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Abstract

Recently, global environmentalstudieshave becomevery
importantaroundtheworld. Repeatedobservationsof wide
areasof the earthat the sametime makessatelliteimages
useful. For understandingearth’s environment it is nec-
essaryto usea substantialamountof the temporallyse-
quencedsatelliteimages.At theInstituteof IndustrialSci-
ence,Universityof Tokyo, we have beenbuilding a global
environmentaldigital library whosemaincontentsareearth
surfaceimagesfrom NOAA environmentalsatelliteimages
andGMSimagesreceivedat our institute.

In this paper, we describeour satellite image
archive system. We focus on a scalabletape archiver
(STA), which is a key componentof our archive system.
Weexplain two orthogonalfile/cassettereplacementstrate-
gies,declusteringandreplicating,adoptedfor theSTA and
show their effectiveness.After their basicperformanceis
shown, we describea performanceanalysisusing access
tracestakenat our archive system.Theproposedschemes
namedhot declustering and hot replication, work effec-
tively in ourSTA in daily operations.

Intr oduction

Recently, global environmental problemshave attracted
strongattentionaroundthe world. Continuousobserva-
tion over a wide areaof theearthis helpful in understand-
ing environmentalchangesof theearthandearthscientists
usuallyanalyzeenormousamountof consecutive satellite
imagesfor this purpose. Satellitedataarchives therefore
play an important role in this process. At the Institute
of IndustrialScience,University of Tokyo, we have been
building a globalenvironmentaldigital library whosemain
contentsare earthsurfaceimagesfrom NOAA (National
OceanicandAtmosphericAdministration)environmental
satelliteandGMS(GeostationaryMeteorologicalSatellite)
received at our institute. We startedthe ingestionof the
satellite imagesmore than fifteen yearsago. Their total
numberis now around60,000scenes,which amountto 6
TB.

We have beenstudying the large scale tertiary

storagesystemnamed scalable tape archiver (STA) to
storethe satelliteimages[3]. We believe that next gener-
ation tertiary storageshouldemploy commoditycompo-
nentsas much as possiblein order to decreasesystems
costs. The STA consistsof a numberof small commod-
ity tapearchiversand tapemigrationunits betweenadja-
centarchivers. It is easyto addelementarchivers,or re-
move themfrom the systemdynamicallyat the customer
site. Thesystemautomaticallymigratescassettesfrom the
original systemto a newly addedarchiver so that the sys-
tem,asa whole,will alwaysbeload-balanced.

The STA uses two orthogonal file/cassettere-
placementschemes,declusteringandclustering. Declus-
teringmeansredistributionof frequentlyaccessedtapecas-
settes(hot tapecassettes)evenly over theSTA by tapemi-
gration. We call it hot declustering. Clusteringmeans
makingreplicasof frequentlyaccessedfiles (hot files) and
placing them at the tail of tapes. We call it hot replica-
tion. In hot replication,replicatedhot files areclusteredat
thetail of tapes,which couldsignificantlyreducetheseek
cost.Hotdeclusteringdistributeshottapesovertheelement
archivers as evenly as possible,that is, it contributes to
equalizetheworkloadamongtheelementarchivers. Thus
thedeclusteringandclusteringof hot filesplaysa very im-
portantrole boostingtheperformanceof our system.Both
of theseschemesarebasedon the heatof the file andthe
cassettetape.Theoriginalconceptof heatandtemperature
wasintroducedfor file managementon disk arraysby G.
Copelandetal[10]. G.Weikumetal. extendedtheresearch
to dynamicrelocationof dataondiskarrayswhenthefile is
expanded[11]. As far asthe authorsknow, heat-basedfile
relocationresearchhasbeenconfinedto secondarystorage
devices.Becauseof themany differencesbetweendisk ar-
raysandtapearchivers,which we will discussin this pa-
per, we have derivedour own heatbasedschemesfor tape
archivers.

Therehave beenseveral researchefforts to im-
provethefile systemontertiarystorage.S.Christodoulakis
et al. studiedoptimalstaticdataplacementin tertiarystor-
agelibrariesto minimize tapeexchangesandseeks[4]. L.
T. Chen et al. proposedoptimal data partitioning algo-
rithms for a spatialtemporaldatabase[5]. They alsotried



to rearrangethe fragmentsto reducethe seeklength. B.
K. Hillyer et al. describedI/O schedulingalgorithmsfor
serpentinetapedrives[6]. Striping techniquesappliedto
tapearchiversfor the improvementof bandwidthwereex-
plainedby A. L. Drapeauet al.[7] and L. Golubchik et
al[8]. We proposeda partial migration schemeto move
only a necessarypart of a file from a tertiary storage[9].
Thereareseveralstudiesonoptimizationof tertiaryfile ac-
cesses.As mentionedabove, tapemigrationmechanisms
playsa very importantrole for both hot declusteringand
hot replication.However, thepreviouspapershave not in-
vestigatedsuchtapemigration systems,as far as the au-
thorsknow.

In this paper, we first describeour satellite im-
ageryarchive system.Thenwe introducetheSTA. We de-
fineheatandtemperaturefor theSTA andthenweshow the
declusteringandclusteringschemesof the STA basedon
theheatandtemperature.Wewill explain theeffectiveness
of hot declusteringthroughtapemigrationschemebriefly.
Tapetransportmechanismusingadditionalhardwarewas
discussedin our previous paper[3]. In this paper, we will
analyzetheperformanceof our archiving systemusingthe
traceof around460,000accessesagainstour satelliteim-
ageryarchive systemfrom aroundthe world throughthe
Internet. The simulationstudyshows that the hot declus-
tering can reduceresponsetime considerably. It is more
effective comparedwith cachedisk. In addition,we show
thathotreplicationattapetail canreducetheresponsetime.
Usingthetapedriveswhichcanloador ejectatapewithout
rewinding, seektime canbeshortenedconsiderablywhen
hot files areplacedtogetherat the tail of tapes.We simu-
latethebasicperformanceof hotreplicationusingsynthetic
data. In additionwe confirm the effectivenessof cluster-
ing of hot datausingtheaccesstraceof our satelliteimage
database.Hot replicationalsoimprovestheperformanceof
STA significantly.

Satellite imagery archivesystem

Figure1 shows theoverview of our satelliteimagearchiv-
ing system.Two antennasareusedfor direct receptionof
satellite imagesfrom NOAA environmentalsatelliteand
from GMS respectively. Satelliteimagesareautomatically
receivedabout8 to 13timesadayfrom theNOAA satellite
and24 timesa day from GMS andtransferredto a SPAR-
Ccenter2000Efile server during reception. The images
areregisteredinto a databasemanagementsystemtogether
with information aboutreceptiondateand time, satellite
name,observed area,receiving stationname,original im-
age file name,file size and reducedfile name. We are
alsostartingto archiveNOAA imagesreceivedatBangkok,
Thailand. Theseimagesarealsotransferedandregistered
into ourdatabasesystem.

The imagesare ingestedinto 8mm-basedSTA.
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Figure 1. Satellite imagery archive system

The digital archive projectstartedin 1994. Very recently
we have procureda D3-basedarchiver. The imagesare
storedredundantly.

Ftp,gopherandHTTPserverdaemonsruncontin-
uouslyon the file server. In additionto many researchers
in ecology, biology, hydrology, oceanographyandmeteo-
rology, anybodycanaccessto thesatelliteimagesthrough
the Internet.ThroughWWW, userscansearchfor thede-
sired imagesby providing the systemwith metainforma-
tion suchas date, time, satellitename,receiving station,
observed point and so on (figure 2). SinceCGI scripts
translatethe user’s query into SQL, it is easyto retrieve
desiredimagesfor usersunfamiliar with databasesystems.
Throughthis interfaceuserscanaccessall imagesinclud-
ing thosereceivedat Bangkok.

Ar chitectureof scalabletapearchiver

The scalabletapearchiver (STA) is composedof a num-
ber of small size tape archivers (elementarchivers) and
tapemigrationunits connectingany two adjacentelement
archivers. Figure 3 shows the organizationof the STA
using an 8mm tapejukebox, NTH-200B, as the element
archiver. The experimentalSTA, composedof four NTH-
200B’s,hasalreadybeenconstructedandwe areusingthe
systemto serve theglobalenvironmentresearchdatabase.
The NTH-200B has two Exabyte8505 tapedrives, tape
handlerroboticsanda taperackwith 200slots. It alsohas
a controller for its own tapehandlerroboticsand for the
tapecassettemigrationunit. Thehostcomputersendscom-
mandsfor holding,releasingandmoving a tapecassetteto



Figure 2. User interface of satellite imagery archive system
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Figure 3. Scalable tape archiver

thecontrollerandreceivesthestatusof theelementarchiver
throughanRS-232Cport. Thetapehandlerroboticstakes
a tapecassettefrom a slot in the rack and loadsthe cas-
setteinto the drive or unloadsa cassetteandreturnsit to
its assignedslot. It alsoplaces,or pickscassettesfrom the
wagon,which is usedfor cassettepass-throughbetweenel-
ementarchivers. TheExabyte8505’s areconnectedto the
hostcomputerthroughaSCSIbus.

Tapemigration mechanisms

Tapecassettemigrationis executedasfollows.

1. Thetapemigrationunit bringsthewagonbackinto the
sourceelementarchiver, if thewagonis not currently
there.

Figure 4. Photograph of scalable tape archiver

2. Thetapehandlerrobot in thesourceelementarchiver
takesthecassetteto migratefrom aslot or adrive.

3. The tape handler robot places the cassettein the
wagonof thetapemigrationunit.

4. Thetapemigrationunit transfersthewagonfrom the
sourceelementarchiver to the destinationelement
archiver.

5. The tape handler robot in the destinationelement
archiver picks up the cassettefrom the wagon,and
placesthecassetteinto thespecifiedslot or drive.

Thesestepsare coordinatedso that the counter-
weightof thetapehandlerrobotdoesnot interferewith the
movementsof thetapemigrationunit.

Heat based performance impr ovement
schemes

Temperature,heat,and normalized heat

First, we describethe heatand temperaturemetrics[10].
Heat is the accessfrequency for a tape or an element
archiver over someperiod of time. The heat of data is
its accessfrequency, the heatof a tapeis theaccumulated
heatof the datain it and the heatof an elementarchiver
is the accumulatedheatof the tapesin it. The tempera-
ture of data is definedas the heatof datadivided by its
size. Originally, temperaturewas introducedto evaluate
thecostperformanceratioof datamigrationin diskarrays.
Wecantransferheatmoreefficiently by choosingdatawith
a highertemperature.In tapearchivers,however, the cost
of eachtapemigration is always the same,and the tem-
peratureof a tapeis thereforesynonymouswith the heat
of thetape.In addition,whendifferentarchivershave dif-
ferentnumbersof drives, it is necessaryto normalizethe



heatby dividing it by the numberof drives. As heat is
the abstractionof the objectload, it shouldbenormalized
dependingon its servingcapability. In our experimental
system,initially two drivesareavailable to eachelement
archiver. However oncea drive fails, the servingcapabil-
ity is halved. In orderto handlethis situation,we redefine
its heatastwice the original. Thenthe load balancerde-
tectstheheatimbalanceandstartsto migratehottapesto an
elementarchiver which haslower heat,namelyoneswith
higherservingcapability. Heatin disk arraysusuallyneed
not benormalizedsincein generalall thecomponentdisks
arethesamekind.

Declusteringof hot tapesby migration : Hot decluster-
ing

High accesslocality hindersefficient useof the archivers.
If hottapesareconcentratedonafew elementarchivers,the
hotelementarchiversmayreceivetoomany tapeaccessre-
questsleaving thecold elementarchiversunderutilized.To
reducethe concentrationof accessesandto improve effi-
cientuseof theresources,it is necessaryto scatterthefre-
quentlyaccessedtapesaroundthe STA. For this purpose,
two loadbalancingmechanisms,foregroundmigrationand
backgroundmigrationareintroducedinto theSTA.

Foreground migration. When a new accessrequestis
issuedfor a tapein an elementarchiver whereall drives
arecurrentlyin use,migratingthe requestedtapecassette
to anotherelementarchiver which hasa freedrive canre-
duce the responsetime significantly. We call such mi-
gration foregroundmigration. Thereare several alterna-
tivesfor selectingthedestinationarchiver. In [3], four ba-
sic destinationselectionpolicieswereexamined:random,
spacebalancing,heatbalancing,anddistanceminimizing.
In order for this paperto be self-contained,the policies
are briefly explainedhereagain. Randompolicy selects
thedestinationelementarchiver at random.Spacebalanc-
ing selectsthe elementarchiver in which the numberof
tapecassettesis smallest. Heatbalancingselectsthe ele-
mentarchiverwhoseheatis lowestandthenearestelement
archiver is selectedin distanceminimizing. We foundthat
therewasno significantdifferenceamongthem.In thefol-
lowing experiments,when thereare several candidateel-
ementarchiversto which a tapecassettecanbe migrated,
theelementarchiver thathasthe lowestheatis selectedas
thedestination.

Background migration. Usually the sizeof the file on
tertiarystoragesystemtendsto belarge.In oursatelliteim-
agerydatabasesystem,eachimagefrom NOAA andGMS
is around100 MB. Thus oncethe readingor writing of
thedatabegins, it takesa relatively long time to move the
datacomparedwith thetapehandlingtime of therobotics.

During that time drivesarebusy but the roboticsareidle.
Whenthe tapehandlerrobotsandmigrationunits in both
the sourceanddestinationelementarchiversare idle, we
can migrate tapecassettesbetweenelementarchivers so
that the heatof the archivers becomesuniform. We call
such migrationsbackgroundmigrations. In background
migrationthecassetteis alwaysmigratedfrom theelement
archiverwhichhasmorecassettesto theoneholdingfewer
cassettes.We call thesendingarchiver thesourcearchiver
andthereceiving archiver thedestinationarchiver. A cas-
settefor migrationis selectedasfollows. Whentheheatof
thesourceelementarchiver is higherthanthatof thedesti-
nationarchiver, a hot tapeis selectedfor migration.A cold
tapeis selectedin theoppositecase.

Whenmorethantwo backgroundmigrationscan
beexecutedat thesametime, thepair of elementarchivers
whoseinventorydiffers most is selectedfirst. If thereis
no differencein cassetteinventory, then the pair of ele-
mentarchiverswhoseheatdifferenceis largestis selected.
Thereforetwo basicpoliciesfor selectingsourceanddes-
tination; heatemphasizingandspaceemphasizingareex-
aminedin [3]. The heatemphasizingselectsthe pair of
elementarchiverswhoseheatdifferenceis largestandthe
spaceemphasizingselectsthe pair of elementarchivers
whosecassetteinventory differs the most. Even smaller
differencesaredetectedbetweenthe policies. Sensitivity
control is alsoan importantissue. If the heatbalanceris
too sensitive to the heatdifference,too many migrations
occur. Suchunnecessarymigration degradesthe perfor-
mance.Throughextensivesimulations,wedeterminedthat
backgroundmigration shouldbe invoked if the heatdif-
ferencebetweentwo archiversis morethan20% or if the
differencein numberof freeslotsis greaterthanthree.

Hot data clustering at the tail of a tape : Hot replication

Tapedri ve with multiple load/ejectzones. Most of the
currentcommercialtapedriveshave to rewind a tapewhen
they eject it becausethe directory information is stored
at the physicalbeginning of the tape. Thus the time to
rewind thetapeoccupiesa largepercentageof total access
time. To solve this problem,tapedrivespossessingmulti-
ple load/ejectzoneshave beendeveloped[12, 13]. In these
tapedrivesthedirectoryinformationcanbestoredin each
of the load/ejectzones.Accordingly thesetapedrivescan
loadandejecttapeswithout rewinding.

Clustering of hot files. If frequentlyaccessedfiles are
clusteredinto adjacentareas,theseektime canbereduced
significantly. But it is difficult to know whetherthedatais
hotor notwhenit is generated.Weadoptthefollowing hot
dataclusteringmethod. During dataloading, the system
doesnotcompletelyfill eachtapewith originaldata.Some
amountof the tail of eachtapeis reserved for the replicas



Table 1. Simulation Parameters

Element archiver
Numberof elementarchivers 16
Maximumnumberof cassettes

in anelementarchiver 200
Numberof drivesin anelementarchiver 2

Drive
Tapeloadtime 35sec
Seekspeed 25 MB/sec
Read/Writespeed 0.5MB/sec
Tapeejecttime 20sec

Tape handler robot and tape migration unit
Robotmove time 2sec
Robotmove time with holding

andplacingcassette 14sec
Wagonunit movetime 9sec

Table 2. Initial tape cassette distribution

ElementNo. 1 ����� 5 6 ����� 11 12 ����� 16

Hot Tapes 8 ����� 8 88 ����� 88 8 ����� 8
ColdTapes 182 ����� 182 102 ����� 102 182 ����� 182
Total 190 ����� 190 190 ����� 190 190 ����� 190

of hotdata.In our implementation,20%of thetapeis used
for hot replication. When the tapedrive is free, the hot
dataon cachedisksarereplicatedonto that reserved free
area.Normal requestshave a higherpriority thanreplica-
tion requests.This replicationon the tail of a tapeis only
performedwhensomeof thetapedrivesareidle. A hotfile
can be replicatedonto the tail of any tapewith available
space.Usually we do not have to load a new cassettefor
replication.Thecassetteusedfor thepreviousrequestcan
beusedfor replication.Thusreplicationcanbedoneeffi-
ciently. We canclusterthehotfileson thetail of tapes,and
theseektime is reducedconsiderablywhenthe tapedrive
with multiple load/ejectzonesis used.In addition,we can
overwritethereplicasof hot files in thatareawithoutmod-
ifying theoriginal files if theaccesslocality changes.

Performance evaluation of hot declustering
thr ough tape migration

Simulation parameters

To evaluatethe performanceof the STA, we executesim-
ulationsto measureresponsetime, which is definedasthe
timefrom theissueof arequestuntil completionof reading
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Figure 5. Average response time of initial 50,000 accesses

of therequesteddata.Thesimulationparametersshown in
table1 arebasedon measuredvaluesfor the experimen-
tal STA usingtheNTH-200B elementarchiversdescribed
in the previoussection.We assumethateachtapehas4.8
GB of datain it. Thesizeof eachfile is 100MB in all the
simulations.Theread/writetimeof one100MB file is 200
seconds,accordingly, the minimal cycle time is 479 sec-
onds1 on average.The interval time of requestarrival de-
pendson a negative exponentialdistribution. Becausethe
destinationelementarchiver shouldhave a vacantslot for
the migratedcassette,we selected95% asthe load factor.
TheSTA consistsof sixteenelementarchivers.Theaccess
locality follows an 80/20rule, that is 80%of the accesses
areto 20%of thetapes.Theinitial distributionof thetapes
in theSTA is shown in table2. Thedistanceof eachfore-
groundmigration is limited to five elementarchiversand
thatof eachbackgroundmigrationis limited to oneunless
slatedotherwise.

Effectivenessof foreground and background migration

Figure5 shows theaverageresponsetime after50,000ac-
cessesfrom the initial tapedistribution. Comparedto the
result of no migration, responsetime is significantly re-
ducedwhenonly foregroundmigration is introducedinto
the STA. The backgroundmigration mechanismfurther
improves the performance. When only foreground mi-
gration is employed, the responsetime sharply increases
while it moderatelyincreasesfor the strategy with both
foregroundandbackgroundmigration.This is becausethe
foreground migration doesnot careabout spacebalanc-
ing. Busyarchiversmigratehot tapesto theidle archivers.

1Robotmovetime+ robotmovetimewith holdingandplacingcassette
+ drive setuptime + averageseektime + read/writetime + averageseek
time (for rewinding) + tapeeject time + robot move time + robot move
time with holdingandplacingcassette)
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Figure 6. Number of migration of initial 50,000 accesses
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Figure 7. Average response time for intervals of 2,000 ac-
cesses

Sincethereis no backgroundmigration,freespaceon cold
archivers can easily becomefull. Once it becomesfull,
foregroundmigrationshardlyoccur. If backgroundmigra-
tion in additionto the foregroundmigration is employed,
the load balancerdetectsthe spaceimbalanceandthe mi-
grationof cold tapefrom a cold archiver to a hot archiver
is immediatelyinvoked.This increasestheperformance.

Figure 6 shows the numberof foreground and
backgroundmigrationscorrespondingto figure 5. As the
arrival rate increases,the numberof migrationsalso in-
creases. However the numberof foreground migration
startsto decreaseafter a certainarrival rate. This is be-
causefor suchhigh requestarrival rate,mostof thedrives
are busy servingrequestsfrom its own elementarchiver,
andcannotserve therequestsfrom theotherarchivers.

Figure 7 shows the averageresponsetime at in-
tervals of 2,000accesseswherethe requestarrival rate is
126requestsperhour. Usingbackgroundmigrationmakes
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Figure 8. Number of migration for intervals of 2,000 ac-
cesses

it possibleto trackthechangingof accesslocality quickly.
It can be seenthat convergenceis more rapid. Figure 8
shows the numberof migrationsfor the samehorizontal
axis. In thestrategy usingbothforegroundandbackground
migrations,veryfrequentbackgroundmigrationsoccurring
early contribute to the heatbalancing.On the otherhand,
in the foreground-onlystrategy the responsetime at first
increasesa lot and thereafterslowly convergesto around
600 seconds.This happensfor the following reason.Be-
causeinitially every elementarchiver hasenoughempty
slotsto acceptthein-migratedcassettes,foregroundmigra-
tion workswell. However, afterawhile, all theemptyslots
in the cold archivers are usedup. That is, hot tapesoc-
cupy the free slotson the cold elementarchiverscloseto
the hot archivers,sincethe cold elementarchiversaccept
all thehot tapestransferredby foregroundmigrationbut it
is infrequentthatthecoldarchiverwith fewerhot tapesmi-
gratescassettesbackto thehotarchivers.Thusthecoldele-
mentarchiversnolongerhaveany emptyslotto acceptnew
cassettes.Due to this, the responsetime increasesandthe
numberof foregroundmigrationsdropsdown until around
4,000accesses.After that,theSTA slowly convergesto the
stablestate.This is causedby themigrationfrom thecold
elementarchiver without vacantslotsto the hot archivers.
But this migration is very infrequentsincecold archivers
containonly a few hot blocks. Thus the convergenceis
muchslower thanin the strategy with backgroundmigra-
tion.

On the other hand, when both foreground mi-
gration and backgroundmigration are employed, back-
groundmigrationcanproduceemptyslotsin coldarchivers
by transferring back a cassetteto a hot archiver with
many emptyslots throughthe spacebalancingtechnique.
Thusbackgroundmigrationsignificantlyacceleratescon-
vergence.
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Figure 9. Average response time of initial 50,000 accesses
with hot declustering

Performanceevaluation of hot replication

Simulation parameters

In this section,we evaluate the performanceof the hot
replicationscheme.Thesimulationparametersof STA are
thesameasin thepreviouscase.We assumethatall of the
drivescanload/ejecttapeswithoutrewinding. Two kindsof
data,hot dataandcolddata,arestoredin theSTA andthey
follow the90/10rule. Thesizeof eachdatais 100MB. The
capacityof eachtapeis 7 GB and4.8 GB spacefrom the
beginningof eachtapeis usedfor originaldataandthetail
areais usedfor the replicasof hot data. At the beginning
of this simulation,thehot datahasalreadybeenreplicated
andnoreplicationis executedduringthesimulation.

In thissimulationweadoptthefollowing schedul-
ing algorithms. First we try to find the elementarchiver
which hasa free drive andthendeterminethe tapewhich
receivesthelargestnumberof servicerequests.All there-
questsissuedfor thattapearescheduledto minimizetheto-
tal seekandareservedat onetime. If theelementarchiver
possessingan idle drive hasno tapeto beserved, the tape
receiving thelargestnumberof waitingrequestsin theother
elementarchiver is migratedandserved. Here, the fore-
groundmigrationmechanismis alsoexpectedto help hot
replication. When the requeststo hot files are accessed,
replicasareaccessedinsteadof original files.

Effectivenessof hot replication

Figure9 andfigure10 show the averageresponsetime of
50,000accessesfrom thebeginningof thesimulationin the
casewherehot declusteringis employed and in the case
wherehot declusteringis not employed. Eachcasehas
threelines: thefirst curveis thecasefor noreplication.The
secondis thecasefor replication.By employing hot repli-
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Figure 10. Average response time of initial 50,000 accesses
without hot declustering

cation,theresponsetime is muchimproved.Thelastcurve
is denotedas“No Cold Access”. In the first two curves,
90/10 rule is employed, but in the last curve 100/10rule
is adopted.That is, all the requestsaregiven to hot data,
which meansseekis minimized. Thusthe third curve can
beregardedasanupperbound.For 90/10distribution, the
performanceof hot replicationapproachesthethird curve.

No matterwhetherhot declusteringis employed
or not, it is shown thathot replicationcanlargely improve
theperformance.Theaverageseeklengthis reducedmuch
when the requestarrival rate is low and high. When the
requestarrival rateis low, theelementarchiversalmostal-
ways have an idle drive and the requestsare served one
by one. In this situationthereplicasarealwaysaccessible
and then the seeklength is shortened.The differenceof
the seeklengthbetweenthe casewherethe hot files have
replicasandthecasewith hotreplicationandwithoutrepli-
cationis around1000MB2. It takes40secondto seek1000
MB. Thiscorrespondsto thedifferenceof responsetimeat
thesamerequestarrival rateat figure9 andfigure10 when
therequestarrival rateis 36 requestsperhour.

Figure11 andfigure12 alsoshow theaveragere-
sponsetime for 50,000accessesfrom thebeginningof the
simulationin thecasewherehot declusteringis employed
andcasewherehotdeclusteringis notemployed.Thesim-
ulationparametersin thesefiguresarethesameasthoseof
figure 9 andfigure 10, except for the sizeof the archived
file. In thesesimulationsthe sizeof eachfile is 20 MB,
which is theaveragesizeof compressedGMS satelliteim-
ages. In thesesituationshot replicationis moreeffective.
The seektime occupiesa large part of the responsetime
becausethe read/writetime is small whenfiles are com-

2Theseekspeedof Exabytedrive is 25 MB/sec,which is muchfaster
thanthereadspeed,0.5MB/sec
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Figure 11. Average response time of initial 50,000 accesses
with hot declustering
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Figure 12. Average response time of initial 50,000 accesses
without hot declustering

pressed. Hot replication reducesthe averageseektime.
Accordingly hot replicationcanimprove the performance
furtherwhenthesizeof archivedfiles is smaller.

Performance evaluation with accesstrace of
satellite imagedatabase

Satellite imagedatabasesystem

The earthsurfaceimagesfrom satelliteNOAA have been
received for aboutfifteen yearsat the Institute of Indus-
trial Science,University of Tokyo since1983and the re-
ceptionof the imagesobserved by satelliteGMS wasbe-
gun in 1995. All of the received imagesare stored in
our experimentalSTA which serves requestsfrom earth
scientistsat Japaneseuniversitiesand also from interna-
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Figure 13. Distribution of requests for satellite image
database

tional users.Currently29,800imagesfrom NOAA, which
are3 TB in sizeand29,000imagesfrom GMS, 3 TB in
sizearearchived. A commercialRDBMS managesthein-
formation relatedto the archived imagessuchassatellite
names,file namesandsizesof archivedimages,file names
of thereducedimages(calledquick look imagesfor brows-
ing storedon disk array). The RDBMS is connectedto
theHTTP server so thatall of the imagescanberetrieved
throughthe Internetvia World Wide Web (WWW). The
HTTP server invokesCGI scriptsto make inquiriesto the
DBMS, to retrieve the images,to displaythe imageinfor-
mation,to migrateimagesfrom tapesto disks,to sendim-
agesto clientsandsoon. Currentlyonly thesitesconnected
by widebandnetwork suchasATM arepermittedto access
theoriginalraw imagebecauseof theirsize.However, any-
bodycanaccessto thequick look imageson thediskarray
throughtheInternet.They arealsoavailableby gopherand
ftp.

Accesstrace log

Figure13 shows thedistribution of accessrequestsfor the
quick look imageson our satellite image databasefrom
April 1996 to October 1998. The total numberof re-
questsis about461,000,which consistsof 49,000requests
throughftp, 215,000throughgopherand197,000through
WWW approximately. Thehorizontalaxisin figure13rep-
resentstheelapseddayssinceApril 1st,1996.Thevertical
axisdenotesthe logical file addresses.A dot in thefigure
representsan accessrequest.The imagefiles aregrouped
into two subgroupsfor NOAA andGMSandarenumbered
in theorderof their reception.TheNOAA imagesarenum-
beredfrom 0 to 29,799andtheGMS imagesfrom 29,800
to 58,636.

We foundthatmostrequestsfall into two classes.
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Figure 14. Number of requests per day for satellite image
database

Oneof themis a groupof requestsissuedfor thelatestim-
agesjust after the imagesarereceived. This groupis rep-
resentedby thetwo linesin figure13. Theotheris a group
of requestswherea few clientsaccesseda seriesof image
files in a shortperiod. This causesa sequentialaccessto
a lot of archived images. In figure 14 they areshown by
verticallines.Figure14 indicatesthenumberof theaccess
requestsper day. Thereare somedayswhen more than
10,000requestswerereceived.Mostsuchbusydayscorre-
spondto thevertical linesin figure13. Theaccesslocality
of therequestsfor our satelliteimagedatabaseis shown in
figure 15. The curve following 70/30rule shown in [10]
is alsoindicated.In our satelliteimagedatabase,approxi-
mately70%of therequestsaredirectedat30%of thedata.
However, there is a differencebetweenthesetwo lines.
Thecurve shown in [10] indicatesthat thehottestdatare-
ceivemuchmorerequests.Oursatelliteimagedatabasehas
milder distribution.

Performanceevaluation of hot declusteringusingaccess
trace

Simulation parameters. We performedsimulationsto
evaluatethe performanceof the declusteringschemesus-
ing real tracesagainstthe satellite image database. In
thesesimulations,we assumethat the accessrequestsfor
thequick look imagesareissuedagainstthecorresponding
original satelliteimages. The distribution of the requests
for thequick look imagesis not necessarythesameasthat
for theoriginal images.However, weassumethatthesetwo
distributionsdo not differ much.Eachoriginal datahasits
own reducedimageandsomecharacteristicssuchasthat
the most recentimagesreceive the most requestsand the
seriesof imagesobservedat a certainperiodareaccessed
togetherarecommonto bothcases.
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Figure 15. Access locality of satellite image database
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Figure 16. Average response time of requests for satellite
image database

In thesesimulations,in additionto the461,000re-
questsviaWWW, gopherandftp, wealsosimulatedaround
28,000write requestscausedby thenewly receivedimages.
Thus the total numberof the requestsissuedfor STA in
thesesimulationsis 489,000. As for the requestarrival
rate, sincethe file size of the quick look imageis much
smallerthan that of the original image,we simulatedthe
low traffic situationby expandingthe interval of the re-
quests.Wecall thisdegreeof expansion“slow down ratio”.
Thelocationof imagefilesontapesis equalamongthereal
archiversandthesimulations.All filesaredividedinto two
groups,NOAA filesandGMSfiles,basedontheirobserva-
tion satelliteandthey arestoredseparatelychronologically.
The NOAA files are storedon 570 tapes. The first 548
tapesare112mlong (5 GB capacity)without compression
andthe restof themare160mlong (7 GB capacity)with
compression.The GMS files arestoredon 94 160mlong
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Figure 17. Cache hit ratio of requests for satellite image
database

tapeswith compression.Compressionis not very helpful
for NOAA, is useful to the GMS data. We assumedthat
NOAA datais not very compressible,assigninga valueof
0.66 to it, but GMS files, beingmorecompressible,were
assignedavalueof 0.2.

The STA consistsof four NTH-200B element
archivers. In the initial situation, the tapesstoring the
NOAA files areplacedon the first, secondand third ele-
mentarchiversandthosefor the GMS files areplacedon
the fourth elementarchiver. We alsoexecutethe simula-
tion in the casewherethe systemincludesa 40 GB cache
disk. Thetransferrateof thecachedisk is 10 MB/secand
it followsanLRU datareplacementpolicy. Theparameters
of archiversarethesameasthoseshown in table1.

Simulation results. Figure 16 shows the average re-
sponsetime of 450,000accessesfrom theinitial state.The
horizontalaxisshows theslow down ratio, the ratio to ex-
pandtherequestinterval time. Regardlessof theexistence
of the cachedisk, tapemigrationis significantlyeffective
reducingtheresponsetime. It canbeseenthathot declus-
teringcanreducethe responsetime to onethird of thatof
non-hotclusteringcase.Tapemigrationis muchmoreef-
fective in reducingthe responsetime thanthe cachedisk.
Figure17 shows therelationbetweenthesizeof thecache
diskandcachehit ratio. Thehit ratiosaturatesquickly. We
canseethat 40 GB cachedisk is sufficiently large. Even
with a largecachedisk,wecannotreducethehit ratio, thus
cannotimprove theresponsetime. In short,hot decluster-
ing throughtapemigrationis moreeffective thanthecache
disk. In addition, using both the tapemigration and the
cachedisk togetherfurther improvestheaverageresponse
time.

Figure 18 representsthe total numberof migra-
tionsduringthesimulation.Thenumberof foregroundmi-
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Figure 18. Number of migrations by requests for satellite
image database
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Figure 19. Average response time for intervals of 20,000
requests for satellite image database

grationsis small whenthe requestarrival rate is low, that
is, whenthe slow down ratio is high becausethe STA re-
ceives a new requestinfrequently. When the requestar-
rival ratebecomeshigh, that is, whentheslow down ratio
is small, foregroundmigrationsoccurredmorefrequently,
which contribute to the performanceimprovement. The
numberof backgroundmigrationsalsoincreasesasthere-
questarrival rate becomeshigh becausethe background
migrationsare executedto compensatefor the spaceim-
balancecausedby theforegroundmigrations.

Figure 19 shows the averageresponsetime for
intervals of 20,000requestswhen the slow down ratio is
five. In the periodaround1200thday, the periodaround
2000thday andthe periodafter 3000thday, the response
time is very largewhenhot declusteringis not employed.
At thesetimes,thetapemigrationmechanismsignificantly
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Figure 20. Number of migrations for intervals of 20,000
requests for satellite image database

decreasesthe averageresponsetime, while thecachedisk
is not effective. Thoseperiodscorrespondsto the vertical
linesshown in figure13,which meansthatmany consecu-
tivefileswererequested.Thusthecachediskdoesnotwork
well. Ontheotherhand,thosefilesarestoredconsecutively
overseveraltapesandsuchtapesarestoredin thesameel-
ementarchiver. Thusforegroundmigration,throughwhich
adjacentarchivers’drivescanbeused,helpsto improvethe
performance.Around2500thday, themigrationis not ef-
fective while thecachedisk reducestheresponsetime. At
this time,asmallnumberof files,especiallythelatestones,
arerequestedrepeatedly. Thus,cachedisk ratherthantape
migration,workswell.

Figure 20 shows the numberof the tapemigra-
tions for intervalsof 20,000requestswhentheslow down
ratio is five. A lot of foreground migrations occurred
around1200th,2000thand3000thday. They reducethe
responsetime. Many backgroundmigrationsareexecuted
at the beginning of the simulation,which helpslargely to
resolve initial heatimbalanceby equalizingtapesin each
elementarchiver. After that, the numberof background
migrationschangesproportionallyto the numberof fore-
groundmigrations.Thesamephenomenonis foundin fig-
ure18.

Performanceevaluation of hot replication

Simulation parameters. In this section,we evaluatethe
performanceof hot replication schemeusing the access
traceof 489,000requestsissuedfor quick look imagesin
our satelliteimagedatabase.We assumedthat every tape
drivecanload/ejecta tapewithout rewinding. In thissimu-
lation,All of theNOAA files andtheGMS files arestored
in 160m (7 GB) tapes. The first 5 GB areasare usedto
storethe original dataandthe remaining2 GB at the tail
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Figure 21. Average response time of 450,000 accesses with
hot declustering
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Figure 22. Average response time of 450,000 accesses
without hot declustering

of the first 548 tapesstoringNOAA files arereserved for
replicasof hotfiles. At thebeginningof thesimulation,the
NOAA filesandGMSfiles receivedbeforeApril 1st,1996
arestoredon thetapes.

Therearenoreplicasof hotfilesat thestartof the
simulation. During the simulation,after the file hasbeen
accessedfive times, it is regardedashot. The hot file on
the cachedisk is replicatedonto the tail of the tapein an
idle drive. Thereplicasmustbeafterthe5 GB pointon the
tapes.Thehot dataarenot replicatedontotapeswhich do
not have at least5 GB of data.To minimizethereplication
cost, the replicationdoesoccurwhenthe candidatefile is
not on cachedisk or whenspacefor replicationcannotbe
foundon tapesin idle drives.Theotherparametersarethe
sameasthosedescribedin theprevioussection.
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Figure 23. Average response time for intervals of 20,000
requests with hot declustering

Simulation results. Figure21andfigure22show theav-
erageresponsetime of 450,000requestsfrom the initial
statewith andwithouthotdeclusteringrespectively. In both
figures,wecomparethesystemswhich include40GB disk
andthe systemwith only 300MB. Thehot replicationre-
ducestheresponsetimeregardlessof tapemigration.It can
be seenthat hot replicationreducesthe responsetime by
30 Í 50%dependingon the slow down ratio for the non-
hot declusteringcase(figure 22). By employing both hot
clusteringandhot replication,we canfurther improve the
performanceasshown in figure21. Using hot replication
in additionto thecachediskcanfurtherimprovetheperfor-
manceeven if thesizeof thedisk cacheis sufficient. The
performanceimprovementof hot replicationis notsolarge
comparedwith theresultsobtainedusingsyntheticdatain
theprevioussection.This is dueto thefact thataccesslo-
cality is ratherweakin the real accesstrace. We cansee
that the hot replicationis moresensitive to accesslocality
comparedwith hot declustering.

Figure23andfigure24show theaverageresponse
time for intervalsof 20,000requestswith andwithout hot
declustering. The slow down ratio is set to five. These
figuresalsoprove thathot replicationcanimprove theper-
formanceof the STA regardlessof the existenceof cache
diskandtapemigration.We canseethattheresponsetime
with hot replicationis almostalwayslower thanthatwith-
outhotreplication,whichmeanshotreplicationis usefulin
improving performance.

Conclusion

In this paper, we describedour satellite imageryarchive
systemusing the STA and examinedthe effectivenessof
the clusteringanddeclusteringschemesof hot files in the
STA throughextensivesimulationsby injectingtherequest
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Figure 24. Average response time for intervals of 20,000
requests without hot declustering

log of morethan460,000actualaccesses.Theserequests
areroughlydivided into two categories,requestsfor latest
imagesandfor consecutive accesses.

TheSTA canhandletherequestsvery efficiently.
Hot declustering throughtapemigrationsignificantly im-
provesthe performance.Foregroundmigrationandback-
groundmigrationworks well to equalizethe workloadon
the system. Newly injectedhot imagesareautomatically
placedso that the systemas a whole is balancedinstead
of just placing it at the headof empty slot list. The hot
replication methodalsoimprovesthe performanceby ex-
ploiting accesslocality, suchasfrequentaccessesto cloud
free images.It reducestheseekcostby clusteringthehot
files at thetail of tapes.It wasshown thathot declustering
is moreeffective thancachedisk.

Hot declusteringis also very effective for batch
accessto a seriesof images. Requestedcassettesaredy-
namicallymigratedto inactive drivesof adjacentelement
archivers. Thus the requestscanbe served in parallelby
activating multiple drive units, which was madepossible
by cassettemigrationmechanism.

Hot declusteringcanreducethe responsetime to
10%of thatof thesystemwithout hotdeclusteringatmax-
imum. Hot replicationimprovestheresponsetimeby 30 Í
50% dependingon the requestarrival rate. By employing
both,we canconsiderablyimprove theperformance.
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