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Abstract

Thispaperpresents fault-tolerantlazyreplicationpro-
tocol that ensues 1-copyserializability at a relativelylow
cost.Unlike eager replicationapproaches,our protocolen-
ableslocal transactionexecutionand doesnot lead to any
deadlo& situation. Compaedto previouslazy replication
appmoaces,wesignificantlyreducethe abortrate of trans-
actionsandwedonotrequire anyreconciliationprocedue.

Our protocol first executestransactionslocally, then
broadcasta transactiorcertificationmessgeto all replica
manaers, andfinally employsa certificationprocedue to
ensue 1-copy serializability Certification messges are
broadcasusinga non-blokingatomicbroadcasiprimitive,
which alleviatestheneedfor a more expensivenon-blodking
atomiccommitmenalgorithm. Thecertificationprocedue
usesa reordering technique to reducethe probability of
transactiomaborts.

1. Intr oduction

Although replicationhaslong beenconsideredan intu-
itive way to increaseavailability, designingan efficientdis-
tributed protocol that providesfault-toleranceand ensures
replicaconsisteng is still a difficult issue.In the context of
databasedGray et al. [8] distinguishtwo classesf repli-
cationprotocols:eager andlazy'. Eagerprotocolsarecon-
sideredo be too expensve asthey requireremotecommu-
nication during transactionexecution(eachdataaccesss
synchronizedy all replicamanagers)Lazy protocolsen-
ablelocaltransactiorprocessingi.e.,donotrequireary re-
motecommunicatiorduringtransactiorexecution),but be-
fore committing, the transaction$ave to be certified. The
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1The distinctionbetweenprimary badup (master)and statemadine
protocolsleadsto anorthogonaklassificatior{10].

certificationprocedureheckqwith otherreplicamanagers)
whetherthe transactionwiolate dataconsistenyg, in which
casethey are either aborted,or committedand later rec-
onciliatedwith othertransactionsThe major dravbackof
lazy protocolsis the high rate of abortsandreconciliation
proceduresln this paperwe presentalazy replicationpro-
tocol thatensureglataconsisteng (i.e., one-copyserializ-
ability withoutreconciliations)vith alow abortrate.
Intuitively, our replicationprotocolperformsasfollows.
A transactiorT; is first executedlocally at a givenreplica
sener. Then,usinga non-blockingatomicbroadcasprimi-
tive,acertificationmessagéor T; is broadcasto all replica
seners. Theatomicbroadcasprimitive alleviatesthe need
of amoreexpensve non-blockingatomiccommitmenipro-
tocol. Every sener thatdeliversT;’s certificationmessage
executesa certification procedure deciding for the com-
mit or the abortof T;. Like ary lazy replicationapproach,
our certificationprocedurehecksf T; canbeserializedaf-
ter committedtransactionslf not, ratherthanabortingT;,
we usea reordering techniqueto find out whetherT; can
be serializedsomavherebefoe somecommittedtransac-
tions. If T; cannotbe reorderedit is ultimately aborted.
We show thatthe abortrate of our protocolis significantly
lowerthantheabortratesof previouslazy protocols.As we
will pointoutin Section6, a similarideawasusedin dis-
tributed sharedmemorysystemso reorderold writes and
henceensuresequentiatonsisteng atalow cost[2].
Theremaindeof the paperis organizedcasfollows. Sec-
tion 2 definesthe replicateddatabasemodel. Section3
presentour replicationprotocol and sketchesits correct-
nessproof. Sectiond is dedicatedo implementatiorissues
andperformanceneasurementdVe comparaheabortrate
of ourreplicationprotocolto well-known replicationproto-
cols. Thenwe discusghe memorycostof reorderingtrans-
actionsand presenta tradeof betweenstoragespaceand
abortrate. Finally, we comparethe costof a non-blocking
atomic broadcasiprimitive to traditional atomic commit-
mentprotocols.Section5 discussesomerelatedwork and
Section6 concludeghe paper Thecorrectnesgroofof the



replicationprotocolis detailedin the Appendix.

2. Replicated DatabaseModel

In the following we describe our distributed sys-
tem model and recall the definition of atomic broadcast
(ABCAST). As we will seein Section3, the ABCAST
primitive allows a modulardescriptionof our replication
protocolandsimplifiesthe managemenaf replicas.To de-
scribeourreplicationprotocolwe donotmake any assump-
tion onhow the ABC AST primitiveis implementedThis
issuewill bediscussedn Sectiord.

2.1 Processes

We considera distributed systemcomposedf a setof
processesommunicatingoy messaggassing. A process
mayfail only by crashingandacorrectprocesss aprocess
that doesnot crash. Processeslo not behae maliciously
(we do not considerByzantinefailures),andmessageare
not corrupted.Processeareconnectedhrougheventually
reliablechannelsyhich guarante¢hatevery messagesent
by a correctprocesgo anothercorrectprocesss eventually
receved (this is implementedby retransmittinglost mes-
sages).

We distinguishtwo kindsof processesclient processes
thatgeneratehetransactionge.g.,by submittingoperation
requests)and server processesthat executethe transac-
tions. The databases fully replicatedat eachsener and
thereis no centralizeccontroloverthereplicas(i.e., thereis
Nno masteror primarysener).

2.2 Atomic Broadcast

A sener processexecutestransactiondocally and, at
committime, broadcasta certificationmessge to all other
seners. Thisis performedusinganatomicbroadcasprim-
itive (ABC AST), whichensureshatthecertificationmes-
sagesare delivered in the sametotal order by all correct
seners. Note that this guaranteeppliesto messageleliv-
ery andnot to message&eception Basically a sener first
receves a messageperformssomecoordinationwith the
otherseners(to ensurethe above guarantee)andthende-
liversthemessage.

Let ABCAST (m) denotethe event of sendinga mes-
sagem, usingthe ABC AST primitive, to the setof sener
processesThe ABC AST primitive satisfieghefollowing
threeproperties:

Order. Consider ABCAST(m,) and
ABCAST(m,), and two sener processess;
ands;. If s; ands; delivermessagesy; andm, they
deliver themin the sameorder(i.e., eitherm; before
ms, OF mo beforem,).

Atomicity. ConsiderABC AST (m). If onesener
process deliversm, thenevery correctsener process
deliversm.

Termination. If a correct sener processs exe-
cutesA BCAST (m), theneverycorrectsenerprocess
eventuallydeliversm.

Theterminationconditionis a livenessondition. It en-
suregprogres®f thesystemandexpresseshenon-bloking
characteristiof the ABC AST primitive.

3. The Lazy Transaction Reordering Protocol

In this sectionwe first give an abstractovervien of the
protocolandthendescribethe two main tasksexecutedby
every sener: the executiontaskandthe certificationtask.

3.1 Protocol Overview

A transactiol¥; is first executedatagivenreplicasener,
e.g..theclosessenerto theclientthatinitiatedthetransac-
tion. The senerhandleghetransactioroperationghrough
its executiontask At committime, usingthe ABC AST
primitive, the sener broadcasts: certificationmessagédor
T; to all otherreplicaseners.EverysenerdeliversT;'scer
tification messagewithin its certificationtask andchecks
whethereachdataitem readby T; is still up to date. Like
in ary lazy replicationapproachwe first checkif T; can
be serializedafter committedtransactions. If not, rather
thanabortingT;, we usea reomeringtechniqueto find out
whetherT; canbeserializedsomeavherebeforesomecom-
mitted transactions. If T; cannotbe reordered,t is ulti-
matelyaborted.

In a given sener, a transactioncan be in one of four
stategFigurel): (1) active(i.e.,thetransactiorsread/write
operationsare being performedby the executiontaskof a
sener),(2) certify (i.e.,thetransactiongperationdave ter-
minatedandits certificationmessagdasbeendeliveredin
thesener),(3) committecbr (4) aborted A transactiorcan-
notchangeits stateafterreachingstateq3) or (4). While in
state(1), a transactiorcannotreachstate(3), unlessit has
first passedy state(2).

3.2 The Execution Task

The senersimplementa multiversionconcurreng con-
trol, with transactionsisingsnapshot®f the databasg3].
Snapshotsre an abstractionthat reflect the (committed)
dataasof thetime thetransactiorstarted.In practice snap-
shotsare implementedby keepingone currentversionof
the databasendbringing previous dataversionsfrom the
log [4, 9].
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To executea transactionT;, a client processfirst con-
tactsa sener process,which associatewith T; a snap-
shot of the database.All T;'s operationsare executedin
thesamesener, andT;’s write operationsaretentatve (not
seerby othertransactionsintil 7; commits.No transaction
is blockedduringits processindwe useoptimisticconcur
reng/ controlwithoutlocking), but abortsmay occurif the
systemis not ableto maintaina consistensnapshobf the
database Whena transactioris readyto commit, the ex-
ecutiontaskbroadcasts certificationmessagegontaining
transactiorcontrol information(e.g.,the defered updates
thereadsetindthewritesej, to the otherseners.

Figure2 depictsheprotocolmodel.Serverl first creates
asnapshobf thedatabas¢hatwill beusedby theincoming
transaction’;, issuedby Client A. All operationrequests
submittedby Client A aresentto Serverl. WhenClient A
issuesa commitrequestServerl’s executiontaskcontacts
all correctseners,sendingthemT;’s certificationmessage
(usingthe ABC AST primitive). On delivering this mes-
sagegvery sener (including Serverl) executeghe certifi-
cationtaskandtriesto committhetransactionlf thecom-
mit is possible a new versionof the databasés generated.
In ary case.T;'s snapshots nolongernecessary

The procedureperformedn the executiontaskis shovn
in Figure 3. Tentatie transactiongin the active or cer
tify state)are denotedT;,T},... The structuresreadset
(RS(T;)) and writeset (W S(T;)) representthe data ac-
cessedy atransactionandthestructuregred[T;] denotes
thelastcommittedransactiorwhenT; started.Thevariable
last denoteghelastcommittedtransactionn thesener.

The executionprocedurgerformsasfollows. Lines5-9
initialize the transactioncontrol structuresand createshe
snapshothatthetransactiorwill use.All readswill beper
formed on that snapshot. The only exceptionis for data
itemsthetransactiorupdatestself (line 16). Whenatrans-
actionterminatedts operationsjts defered writes read-
setandwritesetarebroadcasto all correctreplicaswithin
a certificationmessagdline 22). This messagés deliv-
eredby the certificationtasks(Section3) of all (available)
seners.

3.3 The Certification Task

The certificationtaskdeliversthe certificationmessage
and checkswhetherthe executionis consistent(serializ-
able). If consistentthe transactiors deferredupdatesare
appliedand a new version of the databasds generated.
The certificationand updatingproceduresare doneatom-
ically, in a deterministicway (asin the statemadine ap-
proach[14]). The ABCAST primitive ensuresthat all
senerscertify all transactiongn the sameorder, andif one
correctsener certifiesa transactionthenall othercorrect
senersdo likewise.

In this section,we describeour certificationtechnique
andshav how it ensuresone-copyserializability. As this
techniguecanbeviewedasanextensionto theclassicater
tification introducedby Kung and Robinson[11], we first
recalltheirapproach.

3.3.1 Kung-Robinson’s Certification

Intuitively, Kung-Robinsors techniqueconsistsin con-
structingan abstractsequentialorder, called serialization
order, accordingto which, committedtransactionsappear
to have executed. This order correspondgo the transac-
tion certificationorder. We useT(;) to denotea committed
transactionandRS(T{;)) andW S(T|;)) to denotetheread-
setand writesetof T;), respectiely. Given that transac-
tions {T;), T(141), - - - , I(n)} have committedafter T; had
started,T; canbe committedif

(WS(T(l)) u...u WS(T(H))) NRS(T;) =0. (1)

To illustrate the certificationtest, considerthe follow-
ing situationwheretransactiond; andT; executedconcur
rently, possiblyat differentseners,andarebeingcertified
(Figure4). If T};’s certificationmessagés deliveredbefore
T;'s (the ABC AST primitive guaranteethatthis happens
at all correctseners), T; will be abortedbecausel; read
dataitemsthatwereupdatedoy 7;. However, if T;'s certi-
fication messagés deliveredbeforeT)’s, both transactions
will beacceptedndcommittedbecausd’; did notreadary
itemthatT; wrote. SinceT; andT}; areconcurrentthey can
assumary relative serialorder, but dependingntheorder
they assumelessabortsareproduced.Theimplicationsof
this obserationwill bedevelopedin thenext section.

3.3.2 Reordering Transactions

Kung-Robinsors certificationtechniqueabortsconcurrent
transactionsvhosecertification messagesvere not lucky
enoughto bedeliveredin afavorableorder Ourreordering
techniqueis basedon the obsenation that the transaction
serializatiororderdoesnotneedto bethesameasthetrans-
actioncertificationorder Theideais to dynamicallybuild
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Figure 2. Protocol model

a serializationorder (that doesnot necessarilyfollow the
certificationorder),in sucha way thatlessabortsare pro-
duced.By reorderinga transactiorto a positionotherthan
the currentone(i.e., after the concurrentransactionghat
have alreadycommitted),our protocolincreaseshe possi-
bilities of committing.

Our certification algorithm maintainsan abstractseri-
alization order, accordingto which, transactionsappear
to have executed. A transactionT; may be reorderedto
ary position betweentwo transactionghat executedcon-
currentlywith it? but that have alreadycommitted. Con-
sider {T(;y, T(141), - - -» T(n)} astheseconcurrentransac-
tions,andassumehatthey appeain the serializatiororder
asfollows: T{;); T(141);- - -» T(n)- Theconditionfor reorder
ing T; to them?" positionis statedbelow.

(WS(T(l)) u...u WS(T(m,l))) NRS(T;) =0
and (2)
WS(T;)n (RS(T(m)) U...u RS(T(n))) =0

Accordingto condition(2), althoughT; reacheghe cer
tify stateafter transactions{T(;), T(;41),-..,T(n)} have
committed,T; cannotreadary datavaluethatwasupdated
by transaction®rderedbeforeit, andT; mustnot update
itemsthat werereadby transaction®rderedafterit. The
first expressionis similar to condition (1) andthe second
depictsthefactthat,if thetemporalorderincludedT; in the
mt" position, thenall transactionsoming after 7; would

2Two transactiond andT; areconcurrenif T; startedat sener Sy,
beforeT; hascommittedat Sy, andT; startedat S, beforeT; hascom-
mittedat Sy,

have checled whethertheir readset hadarny commonele-
mentwith T;’swriteset.

3.3.3 The Certification Algorithm

Figure5 presentghe algorithmexecutedwhena certifica-
tion messagés deliveredatsenerprocessesThealgorithm
usesadatastructureseq which denoteghetransactiorseri-
alizationorder If atransactiori(;) precedesnotheitrans-
actionT(,,,y in seq, then,independentlyf the orderalong
which they weredeliveredandcommitted everythinghap-
pensasif T;) hadexecutedoeforeT,,), €.9.,7(;)’supdates
areperformedafterT|,,,’s. Thealgorithmalsousesa func-
tion Pos(T;)) thatreturnsthelocationof T(;y in seq.

ThecertificationprocedurgFigure5) is thedirectimple-
mentatiorof equation(2), with someoptimizations|t starts
lookingfor arangeof positionsn seq wherethecommitting
transactiortouldbereorderedThisis doneby callingfunc-
tions MinPos() (lines 13-15)and MaxzPos() (lines 16-
19). If nosuchrangeis found,no commands executedand
the procedureabortsthe transactior(line 12). MaxPos()
evaluateghefirst partof equation(2). Thetestit performs
(line 17) is slightly differentfrom the first expressionin
equation(2) becausé optimizesfor the casesvheretrans-
actionsconcurrento T; werereorderedo apositionbefore
the transactiongrom which T; read,andso, have no effect
overT;'s reads.MinPos() is anoptimizationthattriesto
find a positionfor T; thatis beforeT\,,.47;])- Thisis pos-
sibleif T; did notreadary itemupdateddy T\ cq(7;])-

The secondpart of equation(2) is evaluatedin the fol-
lowing. The acceptanceest (line 3) checkswhetherT;'s
writes might invalidatereadsof alreadycommittedtrans-



/* Task1: ExecutionProcedue - ServerSite*/
1 repeatforever
2 receve(operation, parameters);
3 caseoperation Of
4 BeginTransaction:
5 pred[T;] < last;
6 createa snapshofor T;;
7 RS(T;) « 0;
8 WS(T;) + 0;
9 return(OK);
10 ReadData:
* value < ReadData(T;, data item) */
11 updateRS(T;);
12 procesgeadusingthe snapshot;
13 returnpalue read);
14 WriteData:
[* status < WriteData(T;, data item, value) */
15 updateWV S(T5);
16 processwrite operatiortentatiely;
17 return@tatus);
18 Abort: status < Abort(T;)
19 releasall resourcesllocatedo T3;
20 return(ABORED);
21 CommitTransaction:
22 status < ABCAST(RS(T;), WS(T3),
de ferred updates, pred[T;]);
23 releasall resourcesllocatedo T3;
24 return@tatus);

Figure 3. Execution procedure for transaction
T;

actions. Transactionl; may be reorderedo positionm if
T;'s writes do not affect ary readexecutedby transactions
{Tmy,---»T(ast) }- In thesameway, T;'s writes mustnot
overwritetransactionsn greatepositiong(line 4). If avalid
positionis found, someinternaldatastructuresareupdated
(lines 5-9) and T;'s effective writes are madeavailable to
new incomingtransactiongline 10).

3.3.4 Corr ectness:Proof Sketch

As assureddy the terminationpropertyof the ABCAST
primitive (seeSection2.2), afterrequestinghe commit,ev-
ery transactioreventuallyreacheghe certify stateand,de-
pendingontheconflictsgenerateds committedor aborted.
Hence every transactiorissuedby a correctclientto a cor
rectseneris eventuallyterminatechtall correctseners.In
Section4.1 we calculatethe abortrate for our algorithm,
which maybeseenasalivenesgparameter

Proving the safety of our replication protocol, comes
down to shawing thatevery historyit generates onecopy
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Figure 4. Concurrent transactions

serializable. We usethe Multiversion Graph theoremof
Bernsteiretal. [4] whichstateghatamultiversionhistoryis
one-coy serializabldf it producesanagyclic multiversion
serializationgraph.

Our proof is composeddf two parts. In the first part,
we shaw that all correctseners createthe samemultiver
sionserializationgraph. We prove this by inductionon the
size of the graphs,usingthe propertiesof the ABCAST
primitive andthe determinisnof thecertificationtask. That
is, basedon the samelocal state(the sameinitial graph),
thesameinput (atransactiorcertificationmessageandthe
samgdeterministickertificationprocedureall senerspro-
ducethe samefinal graph. In the secondpart, we prove
thatevery suchgraphis agyclic by shaving that, for every
edgel; — T in amultiversionserializatiorgraph,we have
Pos(T;) < Pos(T;) (remembethat Pos() definesatrans-
action sequentiakelation seq - Section3.3.3). Using the
Multiversion Graphtheoremwe concludethatour replica-
tion protocolguaranteesne-copy serializability The full
versionof the proofappearsn [13].

4. Evaluation of the Protocol

In this section,we evaluatethe performanceof our pro-
tocolanddiscussomeimplementationssuesWe compare
theabortrateof our protocolwith theabortratesof previous
replicationprotocols(eagerandlazy) usinga probabilistic
analysisbasedon Gray’s model[9, 8]. Thenwe discuss
the memorycostof reorderingtransactiongndpoint out a
tradeof betweenmemorystorageand abortrate. Finally,
we considerthe costof broadcastingransactioncertifica-
tion messageand compareour solution(basedon a non-
blockingatomicbroadcastyvith traditionalatomiccommit-



/* Task2: CertificationProcedue - ServerSite*/

11 return(COMMITTED);
12 return@bort(Ty));

function MinPos() : integer;

13  for ! = pred[T;] downto 0 do
14 if RS(Tz) n WS(T(;)) #* 0 then
15 returnPos(T;)) + 1);
function MazPos() : integer;
/* Determineghe maximalpositionfor 75 in seq. */
16  for! = pred[T;] + 1to last do

m=Pos(T(;))+1
18 returnPos(Ty));
19  returnfast + 1);

1 upon delivering [RS(T;), W S(T3), de ferred updates, pred|[T;]] message;

2 forl = MinPos() to MaxzPos() do {MinPos() and MaxPos() areindexesof 'seq’ }
3 if WS(T: Ul'“’5 RS(T(seqimy)) = 0 then {doT;’swriteschang pasttransactionsview?}
4 EWS( 1) = WS(T:) — U, WS(Tiseqim)); {... no: determineEffectiveWrite Setof T; }
5 last < last + 1; {onemoretransactior}
6 for m = last downto ! + 1 do seq[m] < seq[m — 1]; {insertT; in them®" positior}
7 seq[l] < last; {ditto}
8 RS(T(ast)) < RS(T); {updatereadset...}
9 W S(Tast)) < WS(Tv); {... andwrite setof T(;q44)}

10 processatomicallyall updatesn EW S(T;);

* Determineghe minimalpositionfor T; in seq. We assume transactionl’oy thatinitializes*/
I* thedatabasesothatVT;, RS(T;) N W S(T(qy) # 0. */
{for all transactionghathad committedvhenT; started

17 it RS(T3) N (WS(Tyy) — L oSoredtmid) yrgoq oY) # @ then

{writesbecomepublic}

{dong

{theris no positionto insertT; }

{did T; readsomethinghatwaswritten by T|; ?}
{... yes.T; cannotbeinsertedbefoe T;) }

{for all transactionghatcommittedafter T; started
{hasT|;y aneffectoverT;?}

{... yes:T; cannotbeinsertedafter T(;y }
{all itemsT; readare upto date}

Figure 5. Certification procedure for transaction T;

mentalgorithms.
4.1 Abort Rate

Figures6 and 7 representthe abort rate for several
databaseeplicationapproachesTheserateswereobtained
by meansof a probabilisticanalysisof the protocols(for
furtherdetailssee[13]). For all casesDB_Size = 10000
dataitems, Nodes = 4, Reads = 10, Writes = 10 and
Action_Time = 0.01 seconds.

In the caseof aneagerapproachatransactions aborted
if it is involvedin a deadlockwith othertransactions.For
the Kung-Robinsors lazy replicationapproacha transac-
tion abortseachtime thereis a conflict with anothertrans-
action,andwith a multiversiondatabasenodel,the Kung-
Robinsons certificationonly considersvrite-readconflicts.
As shawn in Figure6, reorderingtransactionsignificantly
reducesthe abort rate of lazy protocols,which becomes
closerto thatof aneagerprotocol(Figure?).

4.2 Memory Cost

Lazy protocolsdo notincur ary costwith locking, dead-
locks or unnecessarwaits, but introducethe dravback of
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Figure 6. Lazy replication

maintainingtransactiorsreadsetsindwritesets In orderto
commitatransactionpur protocol(like any lazy protocol)
hasto certify the transactiorwith all concurrenttransac-
tions. Hence the readsetsandthe writesetsof thesetrans-
actionsneedto be maintained.As transactionsnight start
atdifferentsenerswithoutany synchronizationit is a pri-
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ori impossibleto know until whenthesesetsarenecessary
Oneway to dealwith this problemis to have the seners
synchronizehemselesperiodicallyfor garbagecollecting
unnecessarinformation.

Representinghereadsetaindwritesetscanbeviewedas
atradeof betweenstoragespaceandabortrate. A simple
solutionconsistdn representinglirectly the dataitemsac-
cessedy thetransactionshut this might consumea lot of
spacg(mainly for thereadsets Anotheroptionconsistdan
representinghisinformationin ahigherlevel, e.g.,theSQL
guerystatemenfor arelationaldatabaser the classfor an
objectorienteddatabaseThis lastoptionrequiredessstor
agespacebut would leadto a higherabortrate (morecon-
flicts).

4.3 The Cost of BroadcastingTransactions

In this section,we discusshe costof implementingthe
ABCAST primitive. We considerthe ABCAST algo-
rithm presentedy Chandraand Toueqy [5], which is non-
blocking (i.e., fault-tolerant)andtoleratesan infinite num-
ber of falsefailuresdetectiond. We presentthe cost of
broadcasting transactiorusingthe ABC AST algorithm
andcomparehis costwith thatof atomiccommitmentpro-
tocols. This comparisornis actuallyunfair: on oneside,the
ABCAST primitive ensuregotal order, which an atomic
commitmentprotocol doesnot; on the other side, atomic
commitmentenablessener processeso vote for the out-
comeof the transaction4], which ABC AST doesnot*.
The comparisoris however importantas mostreplication
techniguesassumeatomic commitmentprotocols. Even
thoughthe protocolthatis generallyusedis the well-know

3We do not recall hereChandra-duey’s implementationasthis is out
of thescopeof the paper
4Votingis uselesén our caseassener processearedeterministic.

2PC (Two PhaseCommit[7]), we alsoconsidetthe costof
the non-blocking,fault tolerant,3PC (ThreePhaseCom-
mit [15]).

The tablein Figure 8 shaws, for eachalgorithm (2PC,
3PC,andABC AST), thenumberof communicatiorsteps
andthe numberof messagesequiredto deliver a transac-
tion certificationmessage We considerherea distributed
systemcomposedf n sener processesThe resultsshon
that ABCAST provides better performanceshan 3PC.
Furthermorewith broadcashetwork communicationsthe
pricefor the ABC AST is notveryhigh,whencomparedo
thecostof a2PC (whichis blocking).

Protocol | Resilience Number of No. of messageg No. of messages
communicationsteps | (point-to-point) (broadcast)
2PC blocking 3 3n n+2

3PC non-blocking 5 5n 2n+3

ABCAST | non-blocking 4 4n n+3

Figure 8. Cost of delivering a transaction cer-
tification message

5. RelatedWork

In thefollowing, we compareour replicationprotocolto
protocolsthatadopta similar approach We focuson three
recentproposalswhich canbe viewed asoptimizationsof
classicalazy protocolg[11].

1. Agrawal et al. [1] presenta lazy replication proto-
col, wheretransactionshatexecuteatthe samesener
sharethe samedata(no multiversionabstraction)and
locks are usedto detectlocal conflicts. At commit
time of atransactiona certificationmessagés sentto
all availablesenerswithin anatomicbroadcasprim-
itive. A transactions committedif it can be serial-
ized after the transactionghat have alreadycommit-
ted. The certificationtestis similar to the classical
Kung-Robinsors approachandthis leadsto an abort
ratethatis significantlyhigherthanthat of our proto-
col (seeSectiord).

2. Grayetal. [8] proposea lazy replicationprotocolfor
mobile computing. Two kinds of senersare consid-
ered:mobileserves andbaseserves. Mobile seners
storeold versionsof the databasendissuetentative
transactionsghatlater, whenconnectedo baseseners,
may be committedor aborted(dependingon the con-
flicts generated)Basesenerswork in a masteylazy-
orientedfashion. Most dataitems have their masters
in baseseners,andthesesenersareassumedo beal-
waysconnectedTherearetwo majordifferencegrom
our approach.First, [8] assumeshe existenceof one
masterper dataitem, whereasn our case thereis no



masterreplica. A masterconstitutesa single point of
failure, and during the periodswhen mastersare un-
available, or partitioned,transactionscannotbe per
formed. This differencereflectsthe fact that we fo-
cuson fault-tolerancewheread8] focuseson discon-
nectedoperationsSecond[8] assumes userdefined
rule to checkwhethera transactioncan be commit-
ted or not. In our case,the rule consistsin checking
whethera transactioncan be reorderedor not. It is
importantto noticethat if we also distinguishedthe
seners(mobilevs. base),andappliedthe changego
asubsebdf all replicasour reorderingechniquanight
beusedin a mobilecomputingcontext.

3. Oracle Version7.1 [6] provides a lazy group and a
lazy masterreplicationprotocols. In both casesOr-
aclepermitssnapshot$o be changedocally andlater
forwardedto the otherreplicas.In orderto reducethe
transactionabort rate, stale readsmight be accepted
but one-coyy serializabilityis violated.

6. Concluding Remarks

This paperpresents fault-tolerantazy replicationpro-
tocol thatlocalizestransactiorexecutionat onesener and,
whencommittingthetransactionsendghetransactiorcon-
trol information to other replica seners for certification.
The transactioncontrol informationis sentto the seners
usinganatomicbroadcasprimitive. To reduceconflictres-
olution aborts,we proposea reorderingtechniquethat ex-
ploresthe serializabilitypropertyof transactions.

Reorderingransactionsomesfrom theobsenationthat
traditionallazy concurreng controlalgorithmsusuallyim-
plementa property strongerthan serializability Indeed,
althoughnot necessaryor the serializability property the
temporalorderalongwhichconcurrentransactiongrepro-
cesseds alsousuallyguaranteedWe have shovn how we
can by-passthis incorvenience while still preservingse-
rializability. In [2], a similar approactwasproposedn the
contet of distributedsharednemory Theauthorgointout
the fact that ensuringsequentiakconsistency(i.e., serializ-
ability) is lessexpensve thanensuringlinearizability (i.e.,
serializabilityandtemporalprecedence)Oneimprovement
thatseemshaturalto our reorderingtechniques to explore
the possibility of completely changingthe relative order
of committedtransactionsinsteadof trying to reorderthe
committingtransactiorto anotherposition. However, this
solutionwould leadto anNP-completeoroblem[12].

The useof anatomicbroadcasprimitive allows a mod-
ular descriptionof our protocol,andsimplifiessomeof the
problemsnormally associatedvith replicatedsystemsi.e.,
atomicityandmessagerdering.Furthermoreasshown by
the performancemeasuresnon-blockingatomicbroadcast

hasalowercostthannon-blockingatomiccommitmenpro-
tocols(i.e.,3PC).Thereforepurreplicationprotocolcanbe
viewedasa usefulapplicationof anatomicbroadcasprim-
itive in the context of replicateddatabases.
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