-
tem hasbeenbuilt to supportservicemigration. Otherap-
proachessuchasactive disks proposeddifferenthost-disk
interfacesto accommodathigherlevel services.Theseap-
proachesrequire substantiaimodificationsto existing file
systems.Few of themhave gainedwide deploymentin a
timely fashionbecauseof the following: (1) file systems
are large and extensionsto themare difficult to maintain,
(2) modificationsandextensionamay not be acceptabldor
commercialsystems,and (3) differentapproachesendto
have their own interfaceextensions.

This paper introducesthe multi-view storagesystem
(MVSS). MVSS offers a single framawvork for accommo-
datingmigrationof differentservicesto active storagede-
vicesbasednexistingfile systemanddiskinterfaces.Mul-
tiple views of the file are providedto the userthroughfile
systemnamespaceDifferentviews of afile canbetailored
to provide differenttypesof service. Throughtheseviews,
MVSS providesa flexible and extensibleway for support-
ing variousdevice-level enhancements.

MVSS hasthe following combinationof characteristics:

e It usesthe commonblock-level interfacewidely used
in today's systems. This allows it to supporta wide



rangeof heterogeneouglatforms,andallows the sim-
plestreuseof existingfile systemandoperatingsystem
technology

e It providesaschemdo separat¢hedeploymentof ser
vices from file systemimplementationsand thus al-
lows migration of application-specifieghrocessingo
devicesto realizeactive disks.

e It canbe built on existing systemawith little changes
to theoperatingsystem File systenpperation©n nor-
malfiles arenot affected.

e It allowsapplicationgo take advantageof new services
transparently

The restof the paperis organizedasfollows: Section2
presentshe designrationalefor MVSS. In Section3, we
describesomedetailsaboutour prototypeimplementation
andpresenthe resultsfrom experiments.In Section4, we
comparevariousaspectof MVSS with relatedwork. Sec-
tion 5 concludeghe paperandpointsto future work.

2 Designof MVSS

Themajordesignobjective of MVSS s to enablemigra-
tion of servicego the storagedevice within theexistingfile
systems. We followed the following principleswhile de-
signing MVSS: (1) keepthe software layer on the disk as
thin aspossibleto allow efficientuseof disk resourcesand
(2) minimize changedgo existing operatingsystems.

We describethe designof MVSS by examiningthe fol-
lowing key ideasof the system. First, MVSS introduces
the conceptof views of afile (i.e., virtual files) andvirtual
disks. A virtual file represents combinationof thefile and
certainservices.Virtual disksareplaceholdersfor virtual
files. SecondMVSS providesaflexible userinterfaceto al-
low usergto dynamicallyassociateserviceswith eachview
of afile. Theinterfacealsoallows transparenservicede-
ployment. Third, a smartstoragedevice model basedon
the commonblock-level interfaceis employed in MVSS.
Fourth, MVSS makesservicebindinginformationfor each
virtual file availableatthedevicelevel throughvirtual block
addresses.

In the following sectionswe describehow theseideas
areputtogetheiin developingMVSS.

2.1 Virtual Filesand Virtual disks

In MVSS, avirtual file providesaview of anunderlying
file (calledbasdfile) in thesystem.Virtual file in MVSSisa
generalconcept.It represents file associatedvith certain
services. Examplesof servicesinclude encryption,com-
pressionand application-specifieghrocessinge.g., a base
MPEG file may have multiple views correspondingdo dif-
ferentlevelsof quality), etc.

virtual files

virtual disks
physical disk

Figure 1. Concept of virtual files in MVSS

Most of the file systemstoday emplgy cachingto im-
prove performance. Supportingmultiple views of a file
leadsto the following problem: differentviews of the file
may contain different data, how should theseviews be
cached?MVSS solvesthis problemby representingeach
virtual file asa separatdile on a separataisk. Eachvirtual
file hasits own pathnamein-coreinodeand usesseparate
buffers in the system. To supportthis, MVSS introduces
the conceptof virtual disks. A virtual disk in MVSS is a
generalizedabstractiorof a storagedevice. A virtual disk
behaeslike anormalblock device to therestof the OS but
hasno correspondinghysicaldisk. Instead,it is hooked
to an existing block device. Hooking a virtual disk causes
all the 10 requestssentto the virtual disk to be forwarded
to theunderlyingdevice. Virtual disksfacilitatenamespace
distinctionsof differentviews of afile, provide asolutionto
the cachingproblem,andalsoallow servicebinding at the
devicelevel.

Mounting a virtual disk createsvirtual namespacdor
files on the device that the virtual disk is hooked to. A
mount option allows usersto specify which directory on
thedevice shouldbe exportedthroughthevirtual disk. Fig-
urel shavsanexampleof how virtual filesandvirtual disks
relateto the basefile and physicaldevice. In the exam-
ple, threevirtual disks (/ dev/ vdi sk1, / dev/ vdi sk2
and/ dev/ vdi sk3) are hooked to disk / dev/ di sk1.
Mounting thesevirtual disks exports virtual views of all
filesdescendingrom/ f oo (specifiedn themountoption)
under/ vd1, / vd2 and/ vd3 respectiely. Thethreevir-
tualfiles/ vd1/ bar ,/ vd2/ bar and/ vd3/ bar aredif-
ferentviews of the samefile / f oo/ bar on the physical
disk. Virtual files look lik e ordinaryfiles to thefile system,
but do not have ary physicaldatablocks associatedvith
them.



/dev/vdisk2

/devivdiskl {
i
AN

*..compression

~— encryption
\

compression % O .\
N S K
o N

encryption

m’ail i /dev/vdisk3

X Impegl

i 4
‘T”’/} mpeg-qos(1)
o/ o

///' .
-7 Impeg2

/dev/vdisk4

y -

-2 7" mpeg-qos(2)

/dev/diskl

Figure 2. Example of service binding in MVSS

We developedthe multi-view file system(MVFS) for
managemenbf virtual files in MVSS. MVFS is a stack-
ablefile systemlayer basedon the vnodestructure,it sits
on top of the native file systemsandforwardsfile system
operationssuchasnameresolutionto them. Stackabldile
systemstructureis discussedn [16].

2.2 Application Interface

MVFS providesaflexible interface— attach onthehost
for usersto associateservicesto virtual files. Attach has
the following generalinterface: attach(virtual file, service
name parametes). Examplesof parametes include keys
for encryption,querycriteriafor databas&SELECT opera-
tion, quality of service(QoS)parameterfor MPEGfilters,
etc. Continuingwith the previous examplein Figurel and
assuminghat/ f oo/ bar is anencryptedile, we canasso-
ciatethedecryptionservicewith thevirtual file / vd1/ bar
by issuingattach(/vd1/bar decryption,key). As a result,
/ vd1l/ bar now providesa decrypted(usingthe specified
key) view of / f oo/ bar . The attach interfaceallows ser
vice bindingto be separatedrom otherfile operationsuch
asopen,readandwrite. This separatiorhasthe advantage
thataccessew thevirtual file aftertheattach operatiorwill
automaticallyseetheattachediiew, thusallowing transpar
ent enhancementw/ithout modifying existing application
codes.

Theattac interfaceprovidedby MVFS supportservice
binding at the granularityof a singlefile. Thisis donefor
bothflexibility andmoreefficientuseof thevirtual names-
pace. A usercan apply differentenhancementto differ-
entdirectoriesor files on the samevirtual disk. Attaching
serviceto a directoryaffectsall thefiles andsubdirectories
underit. MVFS allows the userto decidewhetherthe at-
tacheddirectory or file shouldinherit servicesattachedo
its ancestodirectories.

Figure 2 shavs an example of the servicebinding in
MVSS. All thevirtual disksarehookedto / dev/ di sk1.
Virtual disk/ dev/ vdi skl is mountedon/ vd1l andex-
ports/ honme/ davi d. Attachinga compressiorserviceto

/ vd1 allows all filesunder/ vd1 to betransparentlycom-
pressecdn disk. Virtual disk/ dev/ vdi sk2 is mounted
on/vd2 andexports/ home/ti m File /vd2/ bar is
attachedwith an encryptionservice,whereas vd2/ f oo
is attachedwith a compression-encryptiogervice,which
can be composedby stackinga compressiornservice on
an encryptionone. Sucha serviceallows files to be first
compressedand then encryptedas they are written and
the procedureis reversedas the files are read. Virtual
disk / dev/ vdi sk3 and/ dev/ vdi sk4 export/ npeg
on/ nmpegl and/ npeg?2 respectiely. Both/ mpegl and
/ mpeg?2 areattachedvith an MPEG-transfornservicebut
with differentquality parametersUsersaccessindiles un-
der/ npegl will seethe MPEG files under/ npeg but at
quality level 1, andundef npeg2 atquality level 2.

MVFS sares the service binding information (service
nameandthe parametersjor a virtual file in a datastruc-
ture that is associatedvith eachvirtual inode, called the
AUX areal. The AUX areaalsocontainsinformationsuch
aswhich virtual blockson the virtual disk are allocatedto
thevirtual file.

2.3 Device Model

We assumethat the storagedevices in MVSS have
enoughresource$o generatehespecifiedviews of thedata.
Theseresourcesusually consistof a processomwith suffi-
cientamountof memoryanda light-weightembeddedS.
Theserequirementarequite reasonabléor future disks.

Devicesin MVSS usethe samecommonblock-level in-
terfaceasnormalIDE/SCSIdisks. MVSS bindsservicein-
formation with 10 requestghroughthe virtual blodk ad-
dresseof devices. Virtual block addressesre block ad-
dressedeyondthe physicalcapacityof the device.

Theideaof usingvirtual block addresseis basednthe
following obsenation: capacitieof block devicesareusu-
ally muchlessthanthe maximumvaluethatthe operating
systemcould support. For example,on a systemthat uses

1AUX standsfor “auxiliary”.
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Figure 3. An example of virtual block address space management in MVSS

32-bitintegersto represenblock numbersa block device
couldreferencaupto 232 blocks,whichmeansa capacityof
4TB with ablock sizeof 1KB. Currentdisk capacitiesare
muchsmallerthan4TB. We usethe extra block addresses
beyondthe physicalcapacityof thedisk asvirtual block ad-
dressesA similar approachhasbeenrecentlyadoptedfor
building a flexible memorycontroller[9].

In MVSS, whena virtual disk is hooked to a device, it
is allocateda portion of that device’s virtual block address
space.Thesizeof theallocatedblock addressangecanbe
differentfrom the capacityof the physicaldevice. Block
addressangesllocatedo virtual diskshookedto thesame
device do not overlap with eachother Virtual block ad-
dressesllocatedo eachvirtual diskwill beallocatedo the
virtual files on thatvirtual disk.

MVSS uses“out-of-band” communicatiorbetweenthe
hostandthe devicesto maintainmetadataon the devices.
Thesemetadatacontaininformation that enablesthe de-
vicesto carry out the requestegrocessindgor active data
requests. To support“out-of-band” communication.each
physicaldevice resenesa certainrangeof virtual block ad-
dresses;alledtheOOBarea.ln MVSS,thehostsendsnes-
sagedo thedevice by writing datablocksinto its OOB area
in away similarto memory-mappetD.

Figure 3 shovs an example of how MVSS managesa
device's virtual block addresspace.The storagedevice in
the examplehasa physicalcapacityof 2GB. Eachvirtual
disk hooked to it is allocated4GB of the device’s virtual
block space.|O requestdorwardedfrom a virtual disk to
thesmartstoragedevice containonly block numberswithin
its allocatedvirtual block space.This enableghe deviceto
find out from the addressangeof anlO requesthe virtual
disktherequesbelongsto.

2.4 SewiceBinding at Device Level

The attach interface allows usersto associateservices
with virtual files at the file level. The servicebindingin-
formationneedsto be passediown to device level, where
theservicesareperformed.At the device level, the concept
of files is not available. Insteadof introducingnew inter-
facesbetweenthe file systemandthe device, MVSS uses
theexisting operatingsystems interfaces.

Each virtual file in MVSS is allocated some virtual
blockswhenit is accessedor the first time. MVSS asso-
ciatesthesevirtual blocksto the AUX areaof thevirtual file
througha virtual block map. Givena virtual block number
the mapallows usto find the correspondingAUX areaof
the virtual file that the virtual block belongsto. Thereis
one virtual block mapfor eachhooked virtual disk in the
system MVSS replicateghevirtual block mapsandall the
AUX areasof the virtual files in useon the corresponding
storagalevicethrough“out-of-band”communicatiorio the
device. Thisenableghedeviceto find outwhich AUX area
is associatedavith the requestediatabasedonly on thevir-
tualblockaddresseandto processhedataaccordingo the
servicebinding informationin the AUX area. MVSS uses
the OOB areato maintainon the device up-to-datecopies
of thevirtual block maps(onefor virtual disk hookedto the
device) andall the AUX areasdn use.

A virtual block map containingbinding informationfor
everyvirtual blockonavirtual diskwould beinefficientand
difficult to manage.The spacerequiremenfor sucha map
would alsobeprohibitive.

To solwe this problem, MVSS usesa dynamic virtual
block allocationscheme We groupvirtual blocksinto seg-
mentsand divide the virtual block map into zoneswhich
containssegmentsof different sizes. Both seggmentsizes
andnumberof zonesin avirtual block mapcanbetailored
accordingto theworkload. Virtual block segmentsareonly
allocatedto virtual files whenneededandcanbe allocated
to othervirtual files oncethe virtual file is nolongerin use.
To make maximumuseof the systembuffer cache MVSS
alwaystry to allocatethe samevirtual segmentso a virtual
file whenit is accessedgain.Cachedlocksbelongingto a
segmentneedto beflushedfrom thebuffer cachebeforethe
segmentcould be allocatedto othervirtual files. The dy-
namicvirtual block allocationschemeallows binding of all
thevirtual blocksof a virtual file to be doneby just chang-
ing afew entriesin the mapwithout readingary file system
metadatafrom thedisk. It alsoreduceghetotal sizeof the
mapsignificantly For example,in ourimplementationthe
segmentmapfor a 1GB disk only takes8KB. Mapsof this
sizecouldfit into thememoryonthe disk easily

Theuseof virtual block addressesequireshesystento



supportfile block offsetto physicalblock numbercorver

sion (i.e., the bmapinterfaceon traditional UNIX file sys-
tems)on the disk side. This requirementoesnot increase
the compleity of our device modeltoo much,asour pro-

totypeimplementatiorshows thatit takesonly around100

linesof C codeto provide completeext2 file systembmap
supportonthedisk.

2.5 Programming Model

In MVSS, new servicescan be dynamically addedor
composedrom existing ones. A new serviceis addedby
loadinga pieceof code— filter appletontothedevice. Fil-
ter appletscontaincodesto be invoked on the datathatis
beingreadfrom or written to the device. Appletscould be
in ary formataslong asthedisk OSsupportghem. For ex-
ample,they could be Java codes.Filter appletsare similar
to streammodulesin that: filter appletsget datafrom one
endandproduceoutputdataon the otherend;filter applets
canbe pipelined(i.e., the outputof onefilter appletsenes
astheinputof anotheffilter applet).

MVSS allowsfilter appletso beloadedontothedevices
by normal users. Sincethe filter appletsare executedat
device level, without protection,a mistale in the codeor
a malicioususercould corruptthe dataor bypassthe file
systemsecurity schemes. MVSS provides a flexible and
secureenvironmentfor filter appletsthroughthe following
severalmechanisms.

First, to preventfilter appletsfrom crashingthedisk OS,
filter appletsareexecutedata processevel onthedisk(i.e.,
inside working processes).lO requestdrom the hostare
passedo working processetghroughlPC mechanisms.

Secondfilter appletscan only accessdisk resources
througha setof interfacesprovided by the disk OS. To en-
surepropersharingof resourcesuchasCPUandmemory
MVSS allows the administratotto classifyappletsinto dif-
ferentclassesndassignto eachclassan executionpriority
andthe maximumamountof resourceso beallocated.

Third, filter appletscanonly initiate IO requestsn alim-
ited way. Certainfilter appletsmay needto initiate 10 re-
guestson their own. However, allowing a filter appletto
accesary blocksonthe disk would breakfile systempro-
tection. In the Active Disk model[1], diskletsareblocked
frominitiating 10 request@&ndhaveto rely onhost-resident
codedo issuelO requestgor them.MVSS allowsfilter ap-
pletsto initiate IO requestsput only to thosedatablocks
belongingto the basefile of the virtual file containingthe
requestedirtual blocks. In this way, mistakesor malicious
codesin filter appletscould not resultin unauthorizedac-
cessor harmthe integrity of thefile systemandmetadata
on the disk. They cando no moredamagethana normal
userprocesghatrunsonthe hostaccessinghe saméfile.
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Figure 4. System structure of our MVSS pro-
totype

3 Implementation and Results

In this section,we describesomedetailsaboutour pro-
totypeimplementation We thenpresenexperimentresults
from severalappletswe developed.

3.1 SystemConfiguration and Structure

Our MVSS prototypeis built ontwo 166MHz PCsrun-
ning Linux. Oneof themactsasthe smartdisk, anotheras
the host. The hostandthe disk machineareinterconnected
throughadedicated OMbpsEtherneswitch. Thediskread
throughpufor thedisk machineis about7MB/s.

We simulatethe smartdisk by runninga userspacedae-
mononthediskmachine Thedaemorusesa 1G byte parti-
tion onthedisk machines SCSldisk astheraw disk, it per
formslO operationgdirectly throughthedevice file. Thisis
doneto simulatea “smartdisk” thatmaybe availablein the
future.

We usea modified network block device (NBD) driver
onthehostto communicatevith the disk machine We im-
plementeothMVFS andthe virtual disk device driver as
loadablekernelmodules.

Figure 4 illustratesthe systemstructureof our proto-
type implementation. The virtual disk device driver for-
wardslO requestgo the NBD driver afterwe hookthe vir-
tual disk to the NBD. “Out-of-band” communicationand
10 requestdor bothNBD blocksandvirtual disk blocksall
go throughthe commonblock-level interfaceprovided by
the NBD driver. They arethendemultiplexed on the disk



Table 1. Comple xity of Example Applets

Filter Applet Linesof C codes
Encryption 185
Databaséelection 90
MPEG QoS 220
40 T T
NBD raw
35 MVSS null
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Figure 5. Overhead of MVSS with null applet

machinebasedon their block numbersandprocessedepa-
rately PathA in thefigureshowvs dataflows for 1O requests
to normalfiles, pathB shavsthosefor 10 requestso virtual
files.

3.2 Resultsand Analysis

We developedthe following filter applets: null, crypt,
databaseelectionand MPEG QoSfiltering. The develop-
mentof theseappletsshavs thatMVSS greatlyreduceghe
developmentandmaintenanceffort. Tablel givesthesize
of eachappletin numberof linesof C code.MVSS makes
it practicalfor normalenduserswithout knowledgeof the
file systeminternalsto develop andapply device level en-
hancemenaccordingo their needs.

The following subsectiongliscusseachappletin detalil
andpresenexperimentresults.

Null The null appletjust copiesthe input datato the
outputbuffer withoutary processingWe usethenull applet
to measurahe overheadf our system.

Figure 5 shows the overheadof readingvirtual files at-
tachedwith thenull appletin our prototypeimplementation.
Theresultsshowv thatourimplementatioraddsanoverhead
of about8 percentfor accessingirtual files comparedto
normalfiles. Currentlywe usea userspacedaemoron the
hostto managehe AUX areasandvirtual block allocation
for easyof developmentWe expectto seealoweroverhead
afterwe move this codeinto kernelspace.Anotherpart of
theoverheads causeddy extra datacopying.

Crypt Cryptographictechniquesare playing an in-
creasinglyimportantrole in moderncomputingsystemse-
curity, however, userlevel tools are usually cumbersome.

NBD crypt
MVSS crypt

1K 4K 16K 64K 256K iM
Size of file (byte)

Figure 6. MVSS performance with crypt applet

Adding cryptographicsupportat systemlevel providesbet-
ter transpareng.  Securestorageat systemlevel can be
achievedin MVSS by usingafilter appletthatencryptsthe
datablocks on writes and decryptsit on reads. Keys are
specifiedduring the attachoperationas parametergo the
crypt applet. Differentkeys canbe usedfor separatdiles
anddirectories.

We developeda cryptfilter appletusingthealgorithmin
the Unix crypt utility. In our implementationwe store
the hashedkey asappletparametein the AUX areaof the
virtual file. Accessto attachedsirtual files is controlledby
restrictingthevirtual directorieghroughthestandardJNIX
file protectionmechanism.

Figure 6 shaws the throughputof readingan encrypted
file in MVSSwith thecryptapplet(MVSS crypt). It iscom-
paredwith thatof auserapplicationthatreadsheencrypted
file andthendecryptsit on the host(NBD crypt). There-
sultsshav anoverheadf aroundl0percenfor MVSS sim-
ilar to whatis obsenedwith the null applet(againwe ex-
pectthisoverheado bereducedvhenMVFS s fully imple-
mentedin kernelspace).Sincethe decryptionwork is now
migratedto the disk, the host CPU usagefor MVSS crypt
is only 7 percentcomparedo 55 percentfor NBD crypt.
Thisreducedoadwill improvethroughpuin a systemwith
multiple disks.

DatabaseSelectionDecisionsupportanddataware-
housingdatabasevorkloadscomprisean increasingfrac-
tion of the databasenarket today andrequirementor 10
capacityandprocessingontinuego grow rapidly. To meet
this need,several researcherfiave proposeddevice mod-
els such as Active Disk and IDISK. Thesebenefitscan
be achieved in MVSS by loading a databaseselectionap-
plet ontothe device thatfilters the datasetndonly returns
selectedrecords. Similar data-intensie applicationshave
beendiscussedn [18, 11, 15].

We createddatasetwith 64-byteslong recordsandde-
velopeda simplefilter appletto filter recordsbasedn a se-
lectivity parametepassedo the applet.For example,a se-
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Table 2. Results for the MPEG applet
MPEGFile Size(byte) Time (second) CPUUsage(%)
Original Size | FilteredSize | Rav NBD Read | NBD with Filtering | MVSSwith Filtering | NBD | MVSS
16M 6M 19.04 28.37 17.44 52 3
32M 13M 36.85 57.10 35.23 51 3

lectivity factorof 8 returnedl/8th of thetotal dataset.This

simulatesnon-index SELECT operationghatrequirescan-
ning theentiredatasetFigure7(a)shovs thatMVSS gains
aperformancencreaseof about3.5fold atselectvity 4 and

7 fold at selectvity 64. In our system,the I/O intercon-

nectionthroughputis the bottleneckcomparedo the disk

IO bandwidth. However, asthe selectvity increasesthe

demandon theinterconnectiorbandwidthreducesmaking

the disk 1O time the bottleneck. As a result, the speedup
doesnotscalewith higherselectvity (withoutacorrespond-
ing increasdn disk bandwidth).Figure7(b) shavs thatthe

time differencesare proportionalto the bandwidthreduc-

tions. Theresultsshov the benefitsof MVSS over a tradi-

tional storagesystemwhenthe 10 interconnectiorbetween
hostanddisksis the bottleneck.

MPEG It is suggestedn [19, 5] thatthe properway
to presentweb contentto a particularclient dependsupon
its individual characteristics.For example,it malkeslittle
senseo senda high quality MPEG streamto a hand-held
device with a small black and white screerbehinda wire-
lesslink. MPEGfilesarelargeenouglthatstoringthesame
file at differentlevels of quality on the disk may not be an
economicakolution. In MVSS, filter appletscanbe devel-
opedto transformmultimediadatato fit a particularclient’s
requirementsFor example,an MPEG appletcangenerate
multiple views of anMPEGfile atdifferentlevelsof quality.
Thequality of aview canbe specifiedby supplyingparam-
eterssuchasframerate,resolution color at the time of the
attachoperation.

We developedan MPEG filter appletto shov how a
smartdisk canbe turnedinto an MPEG-avaredisk in our
system.Table 2 shaws the resultsobtainedby applyingan
MPEG filter appleton the video streamdn MPEG files to
throw away video datafor B and P frames. We have also
implementeda finer-level MPEG filter appletthat discards
slicesof pictureframesinsteadof entireframes.In Table2,
we shav thethroughpuof readingan MPEGfile in thefol-
lowing casesRawv NBD readshownsthetimetakenfor read-
ing thewhole MPEG file over to the hostwithout ary pro-
cessingNBD with Filtering shavs the time takenfor read-
ing the whole MPEG file over to the hostandfor filtering
the video streamon the host. MVSS with Filtering shavs
thetime takenfor filtering the dataon the disk throughthe
MPEGfilter applet. Theresultsshav a speedumf 40 per
cent.Also the CPUusageonthehostdropsfrom 50 percent
to 3 percentasthe processinds now pushedo thedisk.

Thesesexperimentslemonstratéheadvantagesf MVSS
over traditional storagesystems. Resultsfrom the crypt
andMPEGappletsshav thatfor computatiorintensive ser
vices, migrating processingo the devicesleadsto signif-
icant reductionin CPU load on the host machine. This
allows MVSS to exploit the parallelismof providing ser
viceson multiple active storagedevicesconcurrently Re-
sults from the databaseselectionand MPEG appletsalso
shav that MVSS canincreasethroughputby reducingthe
datatraffic betweenthe hostandthe devices. We plan to
evaluateour systemwith moredisk machinesn future ex-
periments.



Our current prototype implementationis read-only
MVSS is currently being enhancedo provide supportfor
writes.

4 RelatedWork

In responsédo the increasingstorageand computational
demandor applicationssuchasdecisionsupportdatabase,
multimedia,the Active Disk and IDisk models[1, 15, 11]
have beenproposed.Thesemodelsproposeto take advan-
tageof the processingower on individual disksto run ap-
plicationlevel code. Analytical modelsandprototypesim-
ulatorsof active storagehave beendeveloped. An evalua-
tion of the active disk modelfor decisionsupportdatabase
is providedin [18] for active disks againsttwo alternatie
architecturessharedmemorymultiprocessor¢SMPs)and
workstationclusters. MVSS dravs muchinspirationfrom
thesework. Our work focuseson a real implementation
and how to exploit the benefitsof active storagedevices
within the existing file systems.MVSS supportsa block-
level interfaceunlike the streammodelproposedn earlier
approaches Also the schedulingand mixed workload is-
suesarenotaddresseth the earlierwork.

The derived virtual device (DVD) model[14] proposed
in the Netstationproject provides a mechanismfor safe
shareddevice accesdn an untrustedenvironmentby cre-
ating DVDs andmanaginghemthrougha network virtual
device manager The proposedhird-partytransferscheme
using DVDs is similar to thatin NASD. The Linux NBD
thatis usedin our prototypeis similar to their virtual Inter-
netSCSladaptef13].

Virtual disks[2] andlogical disks[4] havebeenproposed
to improve storageorganizationsandfile systems.Virtual
disksin MVSS are a differentgeneralizedabstractiorof a
storagedevice.

Stackabldile systemallows extensionof functionalities
for existingfile systemshroughVnodeStacking16, 17, 7],
which allows the interpositionand compositionof vnodes
sothatfile systemmodulescouldbelayeredontop of each
other Earlier work on stackabldfile systemhasbeenfo-
cusedon file level enhancemendnd doesnot supportser
vice migrationto thedevices.

5 Conclusions

We have proposeda storagesystemthat allows flexible
servicemigrationto the storagedevices. We showved that
theblock-level interfaceaffordedby MVSS allows flexible
servicedeploymentwithin existingfile systemswithoutary
significantchangego the underlyingOS. We also shoved
thatit is possibleto build MVSS without porting signifi-
cantamountsof file systemfunctionality onto the device.

Resultsfrom a Linux PC-basedrototypesystemdemon-
stratedthe effectivenesf MVSS.

We planto port more servicesonto MVSS to demon-
stratetheflexibility of theapproach.
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