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Abstract

Scalalte storage architectuiesallow for the addtion of
disksto increasestorage capaity and/a bandvidth. In its
gengal form,diskscalingalsorefersto diskremwalswhen
eithercapacityneed to beconservedr old diskdrivesare
retired. Assumingandam placemenof blocks on multiple
noces of a continous mediaserver our optimizationob-
jectiveis to redistributea minimumnumter of mediablodks
after disk scaling This objectiveshouldbe metundertwo
restrictions. First, uniform distribution and hene a bal-
anadload shouldbe ensuedafter redistribution. Secad,
the redistributed blodks shouldbe retrieved at the normal
mock of opeationin onediskaccessandthrough low com-
plexity computation. We propcsea technique that meetshe
objective while we provethat it also satisfiesboth restric-
tions. The SCADDAR approad is basedon usinga series
of REMAP functiors which canderivethelocation of a new
blod usingonly its original locationasa basis.

1. Intr oduction

Continuausmedia(CM) senersarebecaningmorepop-
ular asnetworks becomeincreasinty ableto deliver high-
gudity media.At thesametime, theamouwnt of mediasuch
as video, audo, and interactive virtual reality is rapidly
grawing. Todays CM seners may not be well suitedto
hardle tomorow’s everincreasingmediasizesand band-
width requrements. Thus, it is necessaryo build a scal-
able CM sener which allows the addition of new disks,
the replacerent of older model disks, and quite possibly
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the removal of older modé disks. Adding disksto a CM
sener will increaseoverall sener capacityand/orband-
width without the needto judge andpredct the amoun of
capacityand/a bandvidth nee@dduring theinitial setupof
the sener. Moreover, addirg newer generatio disks (with
higher bandwdth andmore capacity to a CM sener may
causehe existing disksto becone bottlerecksduring data
transfer[18]. Theseexisting disksmay eventually needto
bereplacedvith newer disksor simply removed.

Note that removing disksis different from disk failure
becasediskremoval is known a priori while diskfailureis
unpredictable Hence during disk removal, necessargteps
canbe taken beforethe actualremoval so the datacanbe
properly redistributed to otherdisks, therely allowing the
CM senerto fundionin its normad modeof opeationafter
disk removal. While thefocus of this pageris on disk scal-
ing (including diskremoval), laterin Sectioné we explain a
simpleextersionto our proposedtechnqueto addessfault
tolerarceaswell.

Theneedfor a scalablecontiruousmediaseneris clear,
butthedataresidingonthe CM senerneedso beefficiently
redistributedto the newly addeddiskswithout interrugion
to the actwity of the CM sener. Continuows mediaservice
providers,suchasvideo-m-denandservicescanrot afford
to or maynotbewilling to stopservicedo its customes in
order to add,remove, or upgradethe CM sener disks. In
additin to minimizing downtime, a CM sener canna be
subjectedo an inefficient methal for disk scalingduring
uptime sincethis might affect its services.A CM service
providerneeddo deliver high-quality, uninterruptedservice
evenduring maintenaceperiads. This motivatesthe need
for anefficient,onlinemethodo scaledisksin acontinwous
mediasener.

Due to the large size and bandvidth requrementsof
CM objectsandCM seners’ largenumbe of simultaneos
users,a CM objectis brokeninto fixed sizedblocks which
aredistributedacressall the disks. Several popular place-



men techniges include round-rdbin striping (e.g, [2]),
RAID striping (e.g.,[17]), and hybrid (e.qg, [8, 16]). All
thesetechnigiescanbe cateyorized as constained place-
mentappra@acheswvherethelocationof a blockis fixedand
deteminedby the placemenhalgoritrm. However, analter
native placemat appoachis the randomizedplacemenof
blodks to disks. For examge, the RIO (Randanized|/O)
prgectat UCLA hasdemorstratedthe mary adwantageof
a randanized dataplacemaet technigqie when performing
dataaccessefl4]. Theseadwantgyesinclude: 1) loadbal-
ancirg by the law of large nunbers, 2) no needfor syn-
chranousaccesgycles,3) singletraffic patternand4) sup-
pott for unpiedictableaccespatternsasgenersed, for ex-
ampe, by interadive applicdions or VCR-type operatims
onCM streams.

In this paper we also assumethe randbm placemen
technque. However, onedisadwantagewith randan place-
men is that somesort of a directorysystemis required for
the mediaretrieval to keeptrack of the location of every
blodk. To addresghis shortconing, we proposea pseudo-
rancm placemehwherewe canalwaysregereratetheran-
domsequene for objectretrievd usinga standargseudo-
rancdbm nurmbergeneratoandthe sameseed.

Redistrituting blocks placedin a randommanne re-
quiresmuchlessoveteadwhencompaedto redistrituting
blodks placedusingaconstraineghlacenenttechrique. For
example,with round-rdvin striping whenaddirg or remov-
ing a disk, almostall the datablocks needto be moved to
andherdisk. Insteadwith arancdmizedplacemet only a
fraction of all datablocksneedo bereloated.Thatis, only
enaighdatablocks aremoved to fill anappopriatefraction
of the new disks. For disk removal, trivially, only the data
blodks on the removed disk mustbe moved. Meanwtile,
redistribution with rancbm placemehmustensurehatdata
blodks arestill randonty placedafterdisk scalingin order
to balanceheloadonthemultiple disks.

With pseudorandan placenent, for eachblock a ran-
domnunber X is gereratedandtheblockis placedon disk
(X mod N), whereN is the total numter of disks. When
addng or removing disks,oneappoachis to simply redis-
tributeeachblockto disk (X modNN;), whereN; is thenen
nunberof disks. Themaindisadwartageof thisapprachis
that potentiallyall the blocks may needto be redistriluted
to new locatiors.

We proppsean appoachtermedSCADDAR: SCAling
Disksfor DataArrangedRandonty. With SCADDAR, we
are able to use pseuderandan placemen without redis-
tributing all theblocksaftereachscalingopeation. Besides
minimizing block movement, SCADDAR does not requite
adirectoy for storingblock locatiors, only a storagestruc-
turefor recordng scalingopeations,which is significantly
lessthan the nunber of all block locations. In addition
SCADDAR computesthe new locatiors of blocks on-the-

fly for eachblock accesshy usinga seriesof inexpersive
mod and div functions. SCADDAR also maintainsran-
domizedblock placemenfor successie scalingopesations
which,in turn, preseresloadbalancingof thedisks.

Theremainerof this paperis organizedasfollows. Sec-
tion 2 reviews someof therelatedwork. In Section3, we
provide a formal definition of the prablem alongwith sev-
eral initial appoaches. Section4 describeshe Bound:d
and Randonived SCADDAR algaithms. Section5 con-
tains our perfamanceevaluation. Finally, Section6 con-
cludesthis paperand presentshe future directian of this
work.

2. Relatedwork

Several studieshave focusedon dataplacenent andre-
trieval scheduliig of contiruousmediaobjects,for collec-
tionssee[9, 13, 6, 10, 4, 5]. Amongthesepnly afew stud-
iedtherandomplacemenof datablockson continuousme-
diaseners[3, 12, 11, 14]. Traditioral constraired place-
menttechnigiessuchasrourd-rolin dataplacemenallow
for determinmstic serviceguaanteeswhile randomplace-
menttechniqesaremodded statistically Overall, rancom
placemaet increasesheflexibility to suppot variows appli-
cationswhile it maintainsa competitive performane [15].
We assuma slightvariation of randan placemet) pseua-
rancdbm placenent, in order to locate the residere of a
block at the retrieval time, without the overheadof main-
taininga directoy. This is achiesed by exploiting the fact
thatwe canregereratethe sequene of numtersgeneated
via a pseud-rardomgeneatorfunction.

Onestudyhasaddressetheredistrilution of datablocks
with rourd-robin datastriping[7]. Inherentlysucha tech-
nigue requilesthatalmostall the blocksberelocated.The
overheadof suchblock movement(bandwdth is consuned
onboththesourceandthetarge disk drives)maybeamor
tizedovera certainamout of time but is, neverthelesssig-
nificantandwasteful.

Work hasalsobeendoneto write continlousmediadata
to a sener [1]. This work is orthayonalto our apprach
sincewe alsoneeda similar techniqwe to write blocks dur-
ing theredistritution.

To our knowledge,no previous work hasidentifiedand
quartified thebenefitsof randanly placingdatablocksona
scalablecortinuousmediasenerwhenblock redistritution
is desiredor required Additionally, no prior work hasad-
dresseduchredistritution while the CM seneris online.

3. Problem statement

Pseudo-random placement We usepseud-randmized
placemeat of CM objed blocks sothata block hasroughly



equal prokabilities of residingon eachdisk. The quality
of our pseud-rardom nunber geneatoris assumedo be
similar to that of purerandanizedalgorithis. Continuais
meda objeds aresplitinto fixedsizeblocks anddistributed
overagroy of homayeneos diskssuchthateachdisk car
riesanapprximatelyequalload. With pseud-rardomdis-
tribution, blocks areplacedontodisksin arandan, but re-
producible,sequene. We will shav in Section5 thatload
balarting is achievedthroudh auniform andrandaon distri-
bution.

Definition 3.1: Pseudo-madom placemat of CM object
blodcks is definedas a randbm placenent of blockswhose
rancdbm sequene canberepraluced I

Definition 3.2: Given a particular block, X, is defined
asthe rancdbm numbe, with range0... R, generéed by a

pseud-rardomnunbergeneratofor this block befae ary

scalingoperatioss.

Thedisknumter, Dy, in whichablockresideds defined
as:
Dg = (X mod Ny) (1)

wher N is thetotal numbe of disks.

To compue the disk numbe for ary block, we obtain
anew X, by calling the pseud-randm nunmber function,
p-r(s), i timeswheres is theunigueseedof the objectand
i refersto the it" block. The function, p_r(s), is assumed
to returnarandon numterin therangeof 0 ... R whereR
is 2° — 1 andp_r(s) returrs a b-bit randomnunber. p r(s)
will prodwce anidenticalrandan sequene given a unigque
seeds. Tablel lists all the paraméersandtheir definitions
usedthroudhoutthis paper

Scaling operation We usethe notion of disk groupasa
group of £ disksthatis addedor removed during a scaling
opeaation. Without loss of generality a scalingopeation
on a CM sener with N disks eitheraddsor remoresone
disk group. Theinitial number of disksin a CM sener is
derotedas Ny and,subsequedly, thenumbe of disksafter
Jj scalingoperatimswill bedendedasnN ;.

During scaling opeation j, a redistribtution function
RF() redistriutestheblocksresidingon N;_; to N; disks.
Conseqantly, afterscalingopeation j, anew accesgunc-
tion AF() is neecedto identify thelocationof ablock, since
its locationmight have beenchang@ddueto thescalingop-
eration

Scalingup will increae the total nunber of disksand
will requirean (N; — N;_1)/N; fraction of all blocksto
be moved onto the addeddisks in order to maintainload
balarcing acrossdisks. Likewise, whenscalingdown, all
blodks on a removed disk shouldbe moved andrandamly
distributed acr@ssremainng disksto maintainload balanc-
ing. (Thenunberof block movementgust describé is the

theoeticalminimumneeadto maintainanevenload.) The
original seedusedto repioducethe sequenc®f disk loca-
tions canno longer be usedto repralucethe blocks’ new
sequene. Theproblemis how to derive anew sequeneus-
ing a simplecompuationwith theleastpossiblemovement
of blocks andthesameseecho matterhow mary opeations
areperformed all while maintainirg load balaning anda
randbm distribution of datablocks.
We canformally statetheredistritution prodem as:

Problem 1: Givenj scalingoperatios on N disks,find
RF() suchthat:

e [RO1:] Block movementis minimized duringredistri-
bution. Only z; x B blocks shouldbe moved, where:

|Nj — Nj1
g il 2
% max(N;, Nj_1) @

andB is thetotal numter of objectblocks.

e [RO2:] Randomizatia of all objectblocksis main-
tained. Randanization leadsto load balancingof
all blocks acrossall disks whereE[ng] ~ E[n;] =~
E[na] & ... = E[nn; 1]. E[n}] is the expectednum-
berof blocksondisk k.

Problem 2: Findthecorrespondig AF() suchthat:

e [AO1:] CPUanddiskl/O ovetheadareminimizedus-
ing alow compexity function to compue a block lo-
cation.

Initial approaches We have consideedseveralinitial ap-
proachedor solvingblockredistriution suchasadirectay
storagestructue, competeredistrikution aftereachscaling
opeation,andseveralhashingechniqes.

Thisprodem couldbeconsideedasasimplebodkkeep-
ing problem where RF()'s keeptrack of the location of
evety block of every CM objed after scalingopeations.
Hence,the accessfunction, AF(), is simply a directay
lookup wherea directay entry contairs the disk location
of that directoy index (block numter). For eachscaling
opeation, new rancdm locationsmust be determired per
block similarly to how they aredeterninedin SCADDAR
to minimize block movement. However, insteadof usinga
new function in SCADDAR to geneiatethesenew rancdbm
locatiors, all the changd locatiors would needto be indi-
vidually upcatedin the directay for later block retrieval.
Adding anddeletingCM objectswill alsocausedirectay
updates,in additionto the directay updatesneededafter
scaling opeations. Hence, AF()’'s and RF()'s become
functionsof thenumbe of blocksandthenumbe of objects
in the CM sener. Consideing the factthata typical CM



Table 1. List of parameters used repeatedly in this study and their respective definitions.

[ Term | Definition |
R 20 — 1 whereb is thebit lengthof p_r(s)’sreturnvalue
s Seedusedby p_r() to retrive block locations of anobjed
p-r(s) Functian that returnsa uniqguerandomsequene for eachuniqueseeds. Eachiteration
returnsthe next element,in therangeof 0.. . . R, of thesequence
No Initial numberof disksbefore ary scaling operaions
Xo it iteration of p_r(s) for the it block (i is ignored in our notaions)
Dy Disk onwhich ablock of objed m resides.Dy = Xo mod Ny
REMAP; | Function that remapsX;_; to X;, whereREMAPy = p_r(s)
N; Total numberof disksafter j scaling operatons
X; Derived from a series of REMAP functions,REMAR. .. REMAP;
D; Disk onwhich ablock of anobjed resides, after j scaling operaions. D; = X; mod N;

sener cancortain in the order of thousads of CM objects
andeachCM objectcontairs tensof thousandsof blocks,
the directoy canpotertially expard to millions of entries.
Moreover, usinga centralizeddirectory whereonenock of
amulti-nodedsener archite¢ure holdsthedirectay, could
rencer it asa potentialbottlenecksincemultiple directay
accesseandupdadesrequireconcureng contrd. Instead
using a distributed directory whereeachnocke in a multi-
noced sener holdsa copy of the directoy, would requie

integrity checls to ensue thatall directofesareconsistent.

Therefore,we arein needof an RF() and AF() thatare
independen from the numker of CM objectsandthat use
datastructuesthat needupdating only whenscalingoper
ationsoccu (which areassumedo belessfrequentevents
thanaddingor remaving CM objeds).

An alternatve initial apprachis for conplete reomga-
nization using RF'() = AF() = (Xo mod N;) after every
opeaationj. Here,anew initial statearisesafterevery scal-
ing opeationandonly the objects seedneed to be stored
just asbefae ary scalingoperatiom occus. However, this
might requireall blocksto bemovedto anew location,thus
violating RO1 whichis to minimizeblock movemer.

The methal for finding a block locationprior to the oc-
currenceof ary scalingoperaionsis similarto usingahash
function X mod N. We wish to extendthis ideasothatre-
hashimg occursatevery scalingoperatim, or overflowevent
in hashing Disks canbe treatedas hashbucketswith one
difference. Hashingattemptsto minimize the numker of
bucket accessewhereasthe numier of disk accesseseed
not be minimized during overflow everts becausalisk ac-
cesseganoccursimultaneasly. Therebre, hashingtech-
niguesdo nottake adwvartageof multiple bucket splitssince
they minimizethebucketaccesseandsplit only onebucket
during overflow. Exterdible hashingseemsto be a vi-
able appoachthat useshashinganda directoly structure
Here blocksareassignedo aspecificdirectay entrywhich
pointsto abucket (or adiskin ourcase) Eachdirectoryen-
try is labelledwith ad-bit binarynumber Rehashingccus
whendisksoverflow andnew disksmustbeaddel. Disk ad-
ditions periadically causethe directol sizeto double since

eachentrynow hasa (d+ 1)-bit binarynumbe label,which
is required for hashing At first, extendble hashig seems
veryanalogusto reolgarizing blocksondiskswith buckets
repesentingdisks. Theimportant differerce is thatin or-
derto ensurdoad balaning andrancdbmizedplacemenof
blocks, eachdirectoly entrycanonly poirt to onedisk since
eachentry hasequalprobability of beinghashednto. To
acconplish this, the nunber of disksmustbe doubed dur
ing addtion operatimsor halved duiing removal opeations
which is not a feasibleor flexible solution. Linear hash-
ing presets a similar prokdem for our application. Linear
hashingdoesnot guarameethatbucketswill have approi-
matelyequalnumkber of recods(or datablocks)atall times
sincethebucketbeirg splitis notnecessarilyheoverfloved
bucket. Sincebucketssplitsareperformedon arourd-robin
basisoadbalancimy couldbe achiesedaftereachrourd of
splits. We needa methodto guarateea balancedoadafter
everybucket overflow.

Although the above appoachesdo not offer complete
solutiors, useful principlesfrom eachcan be obtaired to
formulate a betterapprach. We realize from the direc-
tory schemethat a new randm nunber sequene, X ;, is
neecetdto tracknew block locatiors. We alsorealize,from
exterdible hashing thatrehashig canbe usedto remapa
rancbm nunber sequene to a new sequence We wish to
devisea schemeo remaptherandon numters, X o, gener
atedfor eachblock to a new sequene of randbm numbe;,
X, which will indicatewherea block shouldresideafter
the j* scalingoperdion. We restatethe factthatthe block
locationis derivedfrom D, similar to Eq. 1, which could
eitherindicatea new locationfor ablock or thepreviouslo-
cationof thatblock. If anew sequencef X ;'s canbefound
for eachscalingopeation,thenwe cansimply compte D ;
to find the block location after the j** operatim. There-
fore, AF() andRF() needto computethenew X ; rancbm
nunbersfor everyblockwhile maintainirg theobjectives of
RO1,RO2andAO1. While noneof theseappr@achessatis-
fiesall theseobjectives, we usespecificprindplesfrom each
oneandintroduceourappoachfor finding X ;, aremapjng
of X, for eachblock, calledSCADDAR.



4. SCADDAR: SCAling Disks for Data Ar-
ranged Randomly

The main idea behind SCADDAR is that the rancbm
nunmbersusedto determire the location of eachblock are
to be mappedinto a new setof randan nummbers(onefor
eachblock) sothatthesenew numbkerscanbeusedto deter
minetheblocklocationsafterascalingopeation. Although
the initial setof randan numbes are generéed from the
pseud-rardom geneator, successie setsof numters are
gereratedusingSCADDAR. Becausevely block coud ei-
thermove off of or remainonadisk, thenew setof rancbm
numbersshouldreflecttheaccurée location.

Every block alwayshasa randan numker, X ;, associ-
atedwith it. After a scalingoperatim, eachblock should
have a new rancbm nurrber. From this point on, we will
speakin termsof finding a randon nurrber, X ;, for each
blodk afteracertainscalingoperatim sincethedisklocation
of the block canbe easilyfound by compuing D ;, similar
to Eq. 1, from X ;. New rancdbm numiersarefound using
afunction, REMAP;, whichtakes X ;_; asinput andgener
atesX; afterscalingoperatio from j — 1 to j. Notethat
REMAP, is theorigind pseudorandan gereratorfunction.

RemAP functions are usedwithin both the RF'() and
AF() functions. In particulay during scalingoperatia j:

o if disksareadded, then RF() appliesa sequene of
REMAP functions(from REMAP, to REMAP;) to com-
pute X ; for every block onall thedisks. This should
resultin a randon selectionof blocks to be redis-
tributedto theaddeddisks.

o if disksareremoved,thenRF'() appies asequene of
REMAP functions(from REMAP, to REMAP;) to com-
puteX; of everyblockresidingonly onthoseremoved
disks. This shouldresultin arandm redistritution of
blocks from theremoveddisks.

Similarly, after scalingoperatim j, to find the location
of block i, AF() appliesa sequene of REMAP functions
(from REMAP, to REMAP;) to compute X ;. Subsequetty,
RF() and AF() compute the locationof a block from its
rancbm numker, X ;, similarto Eq. 1. Thatis, thesequene
Xo,X1,-..,X; canbeusedto determire the locationof a
blodk aftereachscalingoperatia.

Now, we canrestatethe objectives of Section3: RO1,
RO2 and AO1 for SCADDAR as follows. The REMAP
functionsshouldbe desigred suchthat:

RO1L: (X;_1 modN;_4) and(X; modN;) resultin differ-
entdisknumtersonly for z; (seeEq.2 in RO1)blocks
andnotmore.

RO2: For thoseX;'sthat D;_; # Dj;, thereshoud be an
equal probability that D; is ary of the newly added

disks (in caseof addition operatios), or ary of the
nonremoveddisks(in caseof removal operatims).

AO1: ThesequenceXy, X, ...,X;, andhenceD; canbe
geneatedwith alow compleity.

The designof the REMAP function hencebecomesa
challengng prodem. For theremairder of this sectionwe
first explain our initial, naive apprach on the designof
REMAP in Section4.1andshawv thatwhile it satisfiesRO1
andAO1l, it fails to satisfy RO2 after morethanone scal-
ing operatim. Subseqgeantly in Section4.2, we discussa
boundedappoachwhich satisfiesall the objedivesfor up
to k numter of scalingopeations. The upperbourd for k&
is compuedin Apperdix A proving thatRO2 will agan be
violatedafter k scalingoperatims. In this case we suggest
aredistritution of all theblocks. Finally in Section4.3,we
give a superioy randbmizedapprachwhich satisfiesall of
our objecties. The effectivenesf this apprachis shovn
throughexperimentatiorandsimulationin Section5.

4.1 A naive approac

We first describea simpleschemehatallows scalingop-
eratiors to be perfamed. This schemesimply appliesa
modNN; function, whereN; is the nurber of disks after
scalingopeation j, to all the randbm numters. However,
it is differentfrom a comgeteredistritution by enfacing a
blockmovementonly if theresultingdisk numberis oneof
thenew disks.

This algotithm canbe expressedas follows for the jt*
scalingopertion,whereD ; gives thedisk nurrber:

|

We Illustrate an add operdion through an exanple.
Fig. 1a shavs aninitial growp of 4 disksusing X o mod4
which males the blocks appearto be placedin a rourd-
robin fashion However, the numtersbelov the disksare
actuallytherandmnumbers, X, gereratedby thepseua-
rancdbom numker geneatorandnot theactualblock nunbers
(the ordaing shavn below eachdisk is not significart). In
Fig. 1b, whenthe next scalingoperdion is an additian of
onedisk, then1/5 of all blocks, where (X, mod5) > 4,
aremoved onto the new disk, Disk 4. However, with an-
otheropeationof addirg onemoredisk usingthe sameap-
proach,1/6 of all theblocks arenoteverly pickedfrom the
disksandmoved ontothe new disk, Disk 5. Fig. 1¢ shavs
that only certainblocks from disks 1, 3 and4 are moved
ontodisk 5 while disk 0 anddisk 2 areignored. Therea-
soninghereis becagedisk 5 will cortain blodks with ran-
domnumbes thatsatisfy Xy mod6 = 5 which areall odd
nunbers. Disks 0 and2 resultingfrom X mod4 = 0 and

Xo mOde
Dj—l

if Xo mOdN]’ > Nj—l
othewise

(3)
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c. 2™ 1-diskaddoperatio

Figure 1. Initial, naive approach. The load is not balanced starting from the 2 ™ operation.

Xo mod4 = 2, respectiely, areall evennumters. There-
fore, becausedisk 5 containsonly odd numbes, blocks
from disks0 and2 do notqualify andarenot moved.

Even though RO1 and AOL1 are upteld, this doesnot
guaantedoadbalancimg of blockssincetheinitial equally
distributed load deterigates after subsequenopeations.
Thereasonis thatwe areusingthe samerancdm numker,
Xo, intherangeof 0. ..2%—1, whereb is 32bits, for finding
D;. We needto choosérom anew setof randan numkers
during eachsuccessie scalingoperatim to guaanteeran-
domplacenent. The sameresultsareobsered during disk
removal operdions.

4.2 Bounded SCADDAR approac

Boundel SCADDAR extends the naive approachby al-
lowing successie scalingopeartionsto be perfamedwhile
alsomaintainirg RO2. We now explain Bounded SCAD-
DAR in greder detail.

First, we shav REMAP; for deriving X; after a disk
group removal during the j** operatim becauset is sim-
plerthanREMAP; for removals. Next, REMAP; for deriv-
ing X; afteradisk groy addtion duringthe j * opeation
is shovn. In eachcase,X; resultsafterremapjng X;_;.
We restatethat the initial rancbm numter of ary block be-
fore ary scalingoperatimsis REMAPy = Xo = p_r(s).

To simplify our notations,waiseDef. 4.1 asthe under
lying basisof reasoing for computing REMAP;.

Definition 4.1: Let ¢; = (X;divN;) andr; =
(Xj mode), i.e.,Xj =q; X Nj +r;. [ |

4.21 Block location after disk removal

For this section,we focus on disk removals asthe scaling
opeaation. Fig. 1 depictsthatusingthe samerangeof ran-
domnumters, 0... R, to generateD ; may not leadto a
rancbm distribution for all blocks, thusviolating RO2. All

blodks on a removed disk needto be reassigné to the re-
mainirg disks, accoding to RO1. Now that a disk is re-
moved,REMAP; shouldreturnX;, usingX;_;. In orderto

avoid the problems of the naive apprach, X ; shouldhave
a differert sourceof randannessfrom X ;_; so REMAP;
uses(X;_1 div NV;_;) asanew sourceof randannesseven
thowhthisis asmallerrange. Theshrinkirg range leadsus
to believe thereexists a threshdd for the maxinum num-
ber of performablescalingoperatios asconfirmel in Ap-
pendx A. Usingg,_1, therangeshrinksto0... |R/N;_+].
Eq.4 definesREMAP; if scalingoperdion j is aremoval of
disks,wherethenew() functionmapsfrom thepreviousdisk
nunbersto the new disk nunberstakinginto accoun gags
thatmight occu from disk removals:

gj—1 X Nj +new(r; 1)

if r;_1 is notremoved(casea)
qj—1

othewise (caseb)

REMAP; = X; =

(4)
We wish to constret X; to containtwo retrievable
piecesof information: 1) a new sourceof randannessused
for future opeations,and?2) the disk locationof the block
afterthe jt* opaation. First, thenew sourceof rancdbmness
(gj—1, from the above paragaph)is packagd asthe quo-
tient of X;. Second the new disk locationis determired
by applyirg D, similarto Eq. 1, to this new sourceof ran-
dommess.In Eq.4b, X ; is setonly to g;_; sincewe needa
new locationfor theblockandapplyingD ; to g;_ achieves
this. In Eq. 4a,the block remainssowe wantto construt
X usingthe blocK's currert disk location (asthe remain-
der)aswell asanew sourceof randannesgasthe qudient)
in caseof future scalingopeations.

4.22 Block location after disk addition

Now consicerthatdisksareaddedduring operdion j. Here
a certainpercantageof blocks needto be moved and are
chosenat randon depenling on how mary disks were
addel (RO1). Again, we needto usea new rangeof ran-
dom numlers upon eachadd operatio to avoid the non-
rancom distribution prodem of the naive apprach. We
use(gj—1 div N;) asthenew sourceof randannesswhich,
again hasthe shrinkirg rangeproblem Thetaskis to de-



rive a REMAP; function in orderto find D ;. Eq.5 defines
REMAP; if scalingoperdion j is anadditionof disks:

(qJ'_1 div N]) X Nj +7‘]’_1
if (q]',1 modN]-) < Nj_l (@)

(gj—1 div N;) x Nj + (gj—1 modNj)
otherwise(b)

REMAP; = X; =

&)

Similarly to Eq. 4, we will constru¢ X; to contain
the new sourceof randanness(as the qudient) and the
disk location of the block (as the remairder). We use
(g;—1 div INV;) asthequotiert for future opeationsto main-
tain RO2.

To decidewhethera block movesto an addeddisk or
stays,we use(g;—1 modN;). Eq.5a statesthe block re-
mainswhile Eq. 5b statesthe block will move to a newly
adced disk. To uphold RO1 we want to move blocks
only if they are rancbmly selected. In other words, if
(gj—1 modN;) > N;_; for a particularblock then that
blodk is moved to an addeddisk during operaion j. The
target disk is packagd as the remainar of X ; which we
canextractusingEq. 1.

We further simplify (g;—1divN;) x N; +
((ijl mode) to (ijl ((ijl mode)) +
(gj—1 modN;) andfinally to ¢,_1, resultingin Eq. 6:

(¢j-1 = gj—1 ModNj) + 751
if (qj—l mOde) < Nj—l (a)
qj—1

otherwise(b)

REMAP; = X; =

(6)
All the objectves of RF() and AF() are met using
BoundedSCADDAR apprach.RO1 is satisfiedsinceonly
thoseblocks which needto be moved are moved. Blocks
eithermove onto an addeddisk or off of a removed disk.
RO2 is satisfiedsince REMAP; always usesa nen soure
of randannesdgo compute X ;. AO1is satisfiedsinceblock
accessesnly require onediskaccesperblock. Block loca-
tion is determired throudh compuation usinginexpensve
mod anddiv functiors insteadof disk-residet directores.
However, the shrinkirg rancdbm numter range bourds the
nunberof scalingoperatimsasshovnin AppendixA. The
following sectiondescritesRandomizd SCADDAR which
satisfiesall of our objectives andallows usto perfam scal-
ing operatimswithoutbourd.

4.3 RandomizedSCADDAR approac

Randonized SCADDAR allows anunlimited amount of
scaling while still satisfying our requiementof rancm
redistribution and load balancingof blocks acrossdisks.
We assumethat perfoming repeatd mods and pseudo-
rancom function calls is negligible, so a large numbe of

scaling opemtions can be suppoted. The difference be-

tweenRandonzed SCADDAR and BoundedSCADDAR

is our choiceof the new sourceof randannessafter each
scalingoperaion. By usingthequdient,g;_1, asthesource
of randbmnesdor scalingopeationyj, X ; would evertually

shrinkto a constanfsj increases.

We decideto usep_r(X;_1) asour new sourceof ran-
dommesdo guarareea 32-bitnumberto beusedasthequo-
tientfor X ;. We areassuminghatthe seedusedfor p ()
andthe randan nunberreturred areindepedentfor prac-
tical puposes.Basically we areusingthe previous X ;_;
asthe seedof the pseudorandan generato numbe to ob-
tain a fresh X;. REMAP; for Randanized SCADDAR is
constretedin asimilarfashionasin BoundedSCADDAR,
exce p_r(X;_1) is usedasthequdient.

Egs.7 and8 defineREMAP; for aremoval of disksand
anadditionof disks,respectiely:

pr(Xj—1) X Nj + new(r;_1)
if r;_1 is notremoved (a)
pr(Xj_1)
otheawise (b)

REMAP; = X; =

(7)

pr(Xj1) X Nj+ 71

if (p-r(X;-1) modN;) < N;_; (a)
pr(Xj—1) x Nj+

(p_T(Xjfl) mode)

othewise (b)

REMAP; = X; =

)
Let X; dende the rancdbm numter for a block after j
scaling opeations. We say that a pseuderancbm num-
bergeneatoris perfectif all the X ;’s areindependen and
they areall uniformly distributedbetweer0 andR. Given
a perfe¢ pseuderancbm nunber geneator, Randonived
SCADDAR is statisticallyindistingushablefrom complete
reogarizationt. This factcanbe easilyprovenby dema-
stratinga couplirg betweerthetwo schemesgueto lack of
spacewe omit the proofs from this paperversion

However, reallife pseudorandan nunbergeneatorsare
unlikely to be perfect. Hence,we canna formdly analyze
thepropertiesof RandanizedSCADDAR. Therebre,in the
next sectionwe will usesimulationto verify thatRandom-
ized SCADDAR satisfiesRO1, RO2, and AOL for alarge
nunber of scalingopeations. It is interestingto note the
closesimilarity betweerRandonzed SCADDAR andcom-
pletereomaniztion.

1This doesnot meanthat RancbmizedSCADDAR andcomplee reor
ganizdion will alwaysgiveidentica resuls;thetwo processeareidentcal
in distribution.



5. Performance evaluation

We canachiere our goalof aload balance storagesys-
tem where similar loads are imposedon all the disks on
two conditins: uniform distribution of blocksandrandam
placenentof theseblocks. A uniformdistribution of blocks
on disks meansthat all disks containthe same(or simi-
lar) numker of blocks. So, we needa metric to compae
BourdedandRandanizedSCADDAR with conpletereor
ganizationandshaw thatall techniqesachieve a balanced
load We would like to usethe uniformity of the distribu-
tion asametric,hene, thestandardieviation of thenurmber
of blocks acrossdisksis a suitablechoice. However, be-
causeheaveragsof blocks perdiskwill differ whenscal-
ing disks,we normalize the standardieviation andusethe
coeficientof variatin (standad deviation dividedby aver-
age)instead.Onemayarguethatauniform distributionmay
not necessarilyesultin a randam distribution since,given
100blocks, thefirst 10 blocks mayresideon thefirst disk,
thesecondlO blocks mayresideonthe secondlisk, andso
on. However, asdiscussedh Sectiond.3,thedistribution of
blodks resultingfrom Randonized SCADDAR canbecou-
pledto thatof completereoganization. Thus,Randanized
SCADDAR doss resultin a satistctory randan distribu-
tion. For therestof this section,we usethe uniformity of
blodk distribution asanindication of loadbalancing
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Figure 2. Scaling to 100 disks using: 1) complete re-
organization after each scale operation, 2) Random-
ized SCADDAR, 3) Bounded SCADDAR, and 4) theo-
retical computation using Def. 5.1.

For eachsetof experimentswe performed100disk scal-
ing operatims and used40 datablocks. Fig. 2 shows
the coeficient of variations of four methals whenadding
disks one-ly-ore startingwith one disk and endirg with
100disks. Thefirst curve shavs comgete block reoigani-
zationafteraddingeachdisk. Although completereoigani-

zationrequresa greatamouwnt of block movement,the uni-
form distribution of the blocksis ideal. The secondcurve
shavs Randonized SCADDAR. This follows the trend of
the first curve suggestingthat the uniform distribution of
blocks is maintaired at a nearideal level while minimizing
block movement. The third curve shovs BoundedSCAD-
DAR. The limitations of this algorithmare clear sinceno
more than 11 addition operatims can be performedeven
thowh block movementis minimized anda uniform distri-
butionis maintainedacrosghesel 1 operatims. Thisis due
to the shrinking rangeof random numbes aftereachopera-
tion. Beyord the 11" operatim, block movementactually
ceaseaindthe addeddisksremainempty Thefourth curve
shaws the theoreticalcoeficient of variation as definedin
Def. 5.1. Thetheoreticakoeficiert of vaiation is derived
from the theoretich standarddeviation of Bernodli trials.
The Randonized SCADDAR curnwe alsofollows a similar
trendasthetheoreticakurve.

Definition 5.1: Theoretich coeficient of variation is de-

finedas,/ 2=t x 100.11

B
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Figure 3. Alternately adding 1 disk and remov-
ing 1 disk using: 1) complete reorganization after
each scale operation, 2) Randomized SCADDAR, 3)
Bounded SCADDAR, and 4) theoretical computation
using Def. 5.1. (10 initial disks)

As a compaison of the stability of the uniform distri-
bution of datablocks,we show the coeficiert of variation
in Fig. 3 usinga steadyaveragenumter of disksuponsuc-
cessve scalingoperatims. In otherwords,we begin with
10 initial disksandperfom anadddisk, a deletedisk, an
adddisk, etc. for 100total operatims (50 adds 50 deletes).
We obserethatthe Randonived SCADDAR curwe follows
roughly the sametrend asthe theoreticalcurve. Also, as
expectedtheBounced SCADDAR curve doesnotscalebe-
yond 14 opertions.Fromtherule-d-thumb equatio atthe



endof Appendx A, wefind k < 7 wheree < 5%, u = 10
andb = 32. Using simulation,we obsere an ability to
supprt more thanl14 operaionsbut we believe theuniform
distribution of blocksbegins to degradeafter 7 opeations.
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Figure 4. Increasing the number of blocks proportion-
ally to the number of disks starting with 4000 blocks
and 10 disks using: 1) complete reorganization and 2)
theoretical computation using Def. 5.1.

Finally, we obsere that the coeficient of variation
seemsto increasewithout bound as the numter of disks
increasesdueto successie addoperatimsin Fig. 2. Intu-
itively, for afixednumter of blocksandanincreasingnum-
berof disks,coeficiert of variationbecome more sensitve
to block fluctuationsincethe averagenumnber of blocksper
diskis lower. This pointis shavn by increasinghe nunber
of blocks propationally with the nunber of disks. Fig. 4
shavs the coeficient of variationstartingwith 10 disksand
400 blocksandendirg with 100 disksand400® blocks.
We shaw the uniformity of the distribution whenperfam-
ing completereogarization of blocksas both the nurmber
of blocksanddisksareincreased As expected,the coefi-
cientof variationis fairly level andfollows the theoetical
coeficient of variationasdefinedin Def. 5.1. We assume
Randanized SCADDAR to behae similarly asdiscussed
in Sectior4.3

6. Conclusionsand future reseach dir ections

TheRandomizeSCADDAR appoachmeetsall the ob-
jectivesrequiral in redistriluting randbmly placedblocks.
The objectives of minimizing block movement, maintain-
ing randmnessandfew disks accessesolds true for up
to k scalingoperdionsfor Boundel SCADDAR, wherethe
upper-bownd of k£ canbe compued. However, usingRan-
domized SCADDAR, we shav (through simulation) that
thereis no upper-bound for the nunberof suppatabledisk

scalingoperatios. The quality of rancdbm block distribu-
tion and minimizatian of block movementare both main-
tained resultingin loadbalarcing andlow disk access.

We would like to apply SCADDAR to redistrilute ran-
donly placedblocks on hetegeneos disk arrays. Cur
rently, SCADDAR is applicaltte to bothhomayeneos phys-
ical disks andlogical disks. By applyirg previous work
of mappirg hetergeneais physical disksto homayeneos
logical disks[18], SCADDAR may naturallyevolve to al-
low blockredistritution on hetegeneows physicaldisks.As
for fault tolerance,datamirroring may be a simple solu-
tion with SCADDAR. Mirrored blocks couldbeplacedata
fixed offset determired by a functionf(V;). For exanple,
f(IV;) couldretum N; /2 asan offset. We alsoplanto in-
vestigde usingdataparity bits to handlefaultswith lessre-
quiredstoragespace SCADDAR canalsobeimplemened
asan online disk scalingtechniqe wherescalingscanbe
performedduring a nomal mock of operaion. Onesolu-
tion is to perfam SCADDAR with block copying instead
of block moving. After all blocks have beencopied the
systemwould instantly switch from usingthe previous set
of disksto usingthe new set. The unwsedblocks canthen
bedeletedduringidle times.

We arecurrerly implemeting SCADDAR on our own
contiruousmediasener, Yima, to testthe practicalityof its
load balancing low-complexity, andpreseration of block
randbmness.
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A. Analysis: Bounding the redudion in ran-
domness

Definetheunfarnesscoeficientof arandan loaddistri-
bution schemeas

Thelargestexpectedioadon ary machine
Thesmallestexpectedloadon any machine

If we pick anintegerz uniformly atrancom from therange
[0...R —1] andthenusexz mod N}, to compue thedisk to
whichtheblockmustbeassignedfterk scalingopertions,
thenthe unfairnesscoeficientis given by

1
f(R; Ny) = Rdv N,

We will pretendin this analysisthat the pseuderancbm
nunbergeneratoin factgereratesa truly randan nurrber
in theranged ... 2% — 1 (i.e. we have b truly randam bits).

Let R; dende the rangeof the rancdm numter space
that we have after i operatims; furthe let e > 0 bethe
largest unfairness coeficient we are willing to tolerate.
Thenf(Ry; Ni) mustbeatmoste.

LemmaA.l Ry diVNk > Ry div (NoNlNQ .. Nk)

Proof: We first obsere that after the i** addi-
tion/renoval opeation,therandan nunberrangeis atleast
R; 1 div N;_ ;. Thus, afterk opeations,therandan num-
berrang is at least(((Ry div Np) div Ny) ... div Ni_1).
Thus, Ry div N, > (((Rp div Ng) div Ny)... div Ng).
Given ary three positve integes z,a, and b, it is
easy to verify that (zdiva)divb = =z div(ab).
Hence, (((Ro div Ng) div Ny) ... div Ny) =
Ry div (NgN; N> ... Ng), and therebre, Ry, div N, >
Ry div (NON1N2 .. Nk) |

Let 7, representheproduct Ng Ny Ns ... Ny.
LemmaA.2 If r, < Ro-(e/(1+¢€)) thenf(Ry; Ni) < e.

Proof: By LemmaA.l, Ry div Ny > Rydivm,. But
Rodivm,, > Ro/m, — 1. Therebre, f(Ry; N) <
1/(Ro/mr — 1). By the preconition in the lemma,
Ro/mr > (1 +€)/e. Thisimpliesthat Ry /7, —1 > 1/e.
Now, Ry, div Ny, > 1/€,0r f(Ry; Ni) < e.

Let uy, representheaveragenumter of disksduiing the
first k scalingopeations. Thenw;, < p’,ﬁ“ (the geanetric
meanof a setof positve nunberscannever be largerthan
thearithmetic mear. Hence theabore condtion resultsin

thefollowing apgoximaterule-ofthumh

We can contirue to use the samerandm se-
guerce without redistrituting the load aslong as
Ry is larger thanuft /e

Taking logaithm (basetwo) on both sides, the rule-d-
thunb translatesnto

k+1 < (b—log(1/€))/(log -

For exampe, if we have anaverageof sixteendisks,desire
e < 1%, andareusinga 64-bit randan nunber gererator
thenk+1 < (64—log100)/4i.e. k+1 < 57/4i.e. k <13.
Therefore, a total of 13 disk addition/emova opeations
canbesuppated.

Theabove rule-d-thumb shouldonly be usedfor obtain-
ing a god a priori estimateon how well the systemwill
perform. In animplementationof this schemewe cankeep
track of the quariity =, explicitly andfind outwhetherthe
next opeationwill leadto aviolation of theprecaditionin
LemmaA.2.



