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Abstract

Thispaper investigatesheuseof partial replicationin
the DatabaseStateMachineappoach introducedear
lier for fully replicateddatatases.It builds ontheor-
der and atomicity propertiesof group commuitation
primitivesto achieve strong consistencyand proposes
two new abstractiors: ResilientAtomic Commitand
FastAtomicBroadcast.

Evenwith atomic broadcast, partial replication re-
quiresa terminationprotocd sud as atomiccommit
to ensue transactionatomicity With ResilientAtomic
Commitour terminationprotocolallowsthecommitof
a transation despitethe failure of someof the par-
ticipants. Preliminary performarce studiessugyest
that the additional costof suppating partial replica-
tion can be mitigatedthroughthe useof Fast Atomic
Broadcast.

1. Intr oduction

Databasereplication protacols based on group
commuicationprimitives have recertly beenthesub-
jectof aconsidrablebodyof researchi2, 18, 1,19, 11,
16, 10, 6]. Thereasorfor this stemdromtheadeqacy
of theorde andatomicity propertiesof groupcommu
nicationprimitivesto implemen syndronausreplica-
tion (i.e.,strongconsistentstratgyies.Unlike database
replicationschemedasedon traditioral transactioal
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meclanismsgroupbasedeplicationmechamsmsuse
atomicbroadast primitives to broadtasttransaction
toall replicasof thedatabae. Theapprachallowsthe
delegationof much of the synchpnizationcomplexity

to the group communicationlayerandcanaccomno-

datedifferentreplicationstratejies.

Most previous work related to groy-based
datatasereplication[2, 18, 1, 19, 11, 16, 10] consid-
ersfull replicationstrateies,i.e., the whole databae
is availableateveryreplica. This pagerinvestigateghe
useof partialreplicationin thecortext of the Database
StateMachire (DBSM)[16]. Partialreplicationis usu-
ally favored or evenrequirel, by ervironmens ex-
hibiting strongaccesdocality. Represetative exam-
plesof suchsettingsare geogaphicallydispersedn-
formation systemswith location-a&epen@ént databae
sites(eg. bankirg, pulic admiristration) and large-
scaledistributedinformationretrieval systemg13].

Our appoachis to exterd the DatabasestateMa-
chire protoml to hande partialreplicationwhile pre-
servirg its replication charateristics, namely syn-
chranous replication strategy and the defered up-
date technige. Synchramous replicdion strateies
extend the atomicity conept of transactios to all
datatasesites, insteadof applying it only locally at
eachdatabae.Unlikeasynchonotsreplication strate-
gies,synchrmousstratgiesensureserializableexeau-
tions. Deferredupdatetechniqiesexecue transaction
locally atsomedatalasesite,andwhenthecomnit op-
erationis requestedfor atransactionthesitewherethe
transactio executedcommunicatesthe transactiorto
all the othersites,redudng the comnunicationover



head.

To hande partial replication efficiently in the
DatabaseState Machire, we introduce in the pape
two abstractios: ResilientAtomic Commitand Fast
Atomic BroadcastResilientAtomic Commitexterds
traditioral atomic commit pratocols to be usedwith
datareplication. RoughlyspeakingResilientAtomic
Commitrequiresthatonly a subsebf the sitesstoring
a copy of the dataupdatedby a transactiao vote for
the commitof the transaction FastAtomic Broadcast
exposespreliminay messagedelivery ordesto theap-
plicationbefae providing the applicationwith afinal
definitive order — anideathatgenealizesthe broad
castprotacol presentedh [12].

Previous work [2, 18, 1, 19, 11, 16, 10 concen
trateson full replication stratgies. Along with the
assumptiorof the determiristic processingof transac-
tions at every replica,the resultingprotools, charae
terizedasnonvoting [21], take adwentageof not re-
quiring a termination protoml suchas Atomic Com-
mit [7]. In a partial replicaion scenariowhereeach
replicaonly holdsa subsebf the databasesvenwhen
using atomic broadtast, transactioirs comnit atom-
icity requiles a termiration protccol suchas Atomic
Commit(SeeSectiord.1). Otherwisereplicasmaynot
agreeontransactiors outcane.

To the bestof our knowledge thework in [6] is the
only one,apat from ours,to consicer partialdatabase
replicationwith group commuicationpratocols. The
appr@chusesgroup comnunicationprimitives to im-
mediatelybroadtastreadopertionsto all replicasof
anitem, andbroadastall write operatims alorg with
thetransactia’s commitrequest. Transactioratomic-
ity is ensurd by a final atomiccommitprotccol. By
contrast, we eliminatereplicainteractionduringtrans-
actionprocessin@dy usingonly oneatomicbroalcast
messageper transactio when comnit is requested
Furthemore ,weinvestigatavhethetheatomicbroad
castcanbeexecuedconcurentlywith thetermination
protacol in anattemptto lower exeautiontimes.

The restof the paperis structued asfollows: we
startby definirg in Section2 our modelof the system

andtheabstractionsipa which our solutionis based.
Section3 recallswith somedetail the DatabaseState
Machire protool. Section4 exterds the DBSM to
hardle partialreplicdion. Section5 describes prato-
typeof theexterdedDBSM andpresentperfamance
measues. Section6 conclulesthe paper

2. SystemModel and Definitions

In this section,we presentthe systemmocel and
introduceResilientAtomic Commitand FastAtomic
Broadtast two abstractionsisedthroughaut the paper

2.1 Databasesand Transactions

We consier a systemS = {sq1,...,s,} oOf
datatasesites. Sitescommnunicatethrogh message
passingi.e.,no sharednemay). Thesystemis asyn-
chranousin that we make no assumptios abou the
time it takesfor a siteto executea stepnorthetimeiit
takesfor messagew betransmitted.

Sitesmay only fail by crashing(i.e., no Byzantine
failures), andwe do not rely on site recovery for cor
rectress.A sitethatnevercrashess correct andasite
thatis notcorrectis faulty. We assumehatour asyn-
chranousmockl is augmeted with a Failure Detector
Oracle[5] sothat Atomic Broadcast— definednext
— canbesolved.

A databasd’ = {z1,...,2,} is a finite setof
dataitems. Databasesiteshave a partial copy of the
datalase. We assumehat for eachdataitemz; € T’
thereis atleastonecorrectsitethatstoresr;. For each
sites € S, Items(s) is definedasthesetof dataitems
replicaedin s; the setof all databaseitesreplicating
adataitemz; € T is dendedby Sites(x;).

A transactioris a sequencef readandwrite oper
ationsfollowedby acommitor abortoperation,issued
by a client on betalf of the transaction.Every trans-
actionbelorgsto thesetT of all possibleransactios.
For eachtransactiort € T, Items(t) is definedas
the setof dataitemsreador written by ¢t. RS(t) de-
notes the setof dataitemsreadby ¢t andW S(t) the



setof dataitemswritten by ¢. Furthernore,we dende
RS(t).s andW S(t).s the dataitemsreador written,
respectiely, by ¢ andstoredin a particulardatabase
sites.

For thesale of simplicity, we considefareplication
mode wherea transactiort canonly be exeautedata
site s if Items(s) D Items(t), thatis, s containsall
dataitemsreador written by ¢. This assumptiorcan
be releasedy allowing sitesto re-drect transaction
requeststo othersites. Finally, Sites(t) dendesthe
setof sitesthatcontaindataitemsreador written by ¢.

2.2 Atomic Commit and Resilient Atomic
Commit

In order to ensureconsistenttermiration of dis-
tributed transactios, databasesystemsusually recur
to an Atomic Commitprotacol [7]. Wheneachtrans-
action participah must reacha decisiondespitethe
failure of other participants, Non-Blockng Atomic
Commitpratocols(NB-AC) [3], or, aspresenteahext,
Weak Non-Blockng Atomic Commit protacols [8],
areused:

In the(WeakNon-Blocking) Atomic Commitprob
lem, every participant startsby voting yesor no and
canreachoneof two decisions:commitor abat. A
NB-AC praocol is analgorithmfulfilling the follow-
ing prorerties:

Agreement
outcones.

No two participants decide different

Termination. Every correctparticipan eventually
decides.

Validity . If aparticipantdecicescommit thenall par
ticipantshave votedyes

Non-Triviality . If all participans vote yes andno
participan is ever suspectedo have failed, then
every correctparticipant eventually decidescom-
mit.

1Throughoutthe paperwe referto Weak Non-Blocking Atomic
Commitassimply “Atomic Commit”.

In theabove specificationthesuspiciort of asingle
participant may lead the remainirg onesto decideto
abat atransactiormegardlessof the participans votes.
If dataitemsarereplicatedthis meanghatif atleast
onesitestoringadataitemreador writtenby atransac-
tion is suspectedhetransactiorcanbe abated. This
clearlygoesagainsthemotivationfor replicatirg data
items— the morereplicasa dataitem has,the higher
the chance®f a suspicion andthe lower the chanes
thattransaction that reador write this dataitem will
becomnitted.

Resilient Atomic Commit solves this problemby
allowing participars to decidecommitevenif someof
thereplicasof a dataitem reador written by thetrans-
actionaresuspectedo have failed. ResilientAtomic
Commit satisfiesthe sameagreement and termina-
tion propertiesof Weak Non-Blockng Atomic Com-
mit andthefollowing validity andnon-tiviality prop-
erties:

Validity : If a sitedecidescommitfor ¢, thenfor each
x € Items(t), thereis atleasta sitein Sites(x)
thatvotedyesfor .

Non-triviality : If for eachz € Items(t) thereis at
leasta site s € Sites(x) thatvotesyesfor ¢ and
is notsuspectedheneverycorrectsiteevertually
decicescommitfor ¢.

2.3 Atomic Broadastand Fag Atomic Broad-
cast

Atomic Broadtastand Fast Atomic Broadcat are
thecomnunicationabstractios usedby databassites
to communicate. Atomic Broadcasis definal by the
primitivesbroad@st(m) anddelive(m), andsatisfies
thefollowing properties[9]:

Validity . If a correct site broadcastsa messagen,
thenit eventwally deliversm.

Agreement If a corret site delivers a messagen,
thenevery corred site eventuwally delivers m.

2This informaion is provided locdly to ead participart by the
Failure Detector Oracle[5].



Integrity . For every messagen, every site delivers
m at mostonce,andonly if m was previously
broadtast.

Total Order. If two correctsitesdeliver two mes-
sagesn andm’, thenthey do soin the sameor-
der

Whenusinganatomicbroalcastprimitive, all sites
must wait until they agreeon messagerder before
atomicallydelivering it. In thefollowing, we present
Fast Atomic Broadcast which allows sitesto deliver
messagetentatvely, thatis, beforethe order hasbeen
agreed

FastAtomic Broad@stis definedby the primitives
broadast(m) FSTFdeliver(m) and FNL-deliver(m)
which satisfythefollowing properties:

Validity . If a correctsite broadtastsa messagen,
thenit evertually FNL-deliversm.

FST-Agreement For ary k£ > 0, if a corred site
FSTdelivers a messagen k times, then every
corred sitealsoFST-delivers m k times.

FNL-Agreement If a corred¢ site FNL-deliversa
messagemn, then every correctsite eventually
FNL-deliversm.

Integrity . For every messagen, every site FST
delivers m only if m was previously broadcast;
and every site FNL-delivers m only once, and
only if m waspreviously broadcast.

Local Order. No site FST-delivers a messagen af-
terhaving FNL-deliveredm.

Final Order. If two sitesFNL-deliver two messages
m andm/’, thenthey dosoin thesameorder

Fast Atomic Broadast allows sitesto guessthe
definitive order of messageandexposethis orde to
the application The application canthenstarttreat-
ing the messageorcurrerly with the underlying or-
deringmechaism usedby FastAtomic Broadastto

finally order the message.Notice thatif a site FST
deliversa messagandthenchargesits initial guess,
it may FST-deliverthemessagagain Obviously, ap-
plicatiors mustbe ableto copewith message&ST
deliveredin thewrongorder

Figure 1 compmresthe executian, as seenby the
appication, of Atomic Broadcastand Fast Atomic
Broadtast. In Figure1l(a) messagearebroadastand
delivered to the sites only when their order is de-
termired, while in Figure 1(b), messagesare FST
deliveredtwice beforebeingFNL-delivered.

FastAtomic Broadastis similarto Atomic Broad-
castwith Optimistic Delivery, introduwcedin [12]. Ac-
tually, Atomic Broadcastvith OptimisticDeliveryis a
specialcaseof FastAtomic Broadcastwherek = 1
(seethe FST-Agreemat property).

3. DatabaseState Machines

The DatabaséeState Machine[16], or DBSM, as-
sumeghefull replicationof the databas@ndis based
on the deferrel update replication techrique [3]. In
this sectionwe recallthe principle of the defered up-
datereplicaion andthe DBSM apprach.

3.1 Deferred Update Replication Principle

Thedeferrel updde replicationtechrique is a way
to reducethe needfor distributedcoadinationamorg
corcurrert transactionsduring their execution. Us-
ing this techniaie, a transactionis locally syncho-
nizedduringits executionatthe databasevhereit ini-
tiated accordng to somecorcurrengy contiol mech-
anism[3] (e.g.,two-phaselocking). Interactionwith
othe databasesiteson behalfof the transactioronly
occus whenthe client requestghe transactioncom-
mit. At this time, the transactio updatesand some
cortrol structuresarepropagatedo all datalasesites.
Eachsuchdatalasesite will thencertify and,if possi-
ble,comnit thetransactionTheterminationprotocol
startedwith the commit requesthasthreegoals: (i)
propagatehetransactiono all databassites, (ii) cer
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Figure 1. Atomic Broadcast vs. Fast Atomic Broadcast.

tify, and (iii) commitit.
3.2 Transaction Exeaution

Fromthetimeit startsuntil it finishes atransaction
passeghrowgh somewell-definal states(Figure 2).
The startingstateis the executingstate a statewhere
all operdions areexecutedlocally at the databaesite
wherethetransactiorstarts.Whenthe clientthatiniti-
ateghetransactio reqiestsits commitment, thetrans-
action passedo the committingstate At this poirt,
transaction, is sentto all databaesites.A transaction
receved by adatabassite s is in thecomnitting state
until its fateis known. Thetransactiorthenevolvesto
oneof its final statesccommittecor aborted

Thealgoiithm executedby a databassaite s; when
execuing atransactiomeceved from clientc is briefly
describedasfollows:

1. Initially, duiing the executingstate,the transac-
tion is locally execued at datalasesite s;. All
operdions requestedby client ¢ are executedat
s; usingstrict two-phaselocking.

2. Whenclient ¢ requeststransactio t's commnit-
ment,t is immedidely committedif it is aread-
only transactionOtherwiset enterghe comnit-
ting stateanddatabasesite s; startsthe termina
tion protocad for ¢: theupdateperfamedby ¢, as
well asits readsetaindwriteset,are broadastto
all databassites.

3. Evertually evely databasesite s; delivers the
messageentby s; conceningtransactiort. Af-

ter delivering this messages ; startst’s certifica-
tion to ensurethatt it doesnot confict with pre-
viously comnitted transactios.

4. If t passeshecertificationtest,all t's upddesare
apgied to the databasendt passego the com-
mitted state. Transactios in the execttion state
ats; holding locksondataitemsupdatedby ¢ are
abated.

5. Thedatabassite s; send<’s resultto clientc as
soonass; establisheshefinal stateof ¢.

3.3 Conflicting Transadions

In orderfor a databaseite to certify a comnitting
transactio ¢, it mustbeableto determire whichtrans-
actiors conflictwith ¢. A transactiort’ corflicts with
tif: (i) t andt’ have conflictingopeationsand(ii) ¢’
does not precede.

Two opeations conflict when they are issuedby
differenttransactionsaccesghe samedataitem and
at leastoneof themis a write opertion. The prece-
dercerelationbetweertransactiont andt’ is dended
t' — t (i.e.,t’ preceést) anddefinedas: (1) if ¢t and
t' execue at the samedatabaesite,t’ precedes if ¢’
entes the committing statebefore ¢; or (2) if ¢ andt’
execute at different sites, for exampe s; ands;, re-
spectvely, ¢' preedest if ¢’ commitsat s; before ¢
entes thecomnitting stateat s;.

Furthernore, we say that two transactios are
write-conficting if they both perfam a write opera-
tion on the samedataitem and one transactiordoes
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3.4 DBSM Ar chitecture

Trarsactionprocessingin the DBSM [16] is han-
dledby the TransactionManager, the Lok Manager,
andthe Data Manager modulespresentedh Figure3.
The termiration protacol is handed by the Atomic
Broadcast, andthe Certificationmodules.

After receving a transactiondelivered by the
Atomic Broadcat module, the certification modue
execuesthe certificationtest. On certifying a trans-
action, the datamanage may be inquired abou al-
ready commnitted transactions. If the transactionis
successfullyertified,its write operatios aretransmit-
tedto thelock managerand,oncethewrite locks are
grantel, the updatescanbe perfamed.

To ensue thateachdatabaseite reacheghe same
state after processingcomnitting transactias, each
certificationmodule hasto (i) reachthe samedeci-
sion when certifying transactionsand (ii) guarartee
that write-conflicting transaction are appliedto the
databasén the sameorder. Thefirst constraintcanbe
fulfilled by providing eachcertificationmodule with
the sameset of transaction in the sameorder. To
satisfythe secondconstraintthe certificationmodde
ensureghat write-conflictirg transaction granttheir
locksin thesameorde asthey aredelivered.

4. Handling Partial Replication

In this sectionwe considerpartialreplication in the
contet of the DBSM. We poirt out that the DBSM

asit is doesnot supprt partialreplicationanddiscuss
ways of extendng the terminationproto®l to handle
partial replication We startwith a simple apprach
basedn Atomic Broadcasand Atomic Commit,and
then refine it to reachmore sophsticated solutiors
basedn FastAtomic Broad@standResilientAtomic
Commit.

4.1 DBSM and Partial Replication

The DBSM assumeghat databasesontan full
copes of all dataitems. This assumptia is neces-
saryto make surethat upan certifying a transaction,
all databaseitesreachthe samedecision whetherto
commit or abot thetransactio. As we showv next, par
tially replicateddataitemsmayleadtoinconsistencis,
with somedatabasedecidng to comnit atransaction
andsomedecidingto abortit.

For exampe, considera systemcomposedof three
datatase sites, sq,s2, and s3 — databasesite s;
replicages dataitems a andb, databasssite s, repli-
catesdataitems b and ¢ and databasesite s3 repli-
catesdataitems a and ¢ — andtwo clients¢; and
c2 which submit, respectidy, transactios t; =
(r[a]; w[a]; w[b]; ¢) andte = (r[a]; w]a]; w[c]; ¢).

If transactiost; andt, areexecued concurently
in differentdatabasei.e., neithert; prece@st, nor
to prece@st;) andt, is deliveredandcertifiedbefore
t1, to comnits atall siteswhile t; commitsat s, (i.e.,
WS(tz).s2 N RS(t1).s2 = 0 at s,) andabortsat s;
(i.e., WS(t2).s1 N RS(t1).s1 = {a} ats;) andat ss
(i.e.,WS(tz).s3 N RS(t1).s3 = {a} ats3).

At first glance,oneway of solvingthis prablemis
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to have evely datalaseto storeall the readandwrite
setsof previously comnmitted transactios so that the
certificationtestperformedby eachdatabaseesultsin
thesameoutcane, asit is donewith the DBSM; how-
ever, suchanapprachwouldhave theovemheadof full

replication(i.e., every databaséasto keeptrackof all

dataitemsreadandwritten by transactios)withoutits
benefits. Sincedatabaseso not storeall dataitems,
transactiom cannotexecutein ary database!

4.2 DBSM with Atomic Commit

As discussedjatalasesitesthatholda partialcopy
of the dataitemscannotdecideto comnit a transac-
tion basednly onthecertificationtest— they shoud
alsoconsicer dataitemsstoredin otherdatalasesites
anddecideon acomman basis. Thisis typically dore
by anatomiccomnit proto®l, and,in this case.each
databasehouldusethe resultof the certificationtest
asits votefor theatomiccomnit protacol.

The certificationof a transactionnvolves now (i)
a certificationtest and (ii) an atomic commitamong
the databasesitesthat store copiesof the dataitems
usedby thetransactior(seeFigure4). The procalure
of certifying a transactiort at databasesite s; is de-
scribedas:

1. Certification test  The certification test at

datalasesite s; involvesevery dataitemaccessed
by ¢ for which s; holdsa replica. Databases;
votesyesif all committedtransaction at s; pre-
cedet, or if thereis no comnitted transactia ¢’
at s; thatcorflicts with ¢; s; votesno otherwise.
The vote of site s; on transactiont is formally
descritedasfollows.

vote;(t) =
Vt', Committed(t', s;) :

t' =tV (WS(t).s; N RS(t).s; = 0)

2. Atomiccommit The atomiccommit protoml is
executedby all databassitesholding areplicaof
adataitem accessebtly thetransactio. After ap-
plying thecertificationtestto transactiort, every
datafasesite s; involvedin t's commit startsan
atomic comnit usingasits vote the outcone of
the certificationtest. If the resultof the atomic
comnit pratocol is commit thent passedo the
comnit stateat s;, all updatesssuedby ¢ for data
items storedin s; are perfomed, andthe locks
associatedvith ¢ released.

Atomic Broadcastbasedtermination. Theneedto
execute an atomic commit as part of the certifica-
tion procedire leadsto questionthe necessityfor the
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Atomic Broadcastisedin the beginning of the termi-
nationprotacol. Insteadof orderirg distributedtrans-
actionsbefore certifying them,onemight simply for-
wardthetransactiosto all siteswithoutarny ordering
guarantees.|t turnsout, however, thatorderirg trans-
actionsbefore certifying themallows a moreefficient
certificationtest[15].

For examge, consideragainthe casepresentd in
Section4.1, andassumehatbothtransactios ¢, and
ty starttheirterminationprotocolsconcurently— that
is, t1 (respetively, t5) is forwardedto the othersites
befoe t, (respectidy, t,) is certified. Sincet; and
to conflict,they cannotbe bothcommitted andoneof
themshouldbeaboted. But becauselatabasedo not
necessarilyreceve andcertify t; andt, in the same
order somedatabasemay certify ¢, first andvoteto
committ; andabat ¢2, while othersmaycertify t» be-
foret;, andvoteto committ, andabot ¢;, asituation
wherebothtransactios endup aboted.

4.3 DBSM with Resilient Atomic Commit

The combnation of atomic broadcastand atomic
commitenablego supprt partial replication without
compomising consisteng. However, with suchan
apprach, the suspicionof a single databae site is
enough to abot a transaction(seethe nontriviality
property of atomiccommit),whichdefeatghepurpose
of introdwing replicdion. In fact, sucha replicated

systemis lessresilientthananon-eplicatedone This
appoachalsointrodwesextra overhead— the exeau-
tion of theatomiccommitpratocol.

In orderto overcometheformerprodem,i.e.,com-
mitting transactiongven whensomedatabasesite is
suspectedio have crashedwe replaceatomiccomrrit
by ResilientAtomic Commitin the termiration pro-
tocd. With ResilientAtomic Commit, atransactiort
passeto thecommittedstateatevery sites in Sites(t)
if: every databassite holding areplicaof a dataitem
accessetly t eithervotesyesfor ¢ or is suspectedand
for eachdataitem reador written by ¢, thereis a site
thatvotesyesfor ¢ andis never suspected.

Figure 5 depicts the exeaution of transactiont,
which is committed using DBSM with Resilient
Atomic Commit but abortedif using DBSM with
Atomic Commit. In stepl, transactiont executesat
datatasesite s;, andclient ¢ sendsa commit request
to the databae site s;. In step?2, t is broacdtastand
at the end of this step, it is delivered, certified and
sy crashesSitess; andss; startthe ResilientAtomic
Commitpratocol voting yesandusings; ascoordna-
tor, which decidescommitat the endof step3 (using
Atomic Commit,thetransactiorwill beabortel since
so is eventually suspectedo have failed). In step4,
s1 sendsits decisionto all databaesites. In step5,
datalasesitess; andss recevethedecisionof theRe-
silient Atomic Commit and s; sendsthe transaction
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resultto c.
4.4 DBSM with FastAtomic Broadast

The additionof anatomiccomnitment stepin the
termination pratocol introducesan unavoidableover-
head.To alleviatethis problemwe repla@ the Atomic
Broadcasprotacol with a FastAtomic Broadcat pro-
tocol. Theideais simpleandconsistsin startingthe
certificationprocessarlier assoonasthetransaction
is deliveredwith a tentatve order Wheneer this ten-
tative ordermatcheghefinal delivery, thisallows usto
overlapthefinal delivery (FNL-deliver) of thetransac-
tion with the certificationtestandthe atomiccommit
protacol.

In moredetail, the protacol runsasfollows. When
atransactiort is broadast,it is FST-delivered to all
replicasin Sites(t) with atentatize order. This orde
is expectedto bethenetwork’s sporianeousrder i.e.
notyieldedby the ordeing algorithm, andthusallow-
ing afastdelively. As soonast is FSTdeliveredata
sites, s startst’scertificationandafterwardsaresilient
atomiccomnit for ¢. Uponthe FNL-delivety of ¢, if
thefinal andtentative ordersmatchthenthe outcore
of theantecipatedtomiccommitis usedto decidethe
final stateof ¢. Shoud the ordersof thetwo deliveries
mismatch,both the certificationandthe atomic com-
mit startedfor ¢ arediscaréédandtheprocessepeated
for thefinal order

In our currert pratotypeof the system(Section5),
ary transaction’ thatmightbeFST-deliveredbetween
the FSTdeliver andthe FNL-deliver of sometransac-
tion t is discar@d. While this might seema clearloss

of oppatunities by the protowl, doing it differently
involvesfurtherresearclasdiscussedn Section6.

5. Prototype and Results

In this section we describea prototype of the
DBSM extenced to support partial replication. Per
formanceresultsshov how the useof a Fast Atomic
Broadtastprimitive mitigatesthe overheadntroduwced
by the additionalatomiccommitpratocol.

5.1 Implementation

The protaype strictly follows the architectue de-
pictedFigure4: atransactiorprocessingnodue con-
sisting of a transactionmanager a lock manage
a data managr, and a certification modde. The
atomic broadcastand atomic commit modues have
beenbuilt asseparatenoduesto indepemnlentlyallow
several implemenations,i.e., different combirations
of atomicbroadtastandatomiccommitpratocolscan
beusedby the pratotype.

Theprotaypehasbeenmplementedn JAvA, using
the GRouUPz grouyp comnunicationtoolkit [17].

Concureng cortrol andconflict detectionis per
formedby alock managraccessetly transactiosei-
ther runring locally or being certified. Databaseac-
cessis done using a datamanagermwhich has been
implenmented using JDBC [20] to accessa Post-
greSQL[14] databaseThecorcurrercy contrd mech-
anismsof PostgreSQlarenot usedas,in our model,
remde transactios have priority over local transac-
tions and PostgreSQLconcureng/ contrd doesnot



distinguistesbetweerthem.

The Atomic Broadcastand Fast Atomic Broad-
cast pratocols have similar implementations: They
useGRoUPZ's reliable broadcastprimitive® anda se-
guercerdatabassitedetermiredby GROUPZ's Group
Membeship service.Whena transactiots comnit is
requested, the transactio is broalcast. In the Fast
Atomic Broadcastthis messagds FST-delivered at
every (correct) site. The distingushedsite actingas
sequener assignsthe messaga order and reliably
broadtastsit. Whendelivered (or FNL-deliveredin
the FastAtomic Broadcasprotacol) the messagero-
videstheordeedtransactio.

The Resilient Atomic Commit is a simple n to
n, singlestep,decetralized pratocol. When starting
the pratocol evety participan broadtastsits vote,and
startsgatheig votesfrom the otherparticiparts until
it canreachadecision.

5.2 Experiments

For our experimentswe useda databasef 2000
dataitemsconsideredshot-spas of alarger database
— we chosearelatively smalldatabaeto introdwce a
reasonale amoun of datacontetion in the database.
Thetransactionsubmittedby clientscontan between
5 and10opeations.Updatetransactionsyith 50%of
write operations,repesen95%of all submittedrans-
actions.We useda 100 Mb/s local-areanetwork con-
sistingof ten333VIHz Intel-basedprocessomachines
with 128MB of RAM runring theLinux operatirg sys-
tem.

The tests aim to compae the performarce of
the systemusing either Atomic Broadtast and Fast
Atomic Broadcastfollowed by a Resilient Atomic
Commit protacol. The graghs in Figure 6 present
the histogams of transactionexecution times using
Atomic Broadcat andResilientAtomic Commit(Fig-
ure 6(a)) and Fast Atomic Broadcastand Resilient
Atomic Commit (Figure 6(b)). Figure 6(a) presents

3This primitive is actually a View SynchonousMulticastprimi-
tive [4] ensuringview atomiity of the messages.

cunesfor theatomicdelivery of transactios, theend
of the certificationexecution, the end of the atomic
commit proto®l andthe end of the transactio exe-
cution Figure6(b) alsoincludesthe fastdelivery of
transactios.

Both testswere run under a systemworkload of
5 tps, allowing a stableflow of transactios without
quauing. Certificationconsistedn themanagerantof
a lock table residenton disk and accouts for an av-
erag of 20 ms of eachtransactionprocessingtime.
Messageslid not sufferedfrom reoidering

A compaisonof thegrapls of Figure6 revealsthat
the protacol with FastAtomic Broadcastonsistently
outperforms the Atomic Broad@stconfiguration. In-
deed it canbe obsered thatthe Fast Atomic Broad-
castconfiguationis onaverag 10 msfaster Roughly
thiscorrespadsto a10%gainsinceit canbeseerthat
in 90%of thetransactionthetermindion pratocolfin-
ishesin lessthan100ms (Figure 6(b)).

Theseresultsare encouaging and justify the use
of a FastAtomic Broactastprimitive. However, it is
worthnotingthatthepratocolis actuallyvery sensitve
to messag@rocessingoverheadsandto the natureof
thecertificationstep.It canbe seenin Figure 6(b) that
the FNL-delivery of thetransactiorhappensat a later
time thanthe delivety in Figure 6(a). This is the de-
lay introducedby the processingoverheadof the fast
delivery at the sequencesite. As long asthe certifi-
cationstepandmessagelelivery canbeexecuedcon-
currentlythedelayel FNL-delivery doesnotconstitute
aprodem.

6. Conclusions

This papelinvestigategheuseof partialreplication
in the context of the DatabaseStateMachine, intro-
duaedin [16] for fully replicateddatabasesln order
to hardle partial replicationefficiertly, we have intro-
duadin the pager two abstractios: ResilientAtomic
Commit, an atomic commit protoml tailor-madefor
replicaed databasesand Fast Atomic Broadcast,a
communicatiorprimitivethatallows applicdionsto be
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Figure 6. Execution times for the two configu rations of the termination protocol

exposedto tentatve delivery ordersbefore thefinal or-
deris known.

Preliminay performarcestudiesof ourpratocolus-
ing PostgreSQL14] have shavn thatthe introduced
techniqies are very promising We intend to con-
tinuewith experimentalwork to betterundestandthe
strengtls andweaknessesf ourtheapprach. In par
ticular, we currenrly pursuetwo directiors: oneis to
male the protacol more agressie regarding the fast
deliveries of transactionsthe otheris the studyof the
protacol’s behaior in hetergeneos largescalenet-
works.

As descritedin Sectiond.4,the pratocol only con-
sidersonefastdelivery at a time. Whentreatingthe
FSTdelively of a transaction,say ¢, insteadof dis-
cardirg a subseqgant FST-delivery of a transactiont’
(which may hapgen before a FNL-delivety), the pro-
tocol can possiblybe improved in two ways. Either,
considetthatt andt’ arebothequdly goad canddates
for the FNL-delivery and so startthe certificationof
bothtransactiongonairrently or consicer thatt’ will
be FNL-ddiveredafterthe FNL-delivery of ¢ in which
casethe proto®l shouldbe ableto “pipeling’ thecer
tification of ¢ assuminghe the tentative certification
of t. Which methodto chooseis the subjectof on-
goingresearch However, the impartantissueto note
is that whatever is the most appiopriate depeils on

a number of factos suchasthe accuagy of the net-
work's sporianeousordeing of messagesthe delay
betweenFST and FNL-deliveries, certificationcosts,
processingpower, etc. Consideing a hetergeneos
large-scalenetwork, insteadof the homognoes lo-

cal network of the experimentsof Section5, definitely
introducessubstantialariatiors on thesefactors.
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