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Abstract

Thispaperpresentsa fault-tolerant lazyreplicationpro-
tocol that ensures1-copyserializabilityat a relativelylow
cost.Unlikeeager replicationapproaches,our protocolen-
ableslocal transactionexecutionanddoesnot lead to any
deadlock situation. Compared to previouslazy replication
approaches,wesignificantlyreducetheabort rateof trans-
actionsandwedonotrequireanyreconciliationprocedure.

Our protocol first executestransactionslocally, then
broadcastsa transactioncertificationmessageto all replica
managers, andfinally employsa certificationprocedure to
ensure 1-copy serializability. Certification messages are
broadcastusinga non-blockingatomicbroadcastprimitive,
whichalleviatestheneedfor a moreexpensivenon-blocking
atomiccommitmentalgorithm. Thecertificationprocedure
usesa reordering technique to reducethe probability of
transactionaborts.

1. Intr oduction

Although replicationhaslong beenconsideredan intu-
itiveway to increaseavailability, designinganefficientdis-
tributedprotocol that providesfault-toleranceandensures
replicaconsistency is still a difficult issue.In thecontext of
databases,Gray et al. [8] distinguishtwo classesof repli-
cationprotocols:eager andlazy1. Eagerprotocolsarecon-
sideredto betoo expensiveasthey requireremotecommu-
nicationduring transactionexecution(eachdataaccessis
synchronizedby all replicamanagers).Lazy protocolsen-
ablelocal transactionprocessing(i.e.,donotrequireany re-
motecommunicationduringtransactionexecution),but be-
fore committing,the transactionshave to becertified. The

�
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1The distinctionbetweenprimary backup (master)andstatemachine

protocolsleadsto anorthogonalclassification[10].

certificationprocedurechecks(with otherreplicamanagers)
whetherthe transactionsviolatedataconsistency, in which
casethey are either aborted,or committedand later rec-
onciliatedwith othertransactions.Themajordrawbackof
lazy protocolsis the high rateof abortsandreconciliation
procedures.In this paperwepresenta lazy replicationpro-
tocol thatensuresdataconsistency (i.e., one-copyserializ-
ability without reconciliations)with a low abortrate.

Intuitively, our replicationprotocolperformsasfollows.
A transaction

���
is first executedlocally at a given replica

server. Then,usinga non-blockingatomicbroadcastprimi-
tive,acertificationmessagefor

���
is broadcastto all replica

servers.Theatomicbroadcastprimitive alleviatestheneed
of amoreexpensivenon-blockingatomiccommitmentpro-
tocol. Every server thatdelivers

���
’s certificationmessage

executesa certificationprocedure,deciding for the com-
mit or theabortof

���
. Like any lazy replicationapproach,

ourcertificationprocedurechecksif
� �

canbeserializedaf-
ter committedtransactions.If not, ratherthanaborting

� �
,

we usea reordering techniqueto find out whether
� �

can
be serializedsomewherebefore somecommittedtransac-
tions. If

� �
cannotbe reordered,it is ultimately aborted.

We show that theabortrateof our protocolis significantly
lowerthantheabortratesof previouslazyprotocols.As we
will point out in Section6, a similar ideawasusedin dis-
tributedsharedmemorysystemsto reorderold writes and
henceensuresequentialconsistency ata low cost[2].

Theremainderof thepaperis organizedasfollows. Sec-
tion 2 definesthe replicateddatabasemodel. Section3
presentsour replicationprotocolandsketchesits correct-
nessproof. Section4 is dedicatedto implementationissues
andperformancemeasurements.We comparetheabortrate
of our replicationprotocolto well-known replicationproto-
cols.Thenwediscussthememorycostof reorderingtrans-
actionsand presenta tradeoff betweenstoragespaceand
abortrate. Finally, we comparethecostof a non-blocking
atomic broadcastprimitive to traditional atomic commit-
mentprotocols.Section5 discussessomerelatedwork and
Section6 concludesthepaper. Thecorrectnessproofof the



replicationprotocolis detailedin theAppendix.

2. ReplicatedDatabaseModel

In the following we describe our distributed sys-
tem model and recall the definition of atomic broadcast���
	��
��� ���

. As we will seein Section3, the
�
	��
��� �

primitive allows a modulardescriptionof our replication
protocolandsimplifiesthemanagementof replicas.To de-
scribeourreplicationprotocolwedonotmakeany assump-
tion on how the

�
	��
��� �
primitive is implemented.This

issuewill bediscussedin Section4.

2.1. Processes

We considera distributedsystemcomposedof a setof
processescommunicatingby messagepassing.A process
mayfail only by crashing,andacorrectprocessis aprocess
that doesnot crash. Processesdo not behave maliciously
(we do not considerByzantinefailures),andmessagesare
not corrupted.Processesareconnectedthrougheventually
reliablechannels,which guaranteethatevery messagesent
by acorrectprocessto anothercorrectprocessis eventually
received (this is implementedby retransmittinglost mes-
sages).

We distinguishtwo kindsof processes:client processes,
thatgeneratethetransactions(e.g.,by submittingoperation
requests),and serverprocesses, that executethe transac-
tions. The databaseis fully replicatedat eachserver and
thereis nocentralizedcontroloverthereplicas(i.e.,thereis
nomasteror primaryserver).

2.2. Atomic Broadcast

A server processexecutestransactionslocally and, at
committime,broadcastsacertificationmessage to all other
servers.This is performedusinganatomicbroadcastprim-
itive(

�
	��
��� �
), whichensuresthatthecertificationmes-

sagesare delivered in the sametotal order by all correct
servers. Note that this guaranteeappliesto messagedeliv-
ery andnot to messagereception. Basically, a server first
receivesa message,performssomecoordinationwith the
otherservers(to ensuretheabove guarantee),andthende-
liversthemessage.

Let
��	��
��� � ��� �

denotethe event of sendinga mes-
sage

�
, usingthe

�
	��
��� �
primitive, to thesetof server

processes.The
�
	��
��� �

primitive satisfiesthefollowing
threeproperties:

Order. Consider
��	��
��� � ����� �

and�
	��
��� � ����� �
, and two server processes � �

and ��� . If � � and ��� delivermessages
���

and
���

, they
deliver themin thesameorder(i.e., either

� �
before� �

, or
� �

before
� �

).

Atomicity. Consider
�
	��
��� � ��� �

. If one server
process� delivers

�
, theneverycorrectserverprocess

delivers
�

.

Termination. If a correct server process � exe-
cutes

��	��
��� � ��� �
, theneverycorrectserverprocess

eventuallydelivers
�

.

Theterminationconditionis a livenesscondition. It en-
suresprogressof thesystemandexpressesthenon-blocking
characteristicof the

�
	��
��� �
primitive.

3. The Lazy TransactionReordering Protocol

In this sectionwe first give an abstractoverview of the
protocolandthendescribethe two maintasksexecutedby
everyserver: theexecutiontaskandthecertificationtask.

3.1. ProtocolOverview

A transaction
���

is first executedatagivenreplicaserver,
e.g.,theclosestserverto theclient thatinitiatedthetransac-
tion. Theserver handlesthetransactionoperationsthrough
its executiontask. At commit time, usingthe

�
	��
��� �
primitive, theserver broadcastsa certificationmessagefor� �

toall otherreplicaservers.Everyserverdelivers
� �

’scer-
tification message,within its certificationtask, andchecks
whethereachdataitem readby

���
is still up to date. Like

in any lazy replicationapproach,we first checkif
���

can
be serializedafter committedtransactions. If not, rather
thanaborting

���
, we usea reordering techniqueto find out

whether
���

canbeserializedsomewherebeforesomecom-
mitted transactions.If

���
cannotbe reordered,it is ulti-

matelyaborted.
In a given server, a transactioncan be in one of four

states(Figure1): (1) active(i.e.,thetransaction’sread/write
operationsarebeingperformedby the executiontaskof a
server),(2) certify (i.e.,thetransactionsoperationshaveter-
minatedandits certificationmessagehasbeendeliveredin
theserver),(3) committedor (4) aborted. A transactioncan-
notchangeits stateafterreachingstates(3) or (4). While in
state(1), a transactioncannotreachstate(3), unlessit has
first passedby state(2).

3.2. The ExecutionTask

Theserversimplementa multiversionconcurrency con-
trol, with transactionsusingsnapshotsof thedatabase[3].
Snapshotsare an abstractionthat reflect the (committed)
dataasof thetimethetransactionstarted.In practice,snap-
shotsare implementedby keepingone currentversionof
the databaseandbringing previous dataversionsfrom the
log [4, 9].
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Figure 1. Transaction states

To executea transaction��� , a client processfirst con-
tacts a server process,which associateswith ��� a snap-
shot of the database.All � � ’s operationsare executedin
thesameserver, and � � ’s write operationsaretentative (not
seenby othertransactions)until � � commits.No transaction
is blockedduringits processing(we useoptimisticconcur-
rency controlwithout locking), but abortsmayoccurif the
systemis not ableto maintaina consistentsnapshotof the
database.Whena transactionis readyto commit, the ex-
ecutiontaskbroadcastsa certificationmessage,containing
transactioncontrol information(e.g.,thedeferredupdates,
thereadsetandthewriteset), to theotherservers.

Figure2depictstheprotocolmodel.Server1 firstcreates
asnapshotof thedatabasethatwill beusedby theincoming
transaction� � , issuedby Client A. All operationrequests
submittedby Client A aresentto Server1. WhenClient A
issuesa commitrequest,Server1’s executiontaskcontacts
all correctservers,sendingthem ��� ’s certificationmessage
(usingthe �
 �!
��"#� primitive). On delivering this mes-
sage,every server (includingServer1) executesthecertifi-
cation taskandtriesto commit thetransaction.If thecom-
mit is possible,a new versionof thedatabaseis generated.
In any case,��� ’s snapshotis no longernecessary.

Theprocedureperformedin theexecutiontaskis shown
in Figure 3. Tentative transactions(in the active or cer-
tify state)are denoted ���%$&�(')$+*,* . The structuresreadset
( -."0/����21 ) and writeset ( 34"0/����51 ) representthe data ac-
cessedby a transaction,andthestructures6(798;:=< ����> denotes
thelastcommittedtransactionwhen��� started.Thevariable?�@BADC

denotesthelastcommittedtransactionin theserver.

Theexecutionprocedureperformsasfollows. Lines5-9
initialize the transactioncontrol structuresandcreatesthe
snapshotthatthetransactionwill use.All readswill beper-
formed on that snapshot.The only exceptionis for data
itemsthetransactionupdatesitself (line 16). Whena trans-
action terminatesits operations,its deferred writes, read-
setandwritesetarebroadcastto all correctreplicaswithin
a certificationmessage(line 22). This messageis deliv-
eredby thecertificationtasks(Section3) of all (available)
servers.

3.3. The Certification Task

The certification taskdeliversthe certificationmessage
and checkswhetherthe execution is consistent(serializ-
able). If consistent,the transaction’s deferredupdatesare
applied and a new version of the databaseis generated.
The certificationandupdatingproceduresaredoneatom-
ically, in a deterministicway (as in the statemachine ap-
proach[14]). The �
 �!
��"#� primitive ensuresthat all
serverscertify all transactionsin thesameorder, andif one
correctserver certifiesa transaction,thenall othercorrect
serversdo likewise.

In this section,we describeour certificationtechnique
andshow how it ensuresone-copyserializability. As this
techniquecanbeviewedasanextensionto theclassicalcer-
tification introducedby Kung andRobinson[11], we first
recalltheirapproach.

3.3.1. Kung-Robinson’sCertification

Intuitively, Kung-Robinson’s techniqueconsistsin con-
structingan abstractsequentialorder, called serialization
order, accordingto which, committedtransactionsappear
to have executed. This order correspondsto the transac-
tion certificationorder. We use �FEHGJI to denotea committed
transaction,and -
"K/��LEJGJIM1 and 34"0/��LEJGJI%1 todenotetheread-
set and writesetof �FEHGJI , respectively. Given that transac-
tions ND�LEJGJIO$&�LEJGHPFQ%IR$D*+*D*+$&�LEHSTI&U have committedafter � � had
started,� � canbecommittedif

/534"0/��LEJGJI%1�VW*D*+*DVX34"0/��FE,S)I%1&1ZY�-."0/����21\[^]_* (1)

To illustrate the certificationtest, considerthe follow-
ing situationwheretransactions� � and � ' executedconcur-
rently, possiblyat differentservers,andarebeingcertified
(Figure4). If � ' ’s certificationmessageis deliveredbefore� � ’s (the �� �!
��"`� primitive guaranteesthatthis happens
at all correctservers), ��� will be abortedbecause��� read
dataitemsthatwereupdatedby �(' . However, if ��� ’s certi-
ficationmessageis deliveredbefore �(' ’s, bothtransactions
will beacceptedandcommittedbecause�(' did notreadany
itemthat ��� wrote.Since��� and �(' areconcurrent,they can
assumeany relativeserialorder, but dependingontheorder
they assume,lessabortsareproduced.Theimplicationsof
thisobservationwill bedevelopedin thenext section.

3.3.2. Reordering Transactions

Kung-Robinson’s certificationtechniqueabortsconcurrent
transactionswhosecertificationmessageswere not lucky
enoughto bedeliveredin a favorableorder. Our reordering
techniqueis basedon the observation that the transaction
serializationorderdoesnotneedto bethesameasthetrans-
actioncertificationorder. The ideais to dynamicallybuild
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Figure 2. Protocol model

a serializationorder (that doesnot necessarilyfollow the
certificationorder),in sucha way that lessabortsarepro-
duced.By reorderinga transactionto a positionotherthan
the currentone(i.e., after the concurrenttransactionsthat
have alreadycommitted),our protocolincreasesthepossi-
bilities of committing.

Our certificationalgorithm maintainsan abstractseri-
alization order, accordingto which, transactionsappear
to have executed. A transaction

���
may be reorderedto

any position betweentwo transactionsthat executedcon-
currentlywith it2 but that have alreadycommitted. Con-
sider a �LbJcJdOe&�LbJcJf � dReDg+g+gDe&�LbHh)dji as theseconcurrenttransac-
tions,andassumethatthey appearin theserializationorder
asfollows:

�FbHcJd
;
�LbJcJf � d

;
g+gDg

;
�Fb,h)d

. Theconditionfor reorder-
ing

���
to the

�lk�m
positionis statedbelow.

�5n4�0� �LbJcJd%�poqgDg+gDo n4�0� �LbHr�s � dt�j�Zu�v �0� ���2�xwzy
{}|Z~n4�K� ���2�Zu � v �0� �LbHr�d%��oqgDg+g�o�v �0� �Fb,h)d%�&�xwzy (2)

Accordingto condition(2), although
���

reachesthecer-
tify stateafter transactionsa �LbJcHdje\�FbHcJf � dRe+g+gDg+ej�Fb,h)dji have
committed,

� �
cannotreadany datavaluethatwasupdated

by transactionsorderedbeforeit, and
� �

mustnot update
itemsthat werereadby transactionsorderedafter it. The
first expressionis similar to condition (1) and the second
depictsthefactthat,if thetemporalorderincluded

� �
in the� k�m

position, thenall transactionscomingafter
� �

would

2Two transactions��� and �;� areconcurrentif �}� startedat server �}�
before�;� hascommittedat ��� , and �;� startedat �}� before��� hascom-
mittedat � � .

have checkedwhethertheir �9� {�~ �;�;� hadany commonele-
mentwith

� �
’s �K���t�%�9�;�D� .

3.3.3. The Certification Algorithm

Figure5 presentsthe algorithmexecutedwhena certifica-
tion messageis deliveredatserverprocesses.Thealgorithm
usesadatastructure�;�;� whichdenotesthetransactionseri-
alizationorder. If a transaction

�FbHcJd
precedesanothertrans-

action
�Fb,r�d

in �;��� , then,independentlyof theorderalong
which they weredeliveredandcommitted,everythinghap-
pensasif

�LbJcHd
hadexecutedbefore

�LbHr�d
, e.g.,

�LbJcJd
’supdates

areperformedafter
�LbHr�d

’s. Thealgorithmalsousesa func-
tion �.�)� � �LbJcJd%� thatreturnsthelocationof

�LbJcJd
in �D��� .

Thecertificationprocedure(Figure5) is thedirectimple-
mentationof equation(2),with someoptimizations.It starts
lookingfor arangeof positionsin �;��� wherethecommitting
transactioncouldbereordered.Thisisdonebycallingfunc-
tions ��� | �.�)� � � (lines 13-15) and � {}� �.�)� � � (lines 16-
19). If nosuchrangeis found,nocommandis executedand
theprocedureabortsthe transaction(line 12). � {�� �.�)� � �
evaluatesthefirst partof equation(2). Thetestit performs
(line 17) is slightly different from the first expressionin
equation(2) becauseit optimizesfor thecaseswheretrans-
actionsconcurrentto

���
werereorderedto apositionbefore

thetransactionsfrom which
���

read,andso,have no effect
over

���
’s reads. ��� | �.�)� � � is anoptimizationthat tries to

find a positionfor
���

that is before
�Lb��+�R�%�D� ���,��d

. This is pos-
sibleif

���
did not readany itemupdatedby

�Lb��+�R�%�D� ������d
.

The secondpart of equation(2) is evaluatedin the fol-
lowing. The acceptancetest (line 3) checkswhether

���
’s

writes might invalidatereadsof alreadycommittedtrans-



/* Task1: ExecutionProcedure - ServerSite*/
1 repeatforever
2 receive( &¡B¢¤£+¥)¦5§� D¨ , ¡}¥T£+¥)©ª¢R¦M¢¤£;« );
3 case &¡B¢¤£+¥)¦5§� D¨ of
4 ¬�¢R­)§�¨B®\£D¥)¨(«R¥T¯&¦t§� +¨ :
5 ¡}£;¢¤°B± ® ��²B³µ´ ¥�«R¦ ;
6 createasnapshotfor ® � ;
7 ¶�·`¸�® ��¹ ³»º ;
8 ¼½·`¸�® ��¹ ³»º ;
9 return(OK);
10 ¶�¢¤¥)°)¾
¥)¦5¥ :

/* ¿9¥ ´HÀ ¢ ³ ¶�¢¤¥)°)¾
¥)¦5¥_¸�® �5Á °9¥9¦t¥�§Â¦t¢�© ¹ */
11 update¶0·#¸�® ��¹ ;
12 processreadusingthesnapshot;
13 return(¿9¥ ´,À ¢#£D¢�¥)° );
14 ¼Ã£+§�¦t¢�¾
¥)¦5¥ :

/* «R¦5¥9¦ À « ³ ¼Ä£D§Â¦M¢�¾
¥9¦t¥_¸�® � Á °9¥9¦5¥�§Â¦M¢¤© Á ¿9¥ ´HÀ ¢ ¹ */
15 update¼Å·#¸�® � ¹ ;
16 processwrite operationtentatively;
17 return(«O¦t¥9¦ À « );
18 ÆÈÇj D£�¦ : «O¦5¥)¦ À « ³ Æ\ÇO +£+¦O¸�® ��¹
19 releaseall resourcesallocatedto ® � ;
20 return(ABORTED);
21 É� D©�©�§Â¦5®\£+¥)¨=«R¥)¯j¦5§� D¨ :
22 «O¦5¥)¦ À « ³ Æ�¬�É�Æ�·=®
¸�¶0·#¸�® �Â¹jÁ ¼½·`¸�® ��¹jÁ°)¢DÊ�¢¤£+£;¢¤° À ¡�°9¥9¦M¢+« Á ¡}£;¢¤°B± ® � ² ¹ ;
23 releaseall resourcesallocatedto ® � ;
24 return(«O¦t¥9¦ À « );

Figure 3. Execution procedure for transaction� �

actions.Transaction
� �

maybe reorderedto position
�

if� �
’s writesdo not affect any readexecutedby transactionsa �LbHr�dOe+g+gDg�e&�LbJc,Ë�Ì k dOi . In thesameway,

���
’s writesmustnot

overwritetransactionsin greaterpositions(line 4). If avalid
positionis found,someinternaldatastructuresareupdated
(lines 5-9) and

���
’s effective writes aremadeavailable to

new incomingtransactions(line 10).

3.3.4. Corr ectness:Proof Sketch

As assuredby the terminationpropertyof the
�
	��
��� �

primitive(seeSection2.2),afterrequestingthecommit,ev-
ery transactioneventuallyreachesthecertify stateand,de-
pendingontheconflictsgenerated,is committedor aborted.
Hence,every transactionissuedby a correctclient to a cor-
rectserver is eventuallyterminatedatall correctservers.In
Section4.1 we calculatethe abort rate for our algorithm,
whichmaybeseenasa livenessparameter.

Proving the safety of our replication protocol, comes
down to showing thateveryhistoryit generatesis onecopy
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Figure 4. Concurrent transactions

serializable. We usethe Multiversion Graph theoremof
Bernsteinetal. [4] whichstatesthatamultiversionhistoryis
one-copy serializableif it producesanacyclic multiversion
serializationgraph.

Our proof is composedof two parts. In the first part,
we show that all correctserverscreatethe samemultiver-
sionserializationgraph.We prove this by inductionon the
sizeof the graphs,using the propertiesof the

�
	��
��� �
primitiveandthedeterminismof thecertificationtask.That
is, basedon the samelocal state(the sameinitial graph),
thesameinput (atransactioncertificationmessage),andthe
same(deterministic)certificationprocedure,all serverspro-
ducethe samefinal graph. In the secondpart, we prove
thatevery suchgraphis acyclic by showing that, for every
edge

� �pÍ � � in amultiversionserializationgraph,wehave�.�)� � � � ��Î �.�)� � � � � (rememberthat �.�)� � � definesa trans-
actionsequentialrelation �D��� - Section3.3.3). Using the
MultiversionGraph theorem,weconcludethatour replica-
tion protocolguaranteesone-copy serializability. The full
versionof theproofappearsin [13].

4. Evaluation of the Protocol

In this section,we evaluatetheperformanceof our pro-
tocolanddiscusssomeimplementationissues.Wecompare
theabortrateof ourprotocolwith theabortratesof previous
replicationprotocols(eagerandlazy) usinga probabilistic
analysisbasedon Gray’s model [9, 8]. Then we discuss
thememorycostof reorderingtransactionsandpoint out a
tradeoff betweenmemorystorageandabort rate. Finally,
we considerthe costof broadcastingtransactioncertifica-
tion messagesandcompareour solution(basedon a non-
blockingatomicbroadcast)with traditionalatomiccommit-



/* Task2: CertificationProcedure - ServerSite*/
1 upon delivering ± ¶0·#¸�® � ¹jÁ ¼Å·#¸�® � ¹jÁ °)¢+Ê�¢¤£D£D¢¤° À ¡�°9¥9¦M¢+« Á ¡�£D¢¤°B± ® �,²�² message;
2 for ´ÐÏÒÑ §�¨ÐÓ� ;«�¸ ¹ to Ñ ¥)ÔBÓ� ;«�¸ ¹ do Õ Ñ §�¨ÐÓ� �«�¸ ¹ and Ñ ¥)ÔBÓ� �«�¸ ¹ are indexesof ’ «¤¢¤Ö ’ ×
3 if ¼Å·#¸�® � ¹_ØÚÙÜÛ Ý¤Þtßà`á Û ¶0·#¸�®�â Þtã2äRå àLæ ç ¹ Ïèº then Õ do ® � ’s writeschange pasttransactions’view?×
4 é
¼Å·#¸�® � ¹ ³ ¼Å·#¸�® � ¹�ê�Ù Û ÝRÞtßà#á Û ¼Å·#¸�®�â Þtã5äRå àLæ�ç ¹ ; Õ ... no: determineEffectiveWriteSetof ® � ×
5 ´ ¥�«O¦ ³µ´ ¥�«R¦(ëíì ; Õ onemore transaction×
6 for © Ïè´ ¥�«R¦ downto ´ ëîì do «¤¢�ÖT± © ²�³ «¤¢¤Ö�± © ê ì ² ; Õ insert ® � in the © ßÂï position×
7 «¤¢¤Ö�± ´H²�³»´ ¥�«O¦ ; Õ ditto×
8 ¶0·#¸�® â Û Ý¤Þ5ß ç ¹ ³ ¶0·#¸�® �2¹ ; Õ updatereadset...×
9 ¼Å·#¸�® â Û Ý¤Þ5ß ç ¹ ³ ¼Å·#¸�® ��¹ ; Õ ... andwrite setof ® â Û Ý¤Þ5ß ç ×
10 processatomicallyall updatesin é
¼Å·#¸�® ��¹ ; Õ writesbecomepublic×
11 return(COMMITTED); Õ done×
12 return(Æ\ÇO +£+¦O¸�® �2¹ ); Õ there is nopositionto insert ® � ×

function Ñ §�¨(Ó� ;«�¸ ¹lð §�¨B¦t¢¤­T¢¤£ ;
/* Determinestheminimalpositionfor ® � in «�¢¤Ö . We assumea transaction®�â�ñ ç that initializes*/
/* thedatabasesothat ò�® � , ¶�·`¸�® � ¹ÐØ ¼Å·#¸�®�â�ñ ç ¹�óÏÒº . */

13 for ´ÐÏ ¡�£D¢¤°B± ® �,² downto ô do Õ for all transactionsthathadcommittedwhen® � started×
14 if ¶0·#¸�® � ¹ÐØ ¼½·`¸�®�â Û ç ¹�óÏÒº then Õ did ® � readsomethingthatwaswrittenby ®�â Û ç ?×
15 return(Ó� ;«�¸�®�â Û ç ¹ ëíì ); Õ ... yes: ® � cannotbeinsertedbefore ®�â Û ç ×

function Ñ ¥)ÔBÓ� �«�¸ ¹�ð §�¨B¦M¢R­T¢¤£ ;
/* Determinesthemaximalpositionfor ® � in «¤¢¤Ö . */

16 for ´ÐÏ ¡�£D¢¤°B± ® � ² ëíì to ´ ¥�«O¦ do Õ for all transactionsthatcommittedafter ® � started×
17 if ¶0·#¸�® � ¹ÐØ ¸�¼½·`¸�®�â Û ç ¹�ê�Ù�õ_ö Þ

â�÷Dø ùjúMû5üOý þ ��ÿ � çà`á õBö Þ â�÷Dø��
� ç���� ¼Å·#¸�®�â Þtã5äRå àLæ�ç ¹M¹�óÏèº then Õ has ®�â Û ç aneffectover ® � ?×

18 return(Ó� ;«�¸�® â Û ç ¹ ); Õ ... yes: ® � cannotbeinsertedafter ® â Û ç ×
19 return(́ ¥�«O¦(ëíì ); Õ all items® � readare up to date×

Figure 5. Certification procedure for transaction
� �

mentalgorithms.

4.1. Abort Rate

Figures 6 and 7 representthe abort rate for several
databasereplicationapproaches.Theserateswereobtained
by meansof a probabilisticanalysisof the protocols(for
furtherdetailssee[13]). For all cases

� 	 � �	�}� w�

�������
dataitems, ��� ~ �9� w��

,
v � {�~ � w�

�

,
n ���t�%��� w�
��

and��� �M�M� | � � � � w��_g ��

seconds.

In thecaseof aneagerapproach,a transactionis aborted
if it is involved in a deadlockwith othertransactions.For
the Kung-Robinson’s lazy replicationapproach,a transac-
tion abortseachtime thereis a conflict with anothertrans-
action,andwith a multiversiondatabasemodel,theKung-
Robinson’scertificationonly considerswrite-readconflicts.
As shown in Figure6, reorderingtransactionssignificantly
reducesthe abort rate of lazy protocols,which becomes
closerto thatof aneagerprotocol(Figure7).

4.2. Memory Cost

Lazyprotocolsdonot incurany costwith locking,dead-
locksor unnecessarywaits,but introducethe drawbackof
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Figure 6. Lazy replication

maintainingtransaction’sreadsetsandwritesets. In orderto
commita transaction,our protocol(like any lazy protocol)
hasto certify the transactionwith all concurrenttransac-
tions. Hence,the readsetsandthewritesetsof thesetrans-
actionsneedto bemaintained.As transactionsmight start
at differentserverswithout any synchronization,it is a pri-
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Figure 7. Eager vs. lazy replication

ori impossibleto know until whenthesesetsarenecessary.
Oneway to dealwith this problemis to have the servers
synchronizethemselvesperiodicallyfor garbagecollecting
unnecessaryinformation.

Representingthereadsetsandwritesetscanbeviewedas
a tradeoff betweenstoragespaceandabortrate. A simple
solutionconsistsin representingdirectly thedataitemsac-
cessedby thetransactions,but this might consumea lot of
space(mainly for the readsets). Anotheroptionconsistsin
representingthisinformationin ahigherlevel,e.g.,theSQL
querystatementfor a relationaldatabaseor theclassfor an
objectorienteddatabase.This lastoptionrequireslessstor-
agespacebut would leadto a higherabortrate(morecon-
flicts).

4.3. The Costof BroadcastingTransactions

In this section,we discussthecostof implementingthe�
	��
��� �
primitive. We considerthe

�
	��
��� �
algo-

rithm presentedby ChandraandToueg [5], which is non-
blocking(i.e., fault-tolerant)andtoleratesan infinite num-
ber of false failuresdetections3. We presentthe cost of
broadcastinga transactionusingthe

�
	��
��� �
algorithm

andcomparethiscostwith thatof atomiccommitmentpro-
tocols.This comparisonis actuallyunfair: on oneside,the�
	��
��� �

primitive ensurestotal order, which an atomic
commitmentprotocoldoesnot; on the otherside, atomic
commitmentenablesserver processesto vote for the out-
comeof the transaction[4], which

�
	��
��� �
doesnot4.

The comparisonis however importantasmost replication
techniquesassumeatomic commitmentprotocols. Even
thoughtheprotocolthat is generallyusedis thewell-know

3We do not recallhereChandra-Toueg’s implementation,asthis is out
of thescopeof thepaper.

4Voting is uselessin ourcaseasserverprocessesaredeterministic.

� � � (Two PhaseCommit[7]), wealsoconsiderthecostof
the non-blocking,fault tolerant, ��� � (ThreePhaseCom-
mit [15]).

The table in Figure8 shows, for eachalgorithm(2PC,
3PC,and

��	��
��� �
), thenumberof communicationsteps

andthe numberof messagesrequiredto deliver a transac-
tion certificationmessage.We considerherea distributed
systemcomposedof | server processes.The resultsshow
that

�
	��
��� �
provides betterperformancesthan �T� � .

Furthermore,with broadcastnetwork communications,the
pricefor the

�
	��
��� �
is notveryhigh,whencomparedto

thecostof a
� � � (which is blocking).

Protocol Resilience Number of No. of messages No. of messages
communicationsteps (point-to-point) (broadcast)

2PC blocking � ��� ���! 
3PC non-blocking " "��  ����!�

ABCAST non-blocking # #$� ���!�

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

5. RelatedWork

In thefollowing,wecompareour replicationprotocolto
protocolsthatadopta similar approach.We focuson three
recentproposals,which canbeviewedasoptimizationsof
classicallazyprotocols[11].

1. Agrawal et al. [1] presenta lazy replication proto-
col, wheretransactionsthatexecuteat thesameserver
sharethesamedata(no multiversionabstraction),and
locks are usedto detectlocal conflicts. At commit
timeof a transaction,a certificationmessageis sentto
all availableserverswithin anatomicbroadcastprim-
itive. A transactionis committedif it can be serial-
ized after the transactionsthat have alreadycommit-
ted. The certificationtest is similar to the classical
Kung-Robinson’s approachandthis leadsto an abort
ratethat is significantlyhigherthanthatof our proto-
col (seeSection4).

2. Grayet al. [8] proposea lazy replicationprotocolfor
mobile computing. Two kinds of serversareconsid-
ered:mobileservers andbaseservers. Mobile servers
storeold versionsof the databaseand issuetentative
transactionsthatlater, whenconnectedto baseservers,
maybecommittedor aborted(dependingon thecon-
flicts generated).Baseserverswork in a master, lazy-
orientedfashion. Most dataitemshave their masters
in baseservers,andtheseserversareassumedto beal-
waysconnected.Therearetwo majordifferencesfrom
our approach.First, [8] assumestheexistenceof one
masterperdataitem, whereasin our case,thereis no



masterreplica. A masterconstitutesa singlepoint of
failure, andduring the periodswhenmastersareun-
available, or partitioned,transactionscannotbe per-
formed. This differencereflectsthe fact that we fo-
cuson fault-tolerance,whereas[8] focuseson discon-
nectedoperations.Second,[8] assumesa 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 notice that if we also distinguishedthe
servers(mobilevs. base),andappliedthe changesto
asubsetof all replicas,our reorderingtechniquemight
beusedin a mobilecomputingcontext.

3. OracleVersion7.1 [6] provides a lazy group and a
lazy masterreplicationprotocols. In both cases,Or-
aclepermitssnapshotsto bechangedlocally andlater
forwardedto theotherreplicas.In orderto reducethe
transactionabort rate, stalereadsmight be accepted
but one-copy serializabilityis violated.

6. Concluding Remarks

This paperpresentsa fault-tolerantlazy replicationpro-
tocol that localizestransactionexecutionat oneserver and,
whencommittingthetransaction,sendsthetransactioncon-
trol information to other replica servers for certification.
The transactioncontrol information is sentto the servers
usinganatomicbroadcastprimitive. To reduceconflict res-
olution aborts,we proposea reorderingtechniquethat ex-
plorestheserializabilitypropertyof transactions.

Reorderingtransactionscomesfrom theobservationthat
traditionallazy concurrency controlalgorithmsusuallyim-
plementa propertystrongerthan serializability. Indeed,
althoughnot necessaryfor the serializabilityproperty, the
temporalorderalongwhichconcurrenttransactionsarepro-
cessedis alsousuallyguaranteed.We have shown how we
can by-passthis inconvenience,while still preservingse-
rializability. In [2], a similar approachwasproposedin the
context of distributedsharedmemory. Theauthorspointout
the fact that ensuringsequentialconsistency(i.e., serializ-
ability) is lessexpensive thanensuringlinearizability (i.e.,
serializabilityandtemporalprecedence).Oneimprovement
thatseemsnaturalto our reorderingtechniqueis to explore
the possibility of completelychangingthe relative order
of committedtransactions,insteadof trying to reorderthe
committingtransactionto anotherposition. However, this
solutionwould leadto anNP-completeproblem[12].

Theuseof anatomicbroadcastprimitive allows a mod-
ular descriptionof our protocol,andsimplifiessomeof the
problemsnormallyassociatedwith replicatedsystems,i.e.,
atomicityandmessageordering.Furthermore,asshown by
theperformancemeasures,non-blockingatomicbroadcast

hasalowercostthannon-blockingatomiccommitmentpro-
tocols(i.e.,3PC).Therefore,ourreplicationprotocolcanbe
viewedasausefulapplicationof anatomicbroadcastprim-
itive in thecontext of replicateddatabases.
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